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~ Abstract ‘
Structures and Related Properties of Helical, Disulfide-Stabilized Peptides
by
Mark D. Pagel
Doctor of Philosophy in Chemistry
University of California at Berkeley

Professor David E. Wemmer

The three dimensional structure of several peptides were determined by NMR
spectroscopy and distance geometry calculations. Each peptide formed a predictable, rigid
structure, consisting of an o--helix, a "scaffold" region which packed along one face of the
helix, and two disulfide bridges which covalently connect the helix and scaffold regions.

The peptide Apa-MS was designed to constrain the M5 peptide from MLCK in a
helical geometry using the apamin disulfide scaffold. This scaffold constrains the N-
terminal end of the helix with two disulfide bridges and a reverse turn. Like the M5
peptide, Apa—MS was found to bind calmodulin in a Caz'*'-dependent 1:1 stoichiometry.
However, the dissoéiation constant of the (Apa-MS5)-calmodulin complex, 107 nM, was
100-fold higher than the dissociation constant of the MS-calmodulin complex. This
difference was due. toa putative steric overlap betWeen the Apa-M5 scaffo'ld' and
calmodulin.

The peptide Apa-Cro was designed to replace the large structural protein matrix of .}»
Cro w1th the apamin disulfide scaffold. However, Apa-Cro-did not bind the consensus.
DNA operator half-site of A Cro, probably due to a steric overlap between the Apa-Cro
disulfide framework and the DNA.

The amino écid sequence of the scaffold-disulfide bridge arrangement of the peptide
- Max was derived from the core sequence of scyllatoxin, which contains an o-helix

constrained at the C-terminal end by two disulfide bridges and a two-stranded PB-sheet



scaffold. Max was shown to fold with >84% yield to form a predictable, stable structure
‘that is similaf to scyllatoxin. The folding and stability properties of Max make this scaffold
and disulfide bridge arrarigement an ideal candidate for the development of hybrid sequence
peptides.

“The dynamics of a fraying C-terminal end of the helix of the peptide Apa-AlaN was
determined by analysis of 19N NMR relaxation properties. The analysis demonstrated that
the stable helix extends three residues beyond the last disulfide bridge of the apamih _
disulfide scaffold, while the C-terminal end of the helix exhibited dynamic transitions

between helix and random coil states.

_l%a_:;dg/w\lum w2293
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IIE Eni .

Protein engineering involves the application of relationships between protein
functions, structures, and primary amino acid sequences towards the development of new
and improved proteins (Wetzel, 1986). These relationships between primary sequences,
structures, and functions are poorly understood. At the most fundarhental level, protéin
function is directly determined by structure, although other provisions, such as the
presence of ligands, may-also be required (Fersht, 1977). At the same fundamental level,
protein structure is directly determined by primary sequence, although other conditions,
such as the chemistry of the surrounding medium, also influence protein structure (Schultz
& Schirmer, 1979). Yet a variety of simple experiments have been conducted which result
in the engineering of new and improved proteins.
Each scientific experiment requires a hypothesis, in which an antecedent predicts a
- conditional. In protein engineerihg experiments, the primary sequence, structure, and o
function may serve as the antecedent or conditional, making possible six types of -

| hypotheses. However, only four of these types of hypotheses are based upon the
fundamental relationships of protein engineering. Since function is not directly dependent
upon primary sequence, these non—fundamental experiments are of less-value to protein
engineering. For example, an experiment. ‘was conducted in which an improvement in
function, subtilisin activity in the presence of oxidants, was hypothesized from a change in
primary sequence, the substitution of an aliphatic amino acid for an oxidatively sensitive
methionine residue (Estell, et al., 1985). As hypothesized, this new protein exhibited
function in the presence of hydregen peroxide, an improvement-over native subtilisin.
However, the fundamental basis for this improvement was not determined. Improvement

in function may have occurred by stabilization of the structure, or by a change in the



chemical interactions at the protein’s active site. Thus, the applicability of this
improvement towards engineering other proteins is of limited value.

Experiments based upon one of the types of hypotheses, in which the conditional is
determined by the antecedent at the fundamental level of relationships, usually yield one
conclusioh. These experiments often use the hypothesis that one and only one structure:
will be determined from é known primary sequence, and that one and only one function
will be determined from a known structure. These experiments often lead to the
improvement of the function of éxisting proteins, but rarely créatc new proteins. These
‘expeﬁments are similar to the chemical processes of biological genetics, in which small -~ -
changes of single residues, insertions and deletions of several residues, gene doubling, and
gene fusion r'nost: often result in small improvements in proteins.

Conversely, experiments using one of the types of hypotheses in which the
antecedent is determined by the conditional may reach more than one conclusion. These
experiments use the hypothesis that a primary sequence may form a known structure or the
hypothesis that a structure-may perform a known function. These experiments usually do -
not use the hypothesis that the conditional primary sequence or structure is the only
possible solution. Indeed, it is usually accepied before these experiments are conducted -
that a wide variety of structures may perform a known function, or that many primary
sequences may form a known structure.

The éxperiments which can yield more than one conclusion are the most valuable
towards the engineering of new proteins. The results of these experiments are the same as
the results of quasi-random Abiological evolytion of proteins, the results of numerous natural
experiments which have given rise to an awesome diversity of conclusions. ‘The possibility -
of more than dne conclusion from evolution and protein engineering experiments does not
irnply that all conclusions are equal. For exaniple, evolution has selected a primary
sequence for hemoglobin which resists malaria, but which also results in sickle cell anemia. -

The selection of the best conclusion drives evolution and protein engineering.



Mutagénesis and expression of oligonucleotides and automated solid-phase peptide
synthesis are applied to prepare large quantities of a variety of proteins. X-ray-

: crysta]lbgraphy and NMR spectroscopy are powerful methods to determine protein
structures at atomic resolution. These technological conveniences often predicate the
antecedent of an experiment’s hypothesis. However, proteih engineering should not be
limited by technological convenience, since all four fundamental experiments provide
important information.

| Thls dissertation involves the two types of proteih engineering experiments in

“which the antecedent of the hypothesis is the peptidé structure. Chapters 3 and 4
hypothesize function based upon a known structure. Chapters 5 and 6 hypothesize primary
sequences which form a knoﬁm structure. Thus, both of the fundamental relationships in
protein engineering are studied, each of these experiments takes advantage of the powerful
techniques of automated peptide synthesis and NMR spectroscopy, and the engineering of

both néw and improved proteins is investigated.

1.2 The o-Helix

Each of the peptide structures discussed in this dissertation contains an o-helix.
The o-helix is the most abundant secondary structure in proteins (Schult; & Schirmer, -
1979), and more than ene-third of all residues in known protein slrucnues‘are considered
to be part of an o-helix (Creighton, 1983). The ideal a-helix, first postulated by Linus

Pauling and Robert Corey, consists of 3.65 residues per right-handed turn, a pitch of 5.5 A
per turn, a diameter of 4.6 A, and ¢ and y backbone angles of -48 degrees and -57

degrees, respectively (Pauling, et al., 1951) (Figure 1.1). This postulation assumed that
the peptide bond is planar, and that the a-helix axis is linear. Furthermore, the stability of -
the helical structure was based upon the hydrogen bond between amide carbonyl of each

residue and the amide proton which is four residues closer to the carboxylate terminus (the



Figure 1.1. Stereoview of backbone structure of the ideal o-helix.



1,i+4 hydrogen bond). While the enthalpy of this hydrogen bond, approximated at 5 to 7
kcal/mol for vapor-phase model systems, exceeds the conformational energies for rotation
-about single bonds, about 1 kcal/mol, Pauling and Corey speculated that the ideal o-helix
should contain the strongest hydrogen bonds to compensate for destabilizing enthalpic and
entropic energies. Thus, the postulation of the o-helix also assumed that the helix
 backbone hydrogen bonds are as short and linear as possible.
These assumptions, upon which the ideal helix is based, are not exact in o-helices
. of known protein structures. Helical residues that are exposed to solvent have carbonyl
groups tilted an average of 0.2 A outwards from the helix axis, relative to the more linear
carbonyl groups of solvent-shielded residues (Glover, et al., 1983-).. While this lengthens -
and bends the hydrogen bond between the exposed carbonyl and helix amide proton, a
second hydrogen bond can be made between the exposed carbonyl and the solvent or side
chains (Watson, 1969; Glover, et al., 1983). Furthermore, the side chains of solvent-
shielded helix residues must pack with the rest of the protein (Chothia, 1984). The packing
of the a-helix with a second helix or a B-sheet necessitates systematic repositioning of o
carbons, if the helix packing continues beyond two turns. The net effect of these
distortions is reflected in the differences of average backbone angles of solvent-exposed ,
helix residues (¢j+1= -66 degrees, yij = -41 degrees) versus solvent-shielded helix residues
(9i+1=-59 degrees, yj = -44 degrees) (Barlow & Thomton, 1988). This translatestoa
curvature of the helix axis with an average radius of curvature of 60 A, corresponding to
approximately one degree of arc per residqe. Thus, if linear a:;d curved three-turn helices
are superposed at the amino terminus, the axis-to-axis separation at the carboxylate
_terminus approaciles 5 A
- This variability in helix geometry allows for - different definitions of a helical

residue, based upon ¢ and y backbone angles (ITUPAC-IUB Commission, 1970),
hydrogen bonding (IUPAC-IUB Commission, 1970; Kabsch & Sander, 1983), or o
carbon positions (Levitt & Greer,.1977). Itis not often recognizéd that the correct criteria



. should be chosen to suit an application's purpose, rather than choosing a universal
definition for an o-helix. For insténce, when studying the stability of helical structures,
hydrogen bonding more accurately defines a helix; when studying side chain packing or
chemical functions, & carbon positions are more important. Both of these definitions will
be used to describe helices in the following chapters.

Both Zimm-Bragg theory (Zimm & Bragg, 1959) and host-guest data (Sueki, et al.,
1984) predict that the random coil, or unfolded state, is thermodynamically favored by 2 to
5 kcal/mole over the folded a-helix in peptides less than 20 residues in length in water. |
The stabilizing enthalpy of the i,i+4 hydrogen bonds within the helix backbone is
‘compensated by the enthalpy of hydrogen bonds between water and the backbone amide
proton or carbonyl groups in the random coil. This competition by solvent hydrogen
bonds 1s demonstrated by the formaﬁon of helices by short peptides in solvents containing
trifluoroethanol (TFE). This solvent with a lower dielectric constant reduces the enthalpy
of TFE-backbone amide proton hydrogen‘bonds (Presta & Rose, 1988; Storrs, et al.,
1992; Sonnichsen, et al., 1992), although the stabilizing effects of TFE are entropic as well
(Conio, et al., 1970). The unfavorable loss in entropy upon folding further contributes to
the destabilization of short o-helices. The presence of tertiary contacts in larger_proteins
compensate for this loss of entropy. For example, short peptide fragxhents from sperm
whale myoglobin show very little helicity in water, while the intaqt -proteinis almost
entirely o-helix (Epand & Scheraga, 1968). -. '

Several sequence-dependent properties of peptides have recently been reported -
which may stabilize the o-helical conformation of short peptides in water. These properties .
are used to design the pepﬁde$ discussed in chapter 6. Designs of all short helical peptides -
must use amino acids with high helix propensity (Table 1.1). The frequencies of
occurrence of each amino acid within secondary structures in proteins have been tabulated,
and these frequencies has been interpreted as a confofmatiorial propensity (Chou &

Fasman, 1974; Levitt, 1978). The efféct of substituting a “guest” residue into several



1 Helix pr ities of ami 1

u
E 1.53 M 1.47 E .1.35 A 1.60 A 1.00
A 145 E 144 M 1.20 L 1.50 L 0.93
L 134 L 1.30 I 1.14 F 1.45 M 0.95
H 1.24 A 1.29 - L 1.14 M 1.44 Q 0.81
M 1.20 Q 1.27 W 1.11 W 1.34 I 0.71
Q 1.17 K 1.23 F 1.09 I 1.31 VvV 0.70
W 1.14 H 1.22 A 1.07 R 1.25 N 0.56
V 1.14 C 1.11 R 1.03 Q 1.22 T 0.56
F 1.12 F 1.07 Y 1.02 E 1.18 S 0.52
K 1.07 D 1.04 Q 0.98 VvV 1.09 G 045
I 1.00 W 0.99 VvV 0.95 K 1.05
D 0.98 I 0.97 K 0.94 D 1.03
T 0.82 R 0.96 C 0.92 H 0.97
S 0.79 'V 091 H 0.85 N 0.80
R 0.79 N 0.90 T 0.82 R 0.79
C 0.77 S 0.82 N 0.78 C 0.66
N 0.73 T 0.82 D 0.78 Y 0.61
Y 0.61 Y 0.72 S 0.76 G 0.59
P 0.59 -G 0.56 P 0.66 S 0.44
G 0.53 P 0.52 G 0.59 P 0.19
1. From Chou & Fasman, 1974.
2. From Levitt, 1978.
3. From Sueki, et al., 1984; Padmanabhan, et al., 1990.
4. From O’Neil & DeGrado, 1990
5. From Lyu, etal,, 1990

different “host” peptides has been interpreted as propensiﬁes (Sueki, et al., 1984;
Padmanabhan, et al., 1990; Lyu, et al., 1990; O’Neil & DeGrado, 1990). These '
propensities are in qualitative agreemént, and correlate well with amino acid chemical
structure. Amino acids with high helical propensity do not have br,anched B carbon or
short polar side chains. |

To determine the effects of charged termini upon helix destabilization, the charge of
the end group of the helical C;peptide of ribonuc_:lease A was varied in a series of new
peptides (Fairman, et al., 1989). A free amino N-terminus or carboxylate C-terminus was.
found to destabilize the helix, while an acylated N-terminus or amidated N-terminus
stabilized the helix. A methylester C-terminus was also found to stabilize the helix,

indicating that the stabilization depends upon electrostatic interactions instead of hydrogen -



bonding. This simplifies the design of stable helices, since the electrostatic interactions
require a less stringent géometry than hydrogen bonds.

Salt bridges between charged side chains of i,i+4 residues also stabilize a-helices,
due to the stereochemistry of salt Bridge formation and (side chain)-(side chain) van der
Waals contacts (Perutz & Fermi, 1988). Helix stabilization is greatest if the negatively
charged residue of the salt bridge is placed nearer the N-terminus (Marqusee & Baldwin,
1987). A salt bridge between glutamate and arginine provides the most stabilization, and a
glutamate-lysine salt bridge was the next-best stabilizer (I\;Ierkuta, etal, 1991). A
minimum of three salt bridges is required to stabilize a helical peptide (Merkuta &
Stellwagen, 1991).

' Native proteins often form disulfide bﬁdges, which decrease the loss of entropy
upon folding. Non-native disulfide bridges have been substituted into proteins to stabilize
helices (Pace & Creighton, 1986; Sauer, et al., 1986; Mitchinson & We_:lls.,' 1989). In this .
dissertation, two simi_lér, general strategies are presented which may be used to design a-
helical peptide stabilized by disulfide bridges. The design of the helix is not limited to
specific terminal groups, or amino acids with high helix propensity or side chains which

form salt bridges. Thermal denaturation studies indicate that the first two helical turns of
these disulfide-stabilized peptides are extremely stable. This is in contrast to all short
helical peptides without stabilizing disulfide bridges, which are helical only at low
temperatures. | -
| - While the structure of the a-helix has been studied extensively, the dynamics of the
helix are not well characterized. In particular, slower motions of hélices, such as

conformational exchange between helix and random coil conformations, occur more répidly o

than a millisecoﬁd,‘ a time scale of motion that is difficult to characterize (Jardetzky &

Roberts, 1981). Recently developed NMR experiments have measured the fast and

intermediate dynamics of helices within protein tertiary structures. Chapter 6 describes fhe

application of these NMR experiments towards the study of o-helix dynamics. Unlike



‘previous NMR experiments, the a-helix of this study is independent of tertiary contacts
normally present in proteins. The results of chapter 6 provide the first description of

peptide o-helix dynamics using natural amino acids in water.

1.3_NMR Spectroscopy

NMR spectroscopy was first applied towards the study of peptides, proteins, and
other biomolecules in an attempt to measure hydration of DNA (Jacobson, et al., 1954).
The first successful direct observation of a biomolecule by NMR was the proton spectrum
of ribonuclease at 40 MHz (Saunders, et al., 1§57). However, the first investigations of
biorholécular structures and dynamics were difficult due to limitations in radio-frequency
electronics, computer hardware, and suitable samples for NMR experimentation. The: -
| development of Fourier transform NMR spectroscopy in the late 1960’s (Erost &
Anderson, 1966; Farrar & Becker, 1971) and two dimensional NMR experiments in the
1970’s (Jeener, 1971; Aue, et al., 1976a,b) provided a revolution in sophistication of
NMR spectroscopy techniques. These techniques were quiokly adapted for studies of
biomolecules (Nagayama, et al., 1977; Wider, et al., 1984). Improvemenis inNMR.
experiments throughout the 1980's has developed NMR spectroscopy into a powerful,
routine methodology for studying the structures and dynamics of a variety of biomolecules
(Wiithrich, 1986; Clore & Gronenborn, 1989).

NMR spectroscopy offers several advantages over other techniques used to study -
structure. Most importantly, NMR spectroscopy can be used to determine the three-
dimensional structures of proteins at atomic resolution. Structures are studied in solution
and the technique can accommodate a wide variety of solvent compositions and conditions.
Interactions between biomolec?ﬁl%os can be studied easily and quickly. Dynamic events can
also be studied, from high frequency motions, such as rotational tumbling of the
biomolecule (Kay, et al., 1989; Peng, et al., 1991), through intermediate motions -
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associated with the breaking and formation of hydrogen bonds (Englander & Kallenbach,

1984), to slow motions, such as exchange between different conformations (Clore, et al.,
1990). All of these advantages of NMR spectroscopy are employed in this dissertation. |

The abundance of protons within proteins, the close proximity of these protons to
each other, and the high NMR sensitivity of protons relative to other nﬁclei make proton
NMR spectroscopy particularly useful for the study of proteins. Each of these protons give
rise t0 a magnetic resonance, which must be resolved to measure sp¢c&oscopic parameters
and to assign each resonance to specific protons within the protein. NMR spectroscopy of
all proteins is inherently hm1ted by the number of proton resonances that can be resolved
within a narrow range of resonance fmqueﬁcies. Thus, the size of a monomeric protein
that can be studied by proton NMR spectroscopy is limited to roughly 100 residues or less
(Wemmer & Reid, 1985). Several solutions have been successfully implemented to
circumvent or reduce the large the number of proton resonances present in a typical protein . .
spectrum.

Recent advances in molecular biology can be used to construct proteins with the
uncommon isotopes 13C and/or 15N (McIntosh & Dahlquist, 1990). These isotopes may
be incorporated uniformly throughout the protein, or may be isolated to specific residues or
atoms. NMR experiments can be performed in which only protons attac_hed to specific
isotopes are observed (Griffey & Redfield, 1987; Bax, et al., 1990). Three dimensional
NMR experiments can be perfbrm‘ed in which protons at the same resonance frequency in a
two dimensional proton spectrum are separated along a third dimension by the frequencies -
of their attached 13C or 15N nuclei (Griesinger, et al., 1989; Fesik & Zuiderweg, 1990).
Both of these types of NMR experiments are used in chapter 6 to separate unresolved
amide proton resonances of specifically labeled residues. - '

-In many proteins, the information of interest to the protein engineer may be limited
to a small region of a large structure. Much effort is spent in the attermpt to isolate regions

of proteins which have a size acceptable for NMR spectroscopy while still retaining



necessary structural or functional characteristics. Chapters 3 through 6 of this dissertation
- describe two peptide motifs used to stabilize isolated, a-helical regions of proteins. The
small size of these peptide motifs allow for convenient study of structure, function, and
dynamics by NMR spectroscopy. The routine, systematic application of these peptide
motifs towards the stabilization of other a-helical regions for study by NMR sﬁectroscopy

is also presented.

11
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2.1 Solid Phase Peptide Synthesis

Synthesis of peptides was conducted using the established techniques of tBoc,
Fmoc (HOBT), and Fmoc (HBTU) solid phase peptide synthesis (Model 430A Peptide
Synthesizer Manual). A general protocol for solid phase peptide synthesis is outlined in
Figure 2.1. The chemical reagents used in the various chemistries, details of reaction
conditions, and the specific protdcol for each peptide synthesis are listed in Appendix 1.

Solid phase peptide-synthesis is designed to produce large quantities of pure
peptide. Yields from synthesis, purification, and folding of peptides in this dissertation
ranged from 10 mg to 30 mg with purity greater than 95%. The final peptide yield for each
residue depends upon the coupling step yield. As the average percent yield of coupling for
all residues decreases, the overall yield of the final peptide quickly diminishes (Figure 2.2).
Coupling can be especially difficult for residues 5 fo 20 and for the coupling of amino acids
_ to residues which both have a large side cham and protecting group (Clark-Lewis & Kent,
1985). To increase the average coupling efficiency, the synthesis protocol was modified to |
include a doqble coupling step (Kent, 1980). After performing a coupling reaction, the
peptide chain was washed, and a second coupling reaction was performed with no
intcnnediate mnino—deproteqﬁon st'ep.A If the efficiency of the first and second coupling
steps for each amino acid coupling is equal, then the overall peptide yield is significantly
- improved (Figure 2.2). In practice, the yield of the second coupling is usually much less -
. than the first coupling (D. King, personal communication). Thﬁs, double coupling -
substantially improves overall peptide yield for only those couplings of low yield. In Fmoc -
chemistry, the types of amino acids which couple with low yield were identified by mass
spectrometry for several apamin hybrid-sequence peptides; these amino acids were double

coupled for all Fmoc apamin hybrid-sequence peptide syntheses except Apé—AlaN .IntBoc . .. .
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Figure 2.1. An outline of the general solid phase synthesis protocol. The established
technique is outlined by solid arrows, while modifications are outlined by dashed arrows.
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-Single Coupling
Double Coupling

percent yield of peptide

“average percent yield per coupling step

Figure 2.2. The theoretical yield from incomplete coupling of a 27-residue peptide. The .
yield of both coupling steps in double coupling are equal. =~



chemistry, amino acid coupling yields were not analyzed, so all amino acids were double
coupled. | |

A capping reaction was also added to the synthesis protocol to increase the peptide
purity (Mitchell, et al., 1978). After a coupling reaction, remaining uncoupled peptide
chains were reacted with acetic anhydride to form an acetyl peptide terminus. In
subsequent coupling and deprotection reactions, this methylamide terminus is unreactive,
leading to truncated peptide chains after final cleavage. This capping step does not affect
th¢ overall yield of the fully syntllésized peptide sequence, since a fully synthésized peptide

cannot exist as an uncoupled peptide chain following a coupling reaction. Rather, capping

affects the distribution of yields of peptidé sequences which are missing at least one residue
(Figure 2.3). Most importantly, the yield of peptide sequences which are close in length
(and thus similar in sequence) to the fully synthesized peptide is decreased. Since the
_quality of»peptidé purification is inversely related to the similarity of the desired peptide to
undesired peptide contaminants (Hearn, 1983), capping during synthesw facilitates
purification of the fully synthesized peptide. In this dissertation, a capping step was added

to the tBoc synthesis protocol, since side reactions uéing tBoc synthesis and HF cleavage

15

chemistries typically lead to difficulties in peptide purification. Capping was not performed

during Fmoc chemistfy, since purification of peptides synthesized with Fmoc ghemisu'y
was not problematic.

‘The cleavage and final deprotection of synthesized peptides using tBoc chemistry
was performed with hydrogen fluoride by Applied Biosystems, Inc. ( Sakakibara &
Yasutsugu, 1965; Tam, et al., 1983). The cleavage and final deprotection of synthesized
peptides using Fmoc chemistry Was conducted using a trifluoroacetic acid cocktail (King, et
al., 1990). The kinetic rate of the TFA cleavage reaction was investigated for a srhall .

: pepﬁde with the sequence PRGRP-NHz. A reaction time of six hours was found to - .
produce the highest yield of cleaved, deprotected peptide (Figure 2.4); This optimal

reaction time was (unsystematically) observed for cleavage reactions of the peptides
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- described in this dissertation.

The crude product of each peptide synthesis in this dissertation was purified using
high performance liquid chromatography (HPLC). To form the disulfide bridges, purified
peptide was dissolved to a concentration of 2mM in a 16 mM solution of dithiothreitol (pH
< 2.0) to ensure that all disulfides were initially reduced. After four hours, tlie solution
was diluted with Tris buffer (pH=8.0) to a final concentration of 0.1 mM. The low peptide
concentration guaranteed that the formation of intermolecular disulfide bridges was
insigniﬁcant. This mixture was allowed to air oxidize for four days, was then lyophilized

to dryness, and was repurified using HPLC.

