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Thermodynamics and Kinetics of DNA; RNA and Hybrid
Oligonucleotide Double-Strand Formation
by

Jeffrey Wayne Nelson

A BSTRACT
The double strands formed by the RNA, DNA and RNA+DNA hybrid
oligonucleotides rCA'sc + rCUsG, dCAgG + dCTsG and rCAsG + dCTsG were

studied in order to determine the differences in the stability and

~dynamics of RNA and DNA. The thermodynamics of double-strand forma-

tion were determined by measuring the absorbance vs. temperature at
260 nm for different strand concentrations. The deoxyribo-oligo-
nucleotides were found to'be more stable, due t6 a more favorable
enthalpy, than the ribo-oligonucleotides; The double strands were
f ound fo aggregaté, and the extént of aggregation was determined by
analytical untracentrifugétion. Mixtures of 6ligonuc1eotides
cépable of forming bulgés, such as rCA¢ G + rCUgG, wefe studied. It
wasvfound that the double strands formed dangling ends by breaking:
the terminal C°G base pairs and forming all of the internai A-U base
pairs. |
The kinetics of double-strand formation of thesé'oligonucleo-
tides were studied using temperature-jump kinetic techniques. Thé
greater .stabiliﬁy of these deoxyribo—oligonucleotides relative to
the ribo-oligonucleotides was found to be due to both a faster
recombination rate and a slower dissociation rate for the deoxyribo—

oligonucleotides. The  hybrid oligonucleotide kinetic properties
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were similar to the ribo-oligonucleotides, suggesting that the
properties of the hybrid are closer to those of the ribo-
oligonucleotides. |

The intercalation of ethidium ion into these oligonucleotide
double strands was measured by monitoring the absorbance uvs.
temperature at two wavelengths, 260 and 283 nm. Measurements at.260
nm monitor mostly the double-strand to single-=strand transitiom,
whereas measu_reménts at 283 nm monitor mostly the binding of ethi-
dium. The ribo-oligonucleotides were fit equally well by two
models, one which assumes that the two terminal binding sites are
stronger than the internal binding sites by a factor of 140, and
another which aésunes that the binding of ethidium is coope‘rative,
with a cooperativity parameter - = 0.l. The deoxyriﬁo-oligonucleo-
tides were fit best _by a model assuming all of the binding sites are
equal, with no coopérativity. The binding was weaker in the deoxy-

ribo~oligonucleotides relative to the ribo-oligonucleotides.
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CHAPTER T

Introduction

. There 'are two major classes of nucleic acids, ribonucleic acid
(RNA) and deoxyribonucleic acid (DNA). The chemical differences
between these two are slight - the DNA lacks the hydroxyl group on
the C2' of the ribose sugar, and RNA lacks the methyl group on the
G of the uracil base, which is on the thymine base of DNA. How~-
ever, these. two differences are enough to account for the dramatic
differences in the biologicai and physical properties of DNA and.
RNA.

The structure of RNA is much more rigid than DNA. RNA is al-
most always found in the A-form geometry, no matter what the condi-
fiohs. However, DNA structure varies from the normal B-form to A-
formv, C-form, Z-f§rm, etc., by changing the salﬁ concentration or by
adding ethanolv or other orgaﬁic compounds to the solvent. Bi o—
logiéally,. .DNA_is generally found as fully base-paired ddublé-
helices., whereas RNA 1s usually single-stranded and forms base~
paired secondary structure with numerous loops and bulges.

The stabil,ity of vthe double helix of DNA and RNA depends
stfongly on the relative amounts of G-C and A—T'or A-U bases (Marmur
& Doty, 1962; Kallenbac.h,' 1968) . G+C base pairs are more stable
thén AT or A"U base pairs, although the #equence is also important
forv ;he stébility (Borer et al., 1974) . |

Polymer studies using naturally occuring DNA and RNA or syn-

thetic polynucléotides have been used - to determine the physical



properties of nuFleic acids. While polymer studies are good for
measuring the average properties of the DNA, any sequence-sﬁecific
effects are unobtainable either because of the random sequence of
DNA or the 1limited sequences available from synthetic polymers.
These problemsvcan be overcome to a large extent by using oligo-
nucleotides as models to determine the sequence~dependent properties
of DNA. Ribo~-oligonucleotides of defingd sequence may be made
enzymatically wusing polynucleotide phosphorylase and T4 RNA
ligase. Deoxyribo~oligonucleotide synthetic procedures have gener-
ally lagged behind those of the ribo-oligonucleotide because there
are no analogous enzymes for DNA synthesis. However, with the de-
velopment of chemical DNA synthetic techniques, this trend is being
reversed. Hence, deoxyribo—oligonucleotide studies may soon become
more prevalent. |

Besides the advantage of the availability of defined sequences,
oligonucleotides have another important advantage' over polymers.
Oligonucleotides can be treated as simple molecules, as far a§ the
physical chemist is concerned, and hence the problems associated
with polymer studies are eliminated. Hence, the thgrmodynamic and
kinetic studies can be carried out assuming simple b;molecular pro-
cesses for the single-strand to double-strand transition.

One of the important areas of research on the biological func-
tions of DNA centers around the question of the chemical indgction
of mutations of DNA. It ‘is thought that frameshift mtations are
important in the induction of cancer. One theory is that a chemical

mitagen interacts with the DNA by intercalating between the base



pairs. TFigure 1 shows a picture of what this intercalation complex
looks like. After intercalating, the mtagen can covalently react'
with the DNA, causing a distortion of the DNA structure. This per-
turbation 1is recognized by repair systems in the cell, which try to
fix the DNA by cutting out the region and filling in the gap.
During this process, an extra base may be inserted by mistake, or a
Sase may be left out. After replication, the newly synthesized
doublebhelix will contain one more or Qne less base pair. This
frameshift mutation wusually destroys the function of the protein
that 1s coded by that section of the DNA. Figure 2 shows the scheme
for this model. |

A theory has been proposed by Streisinger et al. (1966) wherein
the incidence of framgshift mitations 1s increased if the inter-
éalating " molecule stabilizes the bulges which can transiently
form. If this bulge persists while the section is "repaired”, the
bulge'will be lockedvinto thé DNA. Thus, an important question

deals with whether an intercalator stabilizes a bulged structure.

1. Thermodynamics of Double-Strand Formation

The thermodynamics of double-strand formation for polynucleo-
tides have been measured by calorimetry. For a reviéw, see chapter
6 of .Bloomfield et al. (1974). As mentioned before, studies on
polymers are not well suited for determining sequence effects, since
average propérties are determined for natural DNA, and synthetic
 polymers are 1limited as to sequences available. Statistical -
theories of DNA melting have been developed, and have been quite

successful in predicting differential melting profiles for natural



Figure 1. A schamatic representation of the double helix of
DNA. Left: the normal helix. Right: the double helix

with an intercalated molecule.






Figure 2. A proposed mechanism for frameshift mutagenesis.
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DNA's of known sequence (Azbel, 1973, 1975, 1979; Poland, 1974;
Fixman and Freire, 1977; Lyubchenko et al., 1978; Vologodskii and
Frank-Kamenetskii, 1978).

The thermodynamics of double-strand formation have also been
measured for a number of oligonucleotides. Studies on ribo-oligo-
nucleotides are rather extensive. Most studies have analyzed the
melting data assuming a two-state equilibrium, in which only single
strands and fully base-paired double-strands exist in solution.
Comparing the results using many different sequences, the stability
.of a base pair was found to depend on the bases on either side of
it, and not only on whether it is a G+C or an A<U base pair. The
melting temperatures of ribo-oligonucleotides could be predicted by
assigning thermodynamic values for each of the 10 nearest-neighbor
double-strand sequences (Borer et al., 1974). The data base for
deoxyribo-oligonucleotides 1is far less complete, and hence no com
parable study has been made. |

A statistical theory for oligonucleotide double-strand forma-
tion has been worked out, which allows double strand to have par-
tially wun-paired bases on the ends (Applequist and Damle, 1963,
1965; Porschke et al;, 1973; Pdrschke, 1971; Levine, 1974). The
effect of single-strana stacking has also been incorporated into the
theory (Appleby & Kallenbach, 1973). The application of the sta-
tistical theory on the melting curves of the ribo-oligonucleotides
rA Uy revealed the possibility that a significant fraction of the

double helices have their terminal base pairs broken, indicating the



need to be careful in the application of the two-state model.
(Levine, 1974). |

In order to better understand what forces are important in
stabilizing the double strands, studies have been carried out on the
deoxyribo-oligonucleotide dG-C-G-C-G-C in different mixtures of
aqueous and organic solvents (Mbergo et al., 1981; Albergo &
Turner, 1981). The results showed that the enthalpy of double-
strand formation was different 1if the solvent was D,0 instead of
H20, indicating that Hyd'rogen bonding might contribute to the sta-
bility of the double strands (Albergo et al., 1981).

The stabilities of the double strands for DNA and RNA bothv
depend on the relative composition of G*C and AT or AU base
pairs. However, the dependence is different for the t.wo. For DNA,

onm G-C content in

the dependence of the melting temperature, Tm’

0.2M NéCl was found to be T (°C) = 69.3 + 41f,. where f,. is the
mole fraction of G+C base pairs (Marmur & Doty, 1962). For RNA, the
relation was found to be (Kallenbach, 1968) : 'I'm(°C) = 62 + v78fGC..
Thus, DNA A+T base .pairs are more stable than RNA AU base ‘paif‘s, :
whereas RﬁA C-C base pairs are more stable fhan‘DNA G*C base
pairs. Comparisons of DNA and RNA oligonucleotides of identical
sequences should help in understanding what differences between base
pairs in DNA and RNA account for thié.

Thev oligonucleotides dC;G—C-G-A—A-T-T-C—G-C-G, dC~G-T=-G=-A-A~-
T-T—C—G—C—G, and C-G-C-A-G-A-A-T-T-C-G-C-G have been studied exten-
sively by NMR énd calorimetry vto understand the structural and

stabilizing effects of a G°T vﬁobble base pair and a bulged adenine
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on double strand formation (Patel et al., 1982a,b,c; Pardi et al.,
1982). From chemical shifts, it was determined that the “"bulged”
adenine was stacked in the helix. The enthalpies of double-strand
formation were near =103 kcal/mol for both the normal helix and the
helix with the bulged adenine (Patel et al., 1982c). However, these
oligonucleotide single strands form hairpin loop;e., which interfere
with the comparison of the stabilities (Kenneth J. Breslauer, per-
sonal communication). From measurements of the exchange rates of
the exchangable imino base-pairing protons, it was determined that
the G-T base pair causes only local perturbations, whereas the
bulged adenine causes perturbations throughout the double helix

(Pardi et al., 1982).

2. Kinetics of Double-Strand Formation

Temperature—jump relaxation studies have been carried out on a
number 6f oligonuceotides. See Bernasconi (1976) for a discussion
of relaxation kinetics techniques. As is the case in the thermo-
dynamics, ribo~oligonucleotides have been studied far more than
deoxyribo-oligonucleotides. The references are given in Cuapter III
for many of the studies. |

Models for double-strand formation in oligondcleotides have
been developed in which the mechanism is assumed be a sequential
base-pairing of the helix, often called a "zipper” model (Craig et
al., 1971; P&rschke, 1974). From activation energies determined
from oligonucleotide studies, the mechanism for double-strand forma-
tion is proposed to be the formation of a nucleus of a few base

pairs. The rate-determining-step is then the formation of the next
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base pair, after which the double strands zipper up quickly to form
the fully base-paired double strands.

Because of the lack of data for dgoxyribo-oligonucleotides,
there are no good comparisons between ribo- and deoxyribo-oligo-
nucleotide double-strand kinetics. Such comparisons would help
determine the dynamic differences between DNA and RNA to complement

the knowledge of thermodynamic differences.

3. Ehidium Bromide Binding to Nucleic Acids

Ethidium bromidé is an excellent probe to use to understand
what features are important. in stabilizing the intercalated
complex. It has a large equilibrium constant for intercalation, and
forms dimers with itself to a negligible extent. It also exhibits
large optical changes upon intercalation. Studies usually involve
either binding to DNA polymers or to dinucleotides. Ghapter IV
lists the.refer'ences for many of these st';udies. Figure 3 shows the
structure of ethidium bromide.

The studies involving DNA polymers showed quite clearly that
ethidium bromide binds with nearest-neighbor exclusion, meaning that
an ethidium intercalated between two base pairs prohibits the inter-
calation to the next base pair. Also, the binding is non-coopera-
tive: ethidiur binding to one site does not affect the next binding
site two base pairs away. A statistical model accounting for the
nearest-neighbor exclusion (Crothers, 1968; McGhee & von Hippel,
1974) fits the polymer data very well ( Bresloff & (rothers, 1975).

From binding studies using dinucleotides, it was determined

that ethidium bromide binds much more strongly to pyrimidine-purine



Figure 3.

The structure of ethidium bromide.
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sequences than go purine-pyrimidine sequences (Krugh & Reinhardt,
1975; Dahl et al., 1982). However, the magnitude of this difference
could not be determined, since the dinucleotides form very unstable
double strands in the absence of ethidium bromide.

Kinetic studies of ethidium binding to calf thymus DNA exhibi-
ted a very surprising effect: ethidium bromide can be transferred
from one binding site in the DNA to another,vwithout ever going into
solution kk‘esloff & Qothers, 1975). This dir_ect-transfer mecha-
nism allows the ethidium to move very quickly along the DNA double
helix. |

The kinetics of ethidium binding to dinucleotides indicated
that the ethidium bound to a single-stranded dinucleotide (Davanloo
& Qrothers, 1976). This complex then had to re-arrange in some
manner, which was the rate-determining step at high concentra-
tions. =~ A second dinucleétide then base-pairs to this complex,
forming the double strand with an intercalated ethiéium bromide.

No extensive study has been made of ethidium bromide binding to

oligonucleotides in an effort to determine the magnitude of the

'~ sequence specificity for binding, or to test the models for ethidium

binding. Mnsidering the advantages of using oligonucleotides as
models for DNA properties, it would seem to be the next logical step
in the characterization of ethidium brohide intercalation 1into

nucleic acids.

4. Scope of This Study
There were four major goals for this project. First, I wanted

to determine the thermodynamic differences between RNA and DNA
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double~strand formation. Second, I wanted to determine the magni-
tude of the destabilizing effect of a bulged base on the double
strand. Third, 1 wanted to determine the kinetic differences be-
tween RNA and DNA oligonucleotides. And last, I wanted to fin.d out
how mich information I could obtain about the seqence specificity of
ethidium intercalation into double-stran&ed oligonucleotides.
Towards these ends, 1 have studied the properties of oligo-
nucleotides _of the form rCAnG~+ rCU,G .and dCA G + dCT,G. By charac-
terizing the’thermodynamics of these analogous sequences, I have
determined what differences. are important in .determining the rela-
tive stabilities of these oligonucleotides. It was also hoped that
I could st.udy the destabilizing effect of a bulge when strands were
mixed with unequal numbers of A's and U's, for example rCAG +
rCUsG. However, instead of forming a bulged 4, the_s_tr.ucture had a
dangling end on one side or the other, allowing ail-the A+*U base
pairs to form in the interior ofv the helix. During the course of
these studies, the problem of aggregation of the double strands Qas
recognized, and the effect of this on the thermodynamics was evsti-v
v-mated. These studies are described in Chapter II. |
Temperature-jump kinetic techniques were applied to these
oligonucleotides,v and on the hybrid-f'oxrmed by rCAqG + dCTgG, in
orde: to determiné the kinetic differences between these oligon-—
ucletoides. A compafison of the DNA, RNA and hybrid kinetics showed
that the hybrid double strand behavéd more like the RNA than the
DNA. Also, the kinetics of recombination of the deoxyribo—oligo—

nucleotides was found to be faster than the ribo-oligonucleotides,
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which is consistent with the same observation of the kinetics of
single-strand stacking (Dewey & Turner, 1979). The results of these
studies are reported in Chapter I1II.

The final part of this study involved the interaction of ethi-
diun bromide with these oligonucleotides. A statistical model was
developed which allows the ethidium ion to bind to the six potential
binding sites in any combination conéistent with hearest-neighbor
exclusion. From melting curves on the mixture of strands and ethi-
diun, the fraction ethidiur bound can be fairly directly measured.
Comparisons between the statistical model and the experimental
results allows the determination of the thermodynamics of ethidium
binding to these oligonucleotides, and the validity of different
modeis can be compared. The binding to the deoxyribo-oligonucleo~-
tides was found to occur with very little sequence specificity, with
a binding constant and enthalpy consistent with work done on ethi-
dium binding to DNA polymers. However, the binding of ethidium to
the ribo—-oligonucleotides was found to occur with significant co-
operati;rity. One possible explaination is that the ethidium binds
preferentially to the ends of the helix, where the distortions of
the double~helical structure might be less than when binding to the

interior. These studies are reported in Chapter IV.
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CHAPTER II

Thermodynamics of Oligonucleotide Double-Strand Formation

1. Synopsis

The thermodynamic parameters for the double-strand formation of
the molecules rCAn;G + rCU,G, m,n = 5-7, and dCAmG + dCTnG, m,n =
5,6, were measured from optical melting curves. Normal helices are
formed when m = n. The deoxyribo-éligonucléotides are more stable
than the ribo-oligonucleotides, characterized by a more favorable
enthalpy. Dokuble helices with mismatched bases can be formed by
mixing oligonucleoﬁides with m # n. .Such helices may form several
possible structures. A structure with a dangling base 1is favored
over a structure with a bulged base. The de-stabilizaf:ion of the
double strands by the forma.tionvof a bulged base was determined to
be greater than 1.6 kcal/mol of free energy at 10°C. The extent of
- aggregation in the oligonucleotide double strand rCA7G'rCU7G was
determined using wultracentrifugation equilibrium. The possible
effects of aggregation on the determinationiof the thermodynamic

parameters for double~strand formation are discussed.

2. Introduction

Stability of nucieic- acid secondary st.ructure is a sequence-
dependent pr.operty which helps determine the three-dimensional
folding of single-stranded DNA and RNA and is 1likely to affect
-enzymatic copying .of DNA and RNA templates (Gilbert, 1976; Sims et

al., 1978; Schaller, 1978; Huang & Hearst, 1980). Estimates of RNA
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secondary structure stability are usually based on procedures uti-
1izing data obtained from optical melting studies of ribo-oligo-
nucleotides (Tinoco, Jr., et al., 1973; Borer et al., 1974). The
deoxyribo-oligonucleotide data base for a similar attempt at DNA
stability prediction is more limited (Patel & Canual, 1979; Wells et
al., 1977; Haasnoot et al., 1979). Sequence dependence of helix
stability is evident from the differences in melting temperature of
repeating polymers of identical base composition (Wells et al.,
1970; Felsenfeld & Miles, 1967), as well as the well-known depen-
dence of T on G+C content of DNA (Marmur & Doty, 1962).

Prediction of secondary structure stabilities has been made
taking into account both shortf and long-range interactions. - An
attempt has been made to predict the high-resolution njelting pro-
files of DNA molecules without taking into account nearest-neighbor
(or longer range) effects (Lyubchenko et al., 1978; Vizard et al.,
1978). Howevef, the melting behavior of the duplexes of the block
oligonucleotides d(CmAn)°d(TnGm) have been interpreted as indicating
the importance of long-range interactions (Wells et al., 1977).

The stabilities of perturbed DNA structures might be imp\ortant
in evaluating mechanisms of mutations. In particular, the stability
of a bulged base might be important in frame-shift mutations by
intercalating agents (Streisinger et al., 1966). By chemically
modifying a small fraction of adenine bases 1in poly(A), the
destabilizing influence of a bulged modified adenine on the
formation of poly(A)°poly(U) was determined to be 2.8 kcal/mol (Fink

& Cothers, 1972b). It should be possible to determine more
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precisely the nature of this destabilization by studying
oligonucleotide models which lend themselves to more direct physical
study .

I have studied the thermal helix-coil transitions of a series

of oligonucleotide duplexes of DNA and RNA of related sequence:

rCA G + rCU G,. m,n 5=7
m n

dCA G + dCT G, m,n 5,6
m n

These sequences were chosen for study because the terminal G*C base
pairs are expected to minimize fraying of the termiﬁi, a compli=-
cating factor in previous <.;>ligonucleotide studies (Martin et al.,
1971; Uhlenbeck et al., 1971; BReslauer et al., 1975). Further,
these sequences closely 'model both.thev frame-shift mutation ;'hot
Sp0>ts‘" o.f Streisinger et al. (1966) and the séquences of rho-
independent transcriptional termination sites (Gilbert, 1976; Adhya
& Gottesmann, 1978). I have investigated the bossibility that
imperfect duplexes of the type rCAnG + rCUmﬂG might form bulged
double helicés s'uch as those which Stre'isinger has proposed és
intermediates in frame-shift mutagenesis (Streisinger et al., 1966).

The relative stabilities of DNA, RNA, and DNA*RNA hybrid
duplexes for a few of these oligonucleotides- have been reported
previously a’nd. have been related to the process of terminatiqn of
transcription (Martin & Tinoco, Jr., 1980).

The thermal étability of base-paired complexes can be measured

by monitoring any of several physical properties as a function of

temperature and oligonucleotide concentration; absorbance of UV
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radiation at 26p nm was monitored in the experiments reported
here. Proton magnetic resonance studies and calorimetry can give
complementary information and do have particular advantages, but
~ absorbance methods require less material and allow measurements over -
a wider range of oligonucleotide concentration. This advantage can
become crucial when aggregation may be a complicating factor.
Romaniuk et al. (1979) have studied the thermal transitions of
several ribo-oligonucleotides, including rC-A-U-G, using the chem~-
ical shifts of nonexchangeable protons at oligonucleotide concentra-
tions on the érder of 1072, The correlation of these results with
those of optic;1 methods at much lower concentrations is problematic
without a more complete understanding of aggregation of oligonucleo-
tide duplexes.

The relationship between optical and NMR melting transition
measurements- is investigated in more detail in a paper (Pardi et
al., 1981) reporting the NMR studies on some of tﬁe duplexes_dis—
cussed here. The results of this chapter have been published

(Nelson et al., 1981).

3. Experimental Methods

A) Synthesis of Oligonucleotides

The deoxyribo—oligonucleotides were synthesized by Dr. Francis
H. Martin using the classical diester approach developed in the
laboratory of Khorana (Khorana, 1968; Goeddel et al., 1977). Rea-
gents employed for blocking of base amino groups were benzoyl (Bz)
chloride for adenine, isobutyric (Ib) anhydride for guanine, and

anisoyl (An) chloride for cytosine. 5'-Hydroxyls were blocked when
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necessary with a monomethoxytrityl (MT) grou.p,"3'-hydroxyls with
acetyl (Ac) .groups, and 5'-phosphates with cyanoethyl (CE)‘gr0ups.
2,4-,6-Tr‘iisopropy1benzenesulfbnyl chloride (TPS-(Cl) was the activa-
ting agent for condensations. Following each condensation, the
3'-hydroxyl-blocking group was removed with IM KOH in 50% aqueous
pyridine (5 min at 0°C). Oligonucleotides were synthesized by
sequential condensation of dinucleotide or trinucleotide blocks to

the 3'<hydroxyl of the growing chain:

MTdc* -on + pa Ppa Boac
. I
1) TPS-Q

Bz Bz
_—__>
3 XOT MTd " pa 2 pA "2 -0H
11

1+ 11 2 IPS=A o MTdCAn\pABz‘ -OH

2) KOH ~
111

1) TPS-C _ Ib
2) KOH > MTdCA“n pA 5pC -0OH

IT1 + pA 226 P-0Ac
deblocking
dC(pA)SpG

and similarly for the synthesis of the dC(pT) pG oligonucleotides.
Blocked oligonucleotides were separated by DFAE-cellulose chromato-
graphy using trietﬁylammonilum bicarbonate (TEAB) and/or ethanol
gradients (Van de Sande et al., 1976), or by use of reverse-phase
(Cyg) columns (Fritz et al., 1978). Deblocked oligonucleotides were
rinsed Qell at low idnic strength after adsorbance 6n DEAE-cellulose:

columns, eluted with a solution of high ionic strength (NaCl or
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TEAB), and repurified by RPC;S column chromatography wusing Na(Cl
gradients at neutral pH. The NMR spectra showed no detectable con-
tamipation, and all oligonucleotides formed helical complexes
specifically with their complements. Ribo-oligonucleotides were
synthesized by enzymatic procedures using primer-dependent poly-
nucleotide phosphorylase (PNPase) at high ionic strength (0.4 -
0.8M) and appropriate nuclease treatment (Martin et al., 1971;

Uhlenbeck et al., 1971):

rCpA + TADP —M—) rC(pA)n, n=20,1,2,3,...(mixture)

RPC-5 chromatography.

pure rC(pA)5 and other pure rC(pA)n's

PNPase, T1 RNase
> rC(pA)SpGp

rC(pA) 5 + rGDP

alkaline -~
phosphatase; ~ rC(pA)gpG

RPC-5 column

rC(pA )SpGp

Extinction coefficients of rCASG, rCASG, rCUSG, and rCUSG were
determined by measurement of absorbance before and after alkaline
hydrolysis to nuclevotides (Warshaw, 1965). Extinction coefficients
of other RNA compounds were estimated from the ones measured. Ex-
tinction coefficients of the deoxyribo-oligonucleotides were estima-
ted from the extinction coefficients of mononucleotides and di-

nucleoside phosphates (Handbook of Blochemisry and Molecular

Biology, Nucleic Acids, 1975). All are tabulated below.
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Extinction Coefficient at 260 nm
(x 1074 mo1 27! em 1)

Oligonucleotide 25°C 50°C
rCAG 7.10 , 7.64
rCacG 8 .06 8.70
rCA;G . 9.00 9.74
rCAgC 9.92 10.77
rCUsG 6.31 6.34
r (UG 7.22 7.26
rCUsG . 8.13 8.19
r CligG 9.04 9.13

- dcagC - 7.88 8.28
dCTsG 5.79 . 5.8l

B) Obtaining Melting Curves

The melting curves were measured on a Gilford model 250
spec'tr*ophotometer equipped with a Gilford mbdel 2527 thermoelectric
temperature programmer. The data were collected either by recording
the absorbances and temperatures manually or automatically by a
Commodore PET model 2001 microcomputer via an interface to the
Gilford spectrophotometer. The readings were at 260 nm, with a
temperatufe scan rate of 1°C/min. At this rate, the instrument
exhibited no lag between the temperature in the cell and that’ indi-
cated by the thermoprogrammer. lhtéils on the use of the instrument
are glven in Appendix A.

The cells for the Gilford have dimensions of 1.2 (£) x 0.6 (w)

x 1.9 (h) ecm. The path lengths were 1.0, 0.5, 0.2, or 0.1 cm. Path
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lengths of 0.01 and 0.02 cm were obtained by using a 0.2 cm cell
fitted with a quartz spacer of 0.l9 or 0.18 cm, respectively. The
actual path 1lengths were determined from absorbances of sodium
dichromate solutions of known concentrations. The path lengths of
0.1 cm and longer were essentially correct; those of the 0.01 and
0.02 cm varied somewhat between different cells and spacers. The
path lengths of all the combinations were determined.

The cells were soaked: in concenérated nitric acid before
using. The samples were degassed either by purging the buffer with
helium prior to mixing or by heating the samples briefly to about
60° C and shaking to eliminate bubbles prior to filling the cells.

Evaporation was controlled in cellé without stoppers bv float-
ing silicon o0il (Dow Orning 200 Fluid, 20cS viscosity) over the
sample. This had no effect on the absorbance of the solution and
was very effective in reducing evaporation. In cells with Iéflon
stoppers, no oil was used. In most cases, the samples were returned
Vto 0°C after the melting curve was completed. Tﬁe evaporation, as
indicated by an increase in absorbance, was usually less than 1%.
Samples with evaporation greater than this were not used in the
'analysis. Additional information on the use of the Gilford cells is
given in Appendix A.

The buffers used were either 0.2 or IM NaCl in 0.0IM phosphate

buffer, pH = 7, and 0.1 mM EDTA.

Cc) Analysis of Melting Curves

The thermodynémic parameters were obtained from melting curves

using the method of Martin et al, (1971). The relative absorbance
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Vs . temperature was plotted by normalizing the absorbance of single
strands to 1.0 at 50°C. This allows us to compare the melting at
different concentrations directly. In some cases, the double-strand
to single-strand transition is not complete at 50°C. In these
cases, thé absorbance of the single strands at 50°C is obtained by
extrapolating from higher temperatures (see figure 1).

If we know the upper (single-strand) and lower (double-strand)
base lines, we can determine f, the fraction of strands in double
helices at any temperature, from the formla

A(T) - Ad(T)

: (D
AS(T) - Ad(T)

where A(T), A (T),
experimental curve,
respectively. We

oligonucleotides in

and AS(T) are the relative absorbances of the
the lower base line, and the upper baée line,

have assumed a two-state model. Since the

this study are not self-complementary, we can

directly measure AS(T), the single-strand - base 1line. However,
Ad(T), the double-strand base line, can only bé estimated from the
behavior of fhe melting curve at low temperatures.

