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Abstract

Solution Structure of Heat Shock Transcription Factor by Multidimensional

Heteronuclear NMR

by

Fred Franz Damberger
Doctor of Philosophy in Biophysics
University of California at Berkeley

Professor David E. Wemmer, Chair

Heat shock transcription factor (HSF) regulates the heat shock response in
eukaryotes and binds to the regulatory elements (heat shock elements) in a novel
homotrimeric protein/DNA complex. The DNA-binding domain (DBD) of HSF shows a
high degree of sequence conservation among a wide range of species indicative of a highly
conserved structural motif for DNA recognition.

Multidimensional heteronﬁclear NMR experiments were used to determine the
complete assignments and solution structure of the HSF DBD from ;he yeast,
Kluyveromyces lactis (rmsd for backbone coordinates of 1.03 +0.19 A). The topology of
the secondary structure elements (H1-B1-B2-H2-H3-B3-B4) and their arrangement in three
dimensions, places HSF DBD in the winged helix class of helix-turn-helix DNA-binding
motifs. Helices H2 and H3 which are in the region of highest sequence conservation in the
DBD, form the helix-turn-helix pair. Helix H2 contains a completely conserved proline,

which créates a kink in the helix axis of H2, and prevented HSF from being identified as a



HTH protein based on sequence alignment. Two loops connect f-strands Bl and B2 ( a
short Q2-loop), and B3 and B4 (extended loop L1). The extended loop, L1, shows no long
range NOEs and no evidence of regular structure. Comparisons to the crystal structure of
the DBD from K. lactis HSF are made. The differences are modest (1.77 £0.20 A rmsd)
and are attributed to crystal packing forces.

The high resolution solution structure of HSF DBD was determined with the
addition of new NMR experimental data to obtain stereoassignments and additional NOE
constraints. The family of 33 structures (backbone rmsd 0.81 + 0.16 A) showed well
ordered sidechains which allowed the identification of a highly conserved cluster of
hydrophobic residues defining the packing arrangement between helices H2 and H3 which
appear to stabilize the kink in helix H2. In addition dynamics data indicate that the extended

loop, L1 participates in fast time scale dynamics and is unstructured in solution .
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Chapter 1 NMR Methodology

Introduction

The atomic structure of a protein allows one to understand the functioning of the
molecule in a structural context, to formulate hypotheses for how the protein may interact
with other biological molecules, and ultimntely how it achieves its function. This type of
information is important for developing an understanding of both the normal functioning of
biological organisms at the molecular level and for the molecular basis of disease
processes. It can ultimately be used to develop pharmaceutical products which interfere
with abnormal, functioning of such molecules in the case of hereditary diseases or to
interfere with the progression of disease due to viruses or parasitic organisms.

- Crystallography has developed over the last 50 years as a powerful method for
determining the structures of proteins to atomic resolution. The insight gained from
inspection of the atomic coordinates of a protein in developing an understanding of their
functioning cannot be overemphasized . For example, atomic details of enzyme active sites
help to explain substrate specificity, kinetic mechanisms and the effectiveness of inhibitors.
The emergence of an alternative technique for structure determination based on Nuclear
Magnetic Resonance (NMR) spectroscopy prbvides information on the structure of
bioloéical macromolecules in solution. NMR is sensitive to dynamics and kinetics of
molecules which are an essential to their function. This technique has allowed the structure
determination of numerous proteins which were not tractable by macromolecular
crystallography.

Conventional Structure Determination of Proteins by 2D 1§ NMR

Methods developed in the early 1980s (Wiithrich, 1986) allow the determination of
the structure of proteins up to approximately 10kD in size. These methods rely exclusively
on 2D 1H-TH NMR experiments. In a 2D experiment, magnetization is prepared on a

starting nucleus 1H, and labeled during an evolution period of incremented length t]. A



combination of radio frequency pulses and delays (called the mixing period) transfers some

of the magnetization to a second nucleus IHp, During the acquisition period the frequency
of thi; second spin b is detected. The experiment is run many times with an incremented t{
value so that the evolution of spin a is ddcumented by its modulation of the amplitude or
phase of the magnetization of spin b at the start of the detection period (Fig. 1.1A).

The simplest example of a IH-1H 2D experiment is the COSY (Fig. 1.1B) (Marion

& Wiithrich, 1983). Tﬁis experiment consists of two 90° pulses separated by the

incremented delay period t] followed by the detection period t2. In the product
operator formalism (Emst, et al., 1990) magnetization transfer is achieved as

follows:

2], ‘90y pulse-> G eqn. 1.1
Applying chemical shift and J-coupling evolution to this magnetization, we obtain:

-chemical shift-> 2Ix cos (Qat]) + Iy sin (Qat]) eqn l.2a
We follow only the underlined product operator term developed after chemical shift

evolution.

-J coupling ->

aJx cos (Qat1) cos (Jabmt]) + ZabeIZ cos (Qat1) sin Japmt]) - eqn. 1.2b
Hence during the evolution period t], the J-coupling generates magnetization on spin a

which is antiphase with respect to spin b (the second term in equation 1.2b).

Applying the second 90 pulse :



Preparation Evolution Mixing Detection
B. COSY
b %)
C. DQF-COSY
D. NOESY
t Tm %}

Figure 1.1 A. A schematic diagram of a homonuclear 2D experiment, which consists
of a preparation period, an evolution period of incremented length tj, a mixing period,
and a detection period ty. B. The pulse sequence for a Correlated Spectroscopy
experiment (COSY). C. The pulse sequence for a double quantum filtered COSY
experiment (DQF-COSY). The delay 1y, is very short (just long enough to allow the
phase shift before the second pulse). D. The pulse sequence for Nuclear Overhauser
Effect Spectroscopy (NOESY). The mixing period ranges from approximately 50 ms up
to 450 ms depending on the sample and the purpose of the data (structural restraints,

chemical exchange or assignment).



-90x pulse-> 2y cos (Qat1) cos (Japmt) - 28IPly cos (Qat1) sin Jabmt])  egn. 1.3

We convert the second term in eqﬁation 1.2b from magnetization on spin a (antiphase to
spin b) into magnetization on spin b (antiphase to spin a). This is the essence of the COSY
experiment. Because of the coupling between spins a and b (Jab) antiphase magnetization
evolves during t] which is converted by the second pulse from being detectable on spin a
to detectable on spin b. During the detection period t2 the antiphase magnetization evolves
into detectable PIx under the influence of J-coupling evolution. This type of transfer of
magnetization is known as a COSY-type transfer and is used in many different experiments
more sophisticated than the simple COSY experiment.

The first term in equation 1.3 is magnetization which was not transferred to spin b
and will be detected at the frequency of spin a during the detection period. It appears at the
same frequency in both dimensions of the experiment and will give rise to a diagonal peak
in the two-dimensional spectrum. The second term will evolve into detectable magnetization
on spin b during t2 but was labeled at the frequency of spin a during the t] period. Hence it
will give rise to a crosspeak which correlates two different frequencies (€23 in t] and Qp in
t2) in the COSY spectrum (Fig. 1.2). Because magnetization can also begin.on spin b at
the start of the experiment, a diagonal peak at Qp €2h and symmetric crosspeak Qp Q5 will
also be present in the spectrum. In general the COSY spectrum will show correlations
between the frequencies of any two spins which have a large enough J-coupling. Thus the
COSY family of experiments maps out all the J-couplings between 1H spins by frequency
correlation. Typically J-couplings between 1H nuclei are detected in a COSY for proions

separated by no more than three bonds in a protein under 10kD in size.



Figure 1.2 Schematic illustration of a 2D experiment. The diagonal crosspeaks
correspond to magnetization which did not move from the starting spin in tj. The
crosspeaks correlate the frequencies of the spins which exchange magnetization during
the mixing period of the 2D experiment (€21 and Q7).



A variation of the COSY experiment which is more commonly employed than the
two pulse experiment shown in Fig. 1.1B is the one shown in Fig. 1.1C which is called
the double quantum filtered COSY experiment (DQF-COSY) (P.S. #1). [Numbered pulse
sequences given in Appendix C are referred to by pulse sequence numbers in the text]. This
experiment has the advantage over the conventional COSY experiment tha1 it passes the
magnetization developed during tj through a double quantum filter selecting only those
terms in the magnetization which have evolved antiphase coupling to other spins. The
crosspeaks and diagonal peaks have antiphase multiplet structure and both the diagonal and
crosspeaks can be phased pure phase absorptive unlike the conventional COSY where the
diagonal is dispersive making it difficult to observe crosspeaks close to the diagonal.

Because protons are typically only correlated in a COSY if they are separated by
three or fewer bonds, the COSY crosspeaks can only connect protons within a single
amino acid. This means that by following the correlations between protons through
consecutive steps of three bonds one can map out the topology of a given set of protons
within an amino acid to define a spin system (Fig. 1.3A). Examining the structures of the
20 amino acids one finds that there are only 10 discrete classes of spin systems (W ﬁthrich,
1986). Some spin systems such as AX3 correspond to one amino acid type (Alanine)
where as others such as AMX correspond to many. This identification of spin systems is
the first step of solving the assignment problem using the conventional approach
(Wiithrich, 1986). A second type of experiment which also probes the protons which are
part of a spin-system is the TOCSY.
2D TOCSY

TOCSY stands for Total Correlation Spectroscopy and is also sometimes referred
to as HOHAHA. As the name implies, in the TOCSY experiment (P.S. #2) all the protons

in a given spin system are correlated with each other (Braunschweiler & Emst, 1983; Bax



& Davis, 1985). This has the advantage over thé COSY, that all the members of a spin
system can be identified by locating crosspeaks to the frequency of the spin corresponding
to the least crowded region of the spectrum. Often this pattern of frequencies is enough to
identify the spin system. For example Valine typically shows correlations from the HN to
the oH (~3 ppm), BH (1-2 ppm), and two intense YH methyl resonances (0.4 - -1.0 ppm)
(Fig. 1.3). In addition to identifying spin syst'éms based on chemical shift pattern, the
TOCSY spectrum also forms a convenient reference point for looking for correlations in the
COSY spectrum which identify which spins are separated by three bonds in the spin

system. The product operator description for the TOCSY experiment follows:
a], -90y pulse-> aJy egn. 1.4
Applying chemical shift and J-coupling evolution to this magnetization, we obtain:

-chemical shift-> 2Ix cos (Qat]) + 2y sin (Qat]) egn. 1.5

-J coupling ->

a[x cos (Qat1) cos Japmti) + 2abeIz cos (Qat1) sin (Jab7t1) eqn. 1.6

After labeling the spins with their chemical shift frequencies in t], the spin-lock pulse
sequence is applied. This spin-lock pulse sequence is optimized to prevent chemical shift
evolution from occurring and results in the spins effectively evolving under an isotropic

strong coupling Hamiltonian:

H=hJ (2 bl +2ly bly +2I, bl ) eqn. 1.7



Under this Hamiltonian, the first term in equation 1.6 evolves as follows:

aly -> 1/2 aly (1 + cos (2mIt)) + 1/2 bly (1 - cos (2mt)) + (3lxPIy - l;bly) sin (2nJt)
eqn. 1.8
Hence, 2y is converted directly into b],. With a larger number of spins in the coupling
network, magnetization can be converted -directly from in-phase magnetization on one spin
in the network into in-phase magnetization on any other séin in the network. The rate at
which magnetization evolves from one spin to another depends in a complicated way on the
network of coupling constants connecting the two spins (Cavanagh, et al., 1990).
Qualitatively, spins which are separated by smaller numbers of bonds pass magnetization to
one another more quickly than those separated by large numbers of bonds. This means that

longer mixing time will result in more remotely connected spins (for example HN and H§

from leucine) showing correlations to one another in a TOCSY. The length of the mixing
time is limited by relaxation to equilibﬁuﬁ which occurs in the rotating frame (T1p
relaxation) and reduces the signal to noise of the resulting crosspeaks. Typically mixing
times in medium sized proteins (10kD) are no longer than 100 to 120 ms. In addition to the
remotely coupled spins showing correlations in a TOCSY experiment, the other feature of
the TOCSY experiment which is desirable is that the crosspeaks are all in-phase absorptive.
Contrast this to the DQF-COSY experiment where the crosspeaks are anti-phase. Anti-
phase peaks have the disadvantage that as line-widths become comparable in size to the
coupling constants, the two opposite sign halves of the multiplet can cancel one another
resulting in weak signal to noise or complete disappearance of peaks with smaller couplings
(Rance, et al., 1983).
2D NOESY

Nuclear Overhauser Effect Spectroscopy (NOESY) (P.S. #3) is the structural

workhorse in the NMR spectroscopist's set of tools (Neuhaus & Williamson, 1989). In



this experiment frequencies are correlated which correspond to spins which are close in
space. In proteins of typical size investigated by NMR, close is defined as less than 5 A.
Although this is a rather crude and limited yardstick, it turns out to be enough to define the
structures of proteins very accurately. This is because proteins are linear polymers which
fold up into.precisely defined compact globular structures. Such structures give rise to the
close approach of many protons in the core of the protein. If many of these close
approaches can be measured using the NOESY experiment they can be turned into distance
constraints which, when combined with the constraints due to the well understood covalent
geometry of the protein, are sufficient to define the three dimensional fold and packing of
the protein down to less than an Angstrom resolution (Wagner, et al., 1987; Powers, et al.,
1993).

The NOESY experiment (Fig. 1.2D) starts with a preparation 90° pulse followed by
a t] evolution period. This is followed by a 90° pulse, a delay Ty, (the mixing period) and a
third 90° pulse followed by the detection period. During the mixing period, magnetization
which was labeled with the frequency of one spin a during ti, is transferred to a second
spin b close in space, which is detected during t2. The transfer of magnetization during the
mixing period is accomplished by the nuclear Overhauser effect (NOE). The NOE is a
perturbation in the population levels of one spin induced by a fluctuating magnetic field

caused by a second spin close in space (Neuhaus and Williamson, 1989).
The product operator description of the NOESY follows:
2z -90y pulse-> ax _ eqn. 1.9

Applying chemical shift evolution to this magnetization, we obtain:



’ _chemical shift-> afy cos (Qat]) + aIy sin (Qat1) eqn. 1.10

To simplify matters we ignore scalar coupling in this case.

The second 90° pulse produces
-90y pulse-> -2]7 cos (Qat1) eqn. 1.11
This is longitudinal magnetization on spin a labeled with the frequency of spin a.

During the ensuing mixing period, the NOE causes some of this magnetization to be

transferred to other spins which are close in space (such aé spin b).
-NOE-> - bI cos (Qat1) egn. 1.12

The longitudinal magnetization on spin b is converted into detectable magnetization with the

third 90° pulse:
-90y pulse-> - PIy cos (Qat1) eqn. 1.13
This magnetization evolves at the frequency of spin b during the detection period t:

- by cos (Qat1) cos (Qpt2) : eqn. 1.14

Thus the nuclear Overhauser effect gives rise to crosspeaks (23, {2p) between any two
spins close in space. For a more detailed description of the NOE see Neuhaus and

Williamson (1989).
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The Assignment problem

The initial stage of NMR analysis of a protein is known as the assignment problem.
The goal is to assign a frequency to every proton in the molecule. This facilitates the
structural analysis since correlations between frequencies in experiments such as the
NOESY then define spatial proximity of the corresponding protons. The first stage of the
assignment problem is to identify all the spin-systems using the COSY and TOCSY
experiments as described above. The spin systems are then connected to one another
sequentially using NOESY data (fig. 1.3). In general the NOESY spectrum contains
crosspeaks corresponding to pairs of protons which are close in space (< 5.0 A). Some of
these crosspeaks correlate the frequencies of protons which are in adjacent residues in the
amino acid sequence. These cross peaks are referred to as sequential NOEs. Sequential
NOE correlations between protons in two spin systems imply that the spin systems might
correspond to adjacent amino acids in the sequence of the protein. The sequential NOEs
usually relied upon to identify neighBorihg residues involve backbone protons and are
referred to by the names of the protons involved: dyN, dNN, and dN. These
connectivities are the primary source of sequential assignments because all residue pairs
have oH, BH and NH protons (except Proline and Glycine which do not contain HN and
BH protons respectively), and one of the distances dgN, dNN, and dpN (often two) are
close enough in all the possible protein backbone and %1 angle conformations to give rise
to reasonably strong NOE (Wiithrich, 1986). Once sufficiently long strings of spin systems
are identified they can be placed uniquely in the sequence since a particular succession of
spin systems occurs only once in the sequence. Finally all the fragments of polypeptides
can be connected forming the complete protein sequence thus assigning all the proton

frequencies in the protein (Wiithrich, 1986) .
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Figure 1.3 A. Dipeptide fragment Val-Ser along with the spin system types A3B3MX and AMX.
B. Schematic diagram superimposing the crosspeaks which would ideally by observed for three 2D
experiments: COSY; O, TOCSY; @, and NOESY: 1 . Note that TOCSY crosspeaks that duplicate
COSY peaks are marked as COSY peaks. The connectivity of the two spin systems due to COSY is
indicated by solid lines. Dashed lines show TOCSY connectivity and sequential NOEs.
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Secondary Structure Determination

Once the assignments have been determined by assigning the spin systems using
the COSY and TOCSY, and connecting them up using sequential NOEs from the NOESY,
the nexf step is to determine the secondary structure of the protein. This is accomplished by
examining the intensities of different classes of sequential NOEs and looking for NOEs
separated by more than one residue. These are classified as "medium range" (between 2
and 5 residues separating the two protons involved), and "long range" (greater than 5
residues separating the two protons involved). The two types of regular secondary
structure present in proteins (helices and beta sheets) have differeﬁt patterns of sequential

NOE intensities and differing medium and long range NOEs (Wiithrich, 1986). In helices,

sequential NOEs between amide protons and B protons (dBN) are medium to strong in
intensity as are dNN NOEs whereas dgN NOEs are weak. In addition helices frequently
show medium range NOEs between the Hg, of one residue and the HN of a residue three or
four positions further in the sequence (dgN(,i+3) and dgN(i,i+4) respectively). Beta
sheets, on the other hand have strong dgN NOEs and show long range NOEs connecting
the oH and HN of adjacent strands (often indicated by dgN(i,j)). These patterns are a
direct consequence of the repeating structure of the backbone of the protein which result in
the close approach of the aforementioned protons. This type of analysis defines the location
of secondary structural elements in the protein and is usually represented in a schematic
diagram known as the NOE diagram (Fig. 1.4).
Tertiary Structure Determination

Once the NOESY experiment has been analyzed to identify secondary structure, the
remaining NOE:s can be interpreted in terms of the overall fold of the protein, since most of
the remaining NOEs are long range and define the spatial arrangement of the secondary

structural elements. All the NOEs can be converted into constraints defining the close
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Figure 1.4 NOE diagram of the heat shock transcription factor helix 3 and beta strand
3. A schematic representation of the NMR data identifying two elements of secondary
structure in the DNA-binding domain of the heat shock transcription factor from
Kluyveromyces lactis. The data appearing by column are: amide proton chemical
exchange rates; O indicates backbone H-N signals still present after 6 hours and @
indicates H-N signals still present 2 weeks after dissolution in D20. The next three
rows show sequential NOE intensities dyN, dNN, and dgN with strong medium and
weak intensities indicated by small medium and large boxes. Open boxes show the
maximum possible intensity in cases of overlap where only an upper limit could be
placed on the NOE intensity. The next three columns show medium range NOEs which
were observed that are indicative of helical secondary structure. The next row shows
HN-Hg, coupling constant data qualitatively with boxes below the line indicating
coupling constants under 6 Hz and boxes above the line indicating coupling constants
above 8 Hz. The next two columns show deviations from random coil carbon chemical
shifts (Spera & Bax, 1991) for the C¢, and CB chemical shifts. Finally secondary
structure is indicated along the bottom of the diagram; helices by Q9QQ , beta sheet

by -

14



approach of the protons involved. Typically, the NOE:s are classified into three categories
according to intensity (strong, medium, and weak), and constraints are defined with
distance cutoffs appropriate to the NOE intensity (Appendix E) (Clore, et al., 1986;
Kraulis, et al., 1989). For example, a strong NOE might have a upper bound for the
distance between the two protons involved set at 2.410%, and a weak NOE would have an
upper bound of 5A. The lower bound is normally set to the sum of the Van der Waals radii
of the two protons (1.8A). An algorithm is used to search for structures which are
consistent with the distance constraints as well as consistent with known covalent geometry
of polypeptides as observed in small molecule crystallography and high resolution protein
crystal structures (Clore, et al., 1986; Wagner, et al., 1987; Nilges, et al., 1988). The
result is a family of structures consistent with all that is known in general about protein
structures as well as consistent with all of the distance constraints derived from analysis of
the NOESY spectra. |

The "conventional" approach described above for assignment and structure
determination is viable for proteins up to about 10 kD in size. For larger proteins, the
number of resonances becomes large enough so that a significant portion of the crosspeaks
will overlap making interpretation of 2D 114 spectra for assignment and structure
determination difficult if not impossible. A second problem with larger proteins is that as
the size of the molecule increases, the correlation time due to rotational diffusion increases
and so relaxation becomes more rapid and lifetimes for spin states become shorter (Ernst, et
al., 1990). This results in broader lines and further compounds the overlap problem in 2D
‘spectra in addition to reducing signal to noise.

The size limitation of this "conventional approach” has spurred the growth of
several new NMR techniques which make it possible to determine structurés of proteins
larger in size (up to 20 - 30 kD). This has expanded the range of problems which can be

investigated using NMR to include many interesting biological systems such as DNA
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recognition by transcription factors (Zhang, et al., 1994), signal transduction (Pelton, et
al., 1991; Archer, et al., 1993), oligomerization domains and unfolded states in proteins

(which typically have very poor signal dispersion) (Neri, et al., 1992).

Isotopic Labeling

Most of the recent advances in NMR methodology (late 80s and early 90s) have
been drawn from the ability to label proteins with spin 1/2 isotopes such as 15N and 13C.
This can been accomplished by incorporation of specific labels at interesting sites, or
through uniform enrichment of the protein (McIntosh & Dahlquist, 1990). Proteins are
made up primarily of hydrogen, carbon, nitrogen, and oxygen. Fortunately three of these
elements have stable spin one half isotopes (I1H, 13¢C, and I5N). Hydrogen is 99.9 % 1H
(spin 1/2). Carbon and Nitrogen are approximately 1% spin 1/2 isotope at natural
abundance. To increase the sensitivity of NMR experiments making use of these
"heteronuclei” (13C and 19N), proteins must be isotopically enriched. This is usually
accomplished by altering the growth media of bacteria expressing tﬁe protein.

If selective labeling is desired, rich media containing all the necessary amino acids
can be used , with one or several amino acids replaced by isotope enriched amino acids.
This will result in incorporation of the labeled amino acids anywhere they occur in the
protein sequence. Amino acids are available which are uniformly enriched at all sites for a
given nucleus, or specifically enriched at certain sites. For example one can buy valine with
13C enrichment at the C1yposition to aid in assigning the two methyl groups
stereospecifically.

Of more general use is the strategy of uniformly labeling all the sites in a protein.
This is especially cost-effective for 1IN. One can buy 5 g of 99% 15N enriched NH4Cl for
a few hundred dollars. This amount is sufficient to prepare enough 15N labeled protein for

an NMR sample by substituting the 15N enriched ammonium chloride as the sole nitrogen
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source in a minimal growth medium of bacteria which express the protein under the control
of a strong promoter. Typically one can obtain tens of milligrams of NMR pure (>95%)
protein with a'1-2 liter growth which, for a 11kD protein, is enough for one or two NMR
samples. Carbon-13 labeling is usually combined with 15N labeling to obtain "double”
labeled protein. Such doubly labeled protein expands the range of possible experiments
enormously and has been the most significant factor in obtaining complete proton
assignments (including sidechains) and medium to high resolution structures of proteins
over 15 kD (Powers, et al., 1993). Carbon-13 is a more expensive nucleus to label with (1
g of uniformly 13C enriched glucose costs about 500 dollars) and uniform 13C labeling is
undertaken only when protein expression and sample conditions have been extensively
optimized.

Why bother to isotope label? The gyromagnetic ratio for 13C and 15N are 1/4 and
1/10 of that for the proton respectively, making these nuclei much less sensitive for
detection. The power of isotope labeling comes from several factors:
1) The heteronuclei resonate at distinct frequencies and can be manipulated independently
using radio frequency (rf) coils tuned to resonance frequencies of the heteronuclei on
separate rf channels;
2) The heteronuclei have large chemical shift ranges which can be used to spread out
resonances due to different spins, reducing overlap problems;
3) Most heteronuclei are attached to one or more protons and the coupling constants to the
attached protons are very large (on the order of 100 Hz) making transfer to the
heteronucleus and back very efficient since it can occur very quickly before relaxation has
much effect (in a few milliseconds);
4) These factors can be used to take advantage of the good chemical shift dispersion

properties of heteronuclei without sacrificing sensitivity since one can use the larger
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polarization of protons as a starting point and transfer to and from heteronuclei during
evolution periods for frequency labeling by the heteronucleus;

5) Coupling constants between directly attached heteronuclei are also quite large (12-40 Hz)
making it possible to transfer magnetization quickly and efficiently through the protein
skeleton; |

6) Scalar couplings between heteronuélei and other heteronuclei or protons separated by
three bonds obey Karplus relations (Karplus, 1959; Bystrov, 1976) making them sensitive
to the local dihedral angle and a useful supplement to three bond proton-proton couplings

- for defining dihedral angle and stereoassignments of stereopairs of protons (Zuiderweg, et
al., 1985; Archer, et al., 1991; Clore, et al., 1991).

2D Heteronuclear Correlation Experiments

The simplest experiments using an 1sotope labeled sample are the heteronuclear

correlation experiments. As might be expected, these experiments correlate the chemical
shift of the heteronucleus labeled during the evolution period with the chemical shift of the
directly attached proton during the detection period. In these experiments it is common to
start with magnetization on the protons (taking advahtage of the large proton gyromagnetic
ratio which predicts a relatively large population difference between the spin up and spin
down states). The magnetization is promi)tly transferred to the attached heteronucleus using
either the INEPT trick or the HMQC sequence (see next section). Magnetization is allowed
to evolve at the heteronuclear frequency during the evolution period (t1). It is then
transferred back to the proton prior to detection of the proton frequency in t2 (Fig. 1.5).
Note that both the initial excitation and final detection are accomplished using the proton so

“that the experiment does not sacrifice any sensitivity due to the inferior gamma for the
heteronucleus. This 2D experiment is actually more sensitive than 1H-1H 2D experiments

since the transfer efficiency which generates the crosspeaks of interest is nearly 100%.
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Thus it is possible to perform a 2D heteronuclear correlation experiment with protein
samples with concentrations as low as 0.3 mM.
Heteronuclear Multiple Quantum Coherence (HMQC)

There are two classes of heteronuclear correlation experiment which derive their
name from the state of the magnetization that exists during the evolution period used to
label the heteronucleus frequency. The Heteronuclear Multiple Quantum Coherence
(HMQC) experiment (P.S. #5) generates a multiple-quantum coherence between the
heteronucleus and the attached proton which is allowed to evolve during t] (Mueller, 1979)
. This coherence evolves at the sum and difference frequencies of the two nuclei (X and
1H). To eliminate the evolution due to the 1H during t1, a 180° pulse occurs in the center of
the t1 period on the proton channel. This refocuses the proton evolution at the end of t] and
leaves the X nucleus evolution unchanged. Hence the magnetization is labeled at the
frequency of only the heteronucleus during the t1 period. The multiple-quantum coherence
is subsequently transferred back into transverse magnetization on the proton for the
detection period t2. Coupling to the heteronucleus during t2 is eliminated using decoupling
pulse sequence on the X-channel.

Heteronuclear Single Quantum Coherence (HSQC)

The second type of heteronuclear correlation experiment is called the Heteronuclear
Single Quantum Coherence experiment (HSQC) (P.S. #6) and as its name implies it
generates single quantum coherence on the heteronucleus to label the heteronuclear
frequency during t](Bodenhausen & Ruben, 1980). This is achieved using a sequence
called the INEPT. This stands for Incredible Natural Abundance Experiment for
Polarization Transfer and has more to do with the origin of the experiment than how it
functions (Morris & Freeman, 1979). Because the experiment generates single quantum
coherence on the X-nucleus, it does not require a 180° pulse to ensure evolution at the X-

nucleus frequency (Fig. 1.5B). However, to eliminate splittings due to the 1H-X coupling
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Figure 1.5 Heteronuclear Correlation Pulse sequences. Narrow boxes indicate high
power 90° pulses. Wide boxes indicate high power 180° pulses. Incremented time
periods are indicated by lower case t and refocussing delays by A (1/4J). All pulse
sequences show the proton pulses in the upper row and 15N pulses (or other
heteronucleus) in the lower row. Broad-band decoupling sequences are usually applied
during acquisition to remove the large one bond couplings to the heteronucleus. A.
Heteronuclear Multiquantum Coherence (HMQC) experiment. B. Heteronuclear Single
Quantum Coherence (HSQC) experiment. INEPT and reverse INEPT pulse sequences
described further in the text are highlighted by grey boxes. C. constant-time
Heteronuclear Single Quantum Coherence (ct-HSQC) experiment. The chemical shift
of the heteronucleus is labeled by incrementing the 180° 1H and 15N pulses through
the constant time period, 2T.
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in t1, the 180° pulse at the center of the t] period is still present, in this case refocusing
evolution due to J-coupling with the attached proton.

INEPT Transfer

Because the INEPT transfer (Fig. 1.5B) is so commonly used in heteronuclear
experiments, it warrants a detailed product operator description:

The first pulse of the 1H channel generates transverse magnetization on a proton:

I -90y pulse-> Ix eqn. 1.15

The next part of the pulse sequence consists of a delay T (1/2]), a pair of 180°
pulses on both 1H and X channels and another delay T. Because of the pair of 180°
pulses at the center of this evolution period the chemical shift evolution of the nuclei
is refocussed . On the other hand the J-coupling between the 1H and X nuclei is
unaffected:

-1-180° (1H)-

-180°(X) -t—> Ix cos (Jn 21) + 2ly Sz sin (Jr 27) : eqn. 1.16
Substituting in the value 1/2J for 7, the first term of equation 1.16 becomes zero and the
second term becomes: 2ly Sy sin (t /2) = 2Iy S; egn. 1.17
Finally the simultaneous application of 1H and X 90°4 pulses converts this magnetization
on the proton which is antiphase with respect to the X nucleus into:

-90°x(1H)-

-90°x (X) > -2Iz Sy ' egn. 1.18
which is magnetization on the X nucleus antiphase with respect to the attached proton.
This will evolve into in-phase magnetization on the X-nucleus which is single quantum
coherence evolving at the frequency of the X-nucleus. Following t] evolution to label the
heteronuclear frequency, the INEPT pulse sequence is reversed (reverse INEPT) followed

by detection of the proton frequency.
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Constant-Time HSQC

There are several tricks which can be used to eliminate couplings. Two we have
already discussed are the refocussing 180° pulse at the center of an evolution period, and
decoupling pulse sequences. A third mefhod is the constant time (ct) period (Vuister &
Bax, 1992). In this method, a time evolution period is not incremented but set to a fixed
time period adjusted to a length which refocuses the coupling of interest. bThe chemical shift
evolution is detected by placing a 180° pulse at the start of the evolution period (on the
channel corresponding to the nucleus whose chemical shift is being labeled) and
incrementing its position to later and later times (t1) in the constant time period until it has
marched to the other end of the constant time period (2T) (Fig. 1.5C).
Because the 180° pulse r_efocuses chemical shift evolution for a period of evolution
equivalent to the delay since the start of the constant time period, the net evolution period
for chemical shift evolution is different for each incremented position. This trick can be
used in a constant time 1H-13C-HSQC (ct-HSQC) (P.S. # 12) to eliminate couplings
between neighboring 13¢C nuclei during t] evolution in a uniformly 13C labeled protein.

: If the ct period is chosen to be equal to 1/2Jcc then carbon nuclei will have
resonances whose sign depends on whether they have an even or odd number of 13C
neighbors. This information can be useful in identifying resonances according to amino
acid type. For example alanine (3-methyl carbons have only one carbon neighbor (-
carbon) whereas isoleucine y2-methylene has two neighbors (B-methine and &-methyl),
hence their signals will have opposite sign in a ct-HSQC tuned to 1/2]Jcc.

There are other advantages to the constant time trick. For example, during a
constant time interval, several manipulations of the magnetization can occur at once. At the
same time that the chemical shift of the relevant spin is labeled, magnetization can be

transferred to another spin using either COSY-type or INEPT type magnetization transfer,
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provided that the appropriate pulses occur on the channels corresponding to the frequencies
of the spins of interest and the total evolution time of the chosen coupling results in
complete magnetization transfer.
Multidimensional Heteronuclear Experiments
Isotope labeling methods would not have had nearly so dramatic an impact on
structure determination by NMR if it were not for the combination of heteronuclei-based
" techniques with multidimensional NMR. The real power of labeling a protein becomes
realized when heteronuclear correlation experiments are concatenated to normal
homonuclear 'H-1H experiments, or when such experiments are combined with the ability
to correlate three or even four chemical shifts at once.
Three-Dimensional 15N-separated Ekperiments
The simplest examples of such experiments are probably the three-dimensional
15N—separated experiments. One starts with an ordinary homonuclear 2D IH-1H
experiment such as a NOESY (Fig. 1.1D). After the NOESY mixing period an INEPT
transfer is inserted which transfers magnetization from 19N attached protons to the directly
- attached 15N nucleus. This is followéd by a second evolution period t2 which labels the
15N nucleus of the destination proton with the frequency of its directly attached 15N. Then
areverse INEPT is applied, transferring the magnetization back to the proton for detection
during t3. Thus the experiment correlates the proton frequency of the starting proton with
the 15N and IH frequencies of the destination proton and its directly attached 15N nucleus
respectively. The heteronuclear part of the experiment spreads the information on the
destination nucleus out into an extra dimension which is well resolved (namely the chemical
shift of the 19N nucleus attached to the destination proton).
One can imagine this experiment as a concaten‘ation of the NOESY experiment (Fig.
1.1D) with the HMQC or HSQC experiment (1.5AB) and these two versions of the
experiment are referred to as the 3D 15N-separated NOESY-HMQC (Zuiderweg & Fesik,
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Figure 1.6 Comparison of a 2D 1H-1H NOESY A. with a plane from a 3D 15N-
separated NOESY-HMQC (15N frequency = 118.92 ppm) B. Both spectra were
collected on a sample of heat shock transcription factor DNA-binding domain with 100
ms mixing times and 14.12 ppm spectral widths in 1H dimensions. Spectral width in
the 15N dimension of the 3D 15N -NOESY-HMQC was 60.0 ppm.
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1989; Marion, et al., 1989¢c) (P.S. #8) and 3D !5N-separated NOESY-HSQC
(Bodenhausen and Ruben, 1980) respectively. Fig. 1.6 is a cbmparison of a normal 2D
IH-1H NOESY spectrum with one 15N plane from a 3D 15N-separated NOESY-HMQC
spectrum. It illustrates the degree to which overlap problems can be alleviated by using

multidimensional heteronuclear experiments.
3D 13C HCCH-TOCSY

In addition to concatenation, one can make use of the same magnetization transfer
methods employed during the mixing periods of homonuclear 2D experiments to transfer
magnetization between heteronuclei, A simple example of this is the 3D 13c HCCB-
TOCSY (Fesik, et al., 1990) (P.S. #14). In this experiment, magﬁetization generated on a
proton is frequency labeled and then transferred to the attached 13C nucleus. The 13¢
frequency is labeled, and then the magnetization is transferred to all the other 13C nuclei in -
the spin system using an isotropic mixing sequence employed on the 13C channel. 'Finally
the magnetization is transferred to the attached proton from the destination 13¢ for
detection. This version of the TOCSY takes advantage of the large one-bond couplings
between the 13C nuclei ( ~35 Hz in aliphatic residues) to rapidly and efficiently transfer
magnetization between all the 13C nuclei in the spin system. It also separates the I5-15
planes according to chemical shift of the starting 13¢C nucleus.

13C,15N, 1H Triple Resonance Experiments |

"Using the idea of concatenation along with the ability to transfer magnetization
between heteronuclei with the relatively large heteronuclear coupling constants, it becomes
possible to move magnetization between sites on the protein backbone very precisely. This
gives rise to a class of experiments which facilitate the assignment of the protein backbone
without use of the NOE. To achieve this, one must correlate chemical shifts of nuclei in
adjacent amino acids. Magnetization can be moved from one amino acid to the next by

making use of one-bond and two-bond heteronuclear couplings between heteronuclei on
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adjacent amino acids. Since such experiments require the ability to apply pulses on Ig,
13C and 15N channels, they are referred to as triple resonance experiments (Ikura, et al.,
1990). A powerful example of this class of experiments is the CBCA(CO)NH (Grzesiek &
Bax, 1992b). )

CBCA(CO)NH

The CBCA(CO)NH experiment (P.S. #10) correlates the Cp and Cg frequencies of
aresidue to the 15N and 1H of the following residue. This is achieved through the use of
the large one bond couplings between 13C and IH nuclei (~180 Hz), 13Ca and 13C' (~12
Hz), 13C and 15N (~15 Hz), and 15N and 1H (~90 Hz). Because all the magnetization
transfers are through large one bond coupling constants, the experiment is very sensitive
and does not depend on the local backbone conformation unlike the NOESY experiment
,which is used to obtain sequential assignments in the conventional method as described
earlier in this chapter.

When the data from the CBCA(CO)NH experiment are combined with analy;is of
the CBCANH experiment (Fig. 1.7A) (P.S. # 9) which correlates the amide 15N and 1H
chemical shifts of a residue with its Cg and Cy chemical shifts, and the Cg and Cg, chemical
shift of the previous residue, assignments of the backbone resonances of intermediate size
proteins can quickly be completed. Fig. 1.7B shows the pulse sequence of the
CBCA(CO)NH and the transfer of magnetization is described beiow:

Magnetization is generated on the HB and Ho nuclei. This magnetization is INEPT
transferred to the attached Cp and Cq, nuclei respectively (position marked a in Fig. 1.7B)
which are then frequency labeled during the constant time interval by incrementation of the
refocussing 180° CR/Ca pulse in t1. The constant time interval is adjusted to be of length
(1/4JCC) so that at fhe end of the this period, 12 of the magnetization initially on Cg is
now on Cg due to a COSY-type transfer between the 13C nuclei, and 142 of the

magnetization initially on Cq, remains of Cg (b). The second function of the constant time
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Figure 1.7 Triple resonance backbone assignment experiments. A. CBCANH and B.
CBCA(CO)NH. 90° and 180° pulses are indicated by narrow and wide rectangles. Soft
180° pulses applied on carbonyl 13C are indicated by rounded pulses. Grey soft pulses
indicate Bloch Siegert compensation pulses as described in the text. Rectangular
carbonyl pulses are applied with an RF field strength of 4.7 kHz resulting in a null in
excitation for the Cq resonances. Co/CR pulses have an excitation null for the Carbonyl
resonances. Both experiments begin with an INEPT transfer to Cg and Cg, a, followed
by evolution of antiphase terms between Cg and C (and13C frequency labeling), b. A
90° pulse achieves COSY type transfer to Cg, ¢. At this point the two experiments
diverge with CBCANH applying INEPT transfer to 15N and the CBCA(CO)NH to
carbonyl 13C, d,e. The CBCA(CO)NH continues with a second INEPT to 15N, f, and
an INEPT to HN, g, for detection. Both experiments frequency label 15N and detect
HN . Delays are as follows: 8=1.5 ms, €=2.1 ms (A) and 2.3 ms (B), TAB=3.3 ms,
{=11 ms (A) and 3.7 ms (B) TN=11.2 ms (A) and 11.1 ms (B), k=5.4 ms, A =2.25 ms,
n=4.5 ms, 6=11.4 ms.
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period is simply to transfer all relevant magnetizatibn to the Ca nucleus (c) preparing for
the next step of the experiment which is the transfer to the C' nucleus (d,e) and from there
to the 15N nucleus (f). This magnetization is labeled with the I5N fréquency in t2 before
reverse INEPT transfer (g) to the amide 1Y for detection in t3.

The pulse sequence is complicated by the need for selective 180° refocussing pulses
on different nuclei to prevent evolution of couplings which would interfere with the
magnetization transfer scheme. For example, due to the selective carbonyl 13C 180° pulses
during the constant time period which labels the CB/Ca nuclei, the coupling between these
aliphatic nuclei and the carbonyl carbons does not evolve. Moreover the pulse sequence is
written in such a way as to result in zero phase correction in the indirectly detected
dimensions. To achieQe this, no net chemical shift evolution can occur in the first t], t2
increment. One source of potential phase changes is the presence of the carbonyl 13¢ soft
pulses during the CB/Ca evolution. Even though these pulses occur at frequencies different
from the resonance frequencies of the C/Ca nuclei, they can cause phase changes due to
off-resonance effects (referred to as the Bloch-Siegert effect) (Freeman, 1988b). This
evolution can be refocussed by matching the evolution under such a pulse before a
refocussing 180° with a second "ghost" pulse after the refocussing 180°. This explains the
presence of the second carbonyl 13C pulse at the end of the CB/Ca. evolution. Such
"ghost" pulses are referred to as "Bloch-Siegert compensation" pulses.
Triple-resonance based Assignment

The correlations in the CBCANH experiment (Grzesiek & Bax, 1992a) are of two
types: those which correlate Cg and Cq within a residue with its own N-H pair .
(Intraresidue), and those which correlate Cg and C, of the previous residue in the sequence
with the same N-H pair (Sequential). In principle one can assign the backbone of a protein
from only the CBCANH experiment. Since the sequential crosspeaks tend to be weaker

than the intraresidue crosspeaks (the magnetization is transferred to the neighbor residue
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through the weak two-bond 2JNich_, coupling ~7 Hz), one can "walk" through the
sequence residue by residue by matching CB/Ca resonance frequencies from intraresidue
and sequential crosspeaks. Unfortunately the Coj-] -> Nj transfer is the weak link in the
experiment and often one or both sequential C/Ca. correlations are missing. Although this
experiment may be sufficient for some intermediate sized proteins, those with significant

- aggregation or somewhat larger molecular weights will have incomplete CBCANH spectra.
Consequently the fragments of connected amino acids which can be assigned are too short
to connect them all together and sequence specifically assign the backbone of the protein
(Wiithrich, 1986).

A more robust strategy is to combine the information in the CBCANH with.that in
the CBCA(CO)NH. The CBCA(CO)NH experiment shows only sequential correlations,
positively identifying the sequential CB/Co pair in the CBCANH. Because the
CBCA(CO)NH exclusively makes use of single bond couplings for magnetization transfer,
the experiment has very high sensitivity and forms a powerful complement to the
CBCANH since nearly all the sequential correlations appear in the CBCA(CO)NH
spectrum. Combined analysis of these two spectra is a reliable approach to assigning large
stretches of the backbone to sequential fragments.

A method has been proposed for translating these fragments into sequence specific
assignments by making use of correlations between CB/Ca chemical shift and amino acid
type (Grzesiek & Bax, 1993). Another approach is to use the N-H pair as a starting point
for identifying the proton chemical shifts in the spin system by matching the N-H chemical
shifts to appropriate plane and HN frequency (N-H strip) in a 3D 19N-separated TOCSY-
HMQC. The TOCSY correlations should include the Ho, and HB chemical shifts. Next one

can look for correlations further out on the sidechain by looking at strips corresponding to

the CB-HR pair and Cg-Hg pair in an 3D HCCH-TOCSY. Often the sidechain proton

chemical shift pattern is enough to make a good guess at the spin-system type (or even the
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amino acid type). The sidechain proton chemical shift pattern can be used to extend the
carbon assignments of the spin-systems to the remainder of the sidechain.

Because carbon chemical shifts correlate fairly well with chemical environment in
the amino acid (Wishart, et al., 1991) one can predict the chemical shift range of the
sidechain carbons fairly accurately. Then one can look for matching proton chemical shifts
in appropriate carbon planes. Hence at each stage the assignments are extended by making
use of an "anchor" proton-heteronucleus pair which directs which strip is searched for
characteristic 1H chemical shifts; then these characteristic chemical shifts are used as a
search pattern to extend the assignments to other strips thus extending the assignments to a
new “anchor pair". This process culminates in fairly complete assignments of the 'H and X
nuclei for the amino acids in each fragment. During the assignment extension, the amino
acid type is identified. Once a sufficient number of amino acids are identified in a fragment
it can be matched to a unique location in the known amino acid sequence for the protein,
thus sequence-specifically assigning all the resonances in that fragment. Anothcr
consequence of assignment extension of the CBCANH/CBCA(CO)NH fragments using
3D 15N-separated TOCSY-HMQC and 3D HCCH-TOCSY data is that CB/Co. correlations
missing in triple resonance data are identified in the TOCSY experiments allowing
sequential fragments to be extended by searching for new CB/Co matches. Eventually all
the fragments are connected to one another and this completes the process of sequence-
specific resonance\assighments.

Floating Spin Systems

There are a few resonances which cannot be sequentially assigned with the above |
analysis. These are sidechain spin systems which are not connected to the backbone by
observable correlations in the TOCSY and COSY experiments. Examples are the eCH3 of
methionine, the SNH2 and yNH?2 of Asn and Gln residues respectively, and the aromatic

spin-systems of Tyr, Phe, His, and Trp. The Met, Asn, and Gln spin-systems do not show .
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correlations to the backbone because protons in these spin-systems are removed by more
than three bonds from the spins which do show correlations to the backbone in the TOCSY
and COSY experiments. They do not show correlations in the HCCH TOCSY because they
are separated from the backbone by non-carbon nuclei. The aromatic spin systems are also
separated by more than three bonds from protons which show correlations to the backbone.
So I1H-1H scalar coupling cannot generate correlations to the backbone protons. The
aromatic carbon nuclei resonate very far upfield (at 180 ppm) of the aliphatic carbons (10-
70 ppm), consequently the homonuclear decoupling sequence used for isotropic mixing of
the aliphatic carbon nuclei in the HCCH-TOCSY cannot be applied at high ehough power
to include the aromatic carbon nuclei. As a ;esult, there are no correlations between the
aromatic spin-systems and the backbone resonances in these experiments either.

To assign these "floating” spin systems one must make use of through-space

correlations of the NOESY. The H§ protons in all the aromatic amino acids usually show
an intense correlation to at least one proton in the following group: HN, He, HB. Thus one
can make use of H§-HN correlations in the 3D 15N-separated NOESY-HMQC or H§-Hgy,
and H§-Hp correlations in the 3D 13C-separate:d NOESY-HMQC (or 4D 13C/13C-edited
NOESY-HMQC: see below) to assign the H§ proton and C§ carbon. The rest of the
aromatic spin system is connected to the backbone through these NOE:s to the Hg.
Structure Analysis using Multidimensional He’teronuclear Data

Once the assignments have been obtained through analysis of the triple resonance
backbone assignment experiments coupled with 3D HCCH-TOCSY, 3D I5N separated
TOCSY-HMQC, and COSY experiments which allow side chain assignments to be
determined, the next step is structure determination. In the conventional approach this is
already partially realized once assignments are obtained since sequential and medium range .
NOE intensities have already been determined and their intensities are diagnostic of

secondary structure. Using multidimensional heteronuclear methods, one relies on 3D and
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4D heteronu.cleus separated NOESY experiments to define secondary and tertiary structure.
A common starting point is the 15N-separated NOESY-HMQC experiment. Pofential
degeneracies in the amide proton chemical shifts are removed by correlating their chemical
shift with the chemical shift of the attached 19N nucleus in a third ;iimension. This results

in reliable determination of NOE intensitities diagnostic of secondary structure type. For

example, strong NN and dBN connectivities and doN(i,i+3) connectivities are diagnostic
of helical backbone geometry where as strong dgN and cross strand dgN(i,J) and ANN(,))
connectivities are indicative of beta sheet geometry. Sequential assignment and the
associated secondary structure determination are represented by N-H strips corresponding
to adjacent amino acids in the DNA-binding domain of heat shock transcription factor in

Fig. 2.9).

4D 13C/13C-edited NOESY-HMQC

Although the 15N-separated NOESY-HMQC is a good starting point for structural
analysié, for definition of the global fold, it is often necessary to define the position of side
chains with respect to one another, particularly in alpha helical proteins since most of the
contacts between elements of secondary structure are between protons in the sidechains.
The most effective expeﬁment for probing such sidechain-sidechain contacts is
undoubtedly the 4D 13C/13C-edited NOESY-HMQC (Clore, et al., 1991) (P.S. #15). This
experiment identifies NOEs between protons at;:ached to 13C nuclei by correlating the
proton frequencies with the frequencies of the attached 13C nuclei. This is achieved by
inserting an HMQC sequence before the proton evolution period in a regular NOESY
experiment (Fig. 1.1D) and after the mixing time to 13C frequency label both protons
involved in the NOE. Correlation of the 1H resonances to the frequencies of the attached

13C nuclei results in a further reduction in overlap over the related 3D 13C-separated
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NOESY-HMQC experiment and is particularly useful in proteins with extensive 1H
degeneracy.
4D 13C/15N-edited NOESY-HMQC

A second 4D NOESY experiment (4D 13C/15N-edited NOESY-HMQC) (P.S. #17)
uses the HMQC sequence to correlate the two proténs involved in an NOE with the
attached 13C and 1SN nuclei respectively (Kay, et al., 1990). This experiment is useful in
eliminating overlap of 13C-attached protons which show NOEs to the same 15N-attached
protons. This is frequently a problem in helical regions were Hy-degeneracy prevents
assignment of dgN(i,i+1), daN(1,1+2), dgN(i,i+3), and dgN(i,i+4) NOEs. It can also be
useful in eliminatihg degeneracy of aromatic protons showing NOEs to Hy nuclei, a
problem encountered in proteins with a large number of aromatic sidechains defining the
core of the protein (Chapter 2 and 3).
Generation of Distance Restraints

Once the crosspeaks in the multidimensional NOESY experiments have been
assigned by frequency, they can be converted into distance constraints (Appendix E) which
are used to define a family of structures which satisfy the constraints using one of several
algorithms implemented by programs such as INSIGHT and X-PLOR.

Distance Geometry Methods

~ Distance geometry is a method of converting a list of pair-wise distance constraints
between parts of a molecule into a consistent three dimensional coordinate set for the atoms
in the set (Crippen & Havel, 1978; Havel & Wiithrich, 1984; Havel & Wiithrich, 1985;
Sippl & Sheraga, 1986). Qualitatively, the method works as follows. The set of pair-wise
distance constraints corresponds to an N x N dimensional space representation of the
molecule. In such a space, all the pair-wise distance constraints can be satisfied using the
following algorithm. Each distance constraint places an upper and lower bound on the

distance between the two atoms involved. This can be represented by a number in the top
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triangle of an N x N matrix where one reads the names of all the atoms along the rows and
columns of the matrix. This set of ordered numbers is referred to as the upper bounds
matrix. Similarly, one can use the lower triangle to represent all the lower bounds on the
distance betweeﬁ each pair of atoms.

The next step is to generate a random number representing a first guess for the
distance between each pair of atoms involved in a distance constraint with the number
falling between the upper and lower bounds. The numbers are then adjusted to reflect the
triangle inequality so that the distance dap + dbc = dac. Higher order triangle inequalities
are also forced to be satisfied. The N x N dimensional representation is then projected (in
the linear algebra sense) into a three dimensional space using a least squares solution which
reduces the number of violations of the original constraints (Crippen and Havel, 1978).

This is the distance geometry solution to the input constraints.

Simulated Annealing Methods

Distance geometry solutions have a number of problems which have lead to the
development of a second type of structure refinement known as simulate annealing .
Simulated annealing uses a dynarnics algorithm to simulate the motion of the atoms of the
protein structure under energy constraints defined by two classes of functions (Clore, et
al., 1985; Briinger, 1992). The first class is a set of energy functions which define normal
local covalent protein geometry such as bond lengths, bond angles, peptide and aromatic
planarity, and chirality. The second class of functions define an energy which represents
the degree to which the structures satisfy experimental distance constraints determined from

the NOE data and dihedral angle constraints. -

Etotal = Egeometry + Eexperimental , egn 1.19
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The derivative of the energy function is the force field and this force field can be used for
short time steps to calculate the trajectory of the atoms under the influence of this energy
potential. Thus the motion of the atoms of the protein can be simulated under this combined

force field. By use of an annealing protocol one can search the conformational space

efficiently to find global minima with respect to the total energy function Etota] (often

referred to as the target function). Given sufficient input constraints, these minima should
corresp_ond to atomic coordinates which satisfy (within acceptable error margins) the
experimentally derived distance constraints and the normally observed profein geometry
represented by the Egeometry energy term. Thus a family of solutions which are consistent
with the NMR constraints can be determined reliably. In the annealing protocol, the
temperature is raised during the dynamics simulation to search large regions of
conformational space and then a slow cooling is applied to "zoorﬁ" in on regions of the
energy function with low energy. Eventually the structures converge on a local (and
hopefully global) minimum to the target function.

Although the Simulated Annealing algorithm can begin from random starting
coordinates, this can lead to a small fraction of converged structures (with low Etotal)
because the protein gets stuck in local minima during cooling. Another strategy commonly
employed is to use the distance geometry solution as a starting point for simulated
annealing. This approach is referred to as the hybrid distance geometry/simulated annealing
algorithm (DG/SA) and takes advantage of the speed of the DG algorithm to find starting
coordinates in the neighborhood of the global minimum, and the efficiency of the SA

algorithm to find global minima (Clore, et al., 1986; Briinger, 1992).
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Chapter 2 Medium Resolution Solution Structure of HSF
Introduction
The Heat Shock Response

When an organism encounters elevated temperatures, a rapid and drastic shift in
protein expression occurs resulting in the production of a new class of proteins known as
the heat shock proteins. This response occurs in response to environmental shocks such as
elevated temperatures, ethanol, heavy metals, or virus invasion (Morirhoto, et al., 1992).
This response is universal occurring in all cells from bacteria to plants to mammals
including humans. The proteins expressed under heat shock conditions, known as heat
shock proteins (HSPs), are necessary for the cell to survive the shock conditions. These
proteins, some of which are also referred to as molecular chaperones, are highly .conserved
across organisms from prokaryotes to eukaryotes, with sequence conservations in some
cases as high as 50%. The proteins function to "chaperone" the unfolded proteins through
the shock conditions and return them to an active folded conformation when the stressful
conditions have passed. They are also involved in transport and translocation of
synthesized proteins in the cell (Craig, et al., 1993). Recently a number of studies have
shown that the HSP, GroEL from E. coli, forms oligomeric complexes with denatured
" protein and that release and refolding of the bound protein is controlled by the binding of a
second HSR GroES, which enhances ATP hydrolysis by GroEL (Gray & Fersht, 1991;
Bochkareva, et al., 1992). 1t is likely that many of the HSPs expressed in eukaryotes serve
similar functions although with the diversity of heat shock gene families, other functions
important in helping cells survive stress conditions cannot be ruled out. One of the
fascinating aspects of the Heat Shock Response, or more generally the stress response, is
that it is induced rapidly (within minutes) by such a diverse range of stimuli. The profile of
HSP gene expression varies depending on the stimulus as well. These observations have

~
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led to careful study of the transcriptional regulation of the heat shock response to shed light
on the nature of the transduction of stress stimuli into gene expression and the differential
control of HSP gene expression.
Regulation of Heat Shock in Eubacteria

The heat shock response is regulated differently in eubacteria than in eukaryotes. In
bacteria, the sudden shift in protein expression is accomplished through the alternate sigma
factor 632 which binds to the apo form of the RNA polymerase in place of the standard
sigma factor o/0. The sigma factor; 032, redirects the holoenzyme to bind exclusively to
promoters of heat shock genes. Sigma factors confer specificity for two regions of the
promoter known as the -35 region and -10 region respectively. Consensus sequences for
both regions have been determined for heat shock genes and "normal" genes and differ
significantly (Fig. 2.1A). Although when isolated, 670 does not bind to these regions, it
can be cleaved into fragments which bind the -35 region and -10 region respectively
(fig2.1B) (Dombroski, et al., 1992). The fragment of 670 which binds to the -35 region
contains a sequence predicted to form a helix-turn-helix structure which is a common motif
for DNA recognition (Harrison & Aggarwal, 1990). This helix-turn-helix motif is also
predicted to occur in other bacterial sigma factors including 032 (Gardella, et al., 1989).
Regulation of Heat Shock in Eukaryotes

In eukaryotes, heat shock is regulated by the Heat Shock Transcription Factor
(HSF) (for recent reviews see (Craig, et al., 1993; Lis & Wu, 1993; Morimoto, 1993)).
Under heat shock conditions in higher eukaryotes this factor has been shown to trimerize.
and move into the nucleus binding to promoter elements upstream of the heat shock genes.
In lower eukaryotes (yeasts), HSF is always in the trimeric state and bound to DNA. Yeast

requires low level constitutive expression of heat shock proteins for growth (Jakobsen &
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A

Promoter -35 region -10 region +1

groE TTTCCCCCTTGAA GGGGCGAAGCCAT CCCCATTTCTCTGGTCAC
dnaK 1 TCTCCCCCTTGAT GACGTGGTTTACGA CCCCATTTAGTAG TCAA

dnak 2 TTGGGCAGTTGAA ACCAGACGTTTCG CCCCTATTACAGACTCAC

C62.5 GCTCTCGCTTGAA ATTATTCTCCCTTGT CCCCATCTCTCCCACATC
Consensus -35 region . -10 region

o32 T--C-C-CTTGAA CCCCAT-T

c/0 TTGACA TATAAT

Figure 2.1 Sequences for heat shock promoters in E. coli and domain structure of ¢70.
A. Alignment of promoter sequences from several heat shock genes in E. coli and the
consensus sequences for heat shock gene promoters and the "standard" promoter. The
transcription start site is marked +1. Note that the last three bases GAA in the -35
region are invariant in all the sequences examined and that they differ from the
consensus sequence for the -35 region of normal genes ( ending in GACA). (Taken
from Table 16-1 of Watson et al., 1987). B. Domain arrangement for the region of 670
which is involved in recognizing the -35 and -10 promoter sites of E coli genes. The
DNA sequences recognized by the separated domains appear in a parallel arrangement
below. The region labeled 4.2 HTH contains a helix-turn-helix sequence which has also
been identified in 632. The HTH sequence of 632 shows limited homology to the HTH
region of HSF (fig 2.5). In Figure 2.1, the corresponding consensus sequences for 670
and 632 are indicated above and below the line representing the DNA respectively.
Contacts between 670 and the promoter DNA inferred from mutagenesis studies which
create new promoter specificity are indicated by arrows with the new base that is
recognized indicated inside a circle. The amino acid change of the mutations are
indicated by one-letter amino acid code next to the arrows (Dombroski et al., 1992).
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Pelham, 1988; Sorger & Pelham, 1988; Wiederrecht, et al., 1988; Park & Craig, 1989;
Gross, et al., 1990; Chen & Pederson, 1993; Gallo, et al., 1993) . In both higher and
lower eukaryotes, heat shock conditions induce a transient increase in production of heat
shock proteins which continues if a high level of heat shock conditions are maintained
(Nieto-Sotelo, et al., 1990; Sorger, 1990; Jakobsen & Pelham, 1991; Gallo, et al., 1993).
The promoter elements are known as heat shock elements (HSEs) and consist of
multiple repeats of the sequence nGAAn (known as GAA boxes) occurring in head to tail
orientation. The smallest HSE consists of three GAA boxes (Fig. 2.2A) and HSF binds to
such a site as a homotrimer with approximately 10-12 M affinity. Typicél]y heat shock
gene promoters have more than three GAA boxes and HSF exhibits coéperativity in
binding to adjacent HSEs (Xiao, et al., 1991). This is a hint at how the heat shock

response can take over protein expression with such high efficiency.

Domain Structure of the Heat Shock Factor

Deletion analysis of the gene from HSF reveals at least four functional domains
(Fig. 2.3A). There are two domains which affect transcriptional activation and two highly
conserved domains involved in DNA-binding and trimerizarion respectively. Indeed,
comparison of these last two regions reveals a high degree of sequence conservation in
organisms as diverse as yeast, fruit flies and tomatoes (Fig. 2.3B). This high degree of
sequence conservation emphasizes the universal importance of the heat shock factor and
implies that what is learned from studying HSF from one organism will have general
implications for the functioning of heat shock factors from all other organisms.

The trimerization region contains a leucine zipper sequence and forms a triply coiled
coil of three parallel helices placing all three DNA-binding domains at the N-termini of the
coiled coil (Peteranderl & Nelson, 1992). This suggests a mode of DNA-binding in which

the trimeric symmetry of the HSF homotrimer is broken by interactions with DNA. An
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Figure 2.2 Minimal three GAA box Heat Shock Element

A. A duplex with the sequence 5'-NGAANNTTCNNGAAN-3' on one strand and the
complementary sequence on the other strand contains three GAA boxes (indicated by
arrows) which are arranged on two dyad axes of symmetry (small diamonds). B. This
same symmetry must be imposed on the homotrimer upon binding so that three
monomer units interact with the three GAA boxes. The symmetry of an unbound
homotrimer is shown with dark bars. Bound HSF looses this symmetry and must take
on the symmetry of the DNA duplex . The HSF trimer /DNA complex is shown with
two views rotated 90° with respect to one another. Typical heat shock genes contain
more than three GAA boxes at the promoter site and cooperative binding is exhibited
by HSF in these cases suggesting adjacent trimers of HSF on the DNA form protein-
protein interactions to help stabilize the complex and keep expression of heat shock
genes turned on at high temperatures or other environmental stresses. Figure courtesy of
Karen Flick.
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HSE contains two dyad axes of symmetry between each pair of GAA boxes. This head to
tail to head arrangement must be imposed on the three DNA-binding domains of HSF upon
interaction of the homotrimer with the HSE (Fig. 2.2B).

The DNA-binding domain of HSF was mapped genetically to a sequence of
roughly 130 amino acids (Wiederrecht, et al., 1988) which was subsequently reduced to an
89 amino acid sequence in yeast. This fragment was shown to be capable of binding HSE
sites sequence specifically (Flick, et al., 1994). The sequence in this region is the most
highly conserved across all HSFs.  The DNA-binding domain of HSF shows no
sequence homology to any known DNA-binding proteins whose structures have been
determined. A limited homology to the proposed helix-turn-helix region of 632 has been
identified (Fig. 2.4A) with approximately 32% sequence identity between 632 and the most
conserved region of the HSF DBD.

The Importance of Structural Studies of HSF

The structure of this domain is of intense interest because HSF binds DNA in a
* highly unusual homotrimer mode and because its DNA-binding motif cannot be
convincingly identified based on sequence homology. Because of the high degree of
sequence conservation in this region among a diverse range of organisms, the structure
should give direct insight into the recognition of HSEs by HSF in all eukaryotes and more
generally add to the understanding of the role of HSF in the transduction of the heat shock
response.

A number of structural studies of the DNA-binding domain of HSF are being
pursued in different laboratories. The crystal structure of the DNA-binding domain of HSF
from the yeast Kluyveromyces lactis was determined concurrently with this work in the
laboratory of Professor Hillary Nelson. A protein consisting of the 89 amino acid DNA-
binding fragment defined in yeast was expressed in E. coli and shown to bind DNA with

approximately micromolar affinity. It has a melting temperéture of 80° C, and is readily
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Figure 2.3 HSF domain structure, DBD sequence alignment and secondary structure

A. Alignment of functional domains identified by deletion analysis and biochemical
studies for several organisms (Kla = K. lactis; Scv = S. cerevisiae; Hul = Human; Spo
= §. pombe; Ck3 = Chicken, HSF3; Dro = D. melanogaster; Tom = Tomato, Lp-8
HSF1 ). The two most highly conserved regions of HSF are the DNA-binding domain
and adjacent trimerization domain. The yeasts Kla and Scv contain an N-terminal
activation domain and all HSF proteins contain C-terminal activation domains. Since
HSF is constitutively bound in yeast, much of the transcriptional regulation must come
from interactions with the activation domains. B. Sequence alignment of the DNA-
binding domains of HSF. Secondary structure elements (H=helices, B=sheet) described
later in the text are indicated by solid bars for helices and open bars for sheets. The
most highly conserved regions correspond to H2 and H3.
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Figure 2.4 Sequence homology in the HTH of bacterial sigma factors with HSF

A. Alignment of the sequence of residues L.253-K272 in the proposed HTH of 632 with
the residues R36-M62 from the DNA-binding domain of the K. lactis HSF using the
package GCG 7.3 (Devereux et al., 1984) reveals a modest homology with 40%
sequence identity for the residues which have partners and 65% sequence homology.
HSF from other organisms also show modest homology in the helix-turn-helix region
with an average for the shown sequences of 32% identity / 50% homology. B.
Interactions seen for putative recognition helix of 70 with the -35 promoter site,
analogous interactions proposed for 632 based on homology (Dombroski ez al., 1992)
and interactions proposed here based on homology of HTH sequence in helix H3 and
overlapping DNA-binding specificity (GAA).
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soluble after the last step of purification. HSF has been crystallized in two forms
(Harrison, 1994). It has all the hallmarks of a well-defined, independently folding protein
domain. NMR structural studies were carried out on this pfotein to determine the solution
structure and identify any differences from the crystal structure and to allow
chafacterization of the dynamics. The NMR studies are also part of an ongoing effort to
structurally and dynamically characterize interactions between HSF DNA-binding domains

and DNA as well as protein-protein interactions between HSF DNA-binding domains.

Materials and Methods

The Sequence and Expression of the DNA-binding domain of HSF

The HSF DNA binding domain from K. lactis (Residues 194-285) was expressed
in E. coli using a T7 expression system (Studier, et al., 1990). The amino acid sequence
encoded by the plasmid cdnstruct includes an N-terminal Met and the C-termiﬁal sequence
Arg-His-Ala. Samples labeled with 15N and 13C/15N were prepared by growing bacteria
on minimal media containing 1SNH4Cl or 1SNH4Cl/13Cg-glucose ajsl the sole nitrogen and
carbon sources, respectively. The protein overexpression and purification protocol are
described elsewhere (Harrison, 1994). Approximately 20 mg of purified protein was
obtained from éach liter of cell growth. Purity was shown to be greater than 99% for all
samples as determined by electrospray ionization mass spectrometry (Fig. 2.5). The
molecular weights obtained indicated the absence of the N-terminal Met, as well as

comiplete incorporation of the isotopic labels (Harrison & King, unpublished results).

Sample Preparation

NMR samples in H2O were prepared by dissolving 5-10 mg of lyophilized protein
in 450 ul H>0 and 50 pl D,O. NMR samples in DO were prepared by dissolving protein
in 500 pl of 99.96% D,0O , relyophilizing the protein and redissolving it again in 99.96%



Figure 2.5 Electrospray lonization Mass Spectrometry of isotope labeled HSF
A. ESI MASS-SPEC of uniformly 15N labeled HSF. Calculated mass for fully 15N
labeled HSF is 11074.3. Measured mass derived from this spectrum is 11074.0 £ 0.2.
Other mass species were of negligible amount. B.ESI-MASS-SPEC of uniformly 15N
(99%) 1labeled HSF from a separate preparation than A. Major species measured mass
‘M was 11070.5 close to the calculated value. A second species (15% of sample) ’
exhibited a measured mass of 11040.6 (M-30). This second species was traced to
misincorporation of Lys for Arg at one position (R36) in the primary structure of HSF.
The K. lactis sequence for the DBD of HSF contains three codons (AGA)
(corresponding to R2, R36 and R83) which are rarely used to code for ARG in E. coli.
but are quite common in yeast. Moreover E. coli commonly use AAA to code for LYS.
Overexpressing bacteria are likely to find limiting supplies of charged tRNAs and the
mistranslation frequency, particularly for rare codons in some cases increases
dramatically. M-28 species are often observed in purified overexpressed protein and in
this case it was suspected to correspond to ARG->Lys translation error at one site (since
no M-2x28 or M-3x28 was observed).
N-terminal Edman sequencing of the protein was used to rule out R2 as the site of
misincorporation. 0% LYS was observed at position 2 and 100% ARG. A Lys-C digest
was used to generate peptide fragments corresponding to C-terminal cuts at each of the
LYS sites as well as the new LYS site created by mistranslation which existed in 15%
of the protein. Peptides from Lys-C digests were separated using analytical HPLC.
ESI-MASS-SPEC was used to identify each of the predicted fragments from the native
sequence. Lys-C digestion was found to go to completion in 2 hr at 55 C with a ratio of
1:100 Lys-C to protein in 100 mM TRIS buffer (pH 8.5 at 25C). In addition to the
predicted fragments for the native sequence, a non-native fragment (M=1821.41) was
identified which corresponded to the peptide FIHWSTSGESIVVPNK. The predicted
mass for this peptide (uniformly 15N labeled with 98% 15N) is 1821.41 and it
corresponds to the sequence of residues F21-R36 in the protein sequence. The ratio of
integrated areas of the UV measured at 210nm for the peptide F21-K36 to that of
peptide F21-R36 is 0.15. The ratio of ion signal intensity of the two peptides from ESI
MASS-SPEC is 0.15. Thus all of the M-30 species can be accounted for by
mistranslation of LYS for ARG at a single site (residue 36). To determine the level of
translation at R83, the fragment corresponding to Lys-C digestion at residue 83 (W84-
EFENERH-A92) was prepared using solid phase peptide synthesis. The retention time
was determined on the same analytical HPLC used to separate Lys-C digests . No peak
was detected at this retention time in repeated Lys-C digests thus ruling out
mistranslation at R83 to a level below 1%. C. ESI-MASS-SPEC of uniformly
13C/15N labeled HSF. Calculated mass for fully 13C(99%)/15N(99%) labeled HSF is
11552.57. The observed mass for the only major species is 11553.4 in good agreement
with the expected mass for full incorporation of the isotopes.
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D»0. All samples were buffered to pH 3.4 using 10 mM potassium phosphate buffer.
Typical protein concentrations were 2 to 4 mM. Samples were stored in NMR tubes at 4°C.
NMR Spectroscopy

NMR experiments were performed on a Bruker AMX 600 spectrometer equipped
with a 3-channel interface, external 50 W linear amplifier (ENI, Rochester, NY.) for 13¢
frequencies , triple-resonance H, 15N, 13¢) carbon-optimized probe, and UXNMR
software version 930301. All experiments were conducted at 25°C. Presaturation was
accomplished using rf field strengths of 35 Hz for samples in D2O and 140 Hz for samples
in Ho,O with the carrier placed on the water resonance (4.77 ppm): All NMR data were
processed using the FELIX program (version 2.0) distributed by Biosym Technologies
(San Diego, CA). All linear prediction was implemented using FELIX (version 2.0).
Distance geometry (DG) and simulated annealing (SA) calculations were performed using
the X-PL.OR program version 3.0 (Briinger, 1992) . All calculations were performed on
SGI workstations (Silicon Graphics, Mountain View, CA.).
1H.1H NMR

Two-dimensional H-1H spectra were collected with 512 t; and 1024 complex tp
points using Time Proportional Phase Incrementation (TPPI) (Marion and Wiithrich, 1983)
for quadrature detection in t1 and with solvent presaturation. Spectral widths were 14.12
ppm in both dimensions. NOESY (Macura, et al., 1981) (P.S.# 3), DQF-COSY (Rance,
et al.,, 1983) (P.S.# 1), and clean-TOCSY experiments (Griesinger, et al., 1988) (P.S.# 2)
were performed in both HoO and D;0. 2D NOESY spectra were recorded with a mixing
time of 100 ms during which the solvent was irradiated. 2D clean-TOCSY spectra
(Griesinger, et al., 1988) were acquired with a 100 ms MLEV17 (Bax and Davis, 19855
mixing sequence. The ratio of clean-TOCSY delay A, to the spinlock 90° pulse length Tgg
,was 2.5 with an average rf power for the spinlock of 7.5 kHz. All 1H-1H 2D spectra

were zero filled to 1K by 1K points. In some cases linear prediction was applied in the
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second dimension as implemented in FELIX version 2.0. Data were apodized in both
dimensions using shifted sine-bell window functions with phase shifts ranging from 45° to
90° for different datasets.
Heteronuclear 2D NMR

Quadrature detection for all heteronuclear 2D NMR experiments was accomplished
using States-TPPI (Marion, et al., 1989b). Unless otherwise stated, in all heteronuclear
2D experiments WALTZ16 modulation (Shaka, et al., 1983) was used for 15N decoupling
and GARP modulation (Shaka, et al., 1985) was used for 13C decoupling. 2D 'H-15N
HSQC spectra (Bodenhausen and Ruben, 1980; Bax, et al., 1990c) (P.S.#6) and 2D 1H-
ISN HMQC spectra (Mueller, 1979; Bax, et al., 1990c) (P.S.#5) were acquired on
uniformly 15N or 13C/15N labeled HSF in 90% H20/10% D20. The water signal was
suppressed using presaturation in the HMQC experiments and both presaturation and a 1.8

ms spinlock pulse (Messerle, et al., 1989) were used in HSQC experiments. Typically the .

data were collected with spectral widths of 29.78 ppm in t] (512 complex points) and
14.12 ppm in t2 (1024 complex points).

Amide exchange rates were p>robed by lyophilizing the protein from H;O and
redissolving the protein in DO (pH 2.75, uncorrected for 2H isotope effects), and
acquiring a series of 2D 'H-15N HMQC spectra at 13.1, 37.7, 76.8, 156, and 370 minutes
after addition of D>0. Very slowly exchanging amide signals were observed in spectra
obtained from a sample dissolved in D70 for several weeks. Spectra were zerofilled to 1K
by 1K points and apodized using 60° skewed sine-bell window functions.

2D 1H-13C ct-HSQC spectra (P.S. #12) of the aliphatic region of HSF uniforrhly
labeled with 13C/15N were recorded as described (Vuister and Bax, 1992). Solvent
suppression was achieved using presaturation and a 1 ms spinlock pulse (Messerle, et al.,
1989). Carbon decoupling during detection was accomplished using GARP (Shaka, et al.,
1985) modulation of a 4.2 kHz 1f field. A constant time delay of 26.6 ms was used which
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resulted in oppositely phased signals for carbons attached to an even or odd number of 13¢
neighbors. The data were collected with spectral widths of 33.13 ppm (713C).in t; (128
complex points) and 14.12 ppm (1H) in tp (512 complex points). Spectra were processed
as described (Vuister and Bax, 1992) except that linear prediction, as implemented in
FELIX (version 2.0), was used.

2D 1H-13C ct-HSQC (P.S.#12) and ct-HCCH-TOCSY (P.S.#19) spectra (Ikura,
et al., 1991b) optimized for detection of aromatic fesonances were collected with the 13C
carrier set to 125 ppm and INEPT transfer delays set to 1.3 ms. The spectra were collected
with spectral widths of 26.29 ppm (13C) in t; (56 complex points) and 11.73 ppm (1H) in
t2 (512 complex points). The constant time delay was tuned to 13c-13¢ couplings of 70
Hz (14.3 ms) and no carbonyl pulses were applied. The 13C mixing time in the ct-HCCH-
TOCSY experiment was accomplished using a 14.34 ms DIPSI-2 sequence (Shaka, et al.,
1988) with a 7.6 kHz spinlock field. Both datasets were apodized with a 15° skewed sine-
bell in ty and a 35° skewed sine-bell in tj. Linear prediction as implemenfcd in FELIX
(version 2.0) was applied in the t; time domain. The final data sets were 1024 x 1024 real
points in size. |

3JNHo, coupling constants were measured semiquantitaﬁvely (either less than 6 Hz
or greater than 8 Hz) from a 1SN HMQC-J spectrum (Kay & Bax, 1990) in which 650
complex points (t]max = 214 ms) were collected. Exponential line broadening (7 Hz) and
exponential line narrowing (-2Hz) were applied in the !H and !N dimensions,
respectively. After zero-filling, the final digital resolution was 4 Hz (1H) and 2 Hz (15N).
These data were used to estimate ¢ torsion angles for 36 residues.