2.2 High-Performance Liguid Chromatography

The ovei'all separation of two sample components by general chromatography
methods is represented by the chromatographic resolution (Introduction to the Theory of
Chromatography, 1977) (Figure 2.5). The dependence of resolution upon experimental
variables using constant mobile and stationary phases can be most readily understood by -

considering resolution as a function of relative retentions kj and the number of theoretical

plates of the chromatographic interaction:

R = _@(E -1 __.__ki )
4 \ ki 1+k;:
where ki= t:';__to = relative retention of sample component i (Figure 2.5)

k j= relative retention of sample compdnent j

2
N =16 (%1) = number of theoretical plates

The relative retention kj can also be related to the thermodynamic equilibrium
constant established for sample distribution between siationary (S) and mobile (M) phases
(Hearn, 1983): |
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‘Figure 2.5.. A schematic of a HPLC chromatogram, with the experimental parameters -

discussed n the text:
tQ = time from injection to first elution of solvent associated with the injection, also known

as the "dead time" of the HPLC system
tr,i = time from injection to maximum peak amplitude of solute i
tr,j = time from injection to maximum peak amplitude of solute j

At=tr,i-tr)j ,

W = peak width at amplitude equal to noise level

-W1/2 = peak width at half amplitude

Wiead = time from start of peak (at amplitude of noise level) to maximum peak amplitude
Wiag = time from maximum peak amplitude to end of peak (at amplitude of noise level)
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[1 S] *AGa;soci |
-0 ool )
where @ = I%%: phase ratio of the system.
[i]
[4s]

In reverse phase HPLC of peptides, the reversible sorption of peptides to alkyl-bonded

= equilibrium constant

hydrophobic stationary phases can occur by a physical partitioning and a chemical
adsorption mechanism, but both types of equilibria can be included in the same equilibrium
constant. However, both mechanisms must be considered when comparing the retentions
of two different pepu'des or the resolution of two different chromatographic experiments.
It is clear that resolution can occur only if kj is not equal to ki, or that
A(AGassoc)i,j is not equal to zero. Itis also clear that resolution increases with increasing
ki, although the improvement in resolution becomes increasingly smaller at large kj (Figure
2.6). In practice, the solute band width, W, is minimized for handling convenience once

the sample is collected:

W =-(%)(1+ki)

Since solute band width is dependent upon kj, an upper limit of five is empirically chosen
for kj for most HPLC (Guiochon, 1983) (Figure 2.6). In most reverse-phase HPLC,

including all chromatography in this dissertation, the ratio of -]-t—’ does not significantly

* change upon a change in chromatographic conditions, relative to the change in kj itself.
Thus, a change in resolution is most dependent upon a change in kj. The resolution is also

- dependent upon the efficiency of the chromatogxaphic systém, represented by the number
of theoretical plates. System efﬁc1ency is dependent of the multipath effect, molecular |

diffusion, and resistance to mass transfer and is descnbed by the Van Deemeter equauon

N=—
H
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Figure 2.6. The dependence of resolution, R (left abscissa), or resolution relative to solute
. . k.
band width, R/W (right abscissa), upon relative retention, kj. tQ =6 min., ;’ = 1.5, and
. A
N = 50,000. :
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where L = column length

4 2
de . Kde
Dx Dx

H =['§‘—][)@DM +kfyst] +A

where F = flow rate _
¥ = tortuocity coefficient
D = diffusion coefficient
A = column packing coefficient
K= [:]"[z] = equilibrium constant
dp = particle diameter
However, the efficiency of the HPLC systems and reverse phase columns used in this

dissertation is dominated by the resistance of mass transfer, or sorption-desorption

kinetics. "

2

H = Kde
Du

While several HPLC Systems were used in this dissertation, the HPLC purification or
analysis of each experiment was conducted using the same HPLC system, reverse-phase
column, and flow rate, so that the effect of system efficiency upon resolution was not

altered.
A similér expression for resolution can be derived for chromatography using a

linear gradient mobile phase (Snyder, 1983):

R=‘\/E ku,j_l .]?1
4 \kwui 1+kui

where ks, : = median of kM ,i during the chromatography.

In these expressions, kM i is defined as the retention expected from isocratic

- chromatography of the solute starting at the column inlet at solvent composition M. kx, 1

can be considered to be kM when the solute reaches the midpoint of the column length in

gradient chromatography. This important difference between isocratic and gradient
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chromatography causes resolution to be dependent upon the rate of change of retention, or

gradient steepness, instead of retention itself. Figure 2.7 illustrates the relationship -
between retention and kM i, and shows how kx, 1 depends upon the initial (M¢=() and final

(Mt=final) solvent conditions and gradient steepness, G. This relationship can be

embirically described:

ky, i=

(M t=0-M ¢c- fina]) (ku = solvent A)
log| —————
115 - tG

k¥ = solvent B/
where Mi=( = solvent composition at start of gradient

Mt=final = solvent composition at end of gradient

G = gradient steepness, change in percent of solvent

composition per minute

This relationship assumes that the solvent strength profile, the‘relationshipvbetween :
the equilibrium constant K and the solvent composition, is linear for a linear gradient. In
practice, the solvent strength profile is not linear for macromolecules, since sorption
equilibria depend upon more than one mechanisrﬁ (physical partitioning and chemical.
adsorption). Thus, the relationshib between rélative retention and the gradient is
approximate. In this dissertation, solvent A is composed of 0.1% trifluoroacetic acid
(Sigma, protein sequencing grade) in water (filtered through Millipore Milli-Q Water
Purification System followed by Millipore 0.45 pm HYV filter) and solvent B is composed - -
-of 0.1% trifluoroacetic acid in acetonitrile (Fisher, HPLC grade). In HPLC of most

peptides and proteins using these solvents,

log( KM = 0.1% TFAinwater - )=3.0 .

koM = 0.1% TFA in acetonitrite



Figure 2.7. Examples of solute inigration along the column in gradient HPLC. kM.iis
displayed at each point along the column, and k,, , and kf are indicated along the right

abscissas.

A. M=0 = 100% solvent A, Mi=final = 100% solvent B, G = 2% per minute, t) =6

minutes.

B. M=) = 75% solvent A, Mt=final = 55% solvent A, all other parameters are the same as
in 2.7.A. The change in initial and final solvent compositions results in slightly different

values of kM i, k

M, i?

2.7.C, but kf does not change.

distance / column length (r)

and kf in 2.7.A and 2.7.B.
C. G = 1% per minute, all other parameters are the same as in 2.7.B. The change in
gradient steepness results in large differences between kM,i and k,, , in figures 2.7.B and
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Figure 2.7 (continued).
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Sample band width depends upon k, 1 in gradient HPLC:

\/ku, 2 +2ku, i+—:'

kokw, 1 ] _
J 2ko +ku i ku, i+2

An upper limit of seven is imposed upon k, 1 for practical considerations of sample

handling (Figure 2.6). Sample band width can be approximated as a function of relative

retention using a solvent composition in which the solute is finally eluted:

W = (%)(1+ku - oa)

From these functions, it is clear that solute band width and solute resolution are dépendent '
upon different expressions of relative retention (Figure 2.7). Thus, it is possible to
increase resolution without a detrimental increase in band width in gradient‘ HPLC. Thisis
not possible in isocratic HPLC, since resolution and band width are both directly related to
the same expression of relative retention, ki. Almost all HPLC separations of peptides and
proteins use gradients because of this partial decoupling of resolution and band width.

To attain an acceptable ks, + for adequate resolution, the gradient steepness or the -
initial and final solvent conditions may be changed. Since t()=6»ininutes in this dissertation,
the change in solvent conditions (Mt=0 - Mt=final) should be no more than sixteen times
greater than the gradient steepness, G, to limit kx. + toseven. In practice, this ratio of .
gradient steepness to percent change in solvent composition was not found to be stringent,
since the function of R/W vs. kj contains a broad maximum. The non-linean'ty of the
solvent strerigth profile also makes this ratio apprbximate.

The first HPLC chromatographic experiment for each peptide was performed using
a gradient with a large change in solvent conditions and a corresbonding large gradient -
steepness. The conditions of this initial chromatographic experiment were kept constant for
almost all peptides (Figure 2.8.A). The separation was then optimized by choosing initial
and final solvent conditions which bracket solvent composition M of kM £ of the desired
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Figure 2.8.A. Initial HPLC chromatogram of Apa-Cro, performed with the following
conditions:

Mt=0 =0.1% TFA, 6% acetonitrile.

Mt=final = 0.1% TFA, 42% acetonitrile

G =0.72% per minute

detector wavelength = 220 nm

detector sensitivity = 0.2 AUFS

injection = 70 ul of ~5 mM solution of Apa-Cro

flow rate = 12 mVmin

HPLC = IBM LC/9533 Liquid Chromatograph with a Waters Delta Pak preparauve column
(C18, 300 angstroms, 19 mm x 30 cm column) v
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- Figure 2.8.B. Optimized HPLC chromatogram of Ap

conditions as in 2.8.A, except the following:

M=0 = 0.1% TFA, 9% acetonitrile

Mi=final = 15% acetonitrile
G =0.4% per minute

a-Cro, performed with the same
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peptide. Initial solvent conditions were typically 3% less in acetonitrile concentration than
M of kM f, and final solvent conditions were typically 3% to 6% greater in acetonitrile\
concentration than M of kM f. The gradient steepness was then adjusted, as described\
above, and typically ranged from 0.4% per minute to 0.75% per minute. Further HPLC
chromatography was conducted using these optimized conditions (Table 2.1) (Figure
2.8.B). | |

Table 2.1. Optimized HPLC Conditi
Pentid Initial %R Final %B ime (min)
Apa-M5 9 30 35
Apa-Cro 9 12.6 12
Max 24 30 20
Apa-AlaN 18 24 20

When purifying a peptide, the amount of the injected solute was then increased beyond the
capacity of the column. This column overloading increased solute band width and reduced
the resolution, but the resolution still was adequate for purification in all cases. Increasing
the amount of injected solute décreased the number of necessary injections, reducing time. .
and waste generation. The identity of the major peptide peak was verified by electrospray
mass spectrometry.

Before and after experimentation with a series of sample injections, the HPLC

column was washed with a minimum of three column volumes of 100% acetonitrile (Fisher

29

Scientific), the column was equilibrated with three column volumes of the starting solvent, -

and a "blank" experiment was performed without injection of a sample and at high detection

sensitivity (Runser, 1981). Washing with three column volumes of acetonitrile cleaned the

~ column of all contaminants from peptide and DNA purification. When contaminants from
protein purification were encountered, the column was washed with several gradients of
0.1% trifluoroacetic acid (TFA) (photometric grade, Aldrich Chemicals) in water (filtered
through 0.45 mm HYV filters, Millipore) to 100% acetonitrile, 0.1% TFA water to 100%
isopropanol ("Baker Analyzed" photometric grade, JT Baker), and the reverse of these
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gradients. The "blank" experiment ensured that the HPLC system and column were

adequately cleaned before experimentation with samples was conducted. Between
experiments of a series, the column was washed with a minimum of one column volume of
acetonitrile, which cleaned the column of all but the most hydrophobic contaminants. Since
these most hydrophobic contaminants élute only in 100% acetonitrile, the presence of these
contaminants during a series of experiments reduced the éolumn capacity, but did not
interfere with purification during the gradient.

| Column performance was checked after approximately 100 sample injections by
injecting 50 ml of a standard solution [0.108% uracil, 0.16% phenol, 0.16 %o
methylbenzene, and 0.53% toluene in méthanol. All chemicals were spectrophotometric
grade, all percents by weight]. The resolution of toluene (longest retention) from uracil
(next longest retention), and the relative retention, peak symmetry, and column éfﬁciency :
(number of theoretical plates) of toluene were measured and compared to the values of
these measurements recorded when the column was first used.

peak symmetery = (W lead)xlOO%

lag

The performance of each column did not change appreciably dﬁring cxpérimentation

described 1in this dissertation.
2 ectr

The density operator of a nuclear spin system can be separatéd into the spin density
operator of nuclear spin variables, and the “lattice” of the remaining degrees of freedom
(Levitt; 1988). The spin density matrix may be expressed by an orthonormal basis set of

product operators (Sorensen, et al., 1983): '
. N
o, =2z,
el

where O = spin density operator
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N = total number of I=1/2 nuclei in spin system

k = index of nucleus
vV=X,y,0rz
q = number of single spin operators in product
a = 1 for q nuclei
a =0 for N-q nuclei
~ The time evolution of the product operators is described by the Liouville-von Neumann
equation applied to the spin density Opémbr (Slichter, 1980):
dos(®/dt = -i[Hs(t), 65®)] - T'{os(t) - 05(t0))
where H;(t) = nuclear spin Hamiltonian
['{o} = relaxation superoperator
The nuclear spin Hamiltonian includes interactions with time-dependent radio-frequency
(r.f.) fields, the Zeeman interactions with the local static magnetic field, and electron-
mediated interactions with other nuclear spin moments. .
Hs(t) = Hr.£.(1) + HZ + Hy
While the nuclear spin Hamiltonian also includes direct dipolar interactions and electric
quadrupole interactions, these interactions only contribute to relaxation and hence need not be
considered in the formalism of product operators for most NMR experiments.
Instead, dipolar interactions are included in the relaxation superoperator, along with -
chemical shielding anisotropy of the Zeeman interaction:
I {c®} = 0.5 N @DH-AOHIW, o®]
-where J(04) = power spectral densities
HA(t) = operators of dipolar interactions and chemical
shielding anisotropy | |
where q = irreducible tensor components and different types of -ﬂuctuat'mg
interactions.

Both dipolar interactions and chemical shielding anisotropies of Zeeman interactions are
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modulated by random molecular processes of the lattice. This relationship assumes that the

correlation times of the random processes are much less than t. In the case of isotropic

random motion with correlation time 'tc, the spectral densities are most simply described as:

27,
O T ony

For a weakly coupled two spin system in high field, dipolar interactions are also simplified:

Hp@) = He "*”(lh)[l 3c0s20KIO1Ikllz

where Lo = permeability of free space

Yk = gyromagnetic ratio of nucleu_s k

Y1 = gyromagnetic ratio of nucleus 1

rkl = distance between nuclei k and 1

©xkI(t) = angle of internuclear vector between nuclei k and 1 and the static magnetic

field | | \
The Zeeman interaction is modulated through the anisotropy of chemical shielding:
HCSA(®) = ZykBk()Ik
where Bk(t) = spherical componenté of ﬂﬁctuating random fields of the lattice.
All other relaxation mechanisms, including quadrupole interactions, are not included in the
relaxation superoperator, since these interactions aré'negligible in this dissertation. In the
absence of cross-correlation between dipolar and chemical shift ariisotropy relaxation
mechanisms (Boyd, et al., 1991) evaluation of the relaxation superoperator leads to the
following rates of longitudinal relaxétion (T1), transverse relaxation (T2), and the. nuclear
Overhauser effect (INOE):
(UTDk = d2[J(ek - @) + 33(@K) + 6@k + aD] + c2](mk)
/T2 = (d2/2)[4J (0 + J(ok - @p) + 6J(wk) + 3J(@)D + 6J(wk + )]
+ (c2/6)[31 () + 43(0)]

 NOEW =1 + (/d 261 @k + o) - Kok - oD}
where d2 =0.17Y? V?h2/(4n2)<1/r3k1>2
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c2=(2/15) Y? u3(o) +01)2
where 6| = chemical shift tensor parallel to static magnetic field
o = chemical shift tensor perpendicular to static magnetid field
In Fourier NMR spectroscopy, pulsed radio frequency fields are applied to nuclear
spin systems. The time-domain responses of the spin systems are detected and recorded as
the spin systems evolve under the influence of Zeeman interactions, scalar coupling
 interactions, and relaxation processes. Frequency-domain spectra are obtained by Fourier
transformation of these responses. These spectra are used to measure chemical shifts, scalar
couplings, and rates of relaxation. The application of each of these procedures towards the
research of this dissertation is outlined below. | |
Interactions with strong, nonselective r.f. fields are approximated to'be time- .
independent within a finite time segment by transformation into a coordinate frame rotating
at the Larmor frequency:
RH ¢ =-BIZ Yk {Ikx cost + Iy sin¢ }
where Bj =r.f. field strength
Yk = gyromagnetic ratio of nucleus k
¢ = pulse flip angle
Pulse programs were applied uSingré standard 500-MHz General Electric GN-500.
spectrometer or a standard 600-MHz Bruker AM)(—SOO'specuometsr. All pulse
experiments are outlined in Appendix 2. For 1N-T2 and 15N-1H NOE experiments using
the AMX-600 spectromeéter, the power of the 19N pulses was controlled by linking in
series the B-SV 10 X-nucleus low power amplifier output of the Spcctrbmeter toa3dB
power attenuator (Telonic model TAB-50C), a 50 watt linear RF power amplifier (ENI
model S50L), and the probe X-nucleus transmitter input of the spectrometer probe. The
BS-V 10 X-nucleus high power amplifier, the X fast switch unit, and the 3 dB attenuator at
the probe transmitter input of the spectrometer were disconnectcd. |

Correlations between coupled proton pairs were identified by performing double
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quantum filtered correlation spectroscopy (DQFCOSY) experiments (Muller, et al., 1986) -

(Figure 2.9). Elimination of zero quantum and odd quanta coherences was accomplished
by phase cycling (Bodenhausen, et al., 1984). Artifacts due to incomplete relaxation
‘between scans were reduced by careful selection of dummy scan phases and the order in
which the phase cycle was performed (Derome & Williamson, 1990). The resolution of
the DQFCOSY spectra was superior to COSY spectra due to suppression of single-
quantum diagonal resonances and the absorption-mode character of the diagonal in -
DQFCOSY spectra (Rance, et al., 1983). |

Correlations between uncoupled proton pairs which are coupled to a third “cen
proton were obtained by performing relayed correlation spectroscopy (RELAY) - |
experiments (Eich, et al., 1982). A 60 msec mixing time was used to optimize the intensity
of relayed magnetization and minimize the intensity of COSY é.nd diagonal resonances in-
helical residues (Bax & Drobny, 1985). A composite 180° pulse was used to more
accurately remove chemical shift effects from the mixing time (Levitt, 1986). These
experiments were particuiarly useful for assigning spin systems in which an o proton was
degenerate with another o proton (Wagner, 1983) (Figure 2.9).

Coupled proton networks wére mapped using total correlation spectroscopy
(TOCSY) experiments (Braunschweiler & Emst, 1983). The MLEV; 17 isotropic mixing
sequence was used with the GN-500 spectrometer (Bax & Davis, 1985). The “clean”
MLEV-17 mixing sequence was used with the AMX-600 spectrometer, which suppressed
cross relaxation caused by non-ideal pulses (Griesinger, 1988). The isotropic mixing time
was set to 100 msec to optimize the coherence transfer for helical residues in peptides
(Cavanaugh, et al. 1990). Complete assignments of individual spin systems were
straightforward (Figure 2.9).

Double quantum coherences can be mapped by performing double quantum
correlated spectroscopy (2QCOSY) experiments (Braunschweiler, et al., 1983). A

composite 180° pulse was used to more completely remove chemical shift



Figure 2.9. Schematic representation of DQFCOSY, RELAY, and TOCSY spectraof
typical alanine, serine residues above the diagonal, and a typical lysine residue below the .
diagonal. The o proton resonances of the serine and alanine residues are degenerate.
DQFCOSY cross peaks are shown as white squares, RELAY cross peaks are shown as
black squares, and TOCSY cross peaks are represented by white, black, and gray squares.
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effects from the mixing time (Levitt, 1986). The 45° read pulse attenuated responses from

passive spins (Mareci & Freeman, 1983). Since responses from directly coupled spins
(Type I responses) are observed at the sum of their chemical shifts in the evolution

~ dimension, two uncoupled, overlapped resonances are separated by the chemical shift
differences of their coupled spins (Martin & Zektzer, 1988). This experiment was
particularly useful for resolving resonances in the crowded aliphatic region of the spectrum
of Max (Wagner & Zuiderweg, 1983) (Figure 2.10).

Correlations between directly bonded 1H and 15N nuclei were identified by
heteronuclear multiple quantum correlation (HMQCJR) spectroscopy experiments (Bax, et al,,
1983). A 180° refcicusing pulse during the evolution period was incorporated into the pulse |
sequence to suppreés signals from protons that are not attached to 15N (Sklenar & Bax,
1987). The phase cycle also served to suppress signals from protons not attached to 15N
(Cavanaugh & Keeler, 1988). -_ '

Nuclear Overhauser effects between pairs of protons closer than 5 A were measured
using two dimensional NOE spectroscopy (NOESY and NOESYJR),experimentﬁ_ (Kumar, et
al., 1980). Mixing times between 250 and 350 msec resulted in small, negative NOE cross
peaks, indicating that the overall correlation time of the peptides described in this dissertation
was greater than ((no)'l.' Spectra were recorded at temperatures at or below. 25°C, so that the . -
overall correlation time of this small peptide remained greater than (wQ)~ 1? prqducing spectra
with greater negative NOE intensities than in spectra recorded at high_ef temperatures. Zero-
quantum artifacts were negligible. at these mixing times (Macura, et al., 1981) and did noi '
require a suppression scheme. |

Degenerate protons can be resolved by performing a NOESY-HMQC spectroscopy
experiment (Marion, et al., 1989). This three dimensional experiment combines the two
dimensional NOESY and HMQC experiments by superimposing the NOESY detection
HMQC evolution periods. NOESY responses in the 2D (w1, ®3) planes
are separated in the @) dimension by the frequency of the 15N attached to the proton of the
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Figure 2.10. Methyl region of 2QCOSY spectrum of Max. Methyl resonances and
resonances correlated with these methyl groups are equidistant from the F1 =2m2
diagonal. : :
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Figure 2.11. Schematic representation of NOESY-HMQC spectrum, along with the
relationship between the complete three dimensional spectrum and the two-dimensional

strip plot of the 3D matrix. ‘A schematic representation of the homonuclear 1H 2D
spectrum is shown for comparison. See also Figure 6.6.
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3 dimension (Figure 2.11). This experiment was preferred over the HMQC-NOESY
experiment (Zuiderweg, et al., 1990; Ikura, et al., 1990) for macfomolecules, since NH-
aH NOE connectivities are easily detected in the presence of a large water signal (Fesik & -
Zuiderweg, 1990). The initial t evolution period was optimized to eliminate a linear phase
correction in this dimension (Bax, et al., 1991).
15N relaxation rates were measured by 19N-T} and 15N-T3 spectroscopy

experiments (Barbato, et al., 1992). Two refocused INEPT-type sequences are employed
to transfer magnetization from the directly bound proton to the backbone amide nitrogen -
and back to the bound proton for detection. The amplitude of the response is attenuated by
the T1 or T2 CPMG relaxation period between the magnetization transfers. Scrambling
pulses and 1H 180° refocusing pulses during the relaxation period are employed to reduce
the cross-correlation between dipolar and chemical shift anisotropy relaxation mechanisms
of T2 relaxation rates (Boyd, et al., 1991). The experiments are‘indebendent of the delay
time between scans (Sklenar, et al., 1987). The 15N-1H NOE was measured using the
I5N-1H NOE spectroscopy experiment (Barbato, et al.; 1992). Spectra were recorded in
the presence and absence of 1H saturation during the relaxation delay. A 20 msec
scrambling pulse was applied at the end of the relaxation delay in both experiments to
: suppress the water signal. While the scrambling pulse led to a truncated NOE effect in the
experiment recorded in the absence of 1H saturation, this effect is negligible when
compared to 15N-1H cross relaxation times.  The relaxation delay was set to 7 seconds to
ensure that the 19N magnetization had reached equilibrium between scans. -

| All' 1D épecua were recorded with a sample spinning along the axis of the static
magnetic field to average field inhomogeneities perpendicular to the static magnetic field
(Chmurny & Hoult, 1990). All 2D spectra were collected with a non-spinning sample to
reduce t]-noise in the evolution dimension (Mehlkopf, et al., 1984). Phase-sensitive two-
dimensional (2D) spectra may be recorded using time-proportional-phase-incrementation

(TPPI)-(Marion & Wiithrich, 1983) or may be obtained from hypercomplex data sets (States,
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et al., 1982). All 2D spectra were recorded using TPPI, since TPPI places axial artifacts at
the edge of the spectrum {at the Nyquist frequency (®N)}, and TPPI places resonances (k)
outside the spectral window (0k > WN * @r f) at 20N - Wk, simplifying assignment of these
resonances (Keeler & Neuhaus, 1985). Suppression of the water signal was most often
achieved by using continuous low-power irradiation at the chemical shift of water during the
relaxation delay, and during the NOESY and NOESY-HMQC mixing time. However, signal
intensities of peptide protons exchanging with water protons are attenuated by irradiation at
the water chemical shift (Hosur, et al., 1983). HMQCIR spectra and additional NOESY
spectra were recorded using a 1-1 jump-return detection pulse to suppress the water signal
without attenuating intensities-of exchangeable peptide protons (Hore, 1983). Sigmoidal
baseline curvatures of these 1-1 jump-return spectra were reduced by doub‘liﬁg the swéep
width of the acquisition dimension (Stejskal & Schaefer, 1974; B. Wimberly, personal
communication). Scrambling pulses were employed in the 15N-T], 15N-Ty, and 15N-1H
NOE pulse sequences to suppress the water signal (Messerle, et aL., 1989).

Homonuclear spectra were ﬁrocessed using FTNMR (Hare Research, Inc.) on a Micro
- Vax II computer or FELIX (Biosym Technologies, Inc.) on a Silicon Graphics Iris UNIX
computer.. Two-dimensional data sets were-apodized with squared sine bell filters, phase
shifted by n/3 to 2n/3, and skewed by 0.5 in both dimensions (Lindon & Ferrige, 1980;
Emst, 1966). DQFCOSY and RELAY data sets were apodized with unshifted filters (Bax &
Davis, 1985). All data sets were zero-filled to double the resolution in the evolution
dimension (Bértholdi & Emst, 1973) and to produce symmetrical matrices. - Baselines were
corrected using a fourth order polynomial or by convolving baseline points with a moving
average and applying a straight-line correction to non-baseline intervals. The first data point

1  initialt,

in t] was multiplied by (—2—+ T dwell

) to suppress t] ridges (Otting, et al., 1986). -

Heteronuclear 2D and 3D spectra were similarly processed, with thevapplication of a linear
prediction algorithm (Marion, 1989) in the evolution dimension(s) before the matrix was zero- -

filled. This algorithm served to double the spectral resolution along the evolution
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dimension(s) by extrapolating additional points from décaying end of the existing time-domain
data. 4 ,

The static magnetic ficld was defined to be the .prOduct operator z-axis. Ttus
reduced the complexity of the Zeeman interaction to scalar terms:
Hz = ZQklkz
where €2 =k - 0 f = chemical shift

where @k = frequency of spink |

or f. = radio frequency

1 chemical shifts were referenced to TSP. 19N chemical shifts were indirectly referenced
to TSP (Live, et al., 1984). Specific types of protons usually resonate in specific regions
of the 1H NMR spectrum (Wiithrich, 1986), as demonstrated.in the one dimensional
spectrum of Apa-MS (Figure 2.12). Disregarding ring-current effects, o protons within a
helix have been shown to resonate about 0.4 ppm upfield from their random coil chemical -
shifts (Szildgyi, & Jardetzky, 1989). Also, o, protons near the helix N-terminus have been
shown to resonate upfield from helix C-terminal o protons (Williamson, 1990). For amide
protons, the C-terminal end resonates upfield. The distributions of helical chemical shifts .
of peptides studied in this dissertation qualitatively agreed with these analyses (Figure
2.13). o protons resonafed an average of 0.27 £0.13 ppm upfield from random coil -

. chemical shifts. Disregarding the first few N-terminal residues, the o pfqtons closer to the:
helix N-terminus resonated upfield from helix C-terminal o protons (relative to random coil
~chemical shifts), while the opposite trend was observed for amide protons. However, the -

pattern of chemical shift differences for the first few helix N-terminal residues ivas
significantly different from the pattern for the rest of the peptide. Similar patterns of
chemical shift differerices were observed in the péptides with an N-terminal disulfide
framework and a peptide with a C-terminal disulfide framework, indicating that the patterns
are independent of the framework. The patterns are most likely due to the absence of

hydrogen bonds for the first few helix N-terminal residues.
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Figure 2.13. Chemical shifts of helical residues of peptides studied in this dissertation
relative to random coil chemical shifts. Residues were determined to be helical based upon
o carbon positions of energy-minimized average coordinates of distance geometry ’
ensembles (a structural interpretation of observed helical NOE patterns), hydrogen bonds
from slow amide exchange rates. Helical residues were as follows: Apa-MS5, residues 9-
17; Apa-Cro, residues 9-18; Max, residues 2-9; Apa-AlaN, residues 9-19. The ordinate
reflects the position of the residue relative to the helix N-terminus. Random coil values,
obtained from Wiithrich, 1986, were measured from spectra recorded at 20°C and pH=7.0.
Chemical shifts of lysine were used for ornithine. Peptide chemical shifts were measured
from spectra recorded at slightly different temperatures and pHs (Appendix 3). A 3-point
smoothing routine was applied to the data to suppress effects of the disulfide framework.
A. o proton chemical shifts. B. Amide proton chemical shifts.
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Degenerate protons were assigned as a pseudoatom (Wiithrich, et al., 1983).