We can relate f to the equilibrium constant using equation 3 by
setting C, = Cb, the total concentrations of oligonucleotides A and

B, respectively:

A + B T—= DS

P @) (DS (@)
(DS) + (A) C
a
(DS) f
K = = (3)
(A) (B) (1-szc
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1s defined as the temperature at

The melting temperature, Tp»

which half of the strands are in double strands (f = 0.5). From the
conéentration dependence of the Tm’ we can calculate the 4AH®° for the
transition from the slope of a plot of l/Th vs. the log of the con-
centration:
d 1og(Ca)
LtH" = 2.303R ——— (4)
al1/T_]
_ m
where Ca is the total concentration of each of the oligonucleotide
strands.

In addition, assuming a two-state model, we can determine . H®

from the slope of a melting curve at the T using the formula:

- yo = 2 (g.f..
CH 6R(Tm) 3T T (5)

The (H° calculated by both equations should agree if the system is

two-state, and if we have drawn the base lines correctly.

D) Equilibrium Ultracentrifugation

Equilibriur ultracentrifuge experiments were carried out on the
single strand rA7G and the double strands formed from rCA7G + rCU7G
using a Beckman model E analytical ultracentrifuge equippgd with UV
scanning optics. The speed was controlled and monitored electron-
ically.

For rA7G, a sample with a concentration of 180,M was prepared
in a IM Nad solution using a centrifuge cell with a ]l-mm double-
sector titanium center piece. The centrifuge was run at 34,900 rpm
(3660 rad/s) at a temperature of 2°C. Scans were taken several

hours apart until successive scans were the same, indicating that
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equilibrium had been attained. The total time of the experiment was
4-1/2 days. The absorbance ét 260 nm was too high to measure;
therefore, scans were taken at 265, 270, 275, 280, and 285 nm. The
final concentrations ranged from 18.M at the top of the cell ﬁo
490.M at the bottom.

The double-strand experiment was performed using the same l-mm
"cell, using an {initial concentration of 220.M in both rCA7G and
rCU;G. A speed of 20,400 rpm was used (2140 rad/s); the temperature
was controlled at 3°C. The attainment of equilibrium was determined
iﬁ the same manner as‘ described.above. The final concentrations
‘were 27.M at the top and 1200.M at the bottom. The equilibrium
constant at 3°C for rCA;G + rCU,G double-strand formation was
measured to be 1.0 x 109 (see results), so at a concentration of
27uM, greater than 99% of the strands are in double helices. The
scans were taken at 280, 285, 290, and 295 nm. The total time of

the experiment was again 4~1/2 days.

4, Results

A) Melting Curves

The meltiﬁg curves for seven concentrations of dCASG + dCTsG in
IM NaCl are shown in figure 1. The curves are all normalized to an
absorbance of 1.0 at 50°C. The upper line is the experiméntal
melting cufve for the single strands. The melting curves do not
superimpose at low temperatures; the hypochromicity increases with
higher concentrations. This effect is due to aggregation of the
double strands and will be discussed later. Because of the concen~

tration-dependent hypochromicities, I assign a different base line



Figure 1. Melting curves for seven concentrations of dCAgG

+ dCTsG in IM NaCl. The absorbances were normalized to
1.0 at 50°C (see text). The concentrations and melting
temperatures are listed in Table I. The upper curve is

the experimental single-strand melting curve.
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TABLE I

Percent Hypochromicities and Tm's Galculated
for dCASG + dCTSG Using Flat and Sloping
Double~Strand Base Lines, IM NaCl

Flat Sloping
Base Lines Bse Lines?
Ry po- Ry po-

Onec. chromicity Th chromicity T
(M) (%) (°c (%) (°0
606 22 32.9 22.1 36.1
273 21 30.0 21.0 33.2
91.0 ' 20 26.3 19.9 29.2
44 .4 19.5 23.6 19..2 26 .6
17.6 19 20.3 18.5 23.0
9.79 19 17 .8 18.5 20.2

5.86 19 16.7 18.5 19.1

3Slope = 1.4 x 1073/°c.



Figure 2. The plots of 1/T  vs. log(concentration) for
dCAsG + dCTsG in IM NaCl: @, flat double-strand base

‘lines; @, sloping double-strand base lines.
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TABRE II

Thermodynamic Parameters for dCASG + dCTSG, IM NacCl

33

Flat Sloping

Bse Line Hse Linga
Gnc. (%)T M®nc. (%)T
Dependence m Dependence m
AR® (i;;al)mol) ~49 % 1 422 472 -51%3
AS° (e.u.) =145 £ 5 -136 £ 5
86° (kcal/mol,25°C)  =6.1  -6.6
T, (200uM,°C) 28.8 32.0

351ope = 1.4 x 1073/°C.
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to each curve. If one base line is chosen for all of the.curves,
the results are significantly different.

The melting <curves do not have zero slope at 1low
temperatures. This effect could be due to a temperature-~dependent
extinction coefficient due to a small conformational change or per-
haps differential melting of the ends. I did the analyses using
both flat and sloping lower base lines. The resulting hypochrom-
icities and melting temperatures (Th) for each concentration are
shown in Table I for dCASG + dCTgG. We can determine AH® from a-
plot of l/Th vs. log(Ca) using equation 4. The resulting plots are
essentially straight lines, as shown in figure 2.

Table 1I summarizes the results of the analyses, including the
AH® calculated from the slope of the melting curve using equation
5. In addition to AH®°, AS®° and 4G°, I tabulate the T, for a solu-
tion 200uM in each strand (400uM total strand concentration) as a
reference to compare stabilities of different oligomers. This cor~
responds to a concentration of 100uM for a self-complementary oligo-
nucleotide. The 4H° calculated from the concentration dependence is
essentially the same, whether flat or sloping base lines are used.
However, the value for AH® calculated from the slope of the curve at
the T, using equation 5 increases when using a sloping base line.
The stability, as indicated by the AG®° or the Ty (200uM), increases
when a sloping base line is used. This is simply because the Tm's
are shifted to higher temperatures. I will use flat base lines
unless specifically noted. This will allow us to make direct com

parisons to earlier work, all of which assumed flat lower base
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lines. I will also ”use values for AH° derived from the concem
tration dependence of the Tﬁ’

Table III compares the thermodynamics of dCASG + dCT5G with
rCAsG + rCUsG in 0.2 and IM NaCl. The AH® for the deoxyribo=-oligo-
nucleotides 1is about 7-8 kcai greater than for the ribo-oligo~
nucleotides. In both cases, the AH®° does not change significantly
when the salt concentration is increased from 0.2 to IM NaCl, al-
though the stabilities increase somewhat: 2.4°C for the deoxyribo-
and 4.7°C for the ribo~oligomers.

The effects of chain length on the thermodynamic stability are
tabulated in Tablev IV for the ribo-oligomers rCAnG‘+ rCU,G, where n
= 5=7, in iM NaCl. The values calculated using the parameters from
Bbrer et ai. (1974) are shown below the experit;ental parameters.
The calculated stabilities are lower than those observed experi-
mentally, although the' ‘agreement 'is better for the longer
oligomers. It is also seen in Table IV that the values for AH°
caICuléted from the .concent’ration dependence of T  and from the
slope of the mevlting curve at the T, agfee fairly well for rCAqG +
rCUsG and rCA,G + rCUGG but differ significantly vfor rCA,G + rCU,G.

When oligoiners are mixed with unequal numbers of A's and U's
(or T's), the double helices can form bulged structures. One ex-
'ampléb is mixing rCA,G with rCUSG.i' The results of such mismatches
afe sﬁowﬁ in Table V. The mixtures rCA7 + fCUSG and rCASG + rCU7‘
are included to compare the “"bulged” structure to a helix which must
dangle bases off one end. The thermodynamics for the normal double

helices are included for comparison. Since the mismatched double
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TABE III

Thermodynamic Parameters for .
dCASG + dCT5G and rCAgG + rCUsG Using
Flat Lower Base Lines

NaCl

onc. AH® AS8° AG°. Tm
Oligomer (M) (kcal/mol) (e.u.) (kcal/mol,25°C) (200uM,°C)

0.28 -50 -149 =5.7 26.5
dCASG + dCTSG

1.0 -49 =145 -6.1 28.9

0.2 =43 -130 -4 .6 19.2
rCASG + rCUSG

8These values differ from those previously published (Martin &
Tinoco, Jr., 1980). An experimental error in preparing the buffer
was detected and corrected. The values reported therein are: AH® =
-41 kcal/mol and T (200uM) = 27.5°C.



TABRE IV

37

Thermodynamic Parameters for rCAnG + rCUnG, IM NaCl

AH® (kecal/mol)

Conc. (df) AS° AG® Tm
Depen- — (kcal/mol, o
Oligomer dence dT°T, (e.u.) 25°C) (200uM, °C)
Galculated®  -44.6 -136 -4.0 15.7
rCAgG + rCUgG -50 - -46 -148 -6.2 29.2
Gilculated -52.8 -160 -5.2 23.6
rCA4G + rCU,G -63 -53 -187 -7.3 33.8
Qalculated -61.0 -183 -6 .4 29.7

2mlculated using the parameters of Brer et al. (1974).



TAREV

Fffect of Mismatched Bases on Double-Strand Stability,
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0.2M NaCl

AH® AG° T,
Oligomer (kcal/mol) (kcal/mol, 10°C) (200uM, °C)
rCAsG + rCUSG -43 -6.5 19.2
TCA(G + rCUSG -39 ~5.3 10.8
rca; + rUsG -35 ~4.9 7.7
rCASG + TCULG -33 -5.5 12.9
r(‘ASG + rCly, -37 -4.9 8.1
rCASG + dCTsG 50 -8.1 26.5
dCAG + dCT(G -45 -6.3 17.6
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strands are not stable at 25°C, the values for AG® are tabulated at
10°C. The "bulged” mismatches destabilize the double helices by
about 1.0-1.2 kcal/mol for the ribo-oligomers. The destabilization
is about 1.8 kcal for a mismatched thymine in the deoxyribo-
oligomers. By comparing réA7 + rCUSG wivth rCA6G + rCUSG, we will
see that the mismatched double helices probably form structures with

dangling ends rather than bulges (see Discussion).

B) Ultracentrifugation of rCA.G + rCU,G

Ultracentrifugation equilibrium studies were carried out on the
single=strand oligomer rA;G and the rCA;G + rCU;G double strand in
IM NaCl. The slope of a plot of log(conc) .E. rz, where r 1is the

distance from the axis of rotation, is given by equation 6:

' , Ty 2
d log(conc) Mw(1 ve)u

2 = T 4.606RT
dr

(6)

where Mw is the weight—-average molecuvlar weight (hereafter called
apparent molecularv weight), w is the rbtational velocity in rad/s, v
is the specific volume of the molecules, p 1s the density of the
solutiovn, R is the gas coﬁétant, and T is the temperature. If the
molecules do not aggregate or dissociate, the plot of log(conc) vs.
r2 should be a straight line. If there is aggregatiqn, the slope
will increase with incréasing concentration.

The results of the ultracentrifugation for the single-strand
rA;G in 1M NaCl at 2°C is essentially a straight line over the con-
centration range of 18-490M, indicating that this single strand

does not aggregate to a .significant: degree. We can use the

molecular weight of the oligonucleotide (2742 daltons for the Na*
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salt) to obtain a value for (1 - Vp). The resulting value of 0.328,
with the density of IM NaQ of 1.04 g/ml, yields a value of 0.646
ml/g for the specific volume of the oligomer. This specific volume
corresponds to the hydrated molecule. The corresponding value for
double-stranded Na-DNA in IM NaCl was measured to be 0.563 ml/g
( ®hen & FEisenberg, 1968). The higher value for the oligomer might
be caused by a lowering of density due to a lower percentage of
phosphates (there were no terminal phosphates) and to a different
degree of hydration in the oligomer vs. the polymer. The -buoyant
density of single-stranded DNA 1is only about 3% larger than for
double strands (Wiesehahn et al., 1976). Thus, the value for
(1 - Vp) determined above was used in the _determination of the
apparent molecular weight for the double-stranded.oligomer. |

A plot of log(conc) vs. r? for the double strands rCA,G + rCU,G
is shown in figure 3. Theb slope increases with increasing radius
(increasing concentration), clearly indicating that aggregation is
occurring. From the slopes of the curve at different values of
log(conc), we can determine the apparent molecular weig‘ht as a fune-

tion of concentration. The results are shown in Table VI.

5. Discussion

It is important that we know the nature of the molecules in
solution, especiaily since oligo(A) + oligo(U) form triple-stranded
structures in high salt concentrations (Pérschke, 1971). Also, we
want to know whether the double helices are fraying significantly at

the ends.



Figure 3.

Log(concentration) vs. rz for the equilibrium

ultracentrifugation of rCA,G + rCU;G in IM Nad at

3°¢C:

B, 295 am; @, 290 nm; &, 285 nm.
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TABLE VI

Apparent Molecular Weight for rCA,G + rCU;G in IM NaCl

Gnce. - Apparent Molecular Degree of
(uM) Weight Polymerization?
30 : 5070 .85
75 8250 ‘ 1.6
150 13,000 2.6
410 - 24,100 | 4.7

910 - 42,900 8.5

3Apparent molecular weight divided by 5977, the molecular

weight of the double helix.
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Several pileces of_evidence indicate that the oligomers are not
forming triple strands. Job plots (Uhlenbeck et al., 1971) for
rCASG + rCUSG in 0.05 and IM NaCl at several wavelengths show no
significant concentrations of tfiple strands. Also, melting studies
performed by mixing the strands at a ratio of 1 rCASG:Z rCUsG gave
results consistent with double=-strand formation, eveﬁ though forma=-
tion of triple strands would be encouraged. Finally, NMR studies on
dCASG + dCT5G and rCAsG + rCUgG in 0.2M NaCl indicate the absence of
any significant amount of triple-strand formation (Pardi et al.,
1981). | |

The double-stranded helices do not melt differentially at the
ends; that is, there 1is not a detectable concentration of double=~
stranded complexes in which terminal base pgirs are broken. For
dCAsG + dCT5G and rCAgG + rCUsG in 1.0M NaCl, the values for LH®,
calculated by equations 4 and 5, agree fairly well (Tabies II
and IV). Apparent broadening of the melting curves, due to partial-
ly melted duplexes léading to small (df/dT)fm values, has been ob—-
served with oligomers such as AnUh’ where the value of AH® obtained
from equatibn 5 is about 30% lower than that from equation 4 (Martin
et al., 1971). The fact that the two AH°'s agree rather well in the
present study might indicate that the single-strand to double=strand
transition is essentially behaving in a two-state manner. From NMR
spectroscopy on the nonexchangeable base protons, it was determined
that the terminal base pairs melt at the same temperature, within

experimental error, as the internal base pairs for dCASG + dCT5G in
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0.2M NaCl (Pardi et al, 1981), thus further indicating the double
helix melts in a two-state manner.

From statistical considerations, one wbuld expect the terminal
base pairs would not fray significantly in these oligonucleotides,
since they end in G+C base pairs. These have a greater stability
constant than do AT (or A-<U) base pairs; so at temperatures low
enough to form double strands, the éta.bility constant for the ter—
minal base pairs 1is large enough to ensure completely base-paired

double helices.

A) (Qmparing dCAcG + dCTG and rCA:G + rCUsG

Table II gives the thermodynamic parameters determined for .
dCASG + dC‘I‘SG in IM NaCl. The analysis was performed assuming both.
flat and sloping lower base lines. The values for AH®°, calculated
~using equation 4, were t_he~ same within experimental é-tror: -49
kcal/mol assuming a flat base line, and =47 kcal/mol assuming a
sloping base line. The calculated AH° did not depend on whether
flat or sloping baselines were used fof all of the oligonucleotides
in this study. The same result was found for dG-C-G-C~G-C in 1.0M
Na@Q (Albergo et al., 1981). The significance of a slopiﬁg lower
base linevwill be discussed later.

The value for AH° calculated from the shape of the melting
curve, using equation 5, does depend on the lower base line. Since
equation 5 assumes a two-state system, the calculation is fairly
model—-dependent, and one would expect changing the lower base line .
to affect the value of AH°. In contrast, the calculation of AH°

using the concentration dependence of the Ty (equation 4) 1is far
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less model—dependent.v In order to calculate the correct AH®°, you
only need to select the melting temperatures- such that they all
co‘trespond to the same position of the equilibrium.v Thus, if the
melting temperatures all corresponded to f = 0.4 instead of f = 0.5,
the 4H®° calculated using equation 4 would not be affected.

The slope of the 1/Tm vs. log( Ca) plot is also more accurately
determined than '(df/dT)Tu'l. For these reasons, I use values of AH°,
determined using flat base lines and equation 4, unless otherwise
.specified. . This will allow us to make direct comparisons with
earlier work. |

A comparison between the thermodynamics of dCAgG + dCTSG and
tCASG + rCUSG in 0.2 and IM NaCl are shown in Table III. The deovxy-
ribo~oligomers are more stable thaﬁ the ribo-oligomers. The in-
crease in stabilization is enthalpic: =50 kcal/mol for dCAsG +
dCT¢G vs. =43 kcal/mol for rCAG + rCUsG in 0.2M NaCl. In the case
of both deoxyribo- and ribo-oligomers, increasing the salt concen-
tration from 0.2 to IM NaCl has little effect on the 4H°, The sta=
bilities of both are increased somewhat, as indicated by more favor-
able entropies at thve higher salt concentrations. The Tm's of the
deoxyribo-oligomers increase less than the ribo-oligomers, 2.4 and

4.7°C, respectively.

B) (hain-Length Dependence of rCA G + rCU G Thermodynamics

The thermodynamic results for rCAnG + rCUnG for n = 5=7 in IM
NaCl are shown in Table IV. Also included are the values predicted

by Brer et al. (1974).
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As n becomes larger, the oligonucleotides would be expected to
behave more 1like A, + U,, with a larger tendency toward tfiple-
strand formation. A slope discontinuity at a ratio of 2U:l1A strands
is detectable in the Job plots of rCA8G + rCUSG in IM NaCl at low
temperatﬁres (1°C). The shapes of the melting curves of these lon-
ger oligonucleotides were noticeably different from those for n = 5-
7, as seen by a significant curvature in the low temperature base
line. Finally, the 2AH®° calculated from the concentration dependence
was anomalously high, whereas the apparent melting temperatures were
too low, when compared to the shorter oligonucleotides. As a re-
sult, rCASG + rCUgG ahd longer oligonucleotides in this series have
not been included in this analysis. |

A small amount of triple-helix formation in mixtures of rCA;G +
rCU7G may be indicated by the discrepancy between'the‘values of AH®
calculated from equations 4 and 5, but the amount of triple helix
was too small to detect in Job plots or by incre#sed curvature of
the melting curves at'low temperature..

From the chain-length dependence of the thermodynamics, we can
calculate the contribution of an internal é-% base pair to the
stability of the double helix. Using the differences for n = 5 and
n = 6, we obtain AH®° (addition of %:% base pair stack) = -9
kcal/mol, 4S8° = -28 e.u., and AG‘ = =0.9 kcal/mol. The comparable
numbers obtainéd by Borer et al. (1974) are -8.2 kcal/mol, =24 e.u.
and -1.2 kcal/mol, respectively. This agreement is reasonable, as

the present study compares only two oligonucleotides, whereas the

Bbrer study used data for several oligonucleotidés.
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From Table AIV, we see that the predicted stabilities of the
oligonucleotides by Bbrer et al. (1974) are lower than are found
experimentally, although the calculations improve with increasing
chain length. The stability parameters were obtained primarily from
oligomers of the type A XYU, where XY was AeU, C¢G, or G*C. As
mentioned earlier, double helices with melted ends seem to con-
tribute significantly in oligomers of the type A U, . From statisti-
cal mechanical calculations, it was postulated that the terminal
base pairs in AnUn were less stable than the internal base pairs
(Levine, 1974). The procedure used by Bbrer et al. (1974) would
underestimate the stability of internal A4 base—-pair stacks.

U=U
This is because they essentially determine the average stability of

all the %:% stacks and assign this value to the (more stable)
internal %:% base pairs. Since the oligomers in the present study

do not terminate in A+U base pairs, the result is to underestimate
the stability of these double helices.
Another possible reason for underestimating the double-helix

stability 1is that none of the oligonucleotides used in the bBbrer

study contained the g:‘?} stacking interaction. They report the
C-U G-A G~-U :
average stability for the Gap? C=l)? and R stacks. If the

g:% stack is more stable than this average value, the calculated

stability will be too low.

C) Low-Temperature Behavior of the Double Strands

The slope of the melting curves at low temperatures is surpris-
ingly large; in fact, it is about as large as the slope of the sin-

gle-strand melting. Since the low-temperature base lines of ab~
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sorbance melting curves for polynucleotides are fla;, the tempera-
ture dependence of thé absorbances of oligonucleotide double helices
is thought to be an end effect. In the case of oligonucleotides
terminating in AU base pairs, the slope cén at least in part be
attributed to changes in hypochromicity due to changes in the degree
of base=pair melting at the ends, but I do not think this occurs for
the oligonucleotides studied here. It is possible that the cdnfo;—
mation of the ends is not as rigid as it is in the interior of the
double helix. Evidence supporting conformational changes comes from
NMR épectra. Although the oligonucleotides in this study are not
stable enough to measure the low-temperature base lines from NMR
spectra, fér the more stable double strand formed by the oligomer
dG¥G-A—A-T-ch-C, some of the base protons on each of the base pairs
(including the interior ones) continue to exhibit a change in chem—
ical shift with temperature down to-O°C (Patel & Canuel, 1979). We
cannot say how large this change in conformation is, nor why it

would occur only near the ends of double helices.

D) Aggregation of Double Strands

The problem of aggregation giving rise to the concentration—
dependent hypochromicities was presented earlier. Aggregation ef-
fects are also observed in NMR studiés on dG-G-A-A-T-T-C-C (Patel &
Ganuel, 1979) andA rA-A-G-C=-U~U ( Bbrer et al., 1975), as evidenced by
excessive line widths of the nonexchangeable protons. The NMR
spectra were run at a much higher concentration (10mM) than was.used

in this study.
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To determine 1f the problem occurred optically for the single
strands, the oligomers rCA,G and rCU,G were melted separately in IM
NaCl over a broad concentration range. For rCA4G, the range was
from 7.9 to 720uM; for rCU7G, 8.7 to 800uM. The relative melting
curves superimposed over this range, indicating that the effect was
not occurring in the single strands. This also rules out the possi-
bility that the effect of hypochromicities might be due to instru-
mental artifacts.

In an attempt to understand the nature of the double-strand
aggregation, I used equilibrium gltracentrifugation. This allows
~one to determine directly the molecular weight of a moiecule, and
the extent to which the molecules are aggregating. |

The results of the ultracentrifugation of the siﬁgle—strand
rA7G show no aggregation. The plot of log(conc) uvs. rz was a
straight line from 18 to 490uM, indicating a constant apparent mole=-
cular weight vs. concentration.

The results of the ultracentrifugation for rCAyG + rCU,G are
shown in Table VI. As can clearly be seen, the oligomers are aggre-
gating to avsignificant extent over the concentration ranges com
monly used for optical studies. The aggregatién 1s significant even
down to 75uM.

The third column in Table VI shows the ratio of the apparent
(weight average) molecular weight to the molecular weight calculated
for the rCA7G + rCU7G double helix. At the low concentration range,
30w, the ratio is 0.85. The double-strand equilibrium constant at

this temperature, determined from the optical measurements, suggests
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that the oligomers are greaﬁer than 99%Z in double strands at this
concentration. Thus, there is some discrepancy in the data. There
are several possibilities that explain this. The errors in deter-
mining the slopes are rather large. The calculation of the apparent
molecular weight is v'er'y‘sensitive to the value of (1 - v ). The
value used was that obtained from rA;G. There might be some error
in this assumption, although the specific volumes of double-stranded
and single-stranded DNA are nearly the same. Also, degradation of
the oligomer would resul..t in a '.lowering' of the apparent molecular
weight. The experiment took 4~1/2 days, so :degradation is a de-
finite possibility.

The simplest model to describe the ‘aggregation would involve
assigning the same equilibrium constant, !%, for the addition of

each double strand (H) to an aggregate of n double strands:

Hkn.+v H """"‘" Hn'f"l,, Kp = (Hn""l)/(H)(Hn') (n

'I‘he'we.ight-ave-rage molecular weight is given by the expression:

MY (a?)(s)™!
. _n=1 _ M{1 +8) (8)
w oo - (T=78]

1 + ZI(pCt - /1 + {;l(pCt

(9
ZKpCt

S = Kp(H) =

The best fit to the ultracentrifuge data 1is l(p = 12,000 £ 6000,
which corresponds to a free energy of aggregation of =5.2 + 0.4

kcal/mol at 3°C. The fit to the data is not especially good. This
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could be due in part to degradation of the strands, as mentioned
earlier. This would result in the experimental data being too low
at low oligomer concentrationé, as was observed. It ibs also pos-
sible that the model 1is not valid; the equilibrium constant may
diffe.r with the number of double helices in the aggregate. Thus,
the magnitude of the aggregation energy should be conside;ed only as
an approximate value. However, it allows us to estimate the pos=-
sible effects aggregation might have in the determination of the
‘thermodynamic values for double-strand formation.

Of course, from these data alone we cannot determine what type
of aggregation is occurring. One reasonable possibility is end=-to-
end aggregation, where the G+C base pair of one helix stacks on that
of another helix, forming a sort of double-helix polymer. This
could have a favorable enthalpy from the stacking intefact'ions. It
would also be accompanied by a hypochromicity, giving rise to the
observed concentration-dependent hypochromicities.

An important quesion is whether aggregation affects signifi-
cantly the thé-rmodynamic parameters we measure. To .try to answer
this, I tested a model composed of the single-strand to double-
strand transition linked to the aggregation of double strands. The
four parameters for such a model are the AH®° and AS° for the double-
helix formation and for aggregation. The experimental parameters I
fit are the melting temperatures at different conéentrations.

We can simplify the model by assuming that the melting curves
directly measure a, the fraétion of strands that are single stran—

ded. The T, is the temperature where a = 0.5. I also ignore the
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concentration~dependent hypochromicity by assigning a separate low-

temperature base line for each curve:
a = 1=-f = (A)/Ca (10)

where (A) 1is the concentration of single strands, and Ca is the
total concentration of each of the strands. Since C, = (A) + (H) +

2(Hy) + 3(Hy) + *++ + n(H)) + *++, this equation can be rewritten:

(a)
* T (2H,) # 3(H;) + <=* ¥ n(H ) + ~=° (1p

'I used a value of =-5.2 kcal at 3°C for the free energy of ag-
greg&tion, the value determined from the ultracentrifugation. Since
we do not know how to distribute this between 4H° and 4S°, the cal-
culations were performed by allowing the stabilization to be
entirely enthalpic or entireiy entropic. The results of these model
calculations can then £e used as a guide tb determine the potential
-effect of the aggregation.v |

The fits were determined using two sets of aggregation para-

meters, AH; = =5.2 kecal, AS{; = 0, and AH? = 0, AS? -5.2/276

P P
kcal/deg. The AH° and 4S° for double~helix formation were chosen to
best fit the experimental_Tm's. The resulting values are shown in
Table VII. Galculated plots of 1/T, vs. log(C,) using both sets of
AH® and AS°>were essentially identical.
The effect is calculated to be quite - large. Assuming the ag-
.gregation is totally enthalpy-stabilized, the AH® for doﬁble—helix,

formation is calculated to be -82 kcal/mol, as compared to the value

of =63 kcal/mol in the absence of aggregation. The aggregation



54

TABLE VII

Kfect of Aggregation on (alculated Double~Helix

Stability for tCA7G + rCU7G

AHoaggreg. ‘ ASoaggreg. AHohelix Asohelix
(kcal/mol) (e.u.) (kcal/mol) (e.u.)
0 0 -63 -187

=5.2 0 -82 =250

0 18 .8 -94 =290
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model tends to increase the value calculated for the double~helix
formation. This is becéuse aggregatioh tends to increase the Th af
higher concentracions; This resglts in a steeper slope in the I/Th
vs. log(conc) plot, and a lower apparent AH°. fo compensate for
this, the AH® for double-helix formation mist be made larger to
decrease thé slope back to that of the experimental curve. This
result indicates that spectroscopic determinations will underesti-
mate the 4H®° if aggregation occurs.

The results, assuming enthalpic aggregation stabilization, are
shown in figure 4, along with the experihental Th's. The aggrega-
tion model calculations exhibit a curvature. Since the slope of
such a plof is related to the AH®°, the AH®° for double-strand forma-
tion is concentratiomdependent. This is an expected result, as the
double strands are, of course, stabilized relative to the single
strands when aggregates are formed. At higher concentrations, the
extent of aggregation, and hence the double-strand stability, in-
creases..

There is no noticeable curvature in any of the experimental
l/Th vs. log(Ca) plots I measure. The model might overestimate the
effect of aggregation on the double-strand formation. However, the
effect of the aggregation model on the thermodynamics 1is 1large
enough so that a significant effect may be present and not cause any
apparent curvaturé in the l/Th.XE: log(Ca) plots.

The extent of the effect of aggregation on the double-strand
the;modynamics is not apparent from spectréscopic analysis, aside

from the effect of the concentrationdependent hypochromicity.