3INCy and 3JC'Cy coupling constants for Val, Ile, and Thr residues were
determined from 2D 19N and 13C spin-echo difference ct-HSQC experiments as described
(Grzesiek, et al., 1993; Vuister, et al., 1993) using a constant time period of 28.6 ms.

These data were used to determine X1 torsion angle constraints for 7 of 9 Val, both Ile, and
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the single Thr residue, and to stereospecifically assign the 13Cy signals for 7 of the 9 Val
residues.
15N-separated 3D NMR

3D 15N-separated TOCSY-HMQC (Driscoll, et al., 1990) (P.S. #7) and 3D I5N-
separated NOESY-HMQC experiments (Kay, et al., 1989; Marion, et al., 1989c¢) (P.S.#8)
were acquired on uniformly 15N-labeled samples of HSF in 90% H20/10% D>O0.
Quadrature detection in the indirectly detected dimensions was accomplished using TPPI
(Marion and Wiithrich, 1983). In both experiments GARP modulation (Shaka, et al.,
1985) was used to decouple ISN. Solvent suppréssion was implemented using
presaturation. The TOCSY-HMQC experiment was performed using a 100ms clean
TOCSY MLEV17 mixing sequence (Bax and Davis, 1985; Griesinger, et al., 1988). The
ratio of the clean TOCSY delay , A , to the s;ﬁinlock 90° pulse length, T9g , was equal to 2.5
with an average spin-lock field strength of 6.7 kHz. The 3D-15N-separated NOESY-
HMQC experiment was performed using a 100 ms mixing time. Both the TOCSY and
NOESY experiments were acquired with spectral widths of 14.12 ppm, 60.0 ppm, and
14.12 ppm in F1 (1H), F2 (15N), and F3 (1H) respectively, and with 200 real points in tj,
62 real points in tp and 1024 real points in t3. A total of 16 scans were signal averaged for
each real tj, t pair. Shifted sine-bell window functions were applied in all three
dimensions and linear prediction (FELIX program, version 2.0) and zerofilling in t; and t)
resulted in a final matrix for both experiﬁents of 512 (1H) x 512 (1H) x 64 (15N) points.
Triple Resonance NMR

CBCANH (Grzesiek and Bax, 1992a) (P.S.#9) and CBCA(CO)NH (Grzesiek and
Bax, 1992b) (P.S. #10) triple resonance experiments were performed as described on
uniformly 13C/ I5N-labeled samples in 90% H20/10% D,0. Presaturation and a 1.8 ms
spinlock pulse (Messerle, et al., 1989) were used to suppress the solvent in the CBCANH

experiment whereas only the 1.8 ms spinlock pulse was retained for solvent suppression in
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the CBCA(CO)NH experiment. Both the CBCANH and CBCA(CO)NH spectra were
acquired with spectral widths of 56.0, 24.9, and 14.12 ppm for F1 (13C; 52 complex
points), F2 (15N; 32 complex points), and F3 (!H 512 complex points) respectively, and
with 32 scans per complex ty, t pair. The carriers were placed at 43.0 ppm, 117.9 ppm,
and 4.77 ppm for the 13C, 15N, and !H channels, respectively. 1SN decoupling during
acquisition was accomplished using WALTZ16 (Shaka, et al., 1983) modulation of a 1.6
kHz rf field. 'H decoupling during the 13C evolution period was achieved using DIPSI-2
modulation (Shaka, et al., 1988) of a 5.4 kHz rf field. Time domain convolution (Marion,
et al., 1989a) was used to eliminate the residual solvent signal in both experiments and a
50° skewed sine-bell window function was applied in the t3 dimension. Linear prediction
(FELIX version 2.0) was applied in t; and ty followed by multiplication by unshifted
cosine squared window functions. Both matrices were 512 (1H) x 256 (13C) x 64 (15N)
real points.
1:"C-separated 3D experiments

3D-HCCH-TOCSY (Clore, et al., 1990; Bax, et al., 1990b) (P.S. #14) and 3D-
13C-separated NOESY-HMQC spectra (Ikura, et al., 1990) (P.S. #13) were recorded
using uniformly 13C/15N-labeled HSF samples in 99.96% D,0. Quadrature detection was
achieved using the States-TPPI method (Marion, et al., 1989b). In both experiments the
13C carrier was set to 43 ppm and 13C decoupling during acquisition was accomplished
using GARP modulation (Shaka, et al., 1985) of a 4.1 kHz field. Solvent suppression
was achieved in the HCCH-TOCSY experiment using presaturation and a 1.8 ms spinlock
pulse. In the 13C-separated NOESY-HMQC spectrum 0.5 ms and 1.8 ms spinlock pulses
were used for solvent suppression (Messerle, et al., 1989) . Mixing in the 13C HCCH-
TOCSY experiment was accomplished using a DIPSI-2 sequence (Shaka, et al., 1988)
with a mixing time of 22.6 ms and a spinlock field of 5.4 kHz. The imixing time in the

13C-separated NOESY-HMQC experiment was 100 ms. Both experiments were collected
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. with 128 complex points in t; (\H), 32 complex points in tp (13C), and 256 complex points
in t3.(1H) and with 32 scans per complex ty, ty pair. Spectral widths for the HCCH-
TOCSY spectrum were 8.01, 23.8, and 8.01 ppm in F1 (1H), F2 (13C), and F3-(1H),
respectively, and for the 13C-separated NOESY-HMQC spectrum they were 10.93, 23.8,
and 13.44 ppm in F1 (1H), F2 (13C), and F3 (1H), respectively. The HCCH-TOCSY data
were multiplied by 50° shifted sine-bell window functions in all three dimensions and linear
prediction (FELIX version 2.0) was applied in t; resulting in a final matrix size of 512 (1H)
x 128 (1H) x 64 (13C) points. The 13C-separated NOESY data were zerofilled and then
apodized with a 90° skewed sine-bell squared window function in t3. Data in the t; and tp
dimensions were multiplied by a skewed sine-bell window function and linear prediction
was applied in t; to arrive at a final matrix size of 256 ('H) x 128 (1H) x 64 (13C) real
points.
4D 13¢/13C-edited NOESY spectrum

A 4D 13¢/13C-edited NOESY spectrum was recorded as described (Clore, et al.,
1991) (P.S. #15) on a 13C/15N labeled sample of HSF dissolved in 99.96% D20 with a
mixing time of 100 ms. The acquired data matrix consisted of 8 (t1, 13C) x 64 (tp, IH) x 8
(t3, 13C) X 256 (14, 1H) complex points with spectral widths of 23.8 ppm in both 13¢
dimensions and 9.15 ppm in both 1H dimensions. The 13C carrier was centered at 43 ppm
during labeling of carbon magnetization and the 1H carrier was positioned at 3.5 ppm
except for solvent presaturation which was accomplished at 4.77 ppm. Data were
processed as described (Clore, et al., 1991) except that linear prediction as implemented in .
FELIX (version 2.0) was used to extend each 13C dimension from 8 to 12 points followed
by zero filling to 32 complex points. The final data matrix consisted of 32 (F1) x 128 (F2)
x 32 (F3) x 256 (F4) real points.
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Chemical shift referencing

Chemical shifts were directly referenced to 3-(2,2,3,3-2H4) trimethylsilyl
propionate (TSP) (1H) and indirectly referenced to liquid ammonia (13N) (Live, et al.,
1984), and TSP (13C) (Bax & Subramanian, 1986).

Structure Calculations

NOE:s were classified qualitatively as strong (1.8-2.7 A), medium (1.8-3.5 A), and
weak (1.8-5.0 A) (Williamson, et al., 1985; Clore, et al., 1986). A correction was added
to the upper limit for constraints involving methyl protons and nonstereospecifically
assigned protons (Wiithrich, et al., 1983; Clore, et al., 1986). Phi torsion angles were
constrained to -60° + 30° for 3JNHe values that were less than 6 Hz, and to -120° + 40° for
3J4Nq values that were greater than 8 Hz (Pardi, et al., 1984). X; angles were constraiﬁed
to within * 20° of the measured values (Kraulis, et al., 1989). Hydrogen bonds were
identified on the basis of NOE:s identified in regular secondary structures and low amide
proton exchange rates (still present after 370 minutes of exchange). Constraints were
applied between N and O atoms (2.8-3.3 A) and between Hy and O atoms (1.8-2.3 A)
(Clore, et al., 1990).

Structures were calculated using a hybrid distance geometry/simulated annealing
method (Nilges, et al., i988) as contained in the X-PLOR program 3.0 (Briinger, 1992).
Random starting structures were calculated using the X-PLOR routine generate-template.
A subset of atoms from this extended conformation was used for embedding using the
distance and torsion angle constraint matrix with the dg_sub_embed routine. The hybrid
distance geometry/simulated annealing routine dgsa was applied to the full structure as
described (Briinger, 1992). Final refinement was applied using the routine refine.

The initial set of structures, calculated on the basis of approximately 300 NOE and
24 hydrogen bond constraints (12 H-bonds), was used to resolve ambiguities in NOE

assignments allowing new NOE constraints to be added in further rounds of refinement.
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Thirty final structures were calculated and the 24 best were chosen for structural
co'mparison.. The chosen 24 structures had no distance violations greater than 0.5 A and no
torsion angle violations greater than 5°. The average total target function energy for the
family of structures at the end of X-PLOR refinement was 150.9 + 13.4 kcal/mol. The
average NOE and dihedral violation energies were 25.9 = 5.4 kcal/mol and 1.0 £ 1.6
kcal/mol respectively, using force constants of 50 kcal/mol A2 and 200 kcal/mol rad2. The
<RMSD>s between the distance constraints and calculated structures for the family of 24
structures was 0.028 +0.003 A and the <KRMSD> between the dihedral constraints and
calculated structures was 0.35 + 0.13°. The coordinates for these 24 structures have been
deposited with the Brookhaven Protein Data Bank (file 2HSF). Superpositions and

analysis of the structures was accomplished using X-PLOR and Insight IT software.

Results

Resonance Assignments

Using the methods described below complete sequential assignments were obtained
for 85 of 89 backbone N-H signals in the 1H-15N HSQC spectrum (Fig. 2.6). This
includesv all N-H signals except those of Ala-1, Gly-28, Asn-80 and Asp-81. Aside from
Ala-1, tentative assignments could be made for these residues, although not confirmed due
| to overlap (Asn-80, Asp-81) or lack of NOEs (Gly-28). In addition all the eN-H pairs of
the six Arg and €1 N-H pairs of the four Trp residues were assigned based on characteristic
Arg-15Ne (~85 ppm) and Trp-NHg (~10ppm) shifts. Twelve pairs of signals expected
from the 9 Asn and 3 Gln NH2 groups were also identified although not assigned because
of severe overlap of their Hy and 'Hp resonances. The completeness of the backbone N-
H assignments (95 %) was achieved despite a significant number of degeneracies observed:
10 backbone amides within 0.3 ppm ( 15N) and 0.02 ppm (1H) of another resonance (Fig.
2.6). |
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Figure 2.6 1H-15N HMQC spectrum of uniformly 15N-labeled HSF at 25 C, pH 3.4.
Note the overall good dispersion of the spectrum, indicative of a structured protein.
Several regions of significant degeneracy occur however in the central grouping of
peaks. Overall 85 of the 89 expected backbone N-H resonances where assigned in this
spectrum through methods described in the text. The downfield group of 4 resonances
near 10 ppm in the proton dimension were assigned to the four eN-H signals from the
Trp indole groups. A group of 6 peaks aliased from outside the 15N spectral width (1"
frequencies of ~7.1 ppm) have been assigned to the six Arg eN-H groups. Figure
courtesy of Ho Cho and Corey Liu.
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Figure 2.7 Sequential strips for residues Ala-4 to Asn-14 extracted from 3D triple-
resonance CBCANH (left side of strips) and CBCA(CO)NH (right side of strips)
spectra that were used to make sequential backbone assignments of HSF. Residues are
denoted by one-letter amino acid code and residue number. Intraresidue Co and Cg
correlations (CBCANH) are labeled with Greek letters. Arrows link intraresidue Co and
Cp signals to the interresidue Cq and Cg signals observed in both CBACNH and
CBCA(CO)NH strips from the following residue. Both intraresidue and sequential Cy
cross peaks in the CBCANH spectrum are of opposite sign to other crosspeaks.

ross peaks rendered with dashed lines are of opposite sign to those drawn with solid
lines.
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Assignments using Triple Resonance Data

The 3D triple-resonance CBCANH (GrZesiek and Bax, 1992a) and CBCA(CO)NH
(Grzesiek and Bax, 1992b) experiments were used to sequentially assign the backbone
I5N, NH, Cg, and sidechain Cg signals. This method has recently been successfully
applied to Acanthamoeba profilin-I (Archer, et al., 1993), human profilin (Metzler, et al.,
1993) and human macrophage inflammatory protein-18 (hMIP-1B) (Lodi, et al., 1994). As
can be seen in Fig. 2.7, the CBCANH experiment correlates both the Cg and Cq
frequencies of a residue with its own 1SN and NH frequencies via the one-bond 1JcyN
coupling (~ 12 Hz), and with the 15N and !H of the following residue via the two-bond
2JcaN coupling ( ~ 7 Hz). In contrast, the CBCA(CO)NH experiment correlates the Cg
and Cgq frequenciés of a residue to only the 5N and !H of the following residue.
Thus, through comparison of the two spectra, intra- and inter-residue correlations can be
identified and used to define which residues are adjacent in the sequence. For example, for
Trp-10 the inter-residue Cq and Cg correlations identified from the CBCA(CO)NH
spectrum (Cg, 58.0 ppm, Cg 47.1 ppm) correspond to the intraresidue Cg and Cp
correlations for Leu-9 from the CBCANH spectrum indicating that these residues are
adjacent in the sequence. Using this approach we were able to correlate Cq, Cg, 19N, and -
NH signals for 65 of the 89 residues identified in the triple-resonance spectra and link
fragments of sequential residues from 2 to 11 amino acids in length.
Spin system Identification

Through analysis of a 15N-sepmated TOCSY-HMQC spectrum, we were able to
correlate 15N, HN, Hg, and HB signals for approximately 70% of the residues. These data '
combined with the intra-residue Cy and Cg chemical shifts for each residue identified in the
triple-resonance data provided a convenient starting point for assignment of the side chain
1H and !3C signals through analysis of a 3D HCCH-TOCSY spectrum (Clore, et al., 1990;

Bax, et al., 1990b) as described previously (Pelton, et al., 1991; Ikura, et al., 1991a). and
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Figure 2.8 Expansion of representative planes from the 3D HCCH-TOCSY spectrum-
A. showing TOCSY correlations from labeled 13Cq-1Hg, pairs (13C = 55.9 ppm) and
B. TOCSY correlations from valinel3Cy-1Hy pairs (13C = 20.5 ppm).

Note the efficient transfer out to the ends of the LeucineHg's from the Hq. The highly
efficient magnetization transfer in the HCCH TOCSY through the large one-bond 13C
couplings in the aliphatic sidechains allowed complete sidechain 1H-13C assignments
to be obtained.
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in Chapter 1. Representative data are shown in Fig. 2.8. Fig. 2.8A shows 13Cy-Hy,
(13Cy 55.9 ppm) to sidechain !H correlations for several residues including Ala-4, GIn-69,
Met-76, Leu-77, and Glu-89. Fig. 2.8B shows correlations from Val 13Cy~Hy pairs
(13CY 20.5 ppm) to HB and Hg, resonances.

Once the 'H spin systems were identified using the 13Cq and 13Cg signals, the
remaining sidechain 13C spin systems were assigned by searching for the characteristic 'H
chemical shift pattern of a residue in the appropriate 13C chemical shift range (plane) of the
3D spectrum. For example in Fig. 2.9 the IH correlations obtained frorh several sidechain
Val l'3(1\( -1H pairs are shown. The 13Cy-1H,, signals in this plane were matched to
13Co-1Ho/1Hy signals in the corresponding Cq plane thus assigning the Valine 13Cy-1Hy
signals. The spin system assignments were used to register many of the fragments of
sequential residues identified in the CBCANH and CBCA(CO)NH data with the sequence
of HSF. In addition, analysis of the HCCH-TOCSY spectrum allowed us to identify Cg
and Cq, frequencies in cases where these signals were weak or absent in the
CBCANH/CBCA(CO)NH data allowing for the extension of the fragments. Moreover by
making use of type assignments and characteristic 13C chemical shifts (Horvath & Lilley,
1978), complete side chain !H and !3C assignments were made without use of a 3D
HCCH—COSY spectrum (Bax, et al., 1990a) The CBCANH and CBCA(CO)NH data
again supplied useful complementary information by eliminating ambiguities in
distinguishing Hg-Cg and Hy-Cy pairs in the HCCH-TOCSY spectrum since Cg chemical
shifts were already determined from the triple resonance experiments.

In addition to the HCCH-TOCSY spectrum, 2D 1H DQF-COSY and TOCSY
spectra and a 3D !5N-separated TOCSY-HMQC spectrum were used to assign some spin
systems using standard methods (Wiithrich, 1986). For example, the Arg spin systems |
were identified in the 3D 15N-separated TOCSY-HMQC experiment by matching backbone

NH and sidechain NHg cross peak patterns. Fifteen other residues were identified by
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looking for spin system péttems in 2b DQF-COSY and TOCSY spectra and correlating
them with the 3D 15N-separated TOCSY-HMQC spectrum. Many of the remaining
residues were in the large class of AMX spin systems which, excluding the distinctive
serines, comprise 27 of the 89 spin systems observable in the I5N-separated 3D
experiments (there are three prolines in the sequence). Finally, the 4 Trp, 2 Tyr and 4 of
the 7 Phe aromatic spin systems were assigned through analysis of 2D ct-HSQC and 2D
ct-HCCH-TOCSY spectra (Ikura, et al., 1991b) which were optimized for aromatic spin
systems. Subsequently, sequential assignments were obtained through identification of
intraresidue NOEs between Hg and both Hq and Hg and between Hg and HN in 3D 13C-
separated NOESY-HMQC and 3D !SN-separated NOESY-HMQC spectra, respectively. In
total, using the methods described, 95% of the backbone and 80% of the sidechain 14 and
I13C signals have been assigned. The assignments are summarized in Appendix A.
Secondary Structure |

Upon completion of the resonance assignments, we undertook analysis of 2D 1H
NOESY and 3D !5N-separated and 13C-separated NOESY-HMQC spectra and a 4D
13¢/13C-edited NOESY spectrum to define the secondary structure of HSF. Characteristic
patterns of sequential, medium-range, and long-range NOEs observed in these spectra can
be used to identify elements of regular secondary structure (Wiithrich, 1986). Strips from
the 3D 15N-separated NOESY-HMQC spectrum of HSF are shown in Fig. 2.9 (and a
complete plane also is shown in Fig. 1.6), and a complete analysis of the sequential and
medium-range NOEs is presented in Fig. 2.10. In Fig. 2.9, the presence of strong NOEs
between adjacent NH protons (dnn NOEs) for residues Phe-56 to Tyr-63 (H3) indicate that
this segment adopts a helical structure. The identification of doN,i+3) and dog,i+3)
NOEs, slowly exchanging amide protons, small 3JNge, coupling constants, and upfield
shifted 13C,, signals (Spera & Bax, 1991; Wishart, et al., 1991) (Fig. 2.10) confirm that

these residues form part of an a-helix. The segments Ala-4 - Asn-14 (H1) and Arg-36 -
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Figure 2.9 Sequential strips for residues Phe-56 to Tyr 63 extracted from a 3D I5N-
separated NOESY-HMQC spectrum of HSF. Residues are indicated by one-letter
amino acid code and residue number. Intraresidue doN and dgy NOEs are labeled with
greek letters. Arrows indicate NOEs to sequential amide protons. The helical secondary
structure of this region is indicated by the strong sequential dyy, dgn, and weak
sequential dyp; NOEs.
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Figure 2.10 Secondary structure diagram of HSF

Summary of sequential and intermediate range NOE connectivities, amide hydrogen exchange
rates, 3JNHo, coupling constants, and deviations of 13Co. and 13CB chemical shifts from
random coil values. The NOE correlations were determined from experiments described in the
text. Sequential NOE intensities are denoted by bar height as strong, medium or weak. Open
boxes indicate upper bounds on sequential NOEs in cases where overlap prevented accurate
intensity determination. Lines indicate that no sequential NOE could be detected. For proline
residues, NOE intensities to their H§ protons were substituted for NOE intensities to HN
protons. For medium range NOE connectivities, lines denote that an NOE was observed
correlating the relevant protons. Open and filled circles indicate residues with amide HN
resonances that are not fully exchanged 370 minutes and several weeks after dissolution
in D20 (25°C, pH 2.75), respectively. Secondary structure deduced from the NOESY

data are indicate below the 13CB chemical shift data; helices by coils, sheets by arrows,
random coil by wavy lines.
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Phe-48 (H2) also show a series of dnN NOEs indicative of helical secondary structure.
For segment H1 the expected patterns of daNg,i+3) and dggpi,i+3) NOEs and upfield shifted
13C, signals confirm that this segment is o-helical.

For segment H2 the first residues (Glu-37 - GIn-41) show all the evidence for
alpha helical conformation exhibited by segments H1 and H3. However the segment
surrounding Pro-45 (Gln-41 - Phe-48) is characterized by several weak intensity dgN
NOEs and far fewer doNg,i+3) and daggi,i+3) NOEs (Fig. 4). Fuithermore, unlike
segments H1 and H3 where 13Cg shifts are consistently upfield, several residues centered
around Glu-42 show small or no upfield shifts and in addition, the 3JNgq coupling
constant of Val-43 is large (¢=-120 * 68°) indicating a non-helical backbone structure.
These data suggest that the central portion of helix H2, contains a distortion centered
between residues Gln-41 and Val-43.

Between segments H1 and B1 is a short segment (Lys-16 - Lys-20) which shows
medium dnn arid dgN NOEs, a number of doNgi,i+2) 2nd dang,i+3) NOEs, a single
daf(i,i+3) NOE and a number of upfield shifted 13Cq signals indicative of a helical /turn
structure.

In addition to the three helices, four segments characterized by strong dgN and
weak dNN NQEs were observed indicating that these residues adopt an extended
conformation. As shown in Fig. 2.11, these segments form a four-stranded antiparallel B-
sheet as evidenced by the long—rangevdaN, dnN and dgo NOEs observed in 3D 15N- and
13C-separated NOESY-HMQC and a 4D 13C/13C-edited NOESY spectrum. Another
segment consisting of residues Gln-69 to Ser-83 (L1) also exhibited medium intensity doN
NOEs. However, no medium-range or long-range NOEs were identified in the NOESY
spectra. Furthermore, no protected amides were found, and the!3Cq and 13Cg shifts for

these residues show relatively small shifts (Fig. 2.10). Together, these data indicate that
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Figure 2.11 Schematic diagram of the -sheet topology of HSF. Solid arrows denote
long-range dNN, dgN, and dg, NOEs. Dashed lines represent hydrogen bonds derived
from the amide hydrogen exchange and NOE data. Thick arrows indicate the direction
and location of the four f3-strands of antiparallel f3-sheet. H3 and Hy, indicate amide
hydrogens that were still present after dissolution in D20 for two weeks and 370
minutes respectively. H¢ indicates hydrogen bonds still present after 180 minutes which
could not be detected after 370 minutes of exchange. Additional hydrogen bonds
assigned at a latter stage of analysis (see Chapter 3) are indicated by dark bars and were
not used in structure calculations described in this chapter.
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Table 2.1 3INC and 3JCC Coupling Constants, StereoassignmentsP, and X1 Angles for Valine, Isoleucine and
Threonine Residues of HSF.

Residue  Chemical 31Ncy 3Ic'Cy Residue  Chemical 3INcy  lccy X X
Shift (ppm) (Hz) (Hz) Shift (ppm) (Hz) (Hz) NMR  X-ray

(£20°0
V6l 21.6(0.90)  >1.6 <1.0 V6y2  23.000.80)  <I1.0 ~3 180 180
VI3yl  201(041) 18401 ~<1.0  VI3y2  222(0.13) 12401 34+03 ~180d 74
V32yl 20.5(0.60) 1.7+£0.1 ~1.0 Vi2zy2 20.8(0.74) <1.0 ~3C 180 -176
V33yl 21.1(0.76) ~1.8¢ <1.0 V3iy2 20.2(0.49) <0.5 3804 180 177
V40 y1 21.6(0.96) ndé <1.0 V40 y2 24.7(1.11) <1.0 ~3.7¢ 180 165
V43 y1 23.000.87) ~1.6¢ <1.0 V43 yl 23.5(0.84) <1.0 ~3C 180 177
V57 v1 21.6(0.96) ~1.8¢ <1.0 V57v2  23.9(0.27) nd 35+£0.3 180 174
2ym  14.100.88) ~10f  <1.0 180 -179
131 ym 17.5(0.34) 2.2+0.1 <l1.0 -60 -64
T26 Ym 22.11.27) 1.6+0.1 <1.0 : -60 58

2 Coupling constants were determined from spin-ccho difference ct-HSQC spcclra of HSF (Grzesick ct al., 1993;
Vuister et al., 1993). The precision in the coupling constants was determined by calculating RMS differences in

intensities of leucine and isoleucine C§ methyl groups. The coupling constants have been corrected for a 5-7%
(3Iceo) and 7-10% (CINC) underestimate due to systematic errors inherent in the method by multiplication of the

measured values by 1.06 3Jc¢) and 1.08 BINC). Systematic errors increase linearly with the size of the coupling
constant,

b Chemical shifts of 13C and 'H (in parentheses) are referenced to TSP. Stereoassignments were not determined for
Val-68 or Val-71 due to overlap.

C Estimate due to partial overlap

d Compared to the other valines, the larger than normal value for V13 v2 3INC suggests some degree of rotamer
averaging. This measurement was not included as a constraint in structure calculations.

¢ Not determined due to overlap. ' .

f Estimate. Could not be integrated due to partial overlap with a t{ streak.



this region does not conform to a regular pattern of secondary structure and is likely to be

unstructured in solution.

Stereoassignments and %1 angles for Val, Leu, and Ile residues

Stereoassignments and X1 angles for 7 of the 9 valines, both isoleucines, and the
single threonine (Table 2.1) were determined on the basis of 3JNCy and 3JC’Cy coupling
constants (Grzesiek et al., 1993; Vuister et al., 1993). For the valine residues the
relatively large 3Jncy1 and 3Jc oy coupling constants and the comparatively small 3Incy,
and 3] C’Cyl coupling constants indicate that each adopts the trans configuration. The
3Incy2 coupling for Val-13 is slightly larger than for the other valines which may reflect
some conformational averaging or skewing of X toward the gauche-+ conformation. By
comparison, in peptides 3Jc'cy for valine typically falls in the range of 2 - 2.5 Hz, which
is significantly different than the measured values of 3JC’CYZ (3.4 Hz) and 3JC’Cyl (<1
Hz) for Val-13. These data-together with a value of 1.7 Hz for 3J NCy!1 show that although
there may be some averaging or skewing toward gauch-+, Val-13 exists predominantly as
the trans rotamer. Similar arguments were used to détenﬁine stereospecific assignments
and X1 angles for Ile-22, Ile-31, and Thr-26. Where possible (including Val-13)
intraresidue dNym and doym NOEs were used to confirm the X1 determinations
(Zuiderweg, et al., 1985).
Tertiary Structure

To study the tertiary structure of HSF, distance and dihedral constraints determined
from the NMR data were used in a hybrid distance geometry/simulated annealing protocol
(Nilges, et al., 1988; Briinger, 1992). The final structures were calculated on the basis of
175 structurally significant intra-residue, 211 sequential, 93 medium-range, and 104 long-
range distance constfaints, 35 ¢ and 9 X dihedral restraints, and 30 hydrogen bond

constraints (15 hydrogen bonds). The distribution of NOE constraints is shown in Fig.
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Figure 2.12 Cg, coordinates of the Heat Shock Factor Solution Structures.

A. Stereoview of the superposed coordinates for 24 accepted structures of HSF. Shown
are Cqy coordinates for residues 4-68 and 83-87 along with a tube indicating the
position of the Cq atoms of the poorly defined loop (L1) for one of the 24 structures,
For the alignment, only backbone coordinates of residues in well-defined segments of
structure (4-25, 31-68, 84-86) were used. RMSD for these backbone coordinates is 1.03
+0.19 A. Ala-4 and Glu-87 are labeled to indicate the termini of the chain trace. B.
Ribbon diagram of HSF showing the relative orientations of the three a-helices and the
four-stranded antiparallel B-sheet. The structure with the lowest target function energy
at the end of the last X-PLOR refinement is represented. The helices and sheets and two
loops are labeled as defined in Fig 2.10. Note the pronounced kink in helix H2 due to
the proline insertion, and the rotation of B-strand B3 out of the plane of rest of the -
sheet. the N- and C- termini are also labeled. The figure was created with MOLSCRIPT
software (Kraulis, 1991).
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Figure 2.13 Superposed Cq, coordinates for regions of secondary structure in HSF.

A. Stereoview of the superposed coordinates of the three-helix bundle for the 24
accepted structures. For the alignment, the backbone coordinates of the residues in the
three helices and the turn connecting helices H2 and H3 (residues 4-14, 36-62) were
used. RMSD of these backbone atoms relative to those of the mean for superposing this
region was 0.81 + 0.15 A. The helices are labeled as defined in 4.11. The N- and C-
termini and GIn-41 are labeled by residue number. The central bulge is clearly visible in
helix H2 near Gln-41. B. Stereoview of the superimposed Cq, coordinates of the B-sheet
and connecting loops for the 24 accepted structures. Structures were aligned with the
mean structure of this region using backbone coordinates for the four strands (residues
22-24, 31-34, 65-68 and 84-86) (RMSD for these coordinates is 0.99 + 0.27 ;\). The
omega-loop connecting B-strands B3 and B4 is clearly somewhat ill-defined and the
extended loop connecting B-strands B3 and B4 is highly undefined. The N- and C-
terminal amino acids of the four termini are labeled by residue number.
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2.14A. The H-bond assignments accounted for 15 of the 34 most slowly exchanging
amides. Four H-bonds were assigned in the B-sheet and four and seven H-bonds
respectively were assigned in helices HI and H3. Because of the distortion identified in
helix H2, which may cause non-regular H-bonding patterns, no H-bonds were assigned
for this helix. Of the 30 structures calculated, 24 hadvacceptably low energies and no large
distance (>5 A) or torsion angle violations (>5°) (see materials and methods).

The best fit superposition of the 24 structures is shown in Fig. 2.12A. The root
mean square deviation relative to the mean <RMSD> for the backbone positions of the
protein core (residues 4-14, 31-68 and 84-86) was 1.03 +0.19 A (Fig. 2.13A). This
value should be compared to <KRMSD>s of 0.4 t; 0.5 A for highly refined structures
(Powers, et al., 1993; Lodi, et al., 1994). The present resolution of these structures is
sufficient, however, to define the backbone coordinates of HSF (Fig. 2.12B) and
improved with the addition of further long range NOEs, stereoassignment of the B-protons
and additional X dihedral constraints pursued in a later stage of structure determination
(Chapter 3).

The protein topology is as follows: helix H1; a helical/turn region (residues Lys-16
- Lys-20) ; -strand B1, a short Q2-loop (residues Ser-25 - Ser - 30); B-strand B2; helix H2;
helix H3; -strand B3; extended loop L1, and B-strand B4. As can be seen in Fig. 2.12B,
the B-sheet forms a platforrh against which the C-termini of helices H1 and H3 and the N-
terminus of helix H2 rest. The three amphipathic helices together form a three-helix bundle
with the hydrophobic faces packing against one another and against the hydrophobic face
of the ahtiparallel B-sheet . The B-strand B3 is significantly rotated away from the plane
formed by B-strands B1, B2, and B4. In addition, the loop L1 extends away from the
oﬁtside face of the B-sheet.

Superpositions for the three helix bundle (<RMSD> of 0.81 +0.15 A) and the.
four-stranded antiparallel -sheet (<RMSD> of 0.99 + 0.27 A) are shown in Figures
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2.13A and 2.13B, respectively. The distortion in H2, identified previously, is clearly
evident near GIn-41. It can also be seen that H2 and H3 are connected by a short segment
such that the axis of the C-terminal portion of H2 lies almost perpendicular to the axis of
H3. It is clear from Figures 2.13A and 2.13B that the three helix bundle and the 8-sheet
are well defined and that the Q2—-loop connecting strands B1 and B2, and the extended loop
L1 connecting B3 and B4, are less well defined. This is confirmed by examining the
<RMSD> of backbone coordinates and the ¢ angular order parameters (S(¢)) (Hyberts, et
al., 1992) as a function of sequence (Fig. 2.14B & 2.14C). The N- and C- termini, the Q-
loop, and the extended loop (L1) all show <RMSD>s greater than 2 A and S(9) values less
than 0.6. These regions were excluded from the overall superposition. Segments which
showed moderate <RMSD>s and S(¢) values which were included in the superposition
were the helical/turn region between H1 and B1 (Lys—16 - Lys-20) (<KRMSD> of 1.12
0.19 A and average S(¢) of 0.85 £ 0.17)), the turn between H2 and H3 (Lys-49 - Phe-53)
(<RMSD> of 1.05 +0.27 A and S(¢) of 0.73 £0.27), and the distorted p-strand B3 (Trp-
65 - Val-68) which shows the largest <RMSD>s ( 1.88 = 0.60 A) and smallest S(¢) (0.63
+0.24). Indeed when this strand is excluded from the superposition of the B-sheet
backbone coordinates the <RMSD> is reduced from 0.99 +0.27 A t0 0.54 +0.11 A .
This region shows a greater range of conformations in the family of structures (Fig.
2.13B) because there are fewer long range NQE distance constraints between strand B3

and other regions of the structure (Fig. 2.14A) as compared to the other B-strands.

Discussion
Overall fold and Identification of the helix-turn-helix motif
.Using a combination of 3D triple-resonance CBCANH and CBCA(CO)NH (Grzesiek and
Bax, 1992a; Grzesiek and Bax, 1992b), double-resonance HCCH-TOCSY (Clore, et al.,
1990; Bax, et al., 1990b) , 3D 15N TOCSY-HMQC (Driscoll, et al., 1990), and various
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Figure 2.14. NOEs, S(¢), and RMSDs by residue. A. Distribution of NOE constraints
for HSE. The height of each bar represents the total number of NOEs identified for that
residue. Shaded bars represent long-range NOEs. For each constraint, the originating
and destination residues were each counted once. B. The angular order parameter
Sangle for ¢ dihedral angles as a function of residue for the 24 accepted structures. An
S value of 0.9 corresponds to a standard deviation in the angle of +24° (Hyberts et al,
1992). C. RMS differences of backbone (N, CA, C, O) coordinates for the family of
accepted structures relative to the average structure. The superposition included
residues 4-24, 31-68, and 84-86. The omega-loop (25-30) and the extended loop L1
(residues 69-83) show large deviations and are poorly defined by the NMR constraints.
The B-strand B3 (65-68) also shows larger deviations than other regions of secondary
structure. D. RMS differences of backbone coordinates for the family of 24 accepted
structures relative to the 1.8 A X-ray structure. Superposition as for Fig 4.14C.
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2D experiments, nearly complete 'H, 15N and !3C assignments were obtained for the 92
residue DNA-binding domain of HSF from K. lactis (Appendix A). The CBCANH,
CBCA(CO)NH and HCCH-TOCSY experiments rely primarily on strong one and two-
bond coupling constants which allow for assignment of tHe NMR signals without reference
to the secondary structure of the protein as in more traditional methods (Wiithrich, 1986).
In addition, for HSF, this combination of experiments provided for the relatively efficient
assignment of the NMR signals with a minimal use of spectrometer time (all of the above
mentioned 3D experiments were collected in approximately nine days).

Analysis of 2D NOESY, 3D !5N- and !3C-separated NOESY-HMQC spectra, a 4D
13¢/13C-edited NOESY spectrum, and DO exchange spectra, yielded a total of 583 NOE
distance constraiﬁts and 15 H-bonds (30 H-bond constraints) which were used to
characterize the secondary and tertiary structure of HSF. Analysis of HMQC-J (Kay and
Bax, 1990) and spin-echo difference ct-HSQC spectra (Grzesiek, et al., 1993; Vuister, et
al., 1993) also provided important ¢ ;md X1 torsion angle restraints as well as
stereospecific assignments for many of the Cy methyl groups (Table 2.1). Together, the
distance and dihedral constraints were sufficient to define the conformation of HSF using a
hybrid distance geometry-simulated annealing protocol (Briinger, 1992). |

Unlike other DNA-binding proteins characterized to date which typically bind as
monomers or dimers, HSF binds to DNA as a homotrimer. Specifically, a C-terminal
triple-stranded coiled coil (Sorger & Nelson, 1989; Peteranderl and Nelson, 1992) directs
three N-terminal DNA binding units consisting of approximately 90 residues (Flick, et al.,
1994) to a series of S base-pair inverted repeats of the form nGAAn (Amin, et al., 1988;
Xiao & Lis, 1988). Most of the residues which are conserved among all known HSFs
(Harrison, et al., 1994) are located in helices H2 and H3 (Fig. 2.3B) and include all of the
surface sidechains of helix H3. The high degree of conservation of the residues in these

helices combined with their arrangement in the structure (Fig. 2.12) suggest that these
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helices constitute a DNA-binding region and that HSF is a member of the helix-turn-helix
(HTH) family of DNA-binding proteins. Similar suggestions have been made based on the
location of secondary structure elements in D. melanogaster HSF (Vuister, et al., 1994b)
and a crystal structure of K. lactis HSF (Harrison, et al., 1994). Moreover the NMR data
show that the secondary structure and topology (a1-B1-B2-02-a3-f3-B4) of HSF and
CAP are almost identical. Except for an additional B-strand (B1) this structure also
resembles that of the HTH eukaryotic transcription factor hepatocyte nuclear
factor/forkhead (HNF-3vy) (Clark, et al., 1993) as suggested previously (Harrison, et al.,
1994; Vuister, et al., 1994b).
Unusual Structural Features of HSF

Although the HTH is a familiar DNA-binding motif, two novel features were found
in HSF which add to the considerable variations of the HTH observed in other proteins
(Harrison and Aggarwal, 1990; Steitz, 1990; Brennan, 1993; Feng, et al., 1994). One
such feature of HSF is the irregular structure in the central portion of helix H2 as evidenced
by 3JNHq coupling constants, 13Cq chemical shifts and NOE data (Fig. 2.10), and the
presence of a conserved proline (Pro-45) toward the C-terminus of H2. The structure
calculations show a discontinuity in helix H2 between residues Glu-42 and Pro-45 (Fig.
2.12). Typically, the presence of a proline residue in the central portion of a helix produces
a slight bend but does not significantly distort the ¢/ angles of residues on either side of
the bend (Barlow & Thornton, 1988). The distortion observed in HSF appears to be
atypical with distortions on either side of the proline. This distortion is investigated further
in the high resolution structure of HSF described in Chapter 3. Another unusual feature 1s
the ill-defined loop (Ll) between residues GIn-69 a\nd Lys-83 that connects p-strands 3 and
4 (Fig. 2.13B). This region, lacking in CAP, is reminiscent of loop L1 that connects §-
strands 2 and 3 in HNF-3y (Clark, et al., 1993) which makes important contacts to DNA in

the HNF-3y -DNA complex.
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An interesting feature of HSF is that helix H3 terminates with a Shellman-like CAP
sequence (Shellman, 1980; Aurora, et al., 1994) [C3(Leu-60)-C2-C1-Ccap-C'-C"-
C"'(Trp-65)] except that the C1 position is occupied by an apolar residue (Met-62). This
termination sequence is characterized by an apolar sidechain contact between C3 and C"
(confirmed by sidechain NOEs between Leu-60 and Leu-65), two H-bonds from C1 to C'
and C2 to C" (confirmed by slowed amide proton exchange of Gly-64 (fully exchanged in
just under 370 minutes) and Trp-65), and positive ¢ angle for the Gly (average ¢ in NMR
family of +88°, S(¢) of 0.8).

Hydrophobic Sidechain Packing

Sidechains whose packing is crucial to preserving the overall fold of HSF should
correspond to conserved hydrophobic residues in the séquence. The interior face of the B-
sheet is made up of hydrophobic residues, most of which are conserved, while the exterior
face is hydrophilic and poorly conserved. The orientation of H3 with respect to the B-sheet
is defined by the contacts between their hydrophobic surfaces. This arrangement must be
crucial to the functioning of the domain judging from the high degree of sequence
conservation at the interface. The N-terminus of helix H1, whose axis is at right angles to
that of H3, makes numerous contacts with B-strand B1 and to a lesser extent with B-strand
B2. Helix H1 also makes rhany contacts to the other two helices. The orientation of helix
H2 is determined primarily by sidechain contacts with H3 across the turn region of the
HTH and a number of contacts to H1 and B4. More detailed investigation of specific
sidechain-sidechain interactions is given in Chapter 3.

Proposed DNA Interactions and Relationship with bacterial sigma
factors

Considering the DNA contacts seen in other HTH proteins complexed with DNA, it
is very likely that the majority of DNA coﬁtacts in the HSF-DNA complex will be made by
the exposed residues of helix H3 (the recognition helix) such as Ala-54, Ser-55, Arg-58,
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GIn-59, Asn-61, and Met-62. The positions of several conserved positively charged
residues in the solution structure suggest that the sidechains of Lys-8, Lys-46, and Lys;49
located above the N-terminus of H3 and Lys-67 below the C-terminus of H3 are important
to the functioning of the domain. Because they are highly conserved (Fig. 2.3B),
positively charged, and located so close to the recognition helix (H3) it is likely that these
sidechains make important contacts to the phosphate backbone.

Although the evolutionary link between bacteria and yeast is very distant, it is
interesting to note that the putative helix-turn-helix of the E. coli alternative sigma factor for
heat shock (632) shows 40% sequence identity (65% sequence similarity) with the HTH
region of HSF (Fig. 2.4A) (based on BESTFIT alignment (Genetics Computer Group,
1991) of residues 253 to 272 of E. coli sigma-32 with residues 36 to 62 of K. lactis HSF).
Comparing HSF sequences reported recently for several organisms (Harrison, et al., 1994)
using the same alignment gives an average of 32% sequence identity/ 50% sequence
similarity. Moreover, the -35 promoter consensus of 632, TNtCNcCTTGAA (Cowing,
etal,, 1985), contains the sequence GAA (Fig. 2.1A), and genetic evidence derived from
670 (a homolog of 632) implicate Arg-268 and Ala-264 in the putative recognition helix of
032 as making contacts with the G and the last A respectively of the GAA sequence (Fig.
2.4B) (Gardella, et al., 1989; Siegele, et al., 1989; Dombroski, et al., 1992). The two
homologous residues in HSF, Arg-58 and Ala-54 are on the exposed face of the
recognition helix H3 and may make sequence specific contacts to the GAA sequences
within the HSEs in a fashion analogous to that proposed for 032 (Fig. 2.4B).
Confirmation of this hypothesis must await further genetic and biophysical characterization
of the HSF-DNA complex.

Comparison to other Structural Studies
After the signal assignments for HSF had been completed and the secondary

structure had been defined, a 1.8 A X-ray derived model of the protein was solved and
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made available (Harrison, et al., 1994). The X-ray data were collected from crystals grown _

~ in 0.2 M Ammonium Acetate/0.1 M Acetate pH 4.6/30% PEG 4000 at 8°C (Harrison,
1994). It should be noted that through the use of the heteronuclear experiments described
herein it was possible to make assignments and determine the overall fold of the protein
without reference to the crystal structure. The topology of the X-ray model is similar to the
model derived from the NMR data. Both structures contain a four-stranded antiparallel p-
sheet and a three-helix bundle. An irregular segment defined as an o-helical bulge was
identified in helix H2 and is consistent with the NMR results. The loop (L1) with ill-
defined structure conﬁecting B-strands B3 and B4 (Fig. 2.12A and Fig. 2.13B) is
consistent with the results of the X-ray model, which shows larger B-factors in this region
than in the rest of the structure, and absence of electron density for residues 76 to 79
(Harrison, et al., 1994).

The solution structure of the DBD of HSF from Drosophila melanogaster (dHSF)

(residues G43-K148) determined by muitidimensional NMR in solution (Vuister, et al.,

1994b) agrees with all the salient features identified in K. lactis HSF with a 3-helix bundle
sandwitched against a small four stranded antiparallel -sheet. The distortion in helix H2 is
present and the extended loop shows a similarly poorly defined conformation. One
additional feature is found at the C-terminus. The construct used for structural studies of
dHSF extends further toward the C-terminus of the HSF sequence (an extra 15 residues)
than that used for the strt;ctural work conducted on K. lactis. This C-terminal sequence
forms a poorly ordered helical turn region which makes contacts to the backside of the —
sheet. Further structural comparison with dHSF is made in Chapter 3.
RMSD comparison to X-ray model

At the current stage of refinement, it is appropriate to compare the overall fold of the

family of NMR structures with the X-ray structure and to cbmpare in more detail the

distance constraints used in the X-PLOR calculations with those predicted from the crystal
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structure. Superposition of the backbone coordinates for all residues except the Q-loop
(25-30), the loop L1 (69-83) and the first three and last 6 residues onto the X-ray model
reveals good overall agreement with an RMSD of 1.77 £0.19 A (Fig. 2.14D).
Comparison of the B-sheet coordinates reveals similarly good agreement (RMSD of 1.65 *
0.24 A). If B-strand B3 is excluded (residues 65-68) the agreement is significgntly better
(RMSD of 0.85 +0.14 A) indicating that the orientation of B3 deviates from the x-ray
model. As stated previously this B-strand is not precisely defined (Fig. 2.13B) due to the
small number of cross strand constraints éonnecting it to the rest of the structure (Fig.
2.14A). The three helix bundle also shows good agreement with the crystal structure with
an RMSD of 1.50 +0.18 A for backbone coordinates. The similarity of the NMR and X-
ray results is significant given that the solvent content of the crystals used in the X-ray
analysis was unusually low (~30%). High resolution solution structural studies of HSF
(described in Chapter 3) indicate that this agreement is even closer than indicated here.
Backbone NOE compariéon to X-ray model

To identify possible differences between the solution and crystal structures, we
compared the backbone distances derived from NOEs and ¢ angles derived from 3JynHq
coupling constants with the corresponding distances and angles in the X-ray model. The
comparison revealed that the constraints derived from the majority of backbone NOEs and
all of the measured ¢ dihedral constraints were in agreement with the x-ray model. A few
differences in measured and predicted backbone NOE intensities were noted which could
be grouped into two classes: those where the observed NOE was weaker than expected
compared to the crystal structure, and those where the NOE was stronger than expected. In
the first class we found five examples; dgn(5,6), don(9,10), don(40,41), don(42,43),
and dnN(15,16). For the four dgny NOEs, a weak NOE was observed while a medium
intensity NOE was expected (3.4-3.5 A in the X-ray model) while for dNn(15,16) no NOE

was observed although a weak NOE was expected (4.3 A in the x-ray model). There are
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many reasons why an NOE might be weaker, including exchange broadening or Hg,
saturation. In the present cases, the differences could not be explained by these reasons
since other NOE:s to these amide protons were observed and because these alpha protons all
resonate far from HyO (4.77 ppm). Hence, the data suggest true structural differences. In
the second class, two differences were observed, namely dBN(13,14) and dNN(66,67). In
both cases the observed NOE is of medium intensity but was predicted to be weak based on
the X-ray coordinates (4. 1A, and 4.3 A)_. These disagreements between the NMR data and
x-ray results may reflect differences in the two structures although spin diffusion can not be
ruled out. Taken together, the differences observed for the backbone are relatively small,
although it is interesting to note that the locations of the “perturbed” sequential NOEs
correspond roughly to locations of protein-protein contacts in the cryﬁtal. Asn-7 is
involved in such contacts as are Asn-14, Gin-41, Glu-42 and His-66. We have also
observed several sidechain NOEs with altered intensities involving residues in these
regions of HSF. These apparent differences are analyzed further in the determination of the
high resolution solution structure of HSF described in Chapter 3.
Comparison of x1 angles to X-ray model

Out of the 10 measured X1 angles (Table 2.1), two show significant differences
with those observed in the X-ray structure. The NMR data for Val-13 and Thr-26 indicate
X1 values of 180° (with evidence for some rotamer averaging near 180°) énd -60° degrees
respectively, while in the X-ray structure the measured angles were 74° (Val-13) and 58°
(Thr-26). Val-13 is located at the C-terminus of H1. The methyl groups point toward the
interior of the protein and show NOE:s to residues in B-strands B1 and B2. Several
differences also exist between sidechain NMR distance constraints that involve Val-13 and
residues close to it. One previously mentioned is the sequential sidechain-backbone NOE
dpn(13,14) which the X-ray structure predicts to be weak but shows a medium intensity

NOE. This result is consistent with the change in the sidechain conformation of Val-13 in
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solution, placing Val-13 Hg closer to Asn-14 Hy than predicted from the X1 angle
observed in the x-ray structure. The structural difference in this region is probably related
to differences in sidechain packing rather than global backbone confoﬁnation, as evidenced
by the close agreement of the backbone coordinates for the family of NMR structures with
the crystal structure. These differences are examined further in Chapter 3. Thr-26 is
located in the Q-loop (Ser-25 - Ser-30), which is on the surface of the structure. This
region shows no long range NOEs to other parts of the structure except for the two terminal
residues of the Q-loop (Ser-25 and Ser-30) which show NOEs to the neighboring B-
strands. Consequently it appears less well defined in the NMR family of structures (Fig.
2.13B). In the crystal structure on the other hand, the Q-loop is involved in extensive
protein-protein interactions and has B-factors that are similar to the rest of the structure. It
is possible that Thr-26 prefers one rotamer state in the solution structure due to local
packing of its y methyl group with other atoms in the Q-loop or hydrogen bond interactions
with the sidechain hydroxyl group and that this interaction is perturbed in the crystal by
protein-protein contacts.
Summary of comparison to X-ray model

In conclusion, the backbone geometry of the x-ray structure is very similar to thé
solution structure although subtle differences appear to exist some of which probably relate
to protein-protein contacts in the crystal. These differences are located at the end of helix
H1 (dan(5,6), dan(9,10) , dgn(13,14) and dnn(15,16) NOEs, and Val-13 X1), in the Q-
loop (Thr-26 X1), at the distortion of helix H2 (don(40,41) and dgn(42,43)) and in the B-
strand B3 dnN(66,67) . To make a more detailed comparison and characterize the nature of
these changes, particularly with respect to sidechain packing and distortions in the DNA-
binding surface if they exist, a high resolution solution structure was determined which

includes stereoassignments of the B-protons and a greater number of distance and X{

constraints (Chapter 3).
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Conclusion

The NMR signal assignments and the solution sfructure of HSF presented here
provide the basis for the design of new biochemical and biophysical experiments necessary
for an understanding of HSF-DNA and HSF-HSF interactions and the effects of crystal
packing on the protein structure. For example, the heteronuclear 15N and 13C assignments
can be used to probe the dynamics of this DNA-binding domain (Chapter 3) and should
also aid studies of larger HSF-DNA complexes through the use of 3D and 4D NMR
experiments. The solution structure, and in particular the identification of a HTH motif,
should also help direct mutagenesis studies aimed at the identification of residues important
for complex formation. Moreover, further refinement of the solﬁtion structure should

allow for the identification of any structural changes that occur in HSF upon DNA-binding.
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Chapter 3 High resolution Solution Structure and Dynamics of HSF

Introduction

In chapter 2 the determination of the solution structure of the DBD of HSF from the
yeast Kluyveromyces lactis at intermediate resolution was described. The resultant family
of structures had a backbone <rmsd> of 1.03 + 0.19 A for ordered regions and allowed the
global fold of the protein to be described. There have been two other structures of this
domain reported; a crystal structure of the K. lacz:is DBD at 1.8 A (Harrison, et al., 1994)
and a solution structure of the DBD from D. Melanogaster (0.82 A <rmsd> for backbone
coordinates in ordered regions) (Vuister, et al., 1994a). These structural studies show that
HSF DBD consists of a four stranded antiparallel beta sheet with a three-helix bundle
packed against it. The topology (H1-B1-B2-H2-H3-B3-B4) and structure place HSF in the
recently identified winged-helix class of DNA-binding proteins (Clark, et al., 1993). This
group of proteins recognize their DNA target sites primarily using the helix-turn-helix
(HTH) motif and consistent with this binding mode, the most conserved region of HSF
DBD is helix. H3 which corresponds to the recognition helix of the HTH motif. The
structural studies of HSF revealed a number of unusual features to this HTH protein which
add to the considerable variations already accumulated for this binding motif (Harrison and
Aggarwal, 1990; Steitz, 1990; Brennan, 1993; Feng, et al., 1994). Helix H2 contains a
completely conserved proline near its C-terminus which causes a kink in the helix axis and
prevented HSF from being identified as a HTH protein based on sequence alignment. In
addition, the interhelical angle between H2 and H3 is smaller than observed for most HTH
proteins. Finally B-strands B3 and B4 are connected by an extended loop, analogous to one
wing of the winged helix in HNF3-y,which appears to be unstructured in solution based on
an absense of long range NOEs. Further structural refinement of the DBD from K. lactis

has been pursued to define the details of the structure at high resolution. This high
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resolution solution structure determination will be described in this chapter along with the
conclusions drawn from it.

An increase in the resolution of the HSF solution structure was accomplished using
a number of heteronuclei-based experiments for stereoassignment of Hg and methy] pairs
along with a 4D 13C/15N-edited NOESY-HMQC to define more NOE-based distance
restraints, as well as further analysis of experiments described in Chapter 2 (Damberger, et
al., 1994). The present family of structures fit all experimental constraints extremely well
and have a backbone <rmsd> for structured regions of 0.81 £0.16 A (0.61+0. 14 A for
regions of secondary structure). In addition due to the increased number and precision of
the constraints (1073 total constraints) the sidechains in the interior of the protein are also
well ordered (0.84 £ 0.15 A <rmsd>). Greater resolution of sidechain interactions allowed
the identification of interactions in the region near the proline insertion in helix H2. These
pécking interactions appear to be responsible for the strong sequence conservation of
residues in this region of the protein interior. Dynamics data indicate that the extended loop '
region previously shown to have disordered conformations is dynamically disordered in
solution. Structural comparisons are also made to the DBD from D. Melanogaster and to

the X-ray structure of the DBD from K. lactis .

Materials and Methods
NMR spectroscopy
Uniformly 19N and 13C/15N -labeled samples of HSF prépared as described in
Chapter 2 were used for all experiments described in this Chapter. In all cases, the protein
was dissolved in 10 mM phosphate buffer (pH 3.4). All spectra were recorded at 25° C on
an AMX 600 NMR spectrometer equipped with a 3 channel interface and a 13C-optimized

1g,13¢, 15N triple-resonance probe or a tunable inverse probe. 1H and 13C signals are
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referenced to TSP (Live, et al., 1984), and 15N signals are referenced to liquid ammonia

(Live, et al., 1984).

Stereoassignment experiments for Hf} protons |

A 3D HNHB spectrum was collected as described (Archer, et al., 1991) (P.S.
#27) on uniformly 15N labeled HSF in 90% H20/10% D20. The acquired dgta matrix
consisted of 60 (t1, 1H) x 30 (t2,15N) x 256 (t3, 1H) complex points with spectral widths
of 8.33,24.9 and 8.5 ppm in the three respective dimensions. The 15N and !H carrier
frequencieé were 120.0 ppm and 4.77 ppm respectively. Solvent suppresion was achieved
using 1H saturation and 19N decoupling during acquisition was implemented with the
GARP decoupling sequence (Shaka, et al., 1985). Data was processed as described
- (Archer, et al., 1991) resulting in a final data matrix consisting of 128 (F1) x 64 (F2) x 512
(F3) real points. In addition, a two dimensional 1H-1H HNHB spectrum was collected
with spectral widths of 14.12 ppm in both dimensions (512 x 512 complex points).

A 3D 13C-separated ROESY-HMQC experiment was collected as described (Clore,
etal., 1991) (P.S. #29) on a uniformly !3C/15N labeled sample of HSF in 99.96% D70
except that IH 180° refocussing pulses applied during !3C evolution were replaced with
compensated 180° pulses (Freeman, 1988a). The spinlock was applied as a single 40 ms
pulse with field strength of 6.3 kHz and was positioned at 6.0 ppm (to reduce Hartman-
Hahn matching artifacts between Hg and Hp protons). Solvent suppresion was achieved
using presaturation at the HDO frequency (4.77 ppm). GARP modulation of a 3.8 kHz rf
field was used for 13C decoupling during acquisition. The acquired data matrix consisted of
124 (t1, 1H) x 28 (t2,13C) x 256 (t3, IH) complex points with spectral widths of 10.93
(1H), 23.8 (13C) and 15.14 (1H) ppm in the three respective dimensions. The 13C and 'H

carrier frequencies were set to 43.0 ppm and 6.00 ppm respectively. The data were
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processed as described (Clore, et al., 1991) . The final data matrix contained 256 (F1) x 64

(F2) x 512 (F3) real points.
A 3D 15N-separated TOCSY-HMQC spectrum was collected as described (Clore, et
al., 1991) (P.S. #28) on a uniformly 13C/15N labeled sample of HSF in 90% H20/10%

D20. Mixing was achieved using DIPSI-2 modulation of a 10.4 kHz rf field applied for 38
ms. The acquired data matrix contained 128 (t1, 1H) x 32 (t2,15N) x 256 (t3, 'H) complex
points with spectral widths of 11.00 (\H), 24.9 (15N) and 14.12 (1H) ppm. The 15N and
IH carrier frequencies were set to 120.0 ppm and 4.77 ppm respectively. The data were
processed as described (Clore, et al., 1991) . The final data matrix consisted of 256 (F1) x
64 (F2) x 512 (F3) real points.

Parameters and conditions used for the DQF-COSY experiment and the 3D 15N- |

separated NOESY-HMQC experiment (100 ms mixing time) were described in Chapter 2.

Stereoassignment experiments for H§ protons

3jcc and 3y CH scalar couplings for leucine residues were determined from
semiquantitative analysis of peak intensities in 2D LRCC (Bax, et al., 1992) (P.S. #24)
and LRCH (Vuister & Bax, 1993) (P.S. #25, #26) experiments recorded on uniformly
13C/15N 1abeled HSF in D20 as described. For both experiments the 1H-13C dephasing
and rephasing delays were set to 1.7 ms and 13¢.13¢ dephasing and rephasing delays
were set to either 29.4 ms (LRCC) or 29.5 ms (LRCH). High power 13¢ pulses were
applied at a field strength of 13 kHz and 13¢ decoupling was achieved through GARP
modulation of a 4 kHz rf field. For the LRCC experiment, aliphatic resonances and
carbonyl signals were selectively excited with 11.7 kHz and 1.7 kHz 1f fields, respectively.
In both experiments, the 'H carrier was set to 4.77 ppm and the 13C carrier was set to
either 46 ppm (LRCC) or 43 ppm (LRCH). Spectral widths in the LRCC experiment were
set to 12.2 ppm (1H) and 85 ppm (13C). A total of 512 (1H) and 102 (13C) complex
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points were collected. Spectral widths in the two 1H dimensions of the 2D LRCH spectrum
were set to 12.6 ppm (t2) and 11.5 ppm (t}). A total of 256 (t2) and 83 (t]) complex points
were collected. Both spectra were processed as described (Bax, et al., 1992; Vuister and
Bax, 1993). The final data matrix for the LRCC experiment consisted of 1024 (lH) and
512 (13C) real points. The final data matrix for the LRCH experiment consisted of 512 (t1)

and 256 (t2) real points.

4D 13C/15N edited NOESY-HMQC experiment

A 4D 13C/15N-edited NOESY spectrum was recorded as described (Kay, et al.,
1990) (P.S. #16) on a 13C/15N labeled sample of HSF dissolved in 90% H20/10% D,0
with a mixing time of 100 ms. The acquired data matrix consisted of 8 (t], 13C) X 64 (t2,
1) x 8 (13, 15N) X 256 (t4, 1H) cémplex points with spectral widths of 23.8, 12.43,
16.9, and 12.43 ppm in the respective dimensions. The 13C, ISN, 1H carriers were
centered at 43.0, 117.8, and 4.77 ppm respectively. Solvent suppresion was accomplished
with on resonance presaturation. Data were processed as described (Kay, et al., 1990)
resulting in a final data matrix consisting of 32 (F1) x 128 (F2) x 32 (F3) x 256 (F4) real

points. -

Heteronuclear NOE experiment

2D 1H-15N Heteronuclear NOE spectra were acquired as described (Barbato, et al.,
1992) (P.S. #21, #22) on uniformly 15N labeled HSF in 90% H20/10% D20 except that
the water signal was suppressed using presaturation in the reference experiments. It should
be noted that although it has been reported that saturation transfer can affect the results of
NOE experiments by altering measured signal intensities in reference spectra (Li &
Montelione, 1994) , this problem was not of concern here since spectra were collected at

low pH (3.4) and consequently the exchange lifetime is much longer than the 15N T
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relaxation times. Data were collected with spectral widths of 20.0 ppm in t] (230 complex
points) and 14.12 ppm in t2 (1024 complex points) with the I5N and H carrier placed at

120.0 and 4.77 ppm respectively. Data were processed as described (Barbato, et al., 1992)

Hydrogen bond assignments

In addition to the hydrogen bond assignments made previously (Damberger, et al.,
1994), new hydrogen bonds were assigned based on slowed amide exchange (amide
proton exchanges in = 370 min) and the occurrence of good hydrogen bonding geometry in
over 80% of the converged structures in a given round of refinement . Good hydrogen
bonding geometry was defined as follows: N-O distance < 3.3 A and N-H--O angle >
120°. These hydrogen bonds were identified using a program written in C which read in the
coordinate files for the converged (accept_ ) structures and compiled the frequency of
occurrence of a given hydrogen bond pair. The program was repeated using a Unix script
(hbondrev2.com) for each potential H-bond acceptor of a given slowly exchanging amide
until all the amides were cycled through. The resultant output was diverted to a file for
manual inspection (See Appendix D for code and output examples). New hydrogen bonds
were assigned only if a given amide had one clear preference for the hydrogen bond
acceptor.

Results

Determination of stereoassignments

Initial 1 angle restraints and Hp stereoassignments were made via estimates of
3JNH[52, 3JNHB3, 3JHaHﬁ2, 3JHaHB3 spin-spin coupling constants obtained from
qualitative analysis of Hy-H cross peak intensities in a DQF-COSY spectrum and HN-
Hp cross peak intensities in a 3D HNHB spectrum. For example, in the DQF-COSY
spectrum (Fig. 3.1) W24, Q59 and 144 each show one strong and one weak Ho-Hf

correlation indicative of an ordered sidechain with one large and one small 3JH0LHB
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consistent with crosspeak intensities observed in the two spectra are given below each
pair of strips.
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coupling. Similarly, in the HNHB spectrum, W24 and Q59 show one strong and one

weak correlation indicative of one large and one small 3JNHB coupling. Comparison of
these qualitative estimates of 3INHB and 37 HoHp with those expected for the three 1
rotomer states (Fig. 3.1) indicates that W24 and Q59 adopt the gauche- conformation with
X1 =-60°. For L44, both HN-H correlations are of moderate inteﬁsity indicating small
3JNHB values. Together with the DQF-COSY results, these data indicate that L44 adopts
the trans ponfiguration 1= 180‘5).
Determination of ) ] angles from this set of spectra is complicated by several

factors. Amide exchange can affect the intensities of HN-Hf cross peaks for different
residues to varying degrees making classification of peak intensities difficult. The data
were collected near the pH at which exchange is a minimum (pH 3.4), reducing adverse
affects of exchange. Estimates of amide exchange rates determined previously were also
referenced to insure accurate interpretations of cross peak intensities. Variations in the

linewidths of HP pairs can also distort the relative intensities of cross peaks in DQF-COSY

spectra through cancellation of the antiphase multiplets. To avoid these artifacts, DQF-
COSY data were used only when the linewidths of Hp pairs were found to be similar in 3D
HCCH-TOCSY spectra . |

Because of the complications noted above, the importance of diétinguishing

between ordered and non-ordered sidechain conformations, and problems of spectral

overlap, y1 angle restraints were confirmed using estimates.of 35 HoHp coupling constants
obtained from a 15N - separated TOCSY-HMQC spectrum (38 ms mixing time), both dgN
and dBN NOEs in a 3D 15N-separated NOESY-HMQC (100ms) spectrum, and a 3D 13C-
separated ROESY-HMQC spectrum (40 ms) as outlined by Powers et al. (1993). Using
these data 1 angle restraints and H stereoassignments were determined for 21 of 25

residues with buried sidechains. In chapter 2, 3JNC and 3JCC’ coupling constants were

used to measure 1 values and Hym stereoassignments for 7 of the 9 Val residues, both Ile
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residues, and the single Thr residue.-Including the earlier results, a total of 25 x|

constraints (Appendix E) were used in the structure calculations described in this chapter.

The peak intensities used to derive stereoassignments of Hf protons are listed in Appendix

B along with obtained stereoassignments and ] values.

Stereoassignment of H§ protons

x2 angle restraints and C§ - methy] stereoassignments for three of the four leucine
residues were obtained via semiquantitative estimates of 3] C8Cq and 33 CSHPB coupling
constants obtained from 2D LRCC (Bax, et al., 1992) and 2D LRCH (Vuister and Bax,
1993) spectra. For example, in the LRCC spectrum (Fig. 3.2) L9, LA44, and L60 each
show one strong (~ 3 Hz) and one weak C§-C (< 1Hz) correlation, indicating that each
residue adopts either the gauche+ or trans conformation. In the LRCH spectrum (Fig. 3.3)
one methyl group for L9 and L60 shows a strong correlation to one Hp proton (L9 HR3
and L60 Hp?2). Together with the LRCC results, these data show that the X2 angles of L9
and L60 adopt gauche+ and trans conformations, respectively and yield stereospecific
assignments for the C§ resonances. Because of overlap in the 2D LRCH spectrum, the
sidechain conformation 6f LA44 was determined on the basis of LRCC data (Bax, et al.,
1992) and H-Hy and Hp-H§ cross peaks in 3D 13¢.- separated NOESY and ROESY
data as described (Powers, et al., 1993). The cross peak patterns for the remaining leucine
(L77) showed cross peak patterns and 3Jcc and 31cH couplings characteristic of free

rotation which is consistent with its location in the flexible loop L1 (see below). For the

two isoleucine residues (122 and I131) the stfong Cy2 - Cq, cross peaks observed in the
LRCC spectrum (Fig. 3.2) indicate large 3JCy2Cg, couplings which is only possible when

%2 adopts the trans conformation.
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Figure 3.2 Portion from the 2D LRCH spectrum. Signals are shown for correlations
between Hp and H§ nuclei modulated in intensity by the 3-bond coupling between the
Hp and C§ nuclei. Signals are labeled by the assignment of the HB nucleus in ] and
the 13C nucleus mediating the observed coupling intensity in . :
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angles of Ile sidechains.
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Analysis of 13C/13C and 13C/15N edited NOESY-HMQC
experiments

A list of all peaks in the 13C/I5N separated NOESY-HMQC was generated using
the automated peak-picking program CAPP (Garret, et al., 1991) ‘(with manual editing
using the PIPP program (Garret, et al., 1991) afterwards to remove peaks which were not
of convincing intensity or were due to artifacts such as streaking or troughs from
apodization. Software routines described in Appendix D were used to generate all possible
NOE assignments based on matching chemical shifts of the crosspeaks to the chemical shift
assignments (Appendix A). NOEs were assigned based on cqnsistency with the structure
farnily described in Chapter 2. A similar analysis was repeated for the 13C/13C separated
NOESY-HMQC peak pick data to obtain further NOEs to use as distance constraints.
These newly assigned NOEs were converted into structural constraints and included in
structure refinement using the X-PLOR program (Briinger, 1982) to generate a new set of
structures as previously described in chapter 2. The new family of structures was then used
to identify additional NOEs from the peak picks and the process of structure refinement
was iterated until no new NOEs were identified. This process in combination with the new
stereoassignments allowed the identification of 384 new distance constraints along with the
20 new dihedral constraints for a total of 1073 NMR based constraints to define the

structure (Appendix E).

Hydrogen Bond restraints

Of the 40 slowly exchanging amides (fully exchanged in D20 in 2 370 min), 21
were identified in hydrogen bonds to specific backbone caxbonyis (Appendix E and
Appendix D - hbondrev2.com). All but two of these H-bonds are in regions of regular
secondary structure identified in Chapter 2. A new H-bond, F21(HN)-(O)N18, occurs in

the helical turn région between H1 and B1 (N14-F21). This region shows extensive amide
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protection and a number of intermediate range NOEs characteristic of helical. secohdary
structure (Fig. 2.10). In addition a new H-bond closes the Q-loop, S25(HN)-(0)S30, and
explains the slowed amide exchange of S25.

The new H-bonds identified in the B-sheet result in a complete network of H-bonds
connecting all three strands of sheet, B1, B2 and B4. No new H-bonds were identified
between the B-sheet and B-strand B3. The B-strand, B3, shows sparse NOE connectivity
to the remainder of the sheet and appears rotated out of the plane defined by the other three
strands. The slowly exchanging amide of V68 showed no evidence in the converged
structure family of a preference for H-bonding with the carbonyl of E85 (the predicted
partner based on the B-sheet topology) with 0% satisfying H-bond criteria. Because of the
poorly defined backbone conformation in this region, it is difficult to make specific
statements about the H-bond pairing of V§8. In the crystal structure (Harrison, et al.,
1994), the HN of V68 does not have a hydrogen bonding partner. The closest obvious
candidate acceptor, O of E85, is 3.75 A away. V68 HN is not able to participate in a
hydrogen bond with E85 O because of the distortion in the sheet characterized by twisting
of B-strand B3 out of the plane of the rest of the strands.

Helices H1 and H3 exhibit normal o-helix-type 1,i+4 H-bonding patterns . Helix
H2 which contains the proline insertion shows less regular H-bonding pattern, exhibiting
an 1,i+3 H-bond in the middle of the helix spanning P45, K46(HN)-(O)V43. Although not
previously reported (Harrison, 1994) this hydrogen bond also appears to occur in the
crystal structure ( H-N--O angle 142°, HN-O distance 2.08 A). This makes up for one of
the three i,i+4 hydrogen bonds which cannot be accomodated by the unusual geometry
associated with P45 (namely P45(HN)-(0)Q41, K46(HN)-(O)E42, and Y47(HN)-
(O)V43). dHSF does not appear to have this hydrogen bond (homologous residues
L90(HN)-(O)L87) (Protein Data Bank Entry 1HKT).
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Table 3.1 Structural statistics

<SA> (SA)r X-ray

rms deviations from experimental distance restraints (A) . -
all (967) 0.00994 + 0.00012 0.01136 0.230992
intraresiduc (li-jl=0) (438) 0.00749 + 0.00249 0.00801 0.02032b
sequential (li-jl=1) (257) 0.01080 + 0.00349 0.01916 0.22025¢
short range (1<li-ji<6) (133) 0.01106 + 0.00309 0.00431 0411574
long range (li-jI>5) (146) 0.00906 + 0.00655 0.00189 0.31979¢
H-bonds (42) 0.01433 £ 0.00284 0.00968 0.25214f
rmsd from experimental dihedral restraints (deg) 0.186 +0.110 0.107 12.598
Lennard-Jones Energyh (kcal/mol) 23.8%61.8 313.8 -649.0
X-PLOR energy Fiot (kcal/mol) i 101485 102.1 92491 21
FNOE (kcal/mol) 5.17 %235 3.04 2601.1
For (kcal/mol) _ 0.18 £0.21 0.03 618.4
Frepel (kcal/mol) 6.80+2.38 13.62 144.4
Deviations from idealized geometry
bonds (A) ' 0.002 % 0.000 0.0014
angles (deg) 0.427 £0.011 0.413

_impropers (deg) 0.267+0.011 0.243

237 violations (>0.3A) of 967 constraints.

bAll violations are under 0.3 A.

©Most significant violations are Leu 9 H82 to Trp 10 H{3 (-1.8 A) and Glu 37 Hy* to Arg 38 Ha (-1.9 A).

dMost significant violation is Val 6 HylI to Trp 10 Hel (-3.5 A)

€All violations under 1.5 A.

fMost significant violation is 44 HN 10 40 O (-1.36 A)

EMost significant violation is Thr 26 %1 (NMR = -60° , X-ray = +59.7°).

hLennard-Jones energies were calculated using the CHARMm empirical energy function (Brooks et al., 1983) (files toph19.pro
and param19.pro) within the program X-PLOR 3.1 (Briinger, 1986). 14 nonbonded interactions were excluded by setting the
parameter NBXMod = 4. For NMR structures, a psf file was generated using toph19.pro and param19.pro. The vector
statement: vector do (name = "HN") ( name H ) appears in the file used to calculate Lennard Jones energies along with an
hbuild statement. This aliowed computation of energies using the param19.pro forcefield in spite of the absense of non-polar
hydrogen definitions. Positive Lennard-Jones energies were observed for many of the structures calculated using the protocals
described in this chapter. Refinement performed after the completion with the final Van der Waals radii set to 0.80 times their
normal values in the CHARMm empirical energy function resulted in structures with consistently negative Lennard-Jones
energies. The default value for final Van der Waals radii in NMR refinement using the files dgsa and refine is 0.75 and was
used for all calculations done in this dissertation. See Appendix D for further details (X-PLOR Macros for structure analysis).
iX-PLOR energies for the X-ray structure were calculated with the paralihdg.pro forcefield used during refinement. Van der
Waals radii were set to 0.75 times their normal values in the CHARMmMm empirical energy function. Nonpolar hydrogens were
built using the hbuild command within X-PLOR 3.1.
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Table 3.2 Atomic rms differences?

<SA> to SAJ <SA> to SAK <SA> to X-rayl
ordered regionsb 0.81+0.16 0.91+0.18 ©130+0.11
2° structure® 0.61 £0.14 0.70+0.14 1.05 £0.09
a-helicesd 0.53+0.13 0.58 £0.14 0.97 £0.11
Helix-turn-Helix®€ 0.50£0.15 0.54+0.14 0.81 £0.11
B-sheetl ' 0.57 +0.15 0.68 +0.17 0.99 +0.12
beta sheet-B38 0.38 +0.07 0.54+0.10 0.65 +0.08
20% buriedh 0.84+0.15 0.97+0.18 1.43£0.17
40% buriedi 1.12+0.18 1.28 £0.21 1.86 +0.14

a rms differences computed using X-PLOR 3.1 with avecycle.com described in Appendix
E

b ordered regions consist of N,Ca,C',O for residues 4-24, 31-68, 84-86.

€ secondary structured consisting of atoms N,Cc,C',O in residues 4-14, 22-24, 31-34, 36-
48, 54-63, 65-68, 84-86.

d o-helix bundle consisting of atoms N,Ca.,C',0O for residues 4-14, 36-63.

€ Helix-turn-Helix consisting of atoms N,Co.,C',O for residues 36-48, 54-63.

f B-sheet consisting of atoms N,Ca.,C',O for residues 22-24, 31-34, 65-68, 84-86.

8 B-sheet-B3 consisting of atoms N,Ca.,C',O for residues 22-24, 31-34, 65-68, 84-86.

h 20% buried consists of heavy atoms in residues 20% buried in the crystal structure: 5,
9, 12-13, 18, 21-22, 25, 30-33, 39, 4344, 47-48, 53, 56-57, 60, 64-65, 84, 86.