Resonances were assigned to each proton by the main-chain directed method (Englander &
Wand, 1987). The patterns of NOEs of helices and reverse turns were particularly useful
in the application of this assignment method (Billeter, et al., 1982) (Figure 2.14).. The
s;equentiaI assignment method (Wiithrich, et al., 1982) was then applied to the TOCSY
experiment (Davis & Bax, 1985) to resolve ambiguities of the main-chain directed method.
Slight differences in chemical shifts of Apa-M5 at 0° and 25° served to resolve. overlapped
chemical shifts, making possib_le full chemical shift assignments. The dependence of amide
. proton chemical shifts upon temperature may be indicative of hydrogen-bonds (Dyson, et
al., 1988). However, the temperature dependence of amide proton chemical shifts of the
peptide Apa-Ala were not correlated with hydrogen bonds deduced frorh slow amide proton
exchange rates (Figure 2.15). This agrees with similar analysis of peptide Apa-S25 -
(Storrs, et al., 1992). 15N resonances were assigned to peptide backbone amide nitrogens
based upon couplings to 1H chemical shifts in the NOESY-HMQC spectrum. All chemical
shifts are listed in Appendix 3.

- Electron-mediated interactions with ofher nuclear Spinsb, restricted to weakly -
coupled spin systems, results in a simplified Hamiltonian describing scalar coupling:
Hy = Z2nJIkl]
where Jk] = scalar coupling constant . ,

The value of Ji] is dependent upon the dihedral angle between the coupled nuclei k
and 1 (Karplus, 1959). For I;eptides, the JNH-aH coupling constant is dependent upon the @ -
backbone angle (Pardi, et al., 1984). However, this function is not single-valued, and Ji]
below 7 Hz cannot be interpreted as an.unambiguous distance cbnstraint; Scalar coupling
constants of amide protons of the peptide Apa-Ala were measured from one dimensional |
spectra apodized with unshifted, skewed squared sine bell filters (Figure 2.16). Since almost
all coupling constants were less than 7 Hz, distanée constraints were not derived from

coupling constants. Similar results were observed for the other peptides of this dissertation.
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Fighre 2.14. Distances within helices which give rise to NOE intensities.
dNo = intraresidue distance between amide proton and o proton

dNPB = intraresidue distance between amide proton and B proton

doN = distance between o proton and amide proton of next residue

dBN = distance between B proton and amide proton of next residue
dNN = distance between amide proton and amide proton of next residue

daNj4+3 =distance between « proton of residue i and amide proton of residue i+3
dofi4+3 =distance between o proton of residue i and B proton of residue i+3
daNj4+4 = distance between o proton of residue i and amide proton of residue i+3
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Figure 2.15. Amide proton chemical shift temperature coefficients of Apa-Ala residues. -
Coefficients were determined from spectra collected over the temperature range 10°C -

. 40°C. Solid bars represent amide protons in hydrogen bonds (deduced from slow amide
proton exchange rates), while hatched bars represent amide protons that are not part of
hydrogen bonds. Bars are missing for those residues which could not be evaluated due to
overlapping resonances. Coefficients below 5 ppt/K (horizontal line) have been

~ considered as evidence that these amide protons are hydrogen bonded. -
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Figure 2.16. The scalar coupling constant JNH-oH of the residues of Apa-Ala. Bars are
~ missing for residues which could not be evaluate;d due to overlapping resonances.
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Analysis of NOESY experiments led to the identification of sequential and

nonsequential interresidue NOEs. In the description of the NOE relaxation rate, the |

spectral densities were approximated by the rigid-body motion at a single correlation time. |

The influence of internal motions faster than the Larmor frequency introduces an average

deviation of 10% in distances derived from the rigid-body approximation (Lane, 1988;

Keepers & James, 1984). Internal motions slower than the Larmor frequency may

introduce larger distance deviations. Also, the description of the NOE was limited to

| dipolar interactions between pairs of spins. If additional spins are present, NOE iritcnsities
may not be accuratély correlé.ted with distance due to spin diffusion involving the additional
spins (Noggle & Schirmer, 1971). In particular, the effect of spin diffusion at longer
mixing times leads to systematic underestimation of distances longer than 4 A (Madrid, et -
al., 1989; Keepers & James, 1984). To aQoid inaccuracies in distance measurements from
NOE intensities, the intensities were qualitatively categorized as strong, medium, or weak
by comparing intensities within the same NOESY spectrum (Havel & Wiithrich, 1984).
The strong, medium, and weak NOE intensities were interpreted as short (1.8 A<d<2.5
A), medium (1.8 A< d<3.5 A), and long (2.5 A < d < 5.0 A) distance constraints,
respectively. The categorization of intensities within the 250. msec NOESY spectrum was
identical to the categorization within the 350 msec NOESY spectrum. This indicated that

- spin diffusion was not problematic for the qualitative categorization of NOE intensities for
this peptide of small size and short rotational correlation time. Furthermore, spin diffusion
is unlikely to lead to false identification of secondary structure elements, the principle . -
purpose of the NMR spectroscopy of this dissertation (Lane, 1988; Wiithrich, et al., |
1984). NOE cross peak intensities involving pseudoatoms were scaled by the number of
protons within the pseudoatom (Ying, 1990). ’

Amide exchange rates were determined by -dissolving protonated peptide in 99.9%

D20, pD=2.8 (uncorrected for the isotope effect), below 25°C. One dimensional spectra were

sequentially recorded over 1 hour, and decreases in resonance intensities were determined.
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2.4 Distance Geometry

- The distance geometry algorithm can be used to translate distance information from
NMR spectroscopy data intb structural information (Crippen & Havel, 1988). However,
the distance constraints from NMR data are not sufficient to fully characterize a peptide
structure. An ensemble of pepti&é structures can be calculated using distance geometry
which are consistent with the NMR data. Provided that the ensemble is sufficiently large
and properly randomized (Metzler, et al.,.1989), the gedmetric properties displayed in all
members of the ensemble must be a necessary consequence of the NMR data (Crippen,
1977). The local geometric properties of the ensemble are generally more accurate than the:
global geometric properties, since the NMR data consists of short-range distances (Patel, et
al., 1987). Thus, the conclusions drawn from distance geometry structures in this |
dissertation concentrate upon well-defined local secondary structures.

The distance geometry algorithm can also be used to assess whether the NMR dafa _
correctly represents a single structure. The distance constraints that are consistently
violated in an ensemble of distance geometry structures are identified as being geometrically
inconsistent with the remainder of the NMR data. These violated distance constraints can -
be reevaluated to- determine if the constraints are in error, or if the constraints are derived
from more than one stable conformation of the peptide (Kim & Prestegard, 1989).

The DG-II program package (Biosym Technologies), based upon the EMBED
_disténce geometry algorithm (Havel, et al., 1983), was used to calculate peptide structures
and verify the geometric consistency of the NMR data. The first step of the algorithm is the
construction of a bounds matrix, a matrix representing the upper distance bound and lower
distance bound between each atom of the peptide. Many upper and lower distance bounds
are derived from the local covalent structure of the peptide. Protons which are degenerate
in the NMR spectrum'are defined as a pseudoatom (Wiithrich, et al., 1983). Prochiral

pairs, such as nondegenerate methylene protons and geminal methyl groups, are also
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defined as pseudoatoms, and the longer upper bound and shorter lower bound are used in |
- the matrix. Distances between directly bonded atoms and geminal atoms .are exact, and the
upper and lower bounds are equal. Chiral atoms and distances between vicinal atoms are

also used to determine upper and lower bounds. In the distance geometry performed in this

dissertation, upper and lower bounds between the B-carbons of the disulfide bridges were
also included. These bounds hold the CB-S-S-CB dihedral angle at a standard
conformation of approximately + (90 + 10 degrees) (Richardson, 1981). All other lower
bounds are set to the sum of the hard sphere radii of each pair of atoms. All other upper
bounds are set to 1000 A, essentially providing no upper constramL

Upper and lower distance bounds are also derived from the NMR data. Hydrogen
bonds were deduced from slowly exchanging amides. The small size of the peptides in this
dissertation allows solvent accessibility to most residues, and therefore slow amide
exchange is not likely due to burial of the amide proton‘within the peptide fold (Englander
& Kallenbach, i984). The distance between the amide proton and carbonyl oxygen of each
hydrogen bond was setto a lower bound of 1.8 A and an uppér bound of 2.0 A (Chothia, . -
| 1984). Thc strong, medium, and weak NOE intensities were interpreted as short (1.8 A<
d<2.5A), medium (1.8 A <d<3.5A), and long (2.5 A <d < 5.0 A) distance
constraints, respectively.

The disparity between upper bounds and lower bounds is especially large for long
distances, since short-range distances are used to construct the bounds matrix. Smoothing
of the bounds matrix improves the accuracy of the bounds, especially the bounds of longer
distances. Bounds smoothing can also identify geometric inconsistencies within the NMR -
data. The triangle inequality is exhaustively applied to the bounds matrix using Floyd’s
shortest-paths algorithm, which reduces computation time to a value proportional to N3
(where N is equal to the number of atoms) (Dress & Havel, 1988). Tetrangle inequalities -
are then applied to the bounds (Easthope & Havel, 1988). While the tetrangle inequalities

. provide only slight improvements to the accuracy of the bounds matrix, these inequalities
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are much more effective in dcterminihg inconsistent bounds than triangle inequalities.
Since an exhaustive application of tetrangle inequalities requires computation time
proportional to N4 and 16N2 bytes of memory, tetrangle inequalities were limited to
quadruples of atoms in sequential residues only. ,

Distances between each pair of atoms are determinéd through the procedure of
metrization. A pair of upper and lower bounds is arbitrarily chosen, a random distance.
between these bounds is selected, and this value is substituted for the chosen upper and \
lower bounds in the matrix. Triangle inequalities are then reevaluated. This pfocedure is
repeated until all.distances have been selected. Since triangle inequalities, proportional to
N3, must be evaluated N(N-1)/2 times, a variation of this prOcedure; termed prospective
metrization, was performed in this dissertation. A single atom was arbitrarily chosen, a -
random value between the upper and lower bounds is selected for each distance between
the chosen atom and all other atoms, and these values are substituted for their upper and
lower bounds. This procedure changes the values only along the row and column of the
bounds matrix for the chosen atom. Triangle inequalities are reevaluated, and metrization is
then repeated until all distances have been selected. The prospective version of metrization
- reduces computation time by a factor proportional to (N-1).

Scalar distances are then converted into four-dimensional tensors by the process of
embedding. The bounds matrix is diagonalized and the four largest eigenvalues and
corresponding eigenvectors define the four-dimensional space. Atomic coordinates of the
structure are generated usihg these eigenvectors. A fourth dimension was used in t_he :
determination of the three-dimensional structures of peptides in this dissertation. The =~ - -
fourth dimension allowed more than one atom to exist at'thé sarhe three-dimensional
coordinates in this early stage of structure calculatioﬁ. In latter stages of refinement, the
dimensionality is reduced to three.

" ‘These initial coordinates do not satisfy all of the original constraints. The-process .

of majorization refines these coordinates by minimizing the distances between coordinates
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to the randomly chosen distances of the bounds matrix.  This minimization was not
weighted to improve the speed of the calculation.
The coordinates are further optimized using a simulated annealing protocol and the
following error function:
F=YA’+Y B’ +§N;w§
inj ij i=1
2,0, iflp,-pJ > 2,
S N 7 e
B.=0. if fo. -] <ui,

Bis={Ps _er -uly if fe, '.pjr > ui.

pP;-P JI= root mean square distance between the three dimensional coordinates of

where |

atomsi and j

ljj = lower distance bound

ujj = upper distance bound

wj = coordinate of fourth dimension
Only distance bounds from th¢ disulfide bridges, hydrc;gen bonds, and NOE distance
constraints are evaluated in this error function. The system is heated to 200K in
approximately 10 steps and cooled in 25000 steps, with a step size of 3 psec and atomic
masses of 1000 Daltons for all atoms. The use of very heavymésses allows for a very
long step size, which causes the annealing to sample larger regions of .cor;formation space -
and follow the large4séale contours of the error function instead of local fluctuations
(Briinger, 1990). The fourth dimension allows atoms to exist at or near the same three-
dimensional coordinates during the early steps of annealing. The coordinate of the fourth -
dimension is eventually reduced towards zero.

To obtain the final structure, the four dimensional coordinates are projected into
three dimensions, and the error function is minimized usmg 250 iterations of conjugate

gradients, with early termination only if the RMS gradient norm falls below 0.001. Atomic
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distances are compared to the bounds matrix to identify upper or lower bounds which are

consistently violated in all structures of the ensemble, or to determine if the maximum
violations of the constraints consistently exceed 0.5 A. The distance constraints of all
apamin hybrid sequence peptides were found to be geometrically consistent using these
criteria. The upper bounds of five distance constraints of Max were consistently violated in
an ensemble of calculated structures. Each of these distance constraints was derived from
an NOE cross peak with intensity that was very close to the minimum reqmred for
classification as representing medium-range distances. These five NOE cross peaks were
- reclassified as representing long-range distances, and the corresponding distance
constraints were changed. ‘No upper or lower bounds were consistently violated in the
ensemble of structures calculated with the new distance constraints.

Many applications of molecular modeling in this dissertation required a single
structure which best represented the NMR data. An average structure was calculated from
the ensemble of distance geometry structures by calculating the average of the coordinates
of each atom in the ensemble. However, this average structure contains non-physical bond
lengths and angles for those atoms that were not constrained by the bounds matrix, such as
the hydrogens of methyl grbups. The average structures were improved by performing
energy minimization using a physical forcefield. Energy minimization was also used to
iniprove crude constructions of other molecular models, especially those of biomolecular
interactions (Mackay, et al., 1989).

The CVFF89 forcefield and Insightll and Discover program packages (Biosym
Technologies) were used for molecular modeling. The physical forcefield includes penalty
functions for bond lengths, angle, dihedral angles, and chirality. Cross terms between
these penalty functions were not included, since the improvement in accuracy did not
justify the lZO%’increése in computation time (Ermoer, 1976). A nonbonded electrostatic.
term was also not included, since the~ca1¢u1ation was performed in vacuo (Warwicker,

1986). A nonbonded van der Waals term was included, using a Morse potential, an
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approximation of the Lenna_rd-] ones 6-12 potemial'that is also computationally efficient.
Evaluaﬁon of the van der Waals term was limited to atom pairs separated by less than 8.5 A
in the initial structure, and the term was linearly damped to zero using a quintic spline
function for distances between 6.5 A and 8.5 A (Brooks, et al., 1985). The first 100 steps
of each minimization used the steepest descents algorithm, while the conjugate gradients
| algorithm was used until the largest gradient was less than 0.1 kcal mol-1 A-1.

Minimization was performed with all non-hydrogens fixed, followed by minimization with
all non-hydrogen backbone atoms ﬁxed, and concluded with minimization with no atoms

fixed (Roberts, et al., 1986).
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Domains from a variety of proteins have been discovered which retain the ability to
interact with other proteins, even when separated from the remainder of the parent molecule
(Cox, et al., 1985). In some cases, in spite of the fact that they retain the ability to make
sequence specific contacts, it appears that these domains are unfolded when present alone
in solution. This makes it difficult to estéblish the conformation of the "active", bound
form of the domain. One such domain is the M5 peptide from skeletal muscle light chain
myosin kinase, which is kx_iown to bind tighdy to calmodulin in a Ca+2 dependent way .
(Kennelly, et al., 1987). Previous NMR and CD studies showed that the M13 peptide, an

analog of MS containing an additional nine C-terminal residues, behaves as a random coil
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alone in solution, but a large increase in helical CD upon complex formation suggested that -

it forms an a helix when bound to calmodulin (Klevit, et al., 1985). Furthermore, the
solution structure of the complex formed by calmodulin-and M13 has been determined
recently using 3D NMR spectroscopy (Ikura, et al., 1992). The results of this chapter
establish that the M5 peptide also binds tightly to calmodulin as a helix in a Cat2 dependent
fashion. '

It has been shown that a disulfide framework, taken from the bee venom peptide -
apamin, can be used to make hybrid sequence peptides with defined conformations and B
high stability (Pease, et al., 1990). This chapter describes the application of this approach
to make a hybrid sequence peptide. consisting of the apamin and M5 peptide amino acid
sequences. The structure of residues 1 to 15 of this hybﬁd seqﬁence peptide are shown to .
be very similar to other hybrid sequence peptides of similar design. The remaining
residues are shown to be in an equilibrium between a helix and a random coil. The results

of this chapter show that the hybrid sequence peptide approach can be used to define the
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bound conformation of biologically active peptides.

2 Peptide Design

The amino acid sequences of apamin, M13, M5, and the hybrid Apa-M5 are shown
in Figure 3.1. The hybrid peptide numbering scheme will be used to refer to residues in
the remainder of this chapter. The hybrid peptide was made by fusing the eight amino

" terminal residues of the bee venom peptide apamin with .the sequence of MS5, modified to
msert two cysteines required to make stabilizing disulfide bridges. The sequence fusion
chosen for the Apa-M5 hybrid was based upon the known reciuirement of W13 and F17
residues in the peptide, which has been previously established by the sequence homology
of amphiphilic peptides which bind calmodulin (Cox, et al., 1985). The postulated |
formation of a helix by M5 upon binding, and the requirement for hydrophobic amino acids
W13 and F17, led to the hypothesis that M5 forms an amphipathic helix in the bound state.
For this reason, the cysteine residues required for disulfide bridge formation, were placed
into the peptide sequence at positions 11 and 15. In other hybrid sequence peptidés, these
disulfide bridges and additional residues from the apamin framework are proximal to
residues 11, 12, and 15 of the helix and do not contact residues 13 and 17. Drawn as an
Edmundson helical wheel projection, this then puts W13 and F17 ﬁﬂy exposed on one
face of the helix, while the disulfide bridges and apamin framework are positioned along

the face of the helix that was previously hydrophilic (Figure 3.2).
3.3 Peptide Structure
The CD spectrum of the oxidized hybrid peptide is very similar to that of apamin,

with a minimum at 208 nm and a shoulder at 222 nm (Figure 3.3) (Hider & Ragnarrson,
1981). This spectrum has the general character of that from an o-helix, but must have
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1 5 10 15 20 25
| 1 | | | |
(. — ]
Apa-M5: CNCKAPETAKCRWKCNFIAVSAANRFG
7 ] 1
Apamin: CNCKAPETALCARRCQOQH
MS5: - KRRWKKNFIAVSAANRFG .
M13: | . KRRWKKNFIAVSAANRFKKISSSGAL

Figure 3.1. Amino acid sequences of Apa-M$5, apamin, the M5 peptide, and the M13
- peptide, along with the corresponding numbering scheme of Apa-MS5. Disulfide bridges
are indicated above the sequences of Apa-MS$ and apamin.



Figure 3.2. An Edmundson helical wheel projection of Apa-MS5. This crude representation
views the helix along the helix axis from the N-terminal end. The helical wheel depicts the
radial distribution of side chains along the cylindrical helix surface. W13 and F17, which
have been shown to be necessary for binding, are shown in bold. C11 and C15, which
form disulfide bridges with the apamin framework, are shown in outline.
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Figure 3.3. The circular dichroism spectrum of Apa-MS5 shown as a solid line. CD
measurements were carried out-on a Jasco J500 spectropolarimeter using a 0.2 cm
pathlength cell. Samples were approximately 40.8 mM, in 1.0 mM MOPS buffer and 100
mM NaCl at pH=7.0 and 25°C. Scans were taken from 250 to 205 nm in 0.2 nm steps
with a 1.0 nm bandwidth. Sixteen scans were averaged for each spectrum, the spectrum -
was further processed with a three-point smoothing routine, and an identically-processed
spectrum of the solvent was subtracted. The first derivative of the spectrum is shown as a
dotted line.
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contributions from the B-turn and loop in apamin as well, since the 208 nm / 220 nm ratio
and the shape of the CD spectrum are significantly different from purely helical peptides
(Johnson, 1990). However, the spectrum shape is very reproducible among the hybrid .
'sequence peptides, and seems to be ihdicative of the folded core structure (Pease, et al.,
1990). The ©222 observed corresponds to approximately 42% of the peptide being helical
at 25°C (Johnson & Tinoco, 1972). In light of the NMR data presented below, it appears
more likely that there are some residues which are fully helical, but others whieh are in an
equilibrium between helix and coil. The CD spectrum shows a slight linear decrease in
intehsity upon raising the temperature to 75°C (Figure 3.4). The similarity between the CD
spectra at 25°C and 75°C and the display of no cooperative, global unfolding between 25°C
and 75°C indicates that the Apa-M$5 structure 1s stable towards thermal denaturation. The
CD spectrum shows a non-linear increase in intensity upon lowering the temperature to
0°C, indicating that a different stable conformation exists at low temperature (Figure 3.4).
Since the CD spectra of similar hybrid sequence peptides show a linear dependence upon
temperature between 0°C and 25°C, the low-temperature conformation Apa-MS5 must
involve the side chain of at least one residue unique to Apa-MS5 among hybrid sequence
peptides. Stabilizing interactions involving side chains almost always occur between i,i+4
residues, as discussed in chapter 1.2 and evidenced by other results (Ghardiri & Choi,
1990). Based upon NMR spectroscopy (discussed below) the conformations at 0°C and
25°C are identical for the first 17 residues; therefore, the stabilizing interaction occurs
beyond residue 17. While the stabilizing interaction in Apa-MS5 was not characterized,
candidates for an (i,i+4) side chain interaction beyond residue 17 are limited to (S21, R25)
and (N24, C-terminus”28”). |

The NMR assignments for the peptide were straightforward to obtain, taking
advantage of the temperature eependent chemical shifts (Appendix 3). The tracing of the
assignments of the amide regien is shown in Figure 3.5. A summary of the sequential = -

connectivities observed, and longer range contacts in the helix are shown in Figure 3.6.
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Figure 3.4. The temperature dependence of the Apa-MS circular dichroism intensity. CD
measurements were carried out as described in Figure 3.3. Error bars represent the

standard deviation of five measurements at each temperature. The temperature was varied

between each measurement, and the same sample was used for all measurements. The
linear least squares fit of the data from 25°C to 75°C is also shown.
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3.5. NOESY spectrum of Apa-M5. The sample was 10.8 mM in 90% H20/10% D20, at
0°C. Data were collected and processed as described in chapter 2.3. Only the downfield
region of the symmetrical 5208 Hz spectrum is displayed. Sequential NOEs within the
helix and reverse turn are labeled.
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Figure 3.6. A summary of the sequential and long-range NOE connectivities observed in
the NOESY spectrum of Figure 3.5. The sizes of the bars reflect the relative NOE
intensities, and question marks reflect indeterminable NOE intensities due to resonance
degeneracies. :



64

The types of connectivities observed are exactly the same as those in both apainin (Pease &
Wemmer, 1988) and the Apa-S hybrid (Pease, et al., 1990) for the first 16 residues at 0°C
and 25°C. These include the «H-NH-NH-NH connectivity characteristic of the type I B-
turn, and i,i+2 connectivity at the beginning of the helix, and the continued NH-NH |
connectivities in the o-helix from residue 9 through residue 16. The présence of the helix
is verified by a number of i,i+3, aH-NH, and aH-BH connectivities, which are normally
seen in this secondary structure. Additional tertiary NOEs are observed which indicate that
the fold of ihe first 16 residues is very similar to apamin (Pease & Wemmer, 1988) and the
Apé-S hybrid (Pease, et al., 1990). These include contacts between‘residues C3 & P6, P6
& R12, and C3 & C15.

~ Partial NOE connectivities in the NMR spectra of the Apa-M5 hybrid indicate that
the helix continues towards the end of the peptide. Due to o§er1ap in chemical shifts, there
are some residues for which the helical NOE cdnnecﬁvities cannot be observed. Given the
number of interspersed helical NOE conhectivities, it seems most likely that the helix |
propagates in a cooperative fashion from the section nucleated by the formation of disulfide
bonds (residues 9-15). However, beginning at residue 16 immediately after the last cystine
residue, there is an increase in the intensity of the NH-oH NOEs. This indicates that there
- is an equilibrium Benaveen helical and random coil states from residue 16 through 27. -
Although the chemical shift overlap makes it difficult to assess the helical state of several
residues near the end of the sequence, the presence of the 1,i+3 connectivity between
residues 20 and 23 strongly supports the idea that there is a continuous helix at least
- through residue 23. If the helix propagates to the end of the peptide, residues 24-27 would
form the last helical tumn. While the backbone amides of these residues would be involved
in the helix hydrogen bond network, the backbone carbonyls of these residues would not
be involved in backbone or side chain hydrogen bonds, and thus ‘the stability of this last
turn of helix is not expected to be as great as the interior tums of helix. The lack of
structural stability of tﬁe lést turn has been observed in a variety of other short helical



peptides (Finkelstein, et al., 1991). Thus, it appears likely that the 42% helical content at

25°C corresponds in reality to residues 9-15 which are fully helical and residues 16-27
which are helical in 40% of the molecules.

This behavior is somewhat different from what was seen in the Apa-S hybrid
(Pease, et al., 1990). In that case there was a high helical content near the disulfide
stabilized section, but then a clear loss of helix well before the C-terminus of the peptide,
with a dynamic disordering leading to a complete loss of observable NOEs for the C-
terminal residues. This behavior correlates well with the helix stop signal characterized in
~ this segment of the molecule (Rico, et al., 1983; Kim & Baldwin, 1984). It has recently
been shown that the helix can be pusheﬂ through this stop signal by the presence of high
TFE conccntra_tions in the solvent (Storrs, et al., 1992). In the Apa-MS5 hybrid, the helix
seems to propagate further into the sequence, perhaps not terminating until the last residue.
However, the fraction of molecules with a full helicél length is approximately 40%.