Figure 4. The plot of I/Tﬁ.XEJ log(concentration) for rCA,G
+ rCUyG in IM NaQl: @, experimental data;

best fit from simple  aggregation model, assuming

straight 1line fit assuming no aggregation. See

Table VII for the corresponding thermodynamic values.
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Unfortunately, the effect would also be difficult to detect in
microcalorimetric measurements, which directly measure the amount of
heat absorbed by the molecules between the low and high tempera-
tures. If the amount of aggregation is large throughout the melting
transition, the transition may be described as

double strands (aggregated) ——— single strands

The aggregation is concentration-dependent; thus, in principle,
the effect could be determined from the concentration dependence of
the enthalpy. However, in scanning differential microcalorimetry on
oligonucleotides, the experimenters usually work at concentrations
in the range of ImM strand concentration and vary the concentration
by a factor of about 2. Since the extent of aggregation is pre-
dicted to be large in this concentration range; the concentration
effect may be too small to observe.

We have seen that the effect of aggregation on the determina-
tion of single-strand to double-strand energetics can be signifi-
cant. A direct estimation of the extent of aggregation is obtained
only from the equilibrium ultracentrifuge analysis. Thus, when
studying oligonucleotides at concentrations in the range of 100~
1000w, care must be taken to be sure that aggregation will not
significantly interfere with the results. If the aggregation is
comparable 1in all the oligonucleotide studies, the comparison of
energetics from one set of oligomers to another set of closely rela-

ted oligomers should be basically valid.
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E) Mismatched Double Helices

A bulged structure mst occur whenever a frame-shift mutation
occurs, and hence the stability of such a structure might be impor-
tant 1n'understanding the molecular mechanism of frame-shift muta-
genesis. We can potentially form bulges by mixiﬁg oligonu;ieotides
with different numbers of Ai and U bases, for example, rCA6G +
rCUSG. The stability of a perturbed double helix can thus be com
pared to that of the normal double helix.

The best estimate to date of the destabilization of a bulge is
from the work of Fink and Cfothers (1972b) . They studied poly(U) +
poly(A,A*), where A* represents adenine residﬁes modified by mono-
perphthalic acid to adenine-N-l-oxide. This modified: base forms a
'bulge. By monitoring qhe Tm at different mole fractions of modified
adenine, they were able to determine that a bulge of one nucleotide
destabilizes the double helix by 2.8 kéal/mol and the triple strands
by 2.3 kecal/mol. From CD measurements, they detérmined that the
modified adenine was probably stacked in the single-strand helix but
was bulged out of the double helix (Fink & Crothers, 1972a).

I studied the thermodynamics of the mismatched double helices
formed by the three mixtures: rCA6G + rCUSG, rCASG + rCU6G, and
dCASG + dCT6G, in 0.2M NaCl. The results of these studies are given
in Table V, along with the normal double helices for comparison. I
also studied the stabilities of the mixtures rCA; + rCUsG and rCAG
+ rCU; in order to help determine the structure of ﬁhe."bulges" in
the mismatched doubie helices. The structures of the "bulged”

double helices are ambiguous. In contrast, the structure of a
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double helix 1like rCA7-rCUSG is constrained to have a"dangling end
(see below).

The values for AG° are reported at 10°C, since the mismatched
double helices are not stable enough to study at 25°C. An extra rA
or rU destabilizes the double helix by about 1.2 and 1.0 kcal/mol,
respectively. The extra dT destabilizes by about 1.8 kcal/mol. 1In
this instance, the perturbed structures are more destabilizing for
deoxyribo-oligonucleotides than for ribo-oligonucleotides; however,
it would be inappropriate to generalize from such 1limited
information.

We can use the comparison between the stabilities of the double
helices formed by the mixtures rCA G + rCUsG with rCA; + rCUsG. The
possible structures for the former are represented by structures
(I), (II), and (III) in figure 5; the most likely structure for the
latter is structure (IV). ©Equilibrium constants for each of these
possible structures are defined in figure 5.

Structures (II) and (IV) both have dangling ends containing an
adenine followed by another purine, either adenine or guanine. It
was found that a dangling end in oligomers of the kind An+1Uﬁ stabi-
lized the double helix relative to A U,. A second dangling base,
An+ZUh’ stabilized even more, but the effect was less than the first
(Martin et al., 1971). Since the second dangling base contributes
only a little, and in both structures (II) and (IV) the second dan—-
gling base is a purine, they have been assigned the same equilibrium

constant, Kdl'



Figure 5. Plausible structures and equilibrium constants
for the double strands- formed by mixing rCAG +
rCUgG. Structure (I) should be considered as schematic
only - the bulged bases could be in several positions,

and could be inside or outside the double helix.
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The other possible dangling end structure, (III), is assigned a
different equilibrium constant, K49, since it 1is of a different
nature. The bulged structure, (I), is assigned an equilibrium con-
staht, KS’ which is an apparent equilibrium constant for all
possible bulged structures. Structure (I) should be considered a
schematic structure only.. We cannot say whether the bulged base is
inside the double helix or pushed out into solution. In these
oligonucleotides, there exists a number of possible sites for the
buiged A. Since we do not know what the structure of the bulge is,
or what the stability i; at different sites, we can only assign an
Qppatentrequilibrium constant.

The equilibrium constant for structure (IV), Rdl’ can be deter-
mined experimental}y, as can be the sum of the equilibrium constanté
Kb + Xﬁl + KdZ' [In this.caée, we measure the apparent equilibrium
constant for formation of all double-stranded species Képp(double
helix) = K, + Kyp +»Kh2.] We want to make a comparison with the
corresponding normal double helix, structure (V), which is assigned
the equilibrium constant K.

The data in Table V allow us to calculate the ratio of the
apparent equilibrium constants for double-strand formation of struc—
tures (I), (II), and (III) to the equilibrium constant for structure

o = o N
(IV),.since AG -RT zn(Rspp).

app
(K, + K,, + K,,) exp(aG®__ /RT) :
b dl = 427 _ app - 0 - ag0 (12)
K exp(AG AGépp)/RT

d1 - exp(-AGY/RT) -
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Table V tells us that the "bulged” structures (I), (II), and
(III) are more stable than the dangling-end structure (IV) by 0.4
kcal/mol at 10°C. I estimate the error in this to be at most 0.2
kcal/mol. Using the extreme value of 0.6 kcal/mol, the value of the
ratio in equation 12 is 2.9. This allows us to calculate an esti-
mate for the lower bound for tﬁe amount of destabilization produced
by a bulged adenine.

We do not know tﬁe relationship between Ky; and Kyo- If we
assume Kj; = Kjs, then K, = 0.9-1Kd1. This assumption is probably
not strictly valid, since thé stability of the dangling end probably
depends on sequence. However, if we set. Kyp = O°5Kd1’ the resulting
free energy changes by only 0.2 kcal/mol.

Keeping in mind that 0.6 kcal/mol was an upper limit, the cor=-
responding lower limit on the bulge destabilization can be calcu-
lated by comparing -RT-'Zn(Kb) with -R'I'*Zn(Kdl) and -RT--ln(Kh). The
last two values are directly measured. Using K, .= 0'=9Kd,1’ the AG®
for forming structure (I) is calculated to be =4.9 kcal/mol. Com=
paring these AG®°'s of double-strand formation with the value for the
normal double helix, -6.5 ‘kcallmol, we see that the bulge destabi-
lizes the double helix by at least 1.6 kcal/mol.

We must view these numbers with some caution, however. If we
set Ky, = Kjo, and assume Ky << Kyp» we would expect the mixture of
rCAcG + rCUsG to be RT*Zn(2) more stable than rCA; + rCUsG on the
basis of statistical considerations. (The former can form dangling
ends on either end; the latter on only one.) RT<2n(2) = 0.39

kcal/mol at 10°C. The difference we measured was 0.4 * 0.2
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kcal/mol. Thus, these data are consistent with no significant
amount of bulged species, and hence the destabilizing effect of the
bulge could be much greater than we just calculated. Also, since
the bulge could exist in a number of places, the stability of any
one of these structures would be lower than we calculate because of
statistical considerations.

I also investigated the effect of an extra rU of dT base by
studying the thermodynamics of rCASG + rCU6G, rCASG + rCU;, and
dCASG + dCT6G. These results are included in Table V. The possible
‘structures for the ribo-oligomers are shown in figure 6. In this
case, we cannot follow a.similar argument as above, because now the
dangling=-end structure (III') can form a G<U base pair; thus, struc-
ture (III') is expected to be more stable than structure (II'). The
difference 1h stability between the "bulged"” structures (I'), (II'),
and (IIT') and thevdangling-end structure (IV') should now be larger
thaﬁ we measured above.. The observed value for»a»ﬁismached rU was
0.6 £ 0.2 kcal/mol.

In summary, I attempted to study the‘destébilizing effect of a
bulge on double-helix form&tion.. The system I chose has the ability
to form either a bulge or a dangling end. These results indicate
that the dangling end is more stable than the bulge, which indicates
that a bulge destabilizes the double helix more than other ﬁertur-.
bations. To favor the formation of a bulge, it would be better to
use a molecule such as dC-A-A-A-C-A-A-A-G, which when mixed with

dCT6G should form structures with a bulged C.



Figure 6. Plausible structures and equilibrium constants

for the double strands formed by mixing rCAgG + rCUgG.
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CHAPTER III

Kinetics of Oligonucleotide Double—-Strand Formation

1. Synopsis

The kinetics of double-strand formation were measured using
temperature—-jump kinetics techniques for .the DNA oligonucleotides
dCASG + dCTSG, the analogous RNA oligonucleotides rCASG + rCUSG, and
the hybrid rCA;G + dCTgG. The DNA oligonucleotides have a faster
rate of recombination and a slower rate of dissociation at 12.0°C
than the RNA oligonucleotides; the hybrid has about the same recom-
bination rate and a slightly faster dissociation rate than the RNA
oligonucleotides. The activation energy for recombination for the
DNA and RNA oiigonucleotides are both near zero kcal/mol. The dif-
ference in dissociation and recombination activation energies are
consistent with the thermodynamic results obtained earlier.

The relaxation process 1is composed of two exponential compo-
nents for the RNA and hybrid oligonucleotides at temperatures of
12.0°C and lower. One exponential component is observed for these
oligonucleotidgs above 12.0°C and for the DNA oligonucleotides at

all temperatures.

2. Introduction

The kinetics of double-strand formation for a number of ribo-
oligonucleotides have been studied using the temperature-jump tech=
nique (Craig et al., 1971; Podder, 1971; Pdrschke & Eigen, 1971;

Porschke et al., 1973; Ravetch et al., 1974; Rreslauer & Bina-Stein,
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1977) . Studies on deoxyribo-oligonucleotides are more 1limited
(Drobnies, 1979; Freier et al., 1982). One RNA-DNA hybrid oligo-
nucleotide double helix has been studied (Hoggett & Maass, 1971).
However, no thorough study has been madé comparing the kinetics of
the same sequence.for RNA, DNA and hybrid oligonucleotides. Such
knowledge 1is important in determining how chemical differences be-
tween DNA and RNA manifest themselves in the dynamic properties of
the double strands.

In this report I present results of temperature—jump kinetics
studies of double-strand.formgtion of the RNA oligonucleotides rCAqG
+ rCU5G, the analogous DNA oligonucleétides dCASG + dCTSG, and a
hybrid double helix composed of rCASG +-dCT5Gf .- The 6ther hybrid
dCASG +:rCUSG does not form stable double strands_(Martin & Tinoco, -
Jr., 1980). The results of this cﬁapter‘have been published (Nelson

& Tinoco, Jr., 1982) .

3. Methods and Materials

A) Sample Preparation

The- synthesis. and characterization of the oligonucleotides have
already been discussed in (hapter II. (ncentrations of all mix-
tures capable of forming double strands were determined by measuring
absorbances at 50°C, where the strands exist as éingle strands. The
oligonucleotides are subject to degradation due to the high
intensity of the UV lamp used in temperature—-jump experiments.
Therefore, concentrations were determined before and after the tem—
perature-jump measurements,_and were always within 3%Z. Addiﬁional—

ly, absorbances were recorded at 0°C before and after, to check the
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hypochromicity. The hypochromicity, (Asoo'Aoo)/Asoo, generally
decreased 0.5 to 27 after the measurements. Samples with larger
discrepancies were not used in the analysis.

The buffer used throughout these studies, IM NaCl, 0.01M sodium
phosphate buffer, pH=7, O.lmM EDTA, was filtered using Uni-Pore
Polycarbonate Membranes (Inoéﬁad) with a pore size of 3 um. Samples
were degassed prior to temperature-jump measurements by purging the
buffer with helium for 3 to 5 minutes before mixing with a small
volume of a stock solution 6f oligonucleotides. |

Measurements were takeﬁ at the mercury line near 267 nm for the
ribo= and deoxyribo—oligqnucledtides. Due to problems developing
from the saﬁple cell, the hybrid oligonucleotides were more conve-
niently measured at 2§0 nm (see Appendix B). The temperature was
measured to an accuracy of 0.2°C using a copper—-constantin digital
thermocouple (Fluke model 210Q) in conﬁact with the upper elec~

trode.

B) The Temperature=Jump Instrument

The temperature-jump instrument was manufactured by DiaLog
(West Germany) and has been previously described (Rigler et al.,
1974; Drobnies,‘ 1979) . The data were collected digitally by a
Blomation model 805 transient recorder, using 2048 data points. A
PET micro-computer was used to transfer the data from the Biomation
to a VAX 11/780 computer, where the data were analyzed.

The program DISCRETE written by S. W. Provencher (Provencher,
1976a,b) was used to analyze the data. The program determines, from

the data, what number of exponential components results in the best
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fit. The program was allowed to searcﬁ for three exponential compo-
nents. Two exponentials were reproducibly found for the ribo- and
hybrid oligonucleotides at 6.7°C and 12.0°C; One exponential was
found above this temperature and for the deoxyribo-oligonucleotides.

Any further description of the set-up and use of the instrument
will be deferred until Appendix B, which describes the instrumental

and experimental procedures in detail.

C) Analysis of the Temperature-Jump Kinetic Data

For the reaction scheme given by equation 1, k_ corresponds to

r

k
r
A + B = AB (1)

kd |
the recombination rate constant for the formation of double strands
AB from the non-selfcomplementary strands A and B, whereas ky corre-
sponds to the dissociation rate constant. When the system at equi-
librium 1is perturbed by producing a fast jump in-temperature, the

system relaxes exponentially to its equilibrium at the final temper-

ature according to equation 2.

/1 = 2ers + k (2)

d

Cg is the equilibrium concentration of A at the final temperature,
and the total concentrations of A and B are assumed to be equal. T
is the relaxation time characterizing the process.

I have considered three methods to determine k. and ky by mea-
suring 1/t at severai concentrations of strands. The first i§ to

calculate C; at each total concentration using the equilibrium con-
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stant determinéd thermodynamically, and plotting 1/7T vs. G- The
slope gives kr; the intercept gives kd.

The second method is to use the kinetic equilibrium constant
determined by the first method, Ketnetic = kr/kd’ and calculate new

values for CS; k_ and kd. Iteration will result in the determina-

r
tion of a kinetically determined equilibrium conétant consistent
with the data.

The third method is to square equation 2 and eliminate Cs from
the equation to get equation 3:
’ 2

2 :
1/t Akrkdctot + kd (3

A plot of l/T2 vs. C

tot® the total concentration, gives an intercept
2

= kd and slope = 4krkd.

The second and third analysis methods have the advantage that
previous thermodynamic knowledge is notuused in the final determina-
tion of the kinetics. A comparison of the results of the kinetics

and thermodynamics allows a check of the consistency of the reaction

scheme. T used all three methods of analysis.

4. Results

Figure 1 shows a trace of voltage vs. time for the ribo-oligo-
nucleotides rCASG + rCUsG at 14 .2uM concentration and a final tem
perature of 6.7°C. The size of the temperature jump was 1.8°C; the
initial signal was 5 volts. Figure 2 shows a semi-log plot of the
trace in figure 1. The small amount of curvéture indicates that
there are two exponential components. The two lines indicate the

best fits assuning one exponential (- - - =) and two exponentials



Figure 1. A trace of a temperature-jump experiment on

14 .2uM rCAsG + rCUsG in IM NaCl, 0.0IM phosphate
buffer, pH=7, O.lmM EDTA, at a final temperature of
6.7°C. The temperature jump was 1.8°C; A = 267nm. The
initial signal was 5 volts. The first 5 msec shows ££e

signal prior to the temperature jump..
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Figure 2. Semi-log plot of the trace 1in Figure 1. The

amplitude at long times, V,, was determined from the

two component fit of program DISCRETE. The two lines
show the two component fit ( ————u) (T1 = l6.6msec,
a; = 45 .8nvV; Ty = 2 .87msec, a, = 4.92mV) and the one

component fit (- = = =) (1, = l6.lmsec, a; = 47.8mV).
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(———— ). Due to the small amplitude of the second component, the
relaxation time for the predominant relaxation for both fits are
within 3Z. Since the second component is seen only at low tem—
perature, the one—component fit is used to characterize the bimolec-~
ular reaction. Using the two exponentials, when observed, does not
change the results. The second component is seen only for the ribo—
and hybriq oligonucleotides at temperatures at or ﬁelow 12°C. It is
not observed at higher temperatures or for the deoxyribo-~oligo-
nucleotides at all temperatures.

The relaxation times for the predominant relaxatién were
averages of 5 to 10 relaxations for each sample. The standard
deviation of the relaxation times was generally 2-6%. These stan-
dard deviatiQns were used in linear regression to give the errors
for the recombination a-nd ’d'is-s.ocia-t.ion rate constants reported.
Using these errors in the Iinear regress.ion to determine the activa=-
tion energles' ylelded the errors reported for the a:ct.iva-.tiovn
energies.

The temperature range of the instrument is limited by the
sample cell to initial temperatures no lower than 5°C. ‘The upper
end of the temperature range is reached when the concerntration_ of
double strands becomes too low and the signal becomes too small to
measure.. Thus, the temperature ranges studied were 6.7 to 21.1°C
for the ribo-oligonucleotides and 8.0 to 24.8°C for the deoxyribo-
oligonucleotides.

Table I lists the ralte constants and activation energies deter—

mined for the fibo-oligonucleotides rCAgG + rCUsG at four tempera-
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tures, using the three methods of analysis discussed above. The
first uses thermodynamic equilibrium constants to calculate the

equilibrium single strand concentrations, C ifx equation 2; the

S
recombination rate constant, kr’ and the dissociation rate constant,
kd, are determined from the slope and intercept of a plot of 1/1 vs.
Cs. This procedure has the disadvantage of requiring previous
thermodynamic knowle_dge, which might bias the kinetic results. The
second method avoids this problem by calculating the equilibrium
constant determined from kinetics, Ky oric = kr/kd' This equilib-
rium constant 1is then used to calculate the next set of rate con-
stants. Iteration produces rate constants which give a consistent
equilibrium constant determined kinetically; previous thermodynamic
parameters do not bias the results. The third procedure uses equa-

tion 3, from which a plot of 1/12 vs. C the total concentration,

tot?
gives directly kdz from the intercept, and 4krkd from the slope.
For this data the intercept of such a plot is small, and hence k4
has a large uncertainty. This also contributes to the error of the
recombination rate constant, k.. Thus, although this procedure
requires no thermodynamic knowledge, it is less accurate than the
second procedure.

Of course, if the mechanism 1is correct, and the kinetics and
thermodynamics are consistent, the three methods should give consis-
tent results. The data in Table I show that the three analytical
methods give consistent results within experimental error. The

second method is preferred, since it requires no previous thermo-

dynamics results, and is more accurate than the third method. It



TARLE I

Kinetic Results for rCAqG + rCUsG Using Different Analytical Methods

Recombination Rate (ustant (x 10_6)

Dissociation Rate (bnstant

(2 mo1l”! sec™!) (sec” )
2 ” 2
1/t vs. Cq iterating /1 vs. C ¢ 1/t vs. C iterating 1/t va. C. oy

Temperature 1/1 vs. Cg 1/v vs. Cg

6.7°C 6 .240.7 5,240 .6 S 646 4 1144 1244 1141
12.0°C 6.420.4 6 .840.4 6.841.9 3844 3744 3748
16.4°C 5.940 .6 6 .00 .6 6.0+1.3 10819 1079 107412
21.1°C 4.6+1.1 4 4%1.0 4,5%1.3 330420 330420 330420
k (12.0°C) 6.2 x 109 6.2 x 100 6.7 x 10° 38 Y 37
E, (kcal/mol) ~242 02 ~6£6 3942 3942 4043
2s¥ (e.u.) -3647 -29+7 -50420 8446 8416 8710

6L
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will be used for the remainder of the kinetic results reported in
this papér. Figure 3 shows plots of 1/t vs. Cs for the ribo-oligo-

nucleotides, using the second method of analysis.

A) (omparison of rCA:G + rCUc.G, dCA:G + dCTG and rCA.G + dCTsG

Table II shows the kinetic results for the ribo—, deoxyribo-
and hybrid oligonucleotides. Activation energies were determined
‘for the first two; rate constants at 12.0°C were detgrmined for the
third. The rate constants are all compared at 12.0°C. The recom-
bination rate for the deoxyribo-oligonucleotides (8.3 x 106 L mol"1
sec™l) 1s 34% faster than for the ribo-oligonucleotides (6.2 x 10672

1 sec‘l); the hybrid 1is essentially the same as the ribo-

mol™
oligonucleotides, (6.6 x 10% 2 mo1”! sec™l).

The activation ehergy, Ea, and the activation entropy, AS*, are
obtained from the temperature dependence of the rate constants.
Figure 4 shows an Arrhenius plot for the recombination and dissocia-
tion rate constants for the ribo— and deoxyribo-oligonucleotides.
The recombination activation energies for the ribo- and deoxyribo-
oligonucleotides.are small and the same within experimental error:
0 £ 2 and -0.5 £ 2 kcal/mol, respectively. The activation entropies
are negative and nearly equal, -29 and -30 e.u., respectively; The
activation parameters were not measured for the hybrid oligo-
nucleotides; they are assumed to be consistent with the ribo- and
deoxyribo?oligonucleotide data since the recombination activation
energies are the same in the ribo- and deoxyribo~oligonucleotides.

The dissociation rate constant at 12.0°C for the deoxyribo—

oligonucleotides (9.6 sec-l) is several times smaller than the ribo-



_Figure 3. 1/1 as a function of equilibrium single strand

concentration of :CASG + rCUSG, determined by the
second method (see text). The four temperatures
are: 0= 6.7°c, O= 12.0°C, A= 16.4°C, V=

21.1°C. The error bars not shown are on the order of

the symbol size. The results are tabulated in Table I.
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TABRE II

Kinetic Results for rCASG + rCUSG,
dCASG + deT5G and rCASG + dCTSG

83

rCASG + rCUSG dCA5G + dCTSG

-]
ky (12.0°C, 6.2 x 10° 8.3 x 10° 6.6 x 100
2 mol1”! s-ec-l)
E, , (kcal/mol) 0%2 v -0.5%2 —-—
’
85%_ (ewu.) -29+7 =304 —
kg (12.0°C, sec”l) 38 9.6 50
Ea. d (kcal/mol) 3912 : 4313 —
8s¥y (ewu.) 8416 9549 -
AH® (kca-l./m'ol)a. =41 -49
4S° (e.u.)? -120 -145

2Thermodynamic results from Chapter II.



Figure 4. Arrhenius plot of the natural logarithm of the

rate constants as a function of the inverse temperature
for the recombination and dissociation rate
constants. The slope of such a plot is -Ea/R. A =
dCA5G + dCTSG recombination rate; [O = rCAgG + rCUsG
recombination rate; ¥ = dCAgG + dCTsG dissociation
rate; O = ’rCASG + rCUsG dissociation rate. The

results are given in Table II.
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oligonucleotides (38 sec’l). The hybrid dissociation rate constant
(50 sec-l) is slightly faster than that of the ribo-oligo-
nucleotides. The dissoclation activation energies are lérge. The
deoxyribo-oligonucleotide activation energy (43 kcal/mol) is some-
what larger than that for the ribo-oligonucleotide (39 kcal/mol).
The activation enf;opies for the deoxyribo— and ribo-oligonucleo-
tides (95 e.u. and 84 e.u., respectively) are both large and posi-
tive.

The activation energies determined from.kinétics can be used to
calculate the enthalpy and entropy for the reaction scheme. Com~
parison of these values with those determined thermodynamically
provides a useful check for consistency of the reaction scheme. The
thermodynamic parameters for thése oligonucleotides have been
previously determined from melting curve analysis (Chapter 1II;
Nelson et al., 1981) and are included in Table II. The kinetically
determined enthalpy is given by AHkinetic = Ea,r - ta,d; the entropy
is. given by ASkinetic = Asi - Asj. For the ribo—oiigonucleotides,
the values of the enthalpy determined from thermodynamics and
kinetics are =41 and -39 kcal/mol, respectively, in excellent agree-
ment. The corresponding values for the entropy are =120 and =113
e.u., respectively. For the deoxyribo—-oligonucleotides, the com
parisons for the enthalpy are -49 and =44 kcal/mol; for the eptropy,
=145 and =125 e.u. The consistency of these values derived from

independent techniques 1lends confidence to the procedures used to

characterize the double-strand formation of these oligonucleotides.
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B) The Second Exponential Component

Table ITI suxﬁmarizes the relaxation times found for the faster
second component for the ribo- and hybrid oligonucleotides at 6.7°C
and 12.O°AC. For these molecules the second component was not ob-
served above 12°C; no second component was observed for the deoxy-
ribo~oligonucleotides at any temperature. There was no trend of the
relaxation time with concentration. The data shown are averages of
16 to 23 relaxations at several concentrations for each tempera-
ture. Die to the small amplitude of the effect (5«107 of the total
amplitude), the errors in determining the relaxation times are
large. This relaxation was 7-12 times faster at 6.7°C\and 15-25
times faster at 12.0°C than the predominang bimolecular component..
No trend in the amplitude with concentration or temperature was
. determinable. |

The relaxation times for the ribo- and hybrid oligonucleotides
are the same within experimental error at both t‘enpe'ratur'és: 440
and 470 s‘e-c'l, respectively, at 6.7°C; and 2000 and 1900 se::"'1 at
12.0°C. The apparent activation energies determined were large and
nearly equal for the ribo- and hybrid oligonucleotides: 45 and 42
kcal/mol, respectively. Since I do not know what the process is,
the " apparent rafe cannot be resolved into fqrward and reverse com-
ponents.

The predominant relaxation is due to the bimolecular single-
strand to double-strand transition. The fast minor component. may be
a rearrangement between two double helical species (Freier et al.,

1982) (see Discussion).
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TABLE IIIX

Apparent Rate Onstants and Activation Fnergies
for the Second Exponential Component

k =1/1, (sec™ 1)

app

rCAgG + rCUgG rCAgG + dCT5G
6.7°C 440 + 230 470 £ 150
12.0°C 2000 = 1500 1900 £ 1100

Ea(app) 45 kcal/mol 41 kcal/mol
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5. Discussion

A) (Omparison of the Ribo—, Deoxyribo- and Hybrid Oligonucleotides

These studies allow us to make direct comparisons of the
kinetics of ribo-, deoxyribo- and hybrid oligonucleotidés of equiva-
lent sequences under identical conditions., Thermodynamic results on
these same oligonucleotides showed the order of stability to be
dCAgG + dCTgG > rCAsG + dCi'SG > rCAgG + rCUsG (Martin & Tinoco, Jr.,
1980). The hybrid dCASG + rCUsG was very unstable, and formed
triple strands at low temperatures {(Martin & Tinoco, Jr., 1980;
Pardi et al., 1981); it was not studied here.

The recombination rate constant for thé deoxyribo-oligonucleo-
tides at 12.0°‘C. is faster than that for t.he ribo—oligonucleotides
(Table II). The hybrid recombination rate constant is essent'ialiy
the same asr‘ that for the ribo-oligonucleotides. The dissociation
rate constant for the d;eoxiy'r.ibo—o.ligonucleotid.esv at 12.(.)°C is much
smaller than for the ribo-oligonucleotides; the hybrid dissociation
rate constant was slightly larger than the r‘ibo-o.ligonucleotides.
From this, we can conclude that the d.eoxyfibo-oligonucleotidre double
helix 1is- more stable than the ribo-oligonucleotide double helix
because of both a greater recombination rate and a smaller dissocia-
tion rate. However, the difference in dissociation rates is the
more important factor. The data for the hybrid double helix is only
at one temperatu;e, and thus comparisons with it are not as meaning-
ful.