140% buried consists of heavy atoms in residues 40% buried in the crystal structure: 3, 5-
6,9, 12-13, 18, 21-25, 30-36, 3940, 42-44, 47-48, 51, 53, 56-57, 59-60, 63-67, 82, 84-
86, 88. . '

J <SA> represents the family of 30 accepted solution structures of K. lactis HSF DBD.
ksA represents the average coordinates for superposition of atoms described in the first
column. -

1 X-ray represents the 1.8 A crystal structure of X. lactis HSF DBD (Harrison et. al.,
1994).
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Structure calculations with new restraints

In the final round of structure refinement, 40 structures were generated of which 33
converged structures were chosen for structural cqmparison. These structures had target
energies significantly lower than the structures described in Chapter 2. The previously
reported family of structures had an average total energy of 150 * 13.4 kcal/mol and
average NOE and dihedral angle violation energies of 25.9 + 5.4 kcal/mol and 0.96
kcal/mol. This constrasts with the present family of high resolution structures which have
average total energies of 101 + 9 kcal/mol and average NOE and dihedral angle violation
energies of 5.2 + 2.4 kcal/mol and 0.2 + 0.2 kcal/mol respectively (Table 3.1). These
energies are lower despite the nearly two-fold increase in the number of constraints (from
583 to 1073) emphasizing that the new restraints form a consistant set which results in
converged lower violation energy structures. The structures show the expected distribution
of phi-psi angles in avRamachandran plot with most of the residues deviating from expected
values occuring in unstructured regions.

The family of NMR structures show a high degree of preciston in both the
backbone (Fig. 3.4) and sidechain positions (Fig. 3.5) with <.rmsd> for backbone
coordinates of 0.81 +0.16 A in structured regions (S(¢) =0.90 £ 0.18) and 0.84 £ 0.15 A
<rmsd> for heavy atoms of buried sidechains (Fig. 3.5) (S(x1) = 0.84 £ 0.26, S(x2) =
0.87 £ 0.22). The sidechain of F53, which is buried in the crystal structure, shows an
unusually high degree of disorder in the solution structure family (S()1) = 0.54). This is
due to a lack of NOE constraints to the aromatic ring protons of this residue which are
degenerate in both 13C and 1H chemical shifts (Appendix A) with those of the resonances
of the neighboring residue F56. This degeneracy prevented the identification of NOEs
between the two residues and from these residues to their mutual neighbors. Examining

secondary structured regions, the precision of the structure family is even higher with 0.61
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Figure 3.4 Backbone superposition of coordinates for HSF

A. Superposition of backbone atoms of all residues onto the mean coordinates for
structured regions. The <rmsd> for these coordinates was 0.81 +0.16 A. N- and C-
termini are labeled with the letters N and C respectively. |

B. Superposition of the backbone coordinates for the three helix bundle comprising
residues 4-14, 36-48, and 54-63. These coordinates gave an <rmsd> of 0.53 +£0.13 A.
Coordinates shown include residues 4-14 and 36-63. The termini are labeled by residue
number. The distortion in helix H2 associated with the proline insertion is clearly
visible.
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Figure 3.5 Core residue superpositions for HSF. A. Superposition of all the heavy
atoms for the 25 buried residues (<20% exposed in the crystal structure). Note that the
sidechains are relatively well ordered with an rmsd for this superposition of 0.84 + 0.15
A. The location of F53 is indicated by an arrow. B. Superposition of a cluster of highly
conserved residues in helices H2 and H3 (rmsd of 0.58 + 0.16 A). The residues are
identified with their one-letter amino acid code and location in the sequence. The
backbone coordinates for helices H2 and H3 for one of the nmr structures is shown for
reference. Note the underwinding and kink in helix H2 which place F39 near L44.
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+0.14 A <rmsd> for the backbone coordinates of all sécondary structured regions. The
structure can be described as "high resolution"” since the three helix bundle and beta sheet
show backbone <rmsd>s of 0.53 +0.13 A and 0.57 + 0.15 A respectively. Structural
statistics for the family of structures are summarized in Table 3.1.

The larger <rmsd>s for larger segments of the structure can be explained by
examining the distribution of NOEs (Fig. 3.6A and Appendix F) which show that there are
far more NOEs constraining the secondary structured regions than non-secondary
structured regions included in the rmsd calculations. Two regions which contribute
significantly to the increased <rmsd>s for all structured regions are the turn region between
helices H2 and H3 and the end of B-strand B3 (Fig. 3.6B). Inspection of the backbone phi
angle distribution reveals that the local backbone conformation is not well defined in these
regions either (S(¢) = 0.63 £ 0.33 for K49-F53 and S(¢) = 0.73 £ 0.19 for W65-V68)
(Fig. 3.60).

The degree to which sidechain conformations are well defined in the regioné of
secondary structure is revealed by the angular order parameters for %1 and %2 (Fig. 3.6DE
and Appendix F) which have average values of 0.83 £ 0.24 and 0.72 + 0.27 respectively.
Particularly well defined are the sidechain conformations of helices H2 and H3
(S(x1)=0.88 = 0.17). This high degree of ordering in these two secondary structure
elements correlates with the high degree of sequence conservation in this region and its

crucial role in the function of the DNA-binding domain of HSF.

Dynamics from Heteronuclear NOEs

Heteronuclear NOEs could be measured for 79 of 88 assigned backbone amide
signals (Appendix G). The heteronuclear NOE is sensitive to rapid reorientation of the N-H
bond vector from local dynamics and will exhibit a reduced or negative NOE for

dynamjcélly disordered regions of the structure (Barbato, et al., 1992). Rigid regions of

99



70 . NOLs per residue
60 &
50 L
40 £
30 &
20
10 EiH

Number of NOEs

w
rmsd (A)
O=4NWAMADND

to

i o

5 TSN{*H} NOE .
P E
Fg e TR MO e eI
z o I M m el
os E ‘L
1 E 5 15 25 35 45 29 L'}) 75 1:$-]
residue number
G Hi B1 82 H2 H3 B3 B4
S —————

Figure 3.6 Number of NOEs, rmsds, angular order parameters and 15N{1H} NOEs
versus residue number. A. Total NOEs to each residue shown in open bars (each NOE
is counted twice, once for each partner. Solid bars indicate total number of long range
NOE:s to each residue. B. <rmsd> between the family of structures <SA> and the
average structure SA based on an alignment of backbone coordinates in structured
regions (residues 4-24, 31-68, 84-86). <rmsd> for backbone coordinates (N, Cq, C', O)
(solidbars) and all heavy atoms (open bars) are shown. C. Angular order parameters for
backbone phi angles. D. Angular order parameters for chi 1 angles. E. Angular order
parameters for chi 2 angles. F. 15N{1H} NOE:s for each residue. G. Representation of
secondary structure elements in HSF; helices by narrow bars, and B-sheet by wide bars.
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structure will exhibit large positive NOE intenéities which correspond to the slower global
tumbling of the molecule in solution. The structurally ordered regions of HSF exhibit large
positive NOEs (Fig. 3.6F) (0.92 + 0.07) with the notable exception of the turn region
between helices H2 and H3 which exhibits significantly reduced NOEs (0.72 for H50 and
0.70 for S51) and appears to undergo restricted motion on fast timescales. It is unclear why
~ the calculated heteronuclear NOEs are consistently larger than expected for a rigidly defined
domain of this size (~0.85). Qualitative trends in fast timescale dynamics can none—thé-less
be identified.

Examining the loop regions, we find that the short loop connecting beta strands B1
and B2 (Q21) shows significantly more fast timescale dynamics than the secondary
structural elements (0.78 for T26 and 0.84 for E29) and the extended loop (L.1) connecting
beta strands B3 and B4 shows small NOEs indicative of rapid motion (0.35 + 0.20 for
Q69-D81). This is consistent with the absense of long range NOEs in this region. The
helical turn region between helix H1 and B-strand B1 which has poorly defined secondary
structure none-the-less shows large positive NOEs indicative of little motion on fast time
scales (0.93 £ 0.04). The fourth beta strand B4 shows a rigid conformation on fast
timescales extending N-terminally to R83 and C-terminally to N88. This correlates with the
S(¢) values in this region (0.89 + 0.04) which remain high from R83 to N88 (Fig. 3.6 and
Appendix F) indicating that the structure is well-defined somewhat beyond the region
described as B-strand B4 in Chapter 2. The N-terminal Alanine N-H shows a reduced NOE
as do the the C-terminal residues with Ala-92 exhibiting a large negative NOE indicative of

a completely flexible terminus.
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Discussion

Compafison to crystal structure

Comparison of the high resolution NMR structure of K. lactis HSF to that of the
1.8 A crystal structure reveals a remarkable degree of agreement between the two. The
crystal structure shows no violations greater than 2 A to the NMR distance restraints (with
one exception detailed below) and has a backbone <rmsd> against the family of high
resolution solution structures of only 1.31 +0.11 A. This is down from the 1.77 +0.20 A
<rmsd> observed for comparison of the same coordinates for the medium resolution family
described in Chapter 2. This improved agreement between the crystal structure and the
NMR structure probably reflects the increase in precision of the NMR structures with a
decrease in backbone <rmsd> for structured regions ‘.from the average coordinates of 1.03
+0.19 A t0 0.81 £ 0.15 A. In addition the number of significant distance violations has
decreased possibly reflecting an improvement in the accuracy of the restraints obtained
through the higher dimensional experiments (which reduce the likelyhood of overlap and
the associated errors in estimation of crosspeak intensity). A

The crystal structure significantly violates the constraint corresponding to an NOE
between V6 Hyl methyl and W10 Hel. This NOE is observed to have a medium intensity
in the 4D 13C/15N NOESY plane and is in a region of the spectrum which makes its
assigﬁment completely unambiguous. The 1.8 A crystal structure shows a distance of 8.5
A between these protons which would not give rise to an NOE. Hence there clearly is a
local change in the relative positioning of the sidechains of V6 and W10. Examining the
solution structure, W10 participates in the formation of a hydrophobic patch on the surface
~ of the protein formed by two other trpytophans W24 and W65. In the crystal structure there

are protein-protein contacts in this region which may be the cause of the reorientation of the
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sidechains. Aligning the coordinates of the K. lactis HSF DBD from the NMR structure
with those of D. melanogaster HSF reveals that the sidechain of W10 (W54 in D.
melanogaster) has significantly different conformations in these structures. Where as in the
K. lactis structure the sidechain is folded flat against the protein surface, in D. melanogaster
it is perpendicular to the surface. This difference is probably due to the additional C-
terminal fragment included in the D. melanogaster construct which forms a poorly ordered
helical turn region (P139-Q144) that packs up against the hydrophobic surface formed by
W54 and the surrounding hydrophobic residues (Vuister, et al., 1994a). This contact may
be significant for the interaction between the DBD and the adjacent linker region and C-

terminal activation domain.

Comparison to homologous protein structures

Aligning the backbone coordinates for the solution structures of D. melanogaster
HSF (dHSF) and K. Lactis HSF (kHSF) revealed a remarkable correspondence between
these proteins which are from such distinctly unrelated organisms (backbone rmsd for
structured regions between homologous residues of the SAr structures of 1.77 A). The
unusual variations of the HTH motif in KHSF are reproduced in dHSF with an extended
and apparently unstructured loop in the residues corresponding to L1 (D. melanogaster
HSF T113-R124) and the distorted helix containing the proline insertion, which packs
against the recognition helix and stabilizes the folded native protein. The agreement
between the two structures in this region is quite close (backbone rmsd for HTH 1.3A) as
- might be expected for such a highly conserved protein, since this part of the molecule is
crucial for DNA recognition.

The extensive sequence homology in the HTH region, particularly for the
hydrbphobic residues, are likely to have their origins in the preservgtion of the packing

arrangement which stabilizes the protein fold and reproduces the recognition helix geometry
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necessary for specific interactions with GAA boxes of HSE's. This is reflected in the
structures of HSF from D. melanogaster and K.lactis with an rmsd for the hydrophobic
conserved residues in the core of 2.78 A for all heavy atoms (coordinates of minimized
average structures of dHSF and kHSF). Closer examination of the strictly conserved
residues in the HTH region reveals a structural basis for the strong homology in this
region, and helps to explain how this unusual kinked-helix-turn-helix motif is stabilized.

Residues F39, 144 and F56 are completely conserved in all HSF's and the position
of F48 only tolerates the conservative substitution of a tyrosine ( in dHSF the equivalent
residue is found to be a tyrosine). These residues form a cluster of highly ordered
hydrophobic side chains, wedged into the turn region between H2 and H3 (Fig. 3.5B).
The three aromatic rings surround the H§ methyl groups of 144 which makes contacts
with the backbone atoms of the facing turn region between the two helices. This
arrangement of aromatic groups around the Leu H§ methyls is reproduced in the dHSF
structure (Fig. 3.7) except that the two -methyl groups of the Leucine have switched
positions (rmsd for the analgous heavy atoms of these residues in the SAy structures of
dHSF and kHSF are 2.10 A).

An interesting feature of this arrangement is that the side chain of F39 reaches
forward to make contact with L44 which would not be possible if H2 had a nofrnal helical
geometry, since this would place it on the opposite face of the helix. Thus it is likely that
this hydrophobic cluster is integral to stabilizing the helical kink induced by the prbline
insertion and is required to define the relative orientations of the helices neccséary for the
DNA interaction as well as overall protein stability. Note also that there are several
conserved polar and exposed residues in the turn region after H2 whose positions would be
changed if H2 had a normal geometry.

Additionally, in the crystal structure, residue N52 appears to be engaged in an N

cap hydrogen bond (Harper & Rose, 1993; Lyu & Wemmer, 1993; Seale, et al., 1994)
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F48

Figure 3.7 A. CPK representation of F39,1.44,F48 F56 and ribbon diagram of a
member of the family of K. lactis HSF structures. B. Stick figure of conserved residues
in cluster mentioned in text in the same orientation as A. In black without Hydrogens is
the 1.8 A X-ray structure. Dashed lines indicate the D. melanogaster HSF solution
structure (residues corresponding to the labels are F83, 1.88,Y92,F100). The XK. lactis
HSF solution structure (SA) is rendered in solid grey lines. rmsd for the coordinates
shown between the (SA)r structure and the crystal structure is 1.1 A. Aligning the D.
melanogaster HSF coordinates shown against (SA)r resulted in an rmsd of 2.1 A.
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with its side chain carbonyl oxygen accepting a hydrogen bond from the backbone amide of
A54. This N-cap was not observed in our solution structures. Slowed amide exchange is
observed for the A54 (Fig. 2.10) which should not be involved in backbone hydrogen
bonds, since it is the first residue in the helix. This stabilizing cap interaction is also likely

to be perturbed in an unkinked o-helix H2, thus the local packing interactions of the cluster

shown in fig. 3.7, participate in the global stabilization of this unusual HTH motif.

Role of the Extended Loop and Dynamics

One of the unusual features of the DBD of HSF is the extended loop connecting 3-
strands B3 and B4. This loop is quite variable in sequence among different organisms and
appears to have been dispensed with completely in tomato plants (Fig. 2.1). However, for
organisms that have retained the loop, there is a completely conserved glycine (position 267
in K. lactis). In addition two yeast sequences (K. lactis and Saccharomyces cerevisiae) .
exhibit a region of complete conservation extending from B-strand B4 to the conserved
glycine. Both yeasts constitutively express HSF and require its low level éxpression for
normal growth (Jakobsen & Pelham, 1988). Moreover, S. cerevisiae expressing HSF with
an Ala mutation at the conserved Gly position are not viable (Hubl, et al., 1994). A second
point mutant of HSF at a conserved Lys at the end of B3 also results in nonviable yeast.
Hence there appear to be HSF functions associated with the N-terminal portion of the
extended loop L1. The loop in the analogous position in HNF3-y forms one wing of the
winged helix motif and makes contacts with the DNA which help to orient the recognition -
helix for proper readout of the DNA sequence. It is not clear what role the extended loop
plays in yeast although it is tempting to speculate that it may be involved in contacts
between adjacent protein subunits in the trimeric complex or possibly contacts to the DNA.

In the previously described structural studies of HSF very little information was

obtained about the conformations of the loop region. The crystal structure of K. lactis DBD

106



shows missing electron density for residues 76-79 and extensive contacts to other proteins
in the crystal for the remaining residues in the loop. Both Drosophila and K. lactis solution
structures of the DBD show poorly defined conformations for L1 due to the absence of
long range NOE distance constraints (Damberger, et al., 1994; Vuister, et al., 1994a).
Small positive to negative heteronuclear NOE values for N-H signals in this loop (Fig.
3.6F) offer direct evidence for the rapid motional averaging occuring in this region in
solution and explain the absence of defined conformations as determined by NMR
structural analysis. In addition, 71 angles of residues in the loop region appear to undergo
averaging as evidenced by equally intense HN-HB and H-HR signals for both HR
protons in a residue in the stereoassignment experiments (Appendix B).

If the extended loop, L1, plays a role in protein-protein contacts in the DNA
complex it must undergo an order/disorder transition upon forming interactions with other
monomers. The dynamic motion observed in L1 does not appear to be a consequence of
truncating HSF to just the DBD and disrupting normal interdomain contacts since longer
constructs containing the adjacent N-terminal activation domain exhibit resonances
assignable to L1 which also display heteronuclear NOEs indicative of rapid timescale
motibns (Cho et al., unpublished results). It will be interesting to see what role this loop
plays in the homotrimeric protein DNA complex in yeast and whether it becomes ordered
upon DNA-binding of the DBD + trimerization domains. Small flexible loops are
observable in spectra of large protein aggregates (Landry, et al., 1993) so that it will be
possible to say if the loop becomes involved in interactions within the homotrimer or
between adjacent homotrimers in larger cooperative complexes (Xiao, et al., 1991). Such
large high affinity complexes with multiple HSEs are at the heart of the functioning of HSF
in a biological context since they are what allow HSF to cause drastic changes in protein

expression required under heat shock conditions in the cell.
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Appendix A. Assignments table . Assignments at pH 3.4 and 25.0° C for HSF@ DNA-binding domain

a Chemical shifts for 13C and 1H (in parentheses) are given in ppm.

b Both signals have the same chemical shift.

C Stereoassignments of HP resonances were obtained using experiments described in Chapter 3.

t Tentative assignment.

Residue  Amide co ch Other

Al 19.1t(1.34)t i

R2  120.9 (8.68) 54.6 (4.66) 30.1 (1.65,1.59) HY (1.68), HO (2.94), NE 83.2 (7.07)

P3 63.3 (4.50) 32.5 (1.6382,2.57B3)  CY28.2 (2.17, 2.23), Cd 50.9 (3.46, 4.05)

A4 126.6 (8.79) 55.6 (4.16) 18.0 (1.51)

F5 116.6 (9.09) 62.6 (4.01) 39.9 (2.2683, 3.3682)  H (6.92) 132.0

V6  115.4 (6.75) 65.4 (3.25) 31.6 (1.89) CY!l 21.6 (0.90), CY2 23.0 (0.80)

N7 117.5 (1.73) 56.2 (4.47) 37.8 (2.7482, 2.80B3)

K8  120.8 (7.97) 59.6 (3.94) 32.3 (1.34, 1.78) CY 25.5 (1.25 1.50), CD 28.9 (1.46), CE 43.0 (3.21)

L9 1205 (8.27) 58.0 (3.61) 417 (1.7783,0.75B2)  CY26.5 (0.89), C81 22.9 (0.35), C82 25.1 (.09)

W10 117.7 (8.50)  61.4 (4.03) 28.8 (3.30, 3.33) 81 126.2 (7.36), CE3 120.7 (7.68), C53 121.9 (7:11)
CN2 124.5 (7.23), C&2 114.5 (7.53), NEL 127.7 (10.23)

S11  110.6 (7.83) 61.0 (4.10) 63.1 (4.00)

MI12  119.3 (7.92) 58.8 (3.38) 33.2 (1.01,1.83) CY 30.0 (1.55, 1.66) CE 1.78 (16.5)

V13 115.7 (8.03) 65.0 (3.27) 31.3 (1.08) cYl 21.1 (-0.41), CY2 22.2 (0.13)

N14  114.2 (7.84) 53.5 (4.70) 38.5 (2.79, 2.85)
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D15
K16
S17
N18
E19
K20
F21
122
H23
W24

S25
T26
S27
G28
E29
S30
131
V32.
V33
P34
N35
R36
E37

118.6 (6.97)

129.1 (9.16)

114.1 (8.34)
117.0 (8.30)
120.6 (7.42)
116.5 (8.48)
114.4 (8.16)
117.8 (8.16)
116.6 (8.33)
120.8 (8.93)

119.4 (9.05)
116.4 (8.55)
117.1 (8.58)

101.9 (6.70)

116.7 (8.06)
112.0 (8.24)
122.3 (9.19)
125.3 (8.92)
127.0 (9.08)

111.35 (8.24)

131.3 (9.56)
118.4 (8.50)

53.1 (4.70)
59.3 (4.10)
61.2 (4.33)
53.1 (5.15)
59.7 (4.57)
57.9 (3.91)
56.4 (4.97)
60.0 (4.98)
53.8 (4.87)
56.5 (5.32)

58.2 (4.87)
64.5 (4.19)
(3.85)

45.6 (3.43, 4.07)

56.4 (4.50)
57.4 (5.83)
60.9 (4.32)
60.9 (4.52)
58.7 (4.57)
65.3 (4.13)
52.4 (4.80)

60.7 (3.51)

59.8 (3.96)

38.6 (2.98, 3.14)
31.9 (1.94 degb)
62.7 (3.83, 3.95)
39.2 (3.15, 3.02)
28.3 (2.17, 2.25)
31.5 (1.00 deg)

42,3 (3.0982, 3.23B3)
37.7 (1.99)

30.4 (3.47, 3.65)
31.3 (3.16P2, 3.3483)

63.3 (3.94, 4.10)
69.1(4.25)

29.1 (1.91, 2.27)
65.3 (3.94B2, 4.0183)
41.8 (1.29)

34.2 (1.10)

33.5 (2.27)
32.2(2.05, 2.50)
40.3 (2.74, 2.76)
29.6 (1.41, 1.70)
27.2 (2.09, 2.21)

CY 24.8 (1.60, 1.63), C2 28.9 (1.78), CE 42.0 (3.09)

CY 33.0 (2.60, 2.64)

CY24.8 (1.01), CS 29.0 (1.46), CE 41.7 (2.86)

cd 131.3 (7.11)

CYl 14.1 (0.477121.19711), CY2 14.1 (0.88), C32 14.0 (0.30)

€81 128.7 (7.39), C€3 120.9 (7.70), €83 121.7 (6.83)
CN2 1232 (6.18), C52 113.9 (6.42), NE! 128.6 (9.91)

CY22.1 (1.27)

CY 32.6 (2.36, 2.40)

CY1 29.2 (0.20112,1.45v13), CY2 17.5 (0.34), CO2 12.6 (-0.38)
CY1 20.5 (0.60), CY2 20.8 (0.74)

CYl 21.1 (0.76), CY2 20.2 (0.49)

CY 27.9 (1.80, 2.18), C3 50.8 (3.73, 3.49)

CY 24.9 (0.82, -0.01), C8 43.2 (2.32, 2.44), N€ 83,4 (6.97)
CY 32.7 (2.41).



(441

R38
F39
V40
Q41
EA42
V43
L44
P45
K46
Y47
F48
K49

- H50

S51
N52
ES3
A54
$55
Fs6
V57
RS8
Q59
L60
N61

116.8 (8.32)
117.8 (7.82)
121.8 (8.48)
114.7 (7.83)
110.5 (7.79)
116.2 (7.40)
118.9 (6.79)

113.9 (7.36)
114.3 (7.26)
117.6 (8.06)
122.0 (8.45)
116.6 (8.89)

114.0 (8.02)

116.6 (8.31)
121.5 (9.41)
119.2 (8.49)
114.3 (8.33)
124.2 (7.81)
118.5 (8.23)
120.0 (7.85)
119.1 (7.67)
118.9 (7.93)
116.2 (8.06)

58.8 (4.08)
61.6 (4.00)
66.1 (3.20)
58.1 (3.99)
56.5 (4.29)
64.1 (4.05)
60.1 (3.73)
64.9 (4.45)

57.6 (3.80)

59.1 (4.02)
55.8 (4.79)
57.2 (4.07)
55.0 (4.62)
57.3 (4.65)
51.8 (4.69)
62.9 (4.03)
55.1 (3.95)
61.5 (4.08)
60.7 (4.05)
66.7 (2.85)
59.7 (3.94)
59.2 (3.66)
58.8 (3.68)
56.2 (4.46)

30.0 (1.83, 1.92)
39.8 (3.20, 3.23)
313 (213)
29.3 (1.95, 2.03)
29.6 (1.1262, 1.59B3)
33.2 (1.65)

39.6 (1.6583, 0.5682)
31.5(1.6282,0.5683)
31.9 (1.73, 1.31)
42.4 (2.22P2, 2.15B3)
40.3 (2.612, 3.1283)
32.6 (1.48, 1.68)
27.5 (3.2262, 3.39B3)
65.0 (3.65 deg)

39.2 (3.01, 3.16)
39.0 (2.85, 3.05)
20.3 (1.43)

62.7 (3.90, 4.00)
38.7 (2.90, 3.02)
31.1 (1.84)

29.8 (1.84 deg)

28.0 (0.603, 1.34B2)
39.9 (1.0683, 1.5382)
39.0 (2.87, 2.95)

Cd 4238 (3.21, 3.26), N€ 83.4 (7.32)

-8 131.2 (6.96), CE 130.3 (6.11), C& 128.0 (6.10)

CYl 21.6 (0.96), CY2 24.7 (1.11)

CY 33.5 (2.31, 2.53)

CY32.6 (2.11, 2.16)

CY1 23.0 (0.87), CY2 23.5 (0.84)

CY26.3 (1.35), C82 25.4 (0.56), C31 24.6 (0.48)
8 50.9 (2.82, 3.83)

CY 25.5 (1.08, 1.32), C8 28.9 (1.63), CE 41.7 (2.92)
C5 133.8 (6.96), CE 117.4 (6.68)

Cd 132.8 (7.35), CE 130.6 (7.20), C& 129.3 (6.85)
CY24.8 (1.19, 1.26), C3 28.9 (1.58), CE 41.7 (2.87)

Cd 132.6 (6.92), CE 130.2 (6.76), C& 128.8 (6.42)

Cd 131.5 (6.62), CE 130.6 (6.60), C& 128.3 (6.47)
CY1 21.6 (0.96), CY2 23.9 (0.27)

HY (1.48, 1.73), C3 43.2 (3.21 deg), NE 83.8 (7.25)
CY 34.5 (1.83, 2.07)

CY 25.8 (0.50), C92 23.2 (-0.12), 8! 24.8 (-0.92)




eCl

Mé62
Y63

G64
W65

H66
K67
V68
Q69
D70
V71
K72
S73
G74
S75
M76
L77
S78

‘N79

N80
D81
S82
R83

120.1 (7.79)
115.4 (7.43)
105.5 (7.59)
121.4 (8.39)

118.3 (8.91)
125.6 (9.36)
126.3 (8.48)
125.4 (8.60)
122.0 (8.45)
120.1 (8.14)
123.9 (8.34)
115.5 (8.19)
110.6 (8.45)
115.2 (8.20)
121.6 (8.43)
121.7 (8.18)
115.0 (8.14)
120.2 (8.42)
118.6 (8.42)
118.9 (8.37)
116.4 (8.20)

122.5 (7.93)

58.3 (4.00)
58.2 (4.67)
45.8 (3.62, 4.17)
57.0 (4.84)

53.5 (5.12)
56.9 (4.49)
62.0 (4.15)
55.5 (4.28)
52.8 (4.65)
62.4 (4.08)
56.6 (4.29)
58.3 (4.43)
45.6 (3.92, 4.01)
58.2 (4.43)
55.8 (4.48)
55.0 (4.32)
58.3 (4.41)
53.2 (4.70)

59.0 (4.55)
55.2 (4.85)

31.6 (1.77, 1.94)

38.0 (2.69P2, 3.76P3)

30.4 (2.6683, 2.9882)

31.5 (3.2683, 3.36R2)

33.2 (172, 1.88)
33.1 (1.82)

29.4 (1.91, 2.00)
38.6 (2.70, 2.80)
32.4 (2.01)

32.6 (171, 1.80)
63.8 (3.84, 3.88)

63.8 (3.85, 3.93)
31.9 (2.05, 2.11)
42.0 (1.58, 1.63)
63.7 (3.86, 3.93)
38.5 (2.84)

64.4 (4.00 deg)
31.0 (1.72, 1.80)

CY 31.3 (2.17, 2.24)
C8 133.9 (7.25), CE 117.6 (6.71)

CO1 126.1 (7.02), CE3 119.5 (7.37), €83 121.9 (7.15)
CN2 124.5 (7.31), C52 114.5 (7.70), NI 128.8 (10.52)
CE 41.7 (2.12, 2.40)

CY21.1 (0.87), HY (0.87)

CY33.8 (1.95, 2.24)

CY 21.2 (0.85), CY 20.2 (0.85)
CY 25.5 (1.40, 1.45), C8 28.9 (1.68), CE 41.7 (2.96)

CY 31.9 (2.52, 2.61)
CY 27.1 (1.59), C3 23.2 (0.85), CS 25.1 (0.89)

CY27.5 (135, 1.50), C3 43.6 (3.12 deg), NE 84.4 (7.33)
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W84

E85
F86
E87
N88
E89
R90
HO91
A92

127.3 (9.00)

121.9 (8.51)
120.7 (9.29)
121.0 (9.38)
123.9 (8.56)
123.0 (8.50)
120.4 (8.19)

119.6 (8.29)
128.3 (8.33)

56.6 (4.52)

53.5 (5.33)
55.7 (5.52)
54.4 (5.33)

52.1 (4.37)

55.9 (4.35)
56.0 (4.22)
54.8 (4.66)
52.5 (4.24)

31.5 (2.93, 3.00)

31.0 (1.80, 1.89)
43.1 (2.8082, 3.0183)
32.2 (1.99, 2.02)
37.6 (0.96, 1.90)
28.5 (1.91, 2.11)
30.1 (1.71, 1.77)
28.8 (3.22, 3.25)
19.1 (1.34)

Cd1 125.6 (7.20), CE3 120.3 (7.50), CE3 122.0 (7.33)
CN2 124.6 (7.47), CE2 114.8 (7.67), N 129.6 (10.08)
CY 33.4 (2.19, 2.36)

€8 132.0 (6.92) CE 130.5 (7.24)

CY 32.6 (2.43, 2.46)

CY 32.6 (2.40, 2.42)
€0 43.4 (3.18), NE 84.2 (7.18)




Appendix B Stereoassignment Table : Stereoassignment Table for HSF at 25° C,
pH 3.4

aThe first three columns list the single amino acid code for each residue in HSF, the
stereoassignment of the Hp, and the chemical shifts of the two Hp nuclei respectively. The
next eight columns list the intensity of the relevant crosspeak at the Hg chemical shift
indicated for the given row in the following experiments: 3D 15N separated NOESY-
HMQC (Ch. 2) Hn-Hg, 3D 13C-separated NOESY-HMQC (Ch. 2) Ho-Hg, 4D 13C/13C-
edited NOESY-HMQC (Ch. 2) Ha-Hp, 3D 13C-separated ROESY-HMQC Hq-Hg, short
mixing time 3D 15N-separated TOCSY-HMQC (Ch. 3) Hn-Hg, 2D 'H-1H DQF-COSY
(Ch. 2) Hy-Hp, and 3D I5N-separated HNHB (Ch. 2) HN-Hg. The last column lists the
dihedral angle assigned to the sidechain corresponding to the row.
bS, M, W and VW stand for strong, medium, weak, and very weak crosspeak observed in
the relevent experiment at the indicated chemical shift. OL indicates that resonance overlap
prevented quantification of the relevant crosspeak. deg indicates that degenerate Hp
chemical shifts prevented stereoassignment. PO indicates that there was partial resonance
overlap which may alter observed intensities for this crosspeak. NS indicates that the peak
was not observed in the relevant spectrum.
CUppercase t stands for tentative chemical shift assignment.
dThese residues were stereoassigned using spin-echo difference ct-HSQC spectra
described in Chapter 2.
€Proline Hp resonances were assigned by comparing intensities of NOEs from both Hp
protons to the intraresidue Hy proton in 4D 13C/13C-edited NOESY-HMQC (Ch. 2) and
3D 13C-separated ROESY-HMQC spectra (Ch. 3) assigning Hpj3 to the Hp resonance with
the stronger crosspeak.
fER indicates that the xjangle shows evidence of free rotation. NA stands for Not
Applicable (for example methyl groups in Alanines). OL and a residue name indicate that
overlap with resonances of the named residue prevented assignment. ? indicates a tentative
.stereoassignment not included in the dihedral and NOE restraints.

gVal-13 showed evidence of rotamer-averaging with a preference for 1 = 180°.
Table B Stereoassignments data and analysis

Stereoassignment Table for HSF at 25° C, pH 3.4

aRgs stereo  HP I5N 13C 4D 13C 15N DQF- 15N 44f
# pair ppMc NOE NOE NOE ROE TOC COSY HNHB

Al NA NA

R2 HB2 1.65 | sb S S

R2 HR3 159 | S | sPO S

P3¢ HpB2 1.65 . M M

P3 HB3  2.60 S S ' » NA

A4 NA . NA

F5  HB2 336 | S M S VW NS wPO NS

F5  HP3 226 | S M W NS NS gPO VW | 180°

ved  HP 1.89 | S M | 180°

N7 HR2 274 s oL oL S OL NS

N7  HB3 280 M OL OL NS oL s | -6

K8 1.34 M NS S

K8 1.78 M NS M | FR
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apgs stereo  HB ISN 13C 4D 13C I5SN  DQF- I5N X1
# pair PPM NOE NOE NOE ROE TOC COSY HNHB

L9 HB2 0.75 S S S NS w VW
L9 HB3 1.77 sa NS NS NS S NS 180°
WI0 deg  3.30

W10 deg  3.33 deg
S11 deg
S11 deg deg
Mi2 1.01 S NS NS M
Mi2 1.83 S NS NS M
vi3d 1.08 M vw NS S S 180°8
Ni4 deg  2.79
N14 deg  2.85 deg
D15 2.98 S streak NS
D15 3.14 S streak NS ?
K16 deg  1.94
K16  deg 1.94
S17 3.83 OL
S17 3.95 S55
N18 3.02 w NS NS ) OL
N18 3.15 W S S w N52
E19 2.17 M NS ) S
E19 2.25 M NS S S FR
K20 deg 1.00
K20 deg 1.00
F21 HB2 3.09 M M NS S S NS
F21 HB3 3.23 W S M NS NS S -60°
12d 1.99 VW S NS w NS 180°
H23 3.47 W M H20 NS S
H23 3.65 w M H20 NS NS ?
W24 Hp2 3.16 S M ? W S - w
W24  HPB3 3.34 M S NS w NS S -60°
S25 3.94 M W w
S25 4.10 w w W FR
T26  deg 4.19
T26  deg 425t
S27 NA
S27 NA
G28 Ha 3.43
G28 Ha 4.07
E29 1.91 S S M S S vw
E29 2.27 w S M w w S ?
S30 HB2 3.94 w A\ M NS S NS
S30 HB3 4.01 NS M S NS A\ M +60°7
B1d 1.29 M M NS | -60°
v3d 1.10 M NS M S NS | 180°
v33d 2.27 M NS M S w? 180°
p3sc  HB2  2.05 M
P34  HB3  2.50 S NA
N35 deg = 2.74
N35  deg 2.76 v
R36 141 S NS NS
R36 1.70 S NS NS ?



agRgs stereo  HB ISN  13C 4D 13C 15N DQF- I5N  x]
4 par PPM NOE NOE NOE ROE TOC COSY HNHB

E37 - 2.09 S M NS S

E37 2.21 S M NS M FR
" R38 1.83 M OL w NS S - w

R38 1.92 S OL S NS w S ?

F39 deg 3.20

F39 deg 3.23

v40d 2.13 S w NS M/W 180°

Q41 deg 1.95 S M W(deg) S(deg)

Q41 deg 2.03 S M W(deg) S(deg)

E42 1.12 S OL NS S S

E42 1.59 M OL M NS NS S -60°

V43 1.65 ? NS M NS 180°

L44 0.56 OL S M NS W w

L44 1.65 S M - NS S w 180°

p4s¢  HP2 1.63 M

P45 HB3 2.27 S . NA

K46 1.31 S OL NS \'AYY S

K46 1.73 S OL NS w w ?

Y47 Hp2 2.22 M OL NS S S NS

Y47 Hp3 2.15 W OL M NS NS S -60°

F48 HB2 2.61 M M NS S S w

F48 HpB3 3.12 w S M NS vw S -60°

K49 HB2 1.68 OL M w W S w

K49 HB3 1.48 S M S NS w S -60°

H50 HjB2 3.22 S NS S S M

H50 HB3 3.39 W S W w S -60°

S51 deg 3.65 '

S51 deg 3.65 .

N52 3.01 NS W - NS NS NS

N52 3.16 NS S NS S S FR?

F53 Hp2 2.85 S W NS NS ? NS '

F53 HpB3 3.05 M w w NS ? w -60°?

A54 NA

S55 3.90 OL

S55 4.00 . S17

F56 2.90 S ' W NS NS W NS

F56 - 3.02 M W NS NS S w ?

vs7d 1.84 S NS W M 180°

R58 deg 1.84

R58 deg 1.84

Q59 Hp2 1.34 M vw NS W S w

Q59 Hp3 0.60 M W M NS NS S -60°

L60 Hp2 1.53 M/S S S W

L60 Hp3 1.06 M W NS S -60°

N61 2.87 S M NS S

Né61 2.95 S M NS w FR?

M62 1.77 S W S

M62 1.94 S S FR?

Y63 Hf2 2.69 M S NS S S w

Y63 Hp3 3.76 NS M w NS NS S -60°

G64 Ho 3.62

Go4 Ho 4.17

127



aRes stereo  HB I5SN  13C 4D 13C ISN DQF- 15N x1
# par PPM NOE NOE NOE ROE TOC COSY HNHB

W65 HB2 298 S VW M W S W

W65 HP3  2.66 M W MW W w "S -60°
H66  HP2  3.26 w NS NS S NS

H66  HP3  3.36 M S W w S -60°
K67 1.72 S NS W w

K67 1.88 S NS W M FR?
V68 1.82 S M MW M FR?
Q69 1.91 oL S M

Q69 2.00 M S S FR
D70 2.70 NA VW S

D70 2.80 NA VW M FR?
V71 2.01 M M S FR
K72 1.71 M S ?

K72 1.80 W S S FR
S73  deg 3.84

S73  deg 3.88

G74 Ha 3.92

G74 Ha 4.01

S75 3.85 S S(OL) :
S75 3.93 S s©L)| FR
M76 2.05 M S(OL)
M76 2.11 M S©OL)| FR
L77 1.58 S M(OL) M(OL) S(OL)

L77 1.63 S M(OL) M(OL) S(©OL)| FR .
S78 3.86 S S

S78 3.93 S S FR
N79  deg 2.84t

N79  deg 2.84t

N80 NA .

N8O NA

D81 NA

D81 NA

S82 NA

S82 NA

R83 1.72 S S deg

R83 1.80 S M deg | FR?
W84 2.93 S M M W S

w84 3.00 S M NS NS NS FR
E8S 1.89 M deg S NS

E85 1.80 M deg w NS ?
F86 HP2 2.80 S NS M S NS

F86 HB3  3.01 w VW NS NS S -60°
E87  deg 1.99

E87  deg 2.02

N88 0.96 w NS NS NS

N88 1.90 w NS M OL NS ?
E89 1.91 S w S M

E89 2.11 W M S FR
R90 1.71 S S

R90 1.77 S S FR
H91  deg 3.22

H91  deg 3.25

A92 NA
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Appendix C AMX-600 pulse programs

P.S. #1 2D DQF-COSY (CoSydfprtp.oK) ...........cvveueerererenmennnnss. 131
P.S. #2 2D TOCSY (mleveprtp.ok) .......c..cooeonels e 132
P.S. #3 2D NOESY (ROeSyprtp.m)......ccccccommimmuiiuuuneeeannnaanen. 133
P.S. #4 HMQC (inv4jrld.bv) ..o 133
PS. #5 1149r HMQC 1D (inv4jrld.bv) ..o 134
PS. #6 114r HMQC (hmqcjrY.bv) ..coooiiiiiiiiiiiiiieieeaee 134
PS. #7 fast HSQC (fasthsqc.al)......cooiiiiiiiiiiiiiiee 135
P.S. #8 3D ISN-TOCSY-HMQC (invtoc3d.gab)........... S 136
P.S. #9 3D ISN-NOESY-HMQC (noeinv3d.ffd)........c...c.cceev...... 137
P.S. #10 CBCANH (cbcanh.Sg) «.cuveeiii e 138
P.S. #11 CBCA(CO)NH (cbcaconh.sg)......cccceeveeiiiinnnanenennnn. ... 141
P.S. #12 ct-HSQC [filters for aromatics] (ct-hsqced31.jgp) ............. 145
P.S. #13 ct-HSQC (cthsqcRNA JEP) -« coveniiiiiiieiiiieee e 146
P.S. #14 3D I3C-NOESY-HMQC (n0e3d13cX.jgp) .. - uuvnererrennne 147
P.S. #15 3D HCCH TOCSY (hechtoc.al).....oooveeeeneiiiiiinn.. 148
P.S.#16 4D 13C/13C NOESY-HMQC (hcchnoedd.al)................... 150
P.S. #17 4D 13C/15N NOESY-HMQC (chhn4d.jgp)............ccen..... 151

P.S. #18 2D 13C-{13CO} spin echo difference ct-HSQC
(i s o T T4 ) B PP 153
P.S. #19 2D 13C-{15N} spin echo difference ct-HSQC

(€11 18Ye 161} TR T4 o) H PR 155
P.S. #20 ct-HCCH-TOCSY (hcchdipet.jgp)...eveeeeeenineneniieiianas, 157
P.S.#21 2D ct-HCCH-TOCSY [aromatics] (hcchdpctar.jgp)........... 159
P.S. #22 2D 15N{!H} NOE HSQC (het15n0n0€ejgp) ........ccvvvvv.... 161
P.S.#23 2D ISN{IH} NOE HSQC (het15nn0e.jgp) -« - evvvervvneeenn- 162
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P.S. #24 HSQC (hsqcYdecC.jgP). uuummmmmmiiaiianeieiiiiineeiceee. 163

P.S.#25 2D LRCC (IrCCZP) .- vvmvmrnemeaneantiiie i caaeiieaaeae 164

P.S.#26 2D LRCH (Irch.jgp) ««vevemiiiinii i 166

P.S. #27 2D LRCH (Irchref jgp) ....oviuviiiiiiiiiiii i 167

P.S. #28 3D HNHB (hnhb jgp) ...c.ovoviiiiiiiiiiiie 168

P.S. #29 3D ISN-HOHAHA-HMQC (hohahal5n.jgp).....cccoeuenn.... 169

P.S. #30 3D 13C-ROESY-HMQC (roesyhmqc3d.jgp) .........enve.... 171
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P.S. #1 2D DQF-COSY
(cosydfprtp.ok)

;cosydfprtp.ok renamed from cosydfprtp.r
(3/26/93)

;2D homonuclear shift correlation

;phase sensitive using TPPI

;with double quantum filter

;and presaturation during relaxation delay

lze
2dl
3d12 hl2
pl18 ph29
di3
d12 hll
pl phl
do
pl ph2
di3
pl ph3
go=2 ph31
d1 wr #0 if #0 id0 ip1 zd
lo to 3 times td1
exit

;The following are the phase cycles released
by Bruker:

;ph1=0213

;ph2=00112233
;ph3=0000000011111111

; 2222222233333333
;ph31=0220200231131331

; 2002022013313113

;The following are the improved phase
cycles that cancel rapid-

;pulsing double-frequency artifacts. From
Derome and Williamson,

;JMR, 88, 177-185, (1990).
phl1=111122221111222
ph2=000011112222333
ph3=123023013012012
ph31=03211032032
ph29=0

;DP=hl1: ecoupler high power level

;p1 : 90 degree transmitter high power
pulse

;p18: presaturation during relaxation delay

2

3
3
3

11032
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;d0 : incremented delay (2D)

[3 usec]

;d1 : relaxation delay; 1-5 * T1

minimum: [30 msec]

;d12: delay for power switching

[20 usec]

;d13: short delay (e.g. to compensate delay
line) [3 usec]

;in0: 1/(2 * SW) =DW

;nd0: 2

:NS: 16 *n

;DS: 4 (if old phase cycles are used, DS: 2
or4)

;td1: number of experiments

;MC2: TPPI

;AQ_mod: gseq



P.S. #2 2D TOCSY
(mleveprtp.ok)

;homonuclear Hartman-Hahn transfer using
;compensated MLEV 17 sequence for mix
;one power level for excitation and SL
;phase sensitive using TPPI

;d17 delays in mixing period suppress
;effects of cross-relaxation

;C. Griesinger, et al. JACS, 110:7870
;A. Bax * D. G. Davis, J. Magn. Reson.
;65, 355-360 (1985)

;with MLEV 17y instead of MLEV 17x

1ze

2d11

3d12hl2
dé
p18 ph29
d13
d12 hi3
pl phl
do
(p17 ph26)

4 (p6 ph22 d17 p7 ph23 d17 p6 ph22)
(p6 ph24 d17 p7 ph25 d17 p6 ph24)
(p6 ph24 d17 p7 ph25 d17 p6 ph24)
(p6 ph22 d17 p7 ph23 d17 p6 ph22)
(p6 ph24 d17 p7 ph25 d17 p6 ph24)
(p6 ph24 d17 p7 ph25 d17 p6 ph24)
(p6 ph22 d17 p7 ph23 d17 p6 ph22)
(p6 ph22 d17 p7 ph23 d17 p6 ph22)
(p6 ph24 d17 p7 ph25 d17 p6 ph24)
(p6 ph22 d17 p7 ph23 d17 p6 ph22)
(p6 ph22 d17 p7 ph23 d17 p6 ph22)
(p6 ph24 d17 p7 ph25 d17 p6 ph24)
(p6 ph22 d17 p7 ph23 d17 p6 ph22)
(p6 ph22 d17 p7 ph23 d17 p6 ph22)
(p6 ph24 d17 p7 ph25 d17 p6 ph24)
(p6 ph24 d17 p7 ph25 d17 p6 ph24)
(pS ph23)
lo to 4 times 11
(p17 ph26)
go=2 ph31
d11 wr #0 if #0 idO ip1 zd
lo to 3 times td1

exit

ph1=02201331
ph22=02021313
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;h12: ecoupler low power level for presat
;h13: ecoupler power level for 1st pulse

; and MLEYV spinlock (7 dB)

;p1 : 90 degree ecoupler pulse

;pS : 60 degree ecoupler pulse

;p6 : 90 degree ecoupler pulse (10-15usec)
;p7 :180 degree ecoupler pulse

;p17: trim pulse (2.5msec)

;p18: presaturation during recycle delay

;d0 : incremented delay (2D) (3usec)

;d17: compensation time during mixing
(10-40usec) ‘

;d11: delay for disk I/O (30 msec)

;d12: delay for power switching (20 usec)
;d13: short delay (e.g. to compensate delay
line) (3 usec)

‘L1 : loop for MLEV cyle:
Tm=((p6*64)+p5+(32*d17))*L1+(p17*2)

;in0: 1/(2*SW) = DW for AQ_mode=qgseq
;nd0: 2

:NS:8*n

;DS:2o0r4

;td1: number of experiments

;MC2: TPPI



2D NOESY

P.S. #3
(noesyprtp.m) P.S. # HMQC (inv4jrld.bv)
;NOEsy ; hmqc15n.jgp most recently edited for X

;with presat during RD and mixing time channel=15N -ffd

;quad in t1 using TPPI

; states with dante presat

EiS:aq

1 ze
2d11 d11=50m
3di2hi2 d12=11m
dé p22=d2
pl18 ph29
d13 1ze
d12 hil 2d11
pl phl 3d12
do d12 dblo
pl ph2 4d1 h]2
d9o hi2 ;5 (p18 ph15 p18 ph16 p18 phl7 p18
p19 ph29 ph18) ;dante '
di3 . ; lo to 5 times 1800
d12 hll p18 phO ; on resonance presat
pl ph3 10u hil
'go=2 ph31 6 pl phl
d11 wr #0 if #0 idO ip1 zd d2 dbhi
dilid9 (p3 ph3):f3
lo to 3 times td1 do
exit p1*2 ph2
do
phl= 02 (p3 ph4):£3
ph2= 00000000 d7 dblo
22222222 2u phO
ph3=00221133 p22:e ;p22=d2
ph31=02201331 2u adc
20023113 d8 cpdb
ph29=0 dbo
rcyc=2 ph31

;DP=hl1: ecoupler high power level

;h12: ecoupler power level for presaturation

d11 wr #0 if #0 ip3 zd
loto 3 times 2

;p1 : 90 degree transmitter high power d12 ip31
;p18: presaturation during relaxation delay d12 ip31 id0
;p19: presaturation during mixing time- lo to 4 times 13

NOTE tm=p19+d9 exit

;d0 : incremented delay (2D) [3 usec] ph0=0

;d6 : additional relaxation delay phl=0123

;d9 : set to Sms _ph2=0

;d11: delay for disk I/O [30 msec] ph3=00002222

;d12: delay for power switching [20 usec] ph4=0000000022222222

;d13: short delay [3 usec] ph5=(360)100
;NS:8*n - ph31=0321210321030321
DS:20r4 ph15=0
;MC2: TPPI ph16=1
;in0: 1/(2*swh)=dw phl7=2
ph18=3

133



P.S. #5 11-jr HMQC 1D
(invd4jrld.bv)

;H-1/X correlation via heteronuclear zero
;and double quantum coherence 1-D
;phase sensitive using TPPI

;with 1-1JR excitation and

;refocusing pulses

;with decoupling during acquisition

;Sklenar, V. and Bax, A., J. Mag. Res. 74,

469-479 (1987)

1ze
2dl11
3d1 dbhi
d13 : 3us
d12 hl1 ;20us
pl phl
. ds
pO phS
d2 dbhi
(p3 ph2):f3
di3

(p3 ph4):13
d13

pl ph3

dé

pO ph6é

d2 dblo

go=2 ph31 cpdb ; garp

d11l wr #0 ; /O 30 ms
exit

phl=0

ph2=0

ph3=00112233

ph4=0 2

ph5=2

ph6=22330011
ph31=02200220

P.S. #6 11-jr HMQC
(hmqcjrY.bv)

;2D H-X correlation via heteronuclear zero
and double quantum

;coherence v

;phase sensitive using States-TPPI
;with 11-JR water suppression
;and decoupling during acquisition
;X-nucleus on Y channel

;BFV 2/16/94

1ze
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2dl11
3dl dbo

4d13
di2 hil

pl phl
ds

pO ph5

d2 dbhi

p3:f3 ph2

do

pl ph3

dé

pO ph6

do

p3:f3 ph4

d2 dblo

go=2 ph31 cpdb

d11 wr #0 if #0 ip2 zd

d11 dbo

lo to 3 times 2

d11ip311id0

d11ip31

lo to 2 times 10
exit

ph1=0

ph2=0

ph3=00112233
ph4=0202020220202020
ph5=2 :

ph6=22330011
ph31=0220022020022002



P.S. #7 fast HSQC (fasthsqc.al)
;HSQC with no phase cycling,
;TPPI-STATES in t]

;D. Marion et al., JMR 85, pp. 393-399
;(1989)

;X nucleus on Y channel

;Solvent suppr. with scrabling

;pulses and presat.

d6=3u

d8=aq

d11=50m

d12=5m

d25=p3-pl

pS=p1*(8/3)

p8=p1*111 ;10,000 deg non-selec. 1H pul
p9=p1*55 ;5,000 deg non-selec. 1H pulse
p24=d4 ;

;HL2=presat power
;p18=presat pulse
;d4=1/4]

1ze
2 p8 phl
p9 ph2
3d12.
d12
di2
4 10u hl2 dbo
p18 phO
10u hl1
pl phl
d4 dbhi
(d25 p1*2 phl) (p3*2 ph1):f3
d4

p22 phl ;Messerle pulse = 1.8 msec

(d25 p1 ph2) (p3 ph3):f3 ;1H 90, X 90
?;?1 ph1 d6 p5 ph2 d6 pl phl) ;180 1H
?((1)25 pl phl) (p3 ph1):f3

?gz_s p1*2 ph1) (p3*2 ph1):f3

p24:e dblo

d7 :DE
d6 adc '

d8 cpdb

rcyc=2 ph31 ;set ns=1

dl1 dbo wr #0 if #0 zd ;write to disk
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d12 ip3

p8 phl

p9 ph2
lo to 3 times 2
d12 ip31
d12 ip31
d12ido
lo to 4 times 13
exit

phO=1
ph1=0
ph2=1
ph3=02

ph31=02

;eycle if ns > 1. otherwise
;set ph3=0



P.S. #8 3D 15N-TOCSY-

HMQC (invtoc3d.gab)

;invtoc3d.gab

;3D sequence with H-X correlation via
heteronuclear multiple quantum

; coherence - homonuclear correlation
via "clean" MLEV17

;phase sensitive using TPPI

;no heteronuclear decoupling during
acquisition

;two power levels for excitation and spin-
locking

;Griesinger et al., JACS 110, 7870 (1988)
;Wijmenga et al., JMR 84, 634 (1989)
;Edison et al., JMR 92, 434 (1991)

1d11 ze

2dl11do

3d11*2

4d12 hl2
p18 ph29
di2 hll
pl phl
d2 dhi
p3:d ph2
do
p2 ph3
do
p3:d ph4
d2 hi3
ds
(p17 ph26)

5 (p6 ph22 d6 p7 ph23 d6 p6 ph22)
(p6 ph24 d6 p7 ph25 d6 p6 ph24)
(p6 ph24 d6 p7 ph25 d6 p6 ph24)
(p6 ph22 d6 p7 ph23 d6 p6 ph22)
(p6 ph24 d6 p7 ph25 d6 p6 ph24)
(p6 ph24 d6 p7 ph25 d6 p6 ph24)
(p6 ph22 d6 p7 ph23 d6 p6 ph22)
(p6 ph22 d6 p7 ph23 d6 p6 ph22)
(p6 ph24 d6 p7 ph25 d6 p6 ph24)
(p6 ph22 d6 p7 ph23 d6 p6 ph22)
(p6 ph22 d6 p7 ph23 d6 p6 ph22)
(p6 ph24 d6 p7 ph25 d6 p6 ph24)
(p6 ph22 d6 p7 ph23 d6 p6 ph22)
(p6 ph22 d6 p7 ph23 d6 p6 ph22)
(p6 ph24 d6 p7 ph25 d6 p6 ph24)
(p6 ph24 d6 p7 ph25 d6 p6 ph24)
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(p5 ph23)

lo to 5 times 11

(p17 ph26)

go=2 ph31

d11 do wr #0 if #0 1dO ip2 zd
“loto 3 times 10 ‘

d11rdOipl

d11id5 ip3

lo to 4 times 15
exit

ph1=0000
ph2=02
ph3=0
ph4=0022
ph22=0
ph23=1
ph24=2
ph25=3
ph26=1
ph29=0
ph31=0220

;hl1: ecoupler high power level

;h12: ecoupler power level for solvent
presaturation

;hl3: ecoupler low power level for spin-lock

;pl : 90 degree transmitter high power

pulse

;P2 : 180 degree transmitter high power
pulse

;p3 : 90 degree decoupler high power pulse
;pS : 60 degree transmitter low power
pulse

;p6 : 90 degree transmitter low power
pulse '

;p7 : 180 degree transmitter low power
pulse

;p17: trim pulse [1-2 ms]
;p18: relaxation delay with presaturation
;d0 : incremented delay (F1 in 3D)

[3 usec]

;d2 1 1/((21)XH)

;d6 : clean TOCSY delay, d6=p6
;dS: incremented delay (F2 in 3D)

[3 usec]

;d11: delay for disk /O

[30 msec]

;d12: delay for power switching

[200 usec]

;in0: 1/(4 * SW(X)) = (1/2) DW(X) for t1
;ndO: 4

[3 msec]



;INS: 1/(4 * SW(H)) = (1/2) DW(H) for t2
no, make -> iN5 = DW(H)

;NS: 8 *n

;DS: 16 '

;10: number of experiments in F1

:11: loop for MLEV cycle - ((p6 *
96)+p5)*11)+p17*2 = mixing time

;15: number of experiments in F2

:MC2: TPPI in F1

;MC2: TPPILin F2

P.S. #9 3D 15N-NOESY-
HMQC (noeinv3d.ffd)

;noeinv3d.ffd

;3D sequence with

; homonuclear correlation via dipolar
coupling

; dipolar coupling may be due to noe or
chemical exchange.

; H-1/X correlation via heteronuclear zero
and double quantum

;  coherence

;phase sensitive using TPPI

;with decoupling during acquisition

;with presaturation during relaxation delay
and mixing time

1dl1ze
2d11do
3d11*2
4 d12 hl2 dhi
pl18 ph29
di3 ‘
d12 hll
pl phl
do
p4:d ph7
do
pl ph2
di3
di2 hl2
p19 ph29
di3
d12 hil
pl ph3
d2
p3:d phS
ds
p2 ph4
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d5
p3:d ph6
di3
d2 dlo
go=2 ph31 cpd :
d11 do wr #0 if #0 1d0 ip1 zd
lo to 3 times 10
d11 rd0 ip5
dilid5
lo to 4 times 15
exit

ph1=00002222

ph2=0

ph3=0

ph4=0

ph5=02
ph6=0022

ph7=0

ph29=0
ph31=02202002

;h11: ecoupler high power level

;h12: ecoupler power level for presaturation
;dl0: power level for dlo mode ,
;p1 : 90 degree transmitter high power
pulse

;P2 : 180 degree transmitter high power
pulse

;P3 : 90 degree decoupler high power pulse
;p4 1 180 degree decoupler high power
pulse

;p18: presaturation during relaxation delay
;p19: presaturation during mixing time
;p31: 90 degree pulse for slave timer (cpd-
sequence)

;d0 : incremented delay (F1 in 3D)
[3 usec]

;d2 - V/((21)XH)

;d5 : Incremented delay (F2 in 3D)
;nd0: 4

;in5: 1/(4 * SW(X)) = (1/2) DW(X)
:ndS: 4

:NS:4 *n

;DS: 32

;10: number of experiments in F1
;110: number of experiments in F2
:MC2: TPPIL in F1

.[3 msec]



P.S. #10
:cbcanh
;ref IMR 99 (1992) p 201-207
;7/9/92 changed p29:c8 to d29 again!

CBCANH (cbcanh.sg)

#define INO  59.2u
#define LOOP1 36
#define LOOP2 16
#undef COMMENT

#fdef COMMENT

:INO = in0

;LOOP1 = (d18-in0)%in0 + 1 = d18%in0

;LOOP1+LOOP2 = total complex 13C incs

= d17%in0
#endif

#undef CARBON
#define CARBON
#undef NITROGEN
#define NITROGEN

;t=f1 = hydrogen frequency on water
;pl=proton 90 at hil

;p30=proton 90 at hl3

;hll = 1dB

;hl3 = dipsi decoupling power 15db

;f2 = carbon frequency switched from
46ppm to 177ppm

;p4=low power carbon 90 49us at d10
;p6=low power carbon 90 22us at dI2
;p20=low power carbon 90 53us at dl4
;p21=low power carbon 90 23.5u at di5
p11=202.4u;shaped offset sinc

p22=1.8m ;water trim pulse
p23=0.1m ;water trim pulse
;p24  ;opening the receiver

;f3 = nitrogen ‘frequency
;p7 = high power nitrogen 90 45us
;p31 = low power pulse 160 us at dbl0

;p18=presat pulse = ca. 1s

p2=2.25m

d0=4u

;d7 ca 100u = dw

d5=5m ;universal dd, id, ip delay

d8=aq

d11=50m

d13=219.2u

d14=d13-p21*2.0

d17=3.1m; 7.1m; 10.5m; 3.1m ;cbtoca
transfer time/2 :

d18=2.1m+INO

d19=d17-d18+INO
d26=d0+p11+4u+d18-INO

d27=4u
d28=d0+INO*LOOP1+d17-d26-d27

;nitrogen constant time:
d15=11m; half constant time
d16=d15/2-5.4m

d10=d15/2

d20=d15/2

:in16=in20=in10

d21=p4-pl

d22=p4-p7

d23=p7-pl

d24=p7-p6

d25=p6-pl

d30=d17+d0
d29=d30-INO*LOOP1
;in0=1n30=in29=in18=in19=in27
:in10=in20=in15=in16

ze
2 ds
3 d5 ddi8
4 2u
5 2u
;******* presaturation kKK ¥k
50m hi2
50u dbhi
1m dlo dI2
50u ol
d1
p18 phO
10u hl1
J¥*¥x%  start 90-degree on ha/hb  ****
(p1 ph2)
1.5m
- 2u
(d25 p1*2 phO) (p6*2 ph7):2
2u
1.5m dlo
(p22 ph2)
2u
;******* inept to Ca/Cb ok ok sk ok sk kok

(pl ph7) (p4 ph1):f2

;water trim pulse



4u
do hl3

(p11 ph10):dpl ;shaped

pulse on carbonyl

4u

d18 di2

;d18+d19=d17, d0+d18 = 2.1m
d19 cpdts

(p6*2 ph17):f2

d30

(p11 ph10):dpl ;shaped

pulse on carbonyl Bloch-Siegert

4u
4u dI0

;***** inept to ca % sk ok sk ok ok ok

(p4 ph19):f2

10u

11m dl2

(d24 p6*2 ph9):f2 (p7*2 ph0):f3
1Im

- 10udlO
j¥HRFEX Inept to nitrogen

K 3k 3 ok ok 3k ok
(p4 ph0):£2
4u to

4u ol ;shifting frequency to mid of

amid protons

0.1m cpdts

(p7 ph9):13
d10

(p11 ph10):dpl
dl1odi2

(d24 p6*2 ph10):{2 (p7*2 ph4):f3
d20

(p11 ph10):dpl
dlé6

2.4m to
3m hll ol

;inept to nitrogen

;shifting frequency

back to water

RFERXREX  inept to protons

dbo

sk ok ok ok ok ok ok

(d23 p1 phO) (p7 ph0):£3

2u

(p23 ph2) ;water trim pulse
2.25m '

(d23 p1*2 phO) (p7*2 ph10):f3
2.25m
(p23*2 ph0)
(2u ph0)

d7 dblo
p24:e

3u adc

d8 cpdb

;water trim pulse
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rcyc=6 ph31
d11 wr #0 if #0 zd

#ifdef CARBON

d5 ipl

lo to 4 times 2

d5 id0

d5s dd30

d51id19

ds5 ip31

ds ip31

lo to 3 times LOOPI

ok o sk sk Kk

PRk here starts LOOP2

12 ds
ds
13 20m
14 10m
15 30m

sk presaturation sk ok ok ok ok ok oK
16 50m hl2

50u dbhi

Im dlo dI2

50u ol

d1

p18 phO

10u hil

start 90-degree on ha/hb *****
(pl ph2)

1.5m

2u

(d25 p1*2 phO) (p6*2 ph7):f2
2u

« 3k Kk
E

1.5m di0

(p22 ph2)

2u
;******* inept to Ca/Cb 3K 3k sk ok sk ok ok

(p! ph7) (p4 phl):£2
4u

d26 hl3

d27 cpdts

(p11 phl10):dpl
pulse on carbonyl

4u

d28 di2

(p6*2 ph17):£2

d29

(p11 ph10):dpl ;shaped
pulse on carbonyl Bloch-Siegert

4u
4u dio

;******* inept to ca Sk okok kR kK

;water trim pulse

;shaped



(p4 ph19):2
10u
11mdl2
(d24 p6*2 ph9):f2 (p7*2 ph0):f3
Ilm
10u di0
JR¥RFEXEX inept to nitrogen
(p4 ph0):f2
4u to
4u ol
amid protons
0.1m cpdts
(p7 ph9):13
d10
(p11 ph10):dpl
d10 di2
(d24 p6*2 ph10):£2 (p7*2 ph4):f3
d20 ‘
(p11 ph10):dpl
d16

2.4m to

3m hll ol
back to water

(d23 p1 phO) (p7 ph0):f3

2u

3K %K 3k ok e ok %k

;shifting frequency to mid of

;Inept to nitrogen

;shifting frequency

; (p23 ph2)
2.25m
(d23 p1*2 phO) (p7*2 ph10):3
2.25m

; (p23*2 ph0)
(2u ph0)
d7 dblo
p24:e
3u adc
d8 cpdb

;water trim pulse

;water trim pulse

dbo

rcyc=16 ph31

dill wr #0 if #0 zd
ds ipl

loto 13 times 2
d5i1d27

d5s dd29

d5ip31

d5 ip31

lo to 14 times LOOP2
#endif

#ifdef NITROGEN
ds ip9

d5 rd0

d5 rd30
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ds rd29

ds rd27

d5 rd18

d5 rd19

lo to 2 times 2
d5 dd10
dsidlé .

d5 id20

d5 ip31
dsip31

lo to 2 times I3
#endif

do

exit

ph0=0

ph1=0

ph2=1

ph4=00002222

ph7=0 2

ph9=0022

ph17=00000000
11111111
22222222
33333333

ph19=0

ph31=02200220
20022002

ph10=0

ph20=0



P.S. #11 CBCA(CO)NH
(cbcaconh.sg)

#undef COMMENT

#ifdef COMMENT

;sg 1/28/92

;INO = INO

;LOOP1 = (d18-IN0)%in0 + 1 = d18%INO

;LOOP1+LOOP?2 = total complex 13C incs
=d17%INO

#endif

#define INO 59.2u
#define LOOP1 36
#define LOOP2 14

#undef CARBON
#define CARBON
#undef NITROGEN
#define NITROGEN

;t=f1 = hydrogen frequency on water

;p1=proton 90 at hl1

;p30=proton 90 at hl3

;hll = 1dB

;h13 = dipsi decoupling power 15db

;f2 = carbon frequency switched from
46ppm to 177ppm

;p4=low power carbon 90 58.8us at dl0 at
500 MHz

;p6=low power carbon 90 26.3us at dI2

;p20=low power carbon 90 63.9us at d}4

;p21=low power carbon 90 28.6u at d15

pl11=202.4u ;shaped offset sinc

p22=1.8m ;water trim pulse

p23=0.1m ;water trim pulse

;p24  ;opening the receiver

;3 = nitrogen frequency

;P7 = high power nitrogen 90 42us

;p31 = low power pulse 160 us at dbl0

;p18=presat pulse = ca. 1s

p2=2.25m

dO=4u

;d7 ca 100u = dw

d5=5m ;universal dd, id, ip delay
d8=aq

d11=50m

d13=217.6u ; freq switching 4/delta freq
d14=d13-p21*2.0

d15=5.4m

141

d16=4u

d17=3.1m; 7.1m; 10.5m; 3.1m ;cbtoca
transfer time/2

d18=2.1m+INO

d19=d17-d18+INO -

d26=d0+pl1+4u+d18-INO

d27=4u

d28=d0+INO*LOOP1+d17-d26-d27

d10=11m+d16+p21*2.0+10u

d20=11m-d15

d21=p4-pl

d22=p4-p7

d23=p7-pl

d24=p20-p7

d25=p6-pl

d30=d17+d0

d29=d30-INO*LOOP1

;:in0=in30=in29=in18=in19=1n27

;in10=1mn20=in15=in16

ze
ds
d5 ddis8
2u
2u
-*****_**presaturation*******
50m hl2
50u dbhi
1m dlo dl2
50u ol
50u 02
di
p18 ph0
10u hl1
JrRskrckxstart 90-degree on ha/hb*******
(p1 ph2)
1.5m
2u
(d25 p1*2 ph0) (p6*2 ph7):f2
2u

(W QRSN UV

o

1.5m dl0

(p22 ph2)

2u
JRkwkikx Inept to ca/cb

(p1 ph7) (p4 phl):f2
4u

dO hl3
(p11 ph10):dp1 ;shaped carbonyl:
4u

;water trim pulse

Sk ok ok 3k ok %k ok

d18 di2
;d18+d19=d17, d0+d18 = 2.1m
d19 cpdts



(p6*2 ph17):2

d30

(p11 ph10):dp1 ; Bloch-Siegert
4u

4u dl0

;x****** inept toca Sk S ok e sk kook

(p4 ph19):£2

4u

(p11 ph10):dpl ;shaped carbonyl
10u

3.5m dl2 ;

(p6*2 ph9):f2

4u

(p11 ph10):dp1;shaped carbonyl
3.5m dl0

10u

(p4 ph0):£2

50u 02; shifting frequency to C'
10u di4

(p20 ph8):f2

Im

3.5mdl5

d13 02; shifting frequency to

;Coo -18248 Hz
(p21*2 ph10):2
dl4
5.5m 02 ;shifting frequency to C'
Im d4
(p20*2 ph10):f2(d24 p7*2 ph10):f3
1Im
d13*2

(p20 ph18):f2

4u to

4u ol ;shifting frequency to mid of
amid protons

0.1m cpdts .