Twenty distance geometry structures were calculated using distance constraints for
the first 17 residues. NOEs from residues 18 to 27 were not included since the equilibrium
‘between helical and random coil states from residue 18 to 27 indicated that the NOEs were
not derived from a single structure. The 20 structures display a well-defined backbone
conformation for the first 17 residues (Figure 3.7). The backbone RMS difference
between residues 1 to 15 of Apa-MS5 and apamin, 1.35 A, is greater than the backbone
RMSDs of the first 15 residues of the Apa-MS5 ensemble, 0.56 A +0.25 A. This
difference between the Apa-M5 ahd apamin structures is primarily due to the displacement
of residues 1, 2, 5, and 6 of Apa-MS5 relative to apamin (Figure 3.8). However, the .
backbones of the helices, from residues 9 to 15, of Apa-MS5 and apamin are
indistinguishable within the limits of resolution of the NMR data.

4 Peptide Function

CD studies were conducted to examine the bound conformation of Apa-M5
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- Figure 3.7. Stereoview of the 20 distance geometry structures of the first 18 residues
of Apa-MS5 showing the backbone and disulfide bridges. All structures were
superimposed by a separate least-squares fit of all backbone atoms of each of 19
structures to one structure.
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Figure 3.8. Comparison of energy minimized average coordinates of the Apa-MS5 distance
geometry ensemble and the structure of apamin. A. The backbones of residues 1-17 were
superimposed, followed by a horizontal translation of apamin, so that both peptides have the
same orientation. B. A second view of the structures, rotated 90° relative to the view of A.
The N-temini of the helices are closest to the viewer. '
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Sum of Separate
Spectra of Apa-M13,
and Cajmodulin

{Apa-M13)-Caimodulin
Complex
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Figure 3.9. The CD spectrum of the (Apa-M5)-calmodulin complex, and the sum of
separate spectra of Apa-M5 and calmodulin. CD measurements were carried out using the
same conditions as used in Figure 3.3 with the addition of 1.0 mM CaCl2. The

concentration of Drosphilia calmodulin (kindly provided by R. Klevit) ranged from O to
200 pM. : coL



(Figure 3.9). Upon addition of the peptide to calmodulin in the presence of Ca*2, the
ellipticity of the 222 nm helical band increased beypnd the sum of the ellipticities of Apa-
MS and calmodulin. It is not possible to assign the increase in CD ellipticity of the (Apa-
M5)-calmodulin complex to either peptide or calmoduiin alone. Calmodulin has a highly
folded structure with high helix content, even in the absence of an interacting protein
(Tkura, et al., 1992). If the increase in the CD signal is interpreted to be entirely from the
peptide, then this correspbnds to an increase in peptide helicity from 42% to 60%. 60%
helicity corresponds to the helix extending from residue 9 to 23 and an -equal distribution of
helical and random coil conformations for residues 24 to 27 (the last turn of helix) in each -
mblecule. Thus Apa-MS5 is essentially a fully helical peptide when bound to calmodulin. |
Similar analysis of the CD spectrum of the complex fdrmed by calmodulin and M13
indicated that M13 is essentially a fully helical peptide when bound (Kleyit, et al., 1985).
This indicates that the M13 peptide and Apa-MS5 bind to calmodulin in an identical way. -

The fluorescence signal of Apa-M5 was measured with incremented concentrations
of Drosophila calmodulin (Figure 3.10). Under the conditions ﬁsed in these experiments,
the only fluorophor contributing to signal is the single tryptophan of the peptide

(Blumenthal, et al., 1985). As expected, there is enhancement of fluorescence, with a clear
stoichiox'neiry of Ca+2-dependent binding of one Apa-M35 per calmodulin, paralleling the’

- behavior of the M13 peptide. To measure the binding afﬁnit.y of Apa-MS5 for calmodulin,
concéntrations would be required of Apa-M5 that are near the detection limit for the
relatively weakly fluorescing tryptoph‘an.» Thus the binding affinity was measured by
titrating a competitor for the calmodulin binding sité into the (Apa-MS5)-calmodulin

solution. The Calmodulin Binding Domain (Calbiochem) peptide competitor contains no
fluorophor, has been determined to be a potent calmodulin antagonist with an IC50 of 52 -
nM fof inhibition of Ca‘*‘2(ca1modu1in-dependent protein kinase I (Payne, et al., 1988).
This measure of calmodulin inhibition was assumed to.be the binding constant of - -

Calmodulin Binding Peptide to calmodulin. The fluorescence signal of Apa-M5 was
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Figure 3.10. The fluorescence intensity of Apa-MS5 with calmodulin. Fluorescence
measurements were done on a Perkin Elmer LS-5B fluorimeter using excitation at 295 nm

and detection at 355 nm at 25°C. Apa-MS5 was at a concentration of 1 M in a 1 mM CaCla
solution, with calmodulin concentrations ranging from 0 to 5 M. '
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Intensity

Fluorescence

[Calmodulin Binding Domain],— uM

Figure 3.11. The fluorescence intensity of Apa-MS5 with calmodulin and Calmodulin
Binding Domain. Fluorescence measurements were done using the same conditions listed
in figure 3.8. The concentrations of Apa-MS5 and calmodulin (Calbiochem) were 1 mM in
a 1 mM CaCl3 solution, and the concentration of Calmodulin Binding Domain (a 20
residue peptide containing no fluorophor, purchased from Calbiochem) ranged fromQto5 -

mM. The dissociation constants are shown as follows: KApa-M5 = 102 nM, solid line;
KApa-M5 = 103 nM, dotted line; KApa-MS5 = 116 nM, dashed line. _
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measured with incremented concentrations of inhibitor (Figure 3.11). Three values for the .

(Apa-MS)-calmodulin dissociation constant are obtained from the second-order polynomial

derived from equilibrium theory:

[ -c][cD], = KKCBD +[a -c](l—%ﬁp-] +[a -c]’(ﬁxm —1)

A A A

where [A -C]= concentration of (Apa-MS)-calmodulin complex
[cBD], = total concentration of Calmodulin Binding Peptide
KCBD = binding constant of Calmodulin Binding Peptide for calmodulin
=52 nM |
KA = binding constant of Apa-M5 for calmodulin

= 102 nM, from KchD

A

= 103 nM, from [A -C](l —2—113&)

A

=116 nM, from [a -c]’(EK&-l)

A
K, = 107 nM

Each of the dissociation constants fits the data equally well, within experimental error. ,

Thus, the dissociation constant of (Apa-M5)-calmodulin is approximately 107 nM, which

is 100-fold greater than the dissociation constant of the complex formed by calmodulin and

MS, which is approximately 1 nM (Kennelly, et al., 1987). |

The 100-fold decrease in the Apa-MS affinity for calmodulin, relative to the affinity
of M5, suggests that the additibn of the disulfide framework inay interfere with binding. A -
molecular model of Apa-M5 was constructed using the energy minimized average structure
of the distance geometry ensemble for residues 1 to 16, and setting residues 17 to 27 to

ideal helical dihedral angles. By superimposing part of the backbone of the Apa-MS helix



(residues 13 to 27) upon the corresponding portion of the M13 helix backbone (residues 4-
18) in the M13-calmodulin complex, it is evident that the portion of the M13 helix that is

. shielded by the disulfide framework in Apa-MS5 does not contaci calmodulin. (Figure 3.12)
Thus, the framework of Apa-MS5 does not shield a portion of the surface of the helix which
makes binding contacts tb calmodulin. In particular, residues R11 and K15 in MS, which
are replaced by cysteinés in Apa-MS$, do not contact calmodulin and appear to be exposed

to solvent. However, the first helix of calmodulin, which is not in contact with the M13

peptide, interferes sterically with the framewbrk of Apa-MS. While the interaction of Apa-

MS and calmodulin is unknown, this model would suggest that the structure of the (Apa-
M5)-calmodulin complex must differ from the structure of the M13-calmodulin complex to
alleviate this steric overlap. Itis possible that the orientation of calmodulin and Apa-M5
may change by approximately 40° about the Apa-MS5 helix axis, changing the orientation of
the binding surfaces. It is also possible that the axis of the first helix of calmodulin may
adjust about 20° away from the Apa-MS5 disulfide framework to accommodate Apa-MS5,
without necessitating a change in the relative orientation of Apa-M5 and calmodulin. This

adjustment of the first helix may cause further changes in the conformation of the
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calmodulin binding surface, or may sterically interfere with the translation of Apa-MS5 to the -

calmodulin binding surface. Adjustments in the structure of Apa-MS5 are less likely, since
the disulfide bridges hold Apa-MS$ in a constrained, rigid conformation.

An additional hybrid sequence peptide was designed which places the disulfide
framework and the hydrophobic residues W13 -and F17 on opposite sides of a stable;
amphiphilic helix (Figure 3.13). Apa-M60 shifts the register of the M5 peptide relative to
the disulfide framework by 3 residues.. This results in a clockwise 300° rotation, ofa-

counterclockwise 60° rotation, of the disulfide framework around the cylindrical surface of

the helix, as seen in an Edmundson helical wheel projection (Figure 3.14). Apa-M60 does
not contain the first two residues of the M5 peptide. . These residues appear to be exposed

to solvent and are not part of the M13 helix in the calmodulin-M13 complex. The



Figure 3.12. Structures of Apa-MS5 and the M13-calmodulin complex (coordinates of the
M13-calmodulin complex provided by A. Bax). The backbone atoms of residues 13 to 20
of Apa-MS5 were superimposed by a least-squares fit upon the backbone atoms of residues
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5to 12 of M13. Only « carbon traces aré shown, and Apa-M5, M13, and the first helix of
calmodulin are emphasized by ribbons. The disulfide framework of Apa-MS5 overlaps with

the first helix of calmodulin.

A. The view is along the average Apa-M5 and M13 helix axes from the N-terminal end.
B. The view is along the helix axis of the first helix of calmodulin from the N-terminal
end. This view differs from the view in Figure 3.15.A by a 72° rotation about the third

axis of the Cdrtesian coordinate
first helix of calmodulin.

frame specified by the axes of the Apa-MS5 helix and the
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Figure 3.13. Amino acid sequences of the MS-pepude, Apa-MS5, and Apa-M60, along with

the corresponding numbering scheme of Apa-MS. Dlsulﬁde bridges are indicated above
the sequences of Apa-MS5 and Apa-M60. :
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contribution of thése residues towards the formation of the calmodulin-M5 complex are
unknown. |

- A model of Apa-M60 was constructed using the backbone coordinates of the Apa-
M5 model. By superimposing part of the backbone of the Apa-M60 helix (residues 10 to
24) upon the corresponding portion of the M13 helix backbone (residues 4-18) in the M13-
calmodulin complex, it is evident that the portion of the M13 helix that is shielded b)} the
disulfide framework in Apa-M60 does not contact calmodulin. (Figﬁre 3.15) Most
importantly, no steric contacts exist between Apa-M60 diéulﬁde framework and
calmodulin. This suggests that Apa-M60 may bind calmodulin without steric interferenée
from the disulfide framework, which may decrease the dissociation constant of the (Apé.-

M60)-calmodulin complex relative to the (Apa-MS5)-calmodulin complex.
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Figure 3.14." An Edmundson helical wheel projection of Apa-M60. W10 and F14, which

have been shown to be necessary for binding, are shown in bold. C11 and C15, which
form the disulfide bridges with the apamin framework, are shown in outline.
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Figure 3.15. Structures of Apa-M60 and the M13~calmodulin complex. The backbone
atoms of residues 10-17 of Apa-M5 were superimposed by a least-squares fit upon the

backbone atoms of residues 5-12 of M13. Only o carbon traces are shown, and Apa-M60, -

M13, and the first helix of calmodulin are emphasized by a ribbon. A. The view is along

the average Apa-M60 and M13 helix axes from the N-terminal end. B. The view is along

the helix axis of the first helix of calmodulin from the N-terminal end. This view differs -

. from the view in Figure-3.15.A by a 72° rotation about the third axis of the Cartesian -
coo%ﬁame specified by the axes of the Apa-M60 helix and the first helix of -
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The functions of many proteins depend upon small, discrete motifs within larger
structures. In some cases, a motif can be inserted into another protein, providing the other
protein with the function of the motif (Marks, et al., 1986; Wharton, et al., 1984,
Neuberger, et al., 1984). A variety of evidence suggests that similar shufflings of motifs
have been conducted during protein evolution (De Sanctis, et al., 1986). One such motif is
the recognition helix of helix-tumn-helix (HTH) DNA-binding proteins, which is the
primary determinant of the sequence specificity of the HTH protein for a DNA opefator site
(Jordan & Pabo, 1988; Anderson, et al., 1981; Brennan, et al., 1986; Mondragén, et al.,
1989). Residues in a HTH recognition helix which contact DNA may replace the
corresponding residues in a second HTH protein. The sequence specificity of the second
HTH protein with a “swapped helix” is switched to the specificity of the first HTH protein
(Wharton, et al., 1984; Wharton & Ptashne, 1985). - However, the swap of the helix alone
appears to work only in a few specific cases, indicating that sequence specificity is-not
limited to.the recognition helix.

This chapter describes the characterization of a hybrid sequence peptide in which
the sequence of the prokaryotic A Cro recognition helix is “swapped” into the helix of the
bee venom peptide apamin. The disulfide framework of the hybrid Sequence peptide is
required to stabilize the conformation of the recognition helix, since the conformation of .
this motif is not a stable helix without the surrounding HTH protein matrix (Mayer, et al.,
1983). The helix :«\md C-terminal tail of the hybrid sequence peptide accommodates the
DNA sequence-specific contacts contained within the recoénition helix and C-terminal arm
of A Cro (Brennan, et al., 1986) (Figure 4.1). Of the HTH proteins, the A Cro sequence

was chosen for the sequence hybridization since the hybrid sequence peptide cannot
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Figure 4.1. Stereoview of a model of A Cro and the 5' half site of the OR3 operator,

derived from the o carbon and phosphate coordinates of the x-ray crystal structure of the (A
Cro)-OR3 complex (Entry 4CRO, version Jan. 1992; Bernstein, et al., 1977; Abola, et al,,
1987)). The resolution of the structure (3.9 A along two axes, 5.1 A along the third axis)
precludes the identification of sequence-specific contacts. Therefore, this model only
contains the o carbons of A Cro. The recognition helix and C-terminal arm of A Cro are
shown in bold lines.



accommodate sequence-speciﬁc contacts contained within the N-terminal arm or loops of
other HTH proteins. Almost all HTH proteins have signifiéant dimer contacts when bound
to DNA (Anderson, et al., 1987, Wolberger, ét al., 1988), and independent binding of a
wild-type HTH monomer to a DNA half-site has not been observed (Mondragén, et al.,
1989; Aggarwal, et al., 1988). The hybrid sequence peptide does not inclpde the residues
of A Cro involved in dimerization, and only monomeric binding of the hybrid peptide to
DNA is investigated in this chapter.

Sequence specificity of HTH protein recognition helices is often investigated by
determining the effects of amino acid substitutions upon DNA binding affinity or pfotection
of DNA from chemical modification (Nelson, et al., 1983). However, such a |
determination must also cbnsider the interactions of the new residues with the flanking
" amino acid sequence, especially those _interactions which affect folding and stability of the
recognition helix. Hybrid sequence peptides have been shown to fold ihto a predictable
structure to form a helix with high stability. Residues in the recognition helix of the hybrid
sequence peptide may be substituted to determine the effects upon sequence specificity
without an effect upon the conformation or stability of the helix. Furthermore, the
disulfide framework of hybrid sequence peptides replaces the flanking amino acid
sequences of HTH proteins, allowing for the study of an isolated recognition helix. This.

provides for a more direct comparison of amino acid substitutions upon sequence

specificity.
4,2 i ign

The amino acid sequences of apamin, the hybrid Apa-Cro, and the recognition helix
of A Cro are shown in Figure 4.2.. The hybrid peptide numbering scheme will be used to

refer to residues in the remainder of this chapter. The hybrid peptide was made by fusing

the eight amino terminal residues of apamin with the sequence of the A Cro recognition
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Apamin: | (.[.'NCKAPETALCITARRCQQH

| | -5 ]
Apa-Cro: CNCKAPETQSCONKCOHAGRKK
ACRO: | .. .QSAINKATIH. ..
A Repressor: .. .QSGVGALFN. ..
434 CRO: ...QOSIQLIEA. ..

434 R'epressor:. .. .QQSIEQLEN. ..

Figure 4.2. Amino acid sequences of apamin, the Apa-Cro hybrid peptide, and the -
recognition helices of A Cro, A Repressor, 434 Cro, and 434 Repressor, along with the

- corresponding numbering scheme of Apa-Cro. Disulfide bridges are indicated above the
sequences of apamin and Apa-Cro. o
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helix, modified to insert two cysteines required to make stabilizing disulfide bridges. The .
sequence fusion chosen for the Apa-Cro hybrid was based upon the known sequence
specificity of residues 9, 10, 13, 14, and 17 in A Cro (Ohlendorf, et al., 1982) (Figure
4.3). The cysteine residues recjuired for disulfide bridge formation were placed into the
peptide sequence at positions 11 and 15. In other hybrid sequence peptides, these disulfide
bridges and additional residues from the apamin framewofk are proximal to residues 11,
12, and 15 of the helix. Drawn as an Edmundson helical wheel projection, this puts
residues-réquired for sequence specificity fully exposed on one féce of the helix, while the
disulfide bridges and apamin framework are positioned along the opposite face of the helix
(Figure 4.4).

In HTH proteins, the first helix is packed along residues 12, 15, and 16 of the
recognition helix to form part of an enclosed hydrophobic core.(Jordan & Pabo, 1988;
Anderson, et al., 1981; Brennan, et al., 1986; Mondragén, et al., 1989). A similar
hydrophobic core is not formed in Apa-Cro, and residues 12 and 16 were replaced to
decrease the helical hydrophobic moment in Apa-Cro-(Eisenberg, et al., 1982). Positively -
charged residues were substituted for residues 12 and 16 to provide possible electrostatic
interactions with the negatively charged phosphate DNA backbone. Omithine was chosen

for this substitution, since the shorter length of the ornithine side chain relative to arginine
and lysine facilitates NMR assignments.

A five residue C-terminal “arm” of A Cro wraps around the double helix to interact
with the minor groove of base pairs G10 and C11 (Ohlendorf, et al.; 1982). Thisarm is
disordered in the free protein (Anderson, et al., 1981) and is not constrained by tertiary
contacts in A Cro bound to DNA. The design of Apa-Cro includes a similar arm consisting

* of the three sequential positively-charged residues of the A Cro arm. To alloW the Apa-Cro
arm to extend to the mﬁor groove of base pair 11, one additional residue must be inserted
between the recognition helix and the arm. This residue was chosen to be a glycine to .

provide the greatest amount of conformational flexibility for the Apa-Cro arm.
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Figure 4.3. Schematic illustration of the presumed interactions between A Cro and the §'
gﬂbf site of OR3 (Ohlendorf, et al,, 1982). The numbering scheme refers to residues of
a-Cro. - '



Figure 4.4. An Edmundson helical wheel projection of Apa-Cro. This crude
representation views the helix along the helix axis from the N-terminal end. The helical
wheel depicts the radial distribution of side chains along the cylindrical helix surface. Q9,
S10, N13, K14, and H17, which have been shown to be necessary for binding, are shown
in bold. C11 and C15, which form disulfide bridges with the apamin framework, are
shown in outline.
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- The nucleic acid sequences of OR3/2 and OR3 are shown in Figure 4.5. The
numbering scheme of OR3/2 will be used to refer to nucleic acids in the remainder of this
chapter. The OR3 sequence was selected to investigate DNA-binding activity of Apa-Cro,
since the binding‘afﬁnity of A Cro is strongest for OR3 relative to the other five lmqwn
operator Sites (Johnson, et al., 1979; Johnson, et al., 1981). The 5’ half-site of the OR3
operator was selected since this sequence'fully represented the “consensus” half-site
(Benson, et al., 1989; Benson & Youderian, 1989). Two GC base pairs were added to
each end of the OR3/2 sequence to stabilize the O§emwr half-site (Saeng'er,‘ 1984). The
order of the G and C end base pairs was different for the ends of each DNA strand to
facilitate NMR assignments. The sequence of the 5' end was chosen to be CG to match
residue C11 of OR3. It has been shown that the binding of A Repressor to a 5° half-site
requires this base pair at the dyad axis (Beamer & Pabo, 1992), although the sequence-
specificity of A Cro for C11 is unknown. Also, the duplex of OR3/2 is expected to be 2.60
kcal/mol more stable than the duplex of CGTATCACCGGC due to base stacking

interactions (Saenger, 1984).
4.3 Pepti

The NMR assignments for the peptide were straightforward to obtain (Appendix 3).
The tracing of the assignments of the amide region is shown in Figure 4.6. A summary of -
the sequential cohnectivities observed, and longer range contacts in the helix are shown in
Figure 4.7. The types of connectivities_ observed are exactly the same as those in both
apamin (Pease & Wemmer, 1988), the Apa-S hybrid (Pease, et al., 1990), and the Apa-M5
hybrid (chapter 3.3) for the first 16 residues at 15°C. These include the aH-NH-NH-NH
connectivity charactgn'Stic of the type I B-turn, 1,i4+2 connectivity at the beginning of the
helix, and the continued NH-NH connectivities in the cz_-h'elji from -residﬁe 9 through
residue 16. The presence of the helix is verified by a numbér of i,i+3, aH-NH, and aH-



OR3/2: GCTATCACCGCG
CGATAGTGGCGC

87

OR3: . TATCACCGCAAGGGATA

ATAGTGGCGTTCCCTAT

Figure 4.5. The nucleic acid sequences of OR3/2 and the OR3 operator binding site of A

Cro. The putative Apa-Cro binding region of OR3/2 and the 5' half site of OR3 are shown - |

in bold.
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Figure 4.6. NOESY spectrum of Apa-Cro. The sample was 12 mM in 90% H20/10%

- D20, at 15°C. Data were collected and processed as described in chapter 2.3. Only the
downfield region of the symmetrical 6250 Hz spectrum is displayed. Sequential NOEs
within the helix and reverse turn are labeled.
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Figure 4.7. A summary of the sequential and long-rarige NOE connectivities observed in
the NOESY spectrum of Figure 4.6. The sizes of the bars reflect the relative NOE
intensities, and question marks reflect indeterminable NOE intensities due to resonance
degeneracies. : ‘
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BH connectivities, which are normally seen in this secondary structure. Additional tertiary
NOE:s are observed which indicate that the fold of the first 16 residues is very similar to
apamin (Pease & .Wemmer, 1988) the Apa-S hybrid (Pease, etal, .1990), and the Apa-M5
hybrid (chapter 3.3). These include contacts between residues C3 & P6, P6 & R12, and
C3 & C15.

NOE connectivities in the NMR spectra and amide proton exchange rates of the
Apa-Cro hybrid strongly indicate that the helix propagates in a cooperative fashion from
the section nucleated By the formation of disulfide bonds (residues 9-15) through residue
H17. Although the chemical shift overlap of the H17 and A18 amide protons makes it
difficult to assess the helical state of residues beyond H17, the slower exchange rate of the
amide probm from O12 through A18 supports the idea that there is a continuous helix to
Al18. A lack of a-helicity beyond residue 18 is indicated by the strong intensities of the
' oH-NH NOE:s beginning at residue A18, and supported by the lack of a-helical NOEs
beyond A18. This Cénclusion is further supported by evidence thét glycine is the most
common residue found one residue beyond the C-terminus of a helix (Richardson &
Richafdson, 1988). Also, if the helix propagates to the end of the peptide, residues 19-22
would form the last helical turn. The stability of this last turn of helix is not expected to be
as great as the interior turns of helix (as discusséd in chapter 3.3), and has been observed
in a variety of other short helical peptides (Finkelstein, et al., 1991). This termination of
the Apa-Cro helix agrees with the peptide design, since the last four residues were designed
to be conformationally flexible. ,

20 distance geometry structures were calculated using distance constraints for the
first 18 residues. The NOEs from residues 19 to 22 were not included since the pattern of
NOE:s suggested that these NOEs were derived from a r.andom coil, a geometrically ill-
defined state. The 20 structures display a well-defined backbone conformation for the ﬁ:s't'
18 residues (Figure 4.8). The backbone RMS difference between residues 1 to 15 of Apa-
Cro and apamin, 1.36 A, and the backbone RMS difference between residues 1 to 15 of



Figure 4.8. Stereoview of the 20 distance geometry structures of the first 18 residues of
Apa-Cro, showing the backbone and disulfide bridges. All structures were superimposed
by a separate least-squares fit of all backbone atoms of each of 19 structures to one
structure. ,
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Apa-Cro and Apa-MS5, 1.32 A, are greater than the backbone RMSD:s of the first 15

residues of the Apa-Cro ensemble, 0.57 A +0.25 A. This difference between the Apa-
Cro, apamin, and Apa-MS structures is primarily due to the displacement of residues 1, 2,
5, and 6 of Apa-MS5 relative to apamin (Figure 4.9). However, the backbones of the
helices, from residues 9 to 15, of Apé-Cro, apamin, and Apa-MS are indistinguishable

within the limits of resolution of the NMR data.

4.4 DNA Structure

The presence of 10 imino resonances in the spectrum of OR3/2 at 15°C indicated
that OR3/2 was duplex DNA at pH 7.5 (Figure 4.10). No population of single strand
DNA was detectable in the NMR sample. The four downfield and six upfield imino
chemical shifts suggest that four AT and six GC base pairs exist in the duplex, although
resonances were not assigned to individual protons. Upon raising the temperature to 45°C,

_only the resonances at 12.93 and 13.09 ppm decreased in intensity. This indicated that
these resonances correspond to the C2 and C11 base pairs, and that 6nly the other base
pairs, corresponding to‘ the OR3 operator half-site, are stable towards thermal denaturation.