.The activation energy for recombination o-f t;.he deoxyribo- and

ribo-oligonucleotides were both small; 0 and -0.5 kcal/mol, respec-
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tively. This suggests that although the rates are different, the
mechanism is nearly the same for both oligonucleotides. The dis-
soclation activation energies were both large, with the deoxyribo-
oligonucleotide activation energy being greater than that of the
ribo~oligonucleotides. The values of the activation energies are
consistent with the greater enthalpy of double strand formation for
the deoxyribo—oligonucleotides ((};épter II; Nelson et al., 1981).
The activation energies for the hybrid oligonucleotides were not
determined, but are presumably consistent with the deoxyribo- and
ribo-oligonucleotides. |

The kinetics of exchange with water for the base-pairing imino
protons of the three helices in this work were studied by NMR (Pafdi
& Tinoco, Jr., 1982). For dCASG + dCTSG in 0.18M Na(Cl, the rate
constant and activation eﬁergy for exchange at 12.0°C were 7 sevc-1
and 47 * 7 kcal/mol, respectively, for the interior A*T base
pairs. The similarity to the values in the present work, 9.6 se—c_'1
and 43 % 3 kcal/mol, led the authors to conclude that the. rate
limiting step for exchange of the imino protons was the dissociation
of .the double strands to single strands. The exchange from the
single strands was fa_st. The agreement of kinetic studies using

techniques as diverse as temperature-jump and NMR 1lends valuable

support to the interpretations of the results from both techniques.

B) The Second Exponential Component

As reported in the results section, the relaxation data are
best fit using a two—exponential fit for the ribo- and hybrid oligo-

nucleotides at temperatures of 12.0°C and below. One-exponential
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fits are observed above 12.0°C and for the deoxyribo-oligonucleo~
tides at all femperatures.

Freier et al. (1982) obtained two—-exponential fits for the
deoxyribo-oligonucleotide d4G-C-G-C~G-C at temperatures below the
melting temperature (Tm). They attribute the second relaxation to a
reaction between two different double helical species. Since the
oligonucleotides in this study are less stable than dG~C-G-C-G~C, we .
obtained less data below the T . They found -that the relaxation

"time of the second component was independent of concentration. The
amplitude of their signal was also independent of concentration and
temperature. My data also indicate no trend df relaxation time with
concentration; the data do not allow a conclusion‘to_be drawn coﬁ-
cefning the‘béhavior of the amplitude.

The second component found by Freier et al. had an amplitude of
10-15% of the maximum signal; it contributed a larger fraction of
the signal at low temperatures, where the signal from the bimolec-
ular process was small., The second component observed in this study
was never more than 5 fo 10%Z of the tofal amplitude. The second
component of FreLer et al. was 4 to 10 times faster than the pre-
dominant component; in this study, it was 7 to 25 times faster,
depending on the temperature (see Results).

The rates for the fast process in dG-C-G-C-G-C are calculated
to be 9.6 and 24 sec”! at 6.7°C and 12.0°C, respectively, with an
activation energy of 23 kcal/mol (Freier et al., 1982). For the
ribo-oligonucleotides in this study, the corresponding rates are 440

and 2000 sec”! at 6.7°C and 12.0°C, respectively, with an activation
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energy of 45 kcal/mol. The process observed in this study behaves
_very differently from that observed by Freier et al. They observe
the effect in the deoxyribo—oligonucleotide; here it is observed for
the ribo- and hybrid oligonucleotides, but not for the deoxyribo-
oligonucleotide. It is not clear that this process is similar to
~the one observed by Freier et al. Further studies on this effect
will be necessary before the process can be characterized to any

extent.

C) The Hybrid Behaves Similarly to the Ribo-Oligonucleotide

The rate constants of the hybrid oligonucleotides at 12.0°C are
closer to the ribo-oligonucleotides than the deoxyribo-oligonucleo-
tides. This suggests that the properties of the hybrid more élosely
resemble the RNA than the DNA. More convincing evidence comes from
the behavior of the fast second component. The rates and activation
energies were essentially the same for the ribo- and hybrid oligo-
nucleotides, and the effect was not observed in thevdeoxyribo-oligo-
nucleotides (Table III). |

NMR studies of the chemical shifts of the base-pairing imino
protons and the non—-exchangable base and sugar protons of the
helices used in this study (Pardi et al., 1981) indicate that the
structure of the hybrid is close to the structure of the ribo-oligo-
nucleotide. The NMR study on exchange rates of base-pairing imino
protons mentioned earlier (Pardi & Tinoco, Jr., 1982) showed that at
5°C the dissociation rate of the hybrid and ribo-oligonucleotides
are nearly equal, and an order of magnitude faster than for the

deoxyribo~oligonucleotide.
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The evidence seems to indicate that the properties of the
hybrid double helices are governed mainly by the ribo-oligonucleo—~
tide strand. RNA generally exhibits less structural diversity than
DNA. This lower freedom of flexibility of the RNA might dictate the
properties of the more flexible DNA strand in the hybrid double

helix.

D) Omparison with Previous Results

The kinetics of double-strand formation have been studied for a
number of ribo-oligonucleotide.sequences containing only A-U base
pairs (Craig et al., 1971; Pérschke & Eigen, 1971; Breslauer & Bina-
Stein, 19775, both A*U and G*C base pairs (Pdrschke et al., 1973;
Ravetch et al., 1974), and one sequence containing only C*C base
pairs (Podder, 1971). The data for deoxyribo-oligonucleotides are
much more limited (Drobnies, 1979; Freier et al., 1982). One hybrid
has been studied (Hoggett & Maass, 1971).

The rate of recombination increases considerably as the ionic
strength 1is increased. The dissociation rate is roughly independent
of ionic strength (PSrschke et al., 1973). Bth recombination and
dissociation activation energies are independent of salt concentra-
tions between 0.05 and IM NaCl (Porschke et al., 1973). Thus we can
compare activation energies and dissociation rate constants from
experiments done at different ionic strengths; recombination rate
constants can be compared only when measured at the same ionic
strength. Table IV summarizes the results for the activation energy

for recombination for several oligonucleotides.
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TABRE IV

Recombination Activation hhergies

for Several Oligonucleotides

Oligonucleotide (NaCl) E, (kcal/mol) Reference
rA, + rU,, n=8-18 0.05M -9 1

» rA U, n=4~7 - 0.25 to IM -4 to -6 2,3
rAnGCUn, n=2=4 :

rAn(x; + rOGUn, n=6,8 0.05 to IM +6 to +9 4

rA G, + rC'ZUn’ n=4,5

rCG3+TG3C 0.18M +4.5 5
dG-C-G-C-G~C M +1 6
dA-T-G=-C-A=-T M -4 7

rAn + dTn, n=7-9 ‘ M -1 8

1. Pdrschke & Eigen (1971)

2. Reslauer & Bina-Stein (1977)
3. Craig et al. (1971)

4. Porschke et al. (1973)

5. Podder (1971)

6. Freier et al. (1982)

7. Drobnies (1979)

8. Hoggett & Maass (1971)
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Ribo~oligonucleotides containing only A+U base pairs recombine
with a negative activation energy: =9 kcal/mol for rA, + U, and -4
to =6 kcal/mol for rA U, (Table IV). Rate constants and activation
energies were essentially independent of chainlength for both
systems. The negative activation energy suggests that the mechanism
of recombination requires the formation of a stable nuéleué with two
or three base pairs; the rate-determining step is the formation of
the next base pair (CGraig et al., 1971; Porschke & Eigen, 1971) (see
below) .

Ribo—oligonucleotidesvcontaining both G*C and A+U base pairs
have positive activatibn energies for recombination: +6 to +9
kcal/mol for sequences like rA GCU,, rA GG + rCGU, and rA Gy, + rC U,
(Table IV). The activation energy was roughly independent of length
or sequence. However, the rate constants decreased with increasing
chainlength. The rates were faster if the G+*C base pairs were at
the end rather than the middle of the sequence. ft appears, recomr
bination 1s faster when formation of the stable nucleus involves
more stable G+C base pairs. Adding more A+U base pairs slows the
" rate due to increased steric hindrance; G+C bases at the end could
be ﬁore accessible than in the middle of the sequence (Pérschke et
al., 1973). The ribo-oligonucleotides rG-G-G-C + rG-C-C-C, which
contain only G+C base pairs, have a recombination activation energy
of +4.5 kcal/mol.. Thé positive activation energy of oligonucleo-
tides with G+C base pairs probably means the nucleus invqlved in the
rate~determining step requires one or two G°C base pairs (Porschke

et al., 1973).
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Much 1less work has been done on deoxyribo—oligonucleotide
kinetics. The recombination activation energy for dG-C-G-C-G-C is
+1 kcal/mol (Freier et al., 1982). For dAg + dTg and dA-T-G-G-A-T,
the correépondihg values are =2 and ~4 kcal/mol, respectively
(Drobnies, 1979). The hybrid oligonucleotides rA, + dT, have an
activation energy of -1 kcal/molA(}bggett & Maass, 1971).

The trend in activation energies for thé ribo-oligonucleotides
is from negative values when only A*U base pairs are present (=4 to
-9 kcal/mol), zero when isolated G*C base pairs are present, and
positive when two or more G-é base pairs are adjacent (+5 to +9
kcal/mol) . Ii;g to the greater stability of G<C base pairs, fewer
base pairs are required to form a stable nucleus, thus-the larger
aétivation energy when G°C base pairs are present. This trend is
not as apparent in the deoxyribo-oligonucleotides. The activation
energies vary from -2, =0.5, =4, +1 kcél/mol for the series dAg +
de, dCASG + dC’I’SG, dA-T=-G-C=-A=-T, and dG-C-G-C-G~C. This might mean
the number of bases required for the stable nucleus does not depend
on the presence of G+C base pairs. The difference in stability
between AT and G+C base pairs in DNA is not as great as for RNA;
thué, in DNA the stability of the nucleus will not depend as strong-
ly on the presence of G*C base pairs, and the number of bases in the
nucleus and thus the activation energies vary less than for RNA.

Because of the restriction that recombination rate constants
must be compared at the same salt concentration, there are fewer
results to compare. Values determined in 1M NaCl at 12.0°C from

earlier work (in terms of % mol™! sec™!) are: rA;U;, 2 x 10°
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(Breslaver & Bina-Stein, 1977); rA,GCUy, 5 x 106 (Pérschke et al.,
1973); dA-T-G-C-A-T, 8 x 10® (Drobnies, 1979); dG-C-G-C-G-C, 11 x
10° (Freier et al., 1982). No systematic comparisons may be made

from the data available.

E) The Mechanism of Double-Strand Formation

The data presented in Tables II and III allow_us to investigate
the differences between the kinetics of ribo-, deoxyribo- and hybrid
oligonucleotides. |

The negative activation energy found for the recombination of
ribo-oligonucleotides rA, + rU, means there is a pre~equilibrium
step involved in double strand formation. The rate-determining-step
.of the recombination is hypothesized to be the addition of the néxt
base pair to the nucleus composed of a few baée pairs (Craig et al.,
1971). The nucleus is the spediés thcﬁ adds the next basevpair
faster than it‘dissociates. Thereafter the double helix quickly
zippers up to the fully base-paired double helix. The nucleus is in
a fast equilibrium with the single strands. Thus the forward rate
is given by kf(nucleus), where kg is the rate of forming the next
base pair. Dissociation of the strands occurs by breaking enough
base pairs to get to the nucleus, which then quickly dissociates.
The forward rate is then characterized by a small activation energy,
positive or negative depending on the number of base pairs in the
nucleus. The diséociation rate is characterized by a large activa-
tion energy required for breaking several base pairs to get to the

nucleus.
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Differences in the forward rate will depend on two factors:
the concentration of the nucleus and the rate of adding base pairs
to an existing nucleus.

It was stated earlier that the recombination of dCA5G + dCTgG
was faster than rCAgG + rCUsG. The hybrid rCAsG + dCT4G recombines
at essentially the same rate as rCAgG + rCUsG. The dissociation
rates went as hybrid 2 ribo > deoxyribo. The behavior of the second
éxponential component also suggests that the behaviorvof the hybrid
is similar to the ribo-oligonucleotide.

The similarity of the recombinatioﬁ activation energies for the
deoxyribo- and ribo-oligonucleotides might suggest that the nuclei
for double strand formation are of similar stability. Thus the .
increased rate for the deoxyribo-oligonucleotides might be mani-
fested in a larger k¢ than for the ribo~oligonucleotides. Freier et
al. suggest that the zippering rate, kf, might be limited by the
diffusion pf the single stranded bases into a helical confqrmation
(Freler et al., 1982). The faster rate of recombination of the
deoxyribo~oligonucleotides might be a result of faster single strand
stacking. From laser temperature-~jump studies, it was determined
‘that single strand stacking in poly(dA) is about 4 times faster than
in poly(rA): k(single strand stacking) = 2.7'x 107 and 0.7 x 10’
seé-l, respectively, at 25°C in 0.05M sodium cacodylate (Dewey &
Turner, 1979). This reasoning suggests that the hybrid recombina-
tion rate would be similar to the ribo-oligonucleotides, since the
helix zippering would be limited by the stacking of the slower rCASG

strand.
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The data presented in this chapter are insufficient to fully
jJustify the gxplanations for the differences between deoxyribo- and
ribo—oligonucléotide kinetics. More studies comparing deoxyribo-
~and ribo-oligonucleotides would greatly clarify the situation.
RibOfG'C base pairs are more stable than deoxyribo-G+C base pairs.
It would be very informative to compare the kinetics of double
stfand' formation for _two analogous G-G-contéining deoxyribo- and
ribo-oligonucleotides. This wnuldvdeterminé if the differences in
stability are due to the ribo—-oligonucleotide having a greater rate
of recombination, a slower rate of dissociation, or both. Also
comparing r;combination activation energies énd single strand
stacking rates would determine whether the differences in recombina-
tion rates are due to a more stable nuclgus as manifested by a more

negative activation energy, or a faster zippering rate.
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CHAPTER IV

Ethidium Ton BRinding to Oligonucleotides

1. Synopsis
The thermodynamics of ethidium ion binding to the double

strands formed by the ribo—oligonucleotides rCAsG + rCUsG and the
analogous deoxyribo—oligonucleotides dCASG + dCTSG were determined
by monitoring the absorbance vs. temperature at 260 and 283 nm at
several concentrations "of oligonucleotides and ethidium bromide. A
statistical model 1is described which allows up to three ethidium
ions to bind per double strand. The data from the ribo-oligonucleo~
tides were -equally well fit by models which assumed negative
coopérativity between next-nearest-neighbor binding sites with a co-
operativity parameter w = 0.1, and a model which assumed the ter-
minal binding sites on both ends of the helix are stronger than the
interior sites by a factor of T = 140. The data from the deoxyribo-
oligonucleotides were fit best by a model which assumed no coopera-
tivity and identical binding sites. The enthalpy and equilibriuim
constant at 25°C for the ribo—oligonucle.otides were determined to be
about =11 to -14 kcal/mol and 25 x 10% to 60 x 10% 2 mo1~}, respec-
tively, depending on the model. For the deoxyribo-oligonucleotides,

the values were -9 kcal/mol and 2.5 x 104 2 mol'l, respectively.

2. Introduction
A large number of molecules that cause frameshift mutations

intercalate between the base pairs of nucleic acids. Streisinger et
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al. (19'66) pfoposed a model in which the mutagen promofes frameshift
mitations via the stabilization of a bulge after strand breakage in
DNA. This bulge is then locked into the sequence when the break is
repaired. A strong cbrrelation was found between frameshift muta-
genicity and chemical carcinogenicity (McCann et al., 1975). Ehi-
dium bromide has been used extensively as a probe to help char-
acterize the faé;ofs that are important in. stabilizing the inter-
calation complex. Bhidium bromide has been shown to be a frame-
shift mutagen in thé Ames test (McCann et al., 1975) . |

Several factors make ethidium bromide an ideal probe. It in-
tercalates with a large binding constant, making it possible to
prepare samples in which essentially all of the ethidium is bound.
Inter»calation is accompanied by a large shift in the visible absorp-
tion band at 480 nm to longer wavelengths (Waring, 1965; Waring,
1966) . Also, the fluorescence is enhanced greatly upon'ivntercala-
tion (LePecq & Paoletti, 1967). Rhidium bromide f'c;rms dimers with
itself in solution; however the extent of aggregation is small com
pared to intercalators such as the acridines (Thomas & Roques, 1972;
Reinhardt & Krugh, 1978) . Bhidium bromide binds to single-stranded
nucleic acids (Kreishman & Gan, 1971), but the binding is very much
weaker thah intercalation in double~-stranded nucleic acids (Waring,
1966) .

Studies of lethidiun Bromide binding to DNA have demonstrated
that binding occurs with nearest-neighbor exclusion, and with very
little cooperativity (Bresloff & Crothers, 1975). Overall binding

constants may be obtained by this procedure; however sequence-
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specific properties are inaccessible due to the randomness of the
DNA sequence.

Studies carried out on dinucleotides have shown that there is a
preference for ethidium binding to double-stranded sequences in the
order pyrimidine-purine > purine-purine > purine-pyrimidine (Krugh &
Reinhardt, 1975; Krugh et al., 1975; Reinhardt & Krugh, 1978; Pardi,
1980; bahl, 1981; Dahl et al., 1982)f The purine bases are adenine
and guanine, whereas the pyrimidine bases are cytosine, uracil and
thymine. ﬂowever, the dinucleotides form very unstable mini-double
helices by themselves, as evidenced by the equilibrium constants for
double strand formation from the self-complementary dinucleotide
pdG~dC being on the order of 10 4 mo1~1 (Young & Krugh,'1975; Krugh
et al., 1976). Dinucleotides composed of only A*T or AU base pairs
have equilibrium constants which are too small to measure. Thus the
sequence specificity found in these studies are complicated by the
fact that the stability of the double strand in the absence of ethi-
diun bromide is not well-known.

Ethidium bromide forms complexes with the double helix formed
by the tri-nucieotide'GCUpG by intercalating between the two CG
base pairs, bulging the two uracils into solution (Lee & Tinoco,
Jr., 1978). There 1is also a complex formed between a mixture of
rGpUpG, rCpC, and ethidium, wherein the two C+*G base pairs are
formed with the uracil bulged into solution (lee & Tinoco, Jr.,
1978) . The equilibrium constants for the complex of ethidium with
rCpG and with rCpUpG were measured at 0°C to be 100 x 10% and 1 x

106 22 mol-z, respectively (Pardi, 1980) . Thus, the bulged uracils
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destabilize the structure significantly. The equilibrium constant
fof the complex formed by rGpUpG, rCpC, and ethidium was less than
10° (Pardi, 1980). Polymer studies on the double strands
poly( I)'p‘oly(C,Ax), where x denotes the mole fraction of A residues
on the C strand, showed that the equilibrium constant of ethidium
binding to the site with the A*I mismatch is about 20 times'greater
than that for binding to the normal base pairs (Helfgott &
Kallenbach, 1979). This indicates that ethidium bromide might re-
lieve some of the destabilizing effect of the mismatched bases.

Using oligonucleotides, ‘it is possible to determine sequence
effects by studying different sequences. ‘Oligonucleotide studies
have the advahtage that the properties of the double strands in the
absence of ethidium are known (Chapter II, Nelson et al., 1981).
Potentially, oligonuci,e;tide' studies can be used to det'érmine the
destabilizing effect of a bulged base, ‘and the extent to which ethi~
dium binding relieves this stvraivn.‘

In this chapter, I report the results on the binding of ethi-
dium bromide to the double strands formed by the oligonucleotides
rCAgG + rCUSG and dCAsG + dCT5G. The extent of ethidium binding is
measured by monitori:ng the large change in absorbance in the UV band
of ethidiwm at 283 nm. Fortuitously, at this wavelength, the
double-stranded oligonucleotides absorb to the same extent as the
single strands. A statistical model 1sv described wherein the ethi-
dium cation can bind between any combination of base pairs within

the nearest-neighbor limit.
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3. Experimental

The synthesls and characterization of the oligonucleotides
rCASG, r‘CUSG, dCASG and dCI’SG were described in Chapter II. Ethi-
dium bromide was purchased from Sigma. Fhidium bromide often con-
tains ethanol impurity ( Bresloff & Gothers, 1975). To remove any
ethanol present, the ethidiur bromide was lyophilized twice with
double~distilled water prior to use.

The buffer used throughout this study consisted of 0.2M NaCl,
0.01M sodium phosphate buffer, pH = 7, and 0.lmM EDTA.

Samples were prepared by addiing small amounts of concentrated
stock solutions of the oligonucleotides and ethidium bromide to the
buffer. The buffer was degassed by purging with helium for three to
four min\;tes prior to preparing the samples. The cuvettes were
teflon-stoppered with path lengths of 0.1, 0.2, 0.5 or 1 cm.
Melting curves were returned to 0°C after going to high temperature
to check for evaporation, which was always less thanilZA.

Samples of the ribo-oligonucleotides were made up with nominal
concentrations of 50uM, 25uM, and 12uM, with ethidium:strand ratios
of approximately O, 0.1, 0.2, 0.5, 1, 2, and 3. One sample con-
tained 50uM .strands and a 4:1 ratio of ethidium:strands. The
Bpendorf 1.5ml1 polypropylene micro centrifuge tubes were used to
prepare the samples. B hidium bromide is adsorbed irreversibly to
these tubes when filled the first time. However, after rinsing a
tube thus treated, no significant additional ethidium is adsorbed.
Therefore, tubes used for sample preparations were pre-treated by

rinsing with an ethidium bromide solution. The actual concentra-
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fions were determined using the absorbances ét 50°C, where the
oligonucleotides are single-stranded, and the ethidium is unbound.
When the melting curve was not finished by 50°C, the absorbances of
single strands and free ethidium at 50°C were determined by extrapo-
lating the absorbances at higher temperatures.

The deoxyribo-oligonucleotide samples were made at a concentra-
tion of roughly 40uM, with ethidium:strand ratios of roughly 0.4,
0.6, and 0.8. Because ethidium does not bind as strongly to the
deoxyribo-oligonucleotides, studies were impractical at
 ethidium:strand ratios greater than 1 (see results).

Melting curves were obtained using a Gilford Model 250 UV=VIS
spectrophotometer, with a Gilford Model 2527 thermoprogrammer. Dgta :
were obtained éoncurrently at.260 and 283 nm using a Gilford Model
2530 wavelengﬁh scanner. The data were collected by a Commodore PET
Model 2001 microcomputer interfaced to the instrument and were later
transmitted to a VAX 11/780 computer, where the analysis was done.
The melting data were interpolated to every 1°C, since amaiysis of
_ the daﬁa requires knowing Az60 and Agg3 at the same ﬁemperature (see
below). The temperature range was generally 0°C to 70°C. Spectra
were taken on the Gilford Model 250 spectrophotometer“modified to
allow the PET computer to control the wavelength.

Samples for melting curves of ethidium bromide in buffer were
prepared in unstoppered cuvettes, which were covered with silicon
0il (Dow Grning 200 Fluid, 20c¢S viscosity) to ensure that evapora-

tion was negligible. No detectable amount of ethidium went into the
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‘oil.. The melting curves were taken from 0°C to 90°C. Spectra of

ethidium were taken at 0°C, 25°C, and 50°C in stoppered cuvettes.
The cémputer programs used to determine the fraction ethidium

bound from melting curves, and to carry out the model calculations,

are listed in Appendix C.

4. Theory

A) Analysié of Melting Curves

From the melting curves, we want to measure fb’ the fraction of
ethidium ions bound, and fh, the fraction of strands in double he-
lices (with or without ethidiurm ions bound). We can obtain this
information from the melting curves obtained at two wavelengths (260
and 283 nm) as follows.

We can write the mass balance equation§ for the total concen-
tration of strands, Ce» and the total concentration of ethidium, Cd'

as:

C. = C, +C (1)
G, = Cu+C +Cy+Cy+ i+ C (2)
C; = C+C | (3)
G = c1'+ 2C, + 3C; + ... + nC_ (%)

where Cs = concentation of single strands, G, = concentration of all
double helices, with or without ethidium ions bound, G = concentra-
tion of double helices with no ethidium bound, C1 = concentration of
double helices with one ethidium bound, etc., and where C¢ = concen-
tration of free ethidium and G = total concentration of bound ethi-

dium. The maximum number of ethidium ions that can bind per double
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helix is n (3 in our case).
If £ is the pathlength in cm, and the extinction coefficients
are labelled as €, then we can write the expression for the absorb-

ance at 260 nm as:

A, _ /%

260 C (5)

£1,260 “1

It e~8

©s,260 %s * €£,260 ¢ * .

0
with a similar expression for the absorbance at 283 nm.

We héve made the aséumption that the extinction coefficients of
the speciés with ethidium bound do not depend on which sites the
ethidiun ions bind to. For example, we assign the same 61,260 when
the ethidium is bound on the left side as we do when it is bound in
the middle of the double helix.

Define the quantities 4¢; such that ey = g4 + Begy. (We have
excluded the wavelength subscript for clarity.) Thus, bey 1is the
change in the extinction coefficient of the double strands due to
the binding of the 1 ethidium ions. By assuming thét each ethidium
ion makes the same contribuﬁion to the extinction coefficient, we

can write
e, = g_+ 1ise (6)

We can assign be; as the extinction coefficient for an ethidium ion
bound to the double helix, namely €, = 8¢y By making theseISubsti-
tutions, and by assigning ¢, = €0s the extinction coefficient for
the double helix with no ethidium bound, we can re~write equation 5

as:
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/2 (7)

4260 ®s,260 % ¥ ©£,260 C¢ ¥ ®n,260 €T ©p,260 %

(again with a similar equation for the absorbance at 283 nm).

This approach assigns all of the change in the extinction co-
efficients upon binding ethidium ions to the ethidium chromophore.
Actually, this change is probably due to changes in both the nucleic
acid and the ethidium chromophores. However, this makes no differ-
ence in analyzing the data in this manner, using-thé two assumptions
stated above.

We can define the fraction of strands in double helices, fh =

Ch/ct’ and the fraction of ethidium ions bound, fb = Cb/Cd, and

write:
- c! _
Aye0’% = CIE e 260 * (1 )eg 60
- 3 1
+ Cd{fbeb,260 + (1 0% 260! (8)
0 = f -
Byga/® = C lEpey 553 + (1-f ). g4
( -
+ Cd[fbeb,283 + U fb)sf,283J (%)

Thus, we need 8 extinction coefficients to determine the values for
fh and fb from the melting cuves at two wavelengths. The extinction
coefficients generally will have a temperature dependence, for
example, €(T) = e(To) + m(T—To) describes an extinction coefficient
that is linear with temperature. The method used to determine the
extinction coefficients is explained in the results section.
Bjuations 8 and 9 can be solved simultaneously to determine

values for f, and fb. Alternatively, since the melting of these
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double helices to single strands is essentially'isosbestic, name ly
Eh,283 = 55,283, the fraction dye bound, fb may be directly deter-
mined from equation 9 alone. This approach requires the determina-
tion of only three extinction coefficients, es,283’ ef,283 and
“b,283°

The above approach allows us to determine rather directly the
fraction of ethidium ions bound from melting curves, provided we

have good estimates for the extinction coefficients.

B) Description of the Mdel

Three different statistical models were used to describe the
binding of ethidium ions to the double helices formed by rCASG +
rCUSG or dZCASG + d.CTSG. One model assumed that the‘pyrrimidine-
vpurine site was stronger tﬁan the purine-purine sites by a factor
o. Of cburse, ¢ = 1 corresponds to the model with all binding sites

equal. A second model assumed that the two terminal binding

A-G
-C’

sites by a factor 7. A third model assumed that there was coopera-

sites, ¢A and were stronger than the internal 44 binding
G-U : U

U=
tivity between binding sites, where the parameter w describes the
effect of one bound ethidium ion on the adjacent next-nearest-
neighbor binding site. Two assumptions will be made for all of the

models:

1) Binding is only via intercalation between base pairs‘
‘in the double helix. No binding is allowed to the

ends of the helix, or to single strands.
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2) Binding occurs with nearest-neighbor exclusion:
binding an ethidium ion between two base pairs makes
the adjacent site unavailable for binding another

ethidium ion.

I will explain the development of the model using the assump-
tion that the pyriﬁidine-purine site is ¢ times stronger than the
purine~purine sites, with no cooperativity. As will be explained,
the theory is very easily modified to accomodate the alternative
models.

We denote the equilibrium constant for double-helix formation

Kh:

L F
rCASG + rCUSG & l=U-lU-l=0=0r (10)
The equilibrium constant for binding ethidium to any of the purine-
purine sites is denoted Kd:
K

rg-A-A-A-A-A-G ——Tn rC-A-A [ A-A-A=G

G-U~-U-U~-U~U0-&¢ ~  G=U-U ! U-U~U-Cr (1D

ethidim(]) +

The equilibrium coﬁstant for bindiﬁg ethidiun to the pyrimidine-
purine site is denoted OKy. Hence the pyrimidine-purine site is o
times stronger than the purine-purine sites. Nearest-neighbor ex-
clusion allows only three ethidium ions to bind per double helix (n
= 3 in equations 3 and 4). Table I shows some of the possible ar-
rangements of binding one, two, or three ethidium ions. There are 6
ways to bind one ethidium ion, 10 ways to bind two, and 4 ways to

bind three.