(p7 ph9):f3  ;inept to nitrogen

d10

(p20*2 ph10):f2 (d24 p7*2 ph4):f3

d20dl5

d15to

10u 02 ;shifting frequency
to cal -18248

(p21*2 ph10):£2

d16 hll ol ;shifting frequency
back to water

;*******inept to protons 5k ok ok %k kok %k

(d23 p1 phO) (p7 ph0):f3
2u
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(p23 ph2) ;water trim pulse
2.25m
(d23 p1*2 ph0) (p7*2 ph10):f3
2.25m

; (p23*2 ph0) ;water trim pulse

(2u phO)

d7 dblo

p24:e

3u adc

d8 cpdb

dbo

rcyc=6 ph31

d11 wr #0 if #0 zd

#ifdef CARBON

d5 ipl

lo to 4 times 2

ds id0

d5 dd30

d5 id19

ds ip31

ds ip31

lo to 3 times LOOP1

;*******here Starts LOOP2>F**>'<***
12 ds
ds
13 20m
14 10m
15 30m
;*******presaturation*******
16 50m hi2
50u dbhi
1m dlo dI2
50u ol
50u 02
dl
p18 phO
10u hil
;*******start 90_degree on ha/hb*******
(p1 ph2)
1.5m
2u
(d25 p1*2 phO) (p6*2 ph7):f2
2u
1.5m dl0
(p22 ph2) ;water trim pulse
2u

;******* ’ inept to ca/cb ok ok koK kK ok

(pl ph7) (p4 phl):f2
4u
d26 hi3



JRERRREXinept to ca

» 2k 3k ok ok k 3k
5

d27 cpdts
(pl1 phl10):dp! ;shaped pulse on C'
4u

d28 di2

(p6*2 ph17):f2

d29

(pl1 ph10):dpi;shaped pulse on
;carbonyl Bloch-Siegert

4u

4u di0

sk 3k ok ok ok ok

(p4 ph19):£2
4u

(p11 ph10):dp! ;shaped pulse on C'
10u
3.5mdl2 ;be careful when
;using shaped pulses
(p6*2 ph9):f2

4u

(p11 ph10):dp1;shaped pulse on C'
3.5m dl0

10u

inept to carbony] k¥**xkk

(p4 ph0):f2

50u 02; shifting frequency to C'
10u dl4
(p20 ph8):f2
Im
3.5mdl5
di3 o2 ;shifting frequency
;to Ca-18248 Hz
(p21*2 ph10):2

di4 '
5.5m o2 ;shifting frequency
;back to carbonyl
Im di4
(p20*2 ph10):£2(d24 p7*2 ph10):f3
11m
d13*2
JRREEREE inept to nitrogen  *FREEE**
(p20 ph18):f2
10u to
10u ol ;shifting frequency
;to mid of amid protons
0.1m cpdts
(p7 ph9):f3  ;inept to nitrogen

d10

(p20*2 ph10):f2 (d24 p7*2 ph4):f3
d20 di5

d15to

10u 02 ;shifting freq to ca -18248
(p21*2 ph10):£2
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d16 hll ol  ;shifting frequency
;back to water
;******* inept to protons 3K 3k ok ok ok sk >k
(d23 p1 phO) (p7 ph0):£3
2u :
. (p23ph2)
2.25m ’
(d23 p1*2 phO) (p7*2 ph10):f3
2.25m
; (p23*2 ph0)
(2u phO)
d7 dblo
p24:e
3uadc
d8 cpdb

;water trim pulse

;water trim pulse

dbo

rcyc=16 ph31

d11 wr #0 if #0 zd
ds5 ipl '
loto 13 times 2

ds id27

d5 dd29

d5 ip31

d5 ip31

lo to 14 times LOOP2
#endif

#ifdef NITROGEN
ds ip9

ds rdO

ds rd30

ds rd29

ds rd27
d5rd18
d5rd19

lo to 2 times 2
ds5 dd10

ds dd1s

ds id16

d5 1d20

d5 ip31

d5 ip31

lo to 2 times 32
#endif

do

exit

ph0=0

ph1=0

ph2=1

ph4=00000000
22222222



ph18=(360)51 ;adjusted for BS
ph19=0
ph31=02202002
20020220
ph10=0
ph20=0
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P.S. #12  ct-HSQC [filters for
aromatics] (ct-hsqced3l.jgp)
for filtering arom. or C'
;original expt
;2D 1H-13C hsqc with BB dec of 13C
;:Grzesiek and Bax (1993) J. Biol. NMR 3,
;pp-185-204.
;constant time 2T tuned to 1/Jcc
;need extra 13C ext. amp !!'must use dlo !!
;p3 ca 18-20us 13C90 at dI0
,pl3 26.3us 90 13C at dl1 null on carbonyl
when carrier set to 43 ppm
,p31 ca 60-65 us at dI2 for cpd decoupling
;p6 dp0 sinc1.0 180 13C' ( 240 us ) with
;dp0 40db approx 20 kHz offset
;set d7 to get O linear phase corr. 1.6¥*DW
;States with messerle water trim pulse
d26=p3-pl
d2=1.7m
d8=aq
pll=1m
d12=7m
d20=10u
d21=13.3m
d14=13.3m
p22=1.7m
d0=10u
d15=3m
d16=10.3m

1ze
2dl12dlo
3d12*4
4d12*3
5d1 hl2
p18 phO
10u hll1
pl phO
d2 dlo
2u
(d26 p1*2 phO) (p3*2 phl):d
2u
d2

(pl11 phO)
2u

;on resonance presat at HI2
;set to HP 1H
;1H90
;1/4JXH 1.7ms

;1TH,X 180

;Messerele trim pulse < 1ms

(d26 p1 phl) (p3 ph2):d ;1H,X90

do ;t1/2

(p1*2 phO) ;180 1H,

(p6 ph0):dp0 ;180 C' shaped pulse
10u

d14 dil ;time T
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(p13*2 ph6):d ;apply selective X 180
d21 , ;T-t1/2

10u d10 ;set low power X
(p6 ph0):dp0  ;apply shaped at pwr dp0
(p1*2):c8 ;1H 180 compensation
10u dI0

(d26 p1 ph0) (p3 ph3):d ;90 1H, 90 X
d2

(d26 p1*2 ph4) (p3*2 ph5):d ;180 1H&X
d7 ;adjust for flat baseline 1.6*DW

2u phO ;set rec phase

p22:e dI2 ;open rec, wait period d2
10u adc cpds ;start adc and cpd
dg ;set to acq time '
do

rcyc=2 ph31

d1l wr #0 if #0 zd ;write + increment file
di2 ip2 ;increment ph2 for States
lo to 3 times 2
d12 ip31 mcrement rec for States TPPI
d12 ip31
d12 id0
d12 dd21
lo to 4 times 13
exit
ph0=0
phl=13
ph2=0
ph3=00000000
22222222
ph4=0
ph5=0
ph6=(360) 83 83 263 263 173 173 353 353
;adjust for low power
ph31=02022020
20200202
;hl1 ecoupler high power
; p1 90 1H high power at hil
; d1 relax delay
; d2 1/4JXH
; in0 dw/2 X dimension
:in21 =1n0
:ns = 16*n
;ds=16

;increment dO by in0
;decrement d21 by in21



P.S. #13  ct-HSQC
(cthsqcRNA.jgp)

;2D 1H-13C hsqc with broad-band
;decoupling of 13C

;Vuister & Bax (1992) JMR 98, pp 428
;Santoro + King (1992) JIMR 97, 202-207
:constant time 2T tuned to 1/Jcc

;states quad in t1 with messerle water trim
;pulse ‘

;15N decoupling removed 11/4/93 jgp
d26=p3-pl

d8=aq

p22=2m

d12=11m

d11=50m

d0=3u

p9=10u

d5=(p1*2)+(d0*2) g

1ze
2d12
3d12*4
4 d12*3
5d1 hi2
1.5s
; pl18 phO
Hi2

10u hil

pl phO

d2 dhi
pwWI

2u

(d26 p1*2 phO) (p3*2 phl):d
180

;recycle delay - approx
;0N resonance presat at

;set to Hi Power 1H
:1H 90
:1/4JXH 1.4ms - 13Chi

;1THLX

2u

d2

(p22 ph0)
pulse 2ms

2u _

(d26 p1 phl) (p3 ph2):d

do

t1/2
(p1*2 phO)
do

;180 1H
;t1/72
d21 ;T-t1/2
(p3 ph6 2u p3*2 ph7 2u p3 ph6):d ;13C
180 , composite
d21 ;T-t1/72
ds ; compensate for phase
Eid26 pl phO) (p3 ph3):d ;90 1H,90 X
2

:Messerele trim

;1H,X 90

(d26 p1*2 ph4) (p3*2 phS):d ;180 1H,
180 C |
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d7 ;adjust for flat baseline
1.6*DW
p9:e ph0
d2 dlo
period d2
10u adc cpds ;start adc and cpd
dg ;set to acq time
do
rcyc=2 ph31
d11 do wr #0 if #0 zd
increment file
d12ip2
States
lo to 3 times 2
d12ip31
States TPPI
d12ip31
d12id0
d12 dd21
in21
lo to 4 times 13
exit
ph0=0
phl=13
ph2=0
ph3=00000000
22222222
ph4=0
ph5=0
ph6=11332200
ph7=22003311
ph31=02022020
20200202
;hl1 ecoupler high power
; p1 90 1H high power at hll
; p3 13C 90 high power - approx 16us
; p31 13C low power for Garp decoupling
approx 60us
; d1 relax delay
; d2 1/4JXH approx 1.4ms
; In0 dw/2 X dimension
;in21 =1n0
; d12 =7ms switch '
; p18 - for presat if needed at hl2 -
; P22 spinlock trim pulse for h2o0.
suppression <2ms
; dO - inital t1 period 3us
; d21 1/Jcc or 2/Jcc - either 9ms or 18ms
; d7 1.6*dw ‘
; P9 2us
; d8 set to acq time

;set rec phase
;open rec, wait

swrite +

;increment ph2 for
:increment rec for

;increment dO by in0
;decrement d21 by

2



P.S. #14 3D 13C-NOESY-
HMQC (noe3d13cX.jgp)

;noe3d13cX.jgp -
;noesy 13C 3d
;abx 5/17/91
d4=1.65m
p6=d4
d8=aq
d11=50m
1 ze
2 dl11l

Sm
3 I5m

-4 10m

5 15m
6 di hl2 dhi; ol
f1list hech '
;7 p18 phO

10u ; ol

4.77
- 10uhll

pl phl ;1H 90

do ;t172

(p3 phil):d

2u

(p3*2 ph10):d
composite

2u

(p3 phll):d

do ;t1/2

pl ph2 ;90 1H

d19 ;mixing time not presat

pl ph3 ;90 1H

p22 ph8 ;messerele spin lock 0.5ms

d4

(p1*2 phO) (p3*2 ph0):d

d4

;add in for presat

;if presat is needed
;add in for presat at

;13C 180 decouple

p23 phO ;messerele spin lock
1.8ms

(p3 phS)d ;13C 90

d1o 22

pl*2 ph4 ;1H 180

d10 ;1212

(p3 ph9):d ;13C 90

d4

(p1*2 phO0) (p3*2 ph0):d

d7 ph7

p6:e dlo ;wait d4, turn on rec, set
13C1lo
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3u adc

d8 cpd
do
rcyc=2 ph31
dil wr #0 if #0 zd
Smipl
lo to 3 times 2
Smip31
Sm id0
5mip31
lo to 4 times 126
complex 1H in tl
Smip5
Sm rdO
loto 5 times 2

;start 13C cpd - garp

:states - TPPI #

. 5mid10

5mip31
5mip31

lo to 6 times 31
in t2 15N

do

exit

ph0=0
ph1=02
ph2=0

ph3=0
ph4=0022
ph5=0

ph6=0
ph7=(360)174
ph16=(6)0
ph17=(6)1
ph18=(6)2
ph19=(6)3
ph26=(6)4
ph27=(6)5
ph30=0
ph31=02022020

ph8=1

ph9=00002222
ph10=0000000022222222
phl11=1111111133333333
10us,2d 10+4/pi*13C90+1H 180=dw/2
;p3 HP 13C 18us,d19 mix time 100ms,d7
0.6*dw,d4=1/4jCH

;P22 messerele 0.5ms, p23 messerele
1.8ms

;t1 4807 H in0O 104us carrier 4.0ppm

;2 3592.8H 139.2us=in10 carrier 43 ppm
;t3 approx 4807 H dw=104us*2

;states - TPPI # complex



P.S. #15 3D HCCH TOCSY
(hcchtoc.al)

;3D 13C HCCH-TOCSY

;sg 10-15-91

;f2 = carbon frequency at 46 ppm

;p3 = high power carbon 90 ca. 10us

;p4 = shaped pulse on carbony! 180 degree
pS=2m ;Jlow power trim pulse at dl0
;p6 low power carbon 90 30-35 us for
dipsi/flopsy at dl0

pl0=p6*.55555

;p31 low power carbon ca. 50us 90 for

waltz decoupling dl1
d21=p3-pl
d6=p3*4+d0*2+4u
;d7=de
d8=aq
d12=p4 + d10*2 +p3*0.6366 +p1*2
p7=1.5m
p8=p3+1.5u
p9=p3-1.5u
1 ze
2 50m
3 10m
4 10m
5 15m
6 10u h12
dl ol
pl18 phO
10u ol
10u hl1
;***************************
pl phl ;starting 90
1.5m dhi
do

(p3 ph2):f2 ;composite 180 13C
2u

(p3*2 ph13):£2

2u

(p3 ph2):£2

do

pl*2 ph3
1.5m

dé ;compensation delay
;***,*****************************

(d21 p1 ph4) (p3 ph5):f2 ;first

inept

2u

d10 dlo

(p4 ph10):dpl ;Carbonyl
180
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4u

Im

(p1*2 ph6)

2u

d10 dhi

(p3*2 ph7):f2

2u

0.5m dlo

0.5m dI0

6u

- dl12

;*********************************

(p5 ph12):£2 ;SL-pulse
8 (p10*4.9 ph15):f2

(p10*7.9 ph16):f2

(p10*5.0 ph15):£2

(p10*5.5 ph16):f2

(p10*0.6 ph15):2

(p10*4.6 ph16):f2

(p10*7.2 ph15):f2

(p10*4.9 ph16):f2

(p10*7.4 phl5):f2

(p10*6.8 ph16):f2

(p10*7.0 ph15):£2
(p10*5.2 ph16):f2
(p10*5.4 ph15):f2
(p10*0.6 ph16):f2
(p10*4.5 ph15):£2
(p10*7.3 ph16):f2
(p10*5.1 phl5):£2
(p10*7.9 ph16):f2
(p10*4.9 ph15):f2
(p10*7.9 ph16):f2
(p10*5.0 ph15):f2
(p10*5.5 ph16):12
(p10*0.6 ph15):f2
(p10*4.6 ph16):f2
(p10*7.2 ph15):£2
(p10*4.9 ph16):f2
(p10*7.4 phl5):£2
(p10*6.8 ph16):f2
(p10*7.0 ph15):£2
(p10*5.2 ph16):f2
(p10*5.4 ph15):f2
(p10*0.6 ph16):£2
(p10*4.5 ph15):f2
(p10*7.3 ph16):£2
(p10*5.1 ph15):f2
(p10*7.9 ph16):f2

(p10*4.9 ph16):f2



(p10*7.9 ph15):£2
(p10*5.0 ph16):f2
(p10*5.5 ph15):f2
(p10*0.6 ph16):f2
(p10*4.6 ph15):£2
(p10*7.2 ph16):f2
(p10*4.9 ph15):f2
(p10*7.4 ph16):f2
(p10*6.8 ph15):f2
(p10*7.0 ph16):f2
(pl10*5.2 ph15):2
(p10*5.4 ph16):f2
(p10*0.6 ph15):f2
(p10*4.5 ph16):f2
(p10*7.3 ph15):£2
(p10*5.1 ph16):£2
(p10*7.9 ph15):£2
(p10*4.9 ph16):f2
(p10*7.9 ph15):£2
(p10*5.0 ph16):f2
(pl10*5.5 ph15):£2
(p10*0.6 ph16):f2
(p10*4.6 ph15):f2
(p10*7.2 ph16):f2
(p10*4.9 ph15):f2
(p10*7.4 ph16):f2
(p10*6.8 ph15):f2
(p10*7.0 ph16):£2
(p10*5.2 ph15):f2
(p10*5.4 ph16):2
(p10*0.6 ph15):f2
(p10*4.5 ph16):f2
(p10*7.3 ph15):f2
(pl10*5.1 ph16):2
(p10*7.9 ph15):2

lo to 8 times 3

(pSphl12):f2  ;slpulse
;total mixtime0.55*p6*391.2*loop
;***** Cnd DIPSI Sk ok K 2k ko
2u

- Imdhi _
(d21 p1*2 phO) (p3*2 ph10):f2
2u

Im

(d21 p1 ph9) (p3 ph10):f2
1.5m

(d21 p1*2 phO) (p3*2 ph10):f2
d7

;inept

p7e

3u adc

(p8 ph10):f2
(p9 ph11):f2
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2u
+2u dlo

2u dlt

d8 cpds

do
rcyc=2 ph31
50m wr #0 if #0 zd
Smipl
lo to 3 times 2
S5m 1d0
Smip31
Smip31

;garp 60us

1o to 4 times 128

S5mrdO

SmipS

lo to 5 times 2
Smidl10
5mip31
Smip3]

lo to 6 times 32
do

exit

ph0=0

ph1=0

ph2=00000000
22222222

ph3=00001111
22223333

ph4=13

ph5=0

ph6=0

ph7=00112233

ph9=00000000
22222222

ph10=0

ph11=02

ph12=(360)5 555 185 185 185

185;should be adjusted

ph13=11111111
33333333

ph15=(360)95

ph16=(360)275

ph21=(6)5

ph22=(6)4

ph23=(6)3

ph24=(6)2

ph25=(6)1

ph26=(6)0

ph31=02202002

20020220

;should be adjusted
;should be adjusted



P.S. #16 4D 13C/13C NOESY-
HMQC (hcchnoe4d.al)
;4d noesy (1H-13C-13C-1H)
:11/28/93 A. Lee ,hcchnoedd.abx as templat
;ref: Clore, Kay, Bax, Gronenborn
;Biochemistry, 1991, 30, pp. 12-18
;set d10 and d20 properly for 1/2 dw
pl3=im
p24=3.4m
d11=40m
d12=6m
d6=p3*4
d16=d6+10u -
d8=aq
1ze
thi
2d11
d12*2
3d12*6
4d12*2
5d12*3
6d12*2
7 d12*3
8 d12 dlo hi2 ol
p18 ph29 dI0 02
(p13 phO 2u):£2
d12 dhi hl1 ol
pl phl
3.4m
dié
(p3 phl1):f2
d21
p1*2 ph2
d21
(p3 ph0):£2
3.4mo2
do
(p3 ph22 2u p3*2 ph12 2u p3 ph22):f2
do
(p2 ph3)
2u
pl ph4
40m o2
(p3 ph0):£2
60m

;end of first hmgc

;trim

10u dlo

(p13 ph0):£2
(pl ph5)
3.4m dhi
10u

(p3 ph13):£2
d20

;begin final hmqc
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(p1*2 ph6)

d20

(p3 ph0):f2

p24:e 02

d7 : “;pre-scan delay
3uadc

(p3 ph0):f2

2u

(p3 phl4):f2

2u

Sudlo

Sudli

d8 cpds

10u do

rcyc=2 ph31

d1i1 wr #0 if #0 zd
d12 dp3

d12 dp4

Jo to 3 times 2
d121d0

d12 rp3

d12 mp4
d12ipl

d12 ipl

d12 1p31 ‘
di2 ip31 ;tppi part of states-tppi (t2)
lo to 4 times 64 ;64 complex in f1
d12 rd0 ;reset dO

d12ipll ;quad in t1 (13C)
lo to 5 times 2
d12ip31

d12id21

d12 ip31

lo to 6 times 8

d12 rd21

d12ipl13

lo to 7 times 2
di2ip31

d121d20

d12ip31

lo to 8 times 8

exit

ph0=0

ph1=0
ph2=00001111
ph3=3

ph4=0

ph5=0
ph6=00001111
ph11=02
ph12=1133
ph22=0022

;states part of states-tppi (t2)

;quad in t3 (13C)



ph13=0022
ph14=02
ph29=0
ph31=0220
ph7=2

P.S. #17 4D 13C/I15N NOESY-
HMQC (chhn4d.jgp)

; chhndd.jgp

;13c, 15n edited 4d noesy

;ref: Kay et al., 1990 Science, 249, 411.
;Phase cycle can be 4 or 8

;pl proton 90 at hl1=2

;p18  proton presat at hl3

;p3 high power ¢13 90 on 2 (56ppm)
;p7  high power n15 90 on {3

;p31  low power n15 90 (160ms) on f3 at

dbl0
;P15 noesy mix with presat
;p24 . refocusing delay = d4

d0=in0*0.5-p1-p3*0.637
incremental delay

d2=3m

cl3
d3=p3*4+d10*2.0+4u
delay for protons
d4=4.5m

;d7=de

d8=aq

,do 13C incremental delay
;d10 ~ proton incremental
delay
d20=in20*0.5-p1-p7*0.637
incremental delay

d11=50m

d12=11m

;:carbon
;hmgc h to

;refocusing

;nitrogen

ze

d11

di2

d12*3.0

d12*2.0

d12*3.0

d12*3.0

d12*3.0
presaturation

SO bk Ww (O8]

3K Kk K %k >k ok ok ok %k
3

8 10u hi2
50u dbhi dhi
p18 phO
10u hl1
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-k KKK
’ sk 3k ok koK
p! phl
d2
d3
(p3 ph2):f2

carbon evolution *¥¥**

start 90-degree on h-c13

« 3 5k oK ok %
>

do
(p1*2 pho)
do
(p3 ph0):f2
d2

JRoRFEX proton evolution *****
dio
(p3 phO 2u p3*2 phS5 2u p3 ph0):f2
dio
(p1 phO)
Nnoesy mixing *#¥¥*
10u hi2
pl5 phO
2u
5u hll
pl phO
d4

« 3 k3K ook ok
’

SRR hmgqc to nitrogen

ko kR ok

(p7 ph3):13
Rk nitrogen evolution *****
d20
(p1*2 ph12)
d20
SRk hmgqc to proton ****x*
(p7 ph0):f3
(2u ph0)
d7 dblo
p24:e
3u adc
d8 cpdb
dbo
rcyc=2 ph31
dll wr#0if #0 zd
d12 ipl
loto 3 times 2
d121d10
d12ip31
d12ip31
lo to 4 times 64
di12ip2
d12 rd10
lo to 5 times 2
di2id0
d12 ip31

;protons

;carbons



. d121p31

loto 6 times 8
d12 ip3

d12 rdO

loto 7 times 2

d12id20

d12 ip31

di12ip31

lo to 8 times 8

do

dbo

exit

ph0=0

ph1=0
ph2=0202
ph3=0022
ph4=1

ph5=1
ph12=00001
ph31=02202

;nitrogens
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P.S. #18 2D 13C-{13CO0} spin
echo difference ct-HSQC
(cthsqcjcc.jgp)
;2D 1H-13C hsqc with broad-band
decoupling of 13c for
;JCC coupling constants
:Gresiek, Vuister, Bax (1992) JBiomol.
NMR 3 (1993) 487-493.
:constant time 2T tuned to 2/Jcc = 58ms
;need extra 13C external amp !'must use
dlo !! ENI setup
;p3 ca 18-20us 13C90 at di0 10dB
;p13 26.3us 90 13C at dl1 17.8 db null on
carbonyl
when carrier set to 46 ppm

,p31 ca 60-65 us at d12 28.1 db for cpd
decoupling
;p6 dpO0 sinc1.0 180 13C' (294 us) with
dpO 40db
;  approx 20 kHz offset
;p4 15N 90 High Power

;set d7 to assure O linear phase correct

1.6*DW

;states with messerle water trim pulse
d26=p3-p1
d27=(p6/2)-p1
d28=(p6/2)-p4
d29=p4-p13
d30=p4-pl
d2=1.7m
d8=aq
pll=Im
d12=7m
d20=10u
d21=28.7m
p22=1.7m
d11=50m
d0=10u
;*********** 7ero buffers
3k ok sk 3k ok sk ok sk sk ok ok sk ok ok ok ok koo sk ok
di2 st0

ze
d12 st

ze
d12 st0
1d11

d12
2d12*4
3 d12 dlo dbhi
; stO

d1 hl2

;start at buffer O
;recycle delay
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; p18 phO ;0N resonance presat at
Hi2
10u hl1
pl phO
d2 dlo
2u

(d26 p1*2 ph0) (p3*2 ph1):d
180

;setto HP 1H
;1H 90
;1/4)JXH 1.7ms

1H, X

2u

d2

(p11 ph0)
Ims

2u

(d26 p1 phl) (p3 ph2):d

do 1/2

bl

;Messerele trim pulse <

; TH,X 90

(p4):c8
(d27 p1*2 phO) (p6 ph0):dp0 (d28 p4*2
ph7):f3
; 180 1H, 180 shaped C'O, 15N 180
(p4):c8
do
d21
power
10u dl1
(p13*2 ph6):d
180

;t1/2
. ;T-t1/2 set sel X 180

;apply selective X

d21

20u di0

(p4):c8

(p6 ph0):dp0°
pwr dp0

(p4):c8

10u dI0

(d26 p1 phO) (p3 ph3):d

d2

(d26 p1*2 phd) (p3*2 ph5):d ;180 1H,
180 X

[T-t1/2
;set X low power

;apply shaped at

;90 1H, 90 X

d7 ;adjust for flat baseline
1.6¥xXDW

2u phO

p9:e phO ;set rec phase

dz2 di2 ;open rec, wait
period d2

10u adc cpds ;start adc and cpd

d8 ;set to acq time

do '

rcyc=1 ph31

;**************Second
experiment*#***********************
*

d12 st
10d1t



di2

di2*4

d12 dio dbhi

d1 hi2
; p18 phO
HI2

10u hll

pl phO

d2 di0

2u

(d26 p1*2 ph0) (p3*2 phl):d
180

2u

d2

(p11 ph0)
Ims

2u

(d26 p1 phl) (p3 ph2):d ;1H,X 90

do ;t1/2

;recycle delay
;On resonance presat at

;setto HP 1H
:1H 90
:1/4JXH 1.7ms

;1H.X

;Messerele trim pulse <

(430 p1*2 phO) (p4*2 ph7):3 ;180 1H,
180 15N

do ;12

d21 ;T-t1/2

(p6 ph0):dp0 ;carbonyl pulse

10u dl1

(p13*2 ph6):d ;apply selectiveX180

d21 ;T-t1/2

20u d10 ;set X power

(p4):c8

(p6 ph0):dp0 ;apply shaped at pwr
dpO

(p#h):c8

10u di0

(426 p1 phO) (p3 ph3):d ;90 1H, 90X
d2

(d26 p1*2 ph4) (p3*2 ph5):d ;180 1H,
180 X

d7 ;adjust for flat
baseline 1.6*DW

2u phO

p9:e phO ;set rec phase

d2 di2 ;open rec, wait period
d2

10u adc cpds ;start adc and cpd

dg ;set to acq time

do

rcyc=10 ph31

3u

; loto1times |2

JFERERERERE write the data
sk sk 3k 3k ok sk ok ok sk ok sk ok 3k ok ok ok ok sk sk ok ok

154

d11 do wr#0if #0 st0zd ;write +
increment file
di2ip2
States
lo to 2 times 2
di2 ip31
States TPPI
d12ip31
d12id0
d12 dd21
in21
lo to 3 times 13
exit
ph0=0
phl=13
ph2=0
ph3=00000000
22222222
ph4=0
ph5=0
ph6=(360) 353 353 173 173 83 83 263 263
;adjust for low power
ph7=0000000000000000
2222222222222222
ph31=02022020
20200202
;hil ecoupler high power
; p1 90 1H high power at hl1
; d1 relax delay -
; d2 1/4JXH
; in0 dw/2 X dimension
;in21 =in0
; p18 presat if needed
;nbl=2
;number of scans = 32*]2
:ns=32 :
;complex t1 points t1 dimension =13
;td = 2* normal td
;tdl =4%*13
; total time approx 17 hrs.
;13C carrier 43 ppm;sw 33ppm; in0
100.4us;284 expt
;1JH HDO;8ppm;

;increment ph2 for

;increment rec for

;increment d0 by in0
;decrement d21 by



P.S. #19 2D 13C-{15N} spin echo
difference ct-HSQC (cthsqcjnc.jgp)
;2D 1H-13C hsqc with broad-band
decoupling of 13c for INC coupling -
;constants
; Vuister, Wang & Bax (1992) JACS 1993,
115, 5334-5335
;constant time 2T tuned to 2/Jcc = 58ms
;need extra 13C external amp !!'must use
dlo !! ENI setup '
;p3 ca 18-20us 13C90 at dI0 10dB
;p13 26.3us 90 13C at dl1 17.8 db null on
carbonyl
; when carrier set to 43 ppm
;p31 ca 60-65 us at dI2 28.1 db for cpd
decoupling
;p6 dpO0 sinc1.0 180 13C' ( 240 us ) with
dp0 40db
;  approx 20 kHz offset
;p4 15N 90 High Power
;set d7 to assure O linear phase correct
1.6*DW
;states with messerle water trim pulse
d26=p3-pl
d27=(p6/2)-p1
d28=(p6/2)-p4
d29=p4-pl3
d2=1.7m
d8=aq
pll=Im
d12=7m
d20=10u
d21=28.6m
p22=1.7m
d11=50m
;*********** Zero bUfferS
3k ok ok 3k 2 o 2k Sk 2k 3k ok sk ok ok 3k sk sk sk sk ok
di2 st0

ze
d12 st

ze
di2 st0
1d11

d12
2d12*4
3 d12 dlo dbhi
; st0

d1 hl2

; p18 phO
HI2

10u hl1

;start at buffer O
;recycle delay
;on resonance presat at

;set to HP 1H
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;1H 90
:1/4JXH 1.7ms

pl phO

d2 dio

2u

(d26 p1*2 phO) (p3*2 phl):d ;1H,X
180 : _

2u

d2

(p11 phO)
Ims

2u

(d26 p1 phl) (p3 ph2):d ;1H,X 90

do ;112

;Messerele trim pulse <

(d27 p1*2 ph0) (p6’ph0):dp0 (d28 p4*2

ph7):3
; 180 1H, 180 shaped C'O, 15N 180

do ;t1/2

dz21 dl1 ;T-t1/2 set sel X 180
power

d29 ;comp delay for 15N
180 expt 2

(p13*2 ph6):d ;apply selective X
180

d29 ;comp delay for 15N
180 expt 2

d21 ;T-t1/2

10u dl0 ;set low power X

(p6 ph0):dp0 ;apply shaped at
pwr dpO '

10u d10

(d26 p1 phO) (p3 ph3):d ;90 1H, 90 X
d2

(d26 p1*2 ph4) (p3*2 phS):d ;180 1H,
180 X

d7 ;adjust for flat baseline
1.6*DW

2u ph0

p9:e phO ;set rec phase

d2 di2 ;open rec, wait
period d2

10u adc cpds ;start adc and cpd

ds8 ;set to acq time

do

rcyc=1 ph31

;**************Sec()nd
experiment*************************
*

d12 st
10d11
dl2
dl12*4
d12 dlo dbhi

d1 hl2 ;recycle delay



; p18 phO ;0N resonance presat at
H12

10u hl1 ;set to HP 1H

pl phO ;1H 90 ,

d2 dlo ;1/4JXH 1.7ms

2u

(d26 p1*2 ph0) (p3*2 phl):d ;TH,X
180

2u

d2

(p11 phO) ;Messerele trim pulse <
Ims

2u

(d26 p1 phl) (p3 ph2):d ;1H,X 90

do ;6172

(d27 p1*2 phO) (p6 ph0):dp0 ;180
1H, 180 shaped C'O

do t1/2

d21 dll ;T-t1/2 set sel X
180 power

(d29 p13*2 ph6):d (p4*2 ph7):f3 ;apply
selective X 180 + 15N 180

d21 ;T-t172

10u 410 ;set low power X

(p6dpl(;0):dp0 ;apply shaped at
pwr ap

10u

(d26 p1 phO) (p3 ph3):d ;90 1H, 90 X

d2

(d26 p1*2 ph4) (p3*2 ph5):d ;180 1H,
180 X

d7 ;adjust for flat
baseline 1.6*DW

2u ph0

p9:e phO ;set rec phase

d2 di2 ;open rec, wait period
d2 ,

10u adc cpds ;start adc and cpd

d8 ;set to acq time

do ,

rcyc=10 ph31

3u

;loto 1 times 12
JFFERRKRX write the data
Skkskodokokskskksk ok okskoksk sk okokkk ok

d11 do wr #0 if #0 stO zd
increment file

;write +

d12 ip2 ;increment ph2 for
States
lo to 2 times 2

d12 ip31 ;increment rec for
States TPPI
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d12 ip31
d12ido
d12 dd21
in21
loto 3 times 13

;increment dO by inO
;decrement d21 by

' exit

ph0=0

phl=13

ph2=0

ph3=00000000
22222222

ph4=0

ph5=0

ph6=(360) 353 353 173 173 83 83 263 263

;adjust for low power

ph7=0000000000000000
2222222222222222

ph31=02022020
20200202

;hl1 ecoupler high power

; p1 90 1H high power at hll

; d1 relax delay

; d2 1/4JXH

; in0 dw/2 X dimension

;in21 =in0

; p18 presat if needed

;nbl =2

;number of scans = 32%*]2

;ns=32

;complex t1 points t1 dimension = I3

;td = 2* normal td

;tdl = 4%13 :

; total time approx 17 hrs.

;13C carrier 43 ppm;sw 33ppm; in0

100.4us;284 expt

;1H HDO;8ppm;



P.S. #20  ct-HCCH-TOCSY
(hcchdipct.jgp)

~ ;constant time hcch-dipsi with t1-trick

;pl= proton 90 at hl1

;p18 = proton presaturation at hl2

;p11 messerle pulse h20 suppression

;f2 = carbon frequency at 43 ppm

;p3 = high power carbon 90 ca. 12us
;p13=180 with null at CO (21.4 90 degr)
;p4 = shaped pulse on carbonyl 180 degree
;d10=high ‘

;dl1=null at CO

;d12=dipsi

;d13=13c decouple

p5=1m ;low power trim pulse at d10
;p6 low power carbon 90 30-35 us for
dipsi/flopsy at dl0

pl0=p6*.55555

;p31 low power carbon ca. 50us 90 for

waltz decoupling dl1
d6=p3*2 + d0*2
:d7=de
d8 =aq
d10=4u
d20=1.6m
d21=1.6m
d11 =p1*2 + 13.6m + d10
p7 =1.5m
p8 = p3+1.5u
p9 = p3-1.5u
pli=lm
1 ze
2 50m
; 1lm
3 33m
4 22m
5 33m
6 10u hl2
7 dldlo
; p18 phO
10u hl1 410
;**********************************
pl phl ;starting 90
d20
do
(p3*2 ph4):£2
do
p1*2 ph3
d21
dé ;compensation delay
pll phl .
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3

(p1 ph4) (p3 phS5):f2 ;first inept
2u

diodlo

(p4 ph10):dp0- ;Carbonyl
180 : '

1.Im

(p1¥2 phO)

12.5m dil ;for 2/JCC use 25.2m

(p13*2 ph6):f2

2u

d11dl2 ;for 1/Jcc use 13.6m for
2/JCC 26.3m

(p4 ph10):dp0 ;Carbonyl
180

4u

4u dl2
;**********************************

(p5 ph12):f2 ;SL-pulse
8 (p10*4.9 ph15):f2

(p10*7.9 ph16):f2

(p10*5.0 phl15):f2

(p10*5.5 ph16):f2

(p10*0.6 ph15):f2

(p10*4.6 ph16):f2

(p10*7.2 ph15):f2

(p10*4.9 ph16):f2

(p10*7.4 ph15):f2

(p10*6.8 ph16):2

(pl0*7.0 ph15):f2

(p10*5.2 ph16):f2

(p10*5.4 ph15):£2

(p10*0.6 ph16):f2

(p10*4.5 ph15):£2

(p10*7.3 ph16):12

(p10*5.1 ph15):2

(p10*7.9 ph16):£2

(p10*4.9 ph15):£2

(p10*7.9 ph16):f2

(p10*5.0 ph15):£2

(p10*5.5 ph16):f2

(p10*0.6 ph15):f2

(p10*4.6 ph16):£2

(p10*7.2 ph15):f2

(p10*4.9 ph16):£2

(p10*7.4 ph15):£2

(p10*6.8 ph16):f2

(p10*7.0 ph15):£2

(p10*5.2 ph16):f2

(p10*5.4 ph15):f2

(p10*0.6 ph16):f2



« 3k o o sk ok ok ok
’

(p10*4.5 ph15):£2
(p10*7.3 ph16):f2
(p10*5.1 ph15):£2
(p10*7.9 ph16):f2

(p10*4.9 ph16):2
(p10*7.9 ph15):2
(p10*5.0 ph16):f2
(p10*5.5 ph15):2
(p10*0.6 ph16):f2
(p10*4.6 ph15):12
(p10*7.2 ph16):£2
(p10*4.9 ph15):2
(p10*7.4 ph16):f2
(p10*6.8 ph15):£2
(p10*7.0 ph16):f2
(p10*5.2 ph15):£2
(p10*5.4 ph16):f2
(p10*0.6 ph15):f2
(p10*4.5 ph16):f2
(pl10*7.3 ph15):£2
(p10*5.1 ph16):f2
(p10*7.9 ph15):f2

. (p10*4.9 ph16):f2
(p10*7.9 ph15):f2
(p10*5.0 ph16):f2
(p10*5.5 ph15):f2
(p10*0.6 ph16):f2
(p10*4.6 ph15):f2
(p10*7.2 ph16):12
(p10*4.9 ph15):f2
(p10*7.4 ph16):f2
(p10*6.8 ph15):f2
(p10*7.0 ph16):f2
(pl10*5.2 ph15):2
(p10*5.4 ph16):2
(p10*0.6 ph15):f2
(p10*4.5 ph16):f2
(p10*7.3 ph15):2
(p10*5.1 ph16):f2
(p10*7.9 ph15):2
lo to 8 times 12

(p5 ph12):f2 ;SL-pulse

2u :
1.1m dio

end DIPSIy K ok ok ok ok >k k kok

(p1*2 phO0) (p3*2 ph0):f2
2u

1.1m

(p1 phO) (p3 ph9):£2

1.5m

;inept

(p1*2 phO) (p3*2 ph30):2
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d7

p’:e

3u adc

(p8 ph0):f2
(p9 ph11):£2 -
2u

2u dI3
d8 cpds
do
rcyc=2 ph31
50m wr #0 if #0 zd
;11m ipl
;]o to 3 times 2
;11m id0
:11m id20
;11m dd21
;11m ip31
;11m 1p31
;1o to 4 times 64
11m rdO
I11m ip5
11m ip6
lo to 5 times 2
11mid10
11mddil
11mip31
11m ip31
lo to 6 times 13
do
exit

ph0=0
phl=0 .
ph3=0000222211113333"
ph30=0

ph4=13

ph5=0
ph6=0000111122223333
ph9=002 2

ph10=0

ph11=0022

ph12=0
ph15=(360)90
ph16=(360)270
ph21=(6)0
ph22=(6)1
ph23=(6)2
ph24=(6)3
ph25=(6)4
ph26=(6)5
ph31=02202002
20020220

;should be adjusted

;should be adjusted
;should be adjusted



P.S. #21 2D ct-HCCH-

TOCSY [aromatics]
(hcchdpctar.jgp)

;hcchdpctar.jgp

;derived from hcchdipct.abx

;constant time hcch-dipsi with t1-trick
;optimized for aromatic H-C pairs 11/4/93
-igp & ffd

;p1= proton 90 at hl1

;p18 = proton presaturation at hl2

:f2 = carbon frequency at 125 ppm

;p3 = high power carbon 90 ca. 12us
;d10=dipsi

;dl1=13c decouple

pS=1m ;low power trim pulse at dl0
;p6 low power carbon 90 30-35 us for
dipsi/flopsy at di0

p10=p6*.55555

;p31 low power carbon ca. 50us 90 for

waltz decoupling dl1
d6=p3*2 + d0*2
:d7 =de
d8 =aq
d10=4u
;d20=1.3m
;d21=1.3m
d11 =p1*2 + 7.14m + d10
p7 = 1.3m
p8 = p3+1.5u
p9 = p3-1.5u
1 ze
2 55m
3 15m
4 10m
5 15m
6 10u hi2
dl1
7 Is
; p18 phO
10uhil dhi  ;switchtohp 1H &
,1*3>g<*******************************
pl phl ;starting 90
1.3m
do
(p3*2 ph4):£2
do
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p1*2 ph3
1.3m
dé ;compensation delay

(pl ph4) (p3 ph5):f2 first inept
2u

d10

1.3m

(p1*2 phO)

5.84m

(p3*2 ph6):f2

2u :

d11 dlo dl0 ;switch to Dipsi 13C
power

4u

4u
;**********************************

(pS ph12):£2 ;SL-pulse
8 (p10*4.9 ph15):2

- (p10*7.9 ph16):f2

(p10*5.0 ph15):f2
(p10*5.5 ph16):f2
(p10*0.6 ph15):2
(p10*4.6 ph16):f2
(p10*7.2 ph15):£2
(p10*4.9 ph16):2
(p10*7.4 phl15):f2
(p10*6.8 ph16):f2
(p10*7.0 ph15):f2
(p10*5.2 ph16):2
(p10*5.4 ph15):f2
(p10*0.6 ph16):f2
(p10*4.5 ph15):f2
(p10*7.3 ph16):2
(p10*5.1 ph15):£2
(p10*7.9 ph16):f2
(p10*4.9 ph15):f2
(p10*7.9 ph16):f2
(p10*5.0 ph15):f2
(pl10*5.5 ph16):f2
(p10*0.6 ph15):2
(p10*4.6 ph16):£2
(p10*7.2 ph15):£2
(p10*4.9 ph16):f2
(p10*7.4 ph15):f2
(p10*6.8 ph16):2
(p10*7.0 ph15):f2
(p10*5.2 ph16):f2
(p10*5.4 ph15):f2
(p10*0.6 ph16):2
(p10*4.5 ph15):£2



(p10*7.3 ph16):f2 d7

(pl0*5.1 ph15):£2 p7e
(p10*7.9 ph16):£2 3u adc
; (p8 ph0):2
(p10*4.9 ph16):2 (p9 phl1):£2 -
(p10*7.9 ph15):f2 2u
(p10*5.0 ph16):2 2u dll
(p10*5.5 ph15):£2 d8 cpds
(p10*0.6 ph16):f2 do
(p10*4.6 ph15):f2 rcyc=2 ph31
(p10*7.2 ph16):2 50m wr #0 if #0 zd
(p10*4.9 ph15):f2 ;5mipl
(p10*7.4 ph16):2 ;lo to 3 times 2
(p10*6.8 ph15):f2 - ;5mid0
(p10*7.0 ph16):f2 ;5m id20
(p10*5.2 ph15):£2 ;5m dd21
(p10*5.4 ph16):2 ;5m ip31
(p10*0.6 ph15):f2 ;5m 1p31
(p10*4.5 ph16):f2 ;1o to 4 times 64
(p10*7.3 ph15):f2 ;5m rd0
(p10*5.1 ph16):f2 5m ip5
(p10*7.9 ph15):£2 5m ip6
(p10*4.9 ph16):f2 lo to 5'times 2
(p10*7.9 ph15):f2 5mid10
(p10*5.0 ph16):f2 S5mddill
(p10*5.5 ph15):f2 S5mip31
(p10*0.6 ph16):f2 5m ip31
(p10*4.6 ph15):f2 lo to 6 times 56
(p10*7.2 ph16):2 do
(p10*4.9 ph15):£2 exit
(p10*7.4 ph16):12
(p10*6.8 ph15):2 phO=
(p10*7.0 ph16):f2 ph1=0
(p10*5.2 ph15):£2 ph3=0000222211113333
(p10*5.4 ph16):£2 ph30=0
(p10*0.6 ph15):£2 ph4=13
(p10*4.5 ph16):f2 ph5= : '
(p10*7.3 ph15):2 ph6=0000111122223333
(p10*5.1 ph16):f2 ph9=0022
(p10*7.9 ph15):f2 ph10=0
lo to 8 times 11 phl11=0022
(pS ph12):f2 ;SL-pulse ph12=0 ;should be adjusted
M end DIPSIy #kaxkaka ph15=(360)90 ;should be adjusted
2u ph16=(360)270 ;should be adjusted
1.3m dhi ;switchback  ph21=(6)0
to hp 13C ph22=(6)1
(p1*2 ph0) (p3*2 ph0):f2 ph23=(6)2
2u ph24=(6)3
1.3m ph25=(6)4
(p1 phO) (p3 ph9):£2 ;inept ph26=(6)5
1.3m ph31=02202002
(p1*2 ph0) (p3*2 ph30):f2 20020220
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P.S. #22 2D 15N{1H} NOE
HSQC (hetl5nonoe.jgp)
;reference pulse sequence
:For measurement of heteronuclear NOE
;REf. Nino Barbato, et al. Biochemistry
1992, 31 5269.
;Y channel for 15N
:States-TPPI
;pl 1H, p3 15N hi pwr, p31 15N low pwr
;set relax delay >3T1 15N and > 3T1 1H
;can get errors for fast exchange amides
because of exchange
d8=aq
d11=50m
d12=11m
p4=2.25m
p8=d0*2 + p1*2
p19=20m
d26=p3-pl
d9=p1*1.33
p22=10m
1ze
2d11 -
d12
3d12*3
4 d1 dbhi
;***********Presat 2k o >k 3k ok o 3k ok ok ok ok ok Sk kok kk
10u hi2
pl8
10u hll
Jorkskckkickek Saturate 1H 120x
pulses*no pulse in ref******
10 d9
20m
lo to 10 times 12
;******Purge to remove HZO 3k ok o 3k 5k ok ok ok sk
p22 ph0 -
Im
p22 phO
10u
;****** Sta_[-t on ISN ok ok 5k %k ok %
(p3 ph1):£3
2.75m
do

- (p1*2 ph0)
do

(p3*2 ph2):13

(p8):c8

2.75m

- (d26 p1 ph3) (p3 ph4):f3
2.25m

(d26 p1*2 phO) (p3*2 ph0):f3
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3u

(3u ph7)

d7 dblo

pde

3u adc

d8 cpdb

dbo

rcyc=2 ph31

d1l wr#0if #0 zd
d12ipl

loto 3 times 2 .
d12 ip31

d12 id0

d12ip31

lo to 4 times 13
exit

ph0=0

ph1=02
ph2=00000000

ph7=0
ph31=02202002
20020220



P.S. #23 2D 15N{1H} NOE
HSQC (hetlSnnoe.jgp)
;For measurement of heteronuclear NOE
;REf. Nino Barbato, et al. Biochemistry
1992, 31 5269.
.Y channel for 15N
;States-TPPI
;pl 1H, p3 15N hi pwr, p31 15N low pwr
;set relax delay >3T1 15N and > 3T1 1H
;can get errors for fast exchange amides
because of exchange
d8=aq
d11=50m
d12=11m
p4=2.25m
p8=d0*2 + p1*2
p19=20m
d26=p3-pl
p22=10m
1ze
2d11
di2
3d12*3
4 d1 dbhi

;*************Presat
3k sk 2k ok e ok ok sk ok sk sk kR kok k

10u hi2

pl18 phO

10u hl1

JREckksokkkkRxxSaturate 1H 120x
pulses****************

10 (p1*1.33 ph0)
20m

lo to 10 times 12
jRRRRERxPurge pulses to remove H20
kK dk k k
p22 phO
1lm
p22 phO
10u
; *******Start on 15N Sk 3k ok ksk ok
(p3 ph1):£3
2.75m
do

(p1*2 ph0)
do

(p3*2 ph2):f3

(p8):c8

2.75m

(d26 p1 ph3) (p3 ph4):f3
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2.25m .

(d26 p1*2 phO0) (p3*2 ph0):f3
3u

(3u ph7)

d7 dblo

p4de

3u adc

d8 cpdb

dbo

rcyc=2 ph31

d11 wr #0 if #0 zd
d12ipl

lo to 3 times 2

d12 ip31

d12 1dO

d12 ip31

lo to 4 times 13
exit

ph0=0

ph1=02
ph2=00000000

ph31=02202002
20020220



N

P.S. #24 HSQC (hsgcYdecC.jgp)
;bodenruben hetcor - single quantum in tl
;ref

;states-tppi in t]

:X nucleus on X channel

; 180 13C pulses to decouple 13C during t1
d8=aq

d11=50m

d12=5m

d6=3u

d25=p3-pl

p13=68u
‘p24=d4

1ze
2d12 02
di2
d12
3dl
10u hl2
;4 (p7 ph15 d5 p7 ph16 d5 p7 ph17 d5 p7
ph18 d5) ;Dante presat
; lo to 3 times 1800

pl8 phO

10u hl1

pl ph8 ;1H 90

d4 dbhi dlo ;1/4JXH X

dec on hi pwr
(d25 p1*2 ph8) (p3*2 ph1):f3 ;1H, X
180 hi pwr

- d4

p22 ph8 ;messerele trim
H20 pulse

(d25 p1 ph9) (p3 ph11):f3 ;1H, X 90
Hi pwr

do ;6172

p13:d phl :C
decoupling

;(p1 phO d6 p1*2 phl d6 p1 ph0)
;composite 180 1H

p1*2 phO 02 ;1H decoupling
and 13C freq shift

pl13:d phl ;C(alpha)
decoupling

t1/2 _

(d25 p1 ph10) (p3 ph12):13 ;1H, X 90
H pwr

d4

(d25 p1*2 ph8) (p3*2 phl1):f3

p24:e dblo ;open rec, wait

d4, set dec pow lev
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d7 :0.6*DW or
1.6*¥DW to flatten baseline

dé adc

d8 cpdb

rcyc=2 ph31 '
d11 dbo wr #0 if #0 zd
d12ipll

lo to 2 times 2

d12 ip31

d12 ip31

d12 id0

lo to 3 times 13

exit

phO=1_

ph1=0

ph2=2

ph3=1

ph4=1

ph5=0

ph10=00002222

ph15=0

ph16=1

ph17=2

ph18=3

ph8=0

ph9=13

ph11=0022
ph12=0000000022222222
ph31=0220200220020220
;p1 THO0 p3 X 90 p31 cpd 90 at dblO
(dblo)

;p13 39us semi-soft pulse to invert C' with
null at Ca :

;.  orCabutnotC



P.S. #25 2D LRCC

(Ircc.jgp)

;lrce.jgp
;Measure long-range carbon-carbon

couplings

;ref: Bax, Max,Zax 1992, JACS 114,6923-

6925

;ENI setup

;need extra 13C ENI external amp must use

dlo for 13C

;p3 ca 18-20us 13C 90 at dlO

,p13 26.3us 90 13C at di1 null on carbonyl
when carrier set to 43 ppm

,p31 ca 60-65 us at dI2 for cpd decoupling

;p6 dp0 sinc1.0 180 13C' ( 240 us ) with

dp0 40db

;  approx 20 kHz offset

;set d7 to assure O linear phase correct

1.6*DW

;states-tppi with messerle water trim pulse

d26=p3-pl

d2=1.7m

d8=aq

pll=lm

d12=11m

d11=50m

;d21=100u ; comment in for test of 1st

block

d21=14.7m

p9=2u

1ze
di2dlo
2d11
di12*4
3d12*2
d12*4
3d12*2
4d1hl2
; pl18 phO
HI2
10u hi1
pl phO ;1H 90
d2 dio ;1/4J1XH 1.7ms
(d26 p1*2 phO) (p3*2 phl):d
180
d2
(p11 ph0)
Ims

;recycle delay

;ON resonance presat at
;set to HP 1H
;1H, X

;Messerele trim pulse <

164

(d26 p1 phl) (p3 ph7):d ;1H,X 90

4u

(p6 ph0):dp0

;** long range to antiphase **

d21 dil ;constant time T
14.7ms

(p13*2 ph3):f2
180

4u

(p6 ph0):dp0

d21 dlo ;constant time T

;¥*¥ COSY to other carbons **

(p3 ph4).d

do ;6172

pl1*2 phO

do ;t1/2

(p3 ph5)d

;¥* get back **

d21 dil ;T

(p6 ph0):dp0 ;apply shaped C'
at pwr dp0O

4u dit

(p13*2 ph6):d
180

d21 dlo ;T

(p6 ph0):dp0 ;180C" for
compensation

4u dI0

(d26 p1 phO) (p3 ph2):d

d2

;med power 13C

;med power 13C

;90 1H, 90 X

(d26 p1*2 ph0) (p3*2 ph8):d ;180 1H,
180 X '
d7 ;adjust for flat baseline

1.6*DW

2u phO
p9:e ph0
d2 di2
d2
10u adc cpds ;start adc and cpd
ds ;set to acq time
do
rcyc=2 ph31
d11 do wr #0 if #0 zd
increment file
di12 ip2
d12ip5
d12 ip6
d12 ip8
loto 3 times 2
d12ip31
States TPPI

;set rec phase
;open rec, wait period

;write +

;increment rec for

d121p311d0



lo to 4 times 13

exit

ph0=0

phl=13

ph2=1133

ph3=00221133

ph4=00000000
22222222

ph5=00000000
00000000
22222222
222222272

ph6=0 ;adjust for low power

ph7=1

ph8=0

ph31=02202002

;hl1 ecoupler high power

; p1 90 1H high power at hl1

; d1 relax delay

; d2 1/4JXH

; 1n0 dw/2 X dimension

:in0

:ns = 16*n

;ds=16

o~
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P.S. #26 2D LRCH (Irch.jgp)"
; 3D Irch - fully labeled samples
;Coupling constants between methyl
carbons and 2+3 bond protons

;ref Vuister + Bax JMR Series B 102,228~

231 (1993).
;standard setup
;HP + LP 13C
;HP 1H
;in18=in22=in23=in24=t2/4=36.1us
;in10=t2/2=72.2us
;in0O=t1/2 ,
p21=p1*2-(p3*0.636)+(p1*0.636)
d0=3u
d10=(in10-p1*1.27-p3*2)*0.5
d18=3m
d21=23.6m
d22=3m
d23=25.6m
d24=4m
d26=p3-pl
p22=1.7m
d8=aq
d11=50m
d12=11m.
I ze
2d11
; d12
;3d12*4
4 d12
di2
5d12*7
6 d1 dhi
10u hil
;¥*%* Begin saturation of 1H *¥***
8 p1*1.5 phO
10m
lo to 8 times 75 ;(for 1sec sat of 1H)
10u hl1
¥F%* Start sequence *¥**
(p3 phl):f2
p21:c8
do
(p3*2 ph2):f2
d18
pl1*2 phO
d21
d22
pl ph3
d10

;zeta-t2/4

23.6m-t1/2
3m -02/4

t2/2
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(p3*2 phd):f2

dio

pl ph4

d23 ;25.6m-t2/4

pl*2 ph0O ‘

d24 ;e-t2/4 = 4m - t2/4

(d26 p1 phO) (p3 ph5):£2
1.7m

(d26 p1*2 ph0) (p3*2 ph0):f2
d7

(2u phO)

p22:e dlo dl0

10u adc cpd

d8

do

rcyc=2 ph31

d11 wr #0 if #0 zd

d12ipl

lo to 3 times 2

d121d0

d12 dd21

d12 ip31

d12 ip31

lo to 4 times 32

d12 rd0

d12 ip3

lo to 5 times 2

di2 ddi18

di2 dd22

d12id10

d12 dd23

d12 dd24

d12ip31 .

d12 ip31

lo to 6 times 83

exit

ph0=0

ph1=0

ph2=0000111122223333

ph3=0 2 '

ph4=0022

ph5=1111111111111111
3333333333333333

ph31=0220200202202002

2002022020020220



P.S. #27

; 3D Irch - fully labeled samples
;Coupling constants between methyl
carbons and 2+3 bond protons

2D LRCH (irchref.jgp)

;ref Vuister + Bax JMR Series B 102,228-

231 (1993).
;standard setup
;HP + LP 13C
;HP 1H
;in18=in22=in23=in24=t2/4=36.1us
;in10=t2/2=72.2us ‘
;in0=t1/2 v
p21=p1*2-(p3*0.636)+(p1*0.636)
dO=3u
d10=(in10-p1*1.27-p3*2)*0.5
d18=3m
d21=23.6m
d22=3m
d23=25.6m
d24=4m
d26=p3-pl
p22=1.7m
d8=aq
d11=50m
d12=11m
1 ze
2411
di2
3d12%4
4 d1 dhi
10u hll
;¥*%* Begin saturation of 1H *#*%*
8 pl*1.5 phO
10m
lo to 8 times 75 ;(for 1sec sat of 1H)
10u hl1 '
J¥¥%* Start sequence ****
(p3 ph1):£2
p21:c8
do
(p3*2 ph2):£2
dis :zeta-t2/4
p1*2 phO
d21
d22
pl ph3
d10
(p3*2 ph4):f2
d10

:23.6m-t1/2
:3m -t2/4

;1272

pl ph4
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d23

;25.6m-12/4
p1*2 phO
d24 :e-t2/4 = 4m - t2/4

(d26 p1 phO) (p3 ph5):f2

1.7m '

(d26 p1*2 ph0) (p3*2 ph0):f2

d7

(2u ph0)

p22:e dlo dl0

10u adc cpd

dg

do

rcyc=2 ph31

d11 wr #0 if #0 zd

di2 ipl

lo to 3 times 2

d12id0

di2 dd21

d12ip31

d12ip31

lo to 4 times 64

d12 rd0

d12 ip3

lo to 5 times 2

d12 dd18

d12 dd22

d12idi10

d12 dd23

d12 dd24

d12 ip31

d12 1p31

lo to 6 times 50

exit

ph0=0

ph1=0

ph2=0000111122223333

ph3=02

ph4=0022

ph5=1111111111111111
3333333333333333

ph31=0000222200002222

2222000022220000



P.S. #28 3D HNHB (hnhb;jgp)

;hnhb.jgp

:for correlation of 15N with hb

;Use with hn(co)hb to get hb
stereoassignments

;and chi-1 angles in proteins

;Ref Archer et al., (1991) JMR 95,636-641
;STATES-Tppi with presat

d26=p3-p1

d2=2.25m

p22=2m

d11=50m

di2=1lm -

d3=38m

1ze

2d11 dbo

3di12*2

4d12*3

5d12*2

6 d1 hl2
pl8 ph0 ;presat
d15 hll

; ¥** Start Inept to 15N ***
pl phO

d2 dbhi
(d26 p1*2 ph0) (p3*2 ph1):f3
d2

p22 phO ;messerele spin H20
suppression

2u

(p1 phl) (p3 ph2):f3

;***Evolve long range N-Hb via HMQC
+ Hb t1***

d3

(p1*2):c8 ;compensation pulse

pl phé

do

(p3*2 ph8):13

do

pl ph7

d3

;¥** Evolve 15N chem shift ***
d10

p1*2 phO

d10 _

;¥*¥* Reverse inept to 1H ***
(d26 p1 phO) (p3 ph3):f3

d2 :

(d26 p1*2 ph4) (p3*2 ph5):f3
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2u
d2 dblo dbl0
go=2 ph31 cpdb
d11 do wr #0 if #0 ip6 zd
lo to 3 times 2 '
d12 ip31
d12ip31 1dO
lo to 4 times 256 ;States-TPPI Hb
; d121p3 1d0
; d121p3
; d121ip3
:lo to 5 times 2 :increment 3* because after
evolution
; d121p31
; d12ip311id10
:lo to 6 times 30 ;States-TPPI 15N
exit
ph0=0
phl=13
ph2=0

p
ph8=0000111122223333
ph31=02202002

ph20=0

;pl 1H90

;p3 15N 90 Hipower
;p31 15N low power
;dOhb tl1

;d10 15N t2
:d2=1/4IJNH
;d3=38ms

“u



P.S. #29 3D 15N-HOHAHA-
HMQC (hohahal5n.jgp)

; hohahal5n.jgp

;p1=proton 90

;p3=nitrogen 90 at dbhi
p4=2.25m

;p5 1H 90 at hl2 approx 15 dB
;pS=p1 proton at hl3
p22=2.0m; Messerle pulse
p9=700u ;SL-pulse
p10=p5%*320.0/90.0
pl1=p5*410.0/90.0
p12=p5%*290.0/90.0
p13=p5%*285.0/90.0
p14=p5%*30.0/90.0
p15=p5*245.0/90.0
pl6=p5*375.0/90.0
pl17=p5%*265.0/90.0
p18=p5*370.0/90.0
p19=p5%*60.0/90.0
;p21=presat pulse = ca. 1s

;p3 1=nitrogen 90 at dbl0 ca. 150us

;d0=25u -p1/3.14159
d1=1.0m
;d3 = half mixing time
d4=2.25m
;d7 ca 100u = 1.6*dw
d8=aq
d11=50m
d12=11m
d26=p3-pl
;in0= proton inc = 1/sw
;in10=nitrogen inc = 1/2/sw
;hll = 3dB
;h12 = 70dB
;h13 = 15db
;t=f1 = hydrogen frequency on water
;f3 = nitrogen frequency

ze

d11

dil
d12*2
d12*3
d12*2
di2*3
Rkl presaturation

ok ok ok Kok ok sk
6 d1 hl2 dbhi
p21 phO

[V, I ~NR OS] [\

-

Su
20u hll
;*******
pl ph2
;******* proton. evolution 3k 3k oK ok sksk
do il
ek SL pulse
; p9 phl
2u
2u hi3
******* d1p51 2 lelng skk ok kokokk
7 (p10ph20 p11 ph19 p12 ph20 p13 ph19
pl14 ph20 p15 ph19 p16 ph20)
(p17 ph19 p18 ph20)
(p10 ph19 p11 ph20 p12 ph19 p13 ph20
p14 ph19 p15 ph20 p16 ph19)
(p17 ph20 p18 ph19)
(p10 ph19 p11 ph20 p12 ph19 p13 ph20
pl4 ph19 p15 ph20 p16 ph19)
(p17 ph20 p18 ph19)
(p10 ph20 p11 ph19 p12 ph20 p13 ph19
pl14 ph20 p15 ph19 p16 ph20)
(p17 ph19 p18 ph20)
;; (p19 ph2I)
loto 7 times 12
loop 12
2u
2u hll
;******* SL pulse
; (p9 phl)
2u
JRREKE KK read pulse
(p1 phO)
; 10u hI2
; p20 phO
; 10u hll
p8:h
d3 ;half mixing time
(p1 phO)
d4

(d26 p1*2 ph4) (p3*2 ph10):f3
d4

start 90-degree *****x*

>k ok 3 ok skok ok

total duration 115.11 * p5 *

EETTTTITY

ok ok ok 3k sk kk

;******* : water trim pulse skokskkkkk
(p22 ph0)
2u

(p1 phl) (p3 ph11):f3

SRR EAA N15 evolution ******x*
d1io ;22
(p1*2 ph0)
dio ;t272

(p1 phO) (p3 ph10):f3
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d4
(d26 p1*2 ph3) (p3*2 ph10):f3
2u
(2u ph0)
d7 dblo
pde
3u adc
d8 cpdb
dbo
rcyc=2 ph31
dll wr#0if #0 zd
di12ip2
di2ip2
lo to 3 times 2
d121d0
- d121p31
d12 1p31
lo to 4 times 128
di2ipll
d12 rdO
loto 5 times 2
d12id10
di2ip31
d12 ip31
lo to 6 times 128
dbo
exit

ph0=0
phl=1
ph2=(8) 15
ph3=0011223
ph4=0022113
ph10=0
ph11=000000
22222222
ph19=(3600)0
ph20=(3600)1800
ph21=(3600)900
ph31=02202002
20020220

3
3
00
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P.S. #30 3D I13C-ROESY-HMQC
(roesyhmqc3d.jgp)

;roesyhmqc3d.ffd

;3D-13C-separated ROESY-HMQC

;3D sequence with

; homonuclear correlation via dipolar
coupling during a cw

; spinlock

; dipolar coupling may be due to noe or
chemical exchange

; but these will have opposite sign (noe
negative wrt diagonal)

and double quantum

;  coherence

;phase sensitive using States-TPPI

;with decoupling during acquisition

;with presaturation during relaxation delay
;JBNMR , 1 (1991) 13-22

; Clore, Bax, and Gronenborn

d2=3m
d11=50m
d12=11m
p4=3m
d8=aq

1d11 ze

2d11

d12

3d12*3

4 d12*2

5d12*3

6 dl1 ol hi2 dhi
p18 ph29
10u ol
10u hll
pl phl
do

; presat

; 1H90

;172
(p3 ph4):£2
(p3*2 ph5):f2
refocus)
(p3 ph4):f2 ; 13C 90x
do

; 13C 90x :

;1172
10u hl3 '
p21 ph2 ; CW
spinlock=22ms/8.33kHz for I1-4b

; H-1/X correlation via heteronuclear zero

; 13C 180y (13Ccs
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d2 hli ; 1/2J=3 ms/switch to
4.77ppm
(p3 ph6):f2 ; 13C90
d10 .
; 1212
pl*2 ph3
d10

; 1H 180 (1H cs refocus)

11212
(p3 ph8):£2
2u
(2u ph0)
d7

:13C 90

pd:e

3u adc

(p3 ph9):£2

(p3 ph7):12
sidebands)

2u

2u dlo d10 ;
switch ti Ip for GARP dec

d8 cpds
+ cGARP=3.85kHz

do

rcyc=2 ph31

d11 wr #0 if #0 zd

d12ipl

lo to 3 times 2

d12id0

d12ip31

d12ip31

lo to 4 times 124
incr=190us f1=7ppm

d12 ip6

d12 rd0

lo to 5 times 2

d12id10

d12 ip31

d12ip31

lo to 6 times 28
incr=320us {2=43ppm

do
exit

; 13C 90x
; 13C 90 (to reduce mod

; acq

st



ph9=0
ph29=0
ph31=02201331

;hl1: ecoupler high power level

;h12: ecoupler power level for presaturation
;h13: ecoupler power level for spinlock
;d10: power level for dlo mode

;pl : 90 degree transmitter high power
pulse

;p3 : 90 degree decoupler high power pulse
;p4 : refocus delay =d4

;p18: presaturation during relaxation delay
;p21: spinlock pulse

;p31: 90 degree pulse for slave timer (cpd-
sequence)

;d0 : incremented delay (F1 in 3D)

[3 usec] :

;d2 @ 1/((2HXH) 3
msec]

;d10 : Incremented delay (F2 in 3D)

[3 usec]

;d11: delay for disk I/O

[30 msec]

;d12: delay for power switching

[20 usec]

;d13: short delay (e.g. to compensate delay
line) [3 usec]

;in0: 1/(4 * SW(H)) = (1/2) DW(H)

;nd0: 2

;in5: 1/(4 * SW(X)) = (1/2) DW(X)

;nd10: 2

;NS: 4 *n

;DS: 32

;10: number of experiments in F1

;110: number of experiments in F2

;MC2: TPPI in F1

;MC2: TPPI in F2

;cpd: cpd-decoupling according to sequence
defined by cpdprg=garp
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Appendix D Seoftware for analysis

Table of software code

C Software for assignments analysis .......................... T e 174
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v ChRNSOIPIPPILC .. vttt 179
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C Software for assignments analysis

chhnassign.c

/* chhnassign.c */

/* Program to analyze peak picks from 4D chhn expt */
/* to compile use: cc chhnassign.c -Im */

/*The -Im is for inclusion of the math.h file */

/* To be used for 13C - 15N 4D NOESY only */

/* For a description of how this program works */
/* See the header of the source program: */
/* hechassign.c */

* FILES */

/* Input file : filterresultpippn.d (filtered peak pick list) */ .

/* Input file : assign.d (assignments file 1H/13C and 1H/15N) */
/* Input file : xyz.d (coordinates for structure from previous */
/* round of refinement) */

/* Output file : chhnresult.d (output of new NOE assignments) */

#include <math.h>’
#include <stdio.h>
~ #include <string.h>

main()

{

FILE *fp, *fpl, *fx2, *fp3;

int 1, resnum[3000], atomnumc, resnumc{3000], peakno[5000], posneg[5000];
int ptr2, ptr3, ptr4; :

char atname[3000][10], resname[3000][5], atomc[10], athamec[3000][10];
char resnamec[3000][5],c212¢[10];

float xc[3000], yc[3000], zc[3000], cl1, bfc, h[3000], c[3000] h1[5000];
float widl, h2[5000], wid2, c3[5000], w1d3 c4[5000] wid4, cc;

float x[3000] y[3000], z[3000];

int xyzc, peaklistc, assignc, j;

int k, 1, m, n, mlresnum|100], m2resnum[100];

char m1resname[100][5], m2resname[100][5], mlatname[100]{10],m2atname[100]{10];
float m1h1[100], m1c4[100], m2h2[100], m2c3[100], m1x[100], m1y[100];
float m1z[100], m2x[100], m2y[100], m2z[100];

float diffh1, diffc3, diffh2, diffc4;

double a, b, cd, d, dd;

float hlcut, h2cut, ccut, cfold, cfold3, cfold4, hldev, c4dev, h2dev, c3dev;
int t, assign[5000],zindex[3000];

float c4pl[5000],c3pI[5000],dcut;

float ncut,nfold1,intensity[3000];

int aindex[5000];

[rExxERERxkkkxxk added correction of 0.08 to h2 (13C) chem shifts ***/

/* Define 1H and 13C chemical shift ranges to be tested */

174



/* when assigning peaks from the peak list */
/* hecut for 1H and ccut for 13C */ ~

printf(" input files assign.d , xyz.d, filterresultpippn.d \n");
printf(" output file chhnresult.d \n");
hlcut=0.12; /* cutoff for d1 dimension 1H - with c4 */
h2cut=0.15; /* cutoff for d2 dimension 1H - with ¢3 */
ncut=0.5;
ccut=0.6;
cfold=23.8;
cfold3=3%*23.8; /* for 3 folded aromatics */
cfold4=4%23.8; /* for 4 folded aromatics */
nfold1=16.88;
hldev=0.0; /*deviation h1[j]-hldev=h[j] (h1[j] is peak picked data)*/
h2dev=0.08; /* h[j] is chem shift assignment data */
¢3dev=0.0;
c4dev=0.0;
deut=15.0; /* distance cutoff for printing possible proton pairs */
/* Open file to write results */ ’
if ((fp3=fopen("chhnresult.d", "w")) ==NULL) {
printf("Error opening chhnresult.d");
exit(1); }

/* Open data bases and read to arrays */
/* Open assignments + read data as assign.d */
if ((fp=fopen("assign.d", "r")) ==NULL) {
printf("Error opening assign.d/n");
exit(1); }
printf("Opened chemical shift list assign.d");
printf(" Reading in the file \n");
/* resnum = residue number; resname= residue name; assign =assignment;*/
/* h = 1H chemical shift; ¢ = carbon chemical shift */

i=-1;

assignc=-1;
while(!feof(fp)) {
I=i+1;

assignc=assignc+1;
fscanf(fp, "%i%s%s%f%t", &resnumli], &resname[i], &atnamel[i], &h[i], &c[i]);
/* printf("%i %s %s %2.2f %3.2f\n", resnum(i], resnamefi], atname[i],h[i],c[i]);*/

}
fclose(fp);
/* Read in peak pick list */

if ((fp=fopen("filterresultpippn.d”, "r")) == NULL) {
printf("Error opening peaklist. PCK\n");
exit(1); }
printf(" Opened peak pick list peaklist.PCK - reading in the file \n");
i=-1;
peaklistc=-1;
while(!feof(fp)) {
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1=1+1;
- peaklistc=peaklistc+1;
fscanf(fp," %d%d % d%d %t %of %ef %of %oe" , &peakno(i], &assign[i], &zindex[i],
&aindex[i],&h1[i], &h2[i], &c3[i], &c4[i], &intensity[i]);
/* Calculate plane number for each c3 and c4 */
cdpllil=17-((c4[i]-117.8)/0.5275);
c3pl[i]=17-((c3[i]-43.0)/0.74);

printf("%d %2.2f %2.2f %2.2f %2.2f", peaknol[i], h1[i], h2[i], ¢3[i], c4{i]);
printf(" %3.2e c4 plane %2.1f c3 plane %2.1f\n\n", intensity([i], c4pl[i], c3pl[i));

} .
fclose_(fp);
/* Read in xyz coordinates for a structure */

if ((fpl=fopen("xyz.d", "r")) == NULL) {
printf("Error opening xyz.d\n");
exit(1); }
printf("Opened xyz coordinate file xyz.d - reading coordinates \n");
i=-1;
xyzce=-1;
while(!feof(fp1)) {
i=i+1;
Xyzc=xyzc+1;
fscanf(fp, "%s%d", &atomc, &atomnumc);
fscanf(fp, "%s%s%d%f Wt %f", &atnameci],
&resnamec|i],&resnumc[i],&xcli],&yc[i],&zcli]);
fscanf(fp, "%f%f%s", &cl, &bfc, &c212c);
printf("%s %s %d %2.3f %2.3f %2.3f\n", atnamec{i], resnamec(i], resnumcfi], xc[i],

}}IC[i], zc[i]);
fclose(fp);
/* ** Match chemical shifts with xyz coordinates ** */

printf("Matching assignments with coordinates\n");
for(i=0; i<assignc; i++) {
for(G=0; j<xyzc; j++) {
if(strcmp(atname(i],atnamec{j])==0 && strcmp(resname[i],resnamec[j])==0 &&
resnum([i]==resnumcf{j]) { '
x[il=xc[jl;
ylil=yeljl;
z[i]=zc[jl; '
printf("%s %s %d assigned to", resnamec(j], atnamecj], resnumc[j]);
printf(" %s %s %d", resname[i], atnamefi], resnum[i});
printf(" xyz coordinates %2.3f %2.3f %2.3f\n", x[i], y[il, z[i]);
if(x[i]==0.0 Il y[i]==0.0 ll z[i]==0.0) printf("Error - no match");

}
}
}

/* Match peak list to assignment table */
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for(i=0; i<peaklistc ; i++) {
k=-1;
I=-1;

/* Check to see if peak in peak list is an aromatic */
/* Use a cutoff : if 1H shift is above 6.0 ppm */

/*if(h1[1]>6.0) c4[i]=c4[i]+(4*23.8);*/
/*1f(h2[1]>6.0) c3[i]=c3[1]+(4*23.8);*/

for(j=0; j<assignc; j++) {

if(fabs(h1[i]-h[j]-h1dev)<hlcut && (strcmp(atname[j],"HN")==0 Il
strcmp(atname(j],"HE1")==0 Il strcmp(atname(j],"HE")==0 Il
strcmp(atname[j],"HD21")==0 Il strcmp(atname{j],"HE21")==0) && (fabs(c4[i]-c[j]-
cddev)<ccut Il fabs(c4[i]+nfold 1-c4dev-c[j])<ccut Il fabs(c4{i]+(nfold1*2)-c4dev-c[j])<ccut
Il fabs(c4[i}-nfold1-c4dev-c(j])<ccut)) {

k=k+1;

strcpy(mlatname(k]},atname[j]);

strcpy(mlresname[k],resname[j]);

mlresnum{k]=resnumfj];

mlhl1[k]=h[j];

mlc4[k]=c[j];

mlx[k]=x[j];

mly[k]=y[j];

mlz[k]=z[j];

}
if(fabs(h2[i]-h[j}-h2dev)<h2cut && (fabs(c3[i]-c[j]-c3dev)<ccut Il fabs(c3[i]+cfold-c[j]-
c3dev)<ccut I fabs(c3[i]-cfold-c[j]-c3dev)<ccut Il fabs(c3[i]J+cfold3-c[j]-c3dev)<ccut ll

- fabs(c3[i]+cfold4-c[j]-c3dev)<ccut)) {

I=1+1;

strcpy(mZ2atname(l],atname(j]);

strcpy(m2resname(l],resname(j]);

mZ2resnum(l}=resnum(j];

m2h2{l]=h{j];

m2c3[1]=c[j];

m2x[l]=x[j};

m2y[ll=y[j];

m2z[l}=z[j];

/*Use info on parameter posneg to filter some choices - */
/*if(h1[i}<6.0 && h2[i]<6.0) {

if(posneg[i]==2 && (fabs(c4[i]-c[j])<ccut && fabs(c3[i]-c[j])<ccut)) continue;
if(posneg[i]==0 & & (fabs(c4[i]-c[j])<ccut Il fabs(c3[i]-c[j])<ccut)) continue; } */

/* Write out matches and calculate distance for each */
h1{i]=h1[i]-hldev;
h2[i]=h2[i]-h2dev;
c3[i]=c3[i]-c3dev;
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c4[i]=c4[i}-c4dev;

fprintf(fp3,"\n1 ~ %d %2.2f %2.2f " ,peakno[i],h1[i],c4[i]);
fprintf(fp3, " %3.2¢ %2.2f %2.2f" intensity[i],h2[i],c3[1]);
fprintf(fp3, " c4 plane %2.1f c3plane %2.1f\n\n", c4pl[i], c3pl[i});

if(k==-1 1l I==-1) { fprintf(fp3,"3 **No pairs found**\n");
}

if(k>-1 && 1>-1) {
for(m=0; m<=k; m++) {

- for(n=0; n<=l; n++) {
a=(m1x[m]-m2x[n])*(m1x[m]-m2x[n]));
b=(m1y[m]}-m2y[n])*(m1y[m]-m2y[n]);
cd=(mlz[m]-m2z[n])*(m1z[m]-m2z[n]);
dd=a+b+cd;

if(dd<=0.0) d=0.0;

" else d=sqrtf(a+b+cd); ~
if(m1x[m]==0.0 Il m2x[n]==0.0) d=0.0;
/*¥if(d >= dcut) continue;*/

diffh1=h1[i]-m1h1[m];
diffh2=h2[i]-m2h2[n];
diffc3=c3[i]-m2c3[n];

diffc4=c4[i}-mlcd4[m];

fprintf(fp3,"2 %s %d %s",mlresname[m],m1resnum[m],m1atname[m]);
fprintf(fp3,” %2.2f %2.2f",m1h1[m],mic4[m]);

fprintf(fp3," %s %d %s ",m2resname[n], m2resnum{n],m2atname(n});
fprintf(fp3, " %2.2f %2.2f %2.2f", m2h2[n],m2c3[n],d);

fprintf(fp3, " %2.2f %2.2f %2.2f %2.2f\n" diffh1,diffc4,diffh2,diffc3);
}

}

}
if(k>-1 && 1==-1) {
for(m=0; m<=k; m++) {
fprintf(fp3,"2 %s %d %s",mlresname[m],mlresnum[m],m1atname[m]);
fprintf(fp3," %2.2f %2.2f\n",m1h1{m]},mlc4[m]); } }

if(k==-1 && 1>-1) {

for(n=0; n<=l; n++) {
fprintf(fp3,"\t\M\t %s %d %s ",m2resname[n], m2resnum[n],m2atname[n]);
fprintf(fp3, "\t\t\t %2.2f %2.2f %?2.2f\n", m2h2[n],m2c3[n],d); } }

}
}

178



chhnsortpippn.c

/* chhnsortpippn.c */

/* Program to sort peak pick list h1,c4 high to low */

/* Sorts peak pick data generated by peak picking */

/* a 4D 13C/15N NOESY using CAPP followed by PIPP */

/* FILES */
/* Input file : peaklistpippn.PCK (peak pick list) */
/* Output file : hechsortresultpippn.d (sorted output) */

#include <math.h>
#include <stdio.h>
#include <string.h>

main()

FILE *fp, *fpl;

int c, i, j, peaklistc,peakno[5000],peaknot[5000],posneg[5000],posnegt[5000];
float h1{5000], h1t[5000], h2[5000], h2t[5000];

float c3[5000], c3t[5000], c4[5000], c4t[5000];

float wid1,wid2,wid3,wid4,cc;

float intensity[S000], intensityt[S000];

Int ptr2,ptr2t;

int ptr3,ptr4;

int zindex[3000], aindex[3000];

printf("starting the program\n");

for(c=0;c<958;c++) {c4{c]=99.99; c4t[c]=99.9;}

/* Open peak list file */

if((fp=fopen("peaklistpippn.PCK", "r"))==NULL) {
printf("Error opening peaklistpippn.PCK\n");
exit(1); } v

if((fp1=fopen("hcchsortresultpippn.d”,"w"))==NULL) {
printf("Error opening hcchsortresultpippn.d\n™);
exit(1); }

printf(" input file peaklistpippn.PCK\n");

printf(" output file hcchsortresultpippn.d\n”);

i=-1;

peaklistc=-1;

while(!feof(fp)) {

i=i+1;

peaklistc=peaklistc+1;

fscanf(fp,"%d%d%d %t %t %t %t e ",
&peakno[i],&zindex[i],&aindex[i],&h1[i],&h2[i],&c3[i],&cA[i],&intensity[i]);

printf("peaklistc = %d\n", peaklistc);
fclose(fp);

1=0;

/* Do sort */
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printf("starting sort\n");
for(i=1;i<peaklistc-1;++1) {
for(j=peaklistc-2;j>=i;--j) {
if(c4[j-11>c4[j] ll (c4[j-1]==c4{j] && hl[j-1]>h1[j]D) {
/*printf("exchange \n");
printf("%d %d %2.2f %2.2f\n" 1, j, c4[j], c4{}-1]);*/

peaknot(j]=peakno[j-1];
h1t[jl=h1[3-1];
intensityt[j]=intensity[j-1];
h2t[jl=h2[j-11;
c3t[jl=c3(j-11;
c4tjl=c4[3-1];

peakno(j-1]}=peaknofj];
h1[j-11=h1{jl;
intensity[j-1]=intensity[j];
h2{j-1]=h2[;];
c3[j-11=c3[j];
c4[j-1]=c4{j};

. peakno{j]=peaknot{j];
hi[j]=hlt[j];
intensity[j]=intensityt[j];
h2[j}=h2t[j];

c3[jl=c3t[j];

cA(j]=cat(j];

*printf("%f %f",c4(j], c4[j-11);*/
}}

}

printf("print the sorted table\n");

for(i=0;i<peaklistc;i++) {

fprintf(fpl,"%d O %d %d %3.2f %3.2f %3.2f %3.2f %2.3e \n",
peaknoli],zindex[i],aindex{i],h1[i],h2[i],c3[i],c4[i],intensity[i]);

}
fclose(fpl);
}
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filterpippn.c

/* filterpippn.c */

/* For 4d chhn NOESY */

/* Program to filter the peak list depending */

/* on whether the peak is unassigned (0), intraresidue (1) */

/* sequential (2), medium range (3), or long range (4) */

/* These numbers follow the peak number in the output */

/* from hcchsortpippn.c - hcchsortpippn.c puts a zero in this place */
/* the variable containing the number is assign[i] - integer */

/* FILES */
/* Input file : hechsortresultpippn.d (sorted peak picks) */
/* Output file : filterresultpippn.d (filtered peak picks) */

#include <math.h>
#include <stdio.h>
#include <string.h>
#include <ctype.h>

main()

{
. FILE *fp,*fpl;
int filter, i, peakno, posneg, ptr2,ptr3,ptr4, assign;
float hl, h2, c3, c4,widl,wid2,wid3,wid4,cc;
float intensity;
int zindex,aindex;