Similar duplex stability was observed at pH 5.5.
4.5 Peptide Functi n

Increments of 0.25 fractional equivalents Apa-Cro in 50 mM dibasic potassium

_ phosphate, pH=7.5 were added to 6.75 mM of OR3/2 in an ideriﬁcal solvent at 15°C
(Figure 4.11). No change was observed in the intensities and chemical shifts of OR3/2
imino or aromauc protons at elther pH. The amide proton chemlcal shifts of Apa-Cro were
also invariant. The chemlcal shift of each proton in a biomolecule in fast exchange between

free and bound forms is the population-weighted average of chemical shift of each proton -
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Apa-Cro

Figure 4.9. Comparison of energy minimized average coordinates of the Apa-Cro and I

nes of
-

, followed by a translation of Apa-MS5 and apamin, so :
, rotated 90°

Apa-MS5 distance geometry ensembles and the structure of apamin. A. The backbo
that all peptides have the same orientation. B. A second view of the structures
relative to the view of A. The N-termini of the helices is closest to the viewer

residues 1-17 were superimposed
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Figure 4.10. The downfield imino region of the one dimensional spectrum of OR3/2, pH
7.5, at 15°C and 45°C. While the chemical shifts of each resonance systematically change
with a change in temperature, the order of the resonances does not change. Resonances
above 13.3 ppm are assigned as thymidine imino protons, and the other resonances are
assigned as guanidine imino protons.
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equivalents of Apa-Cro
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" Figure4.11. The imino and aromatic regions of the spectrum of Apa-Cro and OR3/2 at pH
7.5 and 15°C. The scales of the imino regions are equal, and the scales of the aromatic
regions are equal, but the scales between the imino and aromatic regions are different.
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in the free and bound forms. Since no changes in chemical shifts were detected, no -
association between Apa-Cro and OR3/2 was observed by these NMR titration
experiments. The titration of OR3/2 with Apa-Cro was repeated with new samples in 50
mM monobasic potassium phosphate at pH=5.5. Again, no association between Apa-Cro
and OR3/2 was observed, indicating that the lack of association is not a result of the
protonation state of the histidine side chain, since titrations were conducted above and
below the imidazole pKa. Thus, the dissociation constant of the putative (Apa-Cro)-OR3/2
complex must be greater than 55 mM, assuming thata 10% bopulation of complek is the
minimum threshold of detection at the concen&aﬁons used in the NMR titration. This is in
contrast to OR3 containing S-ﬁuorodeoxyun'dine ti&ated with A Cro, which displayed

changes in fluorine chemical shifts with increasing A Cro concentration (Metzler & Lu,

1989).
4 lecul lin

' A model of Apa-Cro was coxistructed using the energy minimized average structureA :
of the distance geometry ensemble for residues 1 to 18, and setting residues 19 to 22 to
- ideal extended strand dihedral angles. This model was compared to the structure of the (A
Repressor)-OR1 complex determined by x-ray crystallography (Entry 1LRD, version Jan.
1992; Bemstein, et al., 1977; Abola, et al., 1987) (Figure 4.12). While the structures of A
Cro and A Repressor differ Beyond the HTH motif (Jordan & Pabo, 1988; Brennan, et al.,
1986), the locations of recognition helices within the major groove of opérators are
| expeéted to be similar, based upon sequence homologies of recognition helices and
operators (Lewis, et al.,-1983; Hochshild & Ptashne, 1986). Operators bound to A Cro.
and A Représsor are bent at the junction of the two half-sites, but each halfjsite confgrms to
B-form DNA when bound to these repressors (Kirpichnikov, et al., 1984; Metzler & Lu, |
1989; EvertSz; et al., 1991; Brennan, et al., 1986; Jordah & Pabo, 1988). A comparison



Figure 4.12. The backbone and disulfide bridges of Apa-Cro, the backbone of the _
recognition helix of A Repressor, and the structure of the OR1 5' half site. Structures of A

- Repressor and OR1 were obtained from the (A Repressor)-OR1 crystal structure (Entry
1LRD, version Jan. 1992; Bemnstein, et al., 1977; Abola, et al., 1987). The backbone
atoms of residues 9-17 of Apa-Cro were superimposed by a least-squares fit upon the -

backbone atoms of residues 44-52 of A Repressor in the crystal structure. The view is -

along the average Apa-Cro and A Repressor recognition helix axes from the N-terminal
end.
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of the Apa-Cro model with the structure of the (A Cro)-OR3 complex led to conclusions
with dubious validity due to the ldw resolution of the (A Cro)-OR3 .structure determined By
x-ray crystallography (Entry 4CRO, version Jan. 1992; Bernstein, et al., 1977; Abola, et |
al., 1987).
Part of the backbone of the Apa-Cro helix (residues 8 to 17) was superimposed

upon the corresponding portion of the A Repressor helix backbone (residues 28 to 37) in
the (A Repressor)-OR1 complex to investigate the structure of the putative Apa-Cro-OR3/2
interaction. It is evident that the framework of Apa-Cro interferes sterically with the
backbone of the operator half-site in this putative biomolecular association. To alleviate
this steric overlap, the conformation of the half-site fnay chénge from a B-form .
conformation and/or the relative orientation of Apa-Cro and OR3/2 may be adjusted. Both
of these possible chariges alter the interaction of the binding surfaces, and are the primary
cause of the experimentally observed poor binding affinity. Adjustments within the
confoﬁnaﬁon of Apa-Cro are unlikely, since the disulfide bridges hold Apa-Cro in a
constrained, rigid conformation. |

An additional hybrid @uenw peptide, Apa-Crotate, was designed which meets the
same peptide design requirements of Apa-Cro. Apa-Crotate shifts the register of the A Cro
recognition helix relative to the disulfide framework by 3 residues (Figure 4.13). This
results in a clockwise 300° rotation, or a counterclockwise 60° rotation, of the disulfide |
framework around the cylindrical surface of the helix. As seen in an Edmundson helical
wheel projection, residues required for sequence specificity and the disulfide framework
are positioned along different faces of the helix (Figure 4.14). Apa-Crotate adds tWo
residues to the N-terminus of the recognition helix. Glutamine was selected for residue 9
to model the interaction of the glutamine in the first helix of A Cro. Lysine was selected for
residue 10 to increase peptide soh;bility and to provide putative electrostatic interactions
with the negatively charged phosphate ‘DNA backbbne. |

A model of Apa-Crotate was constructed using the backbone coordinates of the

N
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1 5 10 15 20

l | I I I
' | _ | | |
Apa-Cro: CNCKAPETQSCONKCOHAGRKK
B 1 l o
Apa-Crotate: ~ CNCKAPETQKCQSACNKATIHAGRKK
ACRO: ~ ...QSAINKAIH...

 Figure 4.13.- Amino acid sequences of Apa-Cro, Apa-Crotate, and the recognition helix of

A Cro, along with the corresponding numbering scheme of. Apa—Cro Disulfide bndg% are
indicated above the sequences of Apa-Cro and Apa-Crotate :
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Figure 4.14. An Edmundson helical wheel projection of Apa-Crotate. This crude
representation views the helix along the helix axis from the N-terminal end. The helical
wheel depicts the radial distribution of side chains along the cylindrical helix surface. Q12,
S13, N16, K17, and H20, which have been shown to be necessary for binding, are shown -
~ in bold. C11 and C15, which form disulfide bridges with the apamin framework, are

shown in outline. . .
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Apa-Cro model, setﬁng residues 18 through 21 to ideal helical dihedral angles and residues
22 through 25 to ideal extended dihedral angles. By superimposing part of the backbone of
the Apa-Crotate helix (residues Q12 to H20) upon the corresponding portion of the A
Repressor recognition helix backb_one (residues 28-37) in the (A Repressor)-OR1 complex,
itis evident that the disulfide framework of Apa-Cro does not contact DNA (Figure 4.15).
This suggests that Apa-Crotate may bind OR3 without steric interference from the disulfide
framework, which may decrease the dissociation of the (Apa-Crotate)-OR3 complex.

*  Both Apa-Cro and Apa-Crotate do not include the residues of A Cro involved in
dimerization. The dimer interface of A Cro consists of a B-strand from the carboxyl-
terminus of each monomer, which pair to form an antiparallel B-ribbon (Anderson, et al.,
1981; Ohlendorf, et al., 1982). Without this dimerization motif, the structure of A Cro is
- not stable and A Cro does not bind DNA (Ohlendorf, et al., 1982). Stable, monomeric

variants of A Cro have been constructed by replacing the B-ribbon dimerization motif with a
designed carboxyl-terminus B-hairpin sequence (Mossing & Sauer, 1990). Binding of one
of these variants, Cro.mDG, to an OR3 half-site was detected, and the dissociation

constant is estimated to be 180 uM. This indicates that dimerization is required to stabilize
the HTH motif of A Cfo, but is not directly required by the HTH motif to bind an operator
half-site. This suggests that a monomeric variant of A Cro may be constructed using the
disulfide framework in Apa-Crotate to stabilize the recognition helix; resulting in

monomeric binding to an operator half-site.

Both Apa-Cro and Apa-Crotate do not include the residues of A Cro involved in-
non-specific contacts of HTH proteins with the operator. Most importantly, a glutamine:
initiates the first helix of HTH proteins and participates in a hydrogen-bond network
linking the first residue of the recognition helix with the second phosphate of the operator.

-Mutation of this glutamine to serine in A Cro decreases operator affinity of the dimer by 4.5
kcal/mol (Pakula, et al., 1986). Since the new serine side chain may introduce unfavorable |

contacts in the mutant, the absence of glutamine may decrease operator affinity of a dimer
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Figure 4.15. The backbone and disulfide bridges of Apa-Crotate and the structure of the

OR1 5' half site in the (A Repressor)-OR1 crystal structure (Entry 1LRD, version Jan.
1992; Bernstein, et al., 1977; Abola, et al., 1987). The backbone atoms of residues 12-20
of Apa-Crotate were superimposed by a least-squares fit upon the backbone atoms of
residues 44-52 of A Repressor in the crystal structure. The view is along the Apa-Crotate
helix axis from the N-terminal end.
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by less than 4.5 kcal/mol. Assuming that this residue is not involved in dimerization, the

decrease in operator affinity of the monomer Apa-Crotate without the gluta:hine is less than
2.25 kcal/mol, which would increase the dissociation constant by less than 9.4 relative to
an Apa-Crotate monomer with a glutamine. Residue nine of Apa-Crotate was chosen to be

a glutamine to provide a crude model of this non-specific interaction.



104

Many biologically active peptides, such as lipid-associating amphipathic helices

and peptide hormones, have helix lengths longer than 14 residues (Segrest, et al., 1990).
The mean helix length in known globular protein structures is 10.2 residues, with a
standard deviation of 5.0 residues (Barlow & Thornton, 1988). Chaptcrs 3and 4 dlscuss
the disulfide framework of épmnin, which may be used to design hybrid sequence peptides
to define the bound conformatioﬁ of biologically active peptides and to determine the
biological activity of individual protein helices. The structures of all apamin hybrid
sequence peptides contain a stable helix from residues 9 to 15, while an equilibrium
between helical and random coil states exists beyond residue 15. Thus, only a maximﬁm
two turns of stable helix exist in all épafnin hybrid sequence peptide molecules. Helix
stabilization of the C-terminus will improve the general application of hybrid sequence
peptides towards the more thorough characterization of longer peptide and protein helices. -

- ‘In chapter 1.2, several peptide designs were discussed which may stabilize the
helix C-términus. Only one design strategy, the application of a disulfide framework,
provides helical stability to all peptide molecules. Combining such a C-terminal disulfide
framework with the apamin disulfide framework in the design of a single peptide would
increase the length of a stable helix from the “apamin-imum” of two tumms to an “apa-
maximum” of 5 turns (Figui'e 5.1). The C-terminal disulfide framework designed and
characterized in this chapter is termed “Max” to efnphasize the helical length of a proposed
Apa-Max hybrid sequence peptide. Thé design of Apa-Max towards the study of longer

peptide and protein helices is also presented.
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- Figure 5.1. The structures of apamin, Max, and a molecular model of Apa-Max. The . .
structure of Apa-Max was created by fusing the C-terminus of apamin with the N-terminus
of Max. The disulfide frameworks of Apa-Max are not in van der Waals contact.
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2 Peptide Design |

It is clear from simple modeling studies that the inverse of the apamin sequence,
the peptide nimapa, vﬁll not form a C-tefminal disulﬁde framework with a conformation
similar to the apamin disulfide framework (Figure 5.2). The chirality of nimapa’s reverse
turn and the chirality of the C-terminal cysteine a-carbon causes the side chain of this C-
terminal residue to extend away from the helix. To form the 8,18 disulfide bridge, residues
14 to 18 must change conformation. Thus, the effect of a conformational change in the
reverse turn residues upon the structure and stability of nimapa cannot be estimated from
apamin, since the reverse turn is the only prominent secondary structural element in the
apamin disulfide framework. Howeve_r, the model of nimapa indicates that other structural
characteristics of apamnin, such as the trans-proline and the putative threonine helix cap may
be accommodated by ‘a C-terminal disulfide framework.

Several other families of proteins, especially protein toxins, show strong
conservation of disulfide paired cysteine residues (Kumar, et al., 1988). Such
conservation of three disulfide cross-links exists among a famiiy of many scorpion toxins
and several ihsect defensins, in which the only additional conserved residue is a glycine
(Bontems, 1991a,b) (Figure 5.3). The conservation of this sequence appears to bé related
to a well-defined structural requirement as inferred from the hjgh-resoluﬁon structures of
Charybdotoxin from Leiurus quinquestriatus Hebraeus (LgH ChTx) (Bontems, et al.,
1991a) and toxin I of Andfoctonus australis Hector (AaH 1I) (Fontecilla-Camps, et al.,
1988), andb from the coordinates for variant 3 of Centruroides sculpturatus Ewing (CsE v3)

_(Fontecilla-Camps, et al., 1980) obtained from the Protein Data Bank at Brookhaven
National Laboratory (Entry 1SN3, version Jan. 1992; Bernstein, et al., 1977; Abola, et al.,
1987). Specifically, the disulfide bridges serve to define the relative position of the a-helix
and B-sheet, the only tv}o secondary structural elements found in this toxin family. Also,

at the point of closest proximity between the helix and sheet, there is no room to
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Figure 5.2. A. A molecular model of nimapa, constructed from the dihedral angles of
apamin. Distances between sulfer atoms in this model which participate in disulfide
bridges in apamin are displayed. B. The model of nimapa, rotated 90° from the view in A.
The helix N-terminus is closest to the viewer.
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. i ) 1
Max: o . ) BMBS,LG LLGKAIGDKCECVKY
K N . 1
_ ScyTx: . AFC NLRMCOLSCRSLG LLGKCIGDKCECVKH
S | — 1 |
" ChTx: ZFT NVSCTT  SKECWSVCORLHNT SRGKCMNKKCRCYS
— ] - i |
CSE v3: KEGYLVKKSDGCKYGCLKLGENEGCDTECKAKNQGGSYGYCYAFACWCEGLPESTPTYPLPNKSC

Figure 5.3. The amino acid sequences of the Max peptide, Leiurus quinquestriatus Hebraeus scyllatoxin (LgH ScyTx), Leiurus
quinquestriatus Hebroeus Charybdotoxin (LgH ChTx), and Centruroides sculpturatus Ewin(f variant 3 (CsE v3), along with the
numbering scheme of Max. The sequences have been aligned with respect to conserved residues, and disulfide bridges are indicated

above each sequence. The secondary structure elements are also indicated (alpha helix underlined, beta sheet in bold, and hairpin turn
italicized). ' : ’ :

801
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accommodate a side chain, thus requiring a glycine residue at this site. Incontrast, the

regions between and beyond these secondary structures contain variable numbers and types
of residues. In the high-resolution structures listed above, these sequentially variable
regions also appear to be structurally variable. »

The relationships between sequence and structure of this toxin family suggested
that a core peptide sequence containing the conserved glycine and conserved disulfide
bridges could be devised which would fold with only these conserved secondary structural
elements. Such a core peptide sequence is nearly represented by scyllatoxin of Leiurus
quinquestriatus Hebraeus (ScyTx), also known as leiurotoxin I, which is the shortest
known sequence of the toxin family, containing only 31 residues (Bontems, et al., 1991a).
Nuclear magnetic resonance spectroscopy studies of ScyTx have shown that the ScyTx
secondary structure matches the known structures of this toxin family (Martins, et al.,
1990). To obtain the desired core peptide sequence which contains the regular secondary
structure elements of this toxin family, the roles of three regions of residues that were not
assigned as part of secondary structure in ScyTx were evaluated. This was accomplished
by using the three—dimensibnal structures of LgH ChTx (Bontems, 1991a) and CsE v3
(Entry 1SN3, version Jan. 1992; Bemnstein, et al., 1977; Abola, et al., 1987).

The first of these regions, the C-terminal residue, clearly did not contact the -
secondary structures, and hence the C-terminal residue was replaced with tyrosine as a
spectroscopic aid. The previous analysis of ScyTx showed that the helix and sheet may be
connected only by a single residue. However, this conclusion that one and only one
"unstructured” residue connects the o-helix with the B-sheet in ScyTx differs from the 3D
structure of LgH ChTx and CsE v3, which contain four and five “unstructured” residues
between the helix and sheet. It was clear from simple molecular modeling studies that the
distance between the ends of the sheet and the helix is greater than the distance spanned by
a single residue. A minimum of two residues is required to span this distance. From this

analysis, G16 and L17 are expected tb comprise the minimum necessary "unstructured”
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region between the helix and sheet in ScyTx. This new conclusion is further supported by

evidence that glycine is the most common residue found one residue beyond the C-terminus
of a helix (Richardsoh & Richardson, 1988). Fﬁrthermore, the helix cannot extend beyond
three residues after the last cysteine in the helix without necessitating additional
“unstructured"” residues. Thus,‘ the sequence of ScyTx in this region was left unchanged.
Finally, C3 forms a disulfide bridge with C21 in ScyTx, and the five N-terminal residues,
which are not part of a regular secondary structural element, contact the B-sheet.

Therefore, the inﬂuehce of the five N-terminal residues upon the folding and stability of thé
ScyTx secondary structure was unknown. These five N-terminal residues were removed
to obtain the core peptide sequence. C21 was replaced with alanine, since this residue's

partner in a disulfide bridge, residue C3, was removed.

The HPLC chromatograms of oxidized Max, the reduced peptide, and the
reoxidized peptide are shown in Figure 5.4. Air oxidation over several months at 4°C
resulted in oxidation of 59% of methionine (as determined by electrospray mass
'spectrometry), leading to two chromatographic forms. This differs from the NMR
experiments, which were performed immediately after peptide synthesis and purification,
and used peptide with reduced methionine only. While the presence of a second form
complicates the chromatograms, the retention time difference and integration ratio between
_ the two forms aids in the identification of the peptide peaks. The HPLC chromatogram of

the ;)xidation products of reduced peptide shows that ~99% of this peptide was oxidized.
82% of the oxidized product folded into the désired Max structure, while 14% of the
" oxidized product folded into one additional, unidentified peptide structure.
Upon oxidation, a peptide containing four c&steine residues can form three

disulfide bridge isomers. In Max, one of these arrangements would contain a disulfide
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Figure 5.4. The HPLC chromatograms of A) purified, oxidized Max, B) reduced peptide of chromatogram A, and C) reoxidized
peptide of chromatogram B. The chromatography was performed using a Vydak semi-preparative column (C18, 300 A, 10mmx25
cm) using a linear 18% - 36% acetonitrile gradient in 0.1% TFA over 30 minutes. The chromatogram was quantitated using a Hewlett-
Packard 3392A integrator. The chromatograms were normalized with respect to the integrated intensity of peaks corresponding to
Max.- Each chromatogram displays an injection artifact at 6.0 min., and chromatogram B and C contain a peak at 8.7 min.
corresponding to dithiothreitol. The identity of Max with and without oxidized methionine was confirmed by electrospray mass
spectrometry. Other smaller peaks in these chromatograrhs do not correspond to the intensity ratio of Max with reduced methionine and
oxidized methionine, indicating that these peaks do not correspond to Max. o
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bridge between C21 and C23. The equilibrium constant for the oxidized form relative to

the reduced form of this type of disulfide bridge, in which only one residue intercedes
between the bridged cystine pair, is much lower compared to the equilibrium constants of
disulfide bridges with more interceding residues (Zhang & Snyder, 1988). While the
equilibriurn constants between oxidized and reduced forms of the possible disulfide bridge
- arrangements were not determined for the specific amino acid sequence of Max, these
constants are only slightly dependent upon the nature of the interceding residue(s) (Zhang
& Snyder, 1989). Thus, it is expected that this disulfide bridge is thermodynamically
disfavored relative to. the other disulfide combinations. It seems most likely that the

unidentified peptide structure is the (3-23, 7-21) disulfide bridge arrangement of Max.

5.4 Peptide Structure

The CD spectrum of oxidized Max shows minimum at 202.8 nm and has the

general character of a combination of helix and antiparallel $-sheet (Johnson, 1990)
(Figure 5.5). The CD spectrum shows a slight linear decrease in intensity upon raising the
temperature to 75°C, at which temperature the average intensity of the spectrum is 82.3% of
the intensity at 15°C. The similarity between the CD spectra at 15°C and 75°C and the
display of no cooperétive, global unfolding between 15°C and 75°C indicates that the Max
structure is very stable towards thermal denaturation (Figure 5.6). This is in contrast to the
CD spectrum of reduced peptide at 15°C, which shows a minimum at 199.0 nm, and has
the general character of a random coil. -

The NMR assignments for the pepude were straightforward to obtain (Appendlx
- 3). The assignment of the 14 methyl groups was greatly facilitated by analysis of the
multiple quantum COSY spectrum The tracmg of the ass1gnments in the armde—to—amxde
region is shown in Figure 5.7, and a summary of the observed sequenual connectivities

and longer range contacts is shown in Figure 5.8. These observed NOE connectivities
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Figure 5.5. The circular dichroism spectrum of Max at 15°C (solid line), Max at 75°C
(dashed line), and reduced peptide at 15°C (dotted line). CD measurements were .
conducted using a Jasco J500 spectropolarimeter, using a 0.2 cm path length cell, at
15°C. Samples were 84.7 uM, and the pH was adjusted to 2.8 using 0.01 M HCL-
Scans were taken from 250 to 195 nm in 0.2 nm steps with a 1.0'nm bandwidth. - Sixteen
scans were averaged for each spectrum, the spectrum was further processed with a three-
po‘i)nt smtec‘)i.othing routine, and an identically-processed spectrum of the solvent was
subtrac
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Figure 5.6. The temperature dependence of the Max cxrcular dichroism intensity. cD

measurements were carried out as described in Figure 5.5 A lmear least-squares fit of the
data is also shown.
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H 5.7. NOESY spectrum of Max. Data were collected and processed as described |
in%:%a?pter 2.3, with a mixing time of 350 msec. Only the downfield region of spectrum

is displayed. Sequential NOEs within the helix, B-sheet interstrand NOEs, and the
reverse turn NOE are labeled. , : .
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Figure 5.8. B. The antiparallel beta sheet, reverse tum, and other selected residues of

Max. Observed interstrand NOEs are indicated by arrows. Observed NOEs which help -

determine the relative orientation of the helix and sheet are also shown. The disulfide: -
bridges between Cys-3 and Cys-21, and Cys-7 and Cys-23, are also indicated.
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and amide exchange rates for Max were found to be similar to those observed for ScyTx,
indicating that the structure of Max contains the same o-helix and antiparallel f strand
observed in ScyTx and the other proteins of this toxin family. It was also observed that the
chemical shifts of Max and ScyTx amide proton resonances were very similar for most
residues, which served as an additional indication that the structures of Max and ScyTx
were similar (Fi gurev5.9). The chemical shift differences of the amide protons of residue
1,2, 16, 17, and 22 are most likely due to the presence of the additional five N-terminal
residues in ScyTx and the substitution of C21 in ScyTx for an alanine in Max.

The backbone and disulfide bridges of the 20 3D-structures of Max derived
from distance geometry are displayed in Figure 5.10. Max has a compact structure
consisting of a helix, a small, double-stranded, antiparallel sheet, and a type I reverse turn.
The disulfide bridges connect the helix and sheet, and both bridges conform to a left-
handed corkscrew configuration. The helix and sheet are connected by G11 and L12,
which do not belong to these secondary structures (defining secondary structures either

' through hydrogen bonding or ¢ carbon position). This agrees with the peptide design
. analysis of this region as described above.

The average RMS deviations of the backbone of the helix, sheet, and reverse
turn, when each individual secondary structural element is superimpoﬁed, indicate that
each individual region of the peptide is well-defined. However, the RMS deviations of
these backbone segments when the entire backbone is superimposed clearly shows that
the position of the reverse turn relative to the entire backbone varies to a significantly
greater extent than the other regions of the peptide, as can also be seen in Figure 5.10.A.
This indicates that the turn is a well-defined structural element, but the orientation of the
turn relative to the rest of the peptide, especially the sheet, is variable. This variability in
the distance geometry structures has several possible explanations. First, the NOE
distance constraints which define the orientation.of the turn to the rest of the peptide may

not have been identified in this analysis. Since the NMR spectra were straightforward to
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Fxgure 5.10. A. Stereowew of the 20 distance geometry structures showmg only the

backbone and disulfide bridges, and the average structure of this ensemble. All

structures were superimposed by a separate least-squares fit of all backbone atoms of

- each of 19 structures to one structure. B. Same as m 5.10.A wnh a 90 degree rotation.
parallel to the helix axis.
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assign, and the spectral sensitivity was excellent, this possibility appears unlikely. A

second possibility is that a rigid conformation of the turn relative to ﬂle peptide exists, but
that distances between protons of the turn and the rest of the peptide (which would define
this rigid conformation) are greater than approximatély 5 A, and thus do not give rise to an
observable NOE. However, protons from residue 17 in the turn give rise to observable
NOE:s to protons within the helix, which help to define the relative orientation of these
secondary structural elements. Lastly, it is possible that the distance gebmetry structures
accurately reflect that the cbnnecti‘on between the turn and the sheet serves as a hinge,
allowing the turn to concertedly move relative to the sheet. This possibility best explains
how NOEs can be genérated between protons of residue 17 and protons of the helix, while

the conformation of the turn can appear to be variable in the distance geometry structures.