TARE I

Statistical Weights of Double Helices
with BHhidium Ions Bound

rCAAAAAG
ENENEN
GUUUUU C '
c-A G-
no. of bound &0 site filled : e-U site vacant
ethidium ions :
statistical no. of statistical no. of
example welight* species example welght* species gy
0 o - CIITTTI k 1 1
1 OITIIT] ok, 1 (ITOT s 5 o +5
2 GIIOII] ok s? 4 S B 1 N 6 4o + g
3 [T oxs® 3 [OCOEC ks ! 3 + 1

* Statistical weight of single strands = 1. 8§ = Cde.
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The concentration of double helices with one ethidium ion bound
to a specific purine=purine site‘is KthCfCE. The concentration of
double helices with one ethidium bound to the pyrimidine-purine site
is oKthCf(%. If we assign S = KdCf, we can write the concentration
of double helices with i ethidium jons bound in a specific arrange-
ment as Khsicg if the pyrimidine-purine site is vacant; and OKhSicg
if it is filled.

To develop the statistical approach, I define fhe statistical
weight of the species as shown in Table I, namely KhSi or oKhSi for
double strands with i ethidium ions bound, depending on whether the
pyrimidine-purine site is filled. The single strands are defined as
the reference state, and hence have a statistical weight of 1.

The partition 'function describing the double-~helical species

with or without ethidiun ions bound is defined as Q:

(statistical weight of double helices (12)
0 with 1 ethidium ions bound)

Q=
i

-]

In order to simplify the calculation of the suﬁ of étatistical
welghts, I will define statistical factors 84 for the double helices
with i ethidium ions bound, with i = 0 to n. The factor gy de-
scribes the number of ways i ethidium ions can bind, and the rela-
tive strengths. For example, there are six ways one ethidium ion
can bind to these double strands. One way to the pyrimidine-purine
binding site and five ways to a purine-purine site. Thus, g; =0 +
5, Table I shows the different ways to bind O to 3 ethidium ions,

the statistical weights, and the statistical factors gy As shown,
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g = 1,'g1 =g+ 5, gy = 4o + 6, and g3 = 30+ 1. Thus, equation 12
can be written:
n k 1
Q= 1zo 8155 | (13

The fraction of all double helices which have i ethidium ions bound
is denoted P;:

i
P, = ci/ch = giKhS /0 (14)

If the total concentrations of the non-éelfcomplementary single

strands are equal, the total concentration of double helical spe-

cles, Ch, is obtained from the partition function by:

% “n

—_— W = 0 (15)
2 2 '
% (¢, - )
which we can solve to get:
1+ ZQCt -/1 + 4QCt
fh = QG = 70C, (16)
The expression for the total amount of ethidium bound is:
3 5 3
= i-C, = « ) 1P, = £ C |} 1P a7n
Cb 1=1 i q1 =1 i h tioy i

Cas)
4 i=1 1
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We need a procedure to calculate the quantities fh and fb from
the parameters K,, K;, G, C and o. The right-hand side of equa-
tion 18 depends upon Kﬁ, Kd’ Ct' Cd’ o, and fb. Thus, we want to

determine fb such that:

« Y1iP, = 0 (19)

where the value of fb determines the second term. This is readily
done by standard numerical solution techniques; I utilized Newton's
method.

The previous development may be performed for a number of dif-
ferent models. The only difference is the form of the statistical
factors gy We caﬁ include in the model cooperativity in binding
ethidium by including a cooperativiﬁy parameter w which is defined

as the equilibrium:

TC-A [ A-A-A |AG ———> TC-AA-A [ A-AC

ubuo--t V- =~ -0 G-U bO-0-0r (20)

Thus, w > 1 means a bound ethidium enhances binding at the next.
available site, and w < 1 means a Bound ethidium redpces binding at
the next available sit'e; The statistical weights of the species
with two or more ethidium ions bound are then multiplied by w for
each time that two bouﬁd ethidium ions are two base pairs apart.
The values for the statistical factors for this model are easily
shown to be: g0=1,g1=0+5,g2=0(w+3)+3w+3,andg3=

o(wz + 2w) + w2.
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C) Fitting the Model Parameters to Experimental Results

After experimentally determining £ the fraction of ethidium
bound to double helices, we need a procedure to determine the best
values of K; and o to fit the data. I have developed the following
method:

The first step is td pick an arbitrary value for o. In
general, o = exp(4S;/T - AHJ/RT), where AHgland AS; are the differ-
ences between the enthalpy and entropy between the pyrimidine-purine
and purine-purine sites. Usually, the difference will be attribuﬁed
entirely to the éntropy, ﬁaking ¢ independent of temperature.

Using this fixed value for sigma, equation 19 may be solved
numerically for Ky, using the experiméntal value of fb at any parti-
cuiar temperature. Several melting curves at different strand coﬁ-
‘centrations and ethidium:strand ratios are fiﬁ simultaneously. A
plot of ln(Ka) vs. 1/T should give a linear plot whose slope will be
AH&/R, and whose intercept will be ASE/R by the van't Hoff rela-
. tion. Linear regression is used to determine the best values for
AHE and ASS. Having thus determined an estimate for K; at each
temperature, we may now calculate theoretical values for fb for each
point in the melting curves. The goodness of fit can be evaluated
both by the linear correlation coefficient, r, from the linear re-
‘gression analysis, or by the total reduced chi-squared determined
for all the melting curves, X3'='(fd,calc "fd,expt)z/(N - 2) where
there are N data points from all. the melting curves (Bevington,
1969). Hopefully, by repeating the process for a range of ¢'s, the

best value will become apparent.
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5. Results

A) Optical Properties of Ethidium Bromide in the UV

Most of the work on the binding of ethidium bromide to nucleic
acids have been done by monitoring the absorbance of ethidium bro-
mide in the visible band near 480 nm. This has the advantage that
the absorbance of the nucleic acids does not interfere with the
measurement, allowing the use of a large excess of nucleic acids.
However, in this work, I monitored the behavior of both the ethidium
bromide and the oligonucleotide, and hence carried out the studies
in the UV.

A range of extinction coefficients.for ethidium bromide at 480
nm haﬁe been reported (in terms of £ mo1~! cm-l): 5.6 x 103
(Waring, 1965), 5.45 x 10° (LePecq, 1971), 5.9 x 103 (Wakelin &
Waring, 1974), 5.85 x 103 (Besloff & Crothers, 1975), and 5.86 x
103 (Reinhardt & Krugh, 1978). I used an average value of (5.8 %
0.2) x 103 2 mo1™! em™l.

Ethidium bromide forms dimers at moderate concentrations, which
causes a shift in the maximum absorbance to wavelengths greater than
480 nm (Thomas & Roques, 1972). The equilibrium constant at 25°C
for this dimerization was found to be 70 M-1 in 0.IM NaCl by NMR
(Reinhardt & Krugh, 1978). At the most concentrated solution of
ethidium bromide used in this study, 0.2aM, less than 3% of the
ethidium was dimerized, and hence was considered negligible.
Indeed, there was no significant departure from Beer's law at 260 or

283 nm for ethidium bromide up to 1mM concentration.
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The absorption spectrum in the range of 220 to 380 nm of ethi-
dium bromide depehds on temperatufe. The maximum absorbance was
found to be 284 nm at 0°C, 285 nm at 25°C, and 286 nm at 50°C. The
absorption spectra at 0°C and 50°C are shown in figure 1. The ab-
sorption.spectra we;e superimposable between 260 and 380 nm over the
concentration range of 0.0lmM to 0.2mM. The spectra deviated with
concentration below 250 nm, with higher concentrations having larger
absorbances.

The extinction coefficients at 283 ne and 260 nm at 25°C were
obtained by comparing the absorbance of a dilute solution (20uM) at
480, 283 and 260 nm: €,g5 = 5.6 x 10% and £¢y = 1.74 x 10%,

The extinction coefficient at 260 nm véried linearly-with temp-
erature and did not depend on concentration. It fit well to the
equation g5 o(T) = 1.7 x 104 - 25.5(T - 50°C) (& mol™! en™ly.

At 283 nm, the melting curve depended on concentration. Mel;
ting curves taken from 0°C to 90°C are shown in figure 2 for three
ethidiun concentrations. The effect with concentration is not
large, only about 3% at 0°C, and negligible above 50°C. The melting
curves were fit very well by the empirical equation

€553(T) /€9g3(90°C) = 1 = 1.45 x 1073(T = 90) + a5(T - 90)3 where aj

= 4,9 x 10-6R/éoncentratid;'+ 8.6 x 10-9. The dependence of these
équations on the square root of the concentration is an empirical
relation to fit the data; no theoretical motivation was involved.
The curves calculated using this equation are also shown in figure
2. 6283(90°C) was found to be 5.1 x 104. All of the extinction

coefficients are shown in Table II.
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Figure 1. Absorption spectra of ethidium bromide in 0.2M
NaCl, 0.0IM phoéphate bﬁffer, pH = 7, 0.lmM EDTA. The
ethidium bromide concentration was 17uM; the path

length was 1 em. o = 0°C; x = 50°C.
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Figure 2. Melting curves of ethidium bromide in 0.2M NaCl,
| 0.0IM phosphate buffer, pH = 7, 0.0lmM EDTA.. The
curves are normalized by dividing by the absorbance at
90°cC. Hence the parameter' plotted is
5283(T)/5283(9O°C). The concentrations were: 4,
19uM; O, 96uM and 0O, 184wM. Th lines show the fit
using the equation 5283(T)/€283(90°C) = 1 - 1.45 x

103+(T = 90°C) + a3(T = 90°C)3 where ay = 4.9 x 1076

\/concentration' + 8.6 x 10-9 (see text).
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TABRE II

Extinction Wefficients at 260 and 283 nm
in 0.2M NaCl, 0.01M Phosphate Buffer, pH=7, O.lmM EDTA2

Ethidium bromide:
€60 = 1.7 x 10% = 25.5(T - 50)
€yg3 = 5.1 x 10% = 74(T = 90) + 5.1 x 10*+a;+(T - 90)3
ay = 4.86 x 1076+ fconcentration + 8.64 x 10~°

rCAG + rCU5G single strands:
€960 1.40 x 105 + 190(T-50) - 2.35(T--50)2 - 0.0237(T-50)3
€yg3 = 417 x 10* = 10.4(T = 50)

rCASG + rCUSG double strands:
€60 = 1+16 x 10°* + 240(T)

: 4

€983 = 4.21 x 10

Ethidium bromide bound to rCA5G°rCU5G
€,g3 = 2.0 x 104 + 50(T)

dCASG + d-CI'SG single strands:
€y = 141 x 10° + 170(T - 50)
€yg3 = 544 X 104 + 40(T - 50)

deG + dC'I‘SG double strands:
€pgo = 116 x 102 + 150(T)
5283 = 5.25 X 10

Fthidium bromide bound to dCASG + dC’I‘SG:
€,g3 = 2.2 x 10" + 75(T)

3Temperatures are in °C.

*Value varies slightly with concentration of strands.
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B) Oligonucleotide Optical Properties

The extinction coefficients for the single-strand mixtures of
rCAgG + rCUsG and dCASG + dCTsG are readily determined by melting
the single strands separately. At 283 nm, the extinction co-
efficients of the ribo-oligonuéleotides were linear with tempera-
ture: 6283(T)’=.4117 x 10% - 10.4(T - 50°C). The slope contributes
only a 1% change between 0°C and 50°C. At 260 nm, the extinction
coefficient of 'fhe ribo—oiigonucleotides shows significant curva-
ture, and is fit well to the third order equation: 826O(T) = 1.40 x
10° +-190(T - 50) =- 2.35(T - 50)2 - 0.023%(T - 50)3. The fit by a
second order expression was significanfly worse. The melting curve
and fit at 260 nm are shown in figure 3.

The deoxyribo-oligonucléotide single strands are characterized
by é linear extinction coefficient at 283 nm, €983 = 5.4 x 104 +
40(T - 50). At 260 nm, the curve is also linear, ezeo(T) = l.4] x
10° + 170(T = 50) .

The fitting of the extinction coefficients of the double
strands is problematic because the oligonucleotides form only moder-
ately stable double strands. The problem is complicated by the fact
that.the doubie strands generally have a non-zero slope ((hapter II;
Nelson et al., 1981; Breslauer et al., 1975; Albergo et al., 1981),
#nd the fact that the double strands aggregate, which causes the
extinction coefficient éf the double strands to depend on concentra-
tion (Chapter II; Nelson et al., 1981). However, since the absorb—
ance at 283 nm changes very little for both the ribo- and deoxyribo-

oligonucleotides studied here, the errors in the extinction co-
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Figure 3. The melting curve of the single strands of rCAgG
+ rCUsG obtained by melting the strands separately.

The curves are normalized by dividing by the absorbance

at 50°C. The line shows the fit using the equation
exgq(T)/E0(50°C) = 1 + 1.36 x 1073+(T = 50) - 1.67 x

1079<(T = 50)2 = 1.69 x 10~7+(T = 50)° (see text).
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efficients of the double strands at 260 nm have little effect on the
determination of the fraction ethidium bound.

The spectral effects of the melting from double strands to
single strands are shown by the spectra at 0°C, 20°C, and 50°C for
rCASG + rCUgG in figure 4, and for dCASG + dCTSG in figure 5. It
can be seen that both oligonucleotides change in absorbance very
little at 283 nm upon melting to single sfrands. Thus we find that
for the double-stranded ribo-oligonucleotides, €183 = 4.21 x 104,
and for the deoxyribo-oligonucleotides, €983 = 5.25 x 104, both
assumed independent of temperature.

The slope of the extinction coefficient at 260 nm of the double
strands formed by rCAsG + rCUsG was determined from melting curves
at lmM concentration. The resulting expresson is: €26O(T) =
€560(0°C) + 240(T), with €560(0°C) depending slightly upon concen-
tration: 1.13 x 105 at 50uM, 1.135 x 10° at 25uM, and 1.15 x 105 at
12\,

The deoxyribo—-oligonucleotides were studied at only one concen—
tration. The expression for the double strands at 40uM was deter-
mined to be 5260('1") = 1.146 x 10° + 150(T). The extinction co-

efficients are included in Table II.

C) Interaction of Fthidium Rromide with rCA.G + rCUSE

The spectral effects of ethidium binding to the ribo-oligonu-
cleotides are shown in figure 6. At high temperatures, the spectrum
resembles the sum of the free ethidium and the oligonucleotide sin-
gle strand spectra. However, at low temperature, the spectrum of

the complex of the oligonucleotides with bound ethidium changes
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Figure 4. SpectraAof the mixture r'CASG + rCUSG at a concen~-
tration of each strand of 55uM. The path length was
0.1 cm. A = 50°C (mostly single stranded); ©O = 20°C
(roughly equal. double and single strands); Q= o°c

(mostly double strands).
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Figure 5. Spectra of the mixture dCAgG + dCTgG at a concen-
tration of each strand of 47iM. The path length was
0.2 cm. A = 50°C (mostly single strands); O = 20°C
(roughly equal single and double strands); Q= 0°C

(mostly double strands).
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Figure 6. Spectra of the mixture r_CASG + rCUgsG +
ethidium. The concentrations of the strands were 50uM;
the concentration of the ethidium was 55uM. The path

length was 0.1l em. A = 50°C; O = 35°C; O = 0°C.
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markedly . The 1isosbestic poiﬁf at 283 nm that characterized the
oligonucleotides now exhiﬁits significant hypochromicity upon ethi-
diun binding. A shoulder also appears near 300 nm, which is prob-
ably due to changes in the ethidium chromophore in the complex.

By monitoring the absorbance at 260 and 283 nm from low to high
temperatures, we can monitor the fraction double strands and the
fraction ethidium bound, as described in the theory section. Since
the melting of the double strands is nearly isosbestic at 283 nm,
this wavelength monitors tbe state of ethidiunr binding. OConversely,
260»nm honitors mostly the double-strand to single-strand transi-
tion. The melting curves at 260 and 283 nm at a strand concentrat-
ion of about 50uM at a range of ethidium:strand ratios are shown in
figure 7. The curves at 283 nm exhibit quite clearly the sigmoidal
behavior characteristic of a cooperative transition at low ratios of .
ethidium :s trand. |

Since the leveling off of the curves at low temperature and low
ethidium:strand ratios clearly indicates that the ethidium is fully
bound, we can use the curve at low temperature to determine the
extinction coefficient of the bound ethidium. The extinction co-
efficient thus determined is eyg4(T) = 2.0 x 10 + 50(T°C). The
extinction coefficient of bound ethidium is only 35% of that for
free ethidium at 283 nm. The best fit for the curve with low
ethidium:strand ratios varied for individual melting curves by about
10%. However, this is a small effect, considering the magnitude éf

the change.
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Figure 7. (a) Melting curves at 260 nm of rCA5G + rCUSC +
ethidium, holding the concentration of strands roughly
equal and varying the ratio of ethidium:strands. The
data are all normalized at 60°C. The concentrations of
ethidiun:strands were (uM): X, 0:62; o,
4.4:52; 0,9.4:51; A, 25:50; V, 50:49;
106:50; 4+, 156:49. The symbols to the left of the
curves are the expected absorbances at 0°C if the
double strands are fully bouﬁd and all of the ethidium

is bound. (b) Melting curves at 283 nm.
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The melting curves at 260 nm are more difficult to interpret,
due to the fact that for these oligonucleotides, the single-strand
to double-strand transition is not fully over at 0°C in the absence
of ethidium. Thus the determination of the extiﬁction coefficient
of bound ethidium is only an estimate: 5260(T) = 9.1 x 103 -
IS(f). Thus, the extinction coefficient of bound ethidium changes
by abouf 50% at 260 nm. However, since the extingtion coefficient
of tﬁe oligonucleotidés at 260 nm is much larger than that of ethi-
diun, the effect of ethidium binding on the absorbance is not as
large as it is at 283 nm.

As mentioned in the theory section, all of the changes in ab-
sorbance upon ethidium binding are attributed to the ethidium. This
is a simplification, since the optical prdperties of bofh the oligo-
nucleotides and the ethidium probably change wupon binding
ethidium. However, this arbitrary designation does ﬁot affect the
determination of the extent of ethidium.binding.

The melting curves and baselines discussed above are shown for
a strand concentration of 50uM and a 0.5 ethidium:strand ratio at
260 and 283 nm in figure 8. These .extinction coefficients are
included in Table II.

Since the melting of the double strands to single strands 1is
not completely isosbestic at 283 nm, the fraction double strands and
ethidium bound were calculated by using equations 8 and 9. Assuming
the melting of the strands was isobestic, and using the absorbance
at 283 nm only, calculation of the fraction of ethidium bound

changed by less than 17%.
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Figure 8. (a) The melting curve, low temperature and high
temperature baselines at 260 nm for rCA5G + r'CUSG +
ethidium. The strand concentration was 50uM; the
,etlhidi'um concentration was 25uM. The path length was
0.2 cm. (b) The melting curves aﬁd baselines at 283

NMe.
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D) (Qualitative Interpretation of rCA<G + rCU-.G + Ethidium

The stabilizatién of the double strands by ethidium binding is
shown in figure 9, which shows the fraction double strands in the
.absence and presence of a 1:1 ratio of ethidium bromide. Also shown
is the fraction ethidium bound. Several features are apparent from

this figure.

1) The melting of the double strénds is shifted to
higher temperature and is broadened significantly
when ethidium bromide ié present.

2) The ethidium melting cufve occufs at higher tem-
peratufe than the strands, and is a sharper tran-
sition.

3) ‘The strands in the presence of ethidium are signi-
ficantly dbuble-étranded at temperatures whefe
essentiélly no double strands form in the absence

of ethidium bromide.

- We caﬁ describe ﬁhe process shown in the melting curves going
from high to low temperature as follows:

At high temperatures, where the double strands in the presence
of ethidium are just fofming, essentially every double strand has at-
least one bound ethidium. At this point, there is a large excess of
ethidium relative to the double strands, and more than one ethidium
binds. For example, when the ethidium is approximately 50% bound,
only rogghly 33% of the strands are double-stranded. Thus, every

double strand has an average of approximately 1.5 ethidium ions



140

Figure 9. The fraction double strands formed by rCAsG +
rCUSG alone (D),- the fraction double strands in a
mixture of strands and ethidium (O), and the fraction
ethidium bound in the mixture (). The concentration
of stran.ds alone was 62uM. The concentration of
strands in the mixture was 49M, the concentration of

ethidium was 50uM.
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bound. When half of the strands are double-stranded, approximately
73% of the ethidium is bound, hence approximately 1.5 ethidium ions
bind per double strand. This behavior continues, until the point
where 907 of the ethidium is bound, and approximately 70%Z of the
strands are double-stranded. Binding more ;han one ethidium ion per
double strand.explains why the ethidium melting curve is sharper
than the oligonucleotide melting curve.

Further qualitative results may be derived by looking at the
behavior of ethidiun binding at different ratios of
ethidium:strand. Figure 10 shows the melting curves at
ethidiun:strand ratios of approximately 0.5, 1, 2, 3, and 4, at a
constant strand concentration of 50iM. The binding curves at
ethidiym:strand ratios of 0.5 or 1 show all of the ethidiun is bound
between 0°C and about 15°C. The second ethidium ion does not bind
as strongly, indicated by the fact that all of the ethidium is not
bound at 0°C at an ethidium:strand ratio of 2.12. The third ethi-
dium ion binds even less strongly, since at an ethidium:strand ratio
of 3.16 at 0°C, an average of only about 2.6 ethidium ions are bound
per double strand. Figure 10 also shows very clearly that when 4
ethidium ions are present, only three bind. This confirms the as-
sertion that ethidium binds with nearest-neighbor exclusion.

Thus, we can conclude that the first ethidium binds very
strongly; this vbinding is coupled to the formation of a double
strand from single étrands, which is a very cooperative process.
The second ethidium binds to an already-formed double strand, and

does so readily but not as strongly. The third ethidium binds much
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Figure 10. The number of ethidium ions bound at a roughly.
constant strand concentration of 49-53uM at
ethidium:strand ratios of (a)u 0.50; (b) 1.04; (c)
2.12; (d) 3.i6; and (e) 4.18. The lines to the left
of the curves indicate the input ethidium:strand

. ratios.
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more weakly, and a fourth ethidium 1is excluded from binding alto-
gether.
Quantitative analysis of the results to determine the magnitude

of the binding constants will be presented in the discussion.

E) _Interaction of Ethidium Bromide with dCAgG + dCTsG

The spectral effects of ethidium binding to the deoxyribo-
oligonucleotides are shown in figure 11. The features are similér
to the spectra'of ethidium bound to rCAgG + rCUSG, except that the
shoulder at about 300Ihm is not as pr§nounced with the deoxyribo-
oligonucleotides. Figure 12 shows the melting curves at 260 and.283
nm, respectively, at a strand concentration of about  40uM, with
ethidium:ratios of about 0.4, 0.6, and 0.8.

The melting curves af 283 nm do not level off at low tempera-
tures, which indicates that ethidium does not bind as étrongly to
the deoxyribo-oligonucleotides as it does to the ribo-oligonucleo-
tides. This makes it much more.difficult to determine the extinc-
tion coefficient for the bound ethidium, since all of the ethidium
is not bound ‘at 0°C. The values of the extinction coefficients for
bound ethidium at 260 and 283 nm were determined by an iterative
process whereby a value was estimated, and the fraction double
strands and ethidium bound were éalculated. . This was fit to the
model, and the calculated and measured curves_of the fraction of
ethidium bound were compared. The value for the extinction co-
efficients were varied until the agreement wasvgood. This procedure
to determine extinction coefficients is not as direct as that used

for the ribo-oligonucleotides and could potentially bias the results
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Figure 11. Spectra of the mixture dCAsG + dCTSG +
ethidium. The concentration of strands was 46uM; the
concentration of the ethidium was 48uM. The path

length was 0.2 em. A& = 50°C; O = 30°; O = 0°C.
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Figure 12. (a) Melting curves at 260 nm of dCAgG + dCTsG +
ethidium, holding the concentration of strands roughly
equal and changing the ratio of ethidium:strands. The
data are all normalized at 50°C. The concentrations of
ethidium:strands (uM) were: 0O, 0:44; O,19:44; A,

24:42; WV ,31:4‘0. (b) Melting curves at 283 nm.
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to fit the model (see Discussion). The resulting extinction co-
efficients of bound ethidium are €y = 1.4 x 10° = 15(T) and e,g5 =
2.2 x 10% + 75(T), and are included in Table II. Figure 13 shows
the melting curves and base lines at 260v and 283 nm at a strand
concentration of 42uM and an ethidium:strand ratio of 0.6.

Figure 14 shows the fraction double-strands and fraction ethi-
dium bound at an ethidium:strand ratio of 0.8. mparing this wit.h
figure 9, it is clear that ethidium binding does not stabilize the
double strands of the deoxyribo-oligonucleotides nearly as much as
it stabilizes the ribo-oligonucleotides. The comparison of the
strength of ethidiun binding to the deoxyribo-oligonucleotides is
shown more cléarly in figure 15, which shows the binding at differ-
ent ethidium:strand ratios at comparable strand concentrations,
roughly 40M for the deoxyribo- and 50iM for the ribo-—oiigoﬁucleo—
tides. Clearly, the binding is weaker for the deoxyribo-oligo-
nucleotides. The double strands formed by these deoxyribo-oligo-
nucleotides are more stable than the ribo-oligonucleotides (Chapter
IT; Nelson et al., 1981), so this lower binding to the deoxyribo-
oligonucleotides is not explained by differences in double strand
stability. The determination of the binding constants is explained

in the Discussion.

6. Discussion

From the results presented so far, we have determined that the
extent of ethidium binding can be determined rather directly by
monitoring the melting curves of the oligonucleotides in the pres-

ence of ethidium bromide. Two features make this possible. The
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Figure 13. (a) The melting curve, low temperature and high
temperature baselines at 260 nm for dCAsG + dCTgG +
ethidium. The strand concentration was 42uM; the
ethidium'cqncentrati_oh was 24uM. The path length was
'0.1 cm. (b) The melting curves and baselines at 283

NnMe..
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Figﬁre 14. The fraction double strands formed by dCAgG +
dCTqG alone (0O), the fraction double strands in a
mixture of strands and ethidiu (O), and the fraction
ethidium bound in ﬁhe mixture (). The concentration
of the strands alone was 44pM. The concentration of
the strands 1in the mixture was 40uM; the ethi&ium :

concentration in the mixture was 31uM.
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Figure 15. The number of ethidium ions bound wvs.
temperagure at a roughly constant strand concentration
of dCAsG + dCTSG (40uM, ———— ) at ethidium:strand
ratios of (a) 0.43;. (b) 0.57; and (¢) 0.78. The
corresponding plot for rCAgG + rCUsG (50uM, = = - =) at
an ethidium:strand ratio of 0.50. The linesv to tﬁe
left of the curves indicate the input ethidium:strand

ratios,
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double-strand to single-strand transitions of these oligonucleotides
exhibit essentially no change in absorbance at 283 nm. Also, this
is the wavelength of the maximum absorbance in the UV for ethidium
bromide. The absorbance decreases dramatically upon intercalating
into the double strands.

In the model presented above, the assunption was made that
ethidium bromide binds only to double helices by intercalation. It
is well known that the binding of ethidium to single strands is very
much weaker than binding to double strands. Ethidium binding stud-
ies on homopolymers showed very 'clearly the dramatic increase in
ethidium binding to the double-stranded poly(A)epoly(U) relative to
the binding to either single-stranded poly(A) or poly(U) (Waring,
1?66). The same result was obtained for the deoxyfibo-dinucleotides
dCpA and dTpG, wherein binding of the ethidium bromide as measured
by fluorescence increased greatly when the non-selfcomplementary
dinucleotides were mixed, relative to the separate dinucleotides
(Reinhardt and Krugh, 1978).
| In studies on the binding of ethidium bromide to the tetra-
nucleotide dC-G-C-G, Kastrup et al. (1978) determined from circular
dichroism measurements t.hat’two ethidium ions can bind to the ends
of the double helices. This binding was much weaker than intercala-
“tion, and occurred to a significant degree only if the ratio of
ethidium:strand became large. Since the ethidium:strand ratio for
all of the melting curves analyzed in the present study were.always
3 or less, outside binding probably contributes very little to the

binding of ethidium. Further justification is seen in figure 10,
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where three ethidium ions clearly bind when an excess of ethidium is
present, using the extinction coefficients of.bound ethidium deter-
mined at low ethidium:strand ratios.

The assumption that the extinction coefficient of the bound
ethidium does not depend on which site is filled, and that two ethi-
dium ions bound to a double strand absorb twice as much as one ethi-
diun bound, are more difficult to verify. However, nothing in the
analysis of the data suggests that this assumption 1is not valid.

The question I want to answer in this section is: what infor-
mation can we obtain, using the experimental data and the theory
presented, about the magnitudes of the binding constants and the
sequence specificity of ethidium binding?