/* Prompt for the type of sort */
printf("Filter the peak list and print out the following\n");
printf("unassigned - type O\n");
printf("intraresidue - type 1\n");
printf("sequential - type 2\n");
printf("medium range - type 3\n");
printf("long-range - type 4\n");
“printf("Type a number:\n");
scanf("%d", &filter);

/* Open peak list table - output from hcchsort.c */
if((fp=fopen("hcchsortresultpippn.d”, "r"))==NULL) {
printf("Error opening hcchsortresultn.d");
exit(1); }

/* Open output - filtered list */
if((fp1=fopen("filterresultpippn.d”, "w"))==NULL) {
printf("Error opening filterresultpippn.d”);
exit(1); } .
printf(" input file hechsortresultpippn.d\n™);
printf(" output file filterresultpippn.d\n”);
/* read in the peak list and write out only those specified */
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while(!feof(fp)) {

fscanf(fp," %d%d%d%d %t %t %t %t %oe" & peakno,&assign,&zindex,&aindex,&h1,&h2,
&c3,&c4,&intensity); :

/*printf(" %d %d\n",peakno,assign);*/

if(assign==filter) {

fprintf(fpl," %d %d %d %d %2.2f %2.2f %2.2f %2.2f %2.2¢
\n",peakno,assign,zindex,aindex,h1,h2,c3,c4,intensity);

-}
fclose(fp);
fclose(fpl);
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filter.c

/* filter.c */

/* Program to filter the peak list depending */

/* on whether the peak is unassigned (0), intraresidue (1) */
/* sequential (2), medium range (3), or long range (4) */

/* These numbers follow the peak number in the output */
/* from hechsort.c - hechsort.c puts a zero 1in this place */
/* the variable containing the number is assign[i] - integer */

* FILES */

/* input file hcchsortresult.d (sorted peak picks) */
/* generated by hcchsort.c */

/* output file filterresult.d */

/* (peak picks with peak catagory data) */

#include <math.h>
#include <stdio.h>
#include <string.h>
#include <ctype.h>

main()

{

FILE *fp,*fpl;

int filter, i, peakno, posneg, ptr2,ptr3,ptr4, assign; .
float h1, h2, c3, c4,wid1,wid2,wid3,wid4,cc;

char intensity[10];

/* Prompt for the type of sort */

printf("Filter the peak list and print out the following\n");
printf("unassigned - type O\n");

printf("intraresidue - type 1\n");

printf("sequential - type 2\n");

printf("medium range - type 3\n");

printf("long-range - type 4\n");

printf("Type a number:\n");

scanf("%d", &filter);

/* Open peak list table - output from hcchsort.c */
if((fp=fopen("hcchsortresult.d", "r"))==NULL) {
printf("Error opening hechsortresult.d");
exit(1); }
/* Open output - filtered list */
if(fpl=fopen("filterresult.d", "w"))==NULL) {
printf("Error opening filterresult.d");
exit(1); }

/* read in the peak list and write out only those specified */
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while(!feof(fp)) {

fscanf(fp," %d%d%f %f %d %s" ,&peakno,&assign,&hl,&widl,&posneg,&intensity);
fscanf(fp," %f %f %od%f %t %d",&h2,&wid2,&ptr2,&c3,&wid3,&ptr3);
fscanf(fp," %f%f %d%f", &c4,&wid4,&ptrd,&cc);

printf(" %d %d\n",peakno,assign);

if(assign==filter) {

fprintf(fpl,” %d %d %2.2f %2.2f %d %s",peakno,assign,h1l,wid1l,posneg,intensity);
fprintf(fpl," %2.2f %2.2f %d %2.2f %f %d",h2,wid2,ptr2,c3,wid3,ptr3);
fprintf(fpl," %2.2f %2.2f %d %2.2f\n", c4,wid4,ptrd.cc); }

}
fclose(fp);
fclose(fpl);

}

hbpairs.c

/* hbpairs.c */

/* Program to pick out pairs of peaks */

/* ie. Pattern recognition to make assignments */
/* in 4D HCCH NOESY spectra */

/* Input - pickresult.d from hcchassign.c */

/* FILES */

/* Input file : pickresult.d (NOE assignments file) */
/* Output file : hbpairsresult.d */

r* ( matched HB for pair and same CB on */
/* two NOE assignments) */

#include <math.h>
#include <stdio.h>
#include <string.h>

main()

FILE *fp, *fpl;

int lineid, peakno[5000], posneg[5000], i, j, k, 1, totpeaks, pairs[5000];
float h1[50001], c4[5000], h2[50001], c3[5000];

_char intensity[5000][301;

char m1resname[5000][501[5], m1atname[5000][50][5], hb1[5], hb2[5];
char m2resname[5000][50](5], m2atname[5000][50][5], nopairs[5000]{50][30];
int m1lresnum[5000][50], m2resnum{5000]{50]; .

float m1h1[5000][50], m1c4[5000][50], m2h2{5000}{50], m2c3[5000] [50]
float d[5000][50], diffh1[5000]{50}, difth2[5000][50], diffc3{5000][50];
float diffc4[{5000][50];

float c4pl[5000],c3pl[5000];

char pl[5],atnam[5]{5][5];
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int h;
/* Open pickresult.d file for read */

if((fp=fopen("pickresult.d", "r"))== NULL) {
printf("Error opening pickresult.d");
exit(1); } ‘

/* Open file to write results */

if(fp1=fopen("hbpairsresults.d", "w"))==NULL) {
printf("Error opening hbpairsresults.d");
exit(1); }

/* Read pickresult.d file into 2d Arrays */

/* Read first number to determine format and what */
/* the line 1s */ '

1=-1;

totpeaks=0;

while(!feof(fp)) {

fscanf(fp,"%d", &lineid);
if(lineid==1) {

1=i+1;

pairs[i]=0;

totpeaks=totpeaks + 1;

fscanf(fp, "%d%f%t%s%f%d", &peakno[i], &h1{i], &c4[i], &pl, &c4pl(i],

&posnegli]);

fscanf(fp, "%s%f%f%s%f", &intensity[i], &h2[1], &c3[i],&pl,&c3pl[i]);}
if(lineid==2) { j=j+1;

pairs[i]=pairs[i]+1;

fscanf(fp, "%s%d%s", &mlresnamel[i][j],&mlresnum{i][j},&m1atnamefi][j]);

fscanf(fp, "%f%f{", &mI1h1[i]{j], &mlc4[il{j]);

fscanf(fp, "%s%d%s", &m2resname[i]{j], &m2resnuml[i}[j], &m2atname[i][j]);

fscanf(fp, "%f%f%f", &m2h2[i][j], &m2c3[il{j], &d[i][j1);

fscanf(fp, "%f%f %t %", &diffh1[i]{j],&diffc4(i](j],&diffh2[i][j],&diffc3[il[j]); }
if(lineid==3)

fscanf(fp, "%s", &nopairs{il[j1);

strepy(atnam{0][0],"HB1");
strepy(atnam{0][1],"HB2");
strcpy(atnam[1][0],"HG1");
strcpy(atnam[1][1],"HG2");
strepy(atnam([2][{0],"HD1");
strecpy(atnam([2][1],"HD2");

/* Check for pattern - one CH pair going to two hb1 or hb2 */
for(h=0; h<2; h++) {

for(i=0; i<totpeaks; i++) {
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for(j=0; j<pairs[i]; j++) {

if(strcmp(m2atname(i}[j],atnam[h][0])==0 Il strcmp(m2atname[i](j],atnam[h][1])==0) {
printf("made it through m2atname");
for(k=0; k<totpeaks; k++) {
for(1=0; lI<pairs[k]; 14++) {

if(strcmp(m1atname[i][j],mlatname[k][1])==0 &&
strcmp(m1resname[i}[j],m1resname[k][1])==0 && mlresnum[i][jl==mlresnum[k][l] &&
(stremp(m2atname[k][1},atnam[h][0])==0 Il strcmp(m2atnamef{k][l],atnam(h][1])==0) &&
strcmp(m2resnamel[i]{j],m2resname[k][1])==0 && m2resnum([i][jl==mZ2resnum[k]{l] &&
peaknol[i] != peakno[k]) {

/* Print the results */
fprintf(fpl,"\n *** X - %s Pair ***", atnam[h][0]);

fprintf(fpl,"\n %d %2.2f %2.2f pl %2.1f %d",peakno[i],h1[1],c4[i],c4pl[i], posneg(il);
fprintf(fpl," %s %2.2f %2.2f pl %2.1f\n", intensity[1], h2[i], ¢3[i], c3pl[i]);
fprintf(fp1l,"%s %d %s", mlresname[i]{j],m1resnum[i}[j],m1atname[i]{j]);
fprintf(fpl," %2.2f %2.2f", m1h1[i]{j], m1c4[i](j]);

fprintf(fpl," %s %d %s", m2resnamefi][j},m2resnum(i}{j},m2atname(i}[j]);
fprintf(fpl," %2.2f %2.2f %2.2f\n", m2h2[i][j], m2c3[i]{j1.d[i]1);

fprintf(fpl," %d %2.2f %2.2f %d" ,peakno[k],h1[k],c4{k],posneg[k]);
fprintf(fpl,” %s %2.2f %2.2f \n", intensity[k], h2[k], c3[k]);
fprintf(fpl,"%s %d %s", mlresname[k][1],mIresnum[k][l],m1atname[k][1]);
fprintf(fpl," %2.2f %2.2f", m1h1[k][1], m1c4[k](1]);

fprintf(fpl," %s %d %s", m2resname(k][1},m2resnum[k][1],m2atname[k][1]);
fprintf(fpl," %2.2f %2.2f %2.2f\n", m2h2[k][1], m2c3[k][1],d[k][1]);

Y i
/* Check for HB1 - X pair */

for(i=0; i<totpeaks; i++) {
for(=0; j<pairs[i]; j++) {

if(strcmp(m1atname(i}{j],atnam[h][0])==0 Il strcmp(mlatnamefi][j],atnam[h][1])==0) {

for(k=0; k<totpeaks; k++) {
for(1=0; l<pairs[k]; I++) {

if((strcmp(m1atname[k][1],atnam[h][0])==O0 Il strcmp(mlatname(i][j},atnam[h][1])==0) i
&& strcmp(mlresname[k][1],m1resname[i][j])==0 && miresnum[k][l]J==m2resnum[i]{j]
&& stremp(m2atnamefk][1],m2atnamefi}[j])==0 &&
strcmp(m2resnamefk][1],m2resnamel[i]{j])==0 & & m2resnum[k](1]==m2resnum(i][j] &&
peaknof{i}!= peakno(k]) { .

fprintf(fpl,"\n  *** %s, %s - X Pair\n", atnam[h][0], atnam({h][1]);
fprintf(fpl,"\n %d %2.2f %2.2f pl %2.1f %d",peakno(i],h1[i],c4[i],c4pl[i],posneg[il);

fprintf(fpl," %s %2.2f %2.2f pl %2.1f\n", intensity[i],h2[i],c3[i],c3pl[i]);
fprintf(fpl,"” %s %d %s",mlresname[i][j],m1resnum(i]j],m1atname(i}{j]);
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fprintf(fpl," %2.2f %2.2f",m1h1[i}[jl,m1c4[il[j]);
fprintf(fpl," %s %d %s",m2resnamel[i][j], m2resnumli][{j],m2atname[i](j1);
fprintf(fpl," %2.2f %2.2f %2.2f\n",m2h2[i][j],m2c3(i][j1.d[i1[]);

fprintf(fpl," %d %2.2f %2.2f %d" ,peaknolk],h1{k],c4[k],posneg[k]);
fprintf(fpl,"” %s %2.2f %2.2f \n", intensity(k],h2[k],c3[k]);

fprintf(fpl,” %s %d %s", mlresname[k]{1],mIresnum{k][1],mlatname[k]{1});
fprintf(fpl," %2.2f %2. 2f" m1h1[k][1], m1c4[k][1]);

fprintf(fpl," %s %d %s",m2resname[k][1], m2resnum[k][l],m2atname[k][l]),
fprintf(fpl,” %2.2f %2.2f %2.2f\n",m2h2[k]{1],m2c3[k][1].d[k][1]);

1
.
}

hcchassignpipp.c

/* hechassignpipp.c */

/* derived from hcchassign.c */

/* Written by JGP */

/* Program to analyze peak picks from 4D expt */
/* generated by program PIPP */

/* to compile use: cc hechassignpipp.c -Im */
/*The -lm is for inclusion of the math.h file */

/* To be used for 13C - 13C 4D NOESY only */

/* for a short description of the rationale */
/* behind this program - see the header of */
/* the program: hcchassign.c */

* FILES READ IN */

/* reads in pickresult.d (raw peak pick file) */

/* reads in assign.d (frequency assignments file) */
/* reads in filterresultpipp.d (assignment type file) */
/* not assigned=0, short=1, medium=2, long=3 */
/* reads in xyz.d (coordinate file) */

finclude <math.h>
#include <stdio.h>
#include <string.h>

main(.)

{
 FILE *fp, *fpl, *fx2, *fp3;
int 1, resnum{3000], atomnumec, resnumc[3000], peakno[5000], posneg[5000];
int ptr2, ptr3, ptr4;
char atname{30001{10], resname[30001[5], atomc[10], atnamec[3000][10];
char resnamec{3000][5],c212¢[10];
float xc[3000], yc[3000], zc[3000], c1, bfc, h[3000], c[3000], h1{5000];
float wid1, h2[5000], wid2, ¢3[5000], wid3, c4[5000], wid4, cc;
float x[3000] y[3000], z[3000];
- int xyzc, peaklistc, assignc, j;
int k, I, m, n, mlresnum{100], m2resnum[100];

187



char m1resname[100][5], m2resname[100][5], m1latname[100]{10],m2atname[100]{10];
float m1h1[100], m1c4[100], m2h2[100], m2c3[100], m1x[100], m1y[100];

float m1z[100], m2x[100], m2y[100], m2z[{100};

float diffh1, diffc3, diffh2, diffc4;

double a, b, cd, d, dd; '

float hicut, h2cut, ccut, cfold, cfold3, cfold4, hldev, c4dev, h2dev, c3dev;

int t, assign{5000];

float c4pl[5000],c3pl[5000],dcut,intensity [3000];

int aindex[3000], zindex[3000];

printf("input file filterresultpipp.d, assign.d, xyz.d \n");
printf(" output peak picks/assignments pickresultpipp.d \n"});
/* Define 1H and 13C chemical shift ranges to be tested */
/* when assigning peaks from the peak list */

/* heut for 1H and ccut for 13C */

hlcut=0.12; /* cutoff for d1 dimension 1H - with c4 */
h2cut=0.15; /* cutoff for d2 dimension 1H - with ¢3 */
ccut=0.5;
cfold=23.8; ‘
cfold3=3*23.8; /* for 3 folded aromatics */
cfold4=4*23.8; /* for 4 folded aromatics */
hldev=0.0; /*deviation h1[j]-hldev=h[j] (h1[j] is peak picked data)*/
h2dev=0.0; /* h{j] is chem shift assignment data */
c¢3dev=0.0; .
c4dev=0.0;
dcut=15.0; /* distance cutoff for printing possible proton pairs */
/* Open file to write results */
if ((fp3=fopen("pickresultpipp.d”, "w")) ==NULL) {
printf("Error opening pickresultpipp.d");
exit(1); }

/* Open data bases and read to arrays */
/* Open assignments + read data as assign.d */
if ((fp=fopen("assign.d", "r")) ==NULL) {
printf("Error opening assign.d/n");
exit(1); }
printf("Opened chemical shift list assign.d");
printf(" Reading in the file \n");
/* resnum = residue number; resname= residue name; assign =assignment;*/
/* h = 1H chemical shift; ¢ = carbon chemical shift */
1=-1;
assignc=-1;
~while(!feof(fp)) {
i=i+1;
assignc=assignc+1;
fscanf(fp, "%i%s%osPof%f", &resnum[i], &resname[i], &atnamefi], &h[i], &c[i]);
/*  printf("%i %s %s %2.2f %3.2f\n", resnum|i], resnamefi], atname[i],h[i],c[i]); */

}
fclose(fp);
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/* Read in peak pick list */

if ((fp=fopen("filterresultpipp.d”, "r")) == NULL) {
printf("Error opening filterresultpipp.d\n”);
exit(1); }
printf(" Opened peak pick list peaklist.d - reading in the file \n");
i=-1;
peakliste=-1;
while(!feof(fp)) {
1=i+1;
peaklistc=peaklistc+1;
fscanf(fp, "% d%d%d%d %t %f %ot %t %e", &peakno[i], &assign[i], &zindex[i],
&aindex[i}, &h1[i], &h2[i], &c3[i], &c4[i], &intensity[i]);

/* Calculate plane number for each c3 and c4  */
cdpl[i]=17-((c4[i]-43.0)/0.74);
c3pl[i}=17-((c3[1]-43.0)/0.74);

printf("%d %2.2f %2.2f %2.2f %2.2f", peaknoli], h1[i], h2[i], c3[i], c4[i]);
printf(" %2.3e c4 plane %2.1f c3 plane %2.1f\n\n", intensity[i], c4pl{i], c3pl[i]);

}
fclose(fp);
/* Read in xyz coordinates for a structure */

if ((fpl=fopen("xyz.d", "r")) == NULL) {
printf("Error opening xyz.d\n");
exit(1); } :
printf("Opened xyz coordinate file xyz.d - reading coordinates \n");
1=-1; A
Xyzc=-1;
while(!feof(fp1)) {
i=i+1;
Xyzc=xyzc+l;
fscanf(fp, "%s%d", &atomc, &atomnumc);
fscanf(fp, " %s%s%d%f %t %f", &atnameci],
&resnamec(i],&resnumcli],&xcli],&yclil,&zc[i]);
fscanf(fp, "%f%f%s", &cl, &bfc, &c212c);
/*  printf("%s %s %d %2.3f %2.3f %2.3f\n", atnamec(i], resnamecf{i], resnumc(i], xcfi],

yeli], zefil); */
fclose(fp);
/* ** Match chemical shifts with xyz coordinates ** */

printf("Matching assignments with coordinates\n");
for(i=0; i<assignc; i++) {
for(3=0; j<xyzc; j++) { ,
if(strcmp(atname[i],atnamec{j])==0 && strcmp(resname(i],resnamec[jl)==0 &&
resnum(fij==resnumc(j]) { )
x[i]l=xc[j];
ylil=ycll;
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z[i]=zc[jl;
/* printf("%s %s %d assigned to", resnamec(j], atnamec(j], resnumc(j]);
printf(" %s %s %d", resname(i}, atname[i], resnum(i]);
printf(" xyz coordinates %2.3f %2.3f %2.3f\n", x[il], y[i]. z[1]);
if(x[11==0.0 1l y[1]==0.0 Il z[1]J==0.0) printf("Error - no match");*/

} |
! \
/* Match peak list to assignment table */ '

for(i=0; i<peaklistc ; i++) {
=-];

I=-1;

/* Check to see if peak in peak list is an aromatic */
/* Use a cutoff : if 1H shift is above 6.0 ppm */

7*if(h1[i]>6.0) c4[i]=cA[i]+(4*23.8);*/
/%if(h2[i]>6.0) c3[i]=c3[i]+(4*23.8);*/

for(j=0; j<assignc; j++) {

if(fabs(h1[i]-h[j]-h1ldev)<hlcut && (fabs(c4[i]-c[j]-c4dev)<ccut Il fabs(c4[i}+cfold-c4dev-
c[jl)<ccut Il fabs(c4[i]-cfold-c4dev-cfj])<ccut Il fabs(c4[i}+cfold3-c4dev-c[j])<ccut i
fabs(c4fi}+cfold4-c4dev-c[j])<ccut)) {
=k+1;
strcpy(mlatnamefk],atname[j]);
strcpy(mlresname(k].resname(j]);
- mlresnum[k]=resnum(j];

mlh1[k]=h[j];

m1lc4[k]=c[j};

m1x[k]=x[j];

mly[k}=y[j]; _ -

miz[k]}=z[j]; o

} ' _
if(fabs(h2[i}-h[j]}-h2dev)<h2cut && (fabs(c3[i]-c[j]-c3dev)<ccut Il fabs(c3[i]+cfold-c[j]- -
c3dev)<ccut Il fabs(c3[i]-cfold-c[j]-c3dev)<ccut Il fabs(c3[i}+cfold3-c[jj-c3dev)<ccut Il
fabs(c3[i]+cfold4-c[j]-c3dev)<ccut)) {
I=1+1;
strcpy(m2atname(l],atname[j]);
strcpy(mZ2resname(l],resname(j]); \
m2resnum[l]=resnum{j]; :
m2h2[1}=h{j]; -
m2c3[1]=c{j]; i
m2x[1}=x[j]; :
m2y[ll=y(jl;
m2z{l]=z[j];

/*Use info on parameter posneg to filter some choices - */
/* if(h1[i]<6.0 && h2[i]<6.0) {

if(posneg[i]=2 && (fabs(c4[i]-c[j])<ccut && fabs(c3[i]-c[j])<ccut)) continue;
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if(posneg[i}==0 && (fabs(c4[i]-c[j])<ccut il fabs(c3[i]-c[jl)<ccut)) continue; }
®/ ,
}

/* Write out matches and calculate distance for each */

fprintf(fp3,"\n1  %d %d %2.2f %2.2f ",peaknoli],assign[i],h1[i],c4{i]);
fprintf(fp3, " %2.3e  %2.2f %2.2f" intensity[i],h2[i],c3[i]);
fprintf(fp3, " c4 plane %2.1f c3plane %2.1f\n\n", c4pl[i], c3pl[il);

if(k==-1 Il I==-1) { fprintf(fp3,"3 **No pairs found**\n");
continue; }

if(k>-1 && 1>-1) {
for(m=0; m<=k; m++) {

for(n=0; n<=l; n++) {
a=(m1x[m]}-m2x[n])*(m1x[m]-m2x[n]);
b=(m1y[m]-m2y[n])*(mly[m]-m2yn]);
cd=(mlz[m]}-m2z[n])*(mlz{m]}-m2z[n]);
dd=a+b+cd;

1f(dd<=0.0) d=0.0;

else d=sqrtf(a+b+cd);

if(m1x[m]==0.0 Il m2x[n}==0.0) d=0.0;

if(d >= dcut) continue; )

diffhi=h1[i}-m1h1[m];
diffth2=h2[i}-m2h2[n];
diffc3=c3[i]-m2c3[n];

diffc4=c4(i}-mlc4{m];

fprintf(fp3,"2 %s %d %s",mlresname[m],mlresnum[m]},mlatname[m]);
fprintf(fp3," %2.2f %2.2f" ;m1hl[m],mlc4[m]);

fprintf(fp3," %s %d %s ",m2resname[n], m2resnum{n],m2atnamefn});
fprintf(fp3, " %2.2f %2.2f %2.2f", m2h2[n],m2c3[n].d);

fprintf(fp3, " %2.2f %2.2f %2.2f %2.2f\n" diffh1,diffc4,diffh2,diffc3);
}

}
}
}
}
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hcchassign.c

/* hcchassign.c */

/* Program to analyze peak picks from 4D expt */
/* to compile use: cc hechassign.c -Im */

/*The -lm is for inclusion of the math.h file */

/* To be used for 13C - 13C 4D NOESY only */

* SHORTDESCRIPTION %/

- /* This program written by Jeff Pelton */

/* is the workhorse of our assignment */

/* of crosspeaks peak picked in the 4D.*/

/* 13C/13C NOESY using the FELIX program */

/* and macros for manual peak picking */

/* developed by A.Lee and modified slightly */

/* by Fred Damberger */

/* In summary it generates an output file */

/* containing all NOE assignments for each */

/* crosspeak within a certain ppm cutoff of */

/* the assigned chemical shifts along with the */

/* distance between proton pairs in each proposed */

/* assignment as computed from a reference */

/* structure from a previous round of structure */

/* calculations */

/* Typically, the generated file is printed out */

/* and the user manually inspects the listing to */

/* find unambiguous NOE assignments - this is

/* loosely defined as a single assigned proton pair */

/* is within 6 Angstroms (A) and all others are much*/

/* further away for a given crosspeak. These guidelines */
/* for assigning new NOEs change as the structure */

/* refinement proceeds. A tightly defined family allows */
/* more precise determination of distances and allows */
/* NOE:s to be assigned when one distance is within the
/* range to give rise to an NOE (say <5 A) and all others */
/* are outside that range (say >6 A). NOTE that at this */
/* stage we used the program dist.c to get distance ranges */
/* for the family of structures rather than just one as */

/* used in this program -FFD */

/* FILES */

/* Input file : assign.d (frequency assignments file) */
/* Input file : filterresult.d (processed peak pick file) */
/* not assigned=0, short=1, medium=2, long=3 */

/* Input file : reads in xyz.d (coordinate file) */

/* Output file : pickresult.d (NOE assignment output) */

/* LONG DESCRIPTION

/* pickresult.d is generated by FELIX as an output */
/* list file from the peak pick data base generated */
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/* by the felix macros: 4dpeakpick.mac */

/* This program reads in filterresult.d to get the */

/* location of 4D peaks in the 13C/13C NOESY */

/* filterresult.d is derived from peaklist.d */

/* It has been sorted by hcchsort.c and modified */

/* by filter.c to include information on whether peaks */

/* have been picked in a previous round of assignment */

/* This program then reads in assign.d to obtain */

/* the most recent chemical shift assignments */

/* 1t also reads in the coordinates from the structure */

/* file xyz.d (which should be a converged structure */

/* from the previous round of structure refinement) */

/* Then it takes each crosspeak in filterresult.d */

/* and trys to assign both 1H/13C chemical shift pairs */

/* to 1H/13C pairs in the assign.d file */

/* typical maximal ppm differences accepted as a potential */
/* assignment are : delta ppm 1H = +/- 0.15 */

/*  parameters: hlcut (c4) and h2cut (c3) */

/* :delta ppm 13C=+/-0.5 */

/*  parameters: ccut */

/* each potential assignment is written to the file: pickresult.d */
/* along with the errors in ppm values from assign.d */

/* and the distance between two protons in the two assigned */
/* groups (as determined from the xyz.d structure). */

/* Note that this program does not used pseudo-atoms to */

/* calculate the distances - it arbitrarily picks one 1H from */
/* each group participating in the NOE, e.g. H12 in a valine */
/* methyl group. The program also uses these distances as a */
/* mild filter excluding assignments with distances corresponding */
/* to a distance greater than 15 A. */

/* SUPPORTING PROGRAMS */

/* FELIX */

/

/* FELIX 2.30 is used to generate the peakpick.d file. */

/* After processing the raw 4D data matrix using FELIX */

/* The macros developed by Andrew Lee are used to pick */

/* crosspeaks which occur in each plane manually. The */

/* following macros were used : */

/* 2dfrom4dmnu.mac generates a 2D plane from a 4D matrix */
/* In the default mode, the user picks the plane numbers */

/* for the two 13C dimensions (D2 and D3) and the macro */
/* plots the corresponding 2D 1H/1H plane */

/* manpick4dmnu.mac then allows the user to interactively */
/* pick crosspeaks in the spectrum. The macro obtains the */

/* 1H/1H position of the cursor and plots the corresponding */
/* 13C/13C plane to locate the crosspeak position in the 13C */
/* dimensions. It then asks the user if he wishes to enter */

/* the peak and if so asks for a qualitative assessment of */

/* intensity (strong - medium or weak). If the peak was chosen */
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/* for entry, the 1H/13C -1H/13C position and intensity are

/* entered into the open data base along with the peak */

/* intensity. These two macros are integrated into the menu */

/* interface of FELIX under 2D mode Tools option by modification */
/* of the file display2d.mnu and the creation of several

/* z_filename.mnu files placed in the directory pmnu */

/* The list option is used to generate an output file of the */

/* data base which should be named (or renamed) peaklist.d */

/* C programs */

/* peaklist.d is input file for the program hcchsort.c */

/* which sorts the peak pick list by 1H and 13C chemical shift */
/* output file is hcchsortresult.d */

/* hechsortresult.d is input file for the program filter.c */

/* which filters the peak pick list based on which peaks have */
/* already been assigned and includes a column in the output

/* file for type of assignment of each peak: not assigned, */

/* short range, medium range, and long range */

/* the output file is filterresult.d */

/* filterresult.d is input file for this program (hcchassign.c) */

/* END OF HEADER */

#include <math.h>
#include <stdio.h>
#include <string.h>

main()

{

FILE *fp, *fpl, *{x2, *fp3;

int i, resnum[3000], atomnumc, resnumc[3000], peakno[5000], posneg[5000];
int ptr2, ptr3, ptr4;

char atname[3000][10], resname[3000][5], atomc[10], atnamec[3000][10];
char resnamec[3000][5],c212c[10], intensity[5000][10];

float xc[3000], yc[3000], zc[3000], c1, bfc, h[3000], c[3000], h1[5000];
float wid1, h2[5000], wid2, ¢3[5000], wid3, c4[5000], wid4, cc;

float x{3000] y[3000], z[3000];

int xyzc, peaklistc, assignc, j;

int k, I, m, n, mlresnum([100], m2resnum[100];

char mlresname[100][5], m2resname[100]{5], mlatname[100][10],m2atname[100][10];

float m1h1[{100], m1c4[100], m2h2[100], m2c3[100], m1x[100], m1y[100];
float m1z[100], m2x{100], m2y[100], m2z[100];

float diffh1, diffc3, diffh2, diffc4;

double a, b, cd, d, dd;

float hlcut, h2cut, ccut, cfold, cfold3, cfold4, hldev, c4dev, h2dev, c3dev;
int t, assign[5000];

float c4pl[5000],c3pI[5000].dcut;

/* Define 1H and 13C chemical shift ranges to be tested */
/* when assigning peaks from the peak list */
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/* heut for 1H and ccut for 13C */

hicut=0.12; /* cutoff for d1 dimension 1H - with c4 */
h2cut=0.15; /* cutoff for d2 dimension 1H - with ¢3 */
ccut=0.5;
cfold=23.8;
cfold3=3*23.8; /* for 3 folded aromatics */
cfold4=4*23.8; /* for 4 folded aromatics */
hldev=0.0; /*deviation h1[j]-hldev=h[j] (h1{j] is peak picked data)*/
h2dev=0.0; /* h[j] is chem shift assignment data */
¢3dev=0.0;
c4dev=0.0;
dcut=15.0; /* distance cutoff for printing possible proton pairs */
/* Open file to write results */ ‘
if ((fp3=fopen("pickresult.d", "w")) ==NULL) {
printf("Error opening pickresult.d");
exit(1); }

/* Open data bases and read to arrays */
/* Open assignments + read data as assign.d */
if ((fp=fopen("assign.d", "r")) ==NULL) {
printf("Error opening assign.d/n");
exit(1); }
printf("Opened chemical shift list assign.d");
printf(" Reading in the file \n");
/* resnum = residue number; resname= residue name; assign =assignment;*/
/* h = 1H chemical shift; ¢ = carbon chemical shift */

i=-1;

assignc=-1;
while(!feof(fp)) {
i=i+1;

assignc=assignc+1;
fscanf(fp, "%i%s%s%f%f", &resnumli], &resname[il, &atnameli], &h[i], &c[il);
printf("%i1 %s %s %2.2f %3.2f\n", resnumli], resname(i], atnamel[i],h{i],c[il);

fclose(fp);
/* Read i peak pick list */

if ((fp=fopen("filterresult.d", "r")) == NULL) {
printf("Error opening filterresult.d\n");
exit(1); }
printf(" Opened peak pick list peaklist.d - reading in the file \n");
i=-1;
peaklistc=-1;
while(!feof(fp)) {
i=i+1;
peaklistc=peaklistc+1;
fscanf(fp, "%d%d%f%t%d%s", &peaknoli], &assign[i], &h1[i], &widl, &posneg[i],
&intensity[i]);
fscanf(fp, "%t %f%d%f%f%d", &h2[i], &wid2, &ptr2, &c3[i], &wid3, &ptr3);
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fscanf(fp, "%f%f%d%t", &c4[i], &wid4, &ptr4, &cc);

/* Calculate plane number for each c3 andc4 */
cdpl{i]=17-((c4[i]-43.0)/0.74);
c3pl[i]=17-((c3[i]-43.0)/0.74);

printf("%d %2.2f %2.2f %2.2f %2.2f", peakno[i], h1{i], h2[i], c3[i], c4[i]);
printf(" %d %s c4 plane %2.1f c3 plane %2.1f\n\n", posneg[i], intensity{i], c4pl([i],

c3plfil);
fclose(fp);
/* Read in xyz coordinates for a structure */

if ((fpl=fopen(" Xyz. d", "r")) == NULL) {
printf("Error opening xyz.d\n");
exit(1); }
printf("Opened xyz coordinate file xyz.d - reading coordinates \n");
i=-1;
xyzc=-1;
while(!feof(fp1)) {
i=i+1;
Xyzc=xyzc+1;
fscanf(fp, "%s%d", &atomc, &atomnumc);
fscanf(fp, "%s%s%d %t %f %", &atnamec[i],
&resnamec(i],&resnumcli],&xcfi],&ycli],&zc[i});
fscanf(fp, "%f%f%s", &cl, &bfc, &c212c);
printf("%s %s %d %2.3f %2.3f %2.3f\n", atnamec(i}, resnamec[i], resnumc(i], xc[i],

yelil, ze[i]);
fclose(fp);
/* ** Match chemical shifts with xyz coordinates ** */

printf("Matching assignments with coordinates\n");
for(i=0; i<assignc; i++) {
for(G=0; j<xyzc; j++) {
if(strcmp(atnamefi],atnamec(j])==0 && strcmp(resname[l] Jesnamec(j])==0 &&
resnum{i]==resnumc(j]) {
x[i]=xc[jl;
ylil=ye{jl;
. z[i}=zc[j];
printf("%s %s %d assigned to", resnamec(j], atnamec[j], resnumc[j]);
printf(" %s %s %d", resname[i], atname[i], resnum(i]);
printf(" xyz coordinates %2.3f %2.3f %2.3f\n", x[i], y[il, z[i]);
if(x[i]==0.0 Il y[i]==0.0 Il z[i]==0.0) printf("Error - no match");

}
|
/* Match peak list to assignment table */

for(i=0; i<peaklistc ; i++) {
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k=-1;
I=-1;

/* Check to see if peak in peak list is an aromatic */
/* Use a cutoff : if 1H shift is above 6.0 ppm */

/*if(h1[i]>6.0) c4[i]=c4[i]+(4*23.8);*/
/*if(h2[i]>6.0) c3[i]=c3[i]+(4*23.8);*/

for(j=0; j<assignc; j++) {

if(fabs(h1[i]-h[j]-h1dev)<hlcut && (fabs(c4[i]-c[j]-c4dev)<ccut Il fabs(c4[i]+cfold-c4dev-
c[jh<ccut ll fabs(c4[i]-cfold-c4dev-c[j])<ccut Il fabs(c4[i]+cfold3-c4dev-c[j])<ccut Ii
fabs(c4[i]+cfold4-c4dev-c[j])<ccut)) {

k=k+1;

strcpy(mlatname(k],atname(j]);

strcpy(m1resname[k],resname(j]);

mlresnumfk]=resnum(j];

mlhl[k]=h(j};

mlcd[k]=c[j];

mlx[k]=x[j];

mly[k}=y[j];

mlz[k]=z[j];

}
if(fabs(h2[i]-h[j]-h2dev)<h2cut && (fabs(c3[i]-c[j]-c3dev)<ccut Il fabs(c3[il+cfold-c[j]-
c3dev)<ccut ll fabs(c3[i]-cfold-c[j}-c3dev)<ccut Il fabs(c3[i]+cfold3-c[j]-c3dev)<ccut Il
fabs(c3[i]+cfold4-c[j]}-c3dev)<ccut)) {

I=1+1;

strcpy(mZ2atname[l],atname(j]);

strcpy(mZ2resname(l],resname(j]);

m2resnum(l]=resnum(j];

m2h2{1]=h{j];

m2c3{l)=c[j];

m2x[1]=x[j];

m2y[l]=y[j];

m2z[1]=z[j];

/*Use info on parameter posneg to filter some choices - */
if(h1[i]<6.0 && h2[i]<6.0) {

if(posneg[i]==2 && (fabs(c4{i]-c[j])<ccut && fabs(c3[i]-c[j])<ccut)) continue;
if(posneg[i]==0 && (fabs(c4[i]-c[j])<ccut Il fabs(c3[i]-c[j])<ccut)) continue;}

/* Write out matches and calculate distance for each */
fprintf(fp3,"\nl  %d %d %2.2f %2.2f %d",peaknoli],assign[i]l,h1[i],c4[i],posnegli]);
fprintf(fp3, " %s %2.2f %2.2f" intensity[i],h2[i],c3[i]);
fprintf(fp3, " c4 plane %2.1f c3plane %2.1f\n\n", c4pll[i], c3pll[i]);

if(k==-1 Il 1==-1) { fprintf(fp3,"3 **No pairs found**\n");
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}

if(k>-1 && 1>-1) { )
for(m=0; m<=k; m++) {

for(n=0; n<=l; n++) {
a=(m1x[m]-m2x[n])*(m1x{m]-m2x[n]);
b=(mly[m]-m2y[n])*(mly[m]-m2y[n]);
cd=(milz[m]-m2z[n])*(m1z[m]-m2z[n});
dd=a+b+cd;

1f(dd<=0.0) d=0.0;

else d=sqrtf(a+b+cd);

if(m1x[m]==0.0 Il m2x[n]==0.0) d=0.0;
/*if(d >= dcut) continue;*/

diffhi=h1[i]-m1h1[m];
diffh2=h2[1]-m2h2[n];
diffc3=c3[i]-m2c3[n];

diffc4=c4[i]-mlc4[m];

fprintf(fp3,"2 %s %d %s",m1resname[m],mlresnum[m),m1atname[m]);
fprintf(fp3," %2.2f %2.2f",m1h1[m],mlc4[m]);

fprintf(fp3," %s %d %s ",m2resname[n], m2resnum(n},m2atname([n]);
fprintf(fp3, " %2.2f %2.2f %2.2f", m2h2[n},m2c3[n],d);

fprintf(fp3, " %2.2f %2.2f %2.2f %2.2f\n",diffh1,diffc4,diffh2,diffc3);
}

}

1
if(k>-1 && 1==-1) {
for(m=0; m<=k; m++) {
fprintf(fp3,"2 \t\t\t %s %d %s",ml1resname[m],mlresnum[m],mlatname[m]);
fprintf(fp3," %2.2f %2.2f\n",m1h1[m],mlc4[m]); }}

if(k==-1 && 1>-1) {

for(n=0; n<=l; n++) {
fprintf(fp3,"\t\\t %s %d %s ", m2resname[n], m2resnum{n],m2atname[n]);
fprintf(fp3, " %2.2f %2.2f %2.2f\n", m2h2[n],m2c3[n].d); }}

}
}
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C Software for Analysis of Structures and Contraint Data

dist.c

* dist.c */

/* Program to calculate distances between two atoms */

/* for a family of structures */

/* With a distance cutoff */

/* to compile use cc dist.c -lm (-Im to include math utility)*/

/* Input format: dist resN atmX resM atmY */

/* for example : dist 22 HA 23 HN */

/* program then prompts user for prefix of structure files */

/* followed by number of structures */

/* for example : refine_ */

r* : 30 */

/* so structure files must have the format prefixNUMBER.pdb */
/* output is sent to standard out (screen) and consists of */

/* structure name resN atmX resM atmY distance(in angstroms) */
/* for all the structures specified along with the average */

/* and standard deviation */

/* This code forms the core of many other programs in this appendix */
/* such as hbond.c -FFD*/

/* Author: Jeff Pelton */

#include <math.h>
#include <stdio.h>
#include <string.h>

void main(int argc, char *argv(])

{

FILE *fp1, *{p3;
char *p;
int i, j, k, xyzc[50],atomnumc,resnumc[50][3000];

float diff2,xc[50][3000],yc[50][3000],zc[50]{3000];

char atomc[10],atnamec[50]{3000][ 10],resnamec[50][3000]{5];

float c1,bfc, a, b, cd, d[50], dd,sum,ave,sd,};

char c212c[10],filename[20],filename 1[20],s[80];

char attest1[5],attest2[5],add[5],pdb[5],file[20];

int resnotest1, resnotest2,no;

[*char fileno[2][21={"1","2"};*/

char
fileno[24][3]}={"1","2","3","4","5","6","7","8","9","10","11","12","13","14","15"," 16"
, 17","18","19","20","21","22","23","24" };

/* change this to read in more structures along with size of array fileno */

if(argc !=5) {printf("Usage: dist res_number atname res_num atname");

exit(1); }

strcpy(pdb,".pdb");

resnotest1=atoi(argv([1]);

resnotest2=atoi(argv{3});

strcpy(attest1,argv[2]);
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strcpy(attest2,argv([4]);
printf("Looking for %d %s %d %s\n",atoi(argv[1]),argv[2],atoi(argv[3]),argv[4]);

/¥ *¥x* Get basic information interactively ***** */

printf("enter Base filename -ex. accept_ :\n");
[xF* kx/

p=gets(s);
if(p) strcpy(filename,s);
strepy(filenamel filename);
printf("enter number of files - default 24: \n");
p=gets(s);
if(p) no=atoi(s);
printf("number of files is: %d / Base file name is %s \n",no,filename);
/*** O en file for Output sk ok ok sk ok 3k sk 3k sk ok ok vk ok ok dkesk sk sk sk sk sk ok sk sk Sk sk sk ok sk sk sk k */
/* if ((fp3=fopen("nhch3dist.output”, "w")) == NULL) {
printf("Error opening nhch3dist.output\n");
exit(1); } */
/*************** Read in XyZ Coordinates for structures *******************/
for(k=0;k<no;k++) {
/* add="1";*/
strcat(filename,fileno[k]);
strcat(filename,pdb);
if (fpl=fopen(filename, "r")) == NULL) {
printf("Error opening file\n");
exit(1); }
/*printf("Opened xyz coordinate file %s - reading coordinates \n",filename);*/
strepy(filename,filename1);

1=-1;

xyzc[k]——l
while(!feof(fp1)) {

i=i+1;

Xyzc [k]—xyzc [k]+1;

fscanf(fpl,"%s",&atomc);

if(stremp(atomc," ATOM")==0) {

fscanf(fpl, "%d", &atomnumc);

fscanf(fpl %s%s%d%f%f%f" &atnamec([k][i],
&resnamec[k]fi],&resnumcik][i],&xck][i],&yc[k]{i],&zck][i]);

fscanf(fpl, "%f%f%s", &cl, &bfc,&c212c);
/*  printf("%s %s %d %2.3f %2.3f %2.3f\n", atnamec[k][i], resnamec[k][il,
resnumc(k][i], xc[k][i], yc[k]i], zc[k][i]); */ }
else continue;

fclose(fpl);

[rEEFRRkk kAR kR k% k%% Search for NH /Calc dist / print result *¥*FFkxskkkk kK%K
for(k=0;k<no;k++) {

for (i=0; i<xyzc[k]; i++) {

if(strcmp(atnamec[k]{i],attest1)==0 && resnumc[k][i]= resnotestl) {
/*  printf("found first match \n");*/
for(j=0; j<xyzclk]; j++){
if(strcmp(atnamec(k][j],attest2)==0 & & resnumc[k][j]==resnotest2) {
/*  printf("found second match \n");*/
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a=(xe[k][i]-xe[K]GD*(xe k] [i]-xe[K][D):
b=(yc[k][i]-yc[kI[j])*(yelk]{i}-ye K]
cd=(zc[k][i]-ze[k][GD*(ze[k]{i]-zc[KI[D);
dd=a+b+cd;

/* printf("Did basic calc up to dd \n");*/

1f(dd<=0.0) d[k]}=0.0;

else d[k]=sqrtf(a+b+cd);

if(xc[k][i]==0.0 Il xc[k][j]==0.0) d[k]=0.0;
/*  printf("Calc distance complete %d %2.2f \n" k,d[k]);*/
/*1f(d[k] <7.0) { ¥/
/*printf("start print of residue info");*/
printf(" %s %d %s" resnamec[k][i],resnumc[k][i],atnamec[k][i]});
printf(" %s %d %s %2.2f" resnamec[k]{j], resnumc(k][j],atnamec[k][j],d[k]);
printf(" mol no %d \n",k+1);
}}
1}
}

[*printf(" Start the sum process \n"); */

sum=0.0;

for(j=0;j<no;j++) sum=sum-+d[j];

[*printf(" Calc ave \n");*/

ave=sum/no;

diff2=0.0;

for(k=0;k<no;k++) diff2=((ave-d[k])*(ave-d[k]))+diff2;
[*printf( "diff2= %2.2f ave= %2.2f \n".diff2,ave);*/
sd=sqrtf(diff2/(no-1));

printf(" ave = %2.2f sd= %2.2f \n",ave,sd);
fclose(fp3);
}

hbond.c

/* hbond.c */

/* Program to calculate angle and N-O H-O distances for a structure */
/* Input file prompted for - */

/* The standard angle to measure to identify H-bonds is:  */
/* O---H-N which ideally is linear (180 deg) but usually */
/* H-bonds are identified by an angle >= 120 deg */
/* Typical distance criteria between doner H and acceptor */
/¥ NorOis<=33Aor35A */

/* This program just outputs the dist and angle without */
/* Identifying pairs that satisfy the H-bond criteria  */

/* hbondrev2.c applies the test for H-bonding and gives */
/* the percentage of structures where it is satisfied -FFD  */
/* to compile use cc dist.c -Im (-Im to include math utility)*/

/* AUTHOR: Jeff Pelton */

#inélude <math.h>
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#include <stdio.h>
#include <string.h>

void main(int argc, char *argv[])

{

FILE *fpl, *fp3;

char *p;

int i, j, k, xyzc[50],atomnumc,resnumc[50][3000];

float diff2,xc{50][3000],yc[50][3000],zc[50][3000];

char atomc[10],atnamec[50][30001[10],resnamec[50][3000][5];

float c1,bfc, a, b, c¢d, d[50], dd,sum,ave,sd,l;

char ¢212¢[10].filename[20],filename1[20],s{80];

char attest1[5],attest2[5],add[5],pdb[5],file[20];

int resnotest1, resnotest2,no;

float nx,ny,nz,hnx,hny,hnz,0x,0y,0z,hhnx,hhny,hhnz;

int check[507;

float hnox,hnoy,hnoz,nox,noy,noz maghn[SO] magho[50],magno([50];
float dot,theta[50];

float maghosum,magnosum,stdevno,stdevho,maghodiff2,magnodiff2,aveno,aveho;
/*char fileno[2][2]={"1","2"};*/

char

fileno[24][3]={"1","2","3","4","5","6","7","8","9","10","1 1","12","13","14","15"," 16"
,"17","18","19","20","21","22","23","24" };

if(argc !'= 3) {printf("Usage: dist res_number(for HN) res_num(for O) ");
exit(1); }

strcpy(pdb,".pdb");

resnotestl=atoi(argv[1]);

resnotest2=atoi(argv(2]);

printf("Looking for %d HN %d O\n",atoi(argv({1]),atoi(argv[2}));

/¥ *¥*¥% Get basic information interactively ***** */

printf("enter Base filename -ex. accept_ :\n");
/** **/

p=gets(s);
if(p) strcpy(filename,s);
strcpy(filename1,filename);
printf("enter number of files - default 24: \n");
p=gets(s);
if(p) no=atoi(s); '
printf("number of files is: %d / Base file name is %s \n",no,filename);
/*** O en file fOr output sk 3k 3K Sk 2k 3 ok ok ok ok 3k ok ok ok sk ok sk ok sk ok ok ok ok ok ok vk ok ok kok sk sk */
/* if ((fp3=fopen("nhch3dist.output”, "w")) == NULL) {
printf("Error opening nhch3dist.output\n");
exit(1); } */
/*************** Read in Xyz Coordinates for structures *******************/
for(k=0;k<no;k++) {
/* add="1";*/
strcat(filename fileno[k]);
strcat(filename,pdb);
if ((fpl=fopen(filename, "r")) == NULL) {
printf("Error opening file\n");
exit(1); }
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/*printf("Opened xyz coordinate file %s - reading coordinates \n",filename);*/ -
strcpy(filename, filenamel);
i=-1;
xyzc[k]=-1;
while(!feof(fp1)) {
I=i+1;
xyzc[k]=xyzc[k]+1;
fscanf(fpl,"%s",&atomc);
if(strcmp(atomc," ATOM")==0) {
fscanf(fpl, "%d", &atomnumc);
fscanf(fpl, "%s%s%od%f%f%f", &atnamec[k][i],
&resnamec[k][i],&resnumcfk][i],&xc[k][i],&yc[k][i],&zc[k][i]);
fscanf(fpl, "%f%f%s", &cl, &bfc,&c212c);
/*  printf("%s %s %d %2.3f %2.3f %2.3f\n", atnamec[k][1], resnamec[k][i],
resnumc[k][1], xc[k][i], yc[ki[i], zc[k][i]); */ }
else continue;

fclose(fpl);

/*********************Search for NH /CalC dlSt / prmt result ****************/

magnosum=0.0; \

maghosum=0.0;

for(k=0;k<no;k++) { check[k]=0;

[* FxxEx] ocate coordinates ***** */

for (i=0; i<xyzc[k]; i++) {

if(strcmp(atnamec[k][i],"N")==0 && resnumc[k]{i]==resnotest1) {
nx=xc[k][i]; ny=yc[k][il; nz=zc[k][i]; check[k]=check[k]+1;}
if(strcmp(atnamec[k][i],"HN")==0 && resnumc[k][i]==resnotest1) {
hnx=xc[k][1]; hny=yc[k][i]; hnz=zc[k][i]; check[k]=check[k]+1;}
if(strcmp(atnamec[k][i],"O")==0 && resnumc[k][i]==resnotest2) {
ox=xc[k][1]; oy=yc[k][i]; oz=zc[k][i]; check[k]=check[k]+1;}

}
if(check[k]==3) { :
/* Calculate vectors if three matches H N O were found */
/* Calc H - N vector */
hhnx=(hnx-nx); hhny=(hny-ny); hhnz=(hnz-nz);
/* Calc HN - O vector */
hnox=(hnx-ox); hnoy=(hny-oy); hnoz=(hnz-0z);
/* Calc N - O vector */
nox=(nx-ox); noy=(ny-oy); noz=(nz-oz);
/* Calc magnitudes */
maghn[k]=sqrt((hhnx*hhnx) + (hhny*hhny) + (hhnz*hhnz));
magho[k]=sqrt((hnox*hnox) + (hnoy*hnoy) + (hnoz*hnoz));
magno[k]=sqrt((nox*nox + noy*noy + noz*noz));
/* Calc dot product */
dot=hhnx*hnox + hhny*hnoy + hhnz*hnoz;
/* Calc theta angle between o - h - n */
theta[k]=(360.0*0.1592)*(acos(dot/(maghn[k]*magho{k])));
/* Sum distances to get an average */
magnosum=magnosum + magno(k];
maghosum=maghosumn + magho(k];

I3
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/* Do calcs to get ave and std dev for H - O and N- O distances */
aveno=magnosunyno; :
aveho=maghosum/no; : o
magnodiff2=0.0; ‘ \
maghodiff2=0.0; : )
for(k=0;k<no;k++) {

magnodiff2=((aveno-magno[k])*(aveno-magno(k])) + magnodiff2;
maghodiff2=((aveho-magho[k])*(aveho-magho(k])) + maghodiff2; }

stdevno=sqrt(magnodiff2/(no-1)); stdevho=sqrt(maghodiff2/(no-1));

printf(" Results for %d HN to %d O\n",resnotest1,resnotest2);

for(k=0;k<no;k++){

printf(" Angle\t %3.2f \tH-O Dist\t %2.2f \tN-O Dist\t
%2.2f\n" theta[k],magho[k],magno[k]);

printf("Ave H-O dist %2.2f +/- %2.2f\n",aveho,stdevho);
printf("Ave N-O dist %2.2f +/- %2.2f\n",aveno,stdevno);

hbondrev2.c

/* hbondrev2.c */

/* Program to calculate angle between the vectors N->H and C-O */
/* as well as the angle between the vectors H->N and O->N */

/* and N-O and H-O distances for a structure */

/* and determine number of structures satisfying H-bond criteria */
/* which are distN-O <=3.3 A and angleNH-CO >= 0.0 and angleHN-ON >=120 */
/* Input file prompted for - */

/* Output to file includes ave distance and percent H-bonded only */
/¥ Output to a file using the command >>filenam.out */

/* to compile use cc dist.c -lm (-Im to include math utility)*/

/* AUTHOR: Fred Damberger */

#include <math.h>
#include <stdio.h>
#include <string.h>

void main(int argc, char *argv[])

{

FILE *fpl, *fp3;

char *p;

int 1, j, k, xyzc[50],atomnumc,resnumc[50][3000];

float diff2,xc[50][3000],yc[50]{3000],zc[50][3000];

char atomc[10],atnamec[50}{3000][10],resnamec[501[3000][5];
float cl,bfc, a, b, cd, d[50], dd,sum,ave,sd,l;

char c212¢[10],filename[20],filename 1{20],s[80];

char attest1[5],attest2[5],add[5],pdb[5],file[20];

int resnotest1, resnotest2,no;

float nx,ny,nz.hnx,hny,hnz,0x,0y,0z,cx,cy,cz,hhnx,hhny,hhnz;
int check[50];
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float
hnox,hnoy,hnoz,nox,noy,noz,cox,coy,coz,maghn[50],magho[50],magno[50],magco[50];
float dot,theta[50],thetb[50];

float
maghosum,magnosum,stdevno,stdevho,maghodiff2,magnodiff2,aveno,aveho,numhb,pct
hb,numstruc;

/*char fileno[2][2]={"1","2"};*/

char
fileno[40][3]={"1","2","3","4","5","6","7","8","9","10","11","12","13","14","15"," 16"
170,18, 19, 20,210,122 123, 24,25 126 127" 28,29, "30","31","32","3
3","34" "35","36","37","38","39","40" };

if(arge != 3) {printf("Usage: dist res_number(for HN) res_num(for O) ");

exit(1); }

strcpy(pdb,".pdb");

resnotest1=atoi(argv[1]);

resnotest2=atoi(argv[2]);

/* printf("Looking for %d HN %d O\n",atoi(argv[1]),atoi(argv{2])); */

/¥ *¥** Get basic information interactively **¥** ¥/

/* printf("enter Base filename -ex. accept_ :\n"); */
JRF k%[

p=gets(s);
if(p) strcpy(filename, s)
strepy(filenamel ,filename);
/* printf("enter number of files - default 24: \n"); */
p=gets(s);
if(p) no=atoi(s);
/* printf("number of files is: %d / Base file name is %s \n",no,filename); */
/*** Open ﬁle for Output sk ok 3k 3k ok 3k sk 3k 3k ok 3k ok 3k 3K 3k ok ok sk 5k ok 3k ok vk ok ok 3k ok ok sk ok sk */
/* if ((fp3=fopen("nhch3dist.output”, "w")) == NULL) {
printf("Error opening nhch3dist.output\n");
exit(l); } */ .
/*************** Read n xyz Coordlnates for Structures *******************/
for(k=0;k<no;k++) {
/* add="1";*/
strcat(filename,fileno[k]);
strcat(filename,pdb);
if ((fpl=fopen(filename, "r")) == NULL) {
printf("Error opening file\n");
printf(filename);
exit(1); }
/*printf("Opened xyz coordinate file %s - reading coordinates \n" filename);*/
strepy(filename, filename1);
i=-1;
xyzcl[k]=-1
whlle('feof(fpl)) {
i=i+1;
Xyzc [k]—xyzc [k]+1;
fscanf(fpl,"%s" ,&atomc);
if(strcmp(atomce,"ATOM")==0) {
fscanf(fpl, "%d", &atomnumc);
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fscanf(fpl, "%s%s%ed%f %f%f", &atnamec[k][i],
&resnamec[k][i],&resnumc[k][i],&xc[k][i],&yc[k][i],&zc[k][i]);

fscanf(fpl, "%f%f%s", &cl, &bfc,&c212c);
/*  printf("%s %s %d %2 3f %2 3f %2.3f\n", atnamec[k][i], resnamec[k][l]
resnumc[k][l] xc[k][i], ye[k][i], zc[k][i]); */ }

else continue;

fclose(fpl);

/*********************Search for NH /CalC dlSt/prlnt result ****************/

magnosum=0.0;

maghosum=0.0;

numhb=0.0; B

for(k=0;k<no;k++) { check[k]=0; '

[* *FXEX] gcate coordinates F*kk* X/

for (i=0; i<xyzc[k]; i++) {
if(strcmp(atnamec[k][i],"N")==0 && resnumc[k][i]==resnotest1) {
nx=xc[k][i]; ny=yc{klli]; nz=zc[k][i]; check[k]=check[k]+1;}

if(strcmp(atnamec[k][i],"HN")==0"&& resnumc[k][i]==resnotest1) {
hnx=xc[k][i]; hny=yc[k][i]; hnz=zc[k][i]; check[k]=check[k]+1;}
if(strcmp(atnamecfk][i},"O")==0 && resnumc[k][i]==resnotest2) {
ox=xc[k][i]; oy=yc[k][i]; oz=zc[k][i]; check[k]=check([k]+1;}
if(strcmp(atnamec[k]{i],"C")==0 && resnumc[k][i]==resnotest2) {
cx=xc[k][i]; cy=yc[k]{i]; cz=zc[k][i]; check[k]=check[k]+1;}

}
if(check[k]==4) {

/* Calculate vectors if four matches HN O C were found */
/* Calc H - N vector */
hhnx=(hnx-nx); hhny=(hny-ny); hhnz=(hnz-nz);

/* Calc HN - O vector */
hnox=(hnx-ox); hnoy=(hny-oy); hnoz=(hnz-oz);

/* Calc N - O vector */
nox=(nx-ox); noy=(ny-oy); noz=(nz-oz);

/* Calc O - C vector */
cox=(0x-cx); coy=(0y-cy); coz=(0z-cz);
/* Calc magnitudes */
maghn[k]=sqrt((hhnx*hhnx) + (hhny*hhny) + (hhnz*hhnz));
magho[k]=sqrt((hnox*hnox) + (hnoy*hnoy) + (hnoz*hnoz));
magno(k]=sqrt((nox*nox + noy*noy + noz*noz));
magco[k]=sqrt((cox*cox + coy*coy + coz*coz));
/* Calc dot product */
dot=hhnx*hnox + hhny*hnoy + hhnz*hnoz;
/* Calc theta angle between o - h - n */
theta[k]=(360.0*0.1592)*(acos(dot/(maghn[k]*magho(k})));
/* Calc dot product */
dot=hhnx*cox + hhny*coy + hhnz*coz;
/* Calc theta angle between h->n and o->c */
thetb[k]=(360.0*0.1592)*(acos(dot/(maghn[k]*magco[k])));
/* Calc number of structures which have H-bond */
/* Based on criteria of angle >=120 and dist N-O <=3.3 */
if(magno[k]<=3.3 && thetafk]>=120.0 && thetb[k]>=0.0) numhb=numhb +1.0;
/* Sum distances to get an average */
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magnosum=magnosum + magno[k];
maghosum=maghosum + magho(k];

H
/* Do calcs to get ave and std dev for H - O and N- O distances */

/* and precentage of structures satisfying H-bond criteria */
aveno=magnosum/no;
aveho=maghosum/no;
pcthb=numhb*100.0/no;
numstruc=no;
magnodiff2=0.0;
maghodiff2=0.0;
for(k=0;k<no:k++) {

magnodiff2=((aveno-magno[k])*(aveno-magnofk])) + magnodiff2;
maghodiff2=((aveho-magho[k])*(aveho-magho[k])) + maghodiff2; }

stdevno=sqrt(magnodiff2/(no-1)); stdevho=sqrt(maghodiff2/(no-1));

printf(" Results for %d HN to %d O\n" resnotest1,resnotest2);
/* for(k=0;k<no;k++){
printf(" HNO\t %3.1f tHNOC\t %3.1f tdHO \t %2.2f \dNO \t
%2.2f\n" theta[k],thetb{k],magho{k],magnofk]);
*/

printf(" \n");

printf("Ave H-O dist %2.2f +/- %2.2f\n",aveho,stdevho);
printf("Ave N-O dist %2.2f +/- %2.2f\n" ,aveno,stdevno);
printf("Number H-bonded %?2.0f of %3.0f\n",numhb,numstruc);

pI_intf(ll \n"); .
printf("Percent H-bonded %3.1f\n",pcthb);
printf(" \n");

printf(" \n");

207



hbondrev2.com

FILE: hbondrev2.com

a command file which executes
hbondrev2.c many times for all H-bond
pairs

listed and writes the results to a file:
hbondrev.out

run in directory containing both compiled
version of hbondrev2.c (hbondrev2) and
structure files (e.g. accept_) and

input file: input

Below is contents of input file:

accept_
33

Below is contents of hbondrev2.com:

hbondrev2 6 3 <input >>hbondrev.out
hbondrev2 7 3 <input >>hbondrev.out
hbondrev2 7 4 <input >>hbondrev.out
hbondrev2 8 4 <input >>hbondrev.out
hbondrev2 8 5 <input >>hbondrev.out
hbondrev2 9 5 <input >>hbondrev.out
hbondrev2 9 6 <input >>hbondrev.out
hbondrev2 13 9 <input >>hbondrev.out
hbondrev2 13 10 <input >>hbondrev.out
hbondrev2 14 10 <input >>hbondrev.out

hbondrev2 14 11 <input >>hbondrev.out

hbondrev2 15 11 <input >>hbondrev.out
hbondrev2 15 12 <input >>hbondrev.out
hbondrev2 17 13 <input >>hbondrev.out
hbondrev2 17 14 <input >>hbondrev.out
hbondrev2 19 15 <input >>hbondrev.out
hbondrev2 19 16 <input >>hbondrev.out
hbondrev2 21 17 <input >>hbondrev.out
hbondrev2 21 18 <input >>hbondrev.out
hbondrev2 25 30 <input >>hbondrev.out
hbondrev2 29 88 <input >>hbondrev.out
hbondrev2 31 86 <input >>hbondrev.out
hbondrev2 32 23 <input >>hbondrev.out
hbondrev2 33 84 <input >>hbondrev.out
hbondrev2 38 34 <input >>hbondrev.out
hbondrev2 38 35 <input >>hbondrev.out
hbondrev2 39 35 <input >>hbondrev.out
hbondrev2 39 36 <input >>hbondrev.out

hbondrev2 42 38 <input >>hbondrev.out -

hbondrev2 42 39 <input >>hbondrev.out
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hbondrev2 43 39 <input >>hbondrev.out
hbondrev2 43 40 <input >>hbondrev.out
hbondrev2 44 39 <input >>hbondrev.out
hbondrev2 44 40 <input >>hbondrev.out
hbondrev2 44 41 <input >>hbondrev.out
hbondrev2 46 42 <input >>hbondrev.out
hbondrev2 46 43 <input >>hbondrev.out
hbondrev2 47 43 <input >>hbondrev.out
hbondrev2 47 44 <input >>hbondrev.out
hbondrev2 48 44 <input >>hbondrev.out
hbondrev2 48 45 <input >>hbondrev.out
hbondrev2 54 49 <input >>hbondrev.out
hbondrev2 54 50 <input >>hbondrev.out
hbondrev2 54 51 <input >>hbondrev.out
hbondrev2 54 52 <input >>hbondrev.out
hbondrev2 55 51 <input >>hbondrev.out
hbondrev2 55 52 <input >>hbondrev.out
hbondrev2 56 52 <input >>hbondrev.out
hbondrev2 56 53 <input >>hbondrev.out
hbondrev2 57 53 <input >>hbondrev.out
hbondrev2 57 54 <input >>hbondrev.out
hbondrev2 58 54 <input >>hbondrev.out
hbondrev2 58 55 <input >>hbondrev.out
hbondrev2 59 55 <input >>hbondrev.out
hbondrev2 59 56 <input >>hbondrev.out
hbondrev2 60 56 <input >>hbondrev.out
hbondrev2 60 57 <input >>hbondrev.out
hbondrev2 61 57 <input >>hbondrev.out
hbondrev2 61 58 <input >>hbondrev.out
hbondrev2 62 58 <input >>hbondrev.out
hbondrev2 62 59 <input >>hbondrev.out
hbondrev2 63 59 <input >>hbondrev.out
hbondrev2 63 60 <input >>hbondrev.out
hbondrev2 64 60 <input >>hbondrev.out
hbondrev2 64 61 <input >>hbondrev.out
hbondrev2 65 60 <input >>hbondrev.out
hbondrev2 65 61 <input >>hbondrev.out
hbondrev2 65 62 <input >>hbondrev.out
hbondrev2 66 87 <input >>hbondrev.out
hbondrev2 68 85 <input >>hbondrev.out
hbondrev2 84 33 <input >>hbondrev.out
hbondrev2 86 31 <input >>hbondrev.out
hbondrev2 87 66 <input >>hbondrev.out



Below is contents of output file
(hbondrev.out):

Results for 6 HNto 3 O
Ave H-O dist 2.78 +/- 0.30
Ave N-O dist 3.21 +/- 0.22
Number H-bonded 5 of 33

Percent H-bonded 15.2

Results for 7HNto 3 O
Ave H-O dist 2.29 +/- 0.07
Ave N-O dist 3.22 +/- 0.09
Number H-bonded 27 of 33

Percent H-bonded 81.8

Results for 7HN to 4 O

Ave H-O dist 2.76 +/- 0.36
Ave N-O dist 3.26 +/- 0.32
Number H-bonded 6 of 33

Percent H-bonded 18.2

Results for S HN to 4 O
Ave H-O dist 2.15 +/- 0.07
Ave N-O dist 3.05 +/- 0.12
Number H-bonded 32 of 33

Percent H-bonded 97.0

Results for s HNto 50O

Ave H-O dist 2.50 +/- 0.35
Ave N-O dist 2.99 +/- 0.25

Number H-bonded 5 of 33

Percent H-bonded 15.2

Results for 9 HNto 50O

Ave H-O dist 2.19 +/- 0.08
Ave N-O dist 2.94 +/- 0.10
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Number H-bonded 31 of 33
Percent H-bonded 93.9

Results for 9 HNto 6 O
Ave H-O dist 2.32 +/-0.18
Ave N-O dist 3.00 +/- 0.19
Number H-bonded 25 of 33

Percent H-bonded 75.8

Results for I3 HNto 9 O
Ave H-O dist 2.12 +/- 0.08
Ave N-O dist 2.98 +/- 0.10
Number H-bonded 33 of 33

Percent H-bonded 100.0

Results for 13 HNto 100
Ave H-O dist 4.03 +/- 0.57
Ave N-O dist 4.26 +/- 0.55
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for 14 HN to 10 O
Ave H-O dist 2.62 +/- 0.44
Ave N-O dist 3.28 +/- 0.40
Number H-bonded 14 of 33

Percent H-bonded 42.4

Results for 14 HNto 11 O
Ave H-O dist 3.51 +/- 0.53
Ave N-O dist 4.16 +/- 0.43
Number H-bonded 1 of 33

Percent H-bonded 3.0

Results for 15 HNto 11 O



Ave H-O dist 4.16 +/- 0.70
Ave N-O dist 4.67 +/- 0.79
Number H-bonded O of 33

Percent H-bonded 0.0

Results for IS HNto 12O
Ave H-O dist 2.60 +/- 0.51
Ave N-O dist 3.43 +/- 0.45
Number H-bonded 13 of 33

Percent H-bonded 39.4

Results for 1 7HNto 13 O
Ave H-O dist 7.04 +/- 0.59
Ave N-O dist 7.56 +/- 0.50
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for 17 HN to 14 O
Ave H-O dist 5.73 +/- 0.67
Ave N-O dist 6.17 +/- 0.58
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for 19 HN to 15O
Ave H-O dist 3.32 +/- 0.55
Ave N-O dist 3.37 +/- 0.54
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for 19 HN to 16 O
Ave H-O dist 3.31 +/- 0.73

- Ave N-O dist 4.11 +/- 0.78

Number H-bonded 1 of 33
Percent H-bonded 3.0
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Results for21 HNto 17 O
Ave H-O dist 5.85 +/- 0.60
Ave N-O dist 6.52 +/- 0.58
Number H-bonded O of 33

Percent H-bonded 0.0

Results for 21 HN to 18 O
Ave H-O dist 2.21 +/- 0.08
Ave N-O dist 3.07 +/- 0.13
Number H-bonded 30 of 33

Percent H-bonded 90.9

Results for 25 HN to 30 O
Ave H-O dist 2.19 +/- 0.08
Ave N-O dist 2.98 +/-0.12
Number H-bonded 30 of 33

Percent H-bonded 90.9

Results for 29 HN to 88 O
Ave H-O dist 8.51 +/- 1.66
Ave N-O dist 8.50 +/- 1.51
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for 31 HN to 86 O
Ave H-O dist 2.24 +/- 0.09
Ave N-O dist 3.12 +/-0.12
Number H-bonded 33 of 33 -

Percent H-bonded 100.0

Results for 32 HNt023 O -
Ave H-O dist 2.22 +/- 0.08
Ave N-O dist 3.14 +/- 0.09
Number H-bonded 33 of 33

Percent H-bonded 100.0



Resuits for 33 HN to 84 O
Ave H-O dist 2.22 +/- 0.09
Ave N-O dist 3.03 +/-0.16
Number H-bonded 28 of 33

Percent H-bonded 84.8

Results for 38 HN to 34 O
Ave H-O dist 6.61 +/- 0.36
Ave N-O dist 7.47 +/- 0.27
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for 38 AN 1035 O
Ave H-O dist 3.03 +/- 0.61
Ave N-O dist 3.63 +/- 0.37
- Number H-bonded 7 of 33

Percent H-bonded 21.2

Results for 39 HN to 35 O
Ave H-O dist 2.42 +/- 0.24
Ave N-O dist 3.31 +/- 0.23
Number H-bonded 15 of 33

Percent H-bonded 45.5

Results for 39 HN to 36 O
Ave H-O dist 4.01 +/- 0.46
Ave N-O dist 4.16 +/- 0.47
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for 42 HN to 38 O

Ave H-O dist 2.31 +/- 0.04
Ave N-O dist 2.84 +/- 0.10
Number H-bonded 5 of 33
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Percent H-bonded 15.2

Results for 42 HN to 39 O
Ave H-O dist 2.74 +/- 0.26
Ave N-Q dist 3.62 +/- 0.25
Number H-bonded 6 of 33

Percent H-bonded 18.2

Results for43 HN to 39 O
Ave H-O dist 2.07 +/- 0.02
Ave N-QO dist 2.85 +/- 0.07
Number H-bonded 33 of 33

Percent H-bonded 100.0

Results for 43 HN to 40 O
Ave H-O dist 3.67 +/- 0.24
Ave N-O dist 4.00 +/- 0.06
Number H-bonded O of 33

Percent H-bonded 0.0

Results for 44 HN to 39 O
Ave H-O dist 2.44 +/-0.12
Ave N-O dist 3.11 +/- 0.11
Number H-bonded 24 of 33

Percent H-bonded 72.7

Results for 44 HN to 40 O
Ave H-O dist 2.36 +/- 0.02
Ave N-O dist 3.11 +/- 0.03
Number H-bonded 33 of 33

Percent H-bonded 100.0

Results for44 HN to 41 O
Ave H-O dist 5.02 +/- 0.23



Ave N-O dist 5.78 +/- 0.26
Number H-bonded O of 33

Percent H-bonded 0.0

Results fof 46 HN to 42 O
Ave H-O dist 3.71 +/- 0.50
Ave N-O dist 4.21 +/- 0.49
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for46 HN to 43 O
Ave H-O dist 2.29 +/- 0.05
Ave N-O dist 3.12 +/- 0.08
Number H-bonded 33 of 33

Percent H-bonded 100.0

Results for 47 HN to 43 O
Ave H-O dist 3.28 +/- 0.35
Ave N-O dist 3.73 +/- 0.23
Number H-bonded O of 33

Percent H-bonded 0.0

Results for47 HN to 44 O
Ave H-O dist 2.54 +/- 0.23
Ave N-O dist 3.45 +/-0.23
Number H-bonded 8 of 33

Percent H-bonded 24.2

Results for 48 HN to 44 O
Ave H-O dist 2.18 +/-0.10
Ave N-O dist 3.08 +/-0.12
Number H-bonded 33 of 33

Percent H-bonded 100.0

Results for 48 HN to 45 O
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‘Ave H-O dist 4.01 +/- 0.26

Ave N-O dist 4.45 +/-0.19
Number H-bonded O'of 33

Percent H-bonded 0.0

Results for 54 HN to 49 O
Ave H-O dist 10.94 +/- 0.72
Ave N-O dist 11.25 +/- 0.67
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for 54 HN to 50 O
Ave H-O dist 8.88 +/- 0.79
Ave N-O dist 9.20 +/- 0.63
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for 54 HN to 51 O
Ave H-O dist 6.11 +/- 0.79
Ave N-O dist 6.45 +/- 0.89
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for 54 HN to 52 O
Ave H-O dist 3.30 +/- 0.61
Ave N-O dist 3.14 +/- 0.53
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for S5 HN to 51 O
Ave H-O dist 5.48 +/- 1.22
Ave N-O dist 6.26 +/- 1.23
Number H-bonded 0 of 33

Percent H-bonded 0.0



Results for 55 HN to 52 O
Ave H-O dist 2.65 +/- 0.86
Ave N-O dist 3.19 +/- 0.72
Number H-bonded 11 of 33

Percent H-bonded 33.3

Results for 56 HN to 52 O
Ave H-O dist 2.52 +/- 0.36
Ave N-O dist 3.40 +/- 0.30
Number H-bonded 15 of 33

Percent H-bonded 45.5

Results for 56 HN to 53 O
Ave H-O dist 2.76 +/- 0.42
Ave N-O dist 3.12 +/- 0.34
Number H-bonded 1 of 33

Percent H-bonded 3.0

Results for 57 HN to 53 O
Ave H-O dist 2.16 +/- 0.10
Ave N-O dist 3.10 +/- 0.12
Number H-bonded 30 of 33

Percent H-bonded 90.9

Results for 57 HN to 54 O
Ave H-O dist 2.86 +/- 0.44
Ave N-O dist 3.31 +/- 0.34
Number H-bonded 2 of 33

Percent H-bonded 6.1

Results for 58 HN to 54 O

Ave H-O dist 2.16 +/- 0.08
Ave N-O dist 3.07 +/- 0.10
Number H-bonded 33 of 33
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Percent H-bonded 100.0

Results for 58 HN to 55 O
Ave H-O dist 2.46 +/- 0.30
Ave N-O dist 2.95 +/- 0.28
Number H-bonded 4 of 33

Percent H-bonded 12.1

Results for 59 HN to 55 O
Ave H-O dist 2.14 +/- 0.07
Ave N-O dist 3.08 +/- 0.07
Number H-bonded 33 of 33

Percent H-bonded 100.0

Results for 59 HN to 56 O
Ave H-O dist 2.88 +/- 0.31
Ave N-O dist 3.32 +/- 0.24
Number H-bonded 1 of 33

Percent H-bonded 3.0

Results for 60 HN to 56 O
Ave H-O dist 2.26 +/- 0.08
Ave N-O dist 3.22 +/- 0.08
Number H-bonded 31 of 33

Percent H-bonded 93.9

Results for 60 HN to 57 O
Ave H-O dist 2.72 +/- 0.32
Ave N-O dist 3.14 +/- 0.29
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for 61 HN to 570

Ave H-O dist 2.14 +/- 0.06
Ave N-O dist 3.05 +/- 0.07



Number H-bonded 33 of 33
Percent H—b_onded 100.0

Results for 61 HN to 58 O
Ave H-O dist 2.42 +/- 0.24
Ave N-O dist 2.97 +/- 0.21
Number H-bonded 5 of 33

Percent H-bonded 15.2

Results for 62 HN to 58 O
Ave H-O dist 2.22 +/- 0.09
Ave N-O dist 3.03 +/-0.10
Number H-bonded 33 of 33