Superposition Superposition Difference Between
Backbone . of Backbone of Entire - Superpositions Using
" Helix 1-10 0.485 A 0.861 A 0377A :
Loop 11-12 0.383 1.096 0.713
Sheet 13-16,21-24  0.658 0.858 0.201
Tum 17-20 0.465 1.780 : 1.316
Entire 1-26 1.171 1.171 0

5.5 Molecular Modeling -

A comparison of the o carbon trace of Max and CsE v3 shows that the
dimensions of the helix backboﬁes and sheet backbones are very similar between these .
peptides (Figure 5.11.A). Furthermore, three more residues connect the helix and sheet
in CsE v3 than in Max. The comparison of the & carbon traces shows that residues 31,
35,-and 36 of CsE v3 superimpose well upon the backbone of residues 10, 11, and 12 of
Max. Since the comparison of the a carbon traces clearly. shows that the conformation of

residues 32 to 34 in CsE v3 do not correspond to the conformation of residues in Max, -
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Figure 5.11. Comparison of the o carbon traces of Max (solid line) and CsE v3 (dashed
line). A. The structures were superimposed by a least-squares fit of all backbone atoms.
B. The structures were superimposed by a least-squares fit of the backbone atoms of the
Max helix (residues 1 to 8) and CsE v3 helix (residues 23-30). v _



123
- residues 32 to 34 in CsE v3 seem not to be a structural requirement. When only the helix

backbones of these peptides are superimposed, it is evident that the intersection of the
helix and sheet in each peptide is different (Figure 5.1 l;B). Specifically, the axis of the
sheet forms a -16 degree angle with the axis of the helix in Max, which differs from the
corresponding -45 degree and -42 degree angles in LgH ChTx and CsE v3, respectively
(Bontems, et al., 1991a). This difference can be attributed to the presence bf the third
disulfide bridge in LgH ChTx and CsE v3. To accommodate this disulfide bridge, the
end of the sheet which is connected by the reverse turn must be extended above and away
from the amino-terminal end of the helix. Since this end of the sheet has been showh to
be antigenic in AaH 1I, thé third disulfide bridge may be an important structural element,
preventing the .end of the sheet from packing against the helix and providing for more
solvent exposure of this antigenic peptide segment (Fourquet, et al., 1988). The absence
of the third disulfide bridge in Max allows the sheet to cross the helix in a more parallel
fashion, which increases _the surface area in contact between the helix and sheet (Figure
-5.12) (Chothia, 1984). This change in the crossing angle also results in a shift in the
register of the "knobs into-holes" packing of the helix and sheet side chains. Most
importantly, the conservation of G26 has been rationalized for the structure of LgH
Cth, but the different packing arrangement in- Max does not seem to necessitate the
conservation of this residue. Based upon modeling the glycine in Max may be replaced

with alanine, with no steric clash of the side chain with other parts of the peptide.
3.6 Hybrid Sequence Peptides |

By comparing the sequences of these toxin proteins, it is clear that a variety of
- amino acid sequences can be accommodated within the folded, stabilized three dimensional
structure, with the requirement of only two conserved disulfide cross-links. These folding

and stability properties of Max's disulfide framework are similar to those of the disulfide



- Figure 5.12. A. The helical net diagram of Max, showing the relative position of the o cérbons of the helix and sheet. Gray circles

represent the o carbons of the unwound helix which lays flat in the plane of the page. The B-sheet lays above the helix, and the side
chains altemately point away from the helix (white circles) or towards the helix (black circles). The scale used to define the distance

between the o carbons of the sheet reflects the average scale of the projection of these atoms of the sheet onto the helix plane. B. The .

- helical net dlagram of CsE v3, usmg the same circles and similar orientation as in A. The scale used to define the distance between the o

carbons of the sheet of CsE v3 again reflects the average scale of the projection of these atoms onto the CsE v3 hehx plane This scale
differs shghtly from the scale used for the sheet in A.

vZl
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framework of apamin, which was used to make hybrid sequence peptides in chapters 3 and
4. It may be possible to use the disulfide framework of Max to make similar hybrid
sequence peptides. The sequence of a helical region of Max may be substituted by the
helical sequence of an unrelated protein. A different type of hybrid sequence peptide may
be designed by substituting the sequence of an antiparallel sheet region of an unrelated
peptide for the sheet sequence in Max. Since the packing arrangement of Max seems not to -
require the conservation of the glycine residue in the sheet sequence, this residue may also
be substituted. Lastly, the sequence of the reverse turn in Max may be substituted by the -
reverse turn sequence of .\'m unrelated peptide.. In all three types of hybrid sequence
peptides, the cysteine residues in the Max sequence must be retained to make the same
disulfide framework as in Max. It is postulated that such hybrid sequences will fold with
high yield to form stable structures that are similar to the structure of Max.

The sequences of apamin hybrid peptides contain 3 to 12 residues beyond the
last cysteine. The sequences of Max hybrid peptides may also contain more than two
residues prior to the first cysteine. However, 1f these N-terminal residues are helical, the
backbone of the residue third residue prior to the first cysteine sterically interferes with the -
side chain of I17 (Figure 5.13). To alleviate this steric overlap with the putative N-terminal
helix, the side chain of 117 must move away.from the helix or must be removed. The -
concerted motion of the reverse turn relative to the helix and sheet in Max suggests that 117
may move away from the helix. -If I17 cannot move, only the substitution of glycine for
117 results in no steric contacts with the putative helix.

 If the Max hybrid sequence peptide can accommodate an N-terminal extension
of the helix, then the disulfide frameworks of apamin and Max may be combined to
- design an Apa-Max hybrid sequence peptide. A model of Apa-Max was constructed
using the enérgy-minimizcd average structures of the Apa-M5 and Max distance geometry
ensembles, and setting residues 17 to 27 to ideal helical dihedrai angles (Figure 5.1). No

steric contacts exist between the N-terminal and C-terminal disulfide frameworks. 105



126

Figure 5.13. Stereoview of the backbone and the side chain of I17 of the energy-

minimized structure of Max. A. The view is parallel to the helix axis. B. The view is

* along the helix axis from the N-terminus.
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disulfide bridge isomers may be formed by the oxidation of the eight cysteine residues in

Apa-Max. While the folding of apamin and Max occur with high yield, the foldmg of Apa-

Max to form the designed disulfide bridge isomer is unknown.



128

1 In ion

The venom of the honeybee, Apis mellifera, contains a set of structﬁrally stable
peptides, including MCD, tertiapin, and apamin (Kumar, et al., 1988).  These peptides
share the same (1-11, 3-15) disulfide bridge arrangement and some homology in amino
acid sequence. In particular, asparagine is conserved immediately after the first cysteine,~
and proline is conserved between the second and third cysteines. Both of these residues
- may direct the folding of honeybee venom peptides to form the (1-11, 3-15) disulfide
bridge arrangement. In the distance geometry structures of apamin (P_ease & Wemmer,
1988), Apa-MS (chapter 3.3), and Apa-Cro (chapter 4.3), the asparagine is the first
position of the reverse turn, and the side chain of this asparagine is in a position to form a-
| hydrogen bond with the amide proton of K4. This stabilization'of a Type 1 reverse tumn - -
has been observed in other proteins (Richardsdn, 1981). In the same distance geometry
structures, P6 contribut;s to the hydrophobic contdcts between the helix and disulfide
framework.. The rigidity of proline also restricts the conformational freedom of this
residue and the preceding 'residué during folding. In contrast, the family of endothelin and °
sarafotoxin peptides, which contain cysteine residues at positions 1, 3, 11, and 15, do not
share the same homology of honeybee venom peptides beyond the cysteines,'and do not
form the (1-11, 3-15) disulfide bridge arrangement, (Kitazumi, et al., 1996). The first
experiments of this chapter investigate the sequence requirements for forming the (1-1 1,3-
15) disulfide bridge arrangement during the folding of honey bee venom peptides and
- apamin hybrid sequence peptides. ' '

The elucidation of protein dynamics has lead to an understanding of the special
dynamic features required for the performance of specific functions (Heinz, etal, 1§92). .

Furthermore, regional differences in protein dynamics may be correlated with the sequence
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of protein foldﬁg events, although direct correlations are not currently known (Scholtz &
Baldwin, 1992). Finally, a direct correlation between dynamics and resolution of three
dimensional NMR structures has been established for a variety of proteins (Clore, ét al.,
1990; Stone, et al., 1992; Barbato, et al., 1992; Powers, et al., 1992; Stone, et al., 1993).

Structural comparisons in chapters 3 and 4 indicate that the structures of all apamin
hybrid sequence peptides contain a'stable helix from residues 9 to 15, while an equilibrium
between helical and random coil states exists beyond residue 15 to the C-terminus. In this -
chapter, the dynainics of the C-terminal residues are measured and interpreted. This
descriptioh of dynamics contributes to the structural characterization of apamin hybrid
sequence peptides. These dynamics measurements may also contribute to the design of
hybrid sequence peptides with special dynamic features required for the performance of
specific functions.

The results of this chapter provide the first description of o-helix dynamics of a
‘peptide consisting of natural amino acids in water, using NMR relaxation measurements.

A peptide incorporating unnatural o-aminoisobutyric acids in methanol has been shown to
form a rigid rod with anisotropic dynamics using NMR relaxation (Kelsh, et al., 1992).
. The dynamics of peptide o-helices have also been investigated using other techniques. The
distribution of helicity in two different peptides was investigated by measuring the CD
- signal of two series of peptides in which résidues were system-aticallyrep!éced with glycine
(Chakrabartty, et al., 1991). These investigations revealed a non-monotonic decrease in |
fractional helicity of each residue from the cénter to the ends of the peptide, as-expected
- from Lifson-Roig theory (Lifson & Roig, 1961). Recent studies by ESR spectroscopy
revéaled that the 4 C-terminal residues of alanine-based peptides have dynamics which
monotonically increase with decreésing'distance from the C-terminus (Miick, et al., 1993).
The measurement of NMR spectroscopic o carbon chemical shifts and INH-oH in a helical
peptide stabilized by a series of EK salt bridges revealed a gradual decrease in helicity of
~ the eight C-terminal residues (Liff, et al., 1991). The description of apamin hybrid |
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sequence peptide dynamics is compared with these results. _

The dynamic rates and amplitudes of spectral density functions have been analyzed
from heteronuclear NMR relaxation rates in other proteins and peptides. To within the |
accuracy of the data, dynamic rates and amplitudes of helices, sheets, turns, and loops are
indistinguishable (Kay, et al., 1989; Schneider, et al., 1992). However, helical dynamicsv
from 108 to 103 sec"! have narrower distribution compared to other secondary structures,
indicating that motions of this frequency range are more greatly correlated in helices (Kay,
_etal, 1989). Furthermore, a strong correlation exists between the amplitude of motion and
hydrogen bonding of the amide hydrogen or its peptide bond associated carbonyl
(Schneider, et al., 1992). The protein C-terminal residues which are not involved in
tertiary contacts have been shown to rotate with increasing mobility toward the C-terminus,.
but the C-terminal residue fails to reach free roiation (Schneider, et al., 1992). The
correlated motion of the C-terminal residues in apamin hybrid sequence peptides is also

compared with these results.

5.2 Peptide Desi

The amino acid sequences of apamin and the hybrid Apa-AlaN are shown in Figure
6.1. The hybrid peptide numbering scheme will be used to refer to residupé in the
remainder of this chapter. Except for the two cysteines, which are required to make
stabilizing disulfide bridges, the sequence of the helix in the hybrid peptide (residues 9 to
22) was des_ignéd based upon sequence-dependent properties that stabilize o-helical
conformations (as discussed in chapter 1.2). The selected amino acids each have high
helical propensities. E10 and K14 are designed to form a stabilizing i,i+4 salt bridge, with
the negaﬁvely-charged glutamate side chain placed nearer the N-terminal helix dipole.
Residue 19 was chosen to be lysine to decrease the hydrophobicity of the ‘C-terminal |

region. The amidated C-terminus serves to stabilize the helix by decreasing the helix
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MCD: TKCNCKRHVIKPHICRKICGKN'

tertiapin: ALCNCNR ITIIPHMCWKKCGKK

apamin: CNCK APETALCARRCQQH

Apa-AlaN: CNCK APETAECAYKCAAAKAAA-NH2
Apa-2A: CACK APETAECAYKCAAAKAAA-NH2
Apa-6A: | CNCK AAETAECAYKCAAAKAAA-NH?2
Apa-Alé: - CNCK APETAACKYECAAAAKAAA-NH2
endothelin-1: - CSCS SLMDKECVYFCHLDIIW |

sarafotoxin-6b: CSCK DMTDKECLYFCHQDVIW

Figure 6.1. Amino acid sequences of MCD, tertiapin, apamin, Apa-AlaN, Apa-2A, Apa- -
6A, Apa-Ala, endothelin-1, and sarafotoxin-6b along with the corresponding numbering
scheme of Apa-AlaN. 15N-labeled alanine residues are shown in bold.
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dipole. Finally, Y13 serves as a spectroscopic aid.

The NMR frequencies of the alanine residues in Apa-AlaN were expected to be very
similar, based upon the two dimensional specu'uxﬁ of a related peptide, Apa-Ala. These
resonance degeneracies lead to problems with assignment and quantitation of homonuclear
two dimensional NMR spectra. To circumvent the degeneracies of alanine resonances,
15N-labeled Fmoc alanine was used in the synthesis of Apa-AlaN at positions 16, 17, 18,
20, 21, and 22. I5N-1abeled Fmoc alanine was also used in the synthesis at position 12, to
serve as a réference for the measurement of helix dynamics. A second synthesis of Apa-

AlaN was performed with no 15N-labeled amino acids for folding studies.

6.3 Peptide Folding

The folding of Apa-AlaN was compared to two analogs, Apa-2A and Apa-6A,
which substitute an alanine residue for the asparagine or proline ksidues (Figure 6.1).
Peptides were oxidized and folded and the disulfide isomers were quantitated ‘by HPLC as
described in chapter 2.2. HPLC experiments were repeated during each folding reaction
until three final experiments produced similar results. The third chromatogram of the final
folded forms of each peptide appear in Figure 6.2. Relevant parameters of the three final
chromatograms of each peptide appear in Table 6.1. The standard deviations of % isomeric
ratios were well correlated with the value of the % isomeric ratios, indicaﬁng that the
uncerﬁainty of the chroinatography was greater than the change in these values over time.
This indicates that the folding reaction reached equilibrium, assuming that no folding
intermediate is stable for longer than 80 minutes (the duration of the first two of the final
three HPLC experiments). The high quality of thé HPLC was reflected in the low values
of these standard deviations, and in the standard deviations of the retention times (0.2 o
0.4 min), which was much less than the difference between retention times of different

isomers.
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_ Figure 6.2. The HPLC chromatograms of oxidized A) Apa-AlaN B) Apa-2A C) Apa-6A. The chromatography was performed
using a Vydak semi-prepartive column (C18, 300 A, 10 mm x 25 cm) using a linear 15% - 26.4% acetonitrile gradient in 0.1% TFA
over 22 minutes, followed by a 26.4% - 100% acetonitrile gradient in 0.1% TFA over 3 minutes. The chromatogram was quantitated

using a Hewlett-Packard 3392A integrator. Each chromatogram displays an injection artifact from 7 to 8 minutes, and hydrophobic
material eluted during the acetonitrile wash starting at 29 minutes.

€el



134

o %IsomericRatiol  HPLC Retention Time (min,)
Peptidle 0 _1_ 2 3 02 1 2 3
Apa-AlaN n.d.3 2.9+0.5 93.6+0.2 3.4+0.6 14.00 15.58 16.74 18.50
Apa2A  n.d.  23.540.4 73.240.4 3.3£0.5 17.22 18.04 19.79 23.66

Apa-6A 2.410.6 15.4+0.4 80.7+0.2 1.4+0.6  15.63 20.93 22.30 25.76

1. Isomer assignments: O =reduced peptide
- 1=(1-15, 3-11) disulfide bridge arrangement
- 2=(1-11, 3-15) disulfide bridge arrangement
3 =(1-3, 11-15) disulfide bridge arrangement
2. Retention times measured from HPLC chromatogram of reduced peptide.
3. n.d. = not detected :

Upon oxidation, a peptide containing four cysteine residues can form three disulfide
bridge isomers. In Apa-AlaN, one of these arrangements would contain a disulfide bridge
between C1 and C3. The equilibrium constant for the oxidized form relative to the reduced
form of this type of diéulfide bridge, in which only one residue intercedes between the
bridged cystine pair, is much lower cémpared to the equilibrium constants of disulfide
bridges with more interceding residues (Zhang & Snyder, 1988). While the equilibrium

| constants between oxidized and reduced forms of the possible disulfide bridge |
atrangerhents were not determined for the specific amino acid sequence of Apa-AlaN, these
constants are only slightly dependent upon the nature 6f the interceding residue(s) (Zhang
& Snyder, 1989). Thl_1_$ itis expected that this disulfide bridge is thermodynamically
disfavored relative to the other disulfide combinationé. It seems most likely that isomer
three is the (1-3, 11-15) disulfide bridge isomer of Apa-AlaN, since folding Apa-AlaN,
o Apa-2A, and Apa-6A results in a low relative population of this isomer.
| The.HPLC purification and NMR analysis of peptides similar to Apa-AlaN, Apa-
| 2A, and Apa-,6A, including Apa-Ala, have shown thata large majority of these peptides
fold to form the (1-11, 3-15) disulfide bridge arrangement. Since isomer two comprises a

large majority of the folded forms of Apa-AlaN, Apa-2A, and Apa-6A, this isomer is the
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(1-11, 3-15) disulfide bridge isomer. Finally, isomer two is the (1-15, 3-11) disulfide

bridge isomer. The order of HPLC retentions is the same for these disulfide bridge
- isomers and the isomers of endothelin-l, further supporting the assignments of these
disulfide bridge isomers of Apa-AlaN (Kumagaye, et al., 1988).

The % isomeric ratios indicate that both N2 and P6 help direct the folding of
honeybee venom peptides and apamin hybrid sequence peptides to form the (1-11, 3-15)
disulfide bridge arrangement. If the effects of these residues upon folding are
noncooperative, these results suggést that only 61.0 % of an analog of Apa-AlaN with
alanine substitutions for both N2 and P6 would fold to form the (1-1 1, 3-15) disulfide
bridge anangemenL Such a result would indicate that the asparagine and proline residues
are almost completely responsible for the folding of honeybee venom peptides and apamin

hybrid sequence peptides to form the (1-11, 3-15) disulfide bridge arrangement.
6.4 Peptide Structure

- The structures of the peptides Apa-AlaN and a related peptide Apa-Ala, are expected
to be the same, based upon the similarity of the structures of residues 1-15 of apamin
hybrid sequence peptides, and the similar C-terminal sequences of Apa-AlaN and Apa-Ala
(Figure 6.1). The CD spectrum of the oxidized hybrid peptide Apa-Ala is very similar to
that of apamin, with a minimum at 208 nm and a shoulder at 222 nm (Figure 6.3) (Hider & .
Ragnarrson, 1981). This spectrum has the general character of that from an a-helix, but
must have contributions from the B-turn and loop in apamin as well, since the 208 nm / 220 |
nm ratio and the shape of the CD spectrum are significantly different from purely helical
pepﬁdes (Johnson, ‘1990). However, the spectrum shape is very reproducible among the
hybrid sequence peptide_s, and seems to be indicative of the folded core structure (Pease, et
- al,, 1990). The ©222 observed corneéponds to approximately 47% of the peptide being
helical at 10°C (Klevit, et al., 1985). If this helicity is attributed only to the helical region
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. Figure 6.3. The circular dichroism spectrum of Apa-Ala. CD measurements were carried out on a Jasco J500 spectropolarimeter using a
0.2 cm pathlength cell. ' Samples were approximately 30.6 mM, in 0%, 30%, and 40% trifluoroethanol and 15°C. Scans were taken from
250'to 205 nm in 0.2 nm steps with a 1.0 nm bandwidth. Sixteen scans were averaged for each spectrum, the spectrum was further
~ processed with a three-point smoothing routine, and an identically-processed spectrum of the solvent was subtracted.
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of Apa-Ala, then 73%, or'11 of the 15 residues, of this region is helical. If the helix

propagates to the end of the peptide, residues 19-22 would form the last helical tun. While
the backbone amides of these residues would be involved in the helix hydrogen bond
network, the backbone carbonyls of these residues would not be involved in backbone or
side chain hydrogen bonds, and thus the stability of this last turn of helix is not expected to
be as great as the interior turns of helix. The lack of suﬁctural stability of the last turn has
been observed in a variety of other short helical peptides (Finkelstein, et al., 1991).
Addition of 30% trifluoroethanol increases the helicity to 66% (Figure 6.3). If this helicity
is attributed only to the helical regibn of Apa-Ala, then 99% of this region is helical. This
is similar to the effect of trifluoroethanol upon helix p_ropagaﬁori in a similar peptide, Apa-S
(Storrs, et al., 1992). The CD spectrum shows a slight linear decrease in intensity upon
raising the temperature to 70°C (Figure 6.4). The similarity between the CD spectra at 10°C
and 70°C and the display of no cooperative, global unfolding between 10°C and 70°C
indicates that the Apa-Ala structure is stable towards thermal denaturation.

The NMR assignments for Apa-AlaN were straightforward to obtain (Appendix 3). -
The tracing of the assignments of the amide region is shown in the homonuclear NOESY
spectrum (Figure 6.5) and in the strip plot of the NOESY-HMQC experiment (Figure 6.6).
A summary of the sequential connectivities observed and longer range contacts in the helix .-
are shown in Figure 6.7. The types of connectivities observed are exactly the same as
those in both apamin (Pease & Wemmer, 1988), the Apa-S hybrid (Pease, et al., 1990),
Apa-M5 (chapter 3.3), Apa-Cro (chapter 4.3), and Apa-Ala for the first 16 residues. These
include the aH-NH-NH-NH connectivity characteristic of the type I B-turn, and i,i+2
connectivity at the beginnin‘gv of the helix, and the continued NH-NH connectivities in the
a—hélix from residue 9 through residue 16. The presence.of the helix is verified by a
. number of i,i+3, aH-NH, and oH-BH connectivities, which are normally seen in this
secondary structure. Additional tertiary NOEs are observed which indicate that the fold of
the first 16 residues is very similar to apamin (Pease & Wemmer, 1988), Apa-S (Pease, et -
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Figure 6.4. The tempetature dependence of the Apa-Ala circular dichroism intensity. CD =~

measurements were carried out as described in Figure 6.2. The temperature was varied
between each measurement, and the same sample was used for all measurements. The
linear least squares fit of the data is also shown.
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Figure 6.5. NOESY spectrum of Apa-AlaN. The sample was.10 mM in 90% H20/10%
D20, at 20°C. Data were collected and processed as described in chapter 2.3. Only the
downfield region of the symmetrical 6250 Hz spectrum is displayed. Sequenual NOEs
within the helix and reverse turn are labeled.
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al., 1990), Apa-M5 (chapter 3.3), Apa-Cro (chapter 4.3), and Apa-Ala. These include

contacts between residues C3 & P6, P6 & R12, and C3 & C15. ,

Partial NOE connectivities in the NMR spectra of the Apa-M5 hybrid indicate that
the helix propagates in a cooperative fashion from the section nucleated by the formation of
disulfide bonds (residues 9-15). However, beginning at residue 15, there is an increase in
the intensity of the NH-oH NOEs. This indicates that there is an equilibrium between
helical and random coil states from residue 16 through 22. Since long rahge énd short
range helical NOEs start to decrease in intensity at different residues, no single residue
appears to serve as the point of transition from helix to random coil. Rather, the data
indicate that this transition occurs between residues 18 and 20. If the helix propagates to
the end of the peptide, residues 20 to 22 and the amide C-terminus would form the last
helical turn. While the backbone amides of these residues would be involved in the helix
hydrogen bond network, the backbone carbonyls of these residues would not be involved
in backbone or side chain hydroéen bonds, and thus the stability of this last turn of helix is
not expected to be as great as the interior turns of helix. The laék of structural stability of
the last turn has been observed in a variety of other short helical peptidés (Finkelstein, et
al.,, 1991). - | |

6.5 m ory of Peptide Dynamics

The relaxation superoperator discussed in chapter 2.3 can be described as:
f“{o} = (O.S)Sj (0d)[H-9[HY, c]] = neiaxation superoperatdr
where J(w9) = power spectral densities
H4 = eigenoperators acting only on spin system
where q = irreducible tensor components and.diffc'rent types of fluctuating
interactions | | ‘

In the case of isotropic random motion with correlation time <c, the spectral densities are
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described as:

27,
Oy

For Apa-AlaN, the spectral density of 15N nuclear spins depends upon the overall motions of
the macromolecule (TR) and on the internal motions of the covalently bonded proton relative to
the 15N nucleus (tf). The minimum number of unique motional parameters can be evaluated
using a modei—free approach, which again assumes that the overall tumbling of Apa-AlaN is

isotropic (Lipari & Szabo, 1982):
S, . (1-8])%
7Tt 7
1+(0r)  1+(oty)

Hw)=

where Sf2 = generalized order parameter for tf

1 1 1
1Rf TR ’ Tf
if Tf « TR, then i—z—l—
Rf rR
St
J(w)z___.f_k_z
1+(otg)

An additional term may be included to determine addi_tional dynamic motion on a time scale (‘ts
and Sg2) between 7f and 1R in the model-free formalism of an isotropically tumbling Apa-

AlaN (Powers, et al., 1992):
SiSiTe_, (1-87) 7 . S:(1-8,.%)

H(@)= 1+ (o1, )2 1+ (07 )2 1+ (an'm)2

where

T

1 1
= —_— p—
s T Ts

. 2 2 I_SZ
if 1f « Ts, then J(@) = 1+S(;':; )2 . Slt_(’_(w;);;h
. N R Rs

Anisotropic motion on the TR and <f time scales is approximated by a similar formalism for-

ellipsoids (Woessner, 1962):

AT, A,z A,T (1-87 )z
Ha)=S? 1 s X P (S O
(@) f{1+(m‘1:1v)2 1+(ar,)’ 1+(an'3)2} 1+ (1)’

where A] =0.75 sin%@
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A2 =3 5in20 cos20
A3 = (1.5 cos20 - 0.5)2
© = angle between 15N-1H bond and major ellipsoid axis
71 = (4Dl + 2D1)"1
2 =(Dj|+ 5DL) ]
3 = (6Dy)"1
11Rf = VR + Liaf

= (2Dj + 4D1)-1

where Dj| =rate of diffusion parallel to major ellipsoid axis

D1 =rate of diffusion perpendicular to major ellipsoid axis
This formalism is described by seven parameters, while only three .rellaxation rates are

determined in this analysis. Assuming that Djj and D] are not correlated, this formalism can

be interpreted as (Lipari & Szabo, 1982):
_ 2| ATy (1-A)T Q2 ATgy (1-A)Teq
Y = °'4{Sf[(1 = B wzf:u)}*(‘ S )[(1 i wzf;u)]}

where A = anisotropic coefficient

TRI = TR parallel to major ellipsoid axis
TR | = TR perpendicular to major ellipsoid axis
TRf]] = TRf parallel to major ellipsoid axis