The procedure to do this was set out in the Theory section.
Briefly reiterating, we will assume a value for o, the factor which
describes the relative strength of the pyrimidine-purine site to the
purine-purine sites. Using the experimentally-dete;mined value for
fb’ the fraction of ethidium bound, the total concentrations, and
K., the equilibrium constant for forming double strands from single
strands, the theory allows us to calculate a value of Kd’ the equi-
librium constant for ethidium binding to a purine-purine site. The
best value for all of the data points at several temperatures and
several concentrations of strands and ethidium will be determined by
doing linear least~squares regression on ln(Kd) vs 1/T. The slope
éf such a plot is AH®°/R, using the van't Hoff relation, and the

intercept 1s AS°/R.
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The criterium for the goodness—of-fit will be r, the linear

correlation coefficient, and the reduced chi-squared for the fit, XS

= [fb(calc) - fb(expt)]2 / (N - 2) where N is the number of data

points for 511 of the melting curves. Bbth criteria predict the

2

v is more sensitive than r.

same model parameters, however x

A) rCAcG + rCU.G + Rrhidium at Low Bhidium:Strand Ratios

The results ébtained for several values éf o are shown in
Table III for ethidium binding to tCAsG + rCUsG. Nine melting
curves were used in this analysis, all with ethidium:strand ratios
between about 0.08 and 1. The concentrations of ethidium:strands
(uM) were: 1) 4.4:52; 2) 9.4:51; 3) 4.3:25; 4) 25:50; 5)
12.2:25; 6)  5.8:12.4; 7) 50:49; 8) 25:25; and 9)
12.2:12,1. The data were analyééd_betwéen fb = 0.2 and 0.8, where
the accuracy 1s the greatest. The values used for the thermo-
dynamics of double-strand formation were AH° = =43 kcal/mol and AS°
= =128 e.u. (apter II; Nelson et al., 1981).

It can be seen from Table III that the enthalpy for ethidium
binding, AHS, varies very little, from =14.3 to ~14.6 kcal/mol for
values of ¢ ranging from 1 to 80. However, the equilibrium con-
stant, K;, varies from 18 x 104 with 6 = 1, to 2.9 x 104 with o =
80. This is because the strength of the puripe-purine sites can
~decrease as the pyrimidine—-purine site increases, and still bind the
ethidiun to the same extent., However, by comparing r and xg, it is
clear that the best fit occurs with o = 20. The fit is noticably

worse for o = 10 and o = 40,



TABRE III

Rhidium Bnding to rCAsG + rCUsG

at Low Ethidium:Strand Ratios

One Strong Site Mddel
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o BH§ 8S§  K4(25°C) oKy r x2
(kcal/mol) (e.u.) (x10% 2 mo1~1) (x10%)

1 -14.6 -24.9 18 ‘ 18 0.977 5.0

5 -14.6 -25.9 11.2 56 0.979 4.2
10 -14.5 -26.2 8.4 84 0.988 2.1
20 =14 .4 -26.6 6.1 122 0.996 0.7
40 -14.4 -27.2 4.3 172 0.988 2.6
80 -14 .4 -27 .8 2.9 232 0.950 10.5
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The effect of o on the plot of #n(K;) vs. 1/T is shown in
figure 16. Fach melting curve uses a different symbol, with some
repetitions. However, 1it 1s possible to follow several of the
melting curves. The fit is'visibly best using a value of o = 20.
Alsb apparent 1is the observation that the enthalpy changes very
little with different values of o, whereas the eql;ilibrium constant
changes noticeably. This figure gives us /viSual justification for
‘'using the behavior of In(Ky) vs. 1/T to determine how good the fit
is.

The behavior of the plot of ln(Kd) vs. .l/T with different
values of o can be explained by comparing the data at different
ratios of ethidium:strand. The ratio of the concentrations of
double strands with two ethidium ions bound to those with one bound
is just the ratio of the statistical weights, namely P,/P; =
S.(gz/gl) = KdCf(Ac + 6)/(c + 5). At véry low'erthid'ium éoncentra-
tions, the value of S is small, and hence P2 = 0. Thus, we measure
the apparent equilibrium constant for. binding one ethidium ion to
the double strands, K;‘pp = (o + 5)K}. (The prime indicates a deter-
mination at low ethidium concent'ratidn.) Since the wvalue of I(épp
does not change, the value calculated for Kc'l will vary inversely as
o + 5.. Thus increasing o will decrease the value determined for K&.

However, if the concentration of ethidiun is 1increased, the
concentrat.ion of double helices with two bound ethidiuim ions in-
creases, and the ratio C¢K,(40c + 6)/(c + 5) becomes important. As o
increases, the ratio (40 + 6)/(c + 5) increases, however the value

of K& calculated at the low ethidium concentration decreasses. At
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Figure 16. Plots of Zn(Kd)_x§. 1/T for rCAgG + rCUsG +
ethidium at 1low ethidium:strand ratios, assuming
various values of o. The concentrations are given in
the text. (a) o = 5; (b) o = 20; (c) o = 80. The

results are tabulated in Table III.
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values of 0 = 1 and o = 10, the values of K&(loc + 6)/(d + 5) are
O.ZBIgpp and O.ZOKB'pp, respectively. Thus, at ‘the larger value of
o, the binding of the second ethidium becomes less favorable. As o
increases, the value of Kd must be increased relative to K('i to fit
the high ethidium concentration data. If the guessed value of ¢ is
higher than the “true" value, the plot of 1n(K;) vs. 1/T for the
high ethidium concentration will lie above that for low concentra-
tions. The best fit for o results in the plot of 2n(Kd) vs. 1/T in
w.hich the curves at different ethidiun concentrations are co-linear. -

Figure 17 shows the experimental and calculated curves for the
fraction of ethidium bound using the thermodynamic parameters cor-
respondin.g to o = 20 (Table III), with ethidium and strand concen-
‘trations of S50uM and 49uM, respectively. The fit is seen to be
extremely good.

In this, I have assumed that the value of o is independent of
temperature. Thus the contribution of ¢ was assmne;i to be entirely
entropic, ¢ = exp(Asg/R). We can also make the assumption that the
contribution was entirely enthalpic, ¢ = exp(AH;/RT). This assump-
tion makes no changes in the determination of the value of o; how-
ever it increases the calculated enthalpy, by about 0.8 kcal, and
leaves the magnitude of Ky unchanged. This is a reasonable result, |
because 1f binding to the stronger pyrimidine-purine site _contri-
butes additional enthalpy to the complex, the purine-purine sites
can make a proportionately lower contribution. However, the fit to
the data cannot distinguish the value of the enthalpic contribution

to o, and hence we will continue to assume it is zero.
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- Figure 17. The experimental and calculated curves for rCAgG
+ rCUgG + ethidium, using a value of o = 20 (see Table
I11I). The concentration of the strands was 49uM; the

concentration of the ethidium was S50M.
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Errors in the thermodynamics of the single-strand to double-
strand transition can also contribute errors to the determination of
o. However, by using values of =47 kcal/mol and =141 e.u. for AHﬁ
and ASG instead of =43 kcal/mol and =128 e.u., respectively, the
value for the enthglpy of ethidium binding changes by' ébout
2 kcal/mol, and the equilibrium constant changes by about 10%. The
best value for ¢ remains unchanged. Since the errors in the value
of Aﬂg were estimated to be 10%Z in chapter II, this gives us a
reasonable estimate of the error in the determination of the binding
parameters for ethidium'binding.

We can postulate different models for ethidium binding to theée
oligonucleotides,  and attempt to verify their validity by comparing
the fits between models. One possiblility we may address is whether
the last purine-purine site, gt%, has a different binding.constant
than the other purine-purine sites. Thus, we can test the model
that both terminal binding.siteg, ét% and %:%, are stronger than the
interior binding sites by the factor 1. The statistical factors for

2 +61+3, and gy = 21°

this model are g3 = 1, g; = 21 + 4, g3 = 1T
+ 21. Table IV shows the results of the calculations fo; different
values of 1. The best fit to the data are for T between about 40
and 200, with the équilibrium constant of the strong sites,
1K4(25° C) between 56 and 64 x 104; As the value of T approaches =,
the model reduces to one with two independent binding sites. In
this case, the binding constant at 25°C is 66 x 104. If 1 = =,

th(25°C) = 66 x IOA. Thus the data at low ethidium:strand ratios

are consistent with two sttongvbinding sites on the ends of the



TABLE IV

Ethidium Binding to rCASG + rCUSG
at Low Ethidium:Strand Ratios
Two Strong Sites Model

168

1 LR 885 K4(25°C)  TKq r x2
(kcal/mol) (e.u.) (x10% 2 mol~1) (xlOa)
1 ~14.6 -24.9 18.0 18 0.977 5.0
5 ~14 .6 ~26.8 7.4 37 0.973 5.9
10 =14.5 ~27.4 4.5 45 0.980 4.1
20 ~14 .4 -28.1. 2.6 52 0.987 2.3
40 ~14.2 ~28.8 1.4 56 0.992 1.4
80 ~14.1 ~29.5 0.77 62 0.993 1.3
- 200 -14.0 ~30.8 0.32 64 0.991 1.6
o -13.8  --- — 66 0.988 2.3,

*Qu're-s-ponds to two independent binding sites.
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helix. However, comparing Tables III and IV, the calculated en-
thalpy for ethidium binding is =14 kcal/mol in both cases. Com
paring the values of r and XS, both models fit the data equally

well.

B) rCAcG + rCUcG + Ethidium at High Ethidium:Strand Ratios

Figure 18a shows a plot of f.n(Kd) vs. /T for the melting
curves at ratios of ethidium:strand of betwe.en 1 and 3, assuming 5 =
20. The concentrations of six ethidium:strand melting curves (uM)
are: 1) 50:49; 2) 106:5Q; 3) 156:53; 4) 12.1:12.1; 5)
24.2:11.9; and 6) 36.7:11.9. It is immediately clear that the
plots of the several melting curves are not co-linear, as was the
case at low ’ethidiun:stra'nd ratios. The curves at higher
ethidium:strand ratios curve downward significantly relative to
t:hoge at low ratios. This effect was described qualitatively using
figure 10, where we observed that the second ethidium binds less
cooperatively than the first, and the third binds only reluc—
tantly. The downward deviation shown in figure 18a is explained by
the fact that the model over-estimates the ability of the successive
ethidium ions to bind. This must be compensated for by a lowering
of the apparent equilibrium constant for ethidium binding, causing
the downward curvature. Thus, the model that worked very well at
low binding ratios must be modified to explain the data at high
ratios.

Oﬁe possibility is that the binding of ethidium is associated
with a negative cooperativity, namely w < 1 in équation 20. The

binding of the second and third ethidium ions would be hindered.
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Figure 18. (a) The plot of 2n(K;) vs. 1/T for rCAgG + rCUsG
+ ethidium at high ethidium:strand ratios, assuming one
strong site with ¢ = 20 and w = 1. The concentrations

. of ethidium:strands were (uM): 0O, 50:49; 0,
106:50; A, 156:53; v, 12.1:12.1; o,
24 ,2:11.0; <+, 36.7:11.9. (b) The plot of £n(Kd)_gi.

1/T assuming two strong sites with T = 140. (c) The
plot of ﬁn(Ra) vs. 1/T assuming cooperativity, with ¢ =

1l and w = 0.1. The results are shown in Table V.
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Two ethidium ions could bind six ways without the cooperative in=
teraction, and four ways with such an interaction. Three ethidium
ions could bind two ways with one cooperative interaction, and two
ways with two cooperative inter#ctions. Thus, the reluctance of the
binding of the third ethidium is clearly explained. Table V and
.figure 18b show the resulté of the calculations using the model
including cooperativity (w) and a strong pyrimidine-purine site
(o). Clearly, the model fits the data well with o = 1 and w =
0.1. An equally good fit is calculated with o = 20 and w = 0.2
(Table V). The resulting enthalpies calculated with either set of
values for ¢ and w are about 3 kcal/mol more positive than in the
calculations using low ethidium:strand ratios; the equilibrium con-
stant increases by about 25 - 40%. Clearly, no unique set of ¢ and
w will best fit the data. |

If we return to the data at low ethidium:strand ratios, and use
the model of cooperativity and the strong pyrimidine-purine site,
the best fit aésuming w = 0.1 is 0 = 1, AH& = =14,0 kcal/mol, and
K;(25°C) = 25 x 10% ¢ mo1™! (r = 0.991, x2 = 2.0 x 10™%). Assuming
w = 0.2, the best fit is again with o =1, AH] = -14.2 kcal/mol, and
Ky(25°C) = 24 x 10% 2 mol™! (r = 0.994, x2 = 1.2 x 107%). Thus, the
data at low ethidium:strand ratios is consistent with either co-
operativity or a strong pyrimidine-purine binding site, but not
both. The data at low and high ethidium:strand ratios are both
consistent only with ¢ = 1 and w = 0.1.

Another possible model which can explain the reluctance of the

third ethidium ifion to bind is the model considered earlier with two



BRhidium BRinding to rCASG_ + rCUSG
‘at High Ethidium:Strand Ratios

TABLE V

One Strong Site with operativity Model
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20

o u BHY 883 Ky(25°C) oKy r x2
(kcal/mol) (e.u.) (xlOZ‘ mo1~1) (x10%)
1 1.0 -6.4 +1.2 9.5 9.5 0.784 41.6
1 0.3 -8.8 5.4 16 .6 16 .6 0.949 11.4
1 0.2 =9.7 -8.4 19.5 19.5 0.979 5.6
1 0.l -11.6 -14.2 25 25 0.995 1.7
1 0.05 -13.7 -21.0 31 31 0.981 5.1
20 1.0 -7.7 -4.9 4.0 80 0.885 23.1
20 0.5 -9.1 -9.1 5.3 106 0.958 9.4
20 0.3 -10.4 -12.7 6.5 130 0.987 3.7
20 0.2 -11.4 -16.0 7.5 150 0.995 1.9
0.1  -13.5 -22.5 9.3 196 0.987 4.3
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strong sites (1) on the ends of the helix. The third ethidium ion
must bind to a weaker interior site. Table VI shows the fits to the
data at high ethidium:strand ratios, assuming several values of T.
The best fit occurs with T = 140, Ky(25°C) = 0.44 x 10* and 1K, = 60
X 10%. The results for this fit are shown in figure 18c. The en- ’
thalpy for the fit is about 3 kcal/mol greater than that calculated
at low ethidium:strand ratios, as was the case with the coopera-
tivity model. However, the fits to the data at low and high
ethidium:strand ratios (Tables IV and VI) result in essentially the
same values for T and TKd, 140 and 60 x 104, respectively. Thus,
this model fits the data more consistently than the model with co-

operativity.

C) dCAG + dCT<G + Fthidium Bromide

The binding of ethidium bromide to the double strands formed by
dCAsG + dCT5G 1is not as strong as it 1is to the ribo-oligonucleo-
tides. Because of this, the ethidium is not fully bound to the
double strand at 0°C, making it more difficult to determine the
extinction coefficients of bound ethidium. Since the oligonucleo-
tides show very little change in absorbance at 283 nm, the fraction
ethidium bound is mostly determined at this wavelength. Therefore,
as before, errors in estimating the extinction coefficient of bound
ethidium at 260 nm will not affect the accuracy of the determination
of the fraction of ethidium bound.

The results for the binding of ethidium bromide to the deoxy-
ribo-oligonucleotides are shown in Table VII and figure 19 for dif-

ferent values of o. The values for the enthalpy and entropy for



TABRLE VI
Ehidium Binding to rCAgG + rCUsG
at High Ethidium:Strand Ratios
Two Strong Sites Mpdel |

177

T bHY 88y Ky(25°C) Ty r x2
(kcal/mol) (e .u.)_ (x_104 L mél_l) (x104)
1 -6.4 +1.2 9.5 9.5 0.784 41.6
20 -7.5 -5.8 1.6 32 0.877 24 .6
40 -8.5 -10.3 1.0 40 0.944 12.7
80 -10.0 -16.1 0.64 51 10.986 4.2
140 -11.4 -21.7 - 0.43 60 0.995 1.7
200 ~-12.5 ~25.6 0.34 68 0.990 2.4
- 400 -14.7 =34.1 0.21 34‘ 0.968 8.4
<* -38 ——- - 33 0.805 177

*'G)rr'esponds to two independent binding sites.
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TARE VII

Ethidium Binding to dCASG + dCTSG
One Strong Site Model

o AHS A3 K4(25°C) oKy r x\%
(kcal/mol) (e.u.)  (x10% £ mo1™1) S (x10%)
1 -8.9 -9.7 2.5 2.5 0.994 0.4
3 -8.9 -10.2 1.8 5.4 0.994 0.4
10 -8.7 -10.8 1.1 11 0.988 0.7
30 -8.4 -11.1  0.58 17 0.953 2.1

100 -8.1 -11.7 0.24 24 0.857 5.7
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Figure 19. Plots of Qn(Kd) vs. 1/T for dCAsG + dCTG +

assuming different values of 0. The

(a) o = 1. (b)

ethidium
concentrations are given in the text.

0 =3, (¢) o= 10. The results are tabulated in Table

VII.
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Figure.20. The experimental and calculated curves for dCASG
+ dCTsG + ethidium, using a value of 0 = 1 (see Table
VII). The concentration of the strands was AOQM; the

concentration of the ethidium was 31uM.
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double-helix formation were =50 kcal/mol and -148 e.u., respectively
( thapter 1II; Nelson et al., 1981). The concentrations of
ethidium:strands in uM were: .19:44, 24:42 and 31:40. PBecause of
the lower. binding constant for ethidium binding, we are constrained
to work over a smaller range of ethidium:strand ratios. This makes
determination of the_ value of o less accurate. From the data shown
in Table VII, we see that the best fit occurs with 0 < 10, For o =
1, the values for ethidium binding are: AH& = =-8.9 kcal/mol and
Kd(25° C) = 2.5 x 104 2 mol™l. Figure 20 shows the experimental and
calculated melting curves at a ratio of echidigm:strand of 0.8.

Thé siope of the extinction coefficient of bound ethidium is .
not accurately determined. However, the conclusion does not differ
if we choose the extinction coefficient of bound ethidium to be
constant at 283 nm, namely 8283(T) = 2.2 x 10%4. Making this change
results in a determination of the enthalpy of ethidium binding which
differs by 1.2 kcal/mol, and an equilibrium constant at 25°C which
differs by about 15%. The best value for o does not change.

The effect of the thermodynamic pafame.ters for the double-
strand formation is also small. Using AH®° and AS° values of =45
kcal/mol and =131 e.u. instead of =50 kcal/mol and =148 e.u., re—=
spectively, changes the enthalpy for ethidium binding by 3 kcal/mol,
and the equilibrium constant at 25° by 10%.

We can test the same models used successfully w-iﬁh the ribo-
oligonucleotides. If we assume there are two strong sites, one on
each end, the best fit occurs with v = 3. Assuming a model with

cooperative binding, the best fit occurs with w = 1. Thus, the
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deoxyribo—oligonucleotide data are consistent with the model that
all binding sites have essentially equal binding constants, with no
cooperativity between the binding sites. However, we must keep in
mind that the detrermination of the fractipn of ethidium bognd was
not as directly determined as it was for the ribo-oligonucleo—
tides. Also, data could only be collected over a range of
ethidium:strand ratios between about 0.4 and 0.8. The comparison of
the models in the ribo-oligonucleotides were best done at high
ethidium:strand ratios, where the relative strength of the binding
sites are more important due to the larger numBer of ethidium ions
bound per double strand.

Howe‘ver, we can clearly conclude that the bindving of ethidium
to the deoxyr-ibp-oligonucleotides is weaker than to the ribo-oligo-
nucleotides. The enthalpy of binding is comparable: =9 kcal/mol
for the deoxyribo- and =11 to =14 kcal/mol for the ribo-oligonucleo-

tides..

D) Owmparison of the Models

Table VIII summarizes all of the results for all of the models
for the ribo-oligonucleotides and the deoxyribo-oligonucleotides.
In the case of the deoxyribo-cligonucleotides, the only model that
fit the data well assumed all the binding sites were of equal
strength, with no cooperativity between binding sites. For the
ribo~oligonucleotides, two models fit the data equally well: either
assuning the two terminal binding sites were both stronger than the

interior binding sites by a factor of about 140, or assuming all the
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TABLE VIII

Summary of Models for Prhidium BRinding

Oligomers Model Bhidium AH®  as°® K; (25°0)2
per strand (kcal/mol) (e.u.) (x10~% & mo1”})

One
strong. Low -14 -27 6.1
site,
c =20 High not consistent with data
Two .
rCAsG + strong Low -14 =30 63
_ sites,
rCUsG T = 140 High -11 =22 60
Goperative, v
all sites Low ~-14 -22 - 25
equal,
w = 0.1 High -12 -14 25
d'C'ASG + All sites
equal, not- -9 -10 2.5

d.CI‘SG' cooperative

a‘er = strong site equilibrium constant tabulated for the two

strong sites model.
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binding  sites were of equal strength, but "there was negative co-
operativity between the binding sites with w = 0.1l.

Although the analysis of the data on the deoxyribo-oligonucleo—
tides was problematic due to weaker binding, the results would have
detected a cooerativity effect or an end-binding effect that was as
large as those found for the ribo-oligonucleotide data. Thus, we
can conclude that the binding to the deoxyribo-oligonucleotides
shows less end-binding or cooperativity effects than the binding to
the ribo=oligonucleotides.

The reason the .tibo-oligonucleotides bind ethidium with these
large effects might be due to the hypothesis that RNA double helices
are more rigid than DNA double helices. X-ray crystalography
studies on ethidium complexes with iodoUpA and iodoCpG showed that
the iodoU and iodoC sugars have (' endo conformations, whereas the
»A and G sugars have C2' _e_rlgo_conformations (Tsai et al., 1977; Jain
et al., 1977). From this, they proposed a general model for ethi-
dium binding wherein the sugar conformations become C3' endo = ethi-
dim - @' endo. DNA B-form has a Q' endo sugar conformation,
whereas RNA A-form has a C3' endo confofmation. DNA can assume a
number of different conformations by changing the solvent conditions
by ;dding high salt concentrations, ethanol, etc., whereas RNA
structure remains predominately A~-form regardless of the solvent
conditions. Thus, the DNA may be better able to adjust the sugar
conformation on the 5' side of the bound ethidium to @' endo,
whereas the RNA cannot adjust the sugar on the 3' ‘side of the bound

ethidium to Q' endo as readily. Thus, ethidium binds without co-
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operativity to the DNA double helices, but the strain on the RNA
double helix is large enough to cause cooperativity.

The model assuming two strong terminal binding sites could be
explained by the assertion that the sugar conformations are more
flexible at the end of the helix, thus the bindng of the ethidium
does not cause as much strain as it would in the interior. Alter-
natively, the model assuming equal binding sites with cooperativity
could be explained by the assertion that the binding of the ethidium
ion couses distortions which extend further down the helix, making
the next available sit less favorable.

This explaination is apparently 1in contradiction to the obsef—
-vation that ethidium binds more strongly to RNA than DNA (see
below). However, the effects are quite separate, and we should not
confusé the strength of ethidium binding to a‘site from the effect
of binding to adjacent sites; quite possibly, ethidium both bonds
more strongly to RNA, and cuases greater effects to adjacent binding

sites, than with DNA.

E) (Oomparisons with Previous Results

Previous studies of ethidium bromide intercalation into nucleic
acids have generally beem carried out on polynucleotides or di-
nucleotides by monitoring the absorbance or fluorescence of ethidium
in the visible near 480 nm, or by NMR techniques.

Studies of ethidium binding to DNAFare fiﬁ very well by a hodel
that assumes nearest-neighbor exclusfon and no cooperativity.
McGhee and von Hippel (1974) have developed a model of ligand

binding to polynucleotides which allows for cooperativity between
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lignads, and the possibility that a ligand occupies more than one
base pair. Thelr equation 15 relates r/Cf to the extent of binding
r:

n~-1 2

_ (2w=1)(1=-nr) + r + R 1 ~ (a+l)r + R
r/C; = K(1-nr) . 2(w=1) (1-nr) 2((I-nr)

R ?ﬂl - @+ Drl? + (1 - “1’)'

I have changed nomenclature slightly. K is the equilibrium constant
for the 1ligand binding to an isolated site, r is the extent of
binding in terms of ligand/base pair, C¢ is the free ligand concen
tration, n is ,thé number of sites covered by the ligand (2 for‘
neargst-neighbor exclusion), and w is the cooperativity parameter
for two ligandé bound contiguously. Note an incorrect plus sign in
the their paper which I have corrected above. This equation reduces
to the equation derived by Gothers ( QGothers, 1968; BResloff &
Crothers, 1975) for the binding of a ligand which makes the next
site unavailable for binding, namely n = 2 and w = 1.

The binding of ethidium bromide to calf thymus DNA in IM NaCl
was found to fit very well to the model of nearest-neighbor exclu-
sion and no cooperativity, with a binding constant at 19°C of 1.8 x
10% 2 mo1~! ( Bresloff and Gothers, 1975). This binding constant is
an average for all the different binding sites in DNA. Also, at the
higher salt concentration, ethidium binding is weaker than at 0.2M

NaCl. However, their results on DNA compares well with the value

determined in this study, 3.5 x 104 at 19°cC.



189

The enthalpy of ethidium bromide binding to calf thymus DNA has
been measured by batch and flow microcalorimetry (Quadrifoglio et
al., 1974) . The enthalpy they measured for ethidium binding to DNA |
in 0.IM KO at 25°C was =6.7 kcal/mol. The enthalpy was 0.5
kcal/mol more positive in 0.015M salt concentration. This corre-
sponds well with the >value measured_ in this study for the enthalpy
of ethidium binding to the deoxyribo-oligonucleotides, =9 kcal/mol
in 0.2M salt.

Thé data on ethidium bromide ninding to RNA is more limited by
the unavailébility of RNA's which are double-stranded. Douthart et
al. (1973) '-:studied ethidiun binding to the double-stranded RNA ob-

tained from the mycophage Penicillium chrysogenum. From Scatchard

ploté at different salt concentrations, they determined that the
saturation binding occurred at r = 0.38 ethidium ions bound/base
pair in 0.1M sodium cacodylate, 0.32 in 0.0IM sodium cacodylate, and
0.18 in 0.00IM sodium cacodylate. The binding constant from the
slope and the intercept of the Scatchard plot was found to be 4.7 x
106 at 25°C. Thus, the binding constant for ethidium bromide is
much larger for RNA than for DNA.

In order to see if the data of Douthart et al. (1973) are con-
sistent with a model with cooperativity, I took the data from their
figure 2, and re-plotted it in figure 21. Using the equation of
McGhee & von Hippel (1974) given above, setting n = 2 and K = 4.7 x
106, the fits for w = 1.0, 0.5 and 0.4 were calculated and are shown
in figure 21. C(learly, the data are consistent with a cooperativity

parameter w between about 0.4 and 0.5. It would be inappropriate to
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Figure 21. A Scatchard plot of r/Cf vs. r (in terms of
ethidium bound/base pair) for ethidium binding to
double-stranded RNA. The data are from figure 2 of
Douthart et al. (1973). The lines show fits using the
McGhee & von Hippel (1974) equation given in the text

forn =2, K= 4.7 x 10%, and w = 0.4, 0.5 and 1.0.
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generalize from the results of one study, but clearly the binding of
ethidium bromide to RNA polymers could be associated wtih a co-
operativity which is not seen in DNA polymers.

Experiments of ethidium bromide binding to dinucleotides have
shown quite clearly that ethidium binds preferentially to pyrimi-
dine-purine sequences compared to purine-pyrimidine sequences (Krugh
et al., 1975; Reinhard & Krugh, 1975; Reinhardt and Krugh, 1978;
Pardi, 1980;Dahl, 1981; Dahl et al., 1982)., For example, the com-
vplex rUpA-rUpA=-ethidium 1is about 14 times stronger at 0°C than the
complex rApU~-rApU~ethidium (Dehl et al., 1982). However, compari-
sons of the stfength of ethidium binding to different sequences is
complicated by the fact that the dinucleotides form very unstable
double strands in the absence of ethidium, making the determination
of the equilibrium constant for double strand formation difficult
(Young & Krugh, 1975; Krugh et al., 1976). Also, dinucleotide stu=-
dies cannot measure cooperative effects, since there is only one
binding site. Further verification of the pyrimidine-purine pre-
ference vwas obtained by studies on the tetranucleotides dC-G=C-G,
dG=-C-G-C, dC-C~G-G and dG=G-C~C using optical (Kastrup et al., 1978)
and NMR (Patel & Qanuel, 1976) techniques.

The sequence preference for the deoxyribo-oligonucleotides in
the present study were small. However, only pyrimidine-purine and
purine~purine sites are present in these oligonucleotides, and hence
no quantitative difference between the pyrimidine-purine and purine-
pyrimidine sites were determined. The technique can definitely be

-extended using measurements on a series of sequences to help deter-



193

mine quantitatively the sequence preferences unobfainable by polymer
or dinucleotide studies., Also, by comparing ethidium binding to
oligonucleotides which can form bulges with the related normal
double helix, the strength of ethidium binding to ; bulge can be
determined. This will help determine whether the interaction of an
1ntercalator with a bulge is important in promoting the incidénce of

frameshift mutations.

7. nclusion

In the preceeding discussions, several models were analyzed and
compared. It would be useful to summarize here what we found, and
the implications to ethidium ion binding to nucleic acids.

In the case of ethidium binding to deoxyribonucleic acids, the
polymet data suggests that there 1is no cooperativity bet&een the
binding sites. The- data presented here for the deoxyribo-oligo-
nucleotides also indicated no cooperativity. We also found that
there is not a strong sequence prefereﬁce for ethidium bindiﬁg to
the sequence studied here, dCASG +deT5G. However, the conclusions
about the correct model are clouded by the fact that the analysis of
data at‘high ethidiuh:strand ratios was not feasible. This problem
might be overcome to some éxtent by working at strand concentrations
much greater than those used here, using path lengths of 0.01 or
0.02 cm.