Percent H-bonded 100.0

Results for 62 HN to 59 O
Ave H-O dist 2.23 +/- 0.20
Ave N-O dist 2.91 +/- 0.13
Number H-bonded 25 of 33

Percent H-bonded 75.8

Results for 63 HN to 59 O
Ave H-O dist 2.60 +/- 0.33
Ave N-O dist 3.20 +/- 0.21
Number H-bonded 16 of 33

Percent H-bonded 48.5

Results for 63 HN to 60 O
Ave H-O dist 2.34 +/- 0.20
Ave N-O dist 3.19 +/-0.19
Number H-bonded 22 Qf 33

Percent H-bonded 66.7

Results for 64 HN to 60 O
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Ave H-O dist 2.26 +/- 0.23 -
Ave N-O dist 3.06 +/- 0.14
Number H-bonded 28 of 33

Percent H-bonded 84.8

Results for 64 HN to 61 O
Ave H-O dist 3.11 +/- 0.48
Ave N-O dist 3.76 +/- 0.36
Number H-bonded 5 of 33

Percent H-bonded 15.2

. Results for 65 HN to 60 O

Ave H-O dist 2.64 +/- 0.39
Ave N-O dist 3.03 +/- 0.20
Number H-bonded 6 of 33

Percent H-bonded 18.2

Results for 65 HN to 61 O
Ave H-O dist 4.53 +/- 0.74
Ave N-O dist 4.99 +/- 0.41
Number H-bonded O of 33

Percent H-bonded 0.0

Results for 65 HN to 62 O
Ave H-O dist 6.24 +/- 0.41
Ave N-O dist 6.79 +/- 0.31
Number H-bonded O of 33

Percent H-bonded 0.0

Results for 66 HN to 87 O
Ave H-O dist 2.24 +/- 0.08
Ave N-O dist 3.09 +/-0.14
Number H-bonded 33 of 33

Percent H-bonded 100.0




Results for 68 HN to 85 O
Ave H-O dist 4.06 +/- 0.95
Ave N-O dist 4.51 +/- 0.64
Number H-bonded 0 of 33

Percent H-bonded 0.0

Results for 8¢ HN to 33 O
Ave H-O dist 2.67 +/- 0.44
Ave N-O dist 3.45 +/- 0.30
Number H-bonded 12 of 33

Percent H-bonded 36.4

Results for 86 HN to 31 O
Ave H-O dist 2.20 +/- 0.09
Ave N-O dist 3.06 +/- 0.14
Number H-bonded 33 of 33

Percent H-bonded 100.0

Results for 87 HN to 66 O
Ave H-O dist 2.50 +/- 0.48
Ave N-O dist 3.27 +/- 0.46
Number H-bonded 18 of 33

Percent H-bonded 54.5
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energyrmsd.c

/*energyrmsd.c*/

/* Program to calculate ave + sd for energy bond angle etc */

/* for set of structures */

/* The program reads the headers for structure files generated */

/* by X-PLOR which contain refinement statistics for each structure */

/* Input: program prompts user for file prefix and number of structures */
/* (see dist.c for description of format) */

/* to compile use cc dist.c -Im (-Im to include math utility)*/

/* AUTHOR: Jeff Pelton */

#include <math.h>
#include <stdio.h>
#include <string.h>

void main()

{

FILE *fpl, *fp3;

char *p;

int i, j, k, xyzc[50],atomnumc,resnumc|50][3000];

float diff2,xc[50][3000],yc[50][3000],zc[501{3000];

char atomc{10],atnamec{50][3000]{ 10],resnamec{50]{3000][5],string[1000];

float c1,bfc, a, b, cd, d[50], dd,sum,ave,sd,];

char ¢212¢[10],filename[20],filename1{20],s[80];

char attest1[5],attest2[5],add[5],pdb[5].file[20];

int resnotest1, resnotest2,no;

float bond[50],angle[50],improper[50],vdw[50],noe[50],cdih[50];

float rbond[50],rangle[50],rimproper[50],rmoe[50],rcdih[50],tot[50];

int noeviol[50],diheviol[50];

float sbond,sangle,simproper,svdw,snoe,scdih;

float srbond,srangle,srimproper,srnoe,srcdih,stot;

float abond,aangle,aimproper,avdw,anoe,acdih;

float arbond,arangle,arimproper,armoe,arcdih,atot;

float dbond,dangle,dimproper,dvdw,dnoe,dcdih;

float drbond,drangle,drimproper,dmoe,drcdih,dtot;

float sdbond,sdangle,sdimproper,sdvdw,sdnoe,sdcdih;

float sdrbond,sdrangle,sdrimproper,sdrnoe,sdrcdih,sdtot;

/*char fileno[2][2]={"1","2"};*/

char '
fileno[40]}[3]={"1","2","3","4","5","6","7","8","9","10","11","12","13","14","15"," 16"
,'17","18","19","20", "21" "22" ,"23","24", "25" "26", "27" "28" "29" "30", "31" "32"."3
3' "34" "35" "36" "37","38", "39" "40"}

strcpy(pdb " pdb")

[* *¥*¥* Get basic information interactively ***** */

printf("enter Base filename -ex. accept_ :\n");
/** **/
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p=gets(s);
if(p) strcpy(filename,s);
strepy(filename] filename);
printf("enter number of files - default 24: \n");
p=gets(s);
if(p) no=atoi(s);
printf("number of files is: %d / Base file name is %s \n",no,filename);
/*** Open flle for Output 3k sk 3k ok ok ok >k vk ok 3k sk vk ok Sk 3k vk ok ok sk o sk sk ok 3k 3k sk ok Sk Sk R ok Ok */
if ((fp3=fopen("energyrmsd.output”, "w")) == NULL) {
printf("Error opening energyrmsd.output\n”);
exit(1); }
/*************** Read in headers ex. aCCCpt structures *******************/
for(k=0;k<no;k++) {
/* add="1";*/
strcat(filename, fileno[k]);
strcat(filename,pdb);
if ((fpl=fopen(filename, "r")) == NULL) {
printf("Error opening file\n");
exit(1); }
/*printf("Opened xyz coordinate file %s - reading coordinates \n",filename);*/
strepy(filename, filenamel);
i=-1;
xyze[k]=-1;
while(i<10) {
xyzc[k]=xyzc[k]+1;
fscanf(fpl,"%s",string);
if(strcmp(string,"energies: ")==0) {
fscanf(fpl, "%f", &tot[k]); ‘
fscanf(fpl, "%f%f%f%f%f%f", &bond[k],
&angle[k],&improper[k],&vdw[k],&noe[k],&cdih[k]); }
if(strcmp(string,"rms-d:")==0) {

fscanf(fpl," %t %t %ot %of %ot %of" ,&rbond[k],&rangle[k],&rimproper[k],&moe[k],&rcdih[k]

) } _

if(strcmp(string,"violations.:")==0) { i=11;
fscanf(fpl,"%d%d",&noeviol[k],&diheviol[k]); fclose(fpl);

fprintf(fp3,"Structure %d\n".k+1);

fprintf(fp3,"Energies - tot, bond, angle, improper, vdw, noe, cdih\n");
fprintf(fp3,"rmsds - bond, angle, improper, noe, cdih\n\n");
fprintf(fp3," %2.3f \t%2.3f %2.3f %2.3f %2.3f t%2.3f %2.3f \t%d \t %d\n\n", tot[k],

bond[k], angle[k], improper(k], vdw[k], noe[k], cdih[k],noeviol[k],diheviol[k]);
fprintf(fp3," %2.4f %2.4f %2.4f %2.4f

%2.4f\n\n" ,rbond[k],rangle[k],rimproper[k],rmoe[k],rcdih[k]);

V)

/*********************Ca_lc ave + rInSdS - print reSU.lt ****************/
/* Zero terms */

sbond=0.0; sangle=0.0; simproper=0.0; svdw=0.0; snoe=0.0; scdih=0.0;
srbond=0.0; srangle=0.0; srimproper=0.0; srnoe=0.0; srcdih=0.0;

/* Sum terms - calc average */

217



for(k=0;k<no;k++) { stot=stot+tot{k];

sbond=sbond+bond[k]; sangle=sangle+angle{k]; simproper=simproper+improper{k];
svdw=svdw+vdw[k]; snoe=snoe+noe[k]; scdih=scdih+cdih[k];
srbond=srbond+rbond[k]}; srangle=srangle+rangle[k];
srimproper=srimproper+rimproper[k]; srnoe=srnoe+rnoe[k]; srcdih=srcdih+rcdih[k];

[Fprintf(" Calc ave \n");*/

atot=stot/no;

abond=sbond/no; aangle=sangle/no; aimproper=simproper/no; avdw=svdw/no;
anoe=snoe/no; acdih=scdih/no; arbond=srbond/no; arangle=srangle/no;
arimproper=srimproper/no; arnoe=srnoe/no; arcdih=srcdih/no;

/* Calc diff squared */

for(k=0;k<no;k++) { dtot=pow((atot-tot[k]),2)+dtot;
dbond=pow((abond-bond[k]),2)+dbond; dangle=pow((aangle-angle[k]),2)+dangle;
dimproper=pow((aimproper-improper[k]),2)+dimproper;
dvdw=pow((avdw-vdw[k]),2)+dvdw; dnoe=pow((anoe-noe[k]),2)+dnoe;
dcdih=pow((acdih-cdih[k]),2)+dcdih; drbond=pow((arbond-rbond[k]),2)+drbond;
drangle=pow((arangle-rangle[k]),2)+drangle;
drimproper=pow((arimproper-rimproper[k]),2)+drimproper;
drnoe=pow((arnoe-rnoe(k]),2)+drnoe; drcdih=pow((arcdih-rcdih[k]),2)+drcdih;

/* Calc standard deviations */

sdtot=sqrtf(dtot/(no-1));

sdbond=sqrtf(dbond/(no-1));

sdangle=sqrtf(dangle/(no-1));
sdimproper=sqrtf(dimproper/(no-1));

sdvdw=sqrtf(dvdw/(no-1));

sdnoe=sqrtf(dnoe/(no-1));

sdcdih=sqrtf(dcdih/(no-1));

sdrbond=sqrtf(drbond/(no-1)); sdrangle=sqrtf(drangle/(no-1));
sdrimproper=sqrtf(drimproper/(no-1)); sdrmoe=sqrtf(drnoe/(no-1));
sdrcdih=sqrtf(drcdih/(no-1));

/* Print average and standard deviation */

fprintf(fp3," Averages - Energies\n");

fprintf(fp3,"TOTAL \t\t %2.5f +/- %2.5f\n",atot,sdtot);
fprintf(fp3,"BOND \t\t %2.5f +/- %2.5f\n",abond,sdbond);
fprintf(fp3," ANGLE \t\t %2.5f +/- %2.5f\n",aangle,sdangle);
fprintf(fp3,"IMPROPER \t %2.5f +/- %2.5f\n" ,aimproper,sdimproper);
fprintf(fp3,"VDW \t\t %2.5f +/- %2.5f\n" ,avdw,sdvdw);
fprintf(fp3,"NOE \t\t %2.5f +/- %2.5f\n", anoe,sdnoe);
fprintf(fp3,"CDIH \t\t %2.5f +/- %2.5f\n", acdih,sdcdih);

fprintf(fp3,"Averages - RMSDs\n");

fprintf(fp3,"BOND \t\t %2.5f +/- %2.5f\n", arbond,sdrbond);
fprintf(fp3," ANGLE \t\t %2.5f +/- %2.5f\n", arangle,sdrangle);
fprintf(fp3,"IMPROPER \t %2.5f +/- %2.5f\n", arimproper,sdrimproper);
fprintf(fp3,"NOE \t\t %2.5f +/- %2.5f\n",amoe ,sdmoe);
fprintf(fp3,"CDIH \t\t %2.5f +/- %2.5f\n",arcdih,sdrcdih);

printf("Output file - energyrmsd.output\n"); -

}
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standev.c

/* Program to calculate standard deviation and average */

/* RMSD for a set of structures using ave.inp or xrayrms.inp */

/* Modified to that the line rms* 0.63 appears on a single line */

/* for each structure - by using display rms $result */

/* all that is required for this program is ave.log the output */

/* log file generated by X-PLOR com file ave.com (or any of its */
/* derivatives) */

/¥ AUTHOR: Jeff Pelton */

#include <math.h>
#include <stdio.h>
#include <string.h>-
main()

{

FILE *fp,*fpl;

char rms[80],result[80],display[80],count[10];

float rmsnum{50],rmstot,ave_rms,rmsdiff2,standdev,rmst;
int 1,rmsdc;

float rmsd;

/* Open file ave.log to look for RMS deviations */
if((fp=fopen("ave.log", "r"))==NULL) {
printf("Error opening ave.log");
exit(1); }
1=-1;
rmsdc=-1;
while(!feof(fp)){
fscanf(fp," %s" ,&rms);
if(stremp(rms,"rms9")==0) {
i=i+1;
fscanf(fp," %s%s%f" &result,&rms,&rmsnum(i]);
rmsdc=rmsdc+1;

}

printf("value of rmsdc is %d\n",rmsdc);
/* Calc ave RMSD and standard deviation */
/* Calc ave RMSD */
rmstot=0.0;
for(i=0;i<rmsdc;i++) rmstot=rmstot+rmsnum{i];
ave_rms=rmstot/rmsdc;
printf("rmstot is %f, ave_rms is %f\n",rmstot,ave_rms);
/* Calc standard deviation */
rmsdiff2=0.0;
for(i=0;i<rmsdc;i++) rmsdiff2=rmsdiff2+((ave_rms-rmsnum(i])*(ave_rms-rmsnum(i]));
if(rmsdiff2==0 Il rmsdc==0) {
printf("RMSDIFF2 or RMSD ==0");
exit(1);}
standdev=sqrt(rmsdiff2/(rmsdc-1));
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printf("The RMS deviation of %d structures 1s:", rmsdc);
printf(" %2.2f, +/- %2.2f\n", ave_rms,standdev);

}

noeclass.c

/* noeclass.c */

/* Program to add up number of NOEs in each class; intra, seq, med, long */
/* and report them */

/* Input file is an noe table with H-bond constraints and commented out

/* lines removed. To do the latter open a COPY of noe_tbl with vi and type */
/* :g/t/d1 [RET] */

/* Then write to a new file name */

/* Input file noe_tbl.1 -> output file noeclas.output */

/* Add EOF at end of newly created constraint list to get proper #s */

/* AUTHOR: Fred Damberger */

#include <math.h>
#include <stdio.h>
#include <string.h>

void main()

{
FILE *fpl, *{p3;
char *p;
int i, j, k, resnum1c[2000],resnum2c[2000];
ﬂoat noelo[2000], noemid[2000], noehi[2000];
int noeintra, noeseq, noemed, noelong,noetot;
int noeintrabb, noesegbb, noemedbb, noelongbb;
char assignc[10],resid[10},and[10],name[10],filename[20];
char atname1c¢[2000][10],atname2c[2000][10],s[80];
int count;
/*** Get name of noe_tbl file interactively ***/
printf("Enter name of noe_tbl file:\n");
p=gets(s);
if (p) strepy(filename,s);
printf(" \n");
printf(" \n");
printf("Looking for NOEs in %s\n" filename);
/***************Read in NOES from ﬁlename*************/
/*strcpy(filename,argv(1]);*/
if ((fpl=fopen(filename, "r")) == NULL) {
printf("Error opening filename\n");
exit(1); }
/* printf("Opened filename: %s - reading NOEs\n",filename); */
noetot=0;
i=-1;
whlle('feof(fpl)) {
1=i+1;
count=count+1;
fscanf(fpl,"%s",&assignc);
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if(strcmp(assignc,"assign")==0) {
noetot=noetot+1;
fscanf(fpl, "%s%d%s%es%os" ,&resid,&resnum1cli],&and,&name,&atnamelc[i]);
fscanf(fpl, "%s%d%s%es%s" ,&resid,&resnum2c[i],&and,&name &atname2c[1])
fscanf(fpl "%f%f%f" ,&noelo[i],&noemid[i],&noehifi});
/*  printf("%d %d\n",resnumlc[i],resnum2ci]); */ }
else continue;

}
fclose(fpl);
/******************* DO NOE sums *************************/
noeintra=0;
noeseq=0;
noemed=0;
noelong=0;
- for (i=0; i<noetot; i++) {
printf("%d %d\n",resnumlcfi],resnum2c{i]);
if (resnum2c[i]-resnumc{i}<0) printf("Wrong order for %d %s %d
%s\n" resnum1c[i],atnamelc{i],resnum2c[i],atname2cf{i}]);
if (resnum2c{i}-resnum1c[i]==0) noeintra=noeintra+1;
if (resnum2c[i]-resnumlc[i]==1) noeseq=noeseq+1;
if (resnum2c[i]-resnumlcfi]>1 && resnum2c[i}-resnumlc[i}<5) noemed=noemed+1;
if (resnum2c[i}-resnumic[i}>4) noelong=noelong+1;

/*** report results ***/

printf("Total number of NOEs is: %d\n",noetot);

printf(" \n");

printf("Total number of intrares NOEs is: %d\n",noeintra);

printf("Total number of sequential NOES : %d\n",noeseq);

printf("Total number of med NOEs 1<i-j<5: %d\n",noemed);

printf("Total number of long NOEs i-j>4 : %d\n",noelong); :
printf(" \n"); _ ‘
printf(" \n");

}

noeclass_writeall.c

/* noeclass_writeall.c */

/* by FFD */

/* Program to add up number of NOEs in each class; intra,seq,med,long*/
/* This one also writes out the NOEs into separate files according to*/

/* their class */

/* and report them */

/* Input file is an noe table with H-bond constraints and commented out*/
/* lines removed. To do the latter open a COPY of noe_tbl with vi and type */
/* :g/i/d1 [RET] */

/* Then write to a new file name */

/* Input file noe_tbl.1 -> output file noeclas.output */

/* AUTHOR: Fred Damberger */
#include <math.h>

#include <stdio.h>
#include <string.h>
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void main()

{

FILE *fpl, *{p3, *fp4,*{p5, *{p6;

char *p;

int i, j, k, resnum1c[2000],resnum2c[2000];

float noelo[2000], noemid{2000], noehi[2000];

int noeintra, noeseq, noemed, noelong,noetot;

int noeintrabb, noeseqbb, noemedbb, noelongbb;

char assignc[10],resid[10],and[ 10],name[10],filename[20],outfile[20];

char atname 1¢[2000][10],atname2c[2000]{10],s[80];

char file3[10].file4[10],file5{10],file6[10];

char answ3[10],answ4[10], answ5[10] answ6[10};

int count;

/*** Get name of noe_tbl file interactively ***/

printf("Enter name of noe_tbl file:\n");

p=gets(s);

printf("I am here\n");

if (p) strcpy(filename,s);

printf("Enter name of noe output file for noe_intra:\n");

p=gets(s);

if (p) strcpy(answ3,s);

printf("Enter name of noe output file for noe_seq:\n");

p=gets(s);

if (p) strcpy(answ4,s);

" printf("Enter name of noe output file for noe_med:\n");

p=gets(s);

if (p) strcpy(answ$,s);

printf("Enter name of noe output file for noe_long:\n");
p=gets(s);

if (p) strcpy(answ6,s);

printf("Output file will be %s\n",answ3);

printf("Output file will be %s\n",answ4);

printf("Output file will be %s\n",answ5);

printf("Output file will be %s\n",answ6);

strepy(file3,answ3);

strcpy(file4,answ4);

strepy(fileS,answ5);

strepy(file6,answ6);

printf(" \n");

printf(" \n");

printf("Looking for NOEs in %s\n" filename);

/***************Read in NOES from ﬁlcname*************/

I*strepy(filename,argv(1]);*/

if ((fpl=fopen(filename, "r")) == NULL) {
printf("Error opening filename\n");
exit(1); }

/*printf("Opening outputfiles %s\n",noeintra);*/

if (fp3=fopen(file3,"w"))==NULL) {
printf("Error opening outputfile\n");
exit(3); }

printf("Test writing to outputfile\n");

222



if ((fp4=fopen(file4,"w"))==NULL) {
printf("Error opening outputfile\n");
exit(3); }
printf("Test writing to outputfile\n");
if ((fp5=fopen(fileS,"w"))==NULL) {
printf("Error opening outputfile\n");
exit(3); }
printf("Test writing to outputfile\n");
if ((fp6=fopen(file6,"w"))==NULL) {
printf("Error opening outputfile\n");
exit(3); }
printf("Test writing to outputfile\n");
/*fprintf(fp3,"just a quick hello\n");*/
/* printf("Opened filename: %s - reading NOEs\n" filename); */
noetot=0;
1=-1;
while(!feof(fp1)) {
1=i+1;
count=count+1;
fscanf(fpl," %s",&assignc);
if(strcmp(assignc,"assign")==0) {
noetot=noetot+1;
fscanf(fpl, "%s%d%s%s%es" &resid,&resnum]c[i],&and,&name,&atname 1 c[i]);
fscanf(fpl, "%s%d%s%s%es" &resid,&resnum?2c{i],&and,&name,&atname2cfi]);
fscanf(fpl, "%f%f%f" ,&noelo(i],&noemid[i],&noehi[i]);
/*  printf("%d %d\n" resnumlcfi],resnum?2cfi]);*/}
else continue;

3
fclose(fpl);
/******************* DO NOE sums *************************/
noeintra=0;
noeseq=0;
noemed=0;
noelong=0;
for (i=0; i<noetot; i++) {
if (resnum?2cfi]-resnumlc[i]<0) printf("Wrong order for %d %s %d
%s\n" resnumlc{i],atnamelc[i],resnum2c[i],atname2cl[i});
if (resnum2c[i]-resnum1c{i]==0) {noeintra=noeintra+1;fprintf(fp3,"assign (resid %d and
name %s (resid %d and name %s %2.1f %2.1f
%?2.1f\n" resnumcfi],atnamelc[i},resnum?2c[i],atname2c[i],noelo[i],noemid[i],noehifil); }

if (resnum?2cfi}-resnumlcfi}l==1) {noeseq=noeseq+1;fprintf(fp4,"assign (resid %d and
name %s (resid %d and name %s %2.1f %2.1f
%2.1f\n" ,resnum1c[i},atnamelc[i],resnum2c[i],atname2c[i],noelo[i],noemid[i],noehi[i]);}
if (resnum2c[i]-resnumlicfi]>1 & & resnum2c[i]-resnumlc[i]<5)
{noemed=noemed-1;fprintf(fp5,"assign (resid %d and name %s (resid %d and name %s
%2.1f %2.1f
%2.1f\n" resnum1cfi],atnamec[i],resnum2c[i],atname2c{i},noelo[i],noemid[i],noehi[i]);}
if (resnum2cfi}-resnumlc[i}>4) {noelong=noelong+1;fprintf(fp6,"assign (resid %d and
name %s (resid %d and name %s %2.1f %2.1f
%?2.1f\n" ,resnum1cfi],atname]c[i],resnum2c{i],atname2c[i],noelo[i],noemid[i],noehi[i]);}

}
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fclose(fp3);
fclose(fp4);
fclose(fp3s);
fclose(fp6);

/*** report results ***/

printf("Total number of NOEs is: %d\n" noetot);

printf(" _\n");
printf("Total number of intrares NOEs is: %d\n",noeintra);
printf("Total number of sequential NOES : %d\n",noeseq);
printf("Total number of med NOEs 1<i-j<5: %d\n",noemed);
printf("Total number of long NOE:s i-j>4 : %d\n",noelong);
printf(" \n");

printf(" \n");

}

ptnoe.c

/* ptnoe.c */

/* by FFD */

/* Program to add up number of NOEs at each residue position */
/* creates a file containing three columns of integers*/

/* res# total-noes long-range-noes */

/* you can ftp this file to a mac and read it directly into */

/* your favorite graphing program/spreadsheet */

/* input file required: noe_tbl.1 with all comment lines removed */
/* this is easily accomplished on a COPY of the noe_tbl.1 */

/* with the vi command: */

/* :g/\/d]1 [RET] */

/* Then write to a new file name */

/* Input file: edited noe_tbl.1 -> output file whatever_you_call_it */

/¥ AUTHOR: Fred Damberger */

#include <math.h>
#include <stdio.h>
#include <string.h>

void main()

{

FILE *fpl, *fp3;

char *p;

int i, j, k, resnum1¢{2000],resnum2c[2000],noept[250],noelongpt[250];
float noelo[2000], noemid[2000], noehi[2000]; ,

int noeintra, noeseq, noemed, noelong,noetot,resnum;

/*int noeintrabb, noesegbb, noemedbb, noelongbb;*/

char assignc[10],resid[10],and[10],name[10],filename[20],outfile[20];
char atname1¢c[2000][10],atname2¢{2000]{10],s{80];

/*¥** Get name of noe_tbl file interactively ***/

printf("Enter name of edited noe_tbl file:\n");

p=gets(s);

if (p) strepy(filename,s);

printf("Enter name of noetable output file:\n");

p=gets(s);
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if (p) strcpy(outfile,s);
printf("Output file will be %s\n" Joutfile);
printf("Enter number of re31dues (dont exceed 250 please):");
p=gets(s);
if (p) resnum=atoi(s);
printf(" \n");
printf(" \n");
printf("Looking for NOEs in %s\n" filename);
/***************Read in NOES from ﬁlename*************/
/*strcpy(filename,argv[1]);*/
if ((fpl=fopen(filename, "r")) == NULL) {
printf("Error opening filename\n");
exit(1); }
printf("Opening outputfile %s\n",outfile);
if ((fp3=fopen(outfile,"w"))==NULL) {
printf("Error opening outputfile\n"); -
exit(3); }
/*printf("Test writing to outputfile\n");*/
/*fprintf(fp3,"just a quick hello\n");*/
/* printf("Opened filename: %s - reading NOEs\n" filename); */
noetot=-1;
= 1:
while(!feof(fp1)) {
1=i+1;
noetot=noctot+1;
fscanf(fpl," %s",&assignc);
if(strcmp(assignc,"assign")==0) { :
fscanf(fpl, "%s%d%sPos%es" &resid,&resnumlcli],&and,&name,&atnamelc[i]);
fscanf(fpl, "%s%d%s%s%os" &resid,&resnum2c(i],&and,&name,&atname2c[i]);
fscanf(fpl, "%f%f%f" ,&noelo[i],&noemid[i],&noehi[i]);
/*  printf("%d %d\n" resnum]c[i],resnum2c(i});*/}
else continue;

}
fclose(fpl);
/******************* DO NOE sums *************************/
noeintra=0;
noeseq=0;
noemed=0;
noelong=0;
for (j=0; j<resnum; j++) {noept[j]=0;noelongpt[j}=0;}
for (j=0; j<resnum; j++) {
for (i=0; i<noetot; i++) {
if (resnumlc[i]==j) {noept[jl=noept(j]+1;
if ((resnum1cfi]-resnum2c[i]>5) Il (resnum2c[i]-resnum1c[i]>5))
noelongpt[jl=noelongpt[jl+1;
}

if (resnum2c[il==j) {noept{jl=noept[j]+1;
if ((resnum1c[i]-resnum2c[i]>5) Il (resnum2c[i]-resnum1c[i]>5))
noe;onc’ptb]—noelongpt[]]—l-l
}
}
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/¥** report results ***/

1=0;

for (j=0; j<resnum; j++) {i=i+1;fprintf(fp3,"%d %d %d\n",i,noept[i},noelongpt[i});}
fclose(fp3);

}

ptbkrmsd.c
/* ptbkrmsd.c */ .
/* Program to find and list by residue backbone N,CA,C,O rmsds for plotting */

/* Input: obtains structure filename and number of structures interactively */

/* from user */
/* Output: ptbkrmsd.output */

/* AUTHOR: Jeff Pelton */

#include <math.h>
#include <stdio.h>
#include <string.h>

main()

{

FILE *fp1, *fp3;

char *p;

int i, j, xyzc,atomnumc,resnumc[3000],n;

float xc[3000],yc[3000],zc[3000];

char atomc[10],atnamec[3000][10],resnamec[3000][5];
float c1,bfc[5000], a, b, cd, d, dd, sum;

char ¢c212¢[10];

char filename[30];

char s[30];

printf("\n Output filename is ptbkrmsd.output \n\n");
printf("Must delete header remarks in input file before running\n");

printf("Enter input filename\n");

p=gets(s);
if(p) strepy(filename,s
*(>!I<)>l)< py( Open file)for Output ok >k sk ok sk 2k skook ok sk sk ok ok ok ok sk sk skook sk sk sk skosk ok sk sk ok sk ok vk k */

if ((fp3=fopen("ptbkrmsd.output”, "w")) == NULL) {
printf("Error opening ptbkrmsd.output\n");
exit(1); }
/*************** Read in Xyz Coordinates for a structure *******************/
/* From X-PLOR with bfactor column containing rmsds for that atom */
/* Must remove header format and remarks statements before running */
if ((fpl—fopen(ﬁlename "r")) == NULL) {
printf("Error opening %s\n" filename);
exit(1); }
printf("Opened xyz coordinate file xyz.d - reading coordinates \n");
1=-1;
Xyze=-1;
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while(!feof(fp1)) {

i=i+1;

xyzc=xyzc+] ;

fscanf(fpl, "%s%d", &atomc, &atomnumc);

fscanf(fpl, "%s%s%d%f%t% ", &atnamec(i],
&resnamec(i],&resnumc(i],&xc[i],&yc[i],&zc[i]);

fscanf(fpl, "%f%f%s", &cl, &bfc[il,c212c);
/*  printf("%s %s %d %2.3f %2.3f %2.3f\n", atnamec(i], resnamec(i], resnumc[i], xc[i],

yeli], zc[i]); */
}

/** Search the data for N,C,CA,O ** Data */
/* Do this - for each residuue HSF 1-92, search coordinates for CA,C, N O */
/* Sum rmsds for these atoms (# = xyzc- divide by the number found (n) */
for(i=1;1<93;i++) { n=0; sum=0;
for(j=0;j<xyzc;j++) {
if(resnumclj]==i && (strcmp(atnamecfj],"N")==0 Il strcmp(atnamec[j],"C")==0
i stremp(atnamec{j],"CA")==0 Il strcmp(atnamec[j],"O")==0 i
strcmp(atnamec(j],"OT1")==0)) { n=n+1;
sum=sum-+bfc[j]; }

/* If atoms were found for residue i - take the average and print result */
if(n > 0) {
sum=sum/n;
/* Make average rmsd for backbone atoms print out */
/* print out residue number and rmsd for that CA */
fprintf(fp3," %d\t%f\n",i,sum);
}

}
fclose(fpl);
}

ptnonhrmsd.c

/* ptnonhrmsd.c */
/* Program to find and list pointwise backbone+side chain rmsds for plotting */
/* Using average.pdb files from X-PLOR with either ave.com or xrayrms.com */

/* Input : prefixname for structure files and number of files interactively */
/* from user and needs ave.pdb generated by appropriate ave.inp  */
/* Output: ptnonrmsd.output */

/* AUTHOR: Jeff Pelton */
#include <math.h>

#include <stdio.h>
#include <string.h>

main()
{
FILE *fpl, *fp3;

char *p;
int 1, j, Xyzc,atomnumec,resnumc[3000],n;
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float xc[3000],yc[3000],2c[3000];
char atomc[10],atnamec[3000][ 101, resnamec[3000] [51;
float c1,bfc[5000], a, b, cd, d, dd, sum;
char ¢212¢[10];
char filename[30],s[30];
printf(" Enter pdb file name for ave structure from X-PLOR\n");
p=gets(s);
if(p) strcpy(filename,s);
printf("N.B. Must delete remarks at top of file before using program\n\n");
printf("Output file is ptnonhrmsd.output\n");
/*** O en flle for Output ske sk ok 3k ok ok sk ok >k ok 3k 2k ok ok vk ok sk ok 2k ok ok >k e sk ok sk sk ok sk sk ok */

if ((fp3=fopen("ptnonhrmsd.output”, "w")) == =NULL) {

printf("Error opening ptrmsd.output\n");

exit(1); }
/*************** Rcad in Xyz Coordinates for a structure *******************/
/* From X-PLOR with bfactor column containing rmsds for that atom */
/* Must remove header format and remarks statements before running */

if ((fpl=fopen(filename, "r")) == NULL) {

printf("Error opening %s \n" filename);

exit(1); }
printf("Opened xyz coordinates - reading coordinates \n");

1=-1;

xyzc—-l;
while(!feof(fpl)) {

i=i+1;

Xyzc=xyzc+l;

fscanf(fpl, "%s%d", &atomc, &atomnumc);

fscanf(fpl, "%s%s%d%f %ot %f", &atnameci],
&resnamec(i],&resnumc(i],&xclil,&yc[il,&zc[i]);

fscanf(fpl "%t %f%s", &c1, &bfc[i],c212c);
- /*  printf("%s %s %d %2 3f %2 3f %2.3f\n", atnamec(i], resnamec[l] resnumc(i], xc[i],

yelil, ze[i]); */

/** Search the data for N,C,CA,O ** Data */

/* Do this - for each residuue HSF 1-92, search coordinates for CA,C,N,O */

/* Sum rmsds for these atoms (# = xyzc- divide by the number found (n) */

for(i=1;i<93;i++) { n=0; sum=0;
for(j=0;j<xyzc;j++) {

if(resnumc{jl==i && (strcmp(atnamec(j],"N")==0 Il strcmp(atnamec[j],"C")==0\

Il stremp(atnamec{j],"CA")==0 li strcmp(atnamec(j},"O")==0 i
strcmp(atnamec(j],"OT1")==0 Il strcmp(atnamec(j],"CB")==0 I\
strcmp(atnamec(j],"CG")==0 Il strcmp(atnamec[j],"CG1")==0 Il \
stremp(atnamec(j],"CG2")==0 Il strcmp(atnamec(j],"0G")==0 Il \
strcmp(atnamec(j],"SG")==0 | strcmp(atnamec(j],"CD")==0 I\
strcmp(atnamec[j],"CD1")==0 Il strcmp(atnamec{j],"CD2")==0 Il \
strcmp(atnamec(j],"SD")==0 Il strcmp(atnamec(j],"OD1")==01I\
strcmp(atnamec(j],"ND2")==0 |l strcmp(atnamec(j],"OD2")==0 il \
strcmp(atnamec(j],"CE")==0 |l strcmp(atnamec[j],"CE1")==0 i\
strcmp(atnamec(j],"CE2")==0 Il strcmp(atnamec[j],"NE")==0 Il \
strcmp(atnamec{j],"NE1")==0 Il strcmp(atnamec[j],"NE2")==0 I \
strcmp(atnamec(j],"CE3")==0 Il strcmp(atnamec[j],"OE1")==0 I\
strcmp(atnamec[j],"OE2")==0 Il strcmp(atnamec[j],"OE2")==0 Il \
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strcmp(atnamec(j],"CZ")==0 Il strcmp(atnamec(j],"CZ2")==0li \
strcmp(atnamec(j},"CZ3")==0 |l strcmp(atnamec(j],"NZ")==0 Il \
strcmp(atnamec(j],"NH1")==0 Il strcmp(atnamec[j],"NH2")==0 II \
strcmp(atnamec(j],"CH2")==0 Il strcmp(atnamec(j],"OH")==0

) { n=n+1;
sum=sum-+bfc[j]; }

/* If atoms were found for residue i - take the average and print result */
if(n > 0) {
sum=sum/n;
/* Make average rmsd for backbone atoms print out */
/* print out residue number and rmsd for that CA */
fprintf(fp3," %d\t%f\n",i,sum);
}

}
fclose(fpl);
}

229



phicalc_s.c

/*  phicalc_s.c ¥/

/* Program to calculate PHI angles and order param for fam of structure */
/* Asks for base file name - ex. accept_ and number of structures */

/* Input file accept_*.pdb - output file redirect using pipe */

/* to compile use cc phicalc_s.c -Im (-Im to include math utility)*/

/* Below is an overview of the program written for chil. This program */
/* works in an analogous fashion for phi angles */

/* Overview of program: - uses Xyz coordinates for n,ca,cb,cg from */
/* X-PLOR pdb file - 1) calculate nca,cacb,cbca,cgcb vectors using */
/* function vector. 2) calculate two cross products A) ncacbca and*/

/* B) cgcbcacb using function crossx,crossy,crossz. 3) Calculate
angle between the two resultant vectors via a dot product. 4) Worry
about the sign of the dihedral angle by calculating the determinant

of ncacbca , cacb, and cgcbeacb. Finally sum and calculate vectors
for order parameter calculation - print out results */

/* AUTHOR: Jeff Pelton */

#include <math.h>
#include <stdio.h>
#include <string.h>

float vector(float s1, float s2);

float mag(double x1, double y1, double z1);

float crossx(double x1, double y1, double z1, double x2, double y2, double 22);
float crossy(double x1, double y1, double z1, double x2, double y2, double z2);
float crossz(double x1, double y1, double z1, double x2, double y2, double z2);

void main(void)

{

FILE *fp,*fpl, *{p3;

char *p;

Int i, j, k, xyzc[50],atomnumc,resnumc[50][3000];

float diff2,xc[50]{3000],yc[50][3000],zc[50][{3000];

char atomc[10],atnamec[50][3000][10],resnamec[50]{3000][5];
float cl,bfc, a, b, cd, d[50], dd,sum,ave,sd,l;

char c212¢[10],filename[20],s[80];"

char attest1[5],attest2[5],add[5],pdb[5],file[20];

int resnotestl, resnotest2,no;

float nx[50][100],ny[50]{100],nz[50][1001];

float cax[50][100],cay[50][100],caz[50][100];

float cox[50}[100],coy[50][100],c0z[501{100];

float cx[50][3000],cy[50][30001,cz[50][30001];

float conx[50][100],cony[50][100],conz[50][100];

float ncax[50]{100],ncay[50]{100],ncaz[50][100];

float canx[50]{100],cany[50][100],canz[50][100];

float ccax[50][100],ccay[50][100],ccaz[501[100];

float concanx[50]{100],concany[501{100],concanz[50]{100];
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float ccancax{50][100],ccancay[50][100],ccancaz[50][100];

float theta[50][100],x,y,xave,yave;

float r,dot[50][100],mag1[50]{100],mag2[50][100];

int residue;

char filename 1{50];

float det[50][100],detx[50][100],dety[50][100],detz[50][100];

float phi[50]{100];

float totx[100],toty[100],angave,angtot;

/*char fileno[2][2]={"1","2"};*/

char

flleno[40][3] {"1v,m2","3","4" 5" "6","7","8","9","10","11","12","13"," 14" " 15"," 16"
J 170,18, 19, 20,21, 122, "23m,"24 " 25" ) "26" "27" "28" "29" "30" "31" "32' )3

3" "34","35","36","37", "38' ,"39","40"};

char resname[100][5];

float tempx,tempy;

int reno;

float ang360[50][{100];

int outp;

strcpy(pdb,".pdb");

printf("Program phicalc_s - used to calculate phi angles and order\n");
printf("parameters for a family of structures\n");

printf("output consists of phi for one structure and order parameter \n");
printf("for the family of structures\n");

printf("\n");

prmtf("Wammg .average angle is only accurate if all angles have the ");
printf("same sign");

printf("\n");

printf("Output file - phicalc_s.output");

printf("\n\n\n");

[* **¥** Get basic information interactively ***** */

/* base filename, number of structures and number of residues */
/* no = number of structures,reno - number of residues */

/* filename - filenamel - base filename */

/* Long or short output */

printf("enter Base filename -ex. refine_ :\n");
/** XKk /

p=gets(s);

if(p) {strcpy(filename,s); strepy(filenamel,s); }
printf("enter number of files - default 30: \n");
p=gets(s);

if(p) no=atoi(s);

printf("enter number of residues :\n");

p=gets(s);

if(p) reno=atoi(s);

printf("number of files is: %d / Base file name is %s \n",no,filename);
printf("Long or short output : O for short, 1 for long\n");
p=gets(s);

if(p) outp=atoi(s);

[¥¥¥%%% Open output file ****xk*/
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if((fp=fopen("phicalc_s.output","w"))== NULL) {
printf("Error opening file phicalc_s.output");
exit(1); }
fprintf(fp, ' Wammg average angle is only accurate if all angles have the ");
fprintf(fp, " same sign \n");
/*************** Read in XyZ Coordlnates for structures *******************/
for(k=0;k<no;k++) {
/* add="1";*/
strcat(filename, fileno[k]);
strcat(filename,pdb);
if ((fpl=fopen(filename, "r")) == NULL) {
printf("Error opening file %s\n",filename);
exit(1); }
/*printf("Opened xyz coordinate file %s - reading coordinates \n" filename);*/
strepy(filename, filenamel); A :

i=-1;
xyzc{k]=-1;
while( 'feof(fp 1) {
1=i+1;

xyzc[k] xyzc[k]+1;

fscanf(fpl,"%s",&atomc);

if(strcmp(atome,"ATOM")==0) {

fscanf(fpl, "%d", &atomnumc);

fscanf(fpl, "%s%s%d%f%of%f", &atnamec[k][i],
&resnamec[k][i],&resnumc[k][i],&xc[k][1],&yc[k]{i].&zc[k][i]);

fscanf(fpl, "%f%f%s", &cl, &bfc,&c212c);
/* printf("%s %s %d %2.3f %2.3f %2.3f\n", atnamec[k]{i], resnamec[k][i],
resnumc([k][i], xc[k][il, ye[k][i], zc[k]{i]); */ }
else continue;

fclose(fpl);

/********************* SearCh for atoms to Calculate phl **.**************/
for(i=0;i<xyzc[k];i++) { cox[k][i]=0.0; coy[k][i]=0.0; coz[k][i]=0.0;
cx[k][i]=0.0; cy[k][i]=0.0; cz[k]{i]=0.0;
/* printf(" residue # %d\n",resnumc[k][i]);*/}

/* Pick out CO,N,CA,C */
for(k=0;k<no;k++) {
for(i=0; i<xyzc[k]; i++) {residue=resnumc[k]{i];
strcpy(resname[residue],resnamec[k][i]);
if(strcmp(atnamec(k}fi],"C")==0) {
cx[k][(resnumc[k][i])]=xc[k][i];
cylk][(resnumc[k][iD]=yc[k][i];
cz[k][(resnumc(k]{i])]=zc[k][i];
/*printf(“resid %d cx %2.3f cy %2.3f cz
%2.3f\n" resnumc(k][i],cx[k][residue],cy[k][residue],cz[k][residue]); */ }
if(strcmp(atnamec[k][i],"N")==0) {
nx[k][resnumc[k][i}]=xc[k][i];
ny[k][resnumc[k][i}}=yc[k][i];
nz[k][resnumc{k][1]l=zc[k][i];
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/*printf("resid %d nx %2.3f ny %2.3f nz %2.3f\n" residue,
nx[k][residue],ny[k][residue],nz[k][residue]); */}
if(strcmp(atnamec(k}fi],"CA")==0) {

cax[k][resnumc[k][i]]=xc[k][i];
cay[k][resnumc[k]{i]]=yc[k][i];
caz(k][resnumc[k]{i]]=zc[k][i];

}

1}

/** Calculate vectors **/
for(j=1;j<reno+1;j++) {
for(k=0;k<nozk++) {
if(cx[k][j]==0.0 && cy[k][j]==0.0) continue;

conx[k][j]=vector(cx[k][j-11,nx[k](i]);
cony[k][jl=vector(cy[k][j-1],ny[kI[D);
conz[k]{j]=vector(cz[k][j-11,nz[k][j]);
/*printf(" resid %d conx %2.3f cony %2.3f conz %2.3f
\n"j,conx[k][jl.cony[k]{jl.conz[k]j]); */

canx[k][j]=vector(cax[k][j].nx[k][j]);

cany[k][j]=vector(cay[k][jl.ny[k](]);

canzfk][j]=vector(caz[k][j].nz[k][;]);
/*printf("resid %d canx %2.3f cany %2.3f canz %2.3f
\n",j,canx[k]{j]l,cany{k][j].,canz[k][;]); */

ncax[k][jl=vector(nx[k][j1,cax[k1{);
ncay[k][j]=vector(ny[k]I[j].cay[k][]);
ncaz[k][j]=vector(nz{k][j],caz[k1[j1);

ccax[k]{jl=vector(cx[k][j],cax[k][j]);
ccay[k]fj}=vector(cy[k][jl.cay[kI[j]);
ccaz[k][jl=vector(cz[k][j],caz[k][j]);
[*printf(" %2.3f %2.3f %2.3f\n",ccax[Kk]{j].ccay(k][jl,ccaz[K][j]);*/
/** Calc cross products **/ ‘

concanx[k][j]=crossx(conx[k][j],cony[k][j],conz[k]{j].canx[k][j],cany[k][j],canz[k][j]);
concany[k][jl=crossy(conx[k][j],cony[k][j]l,conz{k]j],canx[k][j],cany[k][j],canz{k][;]);
concanz[k][j]=crossz(conx[k][j],cony[k][jl,conz[k](j],canx[k][j],cany[k][j],canz[k][j]);
/*printf("resid %d cross concanx %2.3f %2.3f

%2.3f\n" j,concanx[k][j],concany(k][j],concanz[k]{j]); */

ccancax [k][j]=crossx(ccax[k][jl,ccay[k][j]l.ccaz[k][j],ncax[k]{j],ncay [k][j],ncaz{k][j]);
ccancay/[k] Li]:crossy(cca.x [k][j].ccay[k][j]l,ccaz[k] I;j],ncax[k][j],ncay k]{jl.ncaz[k] U]);
ccancaz[k][j]=crossz(ccax[k][j],ccay[k][j],ccaz[k][j],ncax[K][j],ncay[K][j].ncaz[k][j]);
/*printf("'resid %d cross ccancax %2.3f %2.3f

%2.3f\n" j,ccancax[k][j],ccancay[k][j],ccancaz[k][j]);*/

/** Calc magnitude of each **/

mag1[k][jl=mag(ccancax[k][j],ccancay[k][jl.ccancaz[k]{j]);
/*printf("resid %d magl= %2.3f\n",j,mag1[k][j]);*/

mag2[k][j]l=mag(concanx[k]{j],concany[k][j],concanz{k][j]);
/*printf("resid %d mag2= %?2.3f\n",j,mag2{k][j]1);*/
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/** Calc dot product + angle **/

dot[k][]]—ccancax[k][]]*concanx[k][]]+ccancay[k][]]*concany[k][)]+ccancaz[k][]]*concanz
(k1GL

/*p[r]mtf( 'resid %d dot= %2.3f\n",j,dot{k][j]);*/
theta{k]}[j]=acos(dot[k]{j}/(mag1[k][;]*mag2[k](i]));

/** Determine the sign of the angle using determinant -*/
/* Determinant of concan/nca/ccanca */

detx[k][j]=concanx[k][j]*crossx(ncax[k][j],ncay[k]{jl.ncaz[k][j],\
ccancax[k][j],ccancay[k][jl.ccancaz[k][j]);

dety[k][j]=1.0*(concany[k][j]*crossy(ncax[k]{j],ncay[k][j],ncaz[k]{j1.\
ccancax[k][j],ccancay[k][j],ccancaz[k][j]));

detz[k][j}=concanz[k][j]*crossz(ncax[k][j],ncay[k][j],ncaz[k][j].\
ccancax[k][j],ccancay[k][j],ccancaz{k](j]);

detfk][j}=detx (k] [j}+dety [k]{j}+detz{k][j];

+ if(det{k]{j]1>0.0) phi[k][j}=(theta[k][j]*57.2958)-180.0;

if(det[k][j]<0.0) phi[k][j}=180.0-(theta[k][j1*57.2958);

/*printf("resid %d detx %2.3f %2.3f %2.3f\n",j,detx[k]{j],dety[k](j].detz[k](5]);*/
*printf("resid %d det %2.3f theta %2.3f chil %2.3f\n",j,det[k][j],theta[k][j].chil[k][j]);

*/
b}
/** Calculate phi order parameter for each resi&ue using the family of structures **/

for(j=1;j<reno+1;j4++) { i=0; x=0.0; y=0.0; xave=0.0; yave=0.0; angtot=0.0;
angave=0.0;
for(k=0;k<no;k++) {
angtot=phi[k][j]+angtot;
tempx=cos(phi[k][j1*0.017453);
tempy=sin(phi[k][j]*0.017453);
1=i+1;
y=y-+tempy;
X=X-+tempx;
Fprintf("x(%Ad),y(%d)= %2.3f %2.3f tempx = %2.3f %2.3f phi =
%2.3f\n" 1,j,j,x,y.tempx,tempy,phi[k][j1);*/ }
xave=x/no;
yave=y/no;
angave=angtot/no;
if(angave >180.0) angave=angave-360.0;
r=sqrt(xave*xave+yave*yave);

/* print the results short or long */
/*printf("start print of residue info");*/
if(outp==1) {

if(cx[1]{j}==0.0 !l phi[1][j] == 0.0) r=0.0;
fprintf(fp," %s \t %d ",resname(jl.j);
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fprintf(fp,"\tphi(deg)\t %2.3f \tS(phi)\t %2.2f \t angle ave %2.2f \n",phi[1][j].r,angave);
if(r>0.9) { for(i=0;i<no;i++) fprintf(fp,"\t %2.3f \n",phi[i][j]); } }

else { fprintf(fp,"%d %?2.3f\n", j,r); }

}

/* Print out phi for residue 2 for all structures */

if(r>0.9) { ,
for(k=0;k<no;k++) printf(" phi 2 struct %d is : %2.3f\n" k,phi[k][2]);}
}

float vector(float s1, float s2) {

: return s1-s2; }

float mag(double x1, double y1, double z1) {
return sqrt(x 1 *x1+y1*yl+z1*z1); }

float crossx(double x1, double y1, double z1, double x2, double y2, double z2) {
return y1*z2-y2*z1; }

float crossy(double x1, double y1, double z1, double x2, double y2, double z2) {
return -1.0*(x1*z2-x2*z1); }

float crossz(double x1, double y1, double z1, double x2, double y2, double z2) {
return x1*y2-x2*y1; }
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psicalc_s.c

/*psicalc_s.c*/

e Program to calculate PSI angles and order param for fam of structure */
/* Reads in N CA C N coordinates to calc PSI angle */

/* Derived from phicalc_s - so vector names etc don't quite coorespond */
/* Asks for base file name - ex. accept_ and number of structures */

/* Input file Accept_*.pdb - output file redirect using pipe */

/* to compile use cc psicalc_s.c -lm (-Im to include math utility)*/

/* Overview of program: - uses xyz coordinates for n,ca,c n from */

/* X-PLOR pdb file - 1) calculate nca,cacb,cbca,cgcb vectors using */

/* function vector. 2) calculate two cross products A) ncacbca and*/

/* B) cgcbeach using function crossx,crossy,crossz. 3) Calculate

angle between the two resultant vectors via a dot product. 4) Worry

about the sign of the dihedral angle by calculating the determinant

of ncacbca , cacb, and cgcbeach. Finally sum and calculate vectors

for order parameter calculation - print out results */

/* AUTHOR: Jeff Pelton */

#include <math.h>
#include <stdio.h>
#include <string.h>

float vector(float s1, float s2);

float mag(double x1, double y1, double z1);

float crossx(double x1, double y1, double z1, double x2, double y2, double z2);
float crossy(double x1, double y1, double z1, double x2, double y2, double z2);
float crossz(double x1, double y1, double z1, double x2, double y2, double z2);

void main(void)

{

FILE *fp,*fpl, *fp3;

char *p;

int 1, j, k, xyzc[50],atomnumc,resnumc{50][30007;

float diff2,xc[50][3000],yc[50][3000],zc[50][3000];

char atomc[10],atnamec[50][3000][ 10],resnamec{50][3000][5];
float cl,bfc, a, b, cd, d[50], dd,sum,ave,sd,l;

char c212c[10],filename[20],s[80];

char attest1[5],attest2[5],add[5],pdb[51.file[20];

int resnotest1, resnotest2,no;

float nx[50][100],ny[50][ 100],nz[50][100];

float cax[50][100],cay[50][100],caz[50][100];

float cox[50]{100],coy[50]1[100],c0z[50][100];

float cx[50][3000],cy[50][{3000],cz[50}[3000];

float conx[{50][100],cony{50][100],conz[50]{1001;

float ncax[50][100],ncay[50]{1001,ncaz[50][100];

float canx[50][100],cany[50][100],canz{50]{100];

float ccax[50][100],ccay[501{100},ccaz[50][100];

float concanx[50][100},concany[50][100],concanz[50][100];
float ccancax[50][100],ccancay[50][100],ccancaz[50]{100];
float theta[50][100],x,y,xave,yave;

236



float r,dot[50]{100},mag1[50][100], mag2[50][100]

int residue;

char filename1{50];

float det[50]{100],detx[50]{100],dety{50][100],detz[50][100];

float phi[50][100];

float totx[100],toty[100],angave,angtot;

/*char fileno[2][2]={"1","2"};*/

char
fileno[30][3]={"1","2","3","4","5","6","7","8","9","10","11","12","13","14","15"," 16"
17,0 180,"190,"200, 21,122,223, 124 25, 26,27 ","28","29","30" };
char resname([100][5];

float tempx,tempy;

int reno;

float ang360{50]{100];

int outp;

strcpy(pdb,”.pdb");

printf("Program psicalc_s - used to calculate psi angles and order\n");

printf("parameters for a family of structures\n");

printf("output consists of psi for one structure and order parameter \n");
printf("for the family of structures\n");

printf("\n");

prmtf("Wammg average angle is only accurate if all angles have the ");
printf("same sign");

printf("\n");

printf("Output file - psicalc_s.output™);

printf("\n\n\n");

/* **x* Get basic information interactively ***** */

/* base filename, number of structures and number of residues */
/* no = number of structures,reno - number of residues */

/* filename - filenamel - base filename */

/* Long or short output */

printf("enter Base filename -ex. refine_ :\n");
/** **/

p=gets(s);
if(p) {strcpy(filename,s); strcpy(filenamel,s); }
printf("enter number of files - default 30: \n");
p=gets(s);
if(p) no=atoi(s);
printf("enter number of residues :\n");
p=gets(s);
if(p) reno=atoi(s);
printf("number of files is: %d / Base file name is %s \n",no,filename);
printf("Long or short output : O for short, 1 for long\n");
p=gets(s);
if(p) outp=atoi(s);
/¥¥%xx% Open output file *¥**¥***/
if((fp=fopen("psicalc_s.output","w"))== NULL) {
printf("Error opening file psicalc_s.output");
exit(1); }
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fprmtf(fp "4 3k ok sk sk ok ok ok sk 3k vk 3k ok 3k ok Sk sk ok sk sk ok ok ke sk sk ok Rk ok \n")-
b 3

fprintf(fp, "Warning - average angle is only accurate if all angles have the ");
fprintf(fp, " same sign \n");
fprlntf(fp, 19 5k Sie 3k 3k ok sk ok ok 3k sk ok ok o ok sk 3k 3k ok 3k 5k ok ok 5k sk ok ke ok \n");
/*************** Read in XyZ Coordinates for structures *******************/
for(k=0;k<no;k++) {
/* add="1";*/
strcat(filename, fileno[k]);
strcat(filename,pdb);
if ((fpl=fopen(filename, "r")) == NULL) {
printf("Error opening file %s\n" filename);
exit(1); }
/*printf("Opened xyz coordinate file %s - reading coordinates \n",filename);*/
strepy(filename, filenamel);

i=-1;

xyzc[kl=-1;
while(!feof(fp1)) {

i=i+1;

xyzc[k]=xyzclk]+1;

fscanf(fpl,"%s",&atomc);

if(strcmp(atomce,"ATOM")==0) {

fscanf(fpl, "%d", &atomnumc);

fscanf(fpl, "%s%s%d%f %t %t", &atnamec[k][i],
&resnamec([k]{i],&resnumc[k]{i],&xc[k]{i],&yc[k][i],&zc[k]}[i]);

fscanf(fpl, "%f%f%s", &cl, &bfc,&c212c);
/* printf("%s %s %d %2.3f %2.3f %2.3f\n", atnamec[k][i], resnamec[k][i],
resnumc(k][1], xc[k]fil, ye[k][i], zc[K][iD); */ }
else continue;

}
fclose(fpl);

/********************* SearCh fOf atoms to CalCUlate p81 ****************/
for(i=0;i<xyzc[k];i++) { cox[k][i]=0.0; coy[k][i]=0.0; coz[k][i]=0.0;
cx[k][i]=0.0; cy[k][i]=0.0; cz[k][i]=0.0;
/* printf(" residue # %d\n",resnumc[k][i]);*/}

/* Pick out N,CA,C N*/
for(k=0;k<no;k++) {
for(i=0; i<xyzcfk]; i++) {residue=resnumc{k][i];
strcpy(resname(residue],resnamec[k]{i]);
if(strcmp(atnamecfk][i],"N")==0) {
cx[k][(resnumc[k][iD]}=xc[k][i];
cylk][(resnumc[k][iD)]=yc[k][i};
cz[k][(resnumc[k][i])}=zc[k][i];
/* printf("resid %d cx %2.3f cy %2.3f cz
%2.3f\n" resnumc[k][i],cx[k][residue],cy[k][residue],cz[k][residue]); */ }
if(strcmp(atnamec([k][i],"CA")==0) {
nx[k][resnumc[k]}[i]]=xc[k][i];
ny[k][resnumc[k][i]]=yc[K][i];
nz{k][resnumc(k]{i]]=zc[k][i];
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[*printf("resid %d nx %2.3f ny %2.3f nz %2.3f\n" residue,
nx[k][residue],ny[k][residue],nz{k][residue]); */}
if(strcmp(atnamec[k][i],"C")==0) {
cax[k][resnumc[k][i]]=xc[k][i];
cay([k][resnumc[k][i]}=yc[k][1];
caz[k][resnumc[k][i}]=zc[k][1];
}

/** Calculate vectors **/
for(j=1;j<reno+1;j++) {
for(k=0;k<no;k++) {
if(cx[k](j]==0.0 & & cy[k]{j]==0.0) continue;

conx[k][j]=vector(cx[k][j],nx{k][j]);
cony[k][j]=vector(cy[k](j].ny[KI[D:
conz[k][jl=vector(cz[k}{j],nz[k][j]);

/* printf(" resid %d conx %2.3f cony %2.3f conz %2.3f

\n" j,conx[k][j],cony[k][j],conz[k]{j]);

*/

canx[k][j]=vector(cax[k][j],nx[k][j]);
cany[k][jl=vector(cay[K][j].ny[k][]);
canz[k][j]=vector(caz[k][j],nz[k][j]);
/*printf("resid %d canx %2.3f cany %2.3f canz %2.3f
\n"j,canx[k][j].cany[k][j],canz[k][j]);
*/

ncax{k]{j}=vector(nx[k][jl,cax[k][j]); -
ncay[K][j)=vector(ny[k](j].cay[k](j]);
ncaz(k][jl=vector(nz{k][j],caz[k][jD;

ccax[k]{jl=vector(cx[k][j+1],cax[k][j1);
ccay[k][jl=vector(cy[kl[j+1],cay[kI[j]);
ccaz[k][jJ=vector(cz[k][j+1],caz[k][j]);
Fprintf(" %2.3f %2.3f %2.3f\n",ccax[k]{j],ccay[k]{jl.ccaz[k][j]);*/
/** Calc cross products **/

concanx[k][j]=crossx(conxfk]{j],cony[k][jl.conz[k][j].canx [k][j],cany[k]{j],canz[k][j]);
concany[k][jl=crossy(conx[k][j].cony k][j].conz[k][}].canx [K][j].cany k](j].canz[k][}});
concanz[k]{j]=crossz(conx[k]{jl,cony{k][jl,conz[k][j],canx[k][j],cany[k][j].,canz[k][j]);
/*printf("resid %d cross concanx %2.3f %2.3f
%?2.3f\n",j,concanx[k][j],concany[k]{j],concanz[k][j]); */

ccancax[K][j}=crossx(ccax [K][jl.ccay [K]{jl.ccaz[k]fj],ncax[k][j],ncay[k][j}.ncaz{k][i]);
ccancay[k][j]=crossy(ccax[k][j].ccay[Ki[j].ccaz[k][j],ncax[k][j].ncay[k][j].ncaz[KI]);
ccancaz[k][jl=crossz(ccax[k][j].ccay[kl[j].ccaz[k][j],ncax[k][j],ncay[k]{j].ncaz[k][j]);
/*printf("resid %d cross ccancax %2.3f %2.3f

%2.3f\n" j,ccancax[k](jl,ccancay[k][j],ccancaz{k][j]);*/

/** Calc magnitude of each **/

mag1[k][jl=mag(ccancax[k][j],ccancay(k][j].ccancaz[k][j]);
/*printf("resid %d magl= %2.3f\n",j,mag1{k][j]);*/

mag2[k][jl=mag(concanx[k][j]l,concany(k][j],concanz[k]{j]);
/*printf("resid %d mag2= %2.3f\n",j,mag2[k][j]);*/
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/¥* Calc dot product + angle **/

dot[k][j]=ccancax[k]{j]*concanx[k][j]+ccancay[k][j]*concany[k][j]+ccancaz[k][j]*concanz
[k101; '

/*pgintf("resid %d dot= %2.3f\n",j,dot[k1[j1);*/
theta[k][j]=acos(dot{k][j}/(mag1{k][j1*mag2[k][i]));

/** Determine the sign of the angle using determinant -*/
/* Determinant of concan/nca/ccanca */

detx[k]{j]=concanx[k][j]*crossx(ncax[k][j],ncay([k]}{jl,ncaz[k][j].\
ccancax[k][j],ccancay[k]{j],ccancaz[k][j]);

dety[k][j]=1.0*(concany[k][j]*crossy(ncax[k](j],ncay[k][j],ncaz[k][j],\
ccancax[k][j],ccancay[k][j],ccancaz[k](j]));

detz[k][j]=concanz[k][j]*crossz(ncax[k]{j],ncay[k]{j],ncaz[k][j],\
ccancax[k][j]l,ccancay[k]{j],ccancaz{k](j]);

det[k][jl=detx[k][j]+dety[k][j]+detz[k][j];

if(det[k]([3]>0.0) phi[k][jl=(theta[k][j1*57.2958)-180.0;

if(det[k][j1<0.0) phi[k][j]=180.0-(theta[k][j]*57.2958);

/*printf("resid %d detx %2.3f %2.3f %2.3f\n" j,detx [k][j],dety (k][] detz[K]]);*/
/*printf("resid %d det %2.3f theta %2.3f chil %2.3f\n",j,det[k][j,theta[k][j].chil [k][j]);
*

1}

/** Calculate psi order parameter for each residue using the family of structures **/

for(j=1;j<reno+1;j++) { i=0; x=0.0; y=0.0; xave=0.0; yave=0.0; angtot=0.0;
angave=0.0;
for(k=0;k<no;k++) {
angtot=phi[k][j]+angtot;
tempx=cos(phi[k][j]*0.017453);
tempy=sin(phi[k]{j]1*0.017453);
1=i+1;
y=y+tempy;
X=X+tempx;
/#prntf("x(%d),y(%d)= %2.3f %2.3f tempx = %2.3f %2.3f psi =
%2.3f\n",1,j,j,x,y,tempx,tempy,psi[k][j]);*/ }
xave=x/no;
yave=y/no;
angave=angtot/no;
if(angave >180.0) angave=angave-360.0;
r=sqrt(xave*xave+yave*yave);

/* print the results short or long */
/*printf("start print of residue info");*/
if(outp==1) {

1f(cx[1][j]==0.0 Il phi[11[j] == 0.0) r=0.0;
fprintf(fp,"%s %d ",resname(jl,j);
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fprintf(fp,"\tpsi(deg)\t %2.3f \tS(psi) %2.2f \t angle ave %2.2f \n",phi[1}[j].,r,angave);
if(r>0.9) { for(i=0;i<no;i++) fprintf(fp,"\t %2.3f \n",phi[i][j]); } }

else { fprintf(fp,"%d %2.3f\n", j,r); }

| ,

/* Print out psi for residue 2 for all structures */
7* 1f(r>0.9) { '
for(k=0;k<no;k++) printf(" phi 2 struct %d is : %2.3f\n".k,phi[k]{2]);} */

}

float vector(float s1, float s2) {
return s1-s2; }

float mag(double x 1, double y1, double z1) {
return sqrt(x1*x1+y1*yl+z1*z1); }

float crossx(double x1, double y1, double z1, double x2, double y2, double z2) {
return y1*z2-y2*z1; }

float crossy(double x1, double y1, double z1, double x2, double y2, double z2) {
return -1.0*(x1*z2-x2%z1); }

float crossz(double x1, double y1, double z1, double x2, double y2, double z2) {
return x 1 ¥y2-x2*y1; }

chil_s.c

/*chil_s.c*/

/* Program to calculate chil angles and order param for fam of structure */
/* Asks for base file name - ex. accept_ and number of structures */

/* Input file Accept_*.pdb - output file redirect using pipe */

/* to compile use cc chil_s.c -lm (-Im to include math utility)*/

/* Overview of program: - uses xyz coordinates for n,ca,cb,cg from */
/* X-PLOR pdb file - 1) calculate nca,cacb,cbca,cgcb vectors using */
/* function vector. 2) calculate two cross products A) ncacbca and*/

/* B) cgcbeach using function crossx,crossy,crossz. 3) Calculate
angle between the two resultant vectors via a dot product. 4) Worry
about the sign of the dihedral angle by calculating the determinant

of ncacbca , cacb, and cgcbeacb. Finally sum and calculate vectors
for order parameter calculation - print out results */

/* AUTHOR: Jeff Pelton */

/*modified to recognize SER OG and THR OG1 as CD*/
/*by FFD 3/25/95 */

#include <math.h>
#include <stdio.h>
#include <string.h>

float vector(float s1, float s2);

float mag(double x1, double y1, double z1);
float crossx(double x1, double y1, double z1, double x2, double y2, double 22);
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float crossy(double x1, double y1, double z1, double x2, double y2, double z2);
float crossz(double x1, double y1, double z1, double x2, double y2, double z2);

void main(void)

{

FILE *fp,*fpl, *{p3;

char *p;

int 1, j, k, xyzc[50],atomnumc,resnumc{50][{3000];

float diff2,xc[50][3000],yc[50]{3000],zc[50][3000];

char atomc[10],atnamec[50][3000][10],resnamec[50]{3000][5];

float cl,bfc, a, b, cd, d[50], dd,sum,ave,sd,l;

char c212c¢[10],filename[20],s[80];

char attest1[5],attest2[5],add[5],pdb[5].file[20];

int resnotestl, resnotest2,no;

float nx[50][100],ny[50][100],nz[50][{100];

float cax[50][100],cay[50][100],caz[50][100];

float cbx[501[100],cby[50]{100],cbz[50][100];

float cgx[501[3000],cgy[50][3000],cgz[50]1[3000];

float ncax[50][100],ncay[50]{100],ncaz[50]{100];

float cacbx[50][100],cacby[50][100],cacbz[50][100]; !
float cbcax[50][100],cbcay[50]{100],cbcaz{50][100]; ‘I
float cgcbx[50][100],cgcby[50][100],cgcbz[50][100];

float ncacbcax[50][ 100],ncacbcay[50][ 100],ncacbcaz{50][1001;

float cgcbecacbx[50]{100],cgcbeacby[50]{100],cgcbeacbz[501[100];

float theta[50][100],x,y,xave,yave;

float r,dot[50][100],mag1[50][100],mag2[50]{100];

int residue;

char filename1[50];

float det[50][100],detx[50][100],dety[50][100],detz[50][100};

float chi1[50][100];

float totx[100],toty[ 100],angave,angtot;

/*char fileno[2][2]={"1","2"};*/

char

fileno[40][3}={"1","2","3","4","5","6","7","8","9","10","11","12"," 13" ,"14","15","16"
, 17","18","19","20","21","22","23","24" "25" "26","27","28","29","30","31","32","3
3","34","35","36","37","38","39","40"};

char resname[100][5];

float tempx,tempy;

int reno;

float ang360{50]{100];

int outp;

strepy(pdb,".pdb");

printf("Program chil_s - used to calculate chil angles and order\n");

printf("parameters for a family of structures\n"); .
printf("output consists of chil for one structure and order parameter \n");

printf("for the family of structures\n");

printf("\n");

printf("Output file - chil_s.output"); - '
printf("\n\n\n");
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/* *¥*** Get basic information interactively ***** */
/* base filename, number of structures and number of residues */
/* no = number of structures,reno - number of residues */
/* filename - filenamel - base filename */
printf("enter Base filename -ex. refine_ :\n");
/** **/
p=gets(s);
if(p) {strcpy(filename,s); strcpy(filenamel,s); }
printf("enter number of files - default 24: \n");
p=gets(s);
if(p) no=atoi(s);
printf("enter number of residues :\n");
p=gets(s);
1f(p) reno=atoi(s);
printf("number of files is: %d / Base file name is %s \n",no,filename);
printf("Output format - O for short 1 for long\n");
p=gets(s);
if(p) outp=atoi(s);
/¥*¥%%x Open output file **¥**¥%/
if((fp=fopen("chil_s.output”,"w"))== NULL) {
printf("Error opening file chil_s.output");
exit(1); }
/*************** Read in Xyz Coordlnates for structures *******************/
for(k=0;k<no;k++) {
/* add="1";*/
strcat(filename,fileno[k]);
strcat(filename,pdb);
if (fpl=fopen(filename, "r")) == NULL) {
printf("Error opening file %s\n" filename);
exit(1); }
printf("Opened xyz coordinate file %s - reading coordinates \n" filename);
strepy(filename, filenamel);

1=-1;

X zc[k]-—l
whlle( Ifeof(fpl)) {

i=i+1;

Xyzc [k]-xyzc [k]+1;

fscanf(fp1,"%s",&atomc);

if(strcmp(atomc,"ATOM")==0) {

fscanf(fpl, "%d", &atomnumc);

fscanf(fpl, "%s%s%d%f %t %f", &atnamec[k][i],
&resnamec[k][1],&resnumc[k][i],&xc[k][i],&yc[k][1],&zc[k][i]);
~ fscanf(fpl, "%f%f%s", &cl, &bfc,&c212c);
/* printf("%s %s %od %?2. 3f %2 3f %2.3f\n", atnamec[k][i], resnamec[k][l]
resnumc(k][i], xe[k][i], ye[k][i], zc[k]1[i]); */ }
else continue;

fclose(fpl);

/********************* Sea.rCh for atoms to Calculate Chl 1 ****************/
/* Setcg's to zero */
for(k=0;k<no;k++) {
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for(i=0;i<xyzc[k];i++) { cgx[k][i]=0.0; cgy[k]{i]=0.0; cgz[k][i}=0.0;
/* printf(" residue # %d\n",resnumc[k][i]);*/}

}

/* Pick out N,CA,CB,CG */
for(k=0;k<no;k++) {
for (1=0; i<xyzc[k]; i++) {residue=resnumc([k][i];
strepy(resnamef[residue], resnamec(k][i]);
if(strcmp(atnamec[k][i],"N")==0) {
nx[k][resnumc[k][i]}=xc[k][i];
ny[k]}[resnumc[k][i]}=yc[k][i];
nz[k][resnumc[k][i]]=zc[k][i];
/*printf("resid %d nx %?2.3f ny %2.3f nz
%2.3f\n" resnumc[k][i],nx[k]{residue],ny[k][residue],nz[k][residuel); */ }
if(strcmp(atnamec[k][i],"CA")==0) {
cax[k][resnumc[k][i]]=xc[k][i];
cay[k}[resnumc([k][i]]=yc[Kk][i];
caz[k][resnumc[k][i]]=zc[k][i];
/*printf("resid %d cax %2.3f cay %?2.3f caz %2.3f\n" residue,
cax[k][residue],cay[k][residue],caz[k][residue]); */}
if(strcmp(atnamec[k][i],"CB")==0) {
cbx[k]{resnumc[k][i]}=xc[k][i];
- cby[k][resnumc{k][i]]=yc[k][1];
cbz[k][resnumc[k][i1]]=zc[k][i];
*printf("resid %d cbx %2.3f cby %2.3f cbz %2 3f\n" residue,
cbx[k][residue],cby[k][residue],cbz[k][residue]); */}
if(strcmp(atnamecl[k][il,"CG")==0 Il strcmp(atnamec[k][i],"CG1")==0
Il strcmp(atnamec[k][i],"OG")==0 ll strcmp(atnamecfk][i],"OG1")==0) {
cgx[k][resnumc{k][i]1=xc[k][i]; ,
cgy[k][resnumc[k][i]]=yc(k][i];
cgz[k]{resnumc[k][i]]=zc[k][i];
/*printf("resid %d cgx %2.3f cgy %2.3f cg
%2.3f\n" residue,cgx[k][residue],cgy[k][residue],cgz[k][residue]); */}

/** Calculate vectors **/
for(j=1;j<reno+1;j++) {
for(k=0;k<no;k++) {
if(cgx[k][j]==0.0 && cgy[k][j}==0.0) continue;

ncax[k][jl=vector(nx[k][j],cax[k]1[;]);
ncay[k][j]=vector(ny[k][jl.cay[k][]);
ncaz[k][jl=vector(nz[Kk]{jl,caz[k1[j]);
/*printf(" resid %d ncax %2.3f ncay %?2.3f ncaz %2.3f
\n".j,ncax[k]j].ncay[k][j],ncaz[K][j]); */

cbcaxfk][jl=vector(cbx[k][jl,cax[k][j]);

cbeay[k][j]=vector(cby[k]{jl.cay[k][j];

cbecaz[k][j]=vector(cbz[k][j]l,caz[k]{j]);
/*printf("resid %d cbcax %2.3f cbcay %2.3f cbcaz %2.3f
\n",j,cbcax[k][jl.cbcay[kl[j].cbcaz[k1[j]); */

cacbx[k][jl=vector(cax{k][jl,cbx[k]1[j]);
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cacby[k][jl=vector(cay[k][j].cby[k][j]);
cacbz[k][j]=vector(caz[k][j],cbz[k][j]);

cgebx[k][jl=vector(cgx[k](jl,.cbx[k]1(j1);
cgeby k][j]=vector(cgy [KI[j1.cby k][]
cgebzlk][jl=vector(cgz[k](j],.cbz{k][j]);
Fprintf(" %2.3f %2.3f %2.3f\n",ncax[k]{jl.ncay{k]{jl.ncaz{k][j1);*/
/** Calc cross products **/

ncacbcax[k][jl=crossx(ncax[k](j].,ncay[k][j].ncaz[k][j],cbcax[k][j],cbcay[k]}[j],cbcaz{k][j]);
ncacbcay[k][j]=crossy(ncax[k][jl.ncay[k]{j],ncaz[k][j],cbcax[k][j],cbcay[k]}[j],cbcaz[k][j]1);

ncacbcaz[k]}[j]=crossz(ncax[k][jl,ncay[k][jl,ncaz[k][j],cbcax[k][j],cbcay[k][j],cbcaz[k][;]);
/*printf("resid %d cross ncacbcax %2.3f %2.3f
%2.3f\n",j,ncacbcax[k][jl,ncacbcay[k](jl.ncacbcaz{k](j]); */

cgqbcacbx[k][j]:crossx(cgcbx[k][j],cgcby[k][j],cgcbz[k][j],cacbx[k][j],cacby (k1(j],cacbz[
cgcbeacby[k][jl=crossy(cgecbx[k]1[j],cgcbyk][jl.cgcbzk][j],cacbx[k]{j],cacby[k][j],cacbz[
kI1GD; '

cgebeacbz[k][jl=crossz(cgcbx[k][j],cgcby[k][jl,cgcbzk][jl,cacbx[k][j],cacby[k][j],cacbz[k
16D); _

/*printf("resid %d cross cgcbcacbx %2.3f %2.3f

%2.3f\n" j,cgcbeacbx[k][j],cgcbcacby[k]{jl,cgcbeacbzk][j1);*/

/** Calc magnitude of each **/

magl[k][j]l=mag(cgcbcacbxk][j],cgcbcacby[k][jl.cgcbcacbz[k][j]);
[*printf("resid %d magl= %2.3f\n",j,mag1[k][j]);*/

mag2[k][jl=mag(ncacbcax[k][j],ncacbcay[k][j],ncacbcaz(k][j]);
[*printf("resid %d mag2= %2.3f\n",j,mag2[k][j]);*/

/** Calc dot i)roduct + angle **/

dot[k][jl=cgcbcacbx[k][j] *ncacbcax[k] [jl+cgcbcacby(k][j]*ncacbeay[k][j]+cgcbeacbz{k][j]
*ncacbcaz[k][j1;

/*printf("resid %d dot= %2.3f\n",j,dot[k][j1);*/
thetafk](j}=acos(dot[k][j}/(mag1{k][j]*mag2[k][j]));

/** Determine the sign of the angle using determinant -*/
/* Determinant of ncacbca/cacb/cgcbeach */

detx[k][j]=ncacbcax[k][j}*crossx(cacbx[k][j],cacby[k][j],cacbz[k][j],\
cgcbeacbx[k][j].cgecbeacby[k][jl,cgcbeacbzk]fj));

dety[k][j]=1.0*(ncacbcay[k][jl]*crossy(cacbx[k][j],cacby[k][j].cacbz[k][j].\
cgebeacbx[k]([jl,cgebeacby[k][j],cgcbeacbzk][j1));

detz[k][jJ=ncacbcaz[k][j]*crossz(cacbx[k][jl.cacby[k][j].cacbz[k][j],\
cgcbeacbx[k]([jl,cgcbeacby[kl[j].cgcbeacbz[k](j);
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det[k][jl=detx[k][j]+dety[k]{jl+detz[k][j];
if(det[k][j]>0.0) chil[k][j]=(theta[k][j]*57.2958)-180.0;
if(det[k][j1<0.0) chil[k][j]=180.0-(theta[k][j]1*57.2958);

/*printf("resid %d detx %2.3f %2.3f %2.30\n" j,detx[k][j].dety[k][j].detz[k][j]);*/
/*printf("resid %d det %2.3f theta %2.3f chil %2.3f\n",j,det[k][j],theta[k][j].chil[k][j]);
*/

}}

/** Calculate chi_1 order parameter for each residue using the family of structures **/

for(j=1;j<reno+1;j++) { i=0; x=0.0; y=0.0; xave=0.0; yave=0.0; angtot=0.0;
angave=0.0; ‘

for(k=0;k<no;k++) {

angtot=ang360[k][j]+angtot;

tempx=cos(chil[k][j]*0.017453);

tempy=sin(chil[k][j]*0.017453);

1=1+1;

y=y+tempy;

X=X+tempx;

Fprintf("x(%d),y(%d)= %2.3f %2.3f tempx = %2.3f %2.3f chil =

%2.3f\n",1,j,j,x,y,tempx,tempy,chil[k}[j]);*/ }

xave=x/no;

yave=y/no;

angave=angtot/no;

if(angave >180.0) angave=angave-360.0;

r=sqrt(xave*xave+yave*yave);

/* print the results long or short */

/*printf("start print of residue info");*/

if(cgx[1][j]==0.0 Il chil[1][j] == 0.0) r=0.0;

if(outp==1) {

fprintf(fp," %s \t %d ",resname(jl,j);

fprintf(fp,"\tave_chil(deg)\t %2.3f \tS(chi1)\t %2.2f \n",chi1[1][j1,r);
if(r>0.9) { for(i=0;i<no;i++) fprintf(fp,"\t %2.3f \n",chil[il{j]); } }
else { fprintf(fp,"%d %2.3f\n",j,r); }

}

/* Print out chl for residue 2 for all structures */

/*if(1>0.9) {

for(k=0;k<no;k++) printf(" Chil 2 struct %d is : %2.3f\n" k,chil[k][2]);*/
}

float vector(float s1, float s2) {

return s1-s2; }

float mag(double x1, double y1, double z1) {
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return sqrt(x1*x1+y 1 *yl+z1*z1); }

float crossx(double x1, double y1, double z1, double x2, double y2, double z2) {
return y1*z2-y2*z1; }

float crossy(double x1, double y1, double z1, double x2, double y2, double z2) {
return -1.0%(x1*z2-x2*z1); }

float crossz(double x1, double y1, double z1, double x2, double y2, double z2) {

return x1*y2-x2*yl1; }

chi2_s.c

/*chi2_s.c*/

/* Program to calculate chi2 angles and order param for fam of structure */
/* Asks for base file name - ex. accept_ and number of structures */

/* Input file Accept_*.pdb - output file redirect using pipe */

/* to compile use cc chi2_s.c -lm (-lm to include math utility)*/

/* Overview of program: - uses xyz coordinates for n,ca,cb,cg from */
/* X-PLOR pdb file - 1) calculate nca,cacb,cbca,cgeb vectors using */
/* function vector. 2) calculate two cross products A) ncacbca and*/

/* B) cgcbeacb using function crossx,crossy,crossz. 3) Calculate
angle between the two resultant vectors via a dot product. 4) Worry
about the sign of the dihedral angle by calculating the determinant

of ncacbca , cacb, and cgcbeacb. Finally sum and calculate vectors
for order parameter calculation - print out results */

/* AUTHOR: Jeff Pelton */

/* modified to recognize MET SD, ASN OD1, and HIS ND1 as CD */

/* also modified to set S=0 in cases where CD (or equiv) does not exist*/
/* on the short list version */

/* -FFD 3/25/95 */

#include <math.h>
#include <stdio.h>
#include <string.h>

float vector(float s1, float s2);

float mag(double xl double y1, double z1);

~ float crossx(double x1, double y1, double z1, double x2, double y2, double z2);
float crossy(double x1, double y1, double z1, double x2, double y2, double z2);
float crossz(double x1, double y1, double z1, double x2, double y2, double z2);

void main(void)

{

FILE *fp,*fpl, *{p3;
char *p;

247



int i, j, k, xyzc[50],atomnumec,resnumc[50][3000];

float diff2,xc[50]{3000],yc[50][3000],zc[50]{3000];

char atomc[10],atnamec{50][3000]{ 10],resnamec[50][3000][5];
float c1,bfc, a, b, cd, d[50], dd,sum,ave,sd,l;

char ¢212¢[10],filename[201,s[80];

char attest1[5],attest2[5],add[5],pdb[5].file[20];

int resnotestl, resnotest2,no;

float nx[50][100],ny[50][100],nz[50][100];

float cax[50][100],cay[50]{100],caz[50]{100];

float cbx[50][100],cby[50][100],cbz[50][100];

float cgx[50][3000],cgy[50][3000],cgz[50]{3000];

float ncax[50][100],ncay[50]{100],ncaz[50][100];

float cacbx[50]{100],cacby[50][100],cacbz[50]{100];

float cbcax[50]{100],cbcay[50][100],cbcaz[50]{100];

float cgcbx[50][100],cgcby[50][100],cgcbz[S0][100];

float ncacbcax[50][100],ncacbcay[50][100],ncacbcaz[50]{100];
float cgcbcacbx[50][100],cgcbeacby[50][100],cgcbeacbz[50][1001];
float theta[50]{100],x,y,xave,yave;

float r,dot[50][100],mag1[50][100],mag2{50][100];

int residue;

char filename1[50];

float det[50][100],detx[50][100],dety[50][100],detz[50][100];
float chi1[50][100];

float totx[100],toty[100],angave,angtot;

/*char fileno[2][2]={"1","2" };*/

char

fileno[40][3]={"1","2","3","4","5" "6","7","8","9","10","11","12","13","14","15"," 16"
,'170,"18","19","20", 21", "22","23","24 " ,"25" "26","27","28","29","30" ,"31","32" "3
3","34" "35","36","37","38","39","40" }; ,
char resname[100][5];

float tempx,tempy;

intreno; -

float ang360[50][100];

int outp;

strepy(pdb,”.pdb");

printf("Program chi2_s - used to calculate chi2 angles and order\n");
printf("parameters for a family of structures\n");

printf("output consists of chi2 for one structure and order parameter \n");
printf("for the family of structures\n");

printf("\n");

printf("Output file - chi2_s.output");

printf("\n\n\n");

/¥ ***¥* Get basic information interactively ***** x/

/* base filename, number of structures and number of residues */
/* no = number of structures,reno - number of residues */

/* filename - filenamel - base filename */

printf("enter Base filename -ex. refine_ :\n");
/** **/

p=gets(s);
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if(p) {strcpy(filename,s); strepy(filenamel,s); }
printf("enter number of files - default 24: \n");
p=gets(s);
if(p) no=atoi(s);
printf("enter number of residues :\n");
p=gets(s);
if(p) reno=atoi(s);
printf("number of files is: %d / Base file name is %s \n",no.filename);
printf("Output O for short and 1 for long\n");
p=gets(s);
if(p) outp=atoi(s);
[E¥¥*¥% Qpen output file ******x/
if((fp=fopen("chi2_s.output","w"))== NULL) {

printf("Error opening file chi2_s.output");

exit(1); }
/*************** Read in XyZ coordinates for structures *******************/
for(k=0;k<no;k++) {

/* add="1";*/

strcat(filename,filenofk]);

strcat(filename,pdb);

if ((fpl-fopen(fllename “r")) == NULL) {

printf("Error opening file %s\n" ﬁlename)
exit(1); }

/*printf("Opened xyz coordinate file %s - reading coordinates \n",filename);*/

strepy(filename,filenamel);

1=-1;

X ZC[k]=’1 ; 7
while( Ifeof(fpl)) { ’

1=1+1;

xyzclk]=xyzcl[k]+1;
fscanf(fpl,"%s" ,&atomc);
if(strcmp(atomc,”" ATOM")==0) {
fscanf(fpl, "%d", &atomnumc);
fscanf(fpl, "%s%s%d%f%f %", &atnamec{k][i],
&resnamec[k][l] &resnumc[k][i], &XC[k][l] &yclk]fil,&zc[k][i]);
fscanf(fpl, "%f%f%s", &cl, &bfc,&c212c);
/* printf("%s %os %d %2. 3f %2 3f %2.3f\n", atnamec([k][i], resnamec[k][l]
resnumc[k][i], xc[k][i], yc[k][i], zc[k][i]); */ }
else continue;

fclose(fpl);

/********************* SCarCh for atoms to calculate Chi_l ****************/
/* Setcg's to zero */
for(k=0;k<no;k++) {
for(i=0;i<xyzc[k];i++) { cgx[k][i]=0.0; cgy[k][i]=0.0; cgz[k][i]=0.0;
/* printf(" residue # %d\n" resnumc[k][i]);*/}
} .