" TRf1L = TR perpendicular to major ellipsoid axis
SIAT, | SH(1-A)t,
7t )
1+(oty)  1+(o7,)

If Tf « TR, then J(@) =

This interpretation of the anisotropic model is equiQalent to the model-fx;ee .formalism which
incorporates the additional terms 75 and Sg2. | | |

| In general, Tf and ‘ch are superpositions of the products of internal correlation times

and géoxﬁetric factors. Therefore, detailed inte;pretations of these corrélation umes xﬁay not

be dérived for the complex structures of peptides. The order ﬁarameter Sf of each of these

spectral density functions is related to the amplitude of the internal motions. For free
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diffusion of the NH bond vector in a cone (Kay, et al., 1989) (Figure 6.8.A):

Sf2 = [0.5 cos 8 (1 + cos 6)]2
where 6 = semiangle between NH bond vector at equilibrium and during
dynamic motion
Motions related to ts may be interpreted as a discrete jump of the NH bond vector between

two states, a model which retains the independence of the interpretation of S§2 (Clore, et al.,

1990) (Figure 6.8.A):
Ss2 = PiPj(1 +3 coszd)s) /4
where Pj = normalized population of NH bond. vectors in statei -
Pj = normalized population of NH bond vectors in state
¢s = angle between NH bond vectors of states i and j
The order parameters of successive residues in peptides are correlated through the motions of

the \v backbone angle (Schneider, et al.,- 1992) (Figure 6.8.B):
_ 3sin’@sin’y,

st =
T

where Vj-1 =y backbone angle of residue i-1 in radians

(cos2 8 +0.25sin*6 cos? Wi_,)

Assuming that the peptide bond is rigid with sp2 geometry and that residue i is completely

. free to rotate about y, it can be shown that

S?.i(obsaved) — S?'iﬂh”“‘i“”sz'i =0.111

SN — |

The relaxation superoperator can be evaluated for each of these representations of
the spectral densities. Only dipolar and chemical shift anisotropy relaxation mechanisms
significantly contribute to-the relaxation of 19N in Apa-AlaN. In the absence of cross-
correlation-between dipolar and chemical shift anisotrbpy relaxation mechanisms (Boyd, et
al,, 1991) the rates of longitudinal relaxation (T1), transverse relaxation (T2), and .nﬁclear
Overhauser effect (NOE) éan be determined from this evaluation (Figure 6.9):
1/T] = d2(J(@H - oN) + 3(@N) + 63(@H + ON)] + c2J(@N) in sec rad]
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z-—:::

Figure 6.8. A. Model of the motions on time scales f and ts. The faster motion is
represented as free diffusion within an axially symmetric cone with semiangle 6. The slower

motion is represented by a discrete jump between two states i and j separated by angle ¢s. B. -
The rotation axes and angles which define the correlated motions of the amide nitrogens of -
two sequential residues. : o
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Figure 6.9. The T}, T2, and NOE relaxation times for 15N relaxed by lH-lSN dipolar and
chemical shift anisotropy interactions at a field strength of 14089 G. The 19N was assumed
to be tumbling isotropically, S2 = 1.0, and r= 1.02 A. »
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1/Ty = (d2/2)[4J (0) + J(0H - ON) + 6J(0N) + 3J(wH) + 6J(0H + ON)]
+ (c26)[3J(@N) + 43(0)] in sec rad-]1
NOE = 1 + {YH/YN)d2[6J(0H + ON) - J(@H - ®N)]} in sec rad-1
where oy = 3.77 1x109 ‘rad sec-1

ON = 3.821x108 rad sec-1 | |
d2 = 0.1 Y3 Y2h2/(4n2)<1/r3HN>2 = 5.202x108 rad2 sec2 at 14089 G

c2 = (2/15) YA H2(0ll +061)2 = 4.981x108 rad? sec 2 at 14089 G
 where Ta= 2.675x10% rad sec'1 G-1
YN = -2.712x103 rad sec-1 G-1
h = 1.055x10-27 G2 cm3 sec rad-1
rHN = 1.02 A
Ho2 = 14089 G
(oll +01) =-160 ppm (Hiyama, etal., 1988).

6.6 Experimental Peptide Dynamics

The Ty, T2, and NOE relaxation times were measured usin g NMR experiments
described in chapter 2.3. The T1 and T2 data fit well to a monoexponential function,
displaying a monotonic increase in relaxation times that was correlated with the position of
the residue from the core helix of Apa-AlaN (residues 9-15) (Figure 6.10). The T1 and T2
relaxation times were applied to the evaluation of the model-free formalism, usihg the
' assumption that Tf « TR, so that the contribution of f to T1 and T2 through J(w) was
negligible. Using this assumption, the T1/T? ratio was solely dependent upon TR, and was
used to graphically determine TR (Figurg 6.11). The rotational correlation time displayeda .
r'nbnOtoni'c‘d'eCreése whiqh was also dependent upon the position of the residue. In
particular, residues 16 through 18, the first three residues beyond the core helix of Apa-
AlaN, displayed nearly identical rotational motion. Residues 20 through 22, the
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Figure 6.10. A, The T} data of Apa-AlaN from two dimensional experiments. B. The
T1 and T2 relaxation times of Apa-AlaN. Two dimensional data are represented by hollow -
squares (T1) and circles (T2) connected by a line, while one dimensional data are
represented by filled squares (T1) and circles (T2).
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last three C-terminal residues, also displayed similar rotational motion. However, residues

16 through 18 displayed different rotational motion relative to residues 20 through 22. The
rotational correlation time of residue 12, which is most indicative of the rotational motion of
the folded core of Apa-AlaN, exceeds the TR anticipated for a 22 residue globular peptide.
This agrees with similar analyses of proteins, in which TR calculated from NMR relaxation
was found to be roughly 10-20% greater than TR determined using other techniques, and
has been attributed to the rotation of the associated solvation shell (Powers, et al., 1992).

Sf2 was determined from T1 (Figure 6.12), since the quality of the two - -
dimensional T} experimental data was superior to the T2 and NOE data (Figure 6.10).
Again, Sf2 exhibited a monotonic decreése that was related to residue position, with a clear
difference between residues 16 through 18 and 20 through 22. The S¢2 parameters of
sequential residues indicated that the motions of residues 12 through 18 are extremely well -
correlated, assuming that S¢2 of residues 13 to 15 are similar to residue 12. The Sf2
parameters of residues 20 through 22 indicated that these residues share less cbrrclation
with the rest of the peptide. Thus, this analysis provides further evidence that residues 9
through 18 constitute the stable helix of Apa-AlaN, while residues 20 through 22 display
increased mobility; However, residues 20 through 22 do not reach the values predicted for.
free rotation.

The increased mobility of the C-terminal residues agrees with the peptide structure
derived from NOE connectivities. Both of these analyses conclude that the C-terminal
residues conform to an ethbnum ‘between a helix and a mobiie. random coil conﬁguratiori
relative to the more rigid helix preceding these residues. It is possible to é.pply formalisms
which incorporate anisotropic motion or motion on a time scale 1 to the analysis of the C-
terminal residues of Apa-AlaN. However, both of these formalisms require the definition
of axes about which the 15N-1H pair evolve according to the additionai anisotropic or
moderately fast motions. The random coil conformation of the C-terminal residues clearly

lacks a definitive axis. Rather, it is most likely that the values of TR for each 15N
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Figure 6.12. Order parameters Sf2, the correlaﬁdn of these order parameters, and the
2
difference between observed and predicted NOE intensities of Apa-AlaN. Sf2 and % may
’ f.i
range from O to 1 dimensionless units, while predicted NOE intensities are as follows (in sec
rad'l): residue 12, 0.864; residue 16, 0.828; residue 17, 0.821; residue 18, 0.828; residue
20, 0.615; residue 21, 0.379; residue 22, 0.175. _
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accurately reflect a more continuous distribution of random coil motions of the C;tenninal
residues relative to the rigid helix, including additional anisotropic and moderately fast
motions. Thus, analysis of the motion of the C-terminal residues with a model moré éomplex
than the model-free formalism may not appropriately interpret the the raﬁdom coil motion of

these residues.
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E dix 1. Peptide Synthesi
A . . n
Chemistry Reactant Chemical Moiety
tBoc Resin polystyrene, 1% divinylbenzene
crosslink, 200-400 mesh
tBoc linker (L) : phenylacetimidomethyl (PAM)
tBoc amino protecting group (PN) tert-Butyloxycarbonyl (tBoc)
tBoc ‘amino deprotector (D) trifluoroacetic acid (TFA)
tBoc amino acid activator (A) dicyclohexylcarbodiimide (DCC)
tBoc Cap : acetic anhydride
tBoc cleavage & deprotection (C) hydrogen fluoride (HF)
Fmoc Resin : polystyrene, 1% divinylbenzene
crosslink, 200-400 mesh
Fmoc linker (L), amide C-terminus RINK AM
Fmoc linker (L), free acid WANG
Fmoc amino protecting group (PN) 9-P1uorenyhnemoxycarbonyl
" _ (Fmoc)
Fmoc amino deprotector (D) piperidine :
" Fmoc (HOBT) amino acid activator (A) N-hydroxybenzotriazole (HOBT)+
' dicyclohexylcarbodiimide (DCC)
Fmoc (HBTU) amino acid activator (A) O-benzotriazole-N,N,N',N*- -
tetramethyl-uronium--
hexafluorophosphate (HBTU) + -
: dxcyclohexylcarbodiimide OCC)
Fmoc Cap acetic anhydride
Fmoc cleavage & deprotection (C) trifluoroacetic acid (TFA)
min thesis R '
&m_géﬂd_ﬂgn) g;hgmlst_rx Side Chain Protecting Group (PRp)
All - Norne
Arglmnc tBoc Tosyl(p-Toluenesulfonyl) (Tos)
Arginine .Fmoc 2,2,5,7 8-pentamethylchronan-6-sulpholyl (PMC)
Asparagine tBoc None
Asparagine - Fmoc Trityl (Trt)
Cysteine tBoc Paramethylbenzyl (4CH3—B zl)
Cysteine Fmoc ‘Trityl (Trt)
Glutamine tBoc None
Glutamine . Fmoc Trityl (Trt)
Glutamic acid tBoc - Benzylester (OBzl)
- Glutamic acid - Fmoc - - - tert-Butyl ester (OtBu)
Glycine Al None :
Histidine tBoc. Dinitrophenyl (DNP)
Histidine Fmoc Trityl (Trt)
Isoleucine All None
~ Leucine Al ‘ None
Lysine . tBoc. 2-Chlorobenzyloxycarbonyl (Cl-Z)
Lysine Fmoc tert-Butyloxycarbonyl (tBoc)
~ Methionine tBoc none
Methionine Fmoc Sulfoxide (Sox) :
Omithine - Fmoc tert-Butyloxycarbonyl (tBoc)
Phenylalanine All _ None
Proline All None
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min hesis R ntinued): .
AmmA_ch_(Rn) Qb.qm.mu Mm_&o_tgﬁ_g_ﬁ_o_m&
Serine Benzyl (Bzl)
Serine Fmoc tert-Butyl (tBu)
Threonine tBoc Benzyl (Bzl)
Threonine Fmoc tert-Butyl (tBu)
Tryptophan tBoc acetyl (CHO)
Tryptophan Fmoc none
Tyrosine tBoc ortho-Bromobenzyloxycarbonyl (Br-Z)
Tyrosine Fmoc tert-Butyl (tB u)
Valine All None
i hesi ion ition
Reaction Solvent Time Reactants A
1. Amino Deprotéction I DCM = ' 1.33min 0.25 mmol protected peptide chain
33% TFA
- II. DCM 18.5min 0.25 mmol protected peptide chain
50% TFA
III. DMF 2 min 0.25 mmol protected peptide chain
10% DIEA
2.A. Amino Acid 50mlIDCM 8 min 2.0 mmol amino acid
Activation for Ala, S

Asp, Cys, Glu, Gly, He,
Lys, Met, Phe, Pro, Ser,

Thr, Tyr, and Val

2.B. Amino Acid

45mIDCM 8 min

Activation for Leu, Trp 0.3 ml DMF

2.C. Amino Acid

40mlDMF 33 min

Activation for Asn, GIn 4.3 ml DCM

2D. AminoAcid  40m!DMF 33 mi
Acﬁvation for Arg 4.5 mi DCM

3. Coupling E§miDMF. 18.5 min
3A. Double Coupling . DCM 18.5 min
3B. Capping "DMF  6min

4. Cleavage & LDMS  2hours

Deprotection

II. HF 30 min

1.0 mmol DCC

2.0 mmol amino acid
1.0 mmol DCC

2.0 mmo!l amino acid
2.0 mmol HOBT

2.0 mmol DCC

2.0 mmol amino acid -
2.0 mmol HOBT

2.0 mmol DCC

0.25 mmol arnino-deprotécted
peptide chain
1.0 mmol activated amino acid

0.25 inmol amino-deprotected
peptide chain -

1.0 mmol activated amino acid

0.25 mmol synthesized
peptide chain

10% acetic anhydride
100 mg peptide/resin
25mlHF

6.5 ml dimethyl sulfide

1.0 ml p-cresol
9.0 ml HF
1.0 ml p-cresol
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li P
Reaction Solvent
1. Amino Deprotection NMP
2.A. Amino Acid 0.4 ml DCM
- Activation for Asn, 3.2 ml NMP
His, Lys, Om and Trp
2.B. Amino Acid - 0.8 mlDCM .

Activation for Arg,Gln 3.2 ml NMP

2.C. Amino Acid 0.4 ml DCM
Activation for Ala, Asp, 2.0 ml NMP
Cys, Glu, Gly, Ie, Leu,
Met, Phe, Pro, Ser, Thr,
and Tyr
2.D. Amino Acid 0.4 ml DCM
Activation for Val
3. Coupling NMP
3A. Double Coupling: ~ NMP
3B. Capping NMP
4. Cleavage & TFA
Deprotection ‘

i . Solvent
1. Amino Deprotection - NMP
2.A. Amino Acid 0.4 ml DCM
Activation for Asn, - 3.2 ml NMP
His, Lys, Om and Trp '
2B. Amino Acid - - 0.8mlDCM
Activation for Arg, GIn 3.2 ml NMP -

20 min

51 min
51 min

36.5 min

61.5 min

120 min

120 min

8 min

6-8 hrs

i thesis Reaction Condition

Reactants
20% piperidine

1.0 mmol amino acid
1.0 mmol HOBT
1.0 mmol DCC

1.0 mmol amino acid
1.0 mmol HOBT
1.0 mmol DCC

1.0 mmol amino acid
1.0 mmol HOBT

- 1.0 mmol DCC

1.0 mmol amino acid
1.0 mmol HOBT
1.0 mmol DCC

0.25 mmol amino—depfotected
peptide chain
1.0 mmol activated amino acid

0.25 mmol amino-deprotected
peptide chain (treated once with

1.0 mmol activated amino acid)

1.0 mmol activated amino acid

0.25 mmol synthesized
peptide chain
10%.acetic anhydride

125 mg peptide/resin-
1.66 ml TFA

~ 0.088ml phenol

Jime
20 min
51 min

Sl‘_xnin,

R I -
0.1 mmol protected peptide chain

0.100 water

-0.100 ml thioanisole

0.050 ml ethanedithiol

nditi

20% piperidine

1.0 mmol amino acid
1.0 mmol HOBT

1.0 mmol DCC
1.0 mmol amino acid
1.0 mmol HOBT

1.0 mmol DCC
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Emoc (HBTU) Solid Phase Peptide Synthesis Reaction Conditions (continued)
2.C. Amino Acid 04mlDCM 36.5min 1.0 mmol amino acid
Activation for Ala, Asp, 2.0 ml NMP 1.0 mmol HOBT

Cys, Glu, Gly, Ile, Leu, 1.0 mmol DCC

Met, Phe, Pro, Sjcr, Thr,

and Tyr

2.D. Amino Acid
Activation for Val

3. Coupling

NMP

(repeated a second :
time in Double Coupling)

3B. Capping

4. Cleavage &

Deprotection

NMP

TEA

0.4mIlDCM 61.5min

120 min

8 min

6-8 hrs

1.0 mmol amino acid
1.0 mmol HOBT
1.0 mmol DCC

0.05 mmol amino-deprotected

peptide chain

180

0.5 or 1.0 mmol activated amino acid

0.25 mmol synthesized

peptide chain

10% acetic anhydride

125 mg peptide/resin

1.66 ml TFA

0.088 ml phenol
0.100 ml water

0.100 ml thioanisole
~0.100 ml ethanedithiol

Apa-Mj protocol
oc Fmoc (HOBT) Fmoc (rHOBT)

on resin

DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped
DC, capped

R UEA>ROBGROZT> <0 > 2% 1A

rot

Wang resin
SC
SC.
SC
SC
SC
SC
SC
DC
SC
SC
SC
DC
SC
DC
DC
&C
SC
SC
SC
DC
DC
DC

QOZORP>VOHOUAOZROOI P> QAR R

in
Max protocol Apa-AlaN protocol

Fmoc (HOBT)

- Wang resin Rink AM resin

Y SC A SC, 0.5 mmol
K SC A SC, 0.5 mmol
V DC A SC, 0.5 mmol
C DC K SC, 1.0 mmol
E SC A SC, 0.5 mmol
C DC A SC, 0.5 mmol
K SC A SC, 0.5 mmol
D SC C SC, 1.0 mmol
G SC K SC, 1.0 mmol
I DC Y SC, 1.0 mmol
A SC A SC, 0.5 mmol
K SC C SC, 1.0 mmol
‘G SC E SC, 1.0 mmol
L DC A SC, 1.0 mmol
L DC T SC, 1.0 mmol
G SC E SC, 1.0 mmol
L DC P SC, 1.0 mmol
S SC A SC, 1.0 mmol
R SC - K S8C, 1.0 mmol
C DC C SC, 1.0 mmol
S SC . N SC, 1.0 mmol
L DC C SC, 1.0 mmol
Q DC
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ling Pr 1 nti
C DC, capped C DC
N  DC, capped : M SC

C DC, capped R SC



Appendix 2, NMR Pulse Programs

" Pulse programs and phase cycles of NMR spectroscopy experiments. Pulses not filled
with a pattern are scaled to represent 45°, 90°, and 180° pulses. Pulses filled with a pattern

represent:

= MLEY spin-lock sequence
22¢:{ = scrambling pulse

l]]]]]]m = 15N GARP composite pulse decoupling

A. DOE-COSY

Tm=>5psec 01 =4(y), 4(-x)

02 = 4(x), 4(y), 4(-x). 4(-y)
$3 = (y), 2[(x), (), ()], (¥), ¢-y)s 2{(x), (y), (-x)], (y)
OR = 2[(x), (-y), (x). 2(y), (), (-y). (-x)]
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4 = low-power irradiation at water chemical shift to suppress water signal for 1.5 sec

vvvvvv \ ¢1 t ¢2 Tm
ATAVAAAATAS
B. RELAY

- Tm =60 msec

61 —8(X) 8(y), 8(-x), 8(-y)

$2 = 2(x), 2[2(y), 2(-x), 2(-y)], 2(x), 2(-x), 2[2( yh 2(X) 2(y)], 2(-x)
¢3 =2[(x), (x), (), (-1, 2[(¥), y), (%), ()]

OR = 2[2(x), 2(-x)). 2[2(y) 2(-y)]

T Tm |@
t m m
= I P RN
.

Tm = 100 msec

01= (00, 260, 00, ). 263, )

t Tm | %
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D. 20-COSY
Tm = l/4JHH 61 = 2[(x), (-x)]. 2[(-x), (x)]
= 42 mseC ¢2 = (X), (y)v ('X), (’Y)
OR =2[(x), (-x)]. 2[(¥). (-y)]
. ' t .
g Im Im 1 :

M%%$¢ 2 ’ > % k L
E. HMOCIR

A=12INH 61 =2(), 2(y). 2(-x), 2(-y)
= 5.3 msec ¢2 =(x), (-x)
S =140 psec $3 =2(-x), 2(-y), 2(x), 2(y)-

= (x), 2(-x), 2(x), 2(-x), (x), (-x), 2(x), 2(-x), 2(x), (-x)

| ¢
'H wwmq)l o 'q)zvff,nv% ¢4 | .
150 ¢, ASl b |0lA
F. NOESY

Tm = 250-350 msec ¢1 =(x), (- x)

02=8(x).8(x)
63 = 2(x). 2(-x), 2(y). 2(-y)
OR = (), 2(), (9, (1), 2(-3), (), (%), 200, (-x; ¥ 20, ()
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G. NOESYJR .
Tm = 250-350 msec ~ ¢1 = (x), (-x)
- 8 =140 usec - $2=8(x), 8(-x)

$3 = 2(x), 2(-x), 2(y). 2(-y), 2(-x), 2(x), 2(-y), 2(y)
¢4 = 2('X)' 2(X), 2(‘)/)» 2()’), 2(X), 2(-X), Z(Y)a 2('Y)
¢R = (X), 2("x)~ (x)s (}')’ 2(')’)’ (Y)' (‘X), 2()(), ('X), ('Y), 2(),)’ ('Y)

VRGN f %1 ™ |9 kﬁ» %

'H._ NOESY-HMOC
A =172INH ¢1=4(x), 4(-x)
=53 msec $2 = (x), (-x)
$3 =2(x), 2(-x) .
OR = (X), 2(-x), (x), (-x), 2(x), (-x)

Tm 1 4{{
LS ATe—— A ¢2m¢3 %,
NN, AR )

N 1% Al & ¢6 A
LLNIENOE . ‘
A =1/4INH d =1msec ¢1 = (x), (-x)

= 2.6 msec ‘N =00r350 $2 = 8(x), 8(y), 8(-x), 8(-y)

& =10msec . 03 =2(x),2(x)  ¢4=4(y), 4¢-y)

¢R = (X), 2('X), (X), ('X),. 2()(), 2(-)(), 2(X), ("X),' (X), 2(’7(), (X)

RPN ) I T A A ' 4, &




o B L
(2 t, 1t %
01|A| 01 &\.%A o1 A 01 Olor | O 01 |Ald1|A]| 04
7 e g 0y — -
01 | A |04 | 04 . s | o 01 Gaf | &1
L1N-T) |
A =14INH ] =4(x),4(-x) ; |
=2.6msec ¢ = 8(x), 8(y), 8(:x). 8-y) L_LN-T
8 =75msec ¢3=(y),(y) A =1/4INH 01 =4(y), 4(-y)
g =1 msec 04 =2(x), 2(-x) : = 2.6 msec $2 = 2(x), 2(-x)
| =10msec gR = (x), 2(-x), (X), (-x), 200, (-X). d =400 psec 43 = 16(x). 16(x)
N =IntT1(msec)/15) |, =1msec o4 = 8(y). 8(-y)
’ ' = 10 msec d5 = 4(x), 4(y)
N =Int[T2(msec)/1.7] R = 2(x), 4(-x), 2(x), 2(-x), 4(x) 2(-x)
—~ - |
| R Or
101|A] 01 01 | 4 : 1 0 Al o1 |A01|A] 07 |A
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hemical Shi

All proton chemical shifts are réferencéd to TSP. All nitfogen chemical shifts are indineétly

referenced to TSP (Live, et al., 1984).

- roton chemi hi °C an m

RESIDUE NH ¢oH BH f('H ZYH 1"_H OTHER

1 C —- 438 3.85 3.79

2 N 934 4.88 3.02 276 —— --—- amme—7 81,7.19

3 C 9.26 4.71 2.72 332 — -—--

4 K 8.09 422 1.82 -— 1.49 140 8—-1 .64 8—2 94 amine=7. 60
5 A 7.35 451 1.15 = e oo oe-

6 P ——- 480 203 1.63 2.02 1.96 6=3.40,3.49

7 E 9.12 439 2.04 227 2.54 2.52 —

8 T 7.62 4.62 4.62 -— 1.23 - ——.

9 A 9.17 4.02 141 — e e -

10 K 8.69 4.13 1.77 -— —=— -—- —

11 C 7.87 4.72_ 276 317 —— = ——

12 R 8.36 3.79 204 -— 186 -—- 8=3 19,3.03

13 W 7.57 429 347 3.36 2=7.25 4=7.26 5,6=6.99 7=7.33 NH-lO 19
14 K 824 3.74 234 -— 1.62 1.42 6=1.86 £=3.04 amine=6.905
15 C 8.61 431 297 291 —— = - :
16 N 796 449 2.68 - e e

17 F 794 4.15 291 257 —— -— 2,6=7.03 3,5=7.19
18 I 804 3.77 1.82 -— 1.651.15 y=0.86, 6=0.85
19 A 794 417 138 - e oo —

20 V 8.28 390 198 -— 091 0.85 —

21 S 8.17 4.23 3.78 3.69 ——- - —

22 A 8.22 416 1.39 - com e

23 A 805 461 135 — e e -

24 N 8.12 4.16 2.75 2.69 —— - —-—

25 R 8.05. 4.13 1.57 -— 1.431.29 $=3.01

26 F 830 466 3.21 292 —— - 26=7.23 3,5=7.29
27 G . 8.14 3.90 — emee e - '=3.90

Apa-Cro chemical shifts at 15°C and 12 mM, .