Ethidium binding to ribonucleic acids 1is associated with a
larger equilibrium constant than to deoxyriboﬁucleic acids. How=-
ever, the binding is also associated by some sort of negative co~

operativity in the ribo-polynucleotides, and either negative co-
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operaﬁivity or preferential binding to the terminal sites of the
ribo=-oligonucleotide double strands studied here.

Both the end-binding and the cooperativity models for ethidium
binding to the ribo-ovligonucleotides are consistent with the asser-
tion that the structureal rigidity of RNA double helices causes the
distortion induced by the ethidium ion to affect the base pairs.
removed from the binding site. It might take a few base pairs
before the comformation of the double helix returns to that required
for binding the next ethi_diun ion. Alternatively, binding to the
ends éccurs because the greater flexibility of the ends of the helix
can better accomodate t.he distortions caused by ethidium binding.

The end-binding model suggetst that ethidium biﬁding to RNA
molecules mi.ght occur at the ends of double-helical regions, inter-
nal loops, or bulge loops in the secondary structure of a natural
RNA. This could have implications on the mode of binding of other
intercalators to naturally occurring RNA.

The binding of ethidium to both RNA and DNA double helices is
stabilized by a favorable enthalpy, with thisl stabilization being
somewhat greater in the ribo—-oligonucleotides used in this study
(see Table VIII). The binding to RNA mighf be associated with a
greater stacking of the ethidium with the RNA bases; alternatively,
the base stacking in the double strands without ethidium bound might
be distrubed less in the RNA, compared to the DNA. The ethidium
replaces one base-base stack with two base~ethidium stacks. Ethi-

diun binding to RNA double helices results in greater stabilization
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- than to DNA, however, the comformational distortions are less
localized in the RNA,

The questions of the relativé stabilities of different sequen-
ces will help determine what factors are important in ethidium
binding. This would help determine if the greater enthalpic stabi-
lization for the ribo-oligonucleotides found here is general for all
éequences, or if the difference between RNA and DNA depends on £he.
sequence. This would also quantitate more completely the difference
befween pyrimidine-purine and purine-pyrimidine sites, which was not
addressed in these studies.

Oligoﬁucleotide studies of ethidium binding are also ideally
suited - tor determine the effect of bulged bases on ethidium
binding. The aestabilizing effect of a bulged base can be deter-
miﬁed by comparing oligonulceotides which form normal double strands
vs. the comparable déﬁble strand with a bulged base. The question
of the degree to which ethidium overcomés this destabilization by
_bindng more strongly to the bulged site relative to the normal
double helix could then be addressed. This would help assess the
validity of the model for frameshift mutagenesis which asserts that
the mutational rate 1is enhanced by the stabilization of the buiged

base by intercalators.
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APPENDIX A

Using the Gilford Spectrophotometer

‘The Gilford UV-VIS spectrophotometer is set up to collect
melting curves at one or two wavelengths, and to take spectra at
different temperatures. A PET model 2001 microcomputer acts to
collect the data, which is subsequently sent to the PDP-8E or VAX
11/780 for analysis and plotting. The contents of this appendix
are:

1. Procedures for Using Gilford Cuvettes

2. Setting Up the Gilford

3. Wllecting Melting Curves

4. Taking Spectra on the Gilford

5. Transferring Data to the PDP-8E or the VAX

6. Analyzing Melting Qurve Data on the PDP-8E

7. Analyzing Spectra on the PDP-8E

8. Program Listings for the PET
1. Procedures for Using Gilford Cuvettes

There are two types of cuvettes for the Gilford: stoppered and
unstoppered. The stoppered cuvettes use teflon stoppers to seal the
cuvette, and come in path lengths of 1, 2, 5 and 10 mm. The outside
dimensions of these cells are all the same. The unstoppered cu-
vettes reduce evaporation by floating silicon o0il on top of themn.
The path lengths of these cells are also 1, 2, 5 and 10 mm. The
dimensions of the cells are different, depending on the path length.

Generally, the cells are washed by soaking in warm concentrated
nitric acid for about 15 minutes, thouroughly rinsed with double-

distilled water, and dried. If silicon oil was used to cover a

sample, the cuvette is usually rinsed with double-distilled water,
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detergent and 957 ethanol a few times to facilitate removal of the
oilf If further treatment is required, the cell can be soaked in a
solution of KOH in 95% ethanol for a few minutes. It 1is important
not to soak the cell long in this solution, as it etches the cell.
Spacers are washed in a similar manner, using lens paper for any
wiping of ﬁhe surfaces. |

Saﬁples which are taken to high temperatures should be degassed
prior to filling the cell. Thié can be done by purging the buffer
with helium for about 5 minutes, or by heating the sample to high
temperature and vshaking out the bubbles. Degassing 1is wusually
needed only when raising the temperature to 50°C or above. Some-
times bubbles will form along the sides of the cuvettes, which often
do not interfere with the light path. (thecking the absorbance
before and after a measurement, by returning to low temperatures
after a melting curve 1is completed, will verify if the bubbles
caused problems.

The stoppered cuvettes are simply filled and stoppered. The
recommended volumes for filling the cells of different path lengths
are: 1 mm, 40u2; 2 mm, 80u%; 5 mm, 150u&; and 10 mm, 300u2. All
the cells except for those with a 1 mm path length can be filled and
emptied with a Pipetman P-200. Use a teflon needle for the 1 mm
cuvettes. Aftér filling the cells with a path length less tﬁan 10
mm, a round mound appears above the solution. Evaporation can be
reduced if the cell is jarred carefully, causing the solution to wet

the corners at the top of the cell. An evaporation of about 1% can '
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be expected after taking a melting curve to high temperatures, 60°C
or above.

The samples in unstoppered cuvettes are covered with silicon
oil to prevent evaporation. The o0il should cover the sample by
about 1 mm in the center. If too much oil is used, it will creep
out of the cell, and cover the outside of the cell. The silicon oil
is usually véry effective in reducing evaporation, which is usually
negligible. There is a problem with the o0il wetting the corners of
the cells, and occasionally the o0il creeps down the cell enough to
interfere with the light beam, especially at higher temperatures.
Checking ébsorbances at loﬁ temperature after the melting curves
will determine .if this happened, as well as a visual check of the
ceil. The silicon o0il can be separated from the sample after re-
moving the sample from the cell by rolling the sample on a teflon
sheet shaped 1like a watch glass.

Short path lengths of 0.1 and 0.2 mm can be achieved by using 2
mm unstoppered cuvettes with quartz spacers of 0.19 and 0.l18 mm,
respectively. The cuvette and spacer are carefully washed and
dried, . being careful t‘d eliminate any dust. The spacer is then
carefully inserted into the cuvette. The sample is then carefully
added to the cuvette. lsually air 1is trapped under the sample.

This is easily removed by centrifuging the cuvette very carefully in

an Bpendorf centrifuge, using an Pppendorf centrifuge tube padded
on the bottom with a small piece of tissue. The suggested volume of
sample 18 roughly 20u%, but depends slightly on the cuvette and

spacer combination. It is important that the solution cover the
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spacer completely, as otherwise the silicon oil will creep between
the spacer and the window, interfering with the light péth. After
centrifuging the sample into the cuvette, the sample is covered with
oil to a depth of about 1 mm in the center. The sample is recovered
by removing the spacer, and using a teflon needle to remove the
sample from the spacer and the cell. A teflon sheet'is used to
separate the oil from the sample. The path length is different for
different cuvette and spacer combinations. All combiﬁations are
tabulated in the box holding the spacers.

The unstoppered cuvettes require aluminum spacers to fill the
remaining space, in order to insure a snug fit. This hgips in the
thermal contact between the cuvette and the cell block. Different
sizes of spaéets are available for the different path lengths. By
‘cohventidn,'the cuvette is put on the side of the spacer towards the
light source. The spécer is inserted first, followed by the cu-
vette.

The cuvettes are removed froﬁ the cell block using the tweezers
which are kept by the Gilford. If aluminum spacers were used, the

_spacer isvusually removed first, followed by the cuvette.

2. Setting Up the Gilford

The Gilfofd is very simple to operate. The following procudure
is used to start up the instrument. Two circuit breakers_behind,the
Gilford supply the power. Turn on the lamp, making sure you have
selected éither the UV, VIS or Bth by turning the knob on top of
the lamp and the switch immediately in front of it. The lamps

require only several minutes to warm up.:
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Turn on the cuvette positioner, the wavelength and slit con-
trol, the thermo-programmer, the interface to the PET, and the PET,
as required. If using the thermo-programmer, make sure the
distilled water is flowing through the cell block. This cooling
water is gravity-fed, and the top reservoir must be replenished
about every hour by turning on the pump, using the circuit breaker
to the right of the Gilford. If the reservior is empty, and the
syphon is. broken, re-fill the reservior with the pump, and re-
establish the syphon by pulling the air out of the line at the lower
end of the tubing with a 50 ml syringe.

If you are planﬁing on going very far from room temperature,
turn on the tap water to the right'of the Gilford. Only a very slow
stream of water is required. If you plan to go to low temperatures,
turn on the nitrogen to a flow df about 0.5 on the regulator. Some-
times, when the weather is humid, there is a problem with condensa-
tion in the sample compartment. This problem can be eliminated by
turning off the distilled water flow to the cell block, and turning
the thermo—-programmer to about 70°C for about 10 to 15 minutes while
purging with nitrogen. Make sure no samples are in the cell block
while doing this.

The wavelength is controlled either by the PET or the Gilford,
depending on the position of a switch behind the Gilford, where the
cable connects the Gilford to the interface. Flip the switch to
"OPER” to allow the Gilford to control the Gilford, and to "COMP" to

allow the PET to control it.
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3. llecting Melting Curves

The PET 1is used to collect the d_ata from a melting curve.
After inserting the cuvettes into the cell block, turn the thermo-
programmer to the desired starting (set point) temperature, and turn
the mode knob to "“Set Point". Several minutes may be required to
reach a low temperature. This process can be speeded up by placing
ice in an insulated bucket, and immersing the tubing for the cell
block cooling water into it.

Load the Gilford Melt program into the PET by typing "LOAD".'
Insert the casset.te into the cassette player, and press "play”. The
PET will t'eil you it is loading the program, after which it says
"READY". ’I;ype "RUN", and you are off.

The program asks how many cuvettes you are u'sing. - You may use
betwee-n 2 and 4 cuvettes. Cuvette #1° is the reference, which can
either be filled with a cuvette c.‘onvtain.ing buffer, or left empty.
You are then asked how many data sets you desire. This is usually
set to a big number, such as 1000. The melting curve is stopped
well short of this manually, after the desired high temperature is
reached. You are then asked how many wavelengths - one or two. You
then tell the PET what these wavelengths are. If one wavelength is
used, turn the mode knob the "Standby” and set the wavelength manu-
.ally. If using two wavelengths, turn the mdde knob to "Set A", and
use the wavelength set potentiometer labeled "A" to set the wave-
length. Repeat the process for wavelength B. After you have set
these, turn the mode knob to "Dual WL". Also turn the reference

compensator on.
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The computer now asks you for a time (sec) between data sets.
This is the time the Gilford waits for the wavelength to change (if
two wavelengths are used) and the reference compensator to adjust
the slitée Usually, a value of 3 or 4 seconds is used. You are
then asked for a time fof the absorbance to settle. This is usually
3 seconds, although a shorter value may be used if you want points
at very closely-spaced temperature intervals. You are given the
option to collect more than one reading per data point and aver-
aging. Usually this option is not used, but if it is, you'must
specify a delay time between readings, for example 0.l sec.

You are now asked for a file name, which will be used for the
file sent to the cassette or disk. Then, you are asked if you want
the output to go to the cassette, disk and teletype. Usually you
want to collect the d;ta on the cassette and teletype. Punchiﬁg a
paper tape on the teletype allows a back-up in case the cassette
does not read on the PET which sends the data to the PDP-8E. How-
ever, the teletype is very good ét mi s-punching a paper tape, and
editing on the PDP~-8E is often required after reading the paper
tape. Finally, you are asked for an identification header for this
run. This should identify the melting curve as completely as re-
quired, and appears as the first line of the file.

The program then tells you to turn the reference compensator
on, and set the dwell time on the cuvette positioner to 1 sec.
Then, push "auto”, 1,.2, etc. for all the cuvette positions you are
using. The program_will now wait until you type "Y", after which it

will start collecting data. After the PET has collected one or two
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sets at the starting temperature, turn the mode swith on the thermo-
programmer to 1°C/minute, or slower if desired.’ The data collection
is now automatic, until you stop the collection by typing “#" when
the high temperature is reached. (Make sure you set the heat limit
potentiometer on the thermo—progfaﬁmer'to the highest temperature
you want to reach.) After typing "#", it 1is very important to wait
| until the PET says "DONE VITH DATA COLLECTION" befofe touching any-
thing. Otherwise, the file on cassette will be messed up. Usually,
after reaching the high temperature, I wiil set the mode knob on the
thermo-programmer to "SetfPoint; after a melting curve, to check the
absorbance after the run, and allow the PET to.collect this data.
After the low temperature is again reached, I will stop the PET with
. |

The data will subseéuently be sent to the PDP-éE or the VAX for

analysis'and plotting, as will be described later.

4, Taking Spectra on the Gilford

The Gilford is set up the same way as for melting curves,
except the switch in back of the Gilford mist be switched to "COMP",
and the mode knob is set to ;Set A". The Gilford Scan program is
loaded and run.

The program is broken into three sections: calibrating the
wavelength, taking a spectrum, and writing the spectrum to a disk,
cassette, teletype or screen. The program is explained in detail in
the documentation found with the Gilford, and will not be repeated

here. The data are sent to the PDP~8E in the same way as the
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melting curve data. Usually, it is required to have a reference

cuvette in cell position #1.

5. Transferring Data to the PDP-8E or the VAX

The data is usﬁally sent from the PET to the PDP-8E using a
cassette tape. The program “"PET TO PDP8" is loaded on the PET next
to the PDP-8E, and the directions are followed.

An alternative way to transfer the data is to use the paper
tape reader on the PDP-8E. After bootstraping the computer, this is
done by typing the following (Underlined text is provided by the
PDP-8E):

- R PIP

* FILE.DA<PTR: (the filename can have 6 characters.)

(the PDP-8E waits for a character to be typed.)

Thé paper tape will then read until the end is reached, unless
some control character was accidentally punched, in which case the
reading will stop prematurely., If the analysis programs will not
run on the data, incorrect data were punched, and they must be coro‘
rected using the PDP-8E editor prior to analysis. This pfoblem is
due to a problem with the interface between the PET and the tele-
type, or to the teletype itself. It is most desirable to transfer
the data using the cassette if at all possible, as very few mistakes
are made in the transfer.

For some unknown reason, the temperature is often written in-
correctly to the cassette tapes and paper tapes. This might happen
once in every other to every fourth melting curve. Usually a number

in the temperature is mistyped as a zero. Often an eight is mis-
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typed this way. This mistake is wusually easily found from the
>me1ting curve (the melting curve plot stops when this occurs), and
can be corrected with the PDP-8E editor.

The data can. be sent from the PDP-8E.to the VAX 11/780 by
running the program VAX on Ehe PDP-8E. This program allows the LA30
to act as a VAX terminal. Make sure the jumper cables on the tele-
type communications box connect VAX to PDPS. Log in as wusual.
vThen, enter the editor on the VAX by typing:

_ R VAX

VAX:

USERNAME: (enter username and password)
$ EDT DATAFILE.DAT (up to 9 characters are allowed)

FILE DOES NOT EXIST

* SET NONWM BERS (this allows the PDP-8E to interpret the
echos from the VAX correctly.)

* I (enter insert mode)

* LctrDA (this signals the PDP-8E to ask for a file name.)

FILE NAME: FILE.DA (any disk file may be éént this way.)

VAX: <ctr>B (this signals the PDP-8E to send the file.)

ECHO TO TTY? N (Y echos the file, taking much longer.)

SENDING TO VAX.

The transmission is very fast, and the PDP-8E will signal the
end of the transmission. The PDP-8E verifies what it sends. If an
error 1s detected, the PDP-8E will tell you there was an error in

the transmission. You can fix this by:
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VAX:

{ctrl>Z (this gets you out of insert mode)
* D ZWH (delete the buffer)

XX LINES DELETED

* I (re-enter insert mode)
<ctrl>B (send the file again.)
If you get a transmission error again, the file probably con-
" tains some mis-placed control characters, which can be fixed by the
editor of the PDP-8E, looking at the file sent to the VAX to deter-
mine the position in the file.

_If the transmission was correct, complete the process by:

DONE WITH TRANSMISSION.

VAX:

<CTRL>Z (To get out of insert mode.)
* EX (to exit editor and write file.)

DATAFILE.DAT; 1 XX LINES

$ L0 (to log out)

XYZ LOGGED OUT AA/BB/CC

<ctrl>C (puts you back into the PDP-8E monitor)

There are programs on the VAX to analyze melting curves,
similar to those on the PDP-8E. The programs to analyze melting
curves of oligonucleotides with intercalating dyes are discussed in
Appendix C. In addition, the program on DISKSUSERFILE]:
[JWN.MELT]MELT is essentially the same as MELTl on the PDP-8E (see
below), and the program [JWN.MELT]PLMELT is nearly identical to the

program PIMELT on the PDP-8E. In addition, a program named
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[JWN.MELTJMLTCRV calculates the fraction double-strands when  you
input the lower and upper baseline, and the program [JWN.MELT]LSTFIT
performs non~linear least=-squares analysis on melting curves. You

are referred to these programs for details on how to run them.

6. Analyzing Melting Curve Data on the PDP-8E

The melting curve data are analyzed using the programs MELTI
and PIMELT. Bth program listings are in the folder next to the
fDP—SE.

The first"prdgr;m to be run is MELTl. This program subtracts
the referen;e cuvette #1 from the others, and subtracts an addition-
al reference blank. It then divides by a high-temperature absor-
bance, normalizing all the curves at high temperature. To run the
program, type "R MELT1"” while in the PDP-8E monitor. The program
will ask you if you want to output results from an earlier file,
which you usually ignore. (In all programs on the PDP-8E, a "“yes"
response 1s signaled by typing "1”, and a "no" by typing either "0O"
or merely a carriage return;) You then enter the file name for the
input file, which you can have echoed to the teletype. This is
usually not wuseful, as the normalized data are mch ﬁore
interesting.

You are then asked whether you want to manipulate wavelength
#l. If so, you can subtract cuvette 1 (the reference) from the
others, compensating in errors in zeroing the reference on the
Gilford. You then enter the cell blanks, which are generally in the
range 0.030 to.0.040 if you used air (no cuvette) in the reference

position. You are than asked to input the absorbances at high



208

temperature, not corrected for blank. Thus, you can read the
absorbance directly from the melting curve printed on the teletype
while you were collecting data. If you do not want to normalize the
data, you must type 1 + blank, as the blank is subtracted before
dividing, e.g. 1.030.

You are asked the same questions about wavelength #2, if eol-
lected. Finally, if the data are OK, you are asked whether you want
the normalized data printed, and for a file name for the outpﬁt
file. -

To plot the data, you run the programs DEFAUL, PLOTST, and
PIMELT. Program DEFAUL sets up default plotting parameters for 5
subsequent call to the plotting programs. After&ards, you can start
the plotting programs with the same default parameters by running
PLOTST, which reads the defaults from disk and calls the plotting
program. | |

To run defaul, type "R DEFAUL". You are asked for a plotting
program, PIMELT in this case. Then, you are asked for titles. The
values XMIN, XMAX, and XINCH are, respectively, the X value at the
left-hand side of the X-axis, the value at the right-hand side, and
the length of the axis in inches. It is set to 7 of the Tektronix
is used, otherwise it can be up to 12 inches on the Glcomp. An
example is 0., 60., and 7. XST, XTIC and XINC are, respectively,
the X value for the first tic mark, the increment between tic marks,
and the increment between numeric labels on the X axis. An example
is 0., 5., and 20. YMIN,YMAX,YINCH are the corresponding values for

the Y-axis. YINCH is 6 for the Tektronix, or up to 9 inches on the
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Calcomp . Examples are 0.7, 1.1, and 6. for normalized melting
curves. YST, YTIC and YINC might be 0.7, 0.1, and 0.2.

The tic length is usually 8 - 10, and the numeric label and
title sizes are usually 2, unless a figure for publication is being
" made, in which case these sizes.are 3. (A label size of 3 will not
work on the Tektronix.) Finally, you are asked if you want to call
the plotting routine. This is equivalent to running PLOTST.

PLOTST asks if you want to see the default values, and then
calls the plotting program you specified in DEFAUL, namely PLIMELT.
You are given the option to see the long form of the output, which
elaborates somewhat on the information it tells you.. For routine
plotting, you uéually don't want to see this information. You then
enter the file name, which is the output file from MELTL, followed
by the cuvette number (I to 3, ;hé blank cuvette position is
elimibnated), the wavelength, and the symbol number. The symbol
numbers are: 1 - box; 2 - circle; 3 --triangle;i 4l- upside-down
triangle; 5 - diamond; 6 - +; 7 - X.‘ They are listed on the side
of the PDP-8E. Symbol size is usually 1. You can ignore»the first
~few points in the file, which 1is useful 1if you collected several
points at the low temperature before starting the scan. A new graph
will erase the Tektronix screen, or move the Calcomp paper, and make
new axes. New graph paraméters will allow you to change any
parameters specified in DEFAUL, and finally you have the option of
sending the plot to the (Glcomp or the Tektronix. If all is OK, the
plot is sent; 1if not, you start over. After the axes are made, you

are asked to specify the program to plot every nth point. Usually
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this 1is set to 1, unless for aesthetic reasons, you want fewer
points. After a plot 1is sent, you are given the. option to re-plot
the data, which allow viewing on the Tektronix before sending to the
CGalcomp. It also allows you to change plot parameters before re-
plotting. By specifying not to re-plot, you return to the program
PIMELT.

Several melting curves may be plotted on the same plot, by not
specifying a new graph each time. This is generally very useful for
plotting relative melting curves at different concentrations.

The programs [JWN.MELTJMELT and PIMELT are very similar rou-
tines on the VAX, and can be run without additional information.
However, the high temperature absorbances you input must be cor-

rected for the blank, which is different than on the PDP-8E.

7. Analyzing Spectra on the PDP-8E

Spectra are plotted directly using the plot program JNSCAN.
The program DEFAUL can also be used for this, by specifying JNSCAN
as the plotting program. However, the X-axis title 1s always
'"WAVELENGTH (NM)', and the Y-axis title is always 'ABSORBANCE'.

The first question JNSCAN asks is whether the data are from 2
or more files. This allows you to subtract a spectrum from one file
from that in another file, for example at different temperatures.
Usually, you don't want to do this. As before, you have the opfion
to have a long form of the output. You must specify the long form
to print out the data, but it is not necessary for plotting.

You are asked for the file name that contains the spectra, and

the header 1s echoed. You can then subtract any cell from any
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other, but usually you subtract cell 1 (reference) from a sample
cell. The exception is if you want to plot difference spectra be-
tween two cuvetteés in the same file. (For spectra in different
files, specify that the data come from 2 or more files above.) You
can then subtract an additional baseline, if the sample and refer-
ence cuvéttes absorb differeﬁtly. A normalizafion constant is then
input, which is divided into all the absorbance values. This allows
normalizing the spectra, or scaling the absorbance to the path
length, etc.

Yoﬁ are then asked if fou want a new graph, new parameters, the
symbol #, the symbol size, as before. If everything is OK, the plot
is sent to the Tektronix or Calcomp. Note that in order to change
f;om plotting on the Tektronix or the (hlgomp, yod must changé-the
plot parameters. Again, as béfore, several spectra can be plotted
on the same gr&ph;

There are no comparable plotting programs on the VAX, as there

are for the melting curves.

8. Program Listings
The PET programs Gilford Melt , Giiford Scan and PET TO PDP8
are listed below. For the hardware considerations for the interface

and programming techniques, see the folder kept with the Gilford.
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Program Gilford Melt. Program to collect melting curves on the

Gilford spectrophotometer.

18 FEM GILFORD MELTING OATA COLLECTION
=8 REM YERSION 2. FEE 1221

20 REM WRITTEN BY JEFF NELSQON

S Tl=a ELf=" "

1a8 FOKE SZ. @ FOKE S3. 3%

113 BF=28e72 )

120 TC=BF TM=EF+1 TD$=""

128 Fl=EF+4& PZ=EF+4% PI=EF+50 FP4=EP+S1
140 FS=EF+52 PE=EF+SI  FT=RF+S4 F3I=EF+5S
158 FOVE F4.14c POKE PE. 15%

10 CIM RECAD. TS

1Ta RENM

158 FEN

Sy PRINTYZ"

S10 PRINT"MELTING CURVE DRTHA COLLECTION®
SZo PRINT

SE@ ITNFUT" NUMEBER OF CUYETTES™: CUX

Séd 1IF <QUNI4s QR (CUNIZo THEN FRINT"": QUTOSSO
STO INFUT" NUMEER OF DRATR SETS": DSX

SHQ INFUT" NUMBER QF WAYELENGTHS": WLX

ne@ IF CPNLEIL00RIWLEEZITHEN FRINT " (GOTOS 30

1@ INFUT" WARYELENGTH 1". N1
2@ IF WLZN=sZOTHEN INPUT" WRYELENGTH Z": W%
TRa PRINT
T18 INFUTY TIME (ZEC EBETWEEN DARTA SETS". CW . CW=CW+=a
TZO O INFUTY TIME «SECH FOR ARES TO SETTLE". 0C DC=00+5a
IO O INFUT" NUMEER OF REAMDINGS FEF POINT": NRY
T4é DF=@ .
TEBOIF MRNILL THEN INFUT® TIME BETWEEN READINGS": OR CR=CR+ed
S0 FRINT
1l TNFUT FILE NRAME":F1s
INFUT" OUTFUT TO CASSETTE % OR Ni“. TAT
INFUT® QUTFUT TO DISK <% OR NO": 02
IF Us="vy" THEN INFUT" DRIYVE #":CR%
INFUT® QUTPLIT TO TELETYPE". TY#
FRINT
FEINT® HEACER (2@ CHAR) "
INFUT IS
INFUT" ALL Ok". K2
IF kg ooeye GOTO Sa6
IF TRs="%" THEN (OFEN1,1.1.F1%
IF DFCE"Y" GATO 1006
UPENG, & 1S FPRINTHS. "1"+0R$ CLOSES
HE OFENE. &, 12, CR$+" “+F18+". ZEQ. WRITE"
13@@ REM WRITE FIRST 2 LINES OF FILE
11y TOs=10¢
1020 GOSUE 4Saw
1020 TOS=RIGHTS ITRECCUNI, 1)
1040 AE=STRE [
14%@ TLT=TOT+FIGHTS ELF. €-LENCAS) I+ARS
1060 RE=STRSINR
137@ TLE=TLE+RIGHTEBLS. 6~LENAE) I +RS
1080 AS=CSTRS$ WL
1106 TOFaTOSF+RIGHTS AE. 10
1110 RE=STRECWLN,




-

1z7@

zew
1280
1366

TOS=TO$+RIGHTSELF. 6~-LEN< ARSI 1 +AS
IF CWLX=1) THEN 11idée@
AS=STR$EWN2E)
TOF=TOS+RIGHTS(ELS. 6~-LENIRS I 1 +A%
GOSUR . 450

FEM

REM :

REM NRIT FOR CUY#1. WL#1L

FRINT FRINT" TURN REF COMPENSATOR ON.

FFRINT" SET OWELL=1SEC. "

FRINT FFINT® PUSH AUTO. 2. .. "

FRINT:PRINT" TYFE "% TG START. "

FRINT" TYFE “#° TO STOF CARTA COLLECTION"

GETKSE IFKEL"YI"GOTO1260

S PRINT"4"

FOKE F3. 3
IF "FEEK (FTiANDLE) CL16
IF CFEEKCFTIANDLS )5,
FOKE FZ. 2
TW=Tl+>0

IF TI<TW GOQTO 1334
IF FEEK FPTIANDIL.

GOTI 1z28@
BOTG 1z23@

17 B0TO 12T

PRINT . FFINT® ZTARTING COLLECTION

TN=T1+0W

IF TISTW GOTO 1Z76@

FEM .

FEM ,

FOR 1=1 TO O=4

FOR =1 TCO WLA

FOR K=1 TC CUX

IF CPEEKCPTIANDAS» (27 K=1) GOTO
FOKE FP3. 2

TW=T1+00C

IF TISTW GOTO 1Se@

IOk =i

o Iao@ FPEM GET TEMF IN TEX
Tk a=TEN

FOF L=1 TO NRZ

QUSUE ZSoa REM GET ABS IN AS
REZIE DRI CK T +HSN

NE=T L .

TF NEZID1 THEN AECKISANCKY ANRY

FOLE FX. @

NEXT bk

IFTFEEKCPTIANDLS < >1 GOTD 1£7@
FOKE PZ.2

TN=TI=+0W

COSLIE 4a3@ REM MAKE STRING TO$
GUIUE 4526 REM FRINT STRING

IF TISTHW GOTO ATZa

NEXT J
GET K& IFK$="#"50T0 1506
NEST 1 .