/* Pick out N,CA,CB,CG */
for(k=0;k<no;k++) {
for (i=0; i<xyzc[k]; i++) {residue=resnumc[k][i];
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strcpy(resnamefresidue],resnamec[k][i]);
if(strcmp(atnamec[k][i],"CA")==0) {
nx[k][resnumc[k][i]]=xc[k][i];
ny[k]{resnumc[k][ill=yc[k][i];
nz[k]}[resnumc[k][i]]=zc[k][i]; .
/*printf("resid %d nx %2.3f ny %2.3f nz
%2.30\n" resnumc[k]{i],nx[k][residue],ny[k][residue],nz[k][residue]); */ }
if(strcmp(atnamec[k][i],"CB")==0) {
cax[k][resnumc[k][i]]=xc[k][i];
cay[k][resnumc[k][i]}=yc[K][1];
caz[k][resnumc[k][i}]=zc[k][i];
/*printf("resid %d cax %2.3f cay %2.3f caz %2.3f\n" residue,
cax[k][residue],cay[k][residue]},caz{k][residue]); */}
if(strcmp(atnamec[k][i],"CG")==0 Il strcmp(atnamec([k][i],"CG1")==0) {
cbx[k][resnumc([k]{i}]=xc[k][i];
cby[k][resnumec[k][i]}=yc[k]{i];
cbz[k]{resnumc[k][i}l]=zc[k][i]; -
/*printf("resid %d cbx %2.3f cby %2.3f cbz %2.3f\n" residue,
cbx[k]{residue],cby[k][residue],cbz{k][residue]); */}
if(strcmp(atnamec(k][i],"CD")==0 Il strcmp(atnamec[k][i],"CD1")==0
Il strcmp(atnamec[k][i],"OD1")==0 |l strcmp(atnamec[k]{i],"ND1")==0
Il stremp(atnamec[k][i],"SD™")==0) {
cgx[k][resnumc[k][i]]=xc[k][i];
cgyk][resnumc[k][i]}=yc[k][iJ;
cgzlk][resnumc(k]{i]]=zc[k][i];
/*printf("resid %d cgx %2.3f cgy %2.3f cg
%2.3f\n" residue,cgx[k][residue],cgy[k][residue],cgz[k][residuel); */}
3
/*¥* Calculate vectors **/
for(j=1;j<reno+1;j++) {
for(k=0;k<no;k++) {
if(cgx[k][j]==0.0 && cgy[k][j]==0.0) continue;

ncax[k][jl=vector(nxfk][jl,cax[k][j]);
ncay[k][j]=vector(ny[kI[jl.cay[k][j]);
ncaz[k][jl=vector(nz(k](j].caz[k][j]);
/*printf(" resid %d ncax %?2.3f ncay %2.3f ncaz %2.3f
\n",j,ncax[k][j}.ncay[kl[j],ncaz{k][j]); */

cbecax[k][j]=vector(cbx[k][j],cax[k][j1);

cbeay[k][j]=vector(cby[k][jl,cay[k][i]);

cbecaz[k][j]=vector(cbz[k][j],caz[k][j]);
*printf("resid %d cbcax %2.3f cbcay %2.3f cbcaz %2.3f
\n",j,cbcax[k][jl.cbcay[k][j].cbcaz[K][j]); */

cacbx[k]{jl=vector(cax[k][j],cbx[k]{j]);
cacby[k][j]=vector(cay[k][j}.cby[k][j]);
cacbz[k][jl=vector(caz[k][j],cbz[k][j]);

cgebx[k][jl=vector(cgx[k][j1.cbx[kI[D);

cgeby[kl][jJ=vector(cgy[k1[jl.cby[KI[iD);
cgebz[k][jl=vector(cgz{k]{jl,cbz[k][j]);
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F*printf(" %2.3f %2.3f %2.3f\n",ncax{kj{jl,ncay[k]{jl.ncaz[K]{j]);*/
/*¥* Calc cross products **/

ncacbcax[k]{j]=crossx(ncax[k]{j],ncay[k][jl,ncaz[k]l[j],cbcax[k][jl.cbcay[k][jl.cbcaz{k][j]);
ncacbeay [k][j]=crossy(ncax[k][j].ncay[k][j],ncaz[k][j].cbcax[k][j],cbcay [k][j].cbcaz[k][}]);

ncacbcaz([k][j]=crossz(ncax[k][jl,ncay[k][j],ncaz[k][j].cbcax[k][j].cbcay[k][j].cbcaz{k][j]);
[*printf("resid %d cross ncacbcax %2.3f %2.3f
%?2.3f\n",j,ncacbcax[k][jl,ncacbcay[k][j]l,ncacbcaz[k][j]); */

cgcbeacbx[k][j]=crossx(cgcbx[k][j],cgcbylk]{il,cgcbzk][j].,cacbx[k][j].cacby [k][j].cacbz[
kKIGD:;
cgebeacby(k][jl=crossy(cgebx[k]{jl.cgcby[k]ljl.cgcbzk][j].cacbx[k][j],cacby[k][j],cacbz{
KIGD:;

cgcbeacbz[k][j]=crossz(cgebx[k][j],cgcby[klljl,cgebzlk](jl.cacbx[k][j].cacby[k][jl.cacbz[k
1GD;

/*printf("resid %d cross cgcbcacbx %2.3f %2.3f
%2.3f\n",j,cgcbcacbx[k][j],cgcbecacby[k][j]l,cgcbcacbzlk]{j]); */

/** Calc magnitude of each **/

mag 1 [k][j}l=mag(cgcbcacbxk]{j],cgcbcacby[k][j],cgcbcacbzk](j]);
/*printf("resid %d magl= %2.3f\n",j,mag1[k]{j]);*/

mag2[k][jl=mag(ncacbcax[k][j],ncacbcay[k][j},ncacbcaz{k][jl);
/*printf("resid %d mag2= %2.3f\n",j,mag2[k][j]);*/

/** Calc dot product + angle **/

dot[k][jl=cgcbcacbx[k][jl*ncacbcax[k][j]+cgcbcacby(k][jl1*ncacbeay[k]{j]+cgcbeacbzk]{j]
*ncacbeaz[k][j];

/*printf("resid %d dot= %2.3f\n",j,dot[k][j1);*/
theta[k]{j]=acos(dot[k][j}/(mag1[k]{j]*mag2[k][j]));

/** Determine the sign of the angle using determinant -*/
/* Determinant of ncacbca/cacb/cgcbcacb */

detx[k]{jJ=ncacbcax[k][j]*crossx(cacbx[k][j],cacby[k][j],cacbz{k][j1.\
cgebeacbx[k][jl,cgcbeacby(k][j1,cgcbeacbz[k][j1);

dety[k][j}=1.0*(ncacbcay[k]{j]*crossy(cacbx[k][jl,cacby(k][j],cacbz[k][j],\
cgebeacbx[k][jl,cgcbeacby([k][jl,cgcbeacbz[k][j]));

detz[k][j]=ncacbcaz[k][j]*crossz(cacbx[k][j],cacby[k][jl,cacbz[k][jI\
cgcbeacbx[k](jl,cgcbeacby(k][jl.cgcbecacbz[k][j]);

det[k][jl=detx[k][j]+dety[k][j]+detz[K][j];

if(det{k][j]>0.0) chil[k][j]=(theta[k][j1*57.2958)-180.0;

if(det[k][j]1<0.0) chil [k]{j]=180.0-(theta[k][j]*57.2958);

/*printf("resid %d detx %2.3f %2.3f %2.3f\n" j,detx[k](j].dety[k][j].detz[k][j]);*/
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/*printf("resid %d det %2.3f theta %2.3f chil %2.3f\n" j,det[k][j},theta[k][j],chil{k][j]);
*/
1}

/** Calculate chi_2 order parameter for each residue using the family of structures **/

for(j=1;j<reno+1;j++) { i=0; x=0.0; y=0.0; xave=0.0; yave=0.0; angtot=0.0;
angave=0.0;
for(k=0;k<no;k++) {
angtot=ang360[k][j]+angtot;
tempx=cos(chil[k][j]*0.017453);
tempy=sin(chil[k][j]*0.017453);
i=i+1;
y=y-+tempy;
X=X+tempx;
/printf("x(%d),y(%d)= %2.3f %2.3f tempx = %2.3f %2.3f chil =
%2.3f\n" i,},j,x,y,tempx,tempy,chil[k]{j]);*/ }
xave=x/no;
yave=y/no;
angave=angtot/no;
if(angave >180.0) angave=angave-360.0;
r=sqrt(xave*xave+yave*yave);
/* print the results long or short form */
/*printf("start print of residue info");*/
if(cgx[11[j}==0.0 Il chi1[1][j] == 0.0) r=0.0;
if(outp==1) {
fprintf(fp,"%s \t %d ",resname(jl.});
fprintf(fp,"\tave_chi2(deg)\t %2.3f \tS(chi2)\t %2.2f \n",chi1[1][j1,r);
if(r>0.9) { for(i=0;i<no;i++) fprintf(fp,"\t %2.3f \n",chil{il{j1); }}
else {fprintf(fp,"%d %2.3f\n",j,r); }
}

/* Print out chi2 for residue 2 for all structures */
/*if(r>0.9) {
t;or(k=0;k<no;k-H-) printf(" Chi2 2 struct %d is : %2.3f\n" k,chil[k][2]);*/
float vector(float s1, float s2) {
return s1-s2; }
float mag(double x1, double y1, double z1) {
return sqri(x1*x1+y1*yl+z1*z1); }
float crossx(double x1, double y1, double z1, double x2, double y2, double z2) {
return y1*z2-y2*z1; }

float crqssy(double x1, double y1, double z1, double x2, double y2, double z2) {
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return -1.0*(x1*z2-x2*z1); }
float crossz(double x1, double y1, double z1, double x2, double y2, double z2) {

return x1¥y2-x2*yl; }
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X-PLOR macros for structure analysis

X-PLOR version 3.1 (Briinger, 1992) was used for all calculations on UNIX-based
workstations (Silicon Graphics). Structure generation and refinement were accomplished
using X-PLOR script files: generate.inp, generate_template.inp, dg_sub_embed.inp,
dgsa.inp, refine.inp, and accept.inp except that 2000 steps (instead of 1000 steps) of
cooling were applied during the slow cooling phase of dgsa refinement to improve
convergence. During interative refinement, typically 15-20 structures were calculated in
overnight runs for structural comparison and analysis of recurrent NOE violations. Early
rounds of refinement had a convergence rate (no NOE violatios >5 A, no dihedral
violations >5°) of ~50%. Later rounds of refinement at higher resolution produced over
75% converged structures (no NOE violations >3 A, no dihedral violations >3°).
Structures reported in Chapter 3 showed significant numbers of non-bonded contacts
using the PROCHECK program (Morris, et al., 1992) within CCP4 and had positive
Lennard-Jones energies. These problems were reduced significantly in structures calculated
after the completion of this dissertation when the fin_rad parameter in refine.inp was set to
0.80 (final Van der Waals radii 0.80 times their values in the CHARMM energy potential
(Brooks, et al., 1983)) rather than the default value of 0.75 with near average numbers of
non-bonded contacts and negative calculated Lennard-Jones energies.

ave.com

#
fusrl/scratch/somoza/xplor31/xplor31.exe < ave.inp > ave.log

ave.inp

remarks file nmr/average.inp

remarks Computes the average structure, atomic rms differences from the
remarks mean for a family of structures, and average overall rms
remarks difference between the family and the mean structure.

remarks user comments in atom selection of interest from

remarks choices below

remarks frequently edited sections are high-lighted with bold

remarks text. These are changed depending on the application

{ ====> }
structure @/nmrl/wemmer/pelton/xplor/generatec212.psf end {*Read the structure file.*}

{====>} {*"Backbone" selection--structured regions.*}

{* commented in for ave_l.inp *}

vector idend ( store9 )

((name ca or name n or name ¢ or name o) and (resid 4:25 or resid 31:68
or resid 84:86))

vector idend ( store8 )

((name ca or name n or name ¢ or name o) and (resid 4:25 or resid 31:68
or resid 84:86))

{====>} {*"Backbone" selection--secondary structure.*}
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{* commented in for ave_2.inp *}

{vector idend ( store9 )

((name ca or name n or name ¢ or name o) and (resid 4:14 or resid 22:24

or resid 31:34 or resid 36:48 or resid 54:63 or resid 65:67 or resid 84 86))
vector idend ( store8 )

((resid 4:14 or resid 22:24

or resid 31:34 or resid 36:48 or resid 54:63 or resid 65:67 or resid 84:86 ))

}

{====>} {*"Backbone" selection--helices.* }

{* commented in for ave_3.inp *}

{vector idend ( store9 )

((name ca or name n or name ¢ or name 0) and (resid 4:14 or resid 36:48
or resid 54:63))

vector idend ( store8 )

(( (resid 4:14 or resid 36:48

or resid 54:63))

}

{====>} {*"Backbone" selection--beta sheet.* }

{* commented in for ave_4.inp *}

{vector idend ( store9 )

((name ca or name n or name c or name 0) and (resid 22:24
or resid 31:34 or resid 65:67 or resid 84:86 ))

vector idend ( store8 )

((name ca or name n or name ¢ or name o) and (resid 22:24
or resid 31:34 or resid 65:67 or resid 84:86))

}

{===>} {*Backbone selection - structured regions except b3 (65-67)*}
{* commented in for ave_5.inp *}

{vector idend ( store9 )

((name ca or name n or name ¢ or name 0) and (resid 4:25 or resid 31:65
or resid 84:86))

vector idend ( store8 )

((name ca or name n or name ¢ or name o) and (resid 4:25 or resid 31:65
(})r resid 84:86))

{===>} {*Backbone selection - b sheet except sheet b3 *}

{* commented in for ave_6.inp *}

- {vector idend ( store9 )

((name ca or name n or name ¢ or name o) and (resid 22: 24 or resid 31:34 or
resid 84:86))

vector idend ( store8 )

((name ca or name n or name c or name o) and (resid 22:24 or resid 31:34 or
resid 84:86))

}

{===>} {*Backbone selection - secondary structure except b 3}

{* commented in for ave_7.inp *}

{vector idend ( store9 )

((name ca or name n or name ¢ or name 0) and (resid 4:14 or resid 22:24 or
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resid 31:34 or resid 36:48 or resid 54:63 or resid 84:86))

vector idend ( store8 )

((name ca or name n or name ¢ or name o) and (resid 4:14 or resid 22:24 or
resid 31:34 or resid 36:48 or resid 54:63 or resid 84:86))

{====>} {*"Backbone" selection--helix-turn-helix *}
{* commented in for ave_8&.inp *}

{vector idend ( store9 )

((name ca or name n or name c¢ or name 0) and (resid 36:63))
vector idend ( store8 )

((name ca or name n or name ¢ or name 0) and (resid 36:63))

{====>} {*"<20% exposed core" selection--.*}

{* commented in for ave_9.inp *}

{vector idend ( store9 )

((not hydrogen) and (resid 5 or resid 9 or resid 12 or resid 13 or resid 18
or resid 21:22 or resid 25 or resid 30:33 or resid 39 or resid 43:44

or resid 47:48 or resid 53 or resid 56:57 or resid 60 or resid 64:65

or resid 84 or resid 86 ))

vector idend ( store8 )

((not hydrogen) and (resid 5 or resid 9 or resid 12 or resid 13 or resid 18
or resid 21:22 or resid 25 or resid 30:33 or resid 39 or resid 43:44

or resid 47:48 or resid 53 or resid 56:57 or resid 60 or resid 64:65

or resid 84 or resid 86 ))
}
{====>} {*"<40% exposed core" selection--.*}

{* commented in for ave_10.inp *}

{vector idend ( store9 )

((not hydrogen) and (resid 3 or resid 5:6 or resid 9 or resid 12:13

or resid 18 or resid 21:25 or resid 30:36 or resid 39:40 or resid 42:44
or resid 47:48 or resid 51 or resid 53 or resid 56:57 or resid 59:60

or resid 63:67 or resid 82 or resid 84:86 or resid 88))

vector idend ( store8 )

((not hydrogen) and (resid 3 or resid 5:6 or resid 9 or resid 12:13

or resid 18 or resid 21:25 or resid 30:36 or resid 39:40 or resid 42:44
or resid 47:48 or resid 51 or resid 53 or resid 56:57 or resid 59:60

or resid 63:67 or resid 82 or resid 84:86 or resid 88))

} .

{* The first stage consists of computing the mean structure.*}

{====>} {*Loop through the family of 10 accepted structures.*}
evaluate ($end_count=33) {*change for the number of structures to be used *}

eval ($nfile=0)

vector do (store 1=0) (all)
vector do (store2=0) (all)
vector do (store3=0) (all)
vector do (store4=0) (all)
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evaluate ($count = 0)
while ($count < $end_count ) loop main
evaluate ($count=$count+1)

{m===>) {*This is the name of the family of structures.*}
evaluate ($filename="accept_"+encode($count)+".pdb")
! evaluate ($filename="refine_"+encode($count)+".pdb")
coor @ @$filename

if ($count=1) then ‘
coor copy end { *Store first structure in comparison set.* }
end if
coor sele=( recall9 ) fit end
vector do (storel=storel+x) (all)
vector do (store2=store2+y) (all)
vector do (store3=store3+z) (all)
vector do (stored=stored4+x*x+y*y+z*z) (all)
eval ($nfile=$nfile+1)
end loop main

vector do (x = storel / $nfile) (all)
vector do (y = store2 / $nfile) (all)
vector do (z = store3 / $nfile) (all)
vector do (bcomp=sqrt(max(0,store4/$nfile- (x**2+y**2+z**2)))) (all)

{*The second stage consists of computing an overall rms difference.*}

evaluate ($ave_rmsd_all=0.)
evaluate ($ave_rmsd_back=0.)

coor copy end

evaluate ($count = 0)
while ($count < $end_count ) loop main
evaluate ($count=Scount+1)

{====>} {*This is the name of the family of structures.*}
evaluate ($filename="accept_"+encode($count)+".pdb")
! evaluate ($filename="refine_"+encode($count)+".pdb")

coor @ @$filename

coor fit sele=( recall9 ) end

coor rms selection=( recall9 )end

evaluate ($ave_rmsd_back=$ave_rmsd_back + $result)

display rms9 $result

coor rms selection=( recall8 )end ‘

evaluate ($ave_rmsd_all =$ave_rmsd_all + $result)
end loop main
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evaluate ($ave_rmsd_back=%ave_rmsd_back / $nfile)

evaluate ($ave_rmsd_all =$ave_rmsd_all / $nfile)

display ave. rms diff. to the mean struct. for non-h atoms= $ave_rmsd_all
display ave. rms diff. to the mean struct. for the backbone= $ave_rmsd_back

coor swap end
vector do (b=bcomp) ( all )

remarks unminimized average over $nfile files

remarks ave. rms diff. to the mean struct. for non-h atoms= $ave_rmsd_all -
remarks ave. rms diff. to the mean struct. for the backbone= $ave_rmsd_back
remarks b array (last column) is the mms difference from the mean

====>} {*Write average coordinates and RMSDs to specified file.*}
write coordinates output=ave.pdb end

stop

avecycle.com

# cycle through a series of X-PLOR calculations

# to determine <rmsd> values for a family of structures
# in different regions of the structure

# .

# requires files ave_1.inp through ave_10.inp

# these files are versions of ave.inp with different

# atom selections commented in (see comment lines in

# ave.inp).

# requires structure files (e.g. accept_1.pdb -accept_33. pdb)

# requires files comment_1 - comment_10

# example given below

# output of standev is sent to rmsdall.log

# example of rmsdall.log file is also given below

seti=1

while ($i <= 10)

cat comment_{$i} >>rmsdall.log

fusrl/scratch/somoza/xplor3 1/xplor31.exe < ave_{$i}.inp > ave.log
standev >>rmsdall.log
cat blank >>rmsdall.log
#echo $i "complete”

@ i++

end

contents of comment_1 file:

backbone-structured regions <rmsd>

contents of rmsdall.log file:
backbone-structured regions <rmsd>
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value of rmsdc is 33
rmstot is 26.682022, ave_rms is 0.808546
The RMS deviation of 33 structures is: 0.81, +/-

secondary-structured regions <rmsd>

value of rmsdc is 33.
rmstot is 20.259554, ave_rms is 0.613926
The RMS deviation of 33 structures is: 0.61, +/-

alpha helical bundle <rmsd>

value of rmsdc is 33
rmstot is 17.481466, ave_rms is 0.529741
The RMS deviation of 33 structures is: 0.53, +/-

beta sheet <rmsd>

value of rmsdc is 33
rmstot is 18.692917, ave_rms is 0.566452
The RMS deviation of 33 structures is: 0.57, +/-

backbone structured regions - B3 <rmsd>

value of rmsdc is 33
rmstot is 23.781012, ave_rms is 0.720637
The RMS deviation of 33 structures is: 0.72, +/-

beta sheet - B3 <rmsd>

value of rmsdc is 33
rmstot is 12.506274, ave_rms is 0.378978
The RMS deviation of 33 structures is: 0.38, +/-

0.16

0.14

0.13

0.15

0.15

0.07

backbone secondary structured regions - B3 <rmsd>

value of rmsdc is 33
rmstot is 18.367388, ave_rms is 0.556588
The RMS deviation of 33 structures is: 0.56, +/-

Helix-turn-helix region <rmsd>

value of rmsdc is 33
rmstot is 22.207224, ave_rms is 0.672946
The RMS deviation of 33 structures is: 0.67, +/-
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20% exposed in X-ray heavy atoms <rmsd>

value of rmsdc is 33
rmstot is 27.610207, ave_rms is 0.836673 .
The RMS deviation of 33 structures is: 0.84, +/- 0.15

40% exposed in X-ray heavy atoms <rmsd>

value of rmsdc is 33
rmstot is 36.994728, ave_rms is 1.121052
The RMS deviation of 33 structures is: 1.12, +/- 0.18
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Appendix E Restraints for Structure Calculations

Distance Constraints were derived from NOEs observed in experiments described in the
text. NOEs were qualitatively identified as strong (s), medium (m), or weak (w). These
intensities were converted into distance constraints (X-PLOR format) using the following
table designed by Jeff Pelton. The table is derived from papers reporting the use of NOEs
as distance constraints (Williamson, et al., 1985; Clore, et al., 1986). The table includes
corrections for pseudoatoms and the larger intensity of NOEs to methyl groups (correction
+0.5 A) (Wiithrich, et al., 1983; Clore, et al., 1986). A second table (Intraresidue) is used
for certain cases of NOEs between protons within the same residue. Although not used in
the calculations described here, a +0.2 A correction is often applied to the upper bound of
constraints involving NH protons. Thus one would add +0.2 A to the numbers in the third

column for the affected restraints.
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Table E.1 Pseudoatom corrections to NOEs

Pseudoatom corrections

(assuming center averaging and a square-well potential)

Type Class Range

T — ;" strong 24 0.6 03 - 18-274
correctiion = none medium 3.3 15 0.2 18-35"

‘weak 50 32 0.0 1.8-5.0
H e~ H H ' R

/ Y S 34 1.6 0.3 1.8-3.7

correction = 1.0 A m 4.3 25 0.2 1.8-4.5
w 6.0 4.2 0.0 1.8 -6.0
—~—— a

A= A s 39 21 03  18-42
corr = 1.0 CH3 + m 4.8 3.0 0.2 1.8-50
0.5 for intensity :
total 1.5 A w 6.5 47 0.0. 1.8-6.5
o 2 |
- v+ -

§ T e s 53 35 03  18-56
corr = 2.4A 2*CH3 m 62 44 0.2 1.8-64
val or leu + 0.5 inten
total 29 A w 7.9 6.1 0.0 1.8-79
W e B 44 26 03  18-47

, ) :@’H s . . . 8-4.
corr =20 A m 5.3 35 0.2 1.8-55

w 7.0 52 0.0 18-70
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[« N o
'S "N

corr = 2.0
for 2*CH2

H H ""‘"’er“
h

corr- 1.0 CH2 +
1.0 CH3+ 0.5 Int
‘total 2.5 A

oy
LN L “‘/‘kr\éﬂ
i W Tw

corr 1.0 CH2 +
2.4 2*CH3 + 0.5 inten
total 3.9 A

' W H
HYH “”‘H;G‘Iu'
corr 1.0 CHZ +

2.0 Aro ring
total 3.0 A

B o
l“\f B~ H)r ¥
corr 2.0 for 2*CH3
+0.5 inten
total 2.5 A

A H
I
corr = 1.0 CH3 +

2.4 2*CH3 + 0.5 inten
total 3.9 A

44
5.3

7.0

4.9
5.8
7.5

6.3
7.2

89

54
6.3
8.0

4.9

5.8
7.5

6.3

7.2
89
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26
35
52

3.1
4.0
5.7

4.5
54
7.1

3.6
45
6.2

3.1
4.0
5.7

4.5
54
7.1

0.3
02
0.0

0.3

0.2
00
03
02

00

0.3

0.2

0.0

03
0.2
6.0

03
0.2
0.0

1.8-4.7
18-55
1.8-7.0

18-52
18-55
1.8-75

1.8-6.6
18-74

1.8-89

1.8-5.7

18-6.5
1.8-8.0

18-5.2
1.8-6.0
1.8-75

18-6.6
18-74
1.8-8.9



Wt "
ﬁ)( HE(,;

corr = 1.0 CH3 +

2.0 Aro ring + 0.5 inten

total 3.5

LRt L
w u“"'u—;‘T(—H
) H H

corr = 2.4*2 for

2*(2*CH3) + 0.5 inten

total 5.3 A

1]
H—’M N " "
corr = 2.4 2*CH3 +

2.0 Aro + 0.5 inten
total 4.9 A

# A H

w )Cl ¥ "
corr = 4.0 for
2*Aro ring
total 4.0 A
H-bonding
RNH-0
RN-O

s
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5.9
6.8
8.5

7.7

8.6 -

10.3

7.3
8.2
9.9

6.4
7.3
9.0

2.1

3.1

4.1
50
6.7

59
6.8
8.5

55
6.4
81

46
5.5
72

03
03

0.3
0.2
0.0

03
0.2
0.0

03
0.2
0.0

0.3
0.2
0.0

0.2
0.2

18-6.2
18-70
18-85

1.8-80
1.8-838
1.8-10.3 .

1.8-76
1.8-84
1.8-99

1.8-6.7
1.8-74
1.8-90

1.8-23

2.8-33



Pseudoatom corrections - Intraresidue

(assuming center averaging and a square-well potential)

. He ‘
Cl R
) Type N\c‘* ass ange
' | strong 3.0 12 03 18-334A
Hhe® .
% correctiion = 0.6 A medium 39 21 0.2 1.8 - 4.1
weak 56 3.8 0.0 18-56
Hm -
C
e~y
s 34 1.6 03 1.8 -3.7
correction = 1.0 A m 43 2.5 0.2 1.8 - 4.5
w 6.0 4.2 00 18 -60
' ‘ .
Ny .
¢ \5% s 3.9 21 0.3 1.8 - 42
CSly
‘ corr = 1.0 CH3 + m 4.8 3.0 0.2 1.8 -5.0
. 0.5 for intensity
total 1.5 A~ w 6.5 47 0.0 18-65
%]

1
5 2
7 Y

s 49 3.1 0.3 18 - 5.2-
,. com=20A 2*CH3 m 5.8 4.0 0.2 1.8 - 6.0
val or leu + 0.5 inten ' -
total 25 A w 7.5 5.7 0.0 18-75
2 -
= 3D
\_/» s 4.4 2.6 0.3 18 -47
cor =20 A m 53 3.5 0.2 18 - 55
W 7.0 52 0.0 18-170
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corr - 0.6 A

C*-i
ch )

i
<¥i
corr %6 A

-1
ce k?
2N

AR

corr 1.1 A

corr 0.6 +
+ 0.5 inten CH3
total 1.1 A
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34

4.3

6.0

3.0
3.9

5.6

3.0

3.9

5.6

3.5
4.4

6.1

3.5
4.4

6.1

1.6

2.5

4.2

1.2

2.1

3.8

12

2.1

3.8

1.7

2.6

43

1.7
2.6

4.3

0.3 -

0.2

0.0

0.3

0.2

0.0

0.3

0.2

0.0

. 0.3

0.2

0.0

0.3

0.2

0.0

1.8
1.8

1.8

1.8
1.8

1.8

1.8
1.8

1.8

1.8
1.8

1.8

1.8
1.8

1.8

3.7

4.5

6.0

33
4.1

5.6

33
4.1

5.6

3.8
4.6

6.1

3.8
4.6

6.1



M @

corr 1.1 A

cor=10 +
0.5 inten
total 1.5 A

corr = 2.0
0.5 inten CH3
total 2.5 A

W=

corr = 1.0

3.5
4.4

6.1

3.9
4.8

6.5

4.9
5.8

7.5

3.4
4.3

6.0
3.0

3.9

5.6
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1.7
2.6

4.3

2.1
3.0

4.7

3.1
4.0

5.7

1.6
2.5

4.2

1.2
2.1

3.8

0.3

0.2

0.0

0.3
0.2

0.0

0.3
0.2

0.0

0.3
0.2

0.0

0.3
0.2

0.0

1.8
1.8

1.8

1.8
1.8

1.8

1.8
1.8

1.8

1.8
1.8

1.8

1.8
1.8

1.8

3.8
4.6

6.1

42
5.0

6.5

52
5.5

7.5

3.7
4.5

6.0

33
4.1

5.6



Table E.2 NOE and
H-bond restraints for
Chapter 2

restraints

Inoe_tbl.1

'NOE Constraints

! used for structures

! described in Chapter 2

! these constraints are an

! abbreviation of X-PLOR

! format which is:

! (resid N and name hX)

! (resid M and name hY)

1432502

1

'Residue 1 Residue 2

Constraint

!Constraint=NOE
(+dist) (-dist)

! residue 1A

! residue 2R
2ha 3hd* 4.3 2.5 0.2
2hn 3hd*4.32.50.2

! residue 3P
3 hg* 3 hd*
3 hb* 3 hg*

3ha4 hn 2.4
3ha 5 hn 5.0
3 hd* 6 hb*
3 hg* 6 hg2* 5.
3 hd* 6 hg2*
3 hb* 63 he*
3 hg* 63 he*
3 hg* 63 hd*

S.
5.
0.
3.
4.

U)Nc\b.)b)

! residue 4A

wO

! residue 5F
5 hn5hd*5.33.50.2
Sha5hb*432502

S5ha5hd*53350.2
5 hb* 5 hd* 6.3 4.5 0.2
5ha 6 hn 5.03.2 0.0
S5hn 6 hn 3.31.50.2
Shb* 6 hn 4.3 2.50.2
Sha 8hb* 4.3 2.5 0.2
5ha48 he* 7.05.2 0.0
! residue6V
6ha6hb5.03.20.0
6 ha 6 hgl*4.83.00.2
6 ha 6 hg2* 4.8 3.00.2
6hb 6hg2*¥392.10.3
6 hn5hd*7.0520.0
6ha 7 hn 5.03.2 0.0
6hn7hn3.3150.2
6hb* 7 hn 6.04.2 0.0
6ha 9hbl 3.3 1.50.2
6ha9hb233150.2
6ha9hd*62440.2
6 hg2* 63 hd* 6.8 5.0 0.2
! residue 7N
7ha7hbl 3.31.50.2
7ha7hb233150.2
7ha 8 hn 5.03.2 0.0
7hn8hn3.31.50.2
7hb* 8 hn 4.3 2.5 0.2
7ha 9 hn 5.03.2 0.0
7ha1l0hn3.3150.2
7ha 10hb* 4.3 2.5 0.2

! residue 8K

8 ha8 hb*4.3250.2
8ha8hg*4.3250.2
8ha9hn 5.03.20.0
8hn9hn331.5
8hb* 9 hn 6.04.2
8 hb* 47 ha 4.3 2.
8hb* 47hd* 6.3 4.
8 hb* 47 he* 8.06.2 0.
8 hb* 48 he* 8.0 6.2 0.
8 hd* 59 hg* 7.0 5.2 0.

0.2
0.0
502
502

OOO

! residue 9L

9 ha9hb*6.04.20.0
9ha9hg3.31.50.2
9hb*9hg43250.2
9ha9hd*6.2440.2
9 hb* 9 hd*7.25.40.3
9 hg 9 hd* 6.24.4 0.
9ha 10 hn 5.0 3.2 0.0
9hn 10 hn 3.31.50.2
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9hb* 10 hn 4.3 2.5 0.2
9 hd* 10 hn 7.9 6.1 0.
9ha 12hb* 6.0 4.2 0.0
9 hd* 12 he* 7.25.4 0.2
9 hd* 31 hd*7.25.4 0.2
9hg 10 hn 5.03.20.0
9 hd* 53 he* 9.9 8.1 0.0
82640.2
2440.2
8.66.80.2

o

9 hd* 56 he*
9 hd* 56 hz 6.
9 hd* 60 hd*

! residue 10W
10 ha 10 hb* 4.3 2,
10 ha 10 he3 3.3 1.
10 hn 10 hdl 5.
10 hn 11 hn 3.3
10hb* 11 hn 4.3

10ha 13hn503200
10ha 13hb 4.3 2.
10 ha 13 hgl* 6.
10 ha 13 hg2* 4.
10 hdl 10 hn 5.
10 hd1 10 ha 5.
10 hd1 10 hb*
10 ha 24 hz2 5.

nin

0
1.

obho!
W W
O
oUVgo
o0

o

! residue 11S
1tha12hn 3.3 1.50.2
11ha 14 hn 5.0 3.2 0.0

' residue 12M
12ha 13 hn 5.0 3.2 0.0
12 hn 13 hn 5.0 3.2 0.0
12hb* 13 hn4.32.50.2
12ha 14 hn 5.0 3.2
12ha 15 hn 5.0

12 he* 44 ha 4.
12 hb* 47 hd*
12 hb* 47 he*
12 hg* 47 he*

5
0.
3.20.
83.0
8.0 6.
8.06.
8.06.

! residue 13V
13hal1l3hb3.31.5
13ha 13 hg1*483
13 hb 13 hgl* 4.8 3.
13 hb 13 hg2* 4.8 3.
13ha 14 hn 5.0 3.2 0.
13hn 14 hn 3.3 1.502
13hb* 14 hn 3.3 1.50.2
13 ha22 hg2* 4.8 3.00.2
13 hgl* 22 hg2* 5.8 4.0
0.2



13 hgl* 22 hd1* 7.5 5.7
0.0

13 hg2* 22 hg2* 5.8 4.0
0.2

13 hg2* 22 hd* 5.8 4.0 0.2
13 hgl1* 23 ha 4.8 3.0 0.2
13hgl*24 hn4.83.00.2
13 hb(resid 24 hel 5.0 3.2
0.0

13 hg2* 24 hel 4.8 3.0 0.2
13 hgl* 31 hg2* 7.55.7
0.0

13 hgl* 31 hd* 5.8
13 hgl* 32 hn 6.5

! residue 14N
14 ha 14 hbl 2.
14 ha 14 hb2 2.
14 hn 15hn331502
14hb* 15 hn 4.

14 ha 24 hel 3.

NG
oo

3
3
! residue 15D

15ha 16 hn 3.3 1.5 0.2
15 hb* 22 hg2* 5.8 4.0 0.2

! residue 16K

16 ha 16 hb* 3.4 1.6
16ha16hg*4325
16 ha 16 hd* 6.0 4.2
16 hg* 16 hd* 4.4 2.
16 hg* 16 he* 5.3 3.
16 hb* 16 hg* 4.4 2.
16 hd* 16 he* 4.4 2.
l6ha17hn331502
16 hn 17hn 3.3 1.5
16hb* 17 hn 4325
16ha 19 hn 5.0 3.2
16ha 19hbl 5.0 3. 2
16ha19hb25032

! residue 17S

17 ha 17 hbl1 2.4 0.6 0.3
17 ha 17 hb2 2.4 0.6 0.3
17hb* 18 hn 3.3 1.50.2
17ha 19 hn 5.0 3.2 0.0

! residue 18N -

18ha 19 hn 3.3 1.50.2
18ha 20 hn 5.0 3.2 0.0
18ha 21 hn 5.0 3.2 0.0
18ha 21hd* 5.3 3.5 0.2

18 hb* 39 hd* 8.0 6.2 0.0
18 ha43 hg* 6.24.40.2

! residue 19E
19ha20hn 3.3 1.50.2
19 hn 20 hn 5.0 3.2 0.0
19hb* 20 hn 4.3 2.5

! residue20K
20ha20hb*34 1.6
20 ha(resid 20 hd* 6.
0.0

20 hd* 20 he* 4.4 2.
20 hb* 20 hd* 5.3 3.5
20ha 21 hn 5.0 3.2 0.0
20hn 21 hn3.31.50.2
20 hb* 21 hn 6.04.2 0.0

3.
2502
0.3
042

60.3
0.2

! residue 21F :
21 hn 21 hd* 5.33.50.2
21 ha21 hd*5.33.50.2
21 ha21 hb*6.04.2 0.0
21 hb* 21 hd* 6.34.50.2
21ha22hn 5.03.200
21hb* 22 hn4.32.50.2
21 ha 34 hd* 6.04.2 0.0
21 hb* 34 hg* 5.33.50.2
21 hd*39ha 5.33.50.2
21 hd* 43 hg* 9.9 8.1 0.0

! residue 221
22ha22hb331502
3.00.2

22 ha 22 hg2* 4.8
22 ha 22 hd* 4.8 3.0 0.2
22 hb 22 hd* 4.8 3.0 0.2
22 hb 22 hg2* 3.9 2.1 0.3
22 hg2* 22 hd* 4.9 3.1 0.3
22 hn 21 hd* 7.0 5.2 0.0
22 ha 23 hn 2.4 0.6 0.3

22 hb 23 hn 5.0 3.2 0.0
22 hd* 23 hn 6.5 4.7 0.0
22 ha 31 hg2* 4.8 3.0 0.2
22 hd* 31 hd* 5.8 4.0 0.2 -
22 ha 33ha 3.3 1.5 0.2

22 ha 33 hg2* 6.5 4.7 0.0
22 hb 33 hg2* 6.5 4.7 0.0
22 hd* 33 hg2* 4.9 3.1 0.3
22 ha 34 hd* 4.3 2.50.2
22 hd* 39 hd* 8.5 6.7 0.0

! residue 23H
23ha24hn240.60.3
23 hb* 24 hn 4.32.50.2
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23 hn32 hn3.31502
23 hn33ha3.3150.2

! residue 24W

24 hn24 hdi 3.31.50.2
24 hn 24 hd1 5.03.20.0
24 ha 24 hbl1 3.31.50.2
24 ha24 hb23.31.50.2
24 ha24 he3 3.31.50.2
24 hbl 24 hd1 3.31.50.2
24 hb2 24 hd1 3.31.50.2
24ha25hn24060.3
24 hb* 25 hn 4.32.50.2
24ha32hn 503200

24ha3lha3.31.502

! residue 25S
25ha25hb*4.32.50.2
25ha26hn 3.31.50.2
25hn 26 hn 5.0 3.2 0.0
25 hb* 26 hn 6.0 4.2 0.
25 ha 32 hg2* 4.8 3.
25 hbl 32 hg2* 4.8
25 hb2 32 hg2* 4.8
25 hn31ha5032
! residue 26T

26 hg* 27 hn 6.5 4.7 0.0

! residue 27S

! residue 28G
28 ha* 29 hn 5.03.2 0.0

! residue 29E°
29 ha 29 hg* 3.4
29 hb* 29 hg*
29ha30hn 5
29hn 30 hn 3

1.6 0.3
442603
03.20.0
31502

! residue 30S
30ha31hn2.4060.3
30hb* 31 hn 6.04.2 0.0
30 ha87ha3.31.50.2
30 hb* 87 ha4.32.50.2
30 hb* 87hg* 7.05.2 0.0

! residue 311

31 ha31 hb* 6.04.2 0.0
31 ha31 hg2*4.83.00.2
31 hb 31 hd* 4.8 3.00.2
31 hb 31 hg2* 4.8 3.00.2



31 hg2* 31 hd*4.93.10.3
31ha32hn2.40.60.3

31 hg2* 32 hn 4.8 3.0 0.
31 hd* 60 hd* 8.9
31 hd* 65 hel 6.5
31 hn 86 hn 3.3 1.
31 hb* 86 hb* 5.3
31 hb* 86 hd* 6.3
31 hn 87 ha 5.0 3.

! residue 32V
32ha32hb331
32 ha 32 hgl* 3.9
32 ha 32 hg2* 3.9
32 hb 32 hgl* 3.9
32 hb 32 hg2* 3.9
32ha33 hn 2.40.6
32 hgl* 34 ha 4.8 3.0
32 hgl* 83 hdl* 5.8 4.
0.2

32ha 85ha 3.3 1.
32 hgi* 34 ha
32 hgl* 34 hd* 7.
32 h°1* 34 hg* 5.
32 hgl* 33 hn 6.
32 hgl*34ha4.83.00.2
32 hg2* 85 ha 4.83.00.2
32 hg2* 85 ha 6.5 4.7 0.0

502
2.1
2.1
2.1
2.1

0.3

to U.)UJU-)U.)

0.
0.
0.
0.
0.
0

50
S 4.
5
8

AULO

54.70.0

! residue 33V
33 ha 33 hgl* 4.
33 ha 33 hg2* 4.
33 hb 33 hgl* 4.
33 hb 33 hg2* 3.
33ha 34hd1 3.3 1.5 02
33ha34hd2331.5
33ha34 hg*4.3250.
33 hgl* 35 hn 4.8 3.
33 hgl* 36 hn 6.5 4.
33 hgi* 36 ha 4.

33 hb 84 hn 3.3
33hb84hb*4325
33 hn85ha331502
33 hg2* 86 hd*

8
8
8
9

._aOO

567

33 hgl* 37 hn 4.8 3.0 0.2
33 hgl* 84 hel 6.54.70.0
33 hg2* 84 hdl 6.54.7 0.0
33 hgl* 39 hn6.54.70.0

33 hgl* 39 hd* 8.5 6.7 0.0

! residue 34P
34 hg* 34 ha 6.04.2 0.0

34 hg* 34 hdl 4.3
34 hg* 34 hd2 4.3
34hd* 35 hn 6.0 4.
34hb* 35 hn 4.3 2.
34ha83ha5.03.20. 0

2.
2.
2
5

! residue 35N

35 ha 35 hb* 4.3 2.
35ha36 hn 2.4 0.6
35hb* 36 hn 6.0 4.

Nom

! residue 36R

36 hgl 36 ha 5.0
36 hg2 36 ha 5.0
36 hn 37 hn 5.0 3.2
36hb* 37 hn 3.4 1 6
36ha39hn50320
36 hn 82 ha5.03.

36 hn 82 hb* 6.0 4
36 hb* 82 ha 6.0
36 hd* 84 hel 4.
36 hb* 84 hel 3.4
36 hg* 40 hn 6.0

32
3.2

‘”A

el
ot
o
S Wt

! residue 37E
37 ha 37 hb*
37 hbl 37 hg
37 hb2 37 hg
37ha 38 hn 3.
37hn38hn331502
37hb* 38 hn 4.3 0.2
37ha 40 hb 5.0 3
37 hn 82 hb* 60420.0

43
o* 3.
*3,
3

. 1 residue 38R

38hn39hn33150.2
38hb* 39 hn 4.3 2.5 0.2
38ha 41hb* 4.3 2.5 0.2
38 ha42 hn3.31.50.2

! residue 39F
39 hn39 hd*5.33.50.2
39 ha 39 hd* 5.3 3.5
39 hb* 39 hd* 6.3 4.
39ha40hn 3.3 1.50.

39hn40hn3.31.50.2
39hb* 40 hn 4.3 2.5 0.2
39 hb* 40 hg1* 7.55.7 0.0
39 hd* 40 hgl* 8.5 6.7 0.0
39 hd* 40 hg2* 6.8 5.0 0.2
39ha 42hb* 6.0 4.2 0.0

39 hd* 44 hd* 9.9 8.1 0.0
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4.
41 hn 39 hd* 7.

! residue 40V
40 ha40hb 3.3 1.50.
40 ha 40 hgl* 3.
40 ha 40 hg2* 3.
40 hb 40 hgl* 3.
40 hb 40 hg2* 3.
40 hg2* 37 ha 4.
40 hn 39 hd* 7.
40 hn 41 hn 3.3
40hb 41 hn 4.3
40 ha 43hb 5.0 3.2 0.0

40 hgl* 41 hn6.54.70.0
40ha44 hn3.3150.2
40 ha 44 hbl1 3.31.50.2
40ha44 hb23.31.50.2
40 ha44 hd* 6.24.40.2
40 hgl* 44 hd* 897.1 0.0
40 hg2* 44 hd* 7.254 0.2
40 hgl* 41 ha 4.8 3.00.2
40 hg2* 41 hn6.54.70.0
40 ha 53 hd* 7.05.2 0.0
40 hg2* 53 ha 6.54.7 0.0
40 hg2* 56 hb* 7.55.7 0.0

9
9
9
9
8
0

1.

2.

! residue 41Q

41 ha4l hgl 3.31.50.2
41 ha4l hg233150.2
41 hb* 41 hg*

OJ:-

41ha42 hn 3.3 1.5(
41hb* 42 hn 4.3 2.

! residue 42E

42 ha 42 hbl 3.3
42 ha 42 hb2 3.3
42 ha42 hg* 34
42 hb* 42 hg* 5.
42 hn 43 hn2.40603

42 hb*43ha4.3250.2
42 hb* 43 hg1* 5.84.00.2

1.5
L5
1.6
2 3.

! residue 43V

43 ha43 hb5.03.20.0
43 ha43 hg* 6.24.40.2
43 hb 43 hg2*3.92.10.3
43ha44 hn 3.3 1.50.2
43 hn44 hn 2.4 0.6 0.3
43 hg*44 hn 7.9 6.1 0.0
43ha 45hd* 6.0 4.2 0.0
43ha46 hn 3.31.50.2
43ha 46hb* 6.0 4.2 0.0



43hg2* 47hd* 5.9 4.1 0.3

! residue 441
44 ha44 hbl1 33150
44ha44hb23.3150
44 ha44 hg5.03.20.0
44 ha44 hd* 7.9 6.1 0.
44 hb* 44 hd* 7.2 5.4 0.3
44 hg 44 hd* 6.24.4 0.2
44 hn 45hd* 3.4 1.6 0.3
44hb* 45hd1 4.3 2.5 0.2
44 hb* 45hd2 4.32.50.2
44ha 47hd* 4.4 2.6 0.3
44 hd* 51 hb* 7.2 54 0.2
44 hd* 52 ha 7.9 6.1 0.0
44 hd* 52 hb* 8.9 7.1 0.0
44 hd* 53 ha 7.9 6.1 0.0
44 hd* 53 hb* 8.9 7.1 0.0
44 hd* 53 hn 7.9 6.1 0.0
44 hd* 56 hb* 7.
44 hd* 56 hd* 9.
44 hd* 48 hb* 8.
44 ha 48 hd* 7.0
8.
9.

502

50.2
0.

0

44 hd* 48 hb*
44 hd* 48 hd*

! residue 45P
45ha 46 hn 5.0
45hd* 46 hn 3.
45ha 48 hn 3.
45 ha 49 ha 3.
! residue46K
46 ha 46 hgl 3.
46 ha 46 hg2 3.
46 hb* 46 hg* 7.
46 hg* 46 he*

46ha 47 hn 5.0 3
46 hn 47 hn 2.
46hb* 47 hn 6.
46 hb* 47 hd*
46 hb* 47 he*

ww

ooooo";
Son O

! residue 47Y
47 hn 47 hd*7.05.2 0.0
47ha47hb*432.50.
47 hbl 47 hd* 5.3 3.5
47 hb2 47 hd* 5.3 3.5
47ha 48 hn 5.03.2 0.0
47 hn 48 hn 2.4 0.6 0.3
47 ha 48 he* 533502
47hb* 48 hn 6.0 4.2 0.0
47 hb* 48 hd* 8.0 6.2 0.

" 48 ha 48 hd* 5.

47hd* 47 hn 5.3 3.50.2
47hd* 47ha 53 3.50.2

! residue 48F

48 hn 47 hd* 7.05.2 0.0
48 hn 48 hd* 7.05.2 0.0
48 ha 48 hb* 4.

3
3
48 hbl 48 hd* 5.
48 hb2 48 hd* 5.
48ha 49 hn 3.3 1.
48hb* 49 hn 6.0
48ha 51hb* 6.0 4.2 0.0

48 hbl 51 hb* 4.32.50.2
48 hb2 51 hb* 4.3 2.5 0.2
48 hb* 51 ha4.32.50.2

2.
3.
3

3

5
4.

! residue 49K
49 ha49hbl 3.31.502
49ha49hb2331.502
49 ha 49 hd* 6.04.2 0.0
49 hg* 49 ha4.3250.2
49 hg* 49 hb* 5.3 3.5 0.
49 hg* 49 hd* 4.4 2.6 0.
4%ha 50 hn 2.4 0.6 0.3

49 hn 50 hn 5.0 3.2 0.
49hb* 50 hn 4.3 2.

4%ha 51 hn 5.0 3.2

! residue SOH

50 hn 51 hn 3.3 1.50.2
! residue 518
51has51hb*3.41.60.3

! residue 52N
52ha52hb*4.3250.2
52ha 53 hn 2.4 0.6 0.3
52hb* 53 hn4.32.50.2
52ha 55hn 33 1.50.2

! residue 53F
53 hn 53 hd* 5.33.50.2
53 ha 53 hd* 5.33.50.2
53 hb* 53 hd* 6.34.50.2
53ha54hn 3.31.50.2

53hn 54 hn3.31.50.2
53hb* 54 hn 4.3 2.5 0.2
! residue 54A

54 hn 53 hd*7.05.20.0
54 hn55hn 331502
54ha 57hb 3.3 1.5 0.2
54 ha 57 hgl* 6.54.70.0
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" 56 ha 56 hd*

54 ha 57 hg2* 4.8 3.00.2

! residue 55S

55hn 56 hn 3.31.50.2
55hb* 56 hn 4.3 2.50.2
55ha 58hb* 4.3 2.5 0.2
55 ha 55 hb* 6.04.2 0.0

! residue 56F
56 hn 56 hd* 5.33.50.2

5335
56 hbl 56 hd* 5.3 3.
56 hb2 56 hd* 5.3 3.
56ha 57 hn 5.0 3.2 0.
56 hn 57 hn 3.3

56hb* 57 hn4325
56 he* 57 hg2* 8.
56ha 59hb* 4.3 2.
56 ha 60 hn3315
56he* 60 hd* 9.9 8. 0.0
56 hz 60 hd* 7.9 6.1 0.0

! residue 57V

57 ha 57 hg1* 3.9 2.
57 ha 57 hg2* 3.9 2.
57 hb 57 hgi* 3.9 2.
57 hb 57 hg2* 3.9 2.
57 hn 56 hd* 7.0 5.
57ha58hn503200

57 hn 58 hn 3.3 1.50.2

57 hgl* 58 hn 6.5 4.7
57ha 60 hn 3.3 1.5 0.2
57 ha 60 hd* 7.9 6.1 0.
57 hb* 60 hn 4.3 2.
57 hgl* 60 hd* 8.9
57 hg2* 60 hd* 7.2
57 hg2* 58 hn 6.5
57 hgl* 84 hz3 4.8
57 hg2* 84 hz3 6.5

! residue S8R

58 ha58 hb* 3.4 1.6 0.
58ha 59 hn 5.03.20.0
58hn59hn 331502
58ha 61 hn 3.3 1.50.2
58ha 61hb* 3.4 1.6

58 ha 62 hn3315

! residue 59Q

59 hgl 60 ha3.31.50.2
59 hg2 60 ha3.31.50.2
59hn 60 hn 3.3 1.50.2



59hb* 60 hn 4.3 2.5 0.2
59 hg* 60 hn 4.3 2.50.2
59ha 62hbl 5.0 3.
59 ha 62 hb2 5.0
59 hb* 63 he* 6.

2.5
20.0

3200
3450.2
! residue 60L

60 ha 60 hd* 7.9 6.1 0.0
60 ha 60 hb* 4.3 2.5 0.2
60 hbl 60 hg 5.03.20.0
60 hb2 60 hg 5.0 3.2 0.0
60 hd* 60 hb1 4 0.
60 hd* 60 hb2 0.
60 hg 60 hd* .0

7.9 6.

60 ha 61 hn 5.03.2
315

2.

6.2 4.
6.24.4
60 hn 61 hn 3.
60 hb* 61 hn 4.3
60 ha 63hb* 4.3 2.
60 ha 63 hd* 5.3 3.
60 hd* 63 hd* 9.9
60 hb* 65 hb* 5.3
189
2 8.9

1
0.
0.

5

60 hd* 65 hb
60 hd* 65 hb

! residue 61N

61lha 62 hn 5.03.2 0.0
61 hn62hn 331502
61hb* 62 hn4.3250.2
61ha 64 hn 5.0 3.2 0.0

! residue 62M '
62 ha 62 hb*4.32.50.2
62 ha 62 hg* 4.32.50.2
62hn63hn240.60.3
62ha 64 hn 5.0 3.2 0.0

I residue 63Y

63 ha 63 hb* 6.
63 hbl 63 hd*
63 hb2 63 hd*
63ha 64 hn 5.0
63hn64 hn 331502
63hd* 63ha 5.3 3.5 0.2

04.
53
53
3.2

omwo

2
3.
3.
0.

! residue 64G

64ha* 65 hn 5.0 3.2 0.0
64 hn65hn 331502

! residue 65W

65 hn 65 hdl 5.03.20.0
65ha 66 hn 2.4 0.6 0.3
65hb* 66 hn 6.0 4.2 0.0
65hd1 65 hn 5.03.20.0

65hd1 65hb* 6.0 4.2 0.0
65ha 88ha 3.3 1.50.2

! residue66H

66 ha 66 hbl 3.3 1.50.2
66 ha 66 hb2 3.3 1.50.2
66ha 67 hn 2.4 0.6 0.3
66 hn 67 hn 2.4 0.6 0.3
66hb* 67 hn 4.3 2.5 0.
66 hn 87 hn 5.0 3.2 0.0
66 hn 88 ha5.03.20.0
! residue 67K
67ha67hb*43250
67ha 68 hn 3.3 1.5 0.2
67ha 87 hn 5.03.2 0.0
67ha 86ha 3.3 1.50.2

2

! residue 68V

68ha 69 hn 2.4 0.6 0.3
68 hn 69 hn 5.0 3.2 0.0
68 hg* 69 hn 533503
68 hg* 87 hn6.24.40.2

! residue 69Q

69 ha 69 hbl 3.3 1.50.2
69 ha 69 hb2 3.31.50.2
69 hb* 69 hg* 4.4 2.6 0.3
! residue 70D

70ha71 hn3.31.50.2
70 hn 71 hn 5.0 3.2 0.0

! residue 71V
71ha71hb2.40.6 0.3
71 hb 71 hgl* 4.83.00.2
71tha72hn3.31.50.2
71hb 72 hn 5.0 3.2 0.0

! residue 72K
72ha72hb*3.41.60.3
72 hg* 72 hd* 4.4 2.6 0.3
72ha 73 hn 3.3 1.5 0.2
72hb* 73 hn 6.0 4.2 0.0

! residue 73S
73ha74hn3.31.50.2
73hn74hn 3.31.50.2

! residue 74G
74hn75hn 3.31.50.2

! residue75S
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75hn 76 hn 3.3 1.50.2
75hb* 76 hn 6.0 4.2 0.0

! residue 76M

76 ha76 hbl 3.3 1.60.2
76 ha 76 hb2 3.3 1.6 0.2
76ha 77hn 3.3150.2
76 hn 77 hn 3.3 1.50.2

! residue77L

77ha77 hb* 432502
77ha77hg3.3150.2
77 ha77 hd* 6.24.40.2
77 hb* 77 hd* 7.2 5.4 0.2
77 hb* 77 hd* 6.3 4.5 0.3
77 hg* 77 hd* 5.3 3.5 0.3
77ha78 hn 3.3 1.50.2
77hb* 78 hn 4.3 2.50.2
77 hd* 78 hn 6.24.40.2

! residue 78S

78ha 79 hn 3.3 1.50.2
78 hn 79 hn 3.3 1.5 0.2
78hb* 79 hn 6.0 4.2 0.0

! residue 79N

! residue 80N
80ha81hn3.31502

! residue 81D

! residue 82S
82ha82hb*3.41.60.3
82ha83hn3.31.50.2
82hn83hn24060.3
82hb* 83 hn 4.32.50.2

! residue 83R

83 ha 83 hb* 4.
83ha 84 hn 3.3
83 hb* 83 hd*

2.
5
3
83hb* 84 hn 4.3 2.

3
1.
5.
3

! residue 84W
84 hn 84 hd1 5.03.20.0
84 hb* 84 he3 4.32.50.2
84ha 85 hn 2.4 0.6 0.3
84hb* 85 hn4.32.50.2
84hd1 84 hn 3.3 1.50.2
84hd1 84ha 3.3 1.5 0.
5

31502
84hdl 84hb* 4.32.50.2



! residue 85E

85ha 85 hb*4.32.50.2
85ha85hg*4.3250.2
85 hbl 85hg*4.32.50.2
85 hb2 85 hg* 4.32.50.2
85ha 86 hn 2.4 0.6 0.3
85hb* 86 hn 6.0 4.2 0.0

! residue 86F

86 hn 86 hd* 5.33.50.2
86 ha 86 hb* 6.04.2 0.0
86 ha 86 hd* 5.3 3.50.2
86 hb* 86 hd* 6.34.50.2
86ha 87 hn 2.4 0.6 0.3
86hb* 87 hn 6.0 4.2 0.0

! residue 87E

87 ha 87 hb*4.32.50.2
87ha 88 hn 2.4 0.6 0.3
87hb* 88 hn 6.0 4.2 0.0

! residue 88N

88 ha 89 hbl 5.03.2 0.0

88 ha 89 hb2 5.03.20.0

! residue 89E

89 hb* 89 hg* 4.4 2.6

89ha 90 hn 3.3 1.5 0.2

89hn 90 hn 3.3 1.5 0.2
4.2 0.

8%hb* 90 hn 6.0

03

0

! residue 90R

90ha9l hn 3.31.50.2

90 hb* 91 hn 4.3250.2

! residue 91H

91 ha 91 hb* 4.3
1

502
91ha 92 hn 3.3 2

2.5
S50.

! residue 92A
92 ha 92 hb* 4.8 3.0 0.2

'Hydrogen bond
constraints

'Residue 1 Residue 2
Constraints

ldistance (+distance) (-
distance)
7hn302.10.30.2
7n30310302
8hn402.10.30.2
8n403.10.30.2

32n2303.1030.2
33hn8 02.1030.2
33n803.1030.2
56 hn 5202.1030.2
56n5203.1030.2
57 hn 5302.1030.2
57n5303.10302
58 hn 540 2.10.30.2
58n5403.10302
59hn5502.1030.2
59n5503.1030.2
60 hn 56 0 2.1 0.3 0.2
60n5603.10302
61 hn5702.1030.2
61n5703.1030.2
62hn 5802.1030.2
62n5803.10302
66 hn8702.1030.2
66n8703.1030.2

273



Table E.3 Dihedral restraints for Chapter 2

restraints

! dihe_tbl

Dihedral Restraints

!'used in calculation of structures described in Chapter 2

! Torsion psi constraints

'Residue 1 Residue 2 Residue 3 Residue 4 Constraint
! Constraint = Force  Angle (+/- Angle)  Exponent
! Constant Value Range Potential
" residue4 A
assign (resid 3 and name c) (resid 4 and name n)
(resid 4 and name ca) (resid 4 and name c¢) 1.0 -60.0 30.0 2
1 residue 12 M
assign (resid 11 and name c) (resid 12 and name n)
(resid 12 and name ca) (resid 12 and name ¢) 1.0 -60.0 30.0 2
" residue 13 V
assign (resid 12 and name c) (resid 13 and name n)
(resid 13 and name ca) (resid 13 and name ¢) 1.0 -60.0 30.0 2
1" residue 14 N
assign (resid 13 and name c) (resid 14 and name n)
(resid 14 and name ca) (resid 14 and name ¢) 1.0 -60.0 30.0 2
" residue 16 K
assign (resid 15 and name c) (resid 16 and name n)
(resid 16 and name ca) (resid 16 and name c¢) 1.0 -60.0 30.0 2
"  residue 19 E .
assign (resid 18 and name c) (resid 19 and name n)
(resid 19 and name ca) (resid 19 and name c¢) 1.0 -60.0 30.0 2
" residue 21 F
assign (resid 20 and name c) (resid 21 and name n)
(resid 21 and name ca) (resid 21 and name c¢) 1.0 -120 40.0 2
" residue24 W
assign (resid 23 and name c) (resid 24 and name n)
(resid 24 and name ca) (resid 24 and name ¢) 1.0 -60.0 30.0 2
" residue 25 A
assign (resid 24 and name c) (resid 25 and name n)
(resid 25 and name ca) (resid 25 and name c) 1.0 -60.0 30.0 2
" residue 31 I
assign (resid 30 and name c) (resid 31 and name n)
(resid 31 and name ca) (resid 31 and name c) 1.0 -120.0 40.0 2
1" residue32 V :
assign (resid 31 and name c) (resid 32 and name n)
(resid 32 and name ca) (resid 32 and name c¢) 1.0 -120.0 40.0 2
" residue33 V '
assign (resid 32 and name c) (resid 33 and name n)
‘ (resid 33 and name ca) (resid 33 and name ¢) 1.0 -120.0 40.0 2
" residue 35 N ,
assign (resid 34 and name c) (resid 35 and name n)
(resid 35 and name ca) (resid 35 and name ¢) 1.0-120.040.0 2
' residue 36 R
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assign (resid 35 and name c) (resid 36 and name n)
(resid 36 and name ca) (resid 36 and name c) 1.0 -60.0 30.0 2
" residue 37 E
assign (resid 36 and name c) (resid 37 and name n)
(resid 37 and name ca) (resid 37 and name ¢) 1.0 -60.0 30.0 2 -
1 residue 39 F
assign (resid 38 and name c) (resid 39 and name n)
(resid 39 and name ca) (resid 39 and name c) 1.0 -60.0 30. O 2
" residue 41 Q
assign (resid 40 and name c) (resid 41 and name n)
(resid 41 and name ca) (resid 41 and name c) 1.0 -60.0 30.0 2
" residue 43 V
assign (resid 42 and name c) (resid 43 and name n)
(resid 43 and name ca) (resid 43 and name ¢) 1.0 -120.040.0 2
' residued47 Y
assign (resid 46 and name c) (resid 47 and name n)
(resid 47 and name ca) (resid 47 and name c) 1.0 -120.040.0 2
" residue 48 F :
assign (resid 47 and name c) (resid 48 and name n)
(resid 48 and name ca) (resid 48 and name ¢) 1.0 -120.040.0 2
" residue 51 S
assign (resid 50 and name c) (resid 51 and name n)
(resid 51 and name ca) (resid 51 and name ¢) 1.0 -120.0 40.0 2
' residue 53 F
assign (resid 52 and name c) (resid 53 and name n)
(resid 53 and name ca) (resid 53 and name ¢) 1.0 -60.0 30.0 2
11 residue A 54
assign (resid 53 and name c) (resid 54 and name n)
(resid 54 and name ca) (resid 54 and name c) 1.0 -60.0 30.0 2
" residue F 56 v
assign (resid 55 and name c) (resid 56 and name n)
(resid 56 and name ca) (resid 56 and name c) 1.0 -60.0 30.0 2
I residue 57 V
assign (resid 56 and name c) (resid 57 and name n)
(resid 57 and name ca) (resid 57 and name ¢) 1.0 -60.0 30.0 2
' residue 58 R
assign (resid 57 and name c) (resid 58 and name n)
(resid 58 and name ca) (resid 58 and name c¢) 1.0 -60.0 30.0 2
" residue 59 Q
assign (resid 58 and name c) (resid 59 and name n)
(resid 59 and name ca) (resid 59 and name c) 1.0 -60.0 30.0 2
" residue 60 L
assign (resid 59 and name c) (resid 60 and name n)
(resid 60 and name ca) (resid 60 and name c) 1.0-60.0 30.0 2
" residue 62 M
assign (resid 61 and name c) (resid 62 and name n)
(resid 62 and name ca) (resid 62 and name c¢) 1.0 -60.0 30.0 2
" residue 63 Y
assign (resid 62 and name'c) (resid 63 and name n)
(resid 63 and name ca) (resid 63 and name c) 1.0 -120.0 40.0 2
" residue 66 H
assign (resid 65 and name c) (resid 66 and name n)
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(resid 66 and name ca) (resid 66 and name ¢) 1.0 -120.0 4002
" residue 73 S
assign (resid 72 and name c) (resid 73 and name n)

(resid 73 and name ca) (resid 73 and name c) 1.0 -60.0 30.0 2

""" residue77 L
assign (resid 76 and name c) (resid 77 and name n)
(resid 77 and name ca) (resid 77 and name ¢) 1.0 -60.0 30.0 2
1" residue 84 W
assign (resid 83 and name c) (resid 84 and name n)
(resid 84 and name ca) (resid 84 and name c¢) 1.0-120.0 40.0 2
" residue 91 H
assign (resid 90 and name c) (resid 91 and name n)
(resid 91 and name ca) (resid 91 and name ¢) 1.0-120.040.0 2

11 Chi 1 restraints

! Residue 1 Residue 2° Residue 3 Residue 4 Constraint

! Constraint = Force ~ Angle (+/- Angle)  Exponent
! Constant Value Range

" residue 6 V
assign (resid 6 and name n)
(resid 6 and name ca)
(resid 6 and name cb)
(resid 6 and name cg1) 1.0 180.0 20.0 2
! residue 32 V
assign (resid 32 and name n)
(resid 32 and name ca)
(resid 32 and name cb)
(resid 32 and name cgl) 1.0 180.020.0 2
" residue 33 V
assign (resid 33 and name n)
(resid 33 and name ca)
(resid 33 and name cb)
(resid 33 and name cgl) 1.0 180.020.0 2
1" residue 40 V
assign (resid 40 and name n)
(resid 40 and name ca)
(resid 40 and name cb)
(resid 40 and name cgl) 1.0 180.020.02
" residue 43 V
assign (resid 43 and name n)
(resid 43 and name ca)
(resid 43 and name cb)
(resid 43 and name cg1) 1.0 180.020.0 2
! residue 57 V
assign (resid 57 and name n)
(resid 57 and name ca)
(resid 57 and name cb)
(resid 57 and name cgl) 1.0 180.0 20.0 2
1 residue 22 1
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assign (resid 22 and name n)
(resid 22 and name ca)
(resid 22 and name cb)
(resid 22 and name cgl) 1.0 180.0 20.0 2
" residue 31 I
assign (resid 31 and name n)
(resid 31 and name ca)
(resid 31 and name cb)
(resid 31 and name cgl) 1.0 -60.0 20.0 2
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Table E.4 NOE and
H-bond restraints for
Chapter 3

" restraints

! noe_tbl.1_031695

! constraints list for

t X-PLOR 3.1

! used to calculate

! structures described
!in Chapter 3

! proper X-PLLOR format

! for these constraints

lis:

! assign (resid N and name
' hX) (resid M and name
hY) :

3.0 1.2 0.3

! these have been

! abbreviated so that

! only the residue numbers
! and atom names and

! constraint ranges are

! given

! namely format:

INhXMhY 3.01.20.3
!