RESIDUE NH oH fH f'H yH yH OTHER

1 C —- 451 291 296 — -—. —

2 N 9.13 437 3.15 272 - -—- ——

3 _C 920 4.69 332 277 — -— — S

4 K 8.13 . 424 1.85 1.81 141 -— §8=1.52 €=2.89

5 A 7.37 458 1.19 - —— - ——

6 P -~ 451 2.11 2.03 2.11 2.03 8=3.57,3.46

7 E 8.77 4.41 228 2.11 2.552.60 —---

8 T 775 4.60 460 -— 128 -—- -

9 Q 9.27 393 2.08 2.17 243 -— -

10 S 8.76 4.23 385 395 ——— -— -

11 C 7.80 4.69 281 3.19 ——- - -

12 O 8.59 3.75 192 190 1.75 1.59 &=2.91



hemi
RESIDUE NH
13 N 830
14 K 814
15 C 829
16 O 1773
17 H 823
18 A 825
19 G 843
20 R 824
21 K 851
22 K 850

i,
oH
4.43

4.12
4.42
4.24
4.68
4.35
391

4.35
4.35

4.24 1.

mM (continu

:YHLQ___

1.60 1.49 6=1.91,1.75 8—3 93

1.59 -— &6=2.81
----- 4=7.13 2=1.77

— - _4 03
1.64 -— 08=3.22 e=7.21
1.37 -— 0=1.68 €=2.98

© 1.37 -— 0=1.68 €=2.98

RESMIE.NHQH&HB..H)M:LHLJ&

Voo N B W =

R  —-
M 919
C 905
Q 898
L 798
S 829
C 808
R 830
S 815
10 L 713
11 G 831
12 L 751
13 L 876
14 G 8.0
15 K 903
16 A 862
17 1 838
18 G 9.07
19 D 887
20 K 815
21 C 871
22 E 9.3
23 C 88l
24 V942
25 K 844
26 Y 835

- 4.07

4.63
4.70

4.05

4.23
4.35
4.60
4.38
4.40

442

4.11
4.74
4.44
4.99

4.45
4.92

4.29

1.93

243

3.05
2.14

1.77
3.93
2.62

2.08
4.00

1.48

1.76 -

1.38
1.76

398 --—--

4.76

4.61
5.19
4.72
5.56
4.64

4.33
4.38

3.02
1.92
2.85

2.05

294
2.19
1.79
3.03

2.27
2.83

2.48
2.02

1.90

2.73

1.69

293

1.64 -— 0=3.18 €=7.22
3.08 2.99 £=2.14

2.47 —- 0=1.52¢=2.89
1.64 -— $=0.93, §'=0.88

——— - —m——

1.77 -—  8=3.25 £=7.28

1.71 — &=095 &'=0.86
— - a'=3.98

1.38 - 6=0.85

1.48 -— 8=1.06" 6'=0.78

- o'=4.40
- 1.35 1.26 8—1 63 £=2.90 amine=7.65

1.40 1.09 y=080 §=0.76
— — =373

144 1.35 8=1.67 €=2.98 amine=7.59

+2.38 233--

0.82 0.76 —--

1.25 -— =163 €=2.90 amino=7.63 .

— - 2,6=6.79 3,5=7.21
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— 425 332 27
9.96 4.49 2.72 2.6
9.06 4.72 330 2.7
8.04 422 1.85 -— 143 1.39 5=1.53£=2.90 amine=7.62
721 453 1.17 — ——= -— _—

——  4.80 2.08 2.02 2.01 1.88 8=3.57, 3.43

983 4.62 275 — 3.4 -— ——

745 4.67 4.62 — 126 — ——

9.12 4.17 146 — —— -— ——

8.68 4.22 2.18 2.00 2.53 — ——

7.98 4.68 326 2.80 —— -— ——

845 3.86 1.50 ‘m- —— - ——

825 431 320 -— — -— 2,6=7.13, 3.5=6.83

8.34 396 2.07 1.99 1.73 -— &=1.87, 1.65 £=3.27 amine=7.63
874 431 3.03 ~— -—— -— — |

4
SE
B
Sk
18
TR
:

Gz GS:S\oooqa\ nNH W=
PRBRBBPOR <>AE>HETY >R 0Z0

16 7.92 4.18 148 -— -~ e
17 8.04 412 132 -~ = e
18 7.81 421 149 e —— e _
19 - 7.82  4.15 2.16 1.88 1.54 -— 8=1.77 £=3.21 amine=7.65
20 797 419 144 —— —— e —
21 796 421 144 - e come
22 7.88 422 144 -~ e - —
23 'NHz 7.80, 7.10
Apa-AlaN nitrogen chemical shifts at 20°C and 10 mM,
RESIDUE _ N __ . :
12 A 123.84 - ' ~
16 A 122.36
17 A 121.86
18 A 123.71
20 A 122.72
21 A 121.34
22 A 120.96



L}

g 1. ! D. G C . .

Hydro gén Bond g;Qnstréingg of Apa-M5

. ALA_9:HN

Atom 1 Atom?2 Lower
ASN_2:0 ALA_S:HN 1.800
THR_8:0 'ARG_12:HN 1.800
ALA 9:0 TRP_13:HN 1.800
CYS_11:.0 CYS_15:HN 1.800
ARG_12:0 ASN_16:HN  1.800
TRP_13:0 PHE_17:HN 1.800
LYS_14:0 ILE_18:HN 1.800
CYS_15.0 ALA_19:HN 1.800
ASN_16:0 VAL_20:HN . 1.800
Disulfide Bridge Constraints of Apa-M5
Atom1 Atom2 Lower
CYS_1:CB CYS_11:CB . 3.720
- CYS_3:.CB CYS_15:.CB. 3.720
NOE Constraints of Apa-M§
Atom 1 Atom2 Lower
ASN_2:0D1 LYS_4:HN 1.800
ASN_2:HA CYS_3:HN 1.900,
PRO_6:HA GLU_7:HN 1.900
ARG_12:HA - TRP_13:HN 2.500
TRP_13:HA - LYS_14:HN 2.500
LYS_14:HA CYS_15:HN. 2.500
CYS_15:HA ASN_16:HN 2.500
ASN_16:HA PHE_17:HN 2.500
ALA_19:HA VAL_20:HN - 1.900
CYS_3:HN LYS_4:HN .1.900
LYS_4:HN ‘ALA_S:HN 1.900
GLU_7:HN - THR_8:HN 2.500
LYS_10:HN 1.900

C
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

Upper
3.990

3.990

Upper
2.000

2.500
3.000
3.500
3.500
3.500
3.500
3.500
3.000
3.000
2.500
3.500
3.000

NOE Constrain

Atom 1
LYS_10:HN
ARG_12:HN
TRP_13:HN

CYS_15:BN -

PHE_17:HN
ILE_18:HN
ALA_19:HN
LYS_4:HB*
PRO_6:HB1
PRO_6:HB2
ALA_9:HB*
LYS_10:HB*
ARG_12:HB*
TRP_13:HB1
TRP_13:HB2
LYS_14:HB*

.CYS_15:HB1

CYS_15:HB2

ASN_16:HB* -

PHE_17:HB1
PHE_17:HB2
ILE_18:HB

ALA_19:HB*

THR_8:HB,HA

LYS_10:HA
CYS_11:HA
ARG_12:HA
TRP_13:HA
LYS_14:HA
CYS_15:HA-

- ASN_16:HA

CYS_11:HA

- TRP_13:HA

LYS_14:HA

ILE_18:HN

f Apa-M ntinued
Atom 2 Lower
CYS_11:HN 1.900
TRP_13:HN 1.900
LYS_14:HN 1.900
ASN_16:HN 1.900
ILE_18:HN 1.900
ALA_19:HN 1.900
VAL_20:HN: 1.900
ALA_5:HN 1.900
'GLU_7:HN 1.900
GLU_7:HN 2.500
LYS_10:HN 1.900
CYS_11:HN 2.500
TRP_13:HN 1.900

- LYS_14:HN 1.900
LYS_14:HN 1.900
CYS_15:HN 1.900
ASN_16:HN . 2.500
ASN_16:HN 2.500
PHE_17:HN 1.900

- ILE_18:HN 2.500
ILE_18:HN 2.500
ALA_19:HN 2.500
VAL_20:HN 1.900
CYS_11:HN 2.500
TRP_13:HN 1.900
LYS_14:HN 2.500
CYS_15:HN 2.500
ASN_16:HN 2.500
PHE_17:HN 2.500
ILE_18:HN 1.900

. ALA_19:HN 2.500
CYS_15:HN 1.900
PHE_17:HN 2.500

2.500

Upper
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.500
2.500
3.500
3.000
3.000
3.000
3.000
3.500

- 3.500

3.000
3.500
3.500
3.500
4.500
3.500
2.500
3.500
3.500
3.500
3.500
2.500
3.500
2.500
3.500
3.500
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E Constrai

CYS_15:HA
- ASN_16:HA
LYS_10:HA
LYS_10:HA

CYS_1I:HA -

TRP_13:0
ARG_12:HA
ARG_12:HA

TRP_13:HA

'LYS_14:HA
LYS_14:HA
ASN_16:HA
PHE_17:HA
CYS_1:HA
ASN_2:HN
ASN_2:HN
CYS_3:HN
CYS_3:HN
GLU_7:HN
GLU_7:HN
ALA_9:HN
LYS_10:HN
CYS_11:HN

CYS_11:HN .

ARG_12:HN
TRP_13:HN
TRP_13:HN
LYS_14:HN
CYS_15:HN.
CYS_15:HN

ASN_16:HN

PHE_17:HN
PHE_17:HN
ILE_18:HN

f

- ntinued

ILE_18:HB

Atom 2 Lower
ALA_19:HN 2.500
VAL_20:HN 2.500
TRP_13:HB1  2.400
TRP_13:HB2 - 2.400
LYS_14:HB* - 2.400
LYS_14:HN = 1.800
CYS_15:HB1  2.400 -
CYS_15:HB2  2.400 .
ASN_16:HB* .  2.400
PHE_17:HB1'  2.400
PHE_17:HB2 . 2.400
ALA_19:HB*  1.900
VAL_20:HB 2.400
ASN_2:HN 1.900
ASN_2:HB2 . 1.900
ASN_2:HB1. 1.900 -
CYS_3:HB1 1.900
CYS_3:HB2 1.900
GLU_7:HB1 1.900
GLU_7:HB2 1.900
~ ALA_9:HB* 1.900
LYS_10:HB* 1.900
CYS_11:HB1 1.900
CYS_11:HB2  1.900
ARG_12:HB*  1.900
TRP_13:HB1 1.800
TRP_13:HB2 = 1.800
LYS_14:HB* 1.800
CYS_15:HB1  1.800
CYS_15:HB2  1.800
ASN_16:HB*  1.800
PHE_17:HB1  1.800 .
PHE_17:HB2  1.800

1.800

Uppet
3.500

3.500

-5.000

5.000
4.000
5.000
5.000

5.000

4.000

:5.000
5.000

4.000
5.000
3.000
3.500
3.000
3.000
3.000
3.000
3.000

4.000

4.000

3.000
3.000

4.000
5.000

'5.000

6.000
5.000
5.000
6.000
5.000
5.000

5.000

NOE Constrain
Atom1
CYS_1:HB1
ASN_2:HA
ASN_2:HN
CYS_3:HA
CYS_3:HB1
ALA_5:HB*
ALA_S:HB*
PRO_6:HB1
PRO_6:HG1
GLU_T:HA
GLU_7:HA

THR_8:HB,HA
THR_8:HB,HA
THR_8:HG2* -

THR_8:HG2*
THR_8:HG2*
ALA_9:HA

ARG_I12:HG*

ARG_12:HG*
TRP_13:HZ3
LYS_14:HG1
LYS_14:HG2
LYS_14:HG1
ASN_16:HB*

ASN_16:HB* -

ASN_16:HB*
PHE_17:HN
PHE_17:HD*

PHE_17:HD* -

ILE_18:HG11
ALA_5:HA
ALA_S:HA

ASN_16:HD2*

TRP_13:HE3

Apa- ntinued
Atom 2 Lower
CYS_11:HB1 1.900
LYS_4:HN - 1.900
ALA_5:HB* 1.900
PRO_6:HD1 - 1.900
CYS_15:HB1  1.900
PRO_6:HD1 1.900
PRO_6:HD2 1.900
- ARG 12HA} 1.900
ARG_12:HA 1.900
CYS_11:HB1 1.900
CYS_11:HB2 1.900
LYS_10:HN 1.900
ALA_9:HB* 1.900
ALA_9:HN 1.900
LYS_10:HN 1.900
CYS_11:HN 1.900
ARG_12:HG* 1.900
CYS_15:HB1 1.900
CYS_15:HB2 1.900
L.LLYS_14:HG1 1.900
PHE_17:HB1 1.900
PHE_17:HB1 1.900
PHE_17:HD* 1.900
" ALA_19:HB* 1.900
VAL_20:HG2* 1.900
VAL_20:HG1* 1.900
- VAL_20:HG2* 1.900
ILE_18:HG11 1.900
VAL_20:HG2* 1.900
ALA_19:HN 1.900
PRO_6:HD1 1.800
PRO_6:HD2 1.800
- VAL_20:HG2* 1.900
LYS_14HG1  1.900

Qpper
5.000
4.000
5.000
4.000
5.000
5.000
5.000
4.000
4.000
5.000
5.000
5.400
6.000
5.000
6.000
6.000
5.000
5.000

-6.000

5.000
4.000
4.000
7.000
7.000
6.000
7.000
6.000
7.000
8.000
5.000
3.000

3.000

7.000
4.000
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Hydrogen Bond Constraints of Apa-Cro '

GLU_7:HN

THR_§:HN

- Atom ] Atom 2 _ Lower
ASN_2:0D1 LYS_4:HN 1.800
ASN_2:0 ALA_5:HN 1.800
THR_8:0 LYS_12:HN 1.800
GLN_9:0 ASN_13:HN 1.800
SER_10:0 - LYS_14:HN 1.800
CYS_11:0 CYS_15:HN 1.800

“LYS_12:0 LYS_16:HN 1.800
ASN_13:0 HIS_17:HN 1.800
Disulfide Bridge Constraints of Apa-Cro
Atom 1" Atom 2 Lower
CYS_1:CB CYS_11:.CB 3.770
CYS_3:.CB CYS_15.CB 3.770
NOE Constrain Apa-Cro .

Atom 1 Atom2 Lower
CYS_L:HA ASN_2:HN 1.900
LYS_4:HA ALA_5:HN 1.900
PRO_6:HA GLU_7:HN 1.900
GLU_7:HA - THR_8:HN 1.900
GLN_9:HA SER_10:HN 1.900
SER_10:HA CYS_11:HN 1.900
LYS_12:HA ASN_13:HN 1.900
ASN_13:HA LYS_14:HN 1.900
LYS_14:HA CYS_15:HN 1.900
CYS_15:HA LYS_16:HN 1.900
LYS_16:HA HIS_17:HN 1.900

“HIS_17:HA ALA_18:HN 1.900
ALA_18:HA GLY_19:HN 1.900
GLY_19:HAl ARG_20:HN 1.900
GLY_19:HA2 ARG_20:HN 1.900
CYS_3:HN LYS_4:HN 1.900
LYS_4:HN ALA_5:HN 1388

1.

Upper

2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

Upper
3.920

3.920

Upper
2.500

3.500
2.500
3.500
3.500
3.500
3.500
3.500
3.500
3.500
3.000
3.000
2.500

.2.500

2.500
3.000
2.500
3.000

NOE Constraints of Apa-Cr

Atom 1
GLN_9:HN
SER_10:HN
CYS_11:HN
LYS_12:HN
ASN_13:HN
LYS_14:HN
CYS_15:HN
LYS_16:HN
CYS_1:HB1
CYS_1:HB2
CYS_3:HB1
LYS_4:HB1
LYS_4:HB2
PRO_6:HB1
GLN_9:HB1
GLN_9:HB2
SER_10:HB1
SER_10:HB2

- CYS_11:HB1

CYS_11:HB2
LYS_12:HB*
ASN_13:HB*
LYS_14:HB*
CYS_15:HB1
CYS-15:HB2
GLN_9:HA
SER_10:HA
CYS_11:HA
LYS_12:HA
ASN_13:HA
LYS_14:HA
GLN_9:HA
SER_10:HA
CYS_11:HA .

continued
Atom 2 Lower
SER_10:HN 1.900
- CYS_11:HN 1.900
LYS_12:HN 1.900
ASN_13:HN 1.900
LYS_14:HN 1.900
CYS_15:HN 1.900
LYS_16:HN 1.900
HIS_17:HN 1.900
ASN_2:HN 1.900
ASN_2:HN 1.900
LYS_4:HN 1.900
ALA_S:N - 1.900
ALA_S5:HN 1.900
GLU_7:HN 1.900
SER_10:HN 1.900
SER_10:HN 1.900
CYS_11:HN 1.900
CYS_11:HN 1.900
LYS_12:HN 1.900
LYS_12:HN 1.900
ASN_13:HN 1.900
LYS_14:HN 1.900
CYS_15:HN 1.900
"LYS_16:HN 1.900
LYS_16:HN 1.900
LYS_12:HA 1.900
ASN_13:HA 1.900
LYS_14:HA 1.900
CYS_15:HA 1.900
LYS_16:HA 1.900
HIS_17:HA 1.900
LYS_12:HB* 1.900
ASN_13:HB* 1.900
LYS_14:HB* 1.900

Upper
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.500

3.500

3.500
3.500
3.500
3.500
3.000
3.500
3.500
3.500
3.000
3.500
4.000
4.000
4.000
3.500
3.000
3.500
3.500
3.500
3.500
3.500
3.500
5.000
5.000
5.000
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LYS_ 12 HA

LYS_12:HA

LYS_14:HA
CYS_15:HA
GLN_9:HA

SER_10:HA
CYS_11:HA
LYS_12:HA

CYS_15:HA

ASN_2:HN
- ASN_2:HN
CYS_3:HN
CYS_3:HN
LYS_4:HN

LYS_4HN

ALA_S:HN
GLU_7:HN
GLU_7:HN
GLN_9:HN
GLN_9:HN

SER_10:HN

SER_10:HN
CYS_11:HN

CYS_1LI:HN

LYS_12:HN

ASN_13:HN -

LYS_14:HN

CYS_15:HN -

CYS_15:HN
HIS_17:HN
HIS_17:HN

ALA_18:HN

ARG_20:HN
ARG_20:HN

- ntinu

- Atom 2
CYS_15:HB1

CYS_15:HB2

- HIS_17:HB1

ALA_18:HB*
ASN_13:HN

- LYS_14:HN

CYS_15:HN
LYS_16:HN
GLY_19:HN
ASN_2:HB1
ASN_2:HB2
CYS_3:HB1
CYS_3:HB2
LYS_4:HB1
LYS_4:HB2
ALA_5:HB*
GLU_7:HB1
GLU_7:HB2
GLN_9:HB1
GLN_9:HB2
SER_10:HB1
SER_10:HB2

- CYS_11:HB1

CYS_11:HB2
LYS_12:HB*
ASN_13:HB*
LYS_14:HB*
CYS_15:HB1

CYS_15:HB2

HIS_17:HB1
HIS_17:HB2
ALA_18:HB*

- ARG_20:HB1

ARG_20:HB2

1.900
1.900
1.900
1.900
1.900
1.900
1.900
1.900
1.900
1.900
1.900
1.900
1.900

1.900 -

1.900

© 1.900-

1.900
1.900

'1.900

1.900
1.900
1.900
1.900
1.900

- 1.900

1.900

- 1.900

1.900

-1.900

1.900
1.900

1.900

1.900

1.900

Uppet
4.000

4.000
5.000
5.000
3.500
4.000
3.500

. 3.500

3.500

3.000

3.500
3.000
3.000
3.000
3.000
4.000
3.000
3.500

.3.000

3.000
3.000
3.000
3.000
3.000

- 4.000

4.000
4,000

3.500 .

3.000
3.000
3.000

4.000

3.500
3.500

E Constrain

Atom]
LYS_21:HN
LYS_21:HN
CYS_1:HB1
ASN_2:HA
CYS_3:HA
CYS_3:HA
CYS_3:HA
CYS_3:HA
CYS_3:HB1
ALA_5:HN
ALA_S5:HN
ALA_S:HA
ALA_S:HA
PRO_6:HB1
PRO_6:HG1
PRO_6:HB1
THR_8:HG2*

-THR_8:HG2*

THR_8:HG2*
THR_8:HG2*
LYS_12:HN
LYS_12:HN
LYS_16:HB*
ALA _18:HB*
ASN_13:HA
LYS_16:HN
LYS_16:HN
LYS_16:HN
ARG_20:HN
LYS_14:HN
LYS_4:HN
THR_8:HB,HA
THR_8: HB,H

-Cr ntinued
Atom 2 Lower
LYS_21:HB1 1.900
LYS_21:HB2 1.900

-CYS_11:HB1 1.900 .
LYS_4:HN 1.900
PRO_6:HB1 1.900
PRO_6:HB2 1.900

- PRO_6:HG1 1.900
PRO_6:HG2 1.900
CYS_15:HB1 1.900
PRO_6:HD1 1.900
PRO_6:HD2 1.900

PRO_6:HD1 1.900
PRO_6:HD2 1.900
LYS_12:HA 1.900
LYS_12:HA 1.900
LYS_12:HN 1.900
GLN_9:HN 1.800
SER_10:HN 1.800
CYS_11:HN 1.800
THR_8:HN 1.900
LYS_12:HG1 1.900
LYS_12:HG2 1.900
HIS_17:HN 1.900
GLY_19:HN - 1.900
LYS_16:HB*  1.900
LYS_16:HB* 1.900
LYS_16:HG2 1.900
LYS_16:HG1 1.900
ARG_20:HD* 1.900
LYS_14:HG2 = 1.900
LYS_4:HG* 1.900
GLN_9:HN 1.900
SER_10:HN 1.900

Llnpﬂ
3.500

3.500
5.000
4.000
5.000
4.000
5.000
4.000
5.000
3.500
3.500
3.000
3.000
4.000
4.000
5.000
6.000
6.000
6.000
5.000
5.000
5.000
4.000
4.500
5.000
4.000
5.000
5.000
6.000
5.000
6.000
2.500
6.400
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* Hydrogen Bond Constraints of Max

tom 1 Atom 2
ARG_1:0 LEU_S5:HN
MET_2:.0 SER_6:HN
CYS_3:0 CYS_7:HN -
GLN_4:0 ARG_8:HN
LEU_5:0 SER_9:HN-
SER_6:0 LEU_10:HN
CYS_7:0 GLY_11:HN
LEU_13:HN VAL_24:0
GLU_22:0 LYS_15:HN
ILE_17:HN LYS.20:0
LYS_20:HN ILE_17:0 :
LYS_15:0 GLU_22:HN
VAL_24:HN LEU_13:.0 -
Disulfide Bridge Constraints of Max

“Atom 1 Atom 2
CYS_3:.CB CYS_21:CB
CYS_7:CB CYS_23.CB
NOE Constraints of Max
Atom 1 Atom 2
CYS_3:HN 1:GLN_4:HN

'GLN_4:HN 1:LEU_S:HN
LEU_S:HN 1:SER_6:HN
SER_6:HN 1:CYS_7:HN
CYS_7:HN 1:ARG_8:HN
SER_9:HN 1:LEU_10:HN
LEU_10:HN 1:GLY_11:HN
LEU_13:HN 1:VAL_24:HN
LYS_15:HN 1:GLU_22:HN
ILE_17:HN 1:LYS_20:HN
ASP_19:HN 1:LYS_20:HN
ALA_16:HA 1:CYS_21:HA
CYS_3:HA 1:SER_6:HN

Lower Upper
1.80  2.00
1.80  2.00
1.80 2.00
1.80  2.00
1.80  2.00
1.80  2.00
1.80 - 2.00
1.80  2.00
1.80 2.00
1.80  2.00
1.80 2.00
1.80 2.00
1.80 2.00
Lower Upper
372 399
372 399
Lower

1.90 3.00
1.90 3.00
1.90 3.00
190 3.00
1.90 3.00
190 3.00
190 3.50
1.90  3.50
1.90 3.50
190 3.50
190 3.50
1.90 3.00
190 3.50

NOE Constrain
Atom 1
GLN_4:HA
LEU_5:HA
CYS_7T:HA
ARG_8:HA
CYS_3:HA
GLN_4:HA
LEU_S:HA
SER_6:HA
CYS_3:HA
GLN_4:HA
CYS_7:HB2
LEU_S:HA
ARG_8:HB2
SER_6:HA

- MET_2:HA

CYS_3:HA
GLN_4:HA -
LEU_5:HA
SER_6:HA
CYS_7:HA
ARG_8:HA
SER_9:HA
LEU_10:HA
LEU_13:HA
LYS_15HA
ALA_16:HA
ILE_17:HA
LYS_20:HA
CYS_21:HA
GLU_22:HA
CYS_23:HA
VAL_24:HA

“ALA_16HA

LYS_15:HA

f Max (continued
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NOE Con
Atom
ILE_17:HA
MET_2:HB1
MET_2:HB2

CYS_3:HB1 -

CYS_3:HB2
SER_6:HB*
CYS_7:HB1
CYS_7:HB2
ARG_8:HB1
ARG_8:HB2
SER_9:HB*

- ALA_16:HB*
CYS_21:HB2
CYS_21:HB1
GLU_22:HB1
GLU_22:HB2
CYS_23:HB1
CYS_23:HB2
VAL_24:HB
MET_2:HN
MET_2:HN
CYS_3:HN

- CYS_3:HN
SER_6:HN
CYS_7:HN
CYS_7:HN
ARG_8:HN
ARG_8:HN
SER_9:HN
ALA_16:HN
CYS_21:HN
CYS_21:HN
GLU_22:HN
GLU_22:HN

continued

Atom 2
CYS_21:BEN
CYS_3:HN
CYS_3:HN
GLN_4:HN
GLN_4:HN

CYS_7:HN

ARG_8:HN
ARG_8:HN

"SER_9:HN

SER_9:HN
LEU_10:HN
ILE_17:HN
GLU_22:HN
GLU_22:HN
CYS_23:HN
CYS_23:HN
VAL_24:HN
VAL_24:HN
LYS_25:HN
MET_2:HB1
MET_2:HB2
CYS_3:HB1
CYS_3:HB2
SER_6:HB*
CYS_7:HB2
CYS_7:HB1
ARG_8:HB1
ARG_8:HB2
SER_9:HB*
ALA_16:HB*
CYS_21:HB1
CYS_21:HB2
GLU_22:HB1
GLU_22:HB2

.
S

3

“
LWL B LD LD LD LI B DL LD L B B LD LD LD LD L LA B LD L) W) L) L) LD L) L)
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CYS_23:HN
CYS_23:HN
VAL_24:HN
GLY_14:HA2
CYS_23:HA
MET_2:HA
CYS_7:HA -
GLY_14:HA2
GLY_14.HA1
GLY_14:HA2
VAL_24:HN
ARG_1:HB*
GLN_4:HB*
LEU_5:HB*

-LEU_13:HB*

LYS_15:HB*
ILE_17:HG2*
LYS_20:HB*
GLN_4:HN
LEU_S5:HN
LEU_10:HN
LEU_13:HN
LYS_15:HN
ILE_17:HN
LYS_20:HN

CYS_23:HB2
CYS_23:HB1
VAL_24:HB
CYS_23:HA
GLY_14:HA1
LEU_5:HB*
LEU_10:HB*
LYS_15:HN
LYS_15:HN
VAL_24:HN
GLY_14:HA1
MET_2:HN

- LEU_S5:HN
- SER_6:HN

GLY_14:HN
ALA_16:HN
GLY_18:HN
CYS_21:HN
GLN_4:HB*
LEU_S:HB*
LEU_10:HB*
LEU_13:HB*
LYS_15:HB*
ILE_17:HG2*
LYS_20:HB*
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