' residue 1A
1 hb*2 hn 6.5 4.7 0.0
! residue 2R

2ha3hd*4.3250.2
2hn3hd* 432502

! residue 3P

3 ha 3 hbl 2.4 0.6 0.3
3ha3hb23.31.502
3 hg* 3 hd* 5.3 3.5 0.2
3hb2 3 hg* 4.32.50.2

3ha4hn240.60.3

3ha5hn5.03.20.0
3hb*5hn 6.04.20.0

3hb26hn3.31.50.0
3hd*6hb4.3250.2

3 hg* 6 hg2* 5.8 4.00.2
3 hd* 6 hg2* 5.8 4.00.2
3 hbl 63 he2 5.03.2 0.0
3hg* 63 he24.32.50.2
3 hg* 63 hd2 6.04.20.0
I residue 4A
4ha4hn331502

4 hb*4hn 392103
4ha5hn331502
4hn5hn33150.2

4hb*5hn392.10.
2.

3
4ha7hb*43250.2
4ha7hns5.03.20.0

! residue S5F

W W h (U RV, RV, RO, RV W b L

5 hel 60 hd2* 4.8 3.0 0.2
5hel 60hg3.31.502
5hdl 63 hdl 3.3 1.5 0.2
! residue 6V

6 hn 6 ha 5.0 3.2 0.0

6 hn 6 hb 2.4 0.6 0.3
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6 hn 6 hg2* 3.92.1 0.3
6ha6hb5.03.20.0

6 ha6hgl*4.83.00.2
6 ha 6 hg2* 4.8 3.00.2
6 hb 6-hg2* 3.9 2.1 0.3
6 hb 6 hgl* 4.8 3.00.2
6ha7hn5.03.20.0
6hn7hn33150.2
6hb7hn33150.2

6 hg*7hn 6.54.70.0
6ha9hn3.3150.2

6 ha9hbl 3.31.50.2
6ha9hb23.31.50.2
6ha9hd2*4.83.00.2
6hal10hn 5.03.20.0

6 hgl* 10 he3 6.54.7 0.0
6 hgl* 10 hel 4.83.00.2
6 hg2* 63 hdl 4.8 3.00.2
6 hgl* 65 hel 4.8 3.0 0.2
! residue 7N
7hn7ha3.31502
7hn 7hb*3.92.10.2
7ha7hbl 3.31.50.2
7ha7hb23.31.50.2
7ha8hn5.03.20.0
7hn8hn 331502
7hb*8hn4.32.50.2
7hal0hn5.03.20.0
7ha 10 hb* 4.3 2.50.2
7hallhnS5.03.20.0

! residue 8K
8ha8hn3.3150.2
8ha8 hb*4.32.50.2
8ha8hg*4.3250.2

8 hb* 8 hg* 5.33.50.2
8ha9hn5.03.20.0
8hn9hn33150.2

8 hb*9 hn 6.04.20.0

8 hb* 48 hel 6.04.2 0.0
8 hd* 59 hg* 7.05.20.0
! residue 9L -

9hn9%ha3.31.502
9hn9hbl1 331502



hb23.31.50.2

hd2*
hb2 2.4
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g 10 hn 5.0
d2* 10 hz3

a 12 hb2 5.0 3.
a 12 hn 5.
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h
h
h
h
hd2* 10 hn 6.5 4.7 0.0
h
h
h
h
h

0
al3hn5.0
9 hd1* 12 he*

9 hd2* 31 hd*
9 hd1* 56 he2
9 hd1* 56 hz 4.
9 hd1* 60 hd2*
9 hd2* 60 hd2*
9 hd2* 65 hel 4.8

3.
3.
4.
9 hd1* 31 hd* 4.
5.
3.
8

oo-bkll
w \O oo,
ob)-‘k
o= O
R =E=]

! residue 10W

10hn 10ha 3.3 1.50.2
10 hn 10 hb* 3.9 2.1 0.2
10 hn 10 he3 5.0 3.2 0.0
10 ha 10 hb* 4.3 2.5 0.2
10 hn 10 hd1 5.0 3.2 0.0
10bhn 11 hn331.50.2
10 hb* 11 hn4.32.50.2
10ha13hn 5.03.20.0
10ha13hb3.31.50.2
10 ha 13 hgl* 6.5 4.7 0.0
10 ha 13 hg2* 4.8 3.0 0.2

10 ha 14 hb* 4.3 2.5 0.2
10 hd1 10 hn 5.03.2 0.0
10 hdl 10 ha 5.0 3.2 0.0
10 hd1 10 hb* 4.3 250
10 ha 24 hz2 5.0 3.2 0.0

13 hgl* 22 hg
0.2

! residue 11S
11hal2hn33150.2
11 hn 12 hg* 6.04.2 0.0
11 hb* 12hn4.32.50.2
11 ha 14 hn 5.0 3.2 0.0

! residue 12M

12hn 12ha 5.03.2 0.0

12 hn 12 hb*4.32.50.2

12 hn 12 hgl 5.0 3.2 0.0
12hn 12 hg2 5.03.20.0

12ha 13 hn 5.03.20.0
12ha 12 hg*43250.2
12hn 13 hn 5.03.20.0

12 hb* 13 hn 3.4 1.6 0.3
12 hg* 13 hn 6.0 4.2 0.0
12 he* 13 hg1* 7.55.7 0.0
12ha15hn 5.03.20.0

12 ha 18 hd22 3.3 1.50.2
12 ha 18 hd213.31.50.2
12 ha 47 he* 4.8 3.0 0.2
12 he* 43 hgl* 5.8 4.0 0.2
12 he* 44 ha 4.8 3.0 0.2
12 he* 44 hd1* 5.8 4.0 0.2
12 hb* 47 hd* 8.0 6.2 0.0
12 hb* 47 hel 6.04.2 0.0
12 hg* 47 hel 6.04.2 0.0

! residue 13V

13hn 13 ha 3.3 1.50.2
13 hn 13 hb 3.3 1.5 0.2
13 hn 13 hgl* 6.5 4.7 0.0
13 hn 13 hg2* 4.8 3.0 0.2
13 ha 13 hgl* 3.5 1.7 0.3
13 ha 13 hg2* 3.5 1.7 0.3
13 ha 14 hn 5.0 3.2 0.0
13 hn 14 hn 3.3 1.5 0.2
13 hb 14 hn 3.3 1.5 0.2
13 hgl* 14 hn 6.5 4.7 0.0
13 hg2* 14 hn 6.5 4.7 0.0
13 ha 15 hn 5.0 3.2 0.0
13 ha 22 hg2* 4.8 3.0 0.2
2% 5.8 4.0
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3.2
13 hgl* 24 hel 6.5 4.
8 3.

13 hgl* 22 hd1* 7.5 5.7
0.0
13 hgl* 22 hgl2 4.2 3.0
0.2
13 hg2* 22 hg2* 5.8 4.0
0.2
13 hg2* 22 hd* 5.8 4.0 0.2
13 hgl* 23 ha 4.8 3.0 0.2
13 hgl* 24 hn 4.8 3.0 0.2
13 hb24 hel 5.0 3.2 0.0
0
13 hg2* 24 hel 4. 2
13 hgl* 31 hg2* 7.5
0.0
13 hgl* 31 hd* 5.8 4.0
0.2
13 hgl* 32 hn 6.5 4.7 0.0

70.
00.
5.7

! residue 14N

14hn 14 ha3.3150.2
14 ha 14 hb1 3.3 1.50.2
14ha 14 hb23.31.50.2
14 hn 15hn 3.3 1.50.2
14 hb* 15hn 4.32.50.2

14ha24hel1 331502
! residue 15D

15hn 15ha3.3150.2
15hn 15hb*4.32.50.2
15hal6hn3.31.50.2
15 hb* 22 hg2* 5.8 4.0 0.2

! residue 16K

16 hn 16 ha 3.3 1.50.2
16 hn 16 hb* 5.6 3.8 0.0
16 ha 16 hb* 3.4 1.6 0.3
16 ha 16 hg* 4.3 2.50.2
16 ha 16 hd* 6.0 4.2 0.0
16 hg* 16 hd* 4.4 2.6 0.3
16 hg* 16 he* 5.33.50.2

16 hb* 16 hg* 4.4 2.6 0.3
16 hd* 16he*442603
16 ha17hn3.31.50.2
16 hn 17 hn 3.3 1.5 0.2
16 hb* 17 hn 4.3 2.5 0.2
16 ha 19 hn 5.03.20.0
16 ha 19 hbl 5.03.20.0
16 ha 19 hb2 5.0 3.2 0.0



! residue 175
17hn 17 ha3.3 1
17 hn 17 hbl
17 hn 17 hb2
17 ha 17 hbl
17 ha 17 hb2
17 ha 19 hn 5.

5
1.
1.
1.
1.

MNNN

3 0.2
331.50.
3.31.50.
3.31.50.
33150.
03.20.0
! residue 18N

18 hn 18 hb* 3.
18 ha 18 hb* 4.
18 hd22 18 hb*
18 hd21 18 hb*
18 ha 19 hn 3.3
18 ha20hn 5.0
18 ha21 hn 5.0
18 ha21 hd2 3.3 1502
18 hb* 22 hg2* 5.8 4.0 0.2
18 hb* 39 hd1 4.3
18 hd21 43 hg2* 6
0.0

18 hd22 43 hg2* 6.5 4.7
0.0

18 ha 43 hg2* 4.8 3.00.2
18 hbl 43 hg* 6.2 4.4 0.0
18 hb2 43 hg* 6.2 4.4 0.0
18 hd2* 47 he23.31.50.2

I residue 19E

19 hn 19 ha 3.
19 hn 19 hbl 3.3
19 hn 19 hb2 3.3
19 hn 19 hg* 4.3

1
2
2 4
2

19 ha 20 hn 3.
19 hn 20 hn 5.
19 hb* 20 hn

2
0.
0.
0.
2
0
0.
19 hg* 20 hn 0.

3150.
3315
3315
4325
3150.
03.20.
432502
6.04.200

! residue 20K

20hn20ha 3.3 1.50.2
20 hn 20 hb* 3.9 2.1 0.
20ha20 hb* 3.4 1.6 0.
20 ha 20 hd* 6.0 4.2 0.
20 hd* 20 he* 4.4 2.6

2
3
0
0.3

- 21 ha 34 hd*

20.0
50.2
4200

20ha21 hn 5.0
20 hn 21 hn 3.3
20 hb* 21 hn 6.

3.
1.
0
! residue 21F

21 hn21ha5.03.20.0

21 hn 21 hbl 5.03.20.0
21 hn 21 hb2 3.
21 hn 21 hd* 7.
21 ha 21 hdl 2
21 ha 21 hbl 3.
21 hb2 21 hd*
21 hbl 21 hdl
21 ha22hn5.03.20.0
21 hbl 22 hn
21 hb2 22 hn

5.0
33
22 hn 21 hd* 7.0
6.0
53
* 4.

2
31502
05.20.0
40603
31502
7.05.20.0
331.50.2

0
2
0
0
21 hd* 39 ha 2

21 hb2 43 hg 0.2
21 hd2 43 hg2* 6.5 4.7 0.0

3.20.
1.50.
5.20.
4.20.
350.
83.0

! residue 221

22 hn 22 ha 3.3 1.5 0.2
22 hn 22 hg2* 4.8 3.0 0.2
22 ha 22 hb 3.3 1.5 0.2
22 ha 22 hgl1 3.3 1.50.2
22 ha 22 hgl2 5.0 3.2 0.0
22 ha 22 hg2* 4.4 2.6 0.2
22 ha 22 hd* 4.8 3.0 0.
22 hb 22 hd* 4.8 3.0 0.
22 hb 22 hg2* 3.
22 hgl1 22 hd*
22 hgl2 22 hd*
22 hg2* 22 hd*
22 ha 23 hn 2.4 0.
22 hb 23 hn 5.0 3.2 0.0
22 hd* 23 hn 6.5 4.7 0.0
22 ha 31 hg2* 4.8 3.0 0.2

2
2

22 hgll 31 hg2* 4.8 3.0
0.2

22 hd* 31 hd* 5.8 4.0 0.2
22 ha 33 ha3.31.50.2
22 ha 33 hg2* 6.5 4.7 0.0
22 hb 33 hg2* 6.54.7 0.0
22 hgl1 33 hg2* 4.8 3.0
0.2

22 hd* 33 hg2* 4.9 3.1 0.3

22 ha34 hd* 4.3250.2
22 hg2* 39 hd1 4.8 3.00.2
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24 hn 24 ha

22 hd* 39 hd2 6.54.7 0.0
! residue 23H

23 hn23 ha5.03.200
23ha24hn240.603
23 hb* 24 hn 4.3 2.50.2
23bn32hn 331502

! residue 24W

33
24 hn 24 hbl 5.
24 hn 24 hb2 S.
24 hn 24 hd1 3.
24 ha 24 hbl 2.
24 ha 24 hb2 3.
24 hbl 24 hd
24 hb2 24 hd
24ha25hn 24
24 hbl 25 hn 3.
24 hb2 25 hn 5.

0

3

1.5
03.
03.
31.
40.
31.

153
153

24 ha 32 hn 5.
24 ha 31 ha 3.

»—awcuo
u].\)w.-o\
Ool\)Lllo
NoQOw
onN

! residue 258

25hn 25 ha5.03.20.0
25 hn 25 hb* 5.6 3.8 0.0
25ha25hb*4.32.50.2
25ha26hn 331502
25hn 26 hn 5.0 3.2 0.0
25 hb* 26 hn 6.04.2 0.0
25hb*27hn3.41.60.3
25hn 31 ha5.03.200
25 hn 32 hg2* 6.54.7 0.0
25ha32hg2*4.83.00.2
25 hbl 32 hg2* 4.8 3.00.2
25 hb2 32 hg2* 4.8 3.0 0.2

! residue 26T

26 hn 26 ha3.31.50.2
26hn26hb331502
26 hn 26 hg* 6.5 4.7 0.0
26ha26hg*392103
26 ha27hn3.3150.2
26 hg* 27 hn 6.54.7 0.0

! residue 27S



! residue 28G
28 ha* 29 hn 5.0 3.2 0.0

! residue 29E
29hn29ha3.31.502
29 hn 29 hb* 5.6 3.8 0.0
29 hn 29 hb* 5.6 3.8 0.0
29 hn 29 hg* 6.0 43.2 0.0
29 hb* 29 hg* 4.4 2.6 0.3

29hn 30 hn 3.3 1.5 0.2
29hb* 30 hn 6.0 4.2 0.0
! residue 30S
30 ha30hb* 34 1.
" 30 ha30hn 5.0 3.
30ha31 hn240.
30 hbl 31 hn 5.0
30 hb2 31 hn 5.0
30 ha 65 hz3 3.3 |
30ha87 ha3.31.

30 hb* 87 ha 4.3 2.
30 hb* 87 hg* 7.0 5.2 0.0

! residue 311

31 hn 31 ha 0.
31 hn 31 hb 0.
31 hn 31 hgl* 4.7
31ha31hb331502

03200
83.00.2

5.03.2
3315
6.5

5.

4.
483.00.2
0.2
0.2
0.3

31 hb 3
31 hb 3 3.
31 hgl* 31 hd* 5.8
3] hg2* 31 hd* 4.9
31 ha 32 hn 2.4 0.6
31 hg2* 32 hn 4.8 3.0

5.

1 hgl*
1 hg2*
1 hd*

1 hg2* 4.8 3.0
4.0
3.1
0.3

31 hd* 60 hd1* 7.5

0.2
700
31 hd* 60 hd2* 5.8 4.00.2

31 hd* 65 hel 6.5 4.7 0.0

31 hn 86 hn 3.3 1.5 0.2
31 hb 86 hd2 5.0 3.2 0.0
31 hg2* 86 hd* 6.8 5.00.2
31 hd*86hd*685002‘
31 hn 87 ha5.03.20.0

! residue 32V

32 hn 32 ha 5.6 3.
32 hn 32 hb 3.3 1.
32 hn 32 hgl* 6.5 4.
32 hn 32 hg2* 4.8 3.
315
35
35

32 ha 32 hb 3.
32 ha32 hgl*
32 ha 32 hg2*
32ha33hn2406
32hg1*33hn65470
32 hgl*34ha4.83.00.
32 hgl* 83 hd1* 5.8 4.0
0.2
32ha85ha3.31.50.2
32hg1*34ha654
32 hgl* 34 hd* 7.5
32 hgt* 34 hg* 5.8
32 hgi* 33 hn654
32 hgl* 34 ha 4.8 3.
32 hg2* 85ha 4.8 3.
32 hg2* 85 ha 6.5 4.

GoogP Vvl

! residue 33V

33 ha 33 hgt* 3
33 ha 33 hg2* 3
33 ha 34 hdl
33 ha 34 hd2

5
5
331
33 1.
33 ha 34 hg* 4.3 2.
n
n

7
7
0.
0.
0.
33 hgl* 35 h
33 hgl* 36 h
33 hgl* 36 ha
33 hb 84 hn 3.3
33 hb 84 hb* 4.3 2.5 0.2
33 hn 85 ha 3.3 2
33 hg2* 86 hd* 70.0
33 hg2* 86 he2 00.2
33 hgl* 37 hn 4.8 3.0 0.2

351.70.
3.51.70.
31502
31502
32502
4.83.00.
6.54.70.
483.00.

83.00.2
54700
83.002
1.50.2
2.5
1.50.
8.56.
4.8 3.

33 hgl* 84 hel 6.54.7 0.0
33 hg2* 84 hd1 6.54.7 0.0
33 hgl*39hn 6.54.70.0
33hg1*39hb*584002
33 hg1* 39 hd2 6.54.70.0
! residue 34P

34 ha34hbl1 240.60.3
34ha34hb23.31.50.2
34 hb* 34 hg* 5.33.50.2
34 hg* 34 ha 6.0 4.2 0.0

34 hg* 34 hd1 4.3 2.50.2
34 hg* 34 hd24.32.50.2
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34 ha35hn 5.03.20.0
34 hg* 35 hn 6.04.2 0.0
34 hd* 35 hn 6.0 4.2 0.0
34 hb235hn 3.31.50.2
34ha83ha50320.0

! residue 35N

35 hn 35 ha 3.
35 hn 35 hb*

31502 .
392102
35ha35hb*4.3250.2
35ha36hn2.40.60.3
35 hb* 36 hn 6.04.2 0.0

! residue 36R

36hn36ha33
36 hn 36 hbi 3.
36 hn 36 hb2 3.
as.
36hg236ha5
36hn37hn503200
36 hb* 37 hn 3.4 1.
36 ha 39 hn 5.0 3.

36hn82ha503200
36 hn 82 hb* 6.04.2 0.0

36 hb* 82ha 6.04.20.0

36 hd* 84 hel 4.32.50.2
36 hb* 84 hel 3.4 1.6 0.3
36 hg* 40 hn 6.04.2 0.0

! residue 37E

37 hn 37 ha3.31.50.2
37 hn 37 hb* 3.9
37hn37hg*60
37 ha 37 hb* 4.3
37 hbl 37 hg* 3.
37 hb2 37 hg* 3.
37hn 38 hn 3.3 1.50.2
37 hb* 38 hn 4.3 2.5
37hg*38hn6042

4.2

2.

'—"—‘Ult\))-—-
O\C\Ooo

37 hb* 38 ha 6.0
37 hg* 38 ha 4.3
37 hn 39 hn 5.
37 ha 40 hn 5.
37 ha 40 hb 5.
37 ha 40 hg2*
37 hn 82 hb* 6.0 4.2 0.0

0 3.
03.
03.
4.8



! residue 38R
33hn38ha331
38 hn 38 hb* 3.
38 ha 38 hb2 3.
38 hn 38 hd* 6.
383 ha39hn 5.0
38 hn 39 hn 3.3
38 hbl 39 hn 3.
38 ha 41 hb* 4.
38 ha42 hn 5.0 3.

502
92102
3150.2
04200
3200
1.50.2
31502
32502
20.0

! residue 39F

39 hn 39 ha 3.3 1.5 0.2

39 hn 39 hb* 3.9 2.1 0.2
39 hn 39 hd* 5.3 3.5 0.2
39 ha 39 hd1 3.3 1.5 0.2
39 hbl 39 hd2 3.3

39 hb2 39 hdl 3.3

39 ha 40 hn 5.0
39 hn 40 hn 3.3
39 hb* 40 hn 4.
39 hb* 40 hg1*
39 hd2 40 hg1*
39 hd2 40 hg2*
39 hd2 40 hn 5.
39 ha 43 hg2* 5.0 3.2 0.0
39 hd1 43 hb 3.

1.50.
1.50.
3.20.0
1.50.2
32502
7.55.70.0
6.54.70.0
4.83.00.2
03.20.0

31502
39 hd2 44 hd1* 6.54.7 0.0
39hd244hd2*654700
' residue 40V
40hn40ha3.31.50.2
40 hn40hb 3.31.50.2
40 hn 40 hgl1* 6.5 4.7 0.0
40 hn 40 hg2* 4.8 3.00.2
40ha40hb 5.03.20.0
40 ha40 hg1*3.51.70.3
40 ha 40 hg2*3.51.70.3
40 ha 41 hn 5.03.20.0
40hn 41 hn 331502
40hb 41 hn 4.32.50.2
40 hg2* 41 hn 6.5 4.7 0.0
40 hgl* 41 hn 6.54.7 0.0
40 hgl* 41 ha4.83.00.2
40 ha 43 hb 5.03.20.0
40ha44hn331502

40 ha44 hb1331.50.2
40 ha44 hb2331.50.2
40 ha 44 hd2* 4.8 3.0 0.2
40 hgl* 44 hd1* 7.5 5.

7
0.0
40 hgl* 44 hd2* 5.8 4.0
0.2

40 hg2* 53 ha 6.54.70.0
40 hg2* 56 hb* 7.5 5.7 0.0
40 hg2* 53 hn 4.8 3.00.2

! residue 41Q

41 hn4l1 ha3.31
41 hn 41 hb*

41 hn 41 hg*
41 ha 41 hgl
41 ha 41 hg2
41 hb* 41 hg
41 he2* 41 hg*
41 hn 39 hd2 §.
41 ha42hn 5.0
41 hb* 42 hn 4.

1.50.2
392102
432502
331502
331502
*442603
705200
03.20.0
3.20.0
32502

! residue 42E

42 hn42ha3.3
42hn 42 hb2 3.3
42 hn 42 hbl 5.0
42 hn 42 hg* 4.3
42 ha 42 hbl
42 ha 42 hg*
42 hb2 42 hg
42ha43hn 5.0 3.
42hn43 hn 24 0.

3.

3.

*ww
Pl NN

42 hb243 hn 3.3 1. 5
42 hbl1 43 hn 3.3 1.5
42 hg* 43 hn 6.04.2
42 hbl 43 hg2* 4.8 3.
! residue 43V

43hn43 ha3.31.502
43hn43ha331.502
43 hn 43 hg2*48300.2
43 ha43hb5.03.20.0
43 ha 43 hg* 6.24.40.2
43 hb 43 hg1*3.92.10.3

43 ha44 hn5.03.20.0
43hn44hn 24 0.60.3
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43hb44hn 331502
43 hg* 44 hn 7.9 6.1 0.0

43 ha 45 hd* 6.04.2 0.0
43 ha46 hn 5.0 3.2 0.0
43 ha46 hbl 3.3 1.50.2
43 ha46 hb2 3.31.50.2
43 hgl* 47 hd23.92.10.3
43 hn 45 hd* 6.04.2 0.0

! residue 44L

44 hn 44 ha 3.3
44 hn 44 hbl 3.
44 hn 44 hb2 2.
44hn44hg503
44 hn 44 hd1* 4.8 3.0 0.
44 ha44 hbl1 3.92.10.2
44 ha44hb23.92.10.2
44 ha 44 hg 5.0 3.
44 ha 44 hd1* 4.8
44 ha 44 hd2* 6.5
44 hbl 44 hd1* 6.
44 hbl 44 hd2* 4.
44 hn 45 hd* 3.4
44 hbl 45 hdl 3.
44 hbl 45 hd2 3.
44 hb2 45 hd* 6.
44 ha47hn 5.03.2
44 ha48 hn 5.03.2
44 ha 47 hd2 4.
44 hd1* 51 hb* 7.
44 hd2* 51 hb* 5.
44 hd1* 52 ha 6.5
44 hd2* 52 ha 4.8
44 hd2* 52 hb* 7.
44 hd2* 53 ha 6.8
44 hd2* 53 hbl 6.

5

9

7.

6.

6.

6.

1.502
92102
40603
200

3.00.2

20.0
3.00.2
4.7 0.0
54.70.0
83.00.2
1.6 0.3
31502
31502
0420.0
0.

0.
426

44 hd2* 53 hn 6.
44 hd* 55 hb* 8.
44 hd1* 56 hb*
44 hd1* 56 hdl
44 hd1* 48 hbl
44 hd1* 48 hb2

44 hd1* 48 hd2 3
44 hd2* 48 hd2 6.
! residue 45P

45 ha 45 hbl 3.
45 ha 45 hb2 3.

W W



45 hb* 45 hd* 7.0 5.2 0.0
45 ha46 hn 5.0 3.2 0.0
45hd*46hn 3.4 1.60.3
45ha48 hn3.31.50.2
45ha49ha5.03.20.0

! residue 46K

46 hn46 ha3.31.5
46 hn 46 hb* 3.9 2.
46 hn 46 hg* 4.3 2.
46 hn 46 hd* 4.3 2.
46 ha 46 hb2 1.
46 ha 46 hgl 1.
46 ha 46 hg2 1.
46 hb* 46 hg

46 hg* 46 he

0.2
10.2
502
502
331502
331502
331502
*7.05.20.0
*705 0.0
46 ha 47 hn 5. 0
46 hn 47 hn 2.
46 hn 47 hd2
46 hb2 47 hn
46 hbl 47 hn
46 hb2 47 hd
46 hbl 47 hd
46 hb* 47 he2

2

2
03.20.
40.603
331.50.2
5.03.20.0
5.03.20.0
2331.
233 1.
6.04.
! residue 47Y

47 hn 47 ha 5.0 3.
47 hn 47 hb2
47 hn 47 hbl
47 hn 47 hd2
47 ha 47 hb2
47 ha 47 hbl
47 hb2 47 hd
47 hbl 47 hd
47 ha 48 hn 5.
47 hn 48 hn 2.
47 hb2 48 hn
47 hbl 48 hn
47 hb2 48 hd2 5 0
47 hbl 48 hd2 5.0

3 2

31.

- *wulwmw

NP hO
ouou

47 hd* 47 ha 4.
47 hd2 47 hn 3.

! residue 48F

48 hn 48 ha 5.0
48 hn 48 hb2 3.
48 hn 48 hbl 5.

5.

3.20.0
31502
03.20.0

48 hn 47 hd2 5.03.2 0.0

48 hn 48 hd2

48 ha 48 hb2
48 ha 48 hbl
48 ha 48 hdl
48 hbl 48 hd
48 hb2 48 hd
48 ha4%hn 3.3
48 hbl 49 hn 5.
48 ha 51 hb* 6.
48 hbl 51 hb* 4.
48 hb2 51 hb* 4.

5.
5.
3.
3.
1
2

03.
03.
31.
31
33
33
1.5
0
0

3
4.
3
3

! residue 49K

49 hn 49 ha 3.3 1.
49 hn 49 hb* 3.9
49hn49hg*43
49ha49hb12406
49 ha49 hb2 5.03.2
49 ha 49 hd* 6.0 4.2
49hg*49ha4325

1.

2.

2.

Nl\)m

49 hg* 49 hb1 3.4
49 hg* 49 hb2 4.3
49 hg* 49 hd* 4.4

49 ha 50 hn 3.3
49 hn 50 hn 5.0
49 hb1 50 hn 3.
49 hb2 50 hn 5.
49 hg* 50 hn 6.0

1.

3.
3
0

49 ha 51 hn 5.0 3.
! residue S0H
50 hn 50 ha 3.3
50 hn 50 hb2 3. 3
50 hn 50 hbl 5.0
50 ha 50 hbl 2.4
50 hn 51 hn331502
! residue 518 -

51 ha 51 hb*
51 hn 51 hb*

3.
3.
51 ha52hn3.3
51 hb* 52 hn 4.

! residue 52N
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52 ha52hb*4.3250.2
52 hd21 52 hb*4.31.60.3
52 hd22 52 hb* 4.32.50.2

52 ha 53 hn 2.4 0.6 0.3
52 hb* 53 hn 4.3 2.50.2
52ha55hn5.03.200

! residue 53F

53ha53hn3.3150.2
53 hb* 53 hn
53 hd* 53 hn
53 ha 53 hbl
53 ha 53 hd*
53 hbl 53 hd

d

3.9 2.
533.
5.03.
5.3 3.
*53
53 hb2 53 hd* 5.3

1
5
2
5
3.
3.

53 ha 54 hn 5.
53 hn 54 hn 3.
53 hb2 54 hn
53 hbl 54 hn

0
3
3.
5.
53 hd2 54 hn 5.

32
1.5
31.
03.
03.
53ha57hn5.03.2
! residue 54A

54ha54hn3.31.5
54 hb* 54 hn 4.8 3.
54 ha55hn5.03.2
54 hn55hn33 1.5
54 hb* 55 hn 4.8 3.

54 ha 57 hn5.0 3.2 0.0
54 ha57hb3.3 1.
54 ha 57 hg1*65
54 ha 57 hg2* 4.8
54 ha 58 hn 5.0 3.

! residue 55S

55hn 56 hn 3.3 1.5 0.2
55 hb* 56 hn 4.3 2.5 0.2

55ha58hn3.3150.2
55 ha 58 hb* 4.32.50.2
55 ha 55 hb* 6.04.2 0.0

! residue 56F



56 ha 56 hn 3.
56 hb* 56 hn
56 hd* 56 hn 5.
56 ha 56 hd2 3.
56 hbl 56 hd*
56 hb2 56 hd*

315

3.92.
3.
1.

3
3
5.3 3.
5.3 3.
56 ha 57 hn 5.
56 hn 57 hn 3.

n

n

56 hb* 57 h

0
3
4.
56 hd2 57 hn 5.
0

W OU’,_.L»

56 ha 59 hn 5.
56 ha 59 hbl 5.03.20.0
0.

w

56 ha60 hn 5.03.2 0.0
56 he2 60 hd1* 4.8 3.0
56 he2 60 hd2* 6.5 4.7
56 hz 60 hd1* 6.5 4.7 0.
56 hz 60 hd2* 4.8 3.0 0.

! residue 57V

57ha57hn 3.3

57hb57hn 24
57 hg1* 57 hn 4
57 hg2* 57 hn 3.
57 ha 57 hgl* 3.
57 ha 57 hg2* 3.
57 ha 58 hn 5.0

57 hn 58 hn 3.3

57 hgl* 58 hn 4.8
57 hg2* 58 hn 6.

57 ha 60 hn 3.3 1.5 0.2
57 ha 60 hd1* 3.9 2.1 0.3
57 hg1* 60 hd1* 7.5 5.7
0.0

57 hg2* 60 hd1* 5.8 4.0
0.2

57 hgl* 61 hd22 6.5 4.7
0.0

57 hgl* 61 hd21 6.5 4.7
0.0

MU\

57 hg1* 84 hz3
57 hg2* 84 hz3
57 hgl* 86 he*
57 hg2* 86 he*
57 hg2* 86 hd*

! residue S8R

483.00.2
6.54.70.0
6.85.00.2
6.85.00.2
8.56.70.0

58 hn 58 hb* 3.92.10.2
58 ha 58 hb* 3.4 1.6 0.3

' 58 ha 59 hn 5.0 3.2 0.0
02

58hn59hn331.5
58 hb* 59 hn 4.32.50.2

58 ha61 hn3.31.50.2
58 ha 61 hb* 3.4 1.6 0.3
58 ha62 hn 5.03.2 0.0

! residue 59Q

o

59ha 59 hn 3.3 1.
59 hb* 59 hn
59 hg* 59 hn
59 ha 59 hb
59 ha 59 hg
59 he2* 59 hg*
59 hn 60 hn 3.3
59 hb2 60 hn
59 hbl 60 hn
59 hg* 60 hn
59 ha 62 hn 5.
59 ha 62 hbl 5.
59 ha 62 hb2 5.
59 hb2 63 hel
59 hb1 63 hel

N’_'NI\JM
'-‘(IIU]»—A
OOOON

9
43
33
39

.’3"*»—

Nl\)
o QNNI\)I\)
o

O
5
1.
1.
4.
2
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6.
1.
33
3.3
6.0
03.

03.21(
032
33 1.
33 1.

U\Uloo
OO oo
NN

3.
3.
3
3
! residue 60L

60 ha 60 hn 3.3 1.
60 hb2 60 hn 2.4
33

50.
0.6
60 hbl 60 hn 1.5

O Oto

60 hd1* 60 hn
60 hd2* 60 hn
60 ha 60 hd1*
60 ha 60 hd2*
60 ha 60 hbl 3
60 ha 60 hb2 3.
60 hbl 60 hg 5.
60 hb2 60 hg 5.
60 hd1* 60 hbl
60 hd2* 60 hb
60 hd1* 60 hb
60 hd2* 60 hb
60 ha 61 hn 5.
60 hn 61 hn 3.
60 hbl 61 hn
60 hb2 61 hn

[N S Rl
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62 hb* 62 hn

62 ha 62 hg*

. 62 hb* 63 hn

60 ha 63 hn 5.03.2 0.0

60 ha 63 hdl 3.31.50.2
60 hbl 65 hb2

60 hb2 65 hb2
60 hb2 65 hbl
60 hd2* 65 hb

26.5
60 hd2* 65 hbl 6.5
*6.8
*8.5

31.
5.03.
331.
5.03.

60 hd1* 86 hd

20.0
502
20.0
4.70.
4.7 0.
5.00.
60 hd2* 86 hd 6.7 0.

oo o

! residue 61N

61 ha 61 hn 3.3 1.
61 hb* 61 hn 3.9
61 ha 61 hb* 4.3 2.
0
3

5
2.
61 hd22 61 ha 5.
61 hd21 61 ha 3.
61 hd21 61 hb*
61 ha 62 hn 5.

61 hn 62 hn 3.

0
3
61 hb* 62 hn 4.
61 ha64 hn 5.0

ww

! residue 62M

62 ha 62 hn 3.3 1.
3.9
62 hg* 62 hn 4.3
62 ha 62 hb* 4.3
4.3

62ha 63 hn5.0
62 hn 63 hn 2.4

b-)LJJ
SICP
OUI

4.
62ha 64 hn 5.0
! residue 63Y

63 ha63hn5.03.20.0
63 hb2 63 hn3.31.50.2
63 ha63hn5.03.20.0
63 hd* 63 hb2 5.3 3.50.2
63 ha63hbl1 331502
63 hb2 63 hdl 3.3 1.50.2

63 hn 63 hd1 3.3 1.50.2
63 ha64 hn5.03.20.0
63hn64hn3.3150.2

63hd263ha3.3150.2
! residue 64G

64 ha* 65 hn 5.03.2 0.0
64 hn 65hn 3.3 1.50.2



! residue 65W

65 ha 65 hn 5.
65 hbl 65 hn
65 hb2 65 hn
65 hn 65 hdl

65 ha66 hn 2.
65 hbl 66 hn
65 hdl 65 hn
65 hbl 65 hdl
65 hb2 65 hdl
65ha8 ha3.31.50.2
65ha8 hn5.03.20.0

03.20.0
5.03.20.
33150.
5.03.20.
40603
5.03.20.0
5.03.20.0
15.03.200
15.03.200

! residue 66H

66 ha 66 hn 3.3 1.5
66 hbl 66 hn 5.0 3.
66 hb2 66 hn 3.3 1.
66 ha 66 hb2 5.0 3.
66 ha 66 hbl 2.4 0.
66 ha 67 hn 2.4 0.6
66 hbl 67 hn 3.3 1.
66 hb2 67 hn 3.3 1.

66 hn 87 hn 5.
66 hn 88 ha 5.

oo

! residue 67K

67 ha 67 hn 3.3 1.
67 hb* 67 hn 3.9

5
2.10.2
67 ha 67 hb* 4.32.50.2
5

67 ha68 hn 3.3 1.

67ha 87 hn 5.0
67 ha86 ha 3.3
67 ha 86 hdl

2

0.

0.

2

0

2

5. 0.

67 hn 86 hd* 7. 0.

0.
1
5
0.
3.2 0.
1.50.
33502
05200
! residue 68V

68 ha 68 hn 3.
68 hb 68 hn 5.
68 hg* 68 hn

68 ha 69 hn 2
68 hn 69 hn 5.0
68 hg* 69 ha 6.2 4.4 0.2

31502
03.20.0
533503
40603
3200

68 hg* 69 hn 5.33.50.3

68 hn 86 ha 5.0 3.2 0.0
68 hg* 87 hn 6.2 4.4 0.2

! residue 69Q

69 ha 69 hn 3.3 1.50.2
69 hn 69 hb* 3.0 1.

69 hn 69 hg* 4.3 2.
69 ha 69 hbl1 3.3 1
69 ha 69 hb2 3.3 1.
69 hb* 69 hg* 4.4
69 he2* 69 hgl* 5.
0.2

69 ha 70 hn 3.
69 hn 70 hn 3.

2
5
S
5
2.

3

5
5

o0

31.
31.
! residue 70D
70 hn 70 hb

* 3,
70ha71 hn 3.3
70 hn 71 hn 5.0

wv—\o
o
oo
o

! residue 71V

71 ha71 hb33 1.
71ha71 hn3.3 1.
71 hb 71 hn 5.0 3.
71 hn71 hgl* 4.8 3.
71 ha72hn 3.3 1.
71 hb 72 hn 5.0 3.

! residue 72K

72hn72ha3.3150.2
72 hn 72 hb* 3.9 2.1 0.2
72 ha72 hb* 3.4 1.6 0.3
72hg*72hd*44260
72ha73 hn 3.3
72 hb* 73 hn 6.

O
Am

! residue 73S

73 ha73hb*341.60.3
73 ha74 hn 3.3

73 hn 74 hn 3.3
! residue 74G

74hn75hn3.3150.2
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! residue 758

75 ha 76 hn 3.
75 hn'76 hn 3.
75 hb* 76 hn

31502
31502
6.04.20.0

! residue 76M

76 ha 76 hb1 3.
76 ha 76 hb2 3.
76 ha 76 hg* 4.
76 hn 76 hb

60.2
60.2
* 502
* 203
76 ha 77 hn 3.

3.

3.

1
1.
2.
1.
5

76 hn 77 hn

3

3

3

0

1.

1.

76 ha 78 hn 1.

3.
3 0.2
31502
3150.2
! residue 77L

77 ha77 hb* 43 2.50.2
77ha77hg3.3150.2
77 ha77 hd* 5.8 4.00.2
77 hb* 77 hd* 7.2 5.4 0.2
77 hb* 77 hd* 6.3 4.5 0.3
77 hg* 77 hd* 5.33.50.3
77 ha78 hn 3.3 1.5 0.2

77 hb* 78 hn 4.3 2.5 0.2
77 hd* 78 hn 6.24.40.2 -
! residue 78S

78 ha 79 hn 3.3
78 hn 79 hn 3.3
78 hb* 79 hn 6.

1.
1.

50.2
50.2
04.20.

0
! residue 79N

! residue 80N

80ha81 hn3.31.50.2
! residue 81D

! residue 82S

82ha82hb*341.60.3

60.
82ha83hn3.31.50.2
82 hn83 hn 2.4 0.6 0.3
82 hb* 83 hn4.32.50.

2



82 hb* 84 hel 6.0 4.2 0.0
! residue 83R
83 ha 83 hn 3.3 1.5
83 hb* 83 hn 3.9 2.
83 hg* 83 hn 4.3 2.
83 ha 83 hb* 4.3 2.

83ha8 hn331.5
83 hb* 83 hd* 5.3 3.50.2

0.2
10.2
502
502
0.2

83 hb* 84 hn 4.32.50.2

! residue 84W

84 ha84 hn3.31.50.2
84 hb* 84 hn 3.92.1 0.2
84 hdl 84 hn 5.03.20.0
84 hb* 84 he3 4.3 2.50.2
84 ha85hn24060.3

84 hb* 85 hn 4.32.50.2
84 he3 86 he* 7.05.2 0.0

84 hdl1 84 hn 3.3 1.50.2
84 hdl1 84 ha3.31.50.2
84 hdl1 84 hb*4.32.50.2
! residue 85E
85ha85hn3.31.50.2
85 hb*85hn 3.92.10.2

85 ha 85 hb* 4.32.50.2
85 ha 85 hg* 43 2.50.2
85 hbl 85hg*43250
85 hb2 85 hg*
85 ha 86 hn 2.

4.
4 0.
85 hb* 86 hn 6.0

-ho\b)
NN,
OwUl

! residue 86F

86 ha 86 hn 3.3 1.50.2
86 hb2 86 hn 3.3 1.5 0.2
86 hbl 86 hn 5.03.2 0.0
86 hn 86 hd* 5.3 3.5 0.2
86 ha 86 hbl 3.31.50.2
86 ha 86 hd* 4.3 2.50.2
86 hb2 86 hd* 5.3 3.5 0.
86 hbl 86 hd* 5.3 3.5 0.

86 ha87hn2.40.6
86 hbl 87 hn 5.0 3.
86 hd* 87 hn 7.0 5.

l\)l\)o
OO W

! residue 87E

87 ha 87 hb* 4.3 2.50.2
87 hn 87 hb* 3.9 2.1 0.2
87 hn 87 hg* 6.0 4.2 0.0

87 ha 88 hn 2.4 0.6 0.3
87 hb* 88 hn 6.0 4.2 0.0
87 hg* 88 hn 6.0 4.2 0.0

! residue 88N

88 ha88 hn 5.03.20.
88 hb* 88 hn 3.9 2.1
88 ha 89 hb* 6.0 4.2

OOO

! residue 89E

89 ha 89 hn 3.3 1.5
89 hb* 89 hn 5.6
89 hg* 89 hn 4.3
89 hb* 89 hg* 4.

“Mw

89ha90hn3.31.50.2
89 hn90hn3.31.50.2
89 hb* 90 hn 6.0 4.2 0.0

! residue 90R
90ha91 hn3.31.50.2
90 hb* 91 hn 3.9 2.1 0.2
90 hb* 91 hn 4.3 2.50.2
! residue 91H

91 hn 91 hb*3.92.10.2
91 ha9] hb* 4.32.50.2
91 ha92hn 3.3 1 50.2
! residue 92A

92 ha 92 hb* 4.8 3.0 0.2

! Hydrogen bond
constraints

7hn302.1030.2
7n303.1030.2

286

25n300310302
31hn 86 02.1 0.30.2
3In8 03.1030.2
32hn2302.1030.2
32n2303.1030.2
33hn8 02.10.30.2
33n8403.1030.2
42 hn3802.1030.2
42n3803.1030.2
44 hn4002.1030.2
44n14003.1030.2
46hn 43 02.10.30.2
46n4303.10.30.2
48hn4402.1030.2
48n4403.10302
57hn 530210302
57n5303.1030.2
58hn 540210302
58n5403.1030.2
59hn5502.1030.2

'59n5503.10302

60hn 56 02.10.30.2
60n5603.10.30.2
61 hn 5702.10.30.2
61n5703.10302
62hn 5802.10.30.2
62n5803.1030.2
66 hn 87 02.10.30.2
661870310302
86hn 3102.10.30.2
861310310302



Table E.5 Dihedral restraints for Chapter 3

restraints
! Dihedral restraints for structure
! calculations described in Chapter 3

restraints dihedral reset
! Torsion psi constraints

!

residue 4 A
assign (resid 3 and name c) (resid 4 and name n)
(resid 4 and name ca) (resid 4 and name c) 1.0 -60.0 30.0 2

residue 12 M
assign (resid 11 and name c) (resid 12 and name n)
(resid 12 and name ca) (resid 12 and name c) 1.0 -60.0 30.0 2

residue 13 V
assign (resid 12 and name c) (resid 13 and name n)
(resid 13 and name ca) (resid 13 and name c) 1.0 -60. 0 30.02

residue 14 N

- assign (resid 13 and name c) (resid 14 and name n)

(resid 14 and name ca) (resid 14 and name ¢) 1.0 -60.0 30.0 2

residue 16 K
assign (resid 15 and name c) (resid 16 and name n)
(resid 16 and name ca) (resid 16 and name c) 1.0 -60.0 30.0 2

residue 19 E
assign (resid 18 and name c) (resid 19 and name n)
(resid 19 and name ca) (resid 19 and name ¢) 1.0 -60.030.02

residue 21 F
assign (resid 20 and name c¢) (resid 21 and name n)
(resid 21 and name ca) (resid 21 and name c¢) 1.0-12040.0 2

residue 24 W
assign (resid 23 and name c) (resid 24 and name n)
(resid 24 and name ca) (resid 24 and name ¢) 1.0 -60.0 30.0 2

residue 25 A
assign (resid 24 and name c) (resid 25 and name n)
(resid 25 and name ca) (resid 25 and name ¢) 1.0 -60.0 30.0 2

residue 31 I
assign (resid 30 and name c) (resid 31 and name n)
(resid 31 and name ca) (resid 31 and name c¢) 1.0 -120.0 40.0 2

residue 32 V

assign (resid 31 and name c) (resid 32 and name n)
(resid 32 and name ca) (resid 32 and name ¢) 1.0 -120.0 40.0 2
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residue 33 V
assign (resid 32 and name c) (resid 33 and name n)
(resid 33 and name ca) (resid 33 and name c) 1.0 -120.0 40.0 2

residue 35 N
assign (resid 34 and name c) (resid 35 and name n)
(resid 35 and name ca) (resid 35 and name c) 1.0 -120.0 40.0 2

residue 36 R
assign (resid 35 and name c) (resid 36 and name n)
(resid 36 and name ca) (resid 36 and name c¢) 1.0 -60.0 30.0 2

residue 37 E
assign (resid 36 and name c) (resid 37 and name n)
(resid 37 and name ca) (resid 37 and name c) 1.0 -60.0 30.0 2

residue 39 F
assign (resid 38 and name c) (resid 39 and name n)
(resid 39 and name ca) (resid 39 and name c) 1.0 -60.0 30.0 2

residue 41 Q
assign (resid 40 and name c) (resid 41 and name n)
(resid 41 and name ca) (resid 41 and name ¢) 1.0 -60.0 30.0 2

residue 43 V
assign (resid 42 and name c) (resid 43 and name n)
(resid 43 and name ca) (resid 43 and name ¢) 1.0-120.0 40.0 2

residue 47 Y
assign (resid 46 and name c) (resid 47 and name n)
(resid 47 and name ca) (resid 47 and name c) 1.0-120.0 40.0 2

residue 48 F
assign (resid 47 and name c) (resid 48 and name n)
(resid 48 and name ca) (resid 48 and name c¢) 1.0 -120.0 40.0 2

residue 51 S
assign (resid 50 and name c) (resid 51 and name n)
(resid 51 and name ca) (resid 51 and name c¢) 1.0 -120.0 40.0 2

residue 53 F
assign (resid 52 and name c) (resid 53 and name n)
(resid 53 and name ca) (resid 53 and name ¢) 1.0 -60.0 30.0 2.

residue A 54
assign (resid 53 and name c) (resid 54 and name n)
(resid 54 and name ca) (resid 54 and name ¢) 1.0 -60.0 30.0 2

residue F 56

assign (resid 55 and name c) (resid 56 and name n)
(resid 56 and name ca) (resid 56 and name c¢) 1.0 -60.0 30.0 2
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!

.-

!

!

residue 57 V
assign (resid 56 and name c) (resid 57 and name n)
(resid 57 and name ca) (resid 57 and name c) 1.0 -60.0 30.0 2

residue 58 R
assign (resid 57 and name c) (resid 58 and name n)
(resid 58 and name ca) (resid 58 and name c) 1.0-60.0 30.0 2

residue 59 Q
assign (resid 58 and name c) (resid 59 and name n)
(resid 59 and name ca) (resid 59 and name c) 1.0 -60.0 30.0 2

residue 60 L
assign (resid 59 and name c) (resid 60 and name n)
(resid 60 and name ca) (resid 60 and name ¢) 1.0 -60.0 30.0 2

residue 62 M
assign (resid 61 and name c) (resid 62 and name n)
(resid 62 and name ca) (resid 62 and name c¢) 1.0 -60.0 30.0 2

residue 63 Y
assign (resid 62 and name c) (resid 63 and name n)
(resid 63 and name ca) (resid 63 and name ¢) 1.0 -120.0 40.0 2

residue 66 H
assign (resid 65 and name c) (resid 66 and name n)
(resid 66 and name ca) (resid 66 and name ¢) 1.0-120.0 40.0 2

residue 68 V

residue 73 S
assign (resid 72 and name c) (resid 73 and name n)
(resid 73 and name ca) (resid 73 and name c¢) 1.0 -60.0 30.0 2

residue 77 L
assign (resid 76 and name c) (resid 77 and name n)
(resid 77 and name ca) (resid 77 and name c) 1.0 -60.0 30.0 2

residue 84 W
assign (resid 83 and name c) (resid 84 and name n)
(resid 84 and name ca) (resid 84 and name c) 1.0 -120.0 40.0 2

residue 91 H
assign (resid 90 and name c) (resid 91 and name n)
(resid 91 and name ca) (resid 91 and name c¢) 1.0 -120.0 40.0 2

Chi 1 and Chi 2 restraints
residue 5 F
assign (resid 5 and name n) (resid 5 and name ca)

(resid 5 and name cb) (resid 5 and name cg) 1.0 180.020.0 2
residue 6 V
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assign (resid 6 and name n) (resid 6 and name ca)
(resid 6 and name cb) (resid 6 and name cgl) 1.0 180.0 20.0 2
residue 7 N
assign (resid 7 and name n) (resid 7 and name ca)
(resid 7 and name cb) (resid 7 and name cg) 1.0 -60.0 20.0 2
residue 9 L
assign (resid 9 and name n) (resid 9 and name ca)
(resid 9 and name cb) (resid 9 and name cg) 1.0 180.0 20.0 2
residue 9 L chi-2 '
assign (resid 9 and name ca) (resid 9 and name cb)
(resid 9 and name cg) (resid 9 and name cdl1) 1.0 60.0 20.0 2

residue 13 V
assign (resid 13 and name n) (resid 13 and name ca)
(resid 13 and name cb) (resid 13 and name cgl) 1.0 180.0 20.0 2 rotamer avging

residue 21 F
assign (resid 21 and name n) (resid 21 and name ca)
(resid 21 and name cb) (resid 21 and name cg) 1.0 -60.0 20.0 2

residue 22 1
assign (resid 22 and name n) (resid 22 and name ca)
(resid 22 and name cb) (resid 22 and name cgl) 1.0 180.0 20.0 2
residue 22 Ichi_2
assign (resid 22 and name ca) (resid 22 and name cb)
(resid 22 and name cgl) (resid 22 and name cd1) 1.0 180.0 20.0 2

residue 24 W
assign (resid 24 and name n) (resid 24 and name ca)
(resid 24 and name cb) (resid 24 and name cg) 1.0 -60.0 20.0 2

residue 26 T
assign (resid 26 and name n) resid 26 and name ca)
(resid 26 and name cb) (resid 26 and name ogl) 1.0 -60.0 20.0 2

residue 30 S

residue 31 .
assign (resid 31 and name n) (resid 31 and name ca)
(resid 31 and name cb) (resid 31 and name cgl) 1.0 -60.0 20.0 2
assign (resid 31 and name ca) (resid 31 and name cb)
(resid 31 and name cgl) (resid 31 and name cd1) 1.0 180.0 20.0 2

residue 32 V
assign (resid 32 and name n) (resid 32 and name ca)
(resid 32 and name cb) (resid 32 and name cgl) 1.0 180.0 20.0 2

residue 33 V

assign (resid 33 and name n) (resid 33 and name ca)
(resid 33 and name cb) (resid 33 and name cgl) 1.0 180.0 20.0 2
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!

!

!

N

residue 38 R
residue 40 V A
assign (resid 40 and name n) (resid 40 and name ca)

(resid 40 and name cb) (resid 40 and name cgl) 1.0 180.0 20.0 2

residue 42 E
assign (resid 42 and name n) (resid 42 and name ca)
(resid 42 and name cb) (resid 42 and name cg) 1.0 -60.0 20.0 2

residue 43 V
assign (resid 43 and name ca) (resid 43 and name cb)
(resid 43 and name cgl) 1.0 180.0 20.0 2

residue 44 L
assign (resid 44 and name n) (resid 44 and name ca)
(resid 44 and name cb) (resid 44 and name cg) 1.0 180.0 20.0 2

residue 44 L (chi-2)
assign (resid 44 and name ca) (resid 44 and name cb)
(resid 44 and name cg) (resid 44 and name cdl) 1.0 60.0 20.0 2

residue 47 Y
assign (resid 47 and name n) (resid 47 and name ca)
(resid 47 and name cb) (resid 47 and name cg) 1.0 -60.0 20.0 2

residue 48 F

. assign (resid 48 and name n) (resid 48 and name ca)

(resid 48 and name cb) (resid 48 and name cg) 1.0 -60.0 20.0 2
residue 49 K

residue 50 H
assign (resid 50 and name n) (resid 50 and name ca)
(resid 50 and name cb) (resid 50 and name cg) 1.0 -60.0 20.0 2

residue 57 V
assign (resid 57 and name n) (resid 57 and name ca) -
(resid 57 and name cb) (resid 57 and name cgl) 1.0 180.020.0 2 -

residue 59 Q
assign (resid 59 and name n) (resid 59 and name ca)
(resid 59 and name cb) resid 59 and name cg) 1.0 -60.0 20.0 2
residue 60 L .
assign (resid 60 and name n) (resid 60 and name ca)
(resid 60 and name cb) (resid 60 and name cg) 1.0 -60.0 20.0 2

residue 60 L (chi 2)

assign (resid 60 and name ca) (resid 60 and name cb)
(resid 60 and name cg) (resid 60 and name cd1) 1.0 180.0 20.0 2
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end

residue 63 'Y
assign (resid 63 and name n) (resid 63 and name ca)
(resid 63 and name cb) (resid 63 and name cg) 1.0 -60.0 20.0 2

residue 65 W
assign (resid 65 and name n) (resid 65 and name ca) :
(resid 65 and name cb) (resid 65 and name cg) 1.0 -60.0 20.0 2

residue 66 H
assign (resid 66 and name n) (resid 66 and name ca)
(resid 66 and name cb) (resid 66 and name cg) 1.0 -60.0 20.0 2
residue 86 F

assign (resid 86 and name n) (resid 86 and name ca)
(resid 86 and name cb) (resid 86 and name cg) 1.0 -60.0 20.0 2

scale=1.0
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Appendix F NOEs,<rmsd>s, angular order parameters

The following programs (Appendix D) were used to generate the data in the respective
columns of this table: B (ptnoe.c), C (noeclass_writeall.c -> ptnoe.c), D (ptbkrmsd.c), E
(ptnonhrmsd.c), F (phicalc_s.c), G (chil_s.c), and H (chi2_s.c). Plots of these data are
given in Fig. 3.6. '

Table F NOEs,<rmsd>s, angular order parameters for high resolution

structures

Table of NOEs, <rmsvd>s, and angular order parameters for high resolution structures
described in Chapter 3.

number of NOEs <rmsd> angular order parameters
residue total long range | backbone heavyatm | S(9) S(x1) S(2)
A B C D E F G H

Al 1 0 3.1875 3.3940 0.497 0.000 0.000
R2 3 0 1.5225 3.2091 0.213 0.401 0.554
P3 20 3 0.7250 0.8371 0.932 1.000 , 1.000
Ad 10 0 0.6550 0.6980 0.994 0.000 0.000
F5 36 5 0.4925 0.6109 0.988 0.987 0.994
V6 38 2 0.4875 0.5386 0.992 0.991 0.000
N7 20 0 0.5750 0.8200 0.995 0.987 0.284
K8 18 2 0.6150 1.2078 | 0.980 0.437 0.832
L9 54 7 0.5050 0.5450 0.990 0.979 0.991
w10 36. 1 0.5525 1.2007 0.981 0.979 0.388
S11 7 0 0.5975 0.7683 0956 - 0.398 0.000
Mi12 31 9 0.5075 0.7850 . 0.981 0.496 0.720
Vi3 42 14 0.4850 0.4700 0.974 0.994 0.000
N14 16 1 0.7350 1.2413 0.969 0.596 0.545
D15 10 1 1.0975 2.2450 0.497 0.345 0.106
K16 25 0 1.0600 1.9544 0.964 0.501 0.542
S17 14 0 1.1550 1.3050 0.000 0.424 0.000
N18 22 9 0.6250 0.8625 0.760 0.819 0.558
El9 17 0 0.9150 1.4311 0.993 0.690 0.540
K20 18 0 0.8350 1.4578 | 0.788 0.438 0.555
F21 29 4 0.8825 0.8118 0.957 - 0977 0.980
122 50 18 0.6325 0.6250 0.440 0.995 0.994
H23 9 2 0.5500 1.3900 0.959 0.284 0.173
w24 29 8 0.5250 1.0664 0.983 0.978 0.792
S25 18 5 0.7750 0.9350 0.974 0.456 0.000
T26 13 0 1.4825 1.6267 0.637 0.261 0.000
S27 3 0 2.1375 2.3733 0.799 0.427 0.000
G28 1 0 2.1775 2.2100 0.499 0.000 0.000
E29 13 0 1.6625 2.7378 0.429 0.666 0.538
S30 13 4 0.7275 0.8500 0.641 - 0.250 0.000
I31 42 17 0.4875 0.5500 0.972 0.991 0.991
V32 35 11 0.5125 0.5800 0.981 0.990 0.000
V33 29 15 0.5125 0.5943 0.984 0.997 0.000
P34 27 3 0.5700 0.6314 0.965 1.000 1.000
N35 13 0 0.6075 1.0538 0.979 0.673 0.350
R36 23 5 0.6775 1.7555 0.990 0.804 0.731
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E37
R38
F39
V40
Q41
E42
V43
L44
P45
K46
Y47
F48
K49
H50
S51
N52
F53
A54
55
F56
V57
R58
Q59
L60
N61
M62
Y63
G64
W65
H66
K67
V68
Q69
D70
V71
K72
S73
G74
S75
M76
L77
S78
N79
N80
D81
S82
R83
w84
E85
F86
E87
N88
E89
R90
HI1
A92

COO=RNNGAINROOOOOOODOOOOONANAODUNOOUVU—RCUU—=OUWNOONVOODHLPXOOWIO —

0.7850
0.5825
0.4675
0.4350
0.5250
0.5475
0.4450
0.4825
0.5100
0.5825
0.7200
0.7975
1.4075
1.5550
1.2800
1.1125
0.7275
0.5900
0.5675
0.4925
0.5100
0.4925
0.4325
0.4725
0.5900
0.6700
0.7325
0.8975
0.7975
0.9525
1.6100
2.5450
4.4675
4.6675
5.2800
5.9025
6.8000
7.2300
6.7675
6.2300
6.4475
5.9450
5.0400
3.9875
2.7475
1.2625
1.0750
0.7975
0.6950
0.6350
0.8625
1.6425
2.6575
4.1250
5.9550
7.8625

1.4367
1.4282
0.5536
0.5271
1.1222
0.9544
0.5171
0.5913
0.5386
1.0800
0.7408
0.9727
1.8567
2.2833
1.4200
2.1050
1.7618
0.6240

0.7433 -

0.7164
0.5871
1.5436
0.9267
0.5775
0.9075
1.1287
0.7250
0.9325
0.7429
1.4067
2.5033
2.7986
5.6489
5.4850
5.6857
6.6600
7.0117
7.1900
7.0567
6.9437
7.0712
6.2250
5.6038
48713
3.4975
1.3900
1.8291
1.1214
1.2567
0.8282
1.6033
1.9787
3.6289
5.4882
6.8067
7.9500
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0.973
0.896
0.997
0.990
0.989
0.986
0.964
0.999
0.993
0.994
0.975
0.969
0.420
0.195
0.938
0.614
0.963
0.980
0.990
0.985
0.993
0.987
0.994
0.998
0.995
0.990
0975
0.918
0.625
0.926
0.860
0.520
0.579
0.263
0.450
0.340
0.976
0.205
0.467
0.058
0.969
0.134
0.479
0.370
0.406
0.379
0.837
0.932
0.891
0.943
0.864
0.878
0.276
0.330
0.903
0.450

0.564
0.817
0.998
0.994
0.813
0.986
0.993
0.996
1.000
0.926
0.993
0.979
0.823
0.983
0.483
0.634
0.536
0.000
0.363
0.976
0.993
0.655
0.988
0.995
0.897
0.673
0.986
0.000
0.995
0.982
0.291
0.421
0.442
0.283
0.173
0.457
0.353
0.000
0.331
0.547
0.545
0.132
0.532
0.517
0.466
0.074
0.530
0.716
0.314
0.984
0.431
0.108
0.322
0.417
0472
0.000

0.752
0.508
0.997
0.000
0.583
0.561
0.000
0.987
1.000
0.483
0.993
0.951
0.559
0.136
0.000
0.171
0.431
0.000
0.000
0.858
0.000
0.483
0.424
0.994
0.449
0.466
0.993
0.000
0.986
0.116
0.572
0.000
0.534
0.103
0.000
0.452
0.000
0.000
0.000
0.536
0.772
0.000
0.323
0.207
0.135
0.000
0.667
0.696
0.710
0.936
0.597
0.259
0.669
0.480
0.157
0.000



Appendix G Table of Heteronuclear NOE data
These data represent the results of analysis of a reference experiment and a heteronuclear
NOE experiment described in Chapter 3. Data were automatically peak-picked using the
program CAPP followed by manual editing and additional peak-picking of low threshhold
peaks using PIPP. Peak-pick lists generated by PIPP were sorted by chemical shift for the
reference and NOE experiment. Comparison of peak-picks in these two lists to the 1H-15N
assignments allowed the identification of 79 peaks which could be used to calculate
heteronuclear NOEs. The intensities of these peaks are given below (columns B, C, F and
G). Two intensities are given in cases were the peaks were split in the 1H dimension due to
Ho-HN coupling (upfield peaks in.columns C and G). These intensities were averaged to
obtain columns E and I. Cells containing zeros (with no decimal place) correspond to data
which could not be measured. In a small number of cases one half of a doublet was
overlapped with other peaks or streaks so the better half of the doublet was taken (column
J). The NOE is computed by dividing entries in column J by entries in column E to give
column K. Some NOEs showed unphysical values and were ignored to obtain column L

which is plotted in Fig. 3.6F.
Table G Heteronuclear NOE data

Table of Heteronuclear NOE data

reference intensities NOE intensities NOEs
A B C D E F G H I J K L
res 1) 12 12y <> | 1) 12) 12 <I> Ibest)| NOE NOgb
Al 0
R2 4.73 4.73 4.73 1.08 1.08 1.08 1.08 0.23 0.23
P3 0
A4 574 5.74 5.74 4.69 4.69 4.69 4.69 0.82 0.82
F5 4.77 4.77 4.77 4.10 4.10 4.10 4.10 0.86 0.86
Vé 2.63 2.63 2.63 2.61 2.61 2.61 2.61 0.99 0.99
N7 4.56 4.56 4.56 4.08 4.08 4.08 4.08 0.89 0.89
K8 4.37 4.37 4.37 4.00 4.00 4.00 4.00 0.92 0.92
Lo 4.41 4.41 4.41 4.01 4.01 4.01 4.01 0.91 0.91
W10 3.54 3.54 3.54 3.22 ] 3.22 3.22 3.22 0.91 091
S11 2.88 2.72 2.72 2.80 2.71 2.41 2.41 2.56 2.56 0.91 091
Mi2 4.77 4.77  4.77 4.48 ‘ 4.48 448 4.48 0.94 0.94
Vi3 3.34 3.34 3.34 3.15 3.15 3.15 3.15 094 0.94
Ni4 0 0 0 3.14 3.14 3.14 3.14 0 0
D15 4.28 4.28  4.28 4.25 4.25 4.25 4.25 0.99 0.99
K16 4.63 4.63 4.63 4.19 4.19 4.19 4.19 0.90 0.90
S17 430 4.30 4.30 0 0 0 0 0 0
N18 3.44 2.97 2.97 3.205 |3.33 2.62 2.62 2975 2975 |0.93 0.93
El9 5.54 5.54 5.54 5.18 5.18 5.18 5.18 0.94 0.94
K20 4.46 4.46 4.46 3.98 3.98 3.98 3.98 0.89 0.89
F21 2.62 2.37 2.37 2.495 |2.46 2.23 2.23 2.345 2.345 {0.94 0.94
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22
H23
W24
S25
T26
S27
G28
E29
S30
131
V32
V33
P34
N35
R36
E37
R38
F39
V40
Q41
E42
V43
L44
P45
K46
Y47
F48
K49
H50
S51
N52
F53
AS54
S55
F56
V57
R58
Q59
L60
N61
M62
Y63
G64
W65
H66
K67
V68
Q69
D70
V71
K72
S73
G74
S75
M76
L77
S78

3.58

3.35
2.50
1.72

2.72
1.98
2.07
2.64
2.24

2.36
3.33
3.89
3.23
3.14

353

2.49
3.99

3.48
2.69
3.05
3.72
3.7

441

4.15
4.88

3. 88
3.89
4.54
3.52
4.35
4.14
4.77
2.94
3.05
2.67
2.56
3.76
2.65
391

5.6

5.24
3.27
5.47
6.35
5.74
6.03
5.91

2.48
1.95
2.04
2.37
2.16

2.06

2.26

2.40
2.74

3.51
3.58

2.49

2.39
2.32

2.47
3.44

4.97
3.19
5.99
5.26

5.53
5.90

3.58

3.35
2.50
1.72

2.48
1.95
2.04
2.37
2.16

2.06
3.33
3.89
3.23

3.14

3.53

2.26
3.99

3.48
2.40
2.74
3.72
3.51
3.58

4.15
4.88
4.30
3.88
3.89
4.54
3.52
4.35
4.14
4.77
2.49
3.05
2.39
2.32
3.76
2.47
3.44

4.97
5.24
3.19
5.47
5.99
5.26
5.53
5.90

3.58

3.35
2.50
1.72

2.60
1.965
2.055
2.505
2.20

2.21
3.33
3.89
3.23
3.14

3.53

2.375
3.99

3.48
2.545
2.895
3.72
3.605
3.995

4.15
4.88
4.30
3.88
3.89
4.54
352
4.35
4.14
4.77
2.715
3.05
2.53
2.44
3.76
2.56
3.675

5.285
5.24
3.23
5.47
6.17
5.50
5.78
5.905

3.64

3.14
2.40
1.35
2.80

2.31
1.73
2.01
2.57
2.23

2.12
3.19
3.54
3.15
297

3.00

2.57
3.87

3.19
2.24
2.82

2.58
3.08

3.90
4.53
4.12
4.23
3.73
4.00
3.33
4.19
3.90
4.16
2.88
2.65
2.64
2.28
3.42
2.30
3.04

1.57
1.41
2.63
0.78
1.10
1.37
8.45
1.41

2.16

2.08
1.75
2.13
1.96

1.84

2.16

2.04
2.49

2.58
2.53

2.35

2.04
2.02

221
2.63

1.28
2.10

1.11
1.21
7.82
1.52
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3.64

3.14
2.16
1.35
2.80

2.08
1.73
1.75
2.13
1.96

1.84
3.19
3.54
3.15
2.97

3.00

2.16
3.87

3.19
2.04
2.49

2.58
2.53

3.90
4.53
4.12
4.23
3.73
4.00
3.33
4.19
3.90
4.16
2.35
2.65
2.04
2.02
3.42
2.21
2.63

1.57
1.28
2.10
0.78
1.11
1.21
7.82
1.52

3.64

3.14
2.28
1.35
2.80

2.195
1.73
1.88
2.35
2.095

1.98
3.19
3.54
3.15
2.97

3.00

2.365
3.87

3.19
2.14
2.655

2.58
2.805

3.90
4.53
4.12
4.23
3.73
4.00
3.33
4.19
3.90
4.16
2.615
2.65
2.34
2.15
3.42
2.255
2.835

1.57
1.345
2.365
0.78
1.105
1.29
8.135
1.465

3.64

3.14
2.28
1.35
2.80

2.195
1.73
1.88
2.35
2.095

1.98
3.19
3.54
3.15
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3.00

2.365
3.87

3.19
2.14
2.655

2.58
2.805

3.90
4.53
4.12
4.23
3.73
4.00
3.33
4.19
3.90
4.16
2.615
2.65
2.34
2.15
342
2.255
2.835

1.57
1.345
2.365
0.78
1.105
1.29
8.135
1.465

1.02

0.94
0.91
0.78

2.80 .

0.84
0.88
0.91
0.94
0.95

0.90
0.96
0.91
0.98
0.95

0.85

1.00
0.97

0.92
0.84
0.92

0.72
0.70

0.94
0.93
0.96
1.09
0.96
0.88
0.95
0.96
0.94
0.87
0.96
0.87
0.92
0.88
0.91
0.88
0.77

0.30
0.26
0.73
0.14
0.18
0.23
1.41
0.25

1.02

0.94
0.91-
0.78

0.84
0.88
0.91
0.94
0.95

0.90
0.96
0.91
0.98
0.95

0.85

1.00
0.97

0.92
0.84
0.92

0.72
0.70

0.94
0.93
0.96
1.09
0.96
0.88
0.95
0.96
0.94
0.87
0.96
0.87
0.92
0.88
0.91
0.88
0.77

0.30
0.26

0.14
0.18
0.23

0.25



N79
N80
D81
582
R83
wg4
E85
F86

E87 -

N&8
E89
R90
HO1
A92

4.96
4.04
4.38
5.47
2.98
2.32
3.51
2.48
3.24
2.28
3.96
5.34
6.10
7.01

4.49
3.84
3.59
5.50
2.83
2.17

3.24
2.12

5.16
5.87
6.45

4.49
3.84

3.59

5.50
2.83
2.17
3.51
3.24
2.12
2.28
3.96
5.16
5.87
6.45

4.725
3.94
3.985
5.485
2.905
2.245
3.51
2.86
2.68
2.28
3.96
5.25
5.985
6.73

1.58 1.28
1.98 1.91
2.55 1.97
9.74 8.41
2.76

207 203
2.96

229 283
283 2.08
2.00

2.94

260 2.65
-046 -048
-6.23 -5.23

297

1.28
1.91
1.97
8.41
2.76
2.03
2.96
2.83
2.08
2.00
2.94
2.65
-0.48
-5.23

1.43
1.945
2.26
9.075
2.76
2.05
2.96
2.56
2.455
2.00
2.94
2.625
-0.47
-5.73

1.43
1.945
2.26
9.075
2.76
2.05
2.96
2.29
2.08
2.00
2.94
2.625
-0.47
-5.73

0.30
0.49
0.57
1.65
0.95
0.91
0.84
0.80
0.78
0.88
0.74
0.49
-0.08
-0.85

0.30
0.49
0.57

0.95
0.91
0.84
0.80
0.78
0.88
0.74
0.49
-0.08
-0.85



Appendix H Table of Amide Exchange Data
1H-15N HMQC exchange spectra were obtained from a sample of uniformly !5N-labeled
HSF lyophilized from D20 and dissolved in H2O before acquisition. Data are listed in
column format. An x indicates the presence an intense peak (o indicates attenuated peak) in
spectra recorded 13.1 min (Column B), 23.1 min (Column C), 37.7 min (Column D), 77.7
min (Column E), 156 min (Column F), 180 min (Column G), 376 min (Column H) and 2
weeks after dissolution in D20 (Column I). Columns J and K list the residue whose
backbone carbonyl accepts an H-bond from the amide in the constraints list for structures
computed in Chapters 2 and 3 respectively and column L lists residues accepting H-bonds
1in the X-ray structure (using the program hbondrev2.com in Appendix D). Differences in
H-bonding partners are indicated in bold.

Table H Amide Exchange Data

Table of Amide Exchange Data

Exchange Data : - ~ H-bonds
A B C D E F G ' H I J K L

res 13.1 23.1 37.7 77.7 156 180 376 2wks | Acc2 Acc3 AccX
Al
R2
P3 NA
Ad X X
F5 X X
Vvé .
N7 X X X X X X 3 3 3
K8 X X X X X X 4 4 4
L9 X X X X X X 5 5 5

. W10 6
Si1 7
Mi2 8
V13 X X X X X X X X 9 9 o
N14 X X X X X X X 10
D15 X X X X X X X
K16 X 0
S17 X X X X X X X
Ni8 15
E19 X X X X X X X 16
K20 X X
F21 X X - X X X X X 18 18
122
H23
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A B C D E F G H I J K L
res 13.1 23.1 37.7 77.7 156 180 376 2wks | Acc2 Acc3 AccX
W24 X X X X X X
S25 X X X X X X X 30 30
T26
S27
G28
E29 X X X X X X X
S30 X X X X X X 0
131 X X X X X X X X 86 86 86
V32 X X X X X X X X 23 23 23
V33 X X X X X X X X 84 84 84
P34 NA
N35 X X X X X X X
R36
E37 X X X X X
R38 X X X X X X X
F39 X X X X X X X 35
V40 36
Q41 37
E42 X X X X X X X 38 38
V43 X X X X X X X o 39
L44 X X X X X X X 40 39
P45 NA ‘

K46 X X X X X X X 43 43
Y47 X X X X X X X 0 44
F48 X X X X X X X 44 44
K49

H50

S51

N52

F53

AS54 X X X X X X o)

S55 X X X X X X X

F56 X X X X X X b 52 52
V57 X X X X X X X X 53 53 53
R58 X X X X X X X X 54 54 54
Q59 X X X b'e X X 0 55 55 55
L60 X X X X X X X X 56 56 56
N61 X X X X X X X 57 57 57
M62 X X X X X X X 58 58 59
Y63 _ 60
G64 X X X X X X o 61
W65 X X X X X X X 60
H66 X X X X X X X 87 87 87
K67 X X

V68 X X X X X X X

Q69 X X

D70

V71 X X

K72 X X

S73

G74

S75

M76
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D
37.7

E
77.7

F
156

G
180

H
376

I
2 wks

J K
Acc2 Acc3

L
Acc X

L77
S78
N79
N80
D81
582
R83

E85
F86
E87
N88
E89
R90
HI1
A92

Mox MoK

ox o

X

Fa I ]

X

300

31

33

31
66
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