FOore FPZ.@
TH=TI+Z@ FEM WAIT 1.7
IF TI1<TW THEN 1&z@
Ths="@oa"  J=1

GOIUE 4506

<LOSE 1:CLOSE &

ZEC

"

FRINT :FRINT" DONE WITH DATA COLLECTION

STOR

REM

REM

FEM GET TEMPERARTURE IN TEX
TIN=FEER(FSH  T2N=FEEK (FEIRANDLS
TIN=FEEE(FTS)  THL=FEEK(FEIANDCLS

cun

1538
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e

850
Scad
Tl
Ieli
4@an
4L
1z
QA
440
2aS@
JRe@
4070
$a8a
Y Riclt]
4L
+114
400
451@
4520
457 8@
844
4 5%
el
4013
iRz
S0
Sol@
Saeo

Tazea

o
4
DR RO

Mg N eqgen . n i

YRR R
Pr b DD O @
oo 3

P,

TSHU=PEEKPS)  TEX=FEEKFEIANDLS

IF:T1x
IFCT2uN:

TEN=TZx

QR TN TSNS
TAZOOR TN TEND
*LAGFINT (T,

GOTOZa1a
GOTOX01@

IF TEXL 299 THEN TEL=TEX-100@

RETURN

REM

REM

REM GET ABSOREANCE IN RSX
FOKE F3. X
H1=PEEK “F1) AZN=FEEKFZ)
FOVE FPI. T
FSHSINTORZN 1€ ) #1008+
IF ASNL Saad THEN ASi=R
FETURN

REM

REM

REM MAKE STRING TO#

TOF=RIGHTE STES T, 15
FOR M=1 T Ul
TE=CSTRE TH M)

TE=RIGHTF(BLE. 4=-LEN-T31)+T$

RE=ITRIRNIM I

RE=RIGHT S ELS, S-LENC ARSI I +AS

THE=TOF+TI+AS

NE<T M

FETURN

FEM

frEM

FEM FRINT TOf TO SCREEN.
IF J=2 THEN FRINT"";
FPRINTTDS®

IF TAF="Y"THEN FRINT#1. 7D
IF U$="""THEN PRINT#3. TCs
IF TYys=s"Y"THEN GOSUE Sowa
RETURN

REM

BN

FEM FRINT TO$ TO TELETYFE

FORE TM. 2@4 FOKE TH, 20 POKE TH.

FOR TC=1 TO LENCTLS)
IFFFEEK-TMHANDL) 1 THEN

NE:T TC
IFLFEER Y TMHYANDL>:1 THEN
FOKE TC. 141
TFCFEER " TIMORANDL 01 THEN
FOKE TC.1Z&

RETURN

REM

FENM

ETC

E

f g ]
FOKE TC. ASC MICT TOS. TC. 10,

Sac

]

1

1

<

@

JWE

f1EI % 1A+ S TLEANDLIS)

UAND LS 1 @@+ TNT AL 1S + 10+ HLANDLS )
e=lenag

. FOKE TM. c@€& FOKE TH. S

214
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Program Gilford Scan. Program to take spectra on the Gilford

spectrophotometer.

0 FEM JEFF NELSON AUG. 1556

S FEL MQCOCIFIED FOF NEW ROMS BY

<& REM JEFF NELIZON FEE. 1281

20 FEM TAFE FUNS CONTINUQLSLY

FORE S2. % FOKE %3, 44 :REM SAYE MEM

FRIWNT"Z"

L DI RN 201

T=@ 1=0 J=0 AYN=0 WLN=A STs="" SFpg=""

SWi=0 EWNN=0 . JW=s@  NOH=0  NWEsa  NSX=a

R1L=0 AZN=0

EF=2S6Te  TO=EF  TM=EBF+1

F1=EF+4& F2=EF+43 PI=2RF+S3 F4=EF+S1

FEzBf+52  PEsBP+S3  FT=BF+54 FE=BP+5S%

FOKE F4, 148 FOKE FE&, 155 FEM 225% 3

INFUT"WRYELENGTH : “: WL '

IF WLN I 2OaORWLL: TG THEN PRINT*OUT OF RANGE"  GOTOZ4d
U1=EF+1%32 QZ=BF+135 QI=EF+134 Q4=EF+15S

FOKE Q<. 1223 FOKE Q3.1

3 GOIUEIaeQ

FOEE FZ. 6

FRINT'

FRINT “SZPECTRLUM"

FRINT "WZRITE"

SRINT "LZAMEDA CALIBRATICON®

FEINT

HET KT 1F K=" "GOTO0SQG

IF KE="S"THEN FRINT"S" :FRINT  GOTCO1330
IF RE="WUTHEN FRINT"W" :PRINT GOTOISaa
IF ES="L"THEN FRINT"L" PRINT GOTQS2GR
GOTOS GG

1ead FEM INFUT FARMMETERS FOR SCHN

2018 INFUTYSTARTING WL :"™: Sl

12l IF SWNNIged OR SWHETEG THEN PRINT'QUT OF RANGE" -GOTCLeld
10530 WLL=SWL  GOSUE40ad

1edst THFLUTENDING WL RN

1A%8 IF EWN 200 OF EWXN:TA® THEN FRINT'QUT OF FANGE"  GOTCLO40
10653 INFUT"INCREMENT B § T M )

1978 IF SGNYINZ) IDSGNCENR~-SWL) THEN PRINT"WRCONG SIGN™: GOTCLEE
1371 NWESCENE=-SNR AT+l

1% REM GILFORD SCAN FROGRAM

1672 @1 THEN FRINT"THNQO MANY POINTS. @1 ALLOWED"  GOTOL1ale
108 S ST+

1@2d IF NWZL2@l1l THEN PRINT"TOOQ MANY POINTS, 261 ALLONED"  GOTO1410
11a@ IF SGN{CTWE L SGNCEWR-3HK ) THEN FRINTUKRRONG SIGN" GOTO1asa
1110 INFUT"# OF CELLS " NCY :
1120 FRINT FRINT“WRIT" PRINT

112¢@ FOR 1=1TONCH FOR J=1TONWX

1148 AECL. Ja=d

11%é NESTS NENTI

L1 INFUT"# OF SCANS " NSH

1178 INFUT"TIME FOR AES TO SETTLE:“*; TS

11&Q INFUT"# OF RERDS AT EACH WL “; NR%

115%@ IF NRX=1 THEN TR={:G0T0121@

1200 INFUT“TIME BETWEEN RERCINGS " TR

1229 FRINTYICENTIFICATION TITLE: "



1zza
12:a
peuli)
2010
c@ze
casa
2044
=2ASa
PRLLNG
21ltua
210%
c11¢@
21z
21zé
213

=4S¢
T15%
cled
2176
clgn

Z15

INFUT 10%

TSaTS*60: TR=TR*E0
CT={ABSIWE) .9+, S)*6a

WL S GOSUB 4000

FRINT PRINT“SET CMWELL=1 SEC. REF. COMF. OFF"
FRINT*TYFE & WHEN ALL REACY: *;
GET K& IF K$="" GOTOZR4@

IF RSy GOTOZO45

PRINT "y«

FiOR =1 T NSX

FRINT"SCAN . 1

FOKE P3I. @

IFCFEEK<PTIANDLS)I <31 GOTOZ1Z6
FOKE F3, 2

IF FPEEK<PTHIANDLS <1 GOTOZ11@
FOR J=1 TQ NCX

FRINT" CUVETTE ":J

IF J=1 GOTOZZ1S

CC=2™(J~10

FOKE FI.@
IF<FEEK<PTIANDLS) <:CC GOTOZ126
FOKE F3, 2
IF{PEEKCFTIANDLS)<3CC GOTOZ1EM

 T=Tl+1g@

IF TI1<T GOTOZZ1e
FOR K=1 TO NWX
WLZ=SWE+ =10« WX GOELESRQE
T=T1+TS+0T

IF TIST GOTOZZSé

FOR L=1 TO NRY

FOKE P33T
H1X=FEEY CF1)  RZN=FEEKIPI)
FOKE FIZ. 2

ASS INT R2MNA1E0 ¢ 10Q0+ R

.
.
T
<
L]
ey
(X ]
s
[N
(]
o
+
[
<
pur
E[..
[
o
[y
o,
x
[X
[
+
-Iu
%%
.
By
-4
L]
[N
A

IF AT S0a0d THEN AS=/S
R T koA T Ko+ INTO RS
T=TI+TR

IF 717 QOTGZ4Z@

NE<T L.

NE-T K

WLZ=SW!  GOSUB4@aR
TsTI+(ABS ENN=SWX) /3410 %88
IF TIST GOTQZ428

HET J

NEMT 1

FOFE FZ. @

MORYIIENS .

IF AvN=1 G0TO2eza

FOR I=1 TO NC

FOR J=1 TO Hux

Rigv 1. Jo=mXal. Jo - "AYE

MET.T -NEXTI

BOTOSEA

FEM CATH YRITE .

FRINTQUTFUT TO TSAFPE. CZ2I1SK., SZCREEN OF TTwz™ »:
GET K2 :1F K$=""GOTQISza

IF k$="S"THEN OFEN1&. I PRINTKS PRINT  GOTQIEHa

216

IF k=T "THEN FRINTES PRINT INFUT“FILE NAME ":F$ OFEN1G.1.1.FF GOTOICOM

IF Kg="Y"THEN FRINTKS FRINT.S0TCOIcOG

IF VgD "GOTO:SeR

FRINTKT IMFUT "ORIYE #°: ONS: INPUT"FILE NAME":F1f
QFENG. &, 1S FRINTS#E. “["+0ONS CLOSES

QFEN 1é. &, 2, DNE+"  "+F13+". SEQ. WRITE" :GOTOIEa™
GOTOZ406

SFeg=" "

IF KE="Y"THENST$=10's GOUSUEISRQ GOTOZ&IR
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PRINT#1G. ID$

STS=STRECSWL
NOE=STRSCEWS) : GOSLIR4SAN
NQE=STREC T WX  QOSUE4 SO
NOS=STRENCX ) - GOSUE4San
NCOS=STRE NS QUSUR4SER
MOS=STREINRYLD GOSUERS S

IF K=" THENGOSUEI S@G  GOTOIT1G
FRINT#1G. STS . FOKE S9411. S3

FOR J=1 TO NWX

WL =i+ J=1 %Y

ST$=TTRECNLYD
FOR 1=1 T0O NCX
HOF=STRECARNCL, T GOSUR4S G

NEXTT

IF E$="Y"THENGOSUEZ SR GOTOIEI 0

FRINT®1@. ST% IF kE="T"THEN POKE S5411.%3 REM EEEF THFE MCYING
NEXTJ . CLOSE 1@

FEINT"CONE WITH WRITE" GOTOSOG

FEM SENC ST$ TO TTY -

FORE TM. 2@4  FOKE TM. 20 FOKE THM, 288 FOKE TM. 28 FPOEE TH. S
STE=STF+(HRS 1410+CHRECL13ED

FOF TC=1 TO LEN<STSS

IF CPEERCTMIANCL: < 1 GOTGZ540

FORE TO.RSC(MICECSTS, TC. 100

NE<T RETURN

LRI E VUL =20

Li=11264-~20esNLE
CHSPEEK LMY
[F CLL12E THEN C=CH-298

A4 CRN=0RZSCN

4250 FOKE G2, DAZ-2%S POKE Q1. DRNANDZSS
4@c@ FOKE QZ, & FOKE (3. 1

4070 RETURN

4500 REM ARD NCOE TO ST, € CHAR

4518 STE=ITS+LEFTE SPS. S~LENYNOF) 1 +NOE
4520 RETURN

SR0@ REM WAVELENGTH CRLIERATION

Ta1a FRINT "SZTEF WAVELENGTH®

Saz@ FRINT “CZONSTANT CORRECTION"

TAZ@ FRINT "GEOTO WAYELENGTH®

Sadd FRINT "RZETURN"

St GET kg IFRE2""3QTOSESO

TOS@ IFKS="STHENFRINT*S" GOTOS2SO
SOTe IFRE="CrTHENFRINTC" :GOTOSSaG
SOt IFK F= G THENFRINT"G" GOTOST
SOSQ IFKS="RUTHENFRINT"R"  GOTOSE
S1a@ GOTOSeww

S2Sa FRINT REM STEP WL FOR CORRECTION

Fee@d INFUT STRRETING YL =" WL

SITE IF WLNCZA@ OR WL 7OV THEN PRINT CUT OF RANGE®  GOTOSIS®
Sz8a GosSuB4moa

SIA FRINT WL " NM: Hodd. Loss, OKOS), BACKUFCZ). OF (RIETURNT®
S31@ GET k¥ IFK$=""GOTOSI1d

SISh IFKE="S GUTO%418

230 IFV$="4"THEN FOKELX, "PEEKCLII+1IANCZSS  GOTOS
SI40 IFKEF= S THEN FIOKELY, (PEEK(LXI-1)ANDZSS  GOTOS
G242 IF KE="2"THEN WLN=WLE+1 GOTO S3ca

aa
2

LT
e

ROTOSC v
WLE=WLE-1:IF WLX:=20Q GOTOSzE@

S345 IFKE="R"G0TQASAGE
SISa GOTOHST

TIOM NLE=RLE+L  GOSUE4 G0
SITH TaT]

SZ8@ IF TI<T+® GOTOSI&@
S28@ WLN=WL:-1: 50UB40G0
Sdirer

Sl
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PRINT PRINT“CARLIEBRATION DONE" PRINT
GOTOS@nd
FRINT FRINT"CONSTANT CORRECTION TQ WAYELENGTH" :FRINT

INFUT"STARTING WL :“: W2%: IFNZ STAQTHENFRINT"OUT OF RANGE™ -GOTOSSL0
INFUT"ENDING WL " W1k IFWAR{geo0RW1 GATHENFRINT"OUT OF RANGE" GOTOSScO

INFUT"CORRECTION ":COX
ZI=11264~-23a

FORI=W1XTOWZ™N

10=Z2+1

FOKE 1%, (FPEEK(IX+C0ONANDZES
NEXT

GOTOSgae

PRINT:

INFUT"WRYELENGTH . . WLY

IF WLL288 OR WLALTAG THENFRINT"OUT OF RANGE"  50TOSTLG
GOSUE4 @B

QUTOS el

ENG



Program Pet to PDP8. Program to transfer melting curves and
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ectra from the PET to the PDP-8E.

EM OCT, 1981 VERSION
PRINT*2PROGRAM TO SEND FILES FROM FET"

FRINT" CRASSETTE TO PDF-8E. *

PRINT

PRINT“PLEASE FOLLOW THE NEW DIRECTIONS. *
PRINT '

PRINT"SWITCHES RELOW PDP-SE SHOULD BE SET*

FRINT® TO 4812 AND 9600 "

PRINT

PRINT"CONNECT CABLES ON SWITCHKING BOX*™
PRINT® BETWEEN PDP8 AND TEKTRONIX*

PRINT

PRINT"1F PDP8 DOESN’T RESPOND TO TEKT,*
PRINT" THEN SET SWITCH REGISTER TO ?sea"
PRINT™ (@~4. UP, 5-11 DOMWN)>. PRESS “HALT . "
PRINT® “RDDR LOAD”, “CLERR". “CONTINUE-*
PRINT" A DOT SHOULC APPEAR. ON TEKTRONIX. *
PRINT

R¢="" REM SAYE YARIRBLE AT TOP OF STACK
REM OPEN THE TAPE FILE.

FRINT"LORD CRSSETTE. TYFE {RETURN:"
PRINT" WHEN- RERDY. '

GET K& IFK$=""THEN 120

PRINT . PRINT“SERRCHING FOR FILE®" :PRINT
OPEN1.1.0

REM- CHECK FOR END OF FILE

" IF ST=6€4 THEN. S0¢@

INPUTHL, S

PRINT :PRINTSS:PRINT

INPUT "RIGHT FILE": KS$

IF K${>"Y" THEN 9See

PRINT :PRINT"ENTER EDITOR ON PDP-BE WITH FILE NAME " PRINT
PRINT® .R EDIT"

PRINT® »FILE. DAC"

PRINT" L

PRINT

FRINT"CONNECT CRBLES FROM PDF8 TO FET. *
FRINT"WHEN THIS 1S DONE. TYPE <{RETURN>. *
GETKS . IFK$=""THEN36O

PRINT

INPUT"ECHQ THE FILE TO SCREEN"; ECS$

PRINT :PRINT"SENDING FILE TO PDP-8E. " PRINT
OFEN4, ¢

PRINT#4, 1"

T=TI

IF T1<{T+30 THEN 430

REM SEND 65 LINES TO BUFFER

FOR 1=1T0€S

PRINT#4, SS$

IFECS$=*¥" THEN PRINTSS

1F FL=€4 THEN 808

INFUTH1, S§
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485
490
6ee
685
€10
620
620
€50
660
67e
800
810
sze
830
840
See
Se%
sie

. 520

93e

1000
ieie
1020
1830
1040
i1ese

FL=ST:REM FLAG FOR END OF FILE
NEXT1
REM WRITE AND CLEAR BUFFER ON PDP-BE
PRINT wxx" PRINT“»%+ CLEARRING BUFFER" :PRINT"sskn®
PRINT#4, CHR$<12); :REM CTRL L
T=TI+2@ :REN WRIT .5 SEC
IF T1<T THEN 630
PRINT#4, “N*
GOSUR 10800@:REM WARIT FOR PDF8E
GOTO 4ze
PRINT#4, CHR$<12);
PRINT :PRINT"DONE SENDING FILE"
PRINT :PRINT*SWITCH CRBLES BETWEEN PDP8 AND TEKTRONIX. *®
PRINT"AND TYPE: SESRETURN>"
PRINT*TO SAVE FILE. *:PRINT
CLOSEL1:CLOSE4
FL=0
INPUT"GET RNOTHER FILE";KS$
IF Ks$=“¥Y™ THEN 130
END
REM WAIT FOR BUFFER TO CLEAR
REM ECHO FROM PDP-BE
REM WRIT S SEC
T=T]+200
IF TI<T THEN 10480
RETURN
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APPENDIX B

Using the Temperature-Jump Instrument

The temperature-jump  instrument has been described in some
detail in Adrienne Drobnies’' thesis (1979). In this appendix, I
will elaborate on the instructions and desci‘iptions not included
therein. The basic block diagram for the T-jump instrument is shown
in figure 1. The contents of this appendix are:

1. Sample preparation

2. Instrumental Set-Up

3. Instrument Warm-Up and Initial Settings

4. mputer Set-Up

5. llecting Data

6. Omputer Manipulations

7. Snafus (Problems and Solutions)

8. Turning Off the T=-Jump

9. Computer Gnsiderations for the VAX

10. Using the Provencher Program

11. Program Listings for the PET
1. Sample Preparation

The T=jump cell should be cleaned by soaking in approximately
25% nitric agid.for 15 minutes before starting a set of experi-
ments. This reduces the possibility of nuclease contamination.
Care should be taken not to allow the exterior parts of the top or
bottom electrode to come into contact with the nitric acid, as they
will dissolve. After acid-washing the cell, it must be rinsed
thoroughly by holding under a stream of distilled water for 10
minutes.

Before filling the cell with a sample solution, it should be

clean and dry. Unscrew the top and bottom sections of the cell, and
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Figure 1. A Dblock diagram of the temperature~jump

instrument.
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rinse all three pieces Qith double~distilled water, followed by 95%
éthanol. The cell should then be blown dry with nitrogen. Do not
let the pipette used for drying touch the cell or electrodes, as the
Kel-F and the gold electrodes scratch easily. When dry, the bottom
electrode is then screwed into the cell until just snug, and no
more.

The sample must be degassed before'it is put into the sample
cell. This can be done in a number of ways, either by purging the
sample with helium for approximately five minutes, or by heating the
éample and shaking to remove air bubbles. The hglium should first
be bubbled through water to help saturate the helium with water
vapor, thefeby reducing evaporation of the sample. Other degassing
possibilities include using a vacuum oven or sonication.

You need 0.75 ml of sample to fill the cell. Use either a
plastic 1 ml disposable pipette, or a Pipetman P-1000 to fill ﬁhe
cell. Fill the cell slowly, inserting the pipet ail the way to the
bottom electrode. It is important that the cell be dry, and to
avoid the formation of bubbles. You will get a mound of solution on
top. :

Place the top electrode in cell, and let gravity float the
electrode down. It is important not to disturb the mound while
doing this. CGarefully screw the top down until just firm, and no
more.

The cell is then placed into the T-jump. By convention, the
red X directly under one cell window 1is placed towards the lamp.

Make sure the cell is firmly seated. Screw on the metal ring which
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holds the sample cell in place. If you are running at low tempera=-’
ture, the cell will contract, requiring you to re-tighten the ring
when the temperature 1s reached. If you are running at high tem
peratures, do not tighten the ring until the temperature is reached,
in order to avoid excessive strains on the cell,

The cover to the sample compartment must be replaced in such a
way that the indentation on the cover lines up with the white dot on
the top of the sample compartment. This completes the interlock
circuit; if the interlock is broken, the high voltage source will
not chafge the capacitor.

Place the thermocouple through the hole in the cover, and in-
sure that it is making a firm contact with the top electrode. You
must allow a reasonable length of time for the temperature to équi-
iibrate, usually at least one hour if the temperature deviates more
than a few dégrees from room temperature. Watch the digital ther-

mometer as a guide.

2. Instrumental Set-Up

The basic connections for the components are shown in Adrienne
Drobnies' thesis (1979) and the 1literature provided by Dia-Log.
Here I will cover only the connections which are likely to need
attention.

The output at the back of the control box is led to the input
of the PBRiomation model 805. The trigger of the BRiomation is con-
nected to the BNC connector on the high~voltage capacitor housing.
The Y-out on the back of the Biomation is lead to CH 1 (+) of the

vertical amplifier on the Tektronix model 564 oscilloscope. The 2Z
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-out on the Biomation 1s led to the external trigger of the
Ibktronik. The 50-cable connector to the PET interface is plugged
into the back of the Biomation. |

When the fluorescence mode is used, the EMI high-voltage PM
power supply must be connected to the fluorescence photomultiplier
tubes, and the plug marked "interlock" must be plugged into the
front panel of the EMI. This is an interlock which shuts the high
voltage off when the sample cover is moved, preventing damage to the

PM tubes due to excessive light intensity.

3. Instrument WarmUp and Initial Settings

The following steps describe how to turn on the T=jump. The
circuit breaker next to the sink should be turned on. The two plugs
are labeled "HV-SUPPLY" and "T-JUMP".

To turn on the lamp: Make sure the appropriate lamp 1is in-
stalled, either the UV arc lamp (large lamp housing), or the tung-
sten lamp (small lamp housing). The H.P. 6267B DC power supply
powers the lamps. The voltage control knob should be turned fully
clockwise. The current control knob should be set to 8.0 to 8.2
amps for the tungsten lamp, and 8.5 amps for the Hg-Xe are lamp.
Turn on the power supply. If the arc lamp is being used, the lamp
must be started by pressing the "start™ button on the blue box next
to the lamp, labeled "LPS 255-SSP", for 1 second or less. Instruc=
tions are given on this box. Do not press this if the tungsten lamp
is being used. The arc should be centered between the two elec-

trodes. If not, shut down the power supply immediately and re-
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start. Enter the time on the lamp log on the blue starter box. The
arc lamp should warm up about 30 to 60 minutes.

T°, turn on the temperature circulating bath: Turn on the
c‘ircuit’ breaker on the wall above the bath. Turn on the Tamson
bath. va the desired temperature is below 40°C, turn on the Neslab
Bth boler, and set the min-max sgritch to min., If you aren't using
tﬁe Neslab cooler, remove. the cooling finger from the bath. Make
sure‘ the 1liquid 1s  within 1" of the top, otherwise add 957%
ethanol. See Barbara Dengler for details about using the baths.
Set the d‘esired' temperature by turning the top of the temperature
regulator until the top of the disk is at _th;e desired temperature.
Make .suré thé “heating capacity” knob on the front of the Tamson is
fully clockwise.

If the desired temperature is much below room temperature, turn
on the nittogen flow regu1a=toi' above the temperature bath. The
left-most regulator is used for this. Set to to 6 to 7 as read at
the top of the ball.

The PMT power supply 1is on the table over the lamp power
supply. Push the red rectangular plastic button labeled "NETZ",
w.hi«cvh will glow red. The upper power supply, thev EMA PM25B, is used
"only for fluorescence, and shouid normally be kvept off.

Choose which high voltage capacito'r you wouold like, either 10,
20 or 50 nf. (hange the capacitors following the instructions pro-—
vided by Dia-Log. The size of the temperature jump with the 20 nf
capacivtor follows the equation AT(°C) = 4.3 x 10-3(V2) + 0.02, where

the voltage V is in kilovolts. 20 KV corresponds to a jump of about
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1.8°C. The calibrations of the other capacitors are not known. See
Adrienne Drobnies' thesis for the calibration procedure.

The Wallis power supply to the right of the lamp power supply
is used to charge the capacitor to high voltages. Turn it on by
pushing the top-most black button. The red power light should come
on.

The Tektronix oscilloscope 1is turned on by turning the "“Scale
I1lum.” knob fully clockwise; the Blomation is turned on using the
power toggle switch.

The initial settings on the control box should be: Zero-Suppr.

ms = DC; Risetime T = .1 ms; Function doesn't matter; Gain =
Xl; Add. Tref = .l for UV arc lamp, O for fluorescence, 2 for
tungsten lamp; Reference = mid-scale, Xl; Sample = mid-scale,

X1l. The dynode settings on the sample and reference PM tubes should
be set to O dynddes; the fluorescence PM tubes, if used, should be

set to 2 dynodes. The shutter should be closed,' with the LED off.

The initial settings on the Blomation should be: Sensitivity

1 volt full scale; Offset = 12 o'clock; Ground = out; DC/AC

out; Trigger = 2.00; Record Mode 'delayed/pretrig = 1in; A

only/Dual TB = out; Trigger source Ext/Int = out; (ouple DC/AC
in; Slope +/- = in; Trigger mode Auto = out; Norm = out; Single
"= in; Arm is spring loaded - press to arm Biomation. Trig level =
10 o'clock; Timebase A = 100, psec/msec = out; Timebase B -
doesn't matter; Horiz expand = Xl; Horiz pos = 12 o'clock; Vert

pos = 9 o'clock.
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The initial settings on the Tektronix oscilloscope are: Dis-
pléy = non-store; QGilibration = off; CRT: as required for a fo-

cused trace of correct brightness; Scale illum = 10. Time HBse

Time/div = 1 msec; Mode = norm; Triggering Slope = +; Coupling

DC; Source = EXT; Level - to produce stable display; Position

to center display. Vertical Amplifier: ¢Ch. 1 (+) = DC (=)
GND; Volts/Div = 0.1 volts; AC stab = off; Position - as re-
quired; th 2 (+) = GND; (<) = GND; Bandwidth = HI; Trigger =

CHl; Mode = CHl.

4, Computer Set-Up

The data from the T-jump are collected by the Blomation. The
data are then sent to the PEf mi‘crocomputer, from where they are
sent to .t:he VAX 11/780 at the Laboratory of (hemical Biodynamics.

Turn on the CBM model 2040 floppy disk drive with the switch on
the back side, lowér left corner. The three LEDs should light up
for a second. Turn on the "Pet Interface to CGary”., Turn on the PET
with the switch on back, in the lower left corner. On the teletype
communication box on the tablé to the left of the PDP-8E, plug a
jumper cord from “PET" to "VAX". Make -Sut"e the blue box labeled LBEL
has the green LED 1lit. If the red or yellow LED is 1lit, push the
blue button. If the green LED will not 1light, ‘the VAX 1is sick and
cannot be used. Data may still be collected and saved on disk,
héwever. |

To start the program using a floppy disk (the fast way): In-
sert a disk with the programs into drive 0. The disk must have the

programs “SET UP", "TERM', "T-JIMP" and "FILES TO VAX". Perform the
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following sequence. Underlined text is printed by the PET. (If an
error occurs, as indicated by the middle LED on the ‘floppy disk
lighting up, turn off the PET, wait a few seconds, turn it back on,
and start over. If the error LED again lights, the disk is bad, and
another must be used.)

LOAD "*" 8 (the disk will make some noises)

READY - response by PET.

RUN

T-JIMP DATA OOLLECTION SET UP

DO THIS:

1 = PUT DISK IN DRIVE O

2 - TYPE 'TERM'

3 - TYPE 'T-JWMP'

z
You did step 1 already, so do step 2 = type TERM‘ You will .see * %
LOADING TERM **, After seQeral_ seconds, the screen will blink and
show the same messages. Then type "T-JWMP". It will say:

TYPE: LOAD “"T-JUMP",8

THEN: "RUN"

Do this, and you will see:

B TRANSFER FROM BIOMATION
T TALK TO VAX

F  SET FILE PARAMETERS

VvV SEND FILE TO VAX

j=

WRITE FILE TO DISK OR TAPE
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You are now ready.

An alternate way to start the progf:am is to use a cassette
tape. It is much slower, however the cassettes are more reliable.
Put the cassette labeled "Term, T-Jump” into the c.assette player.
'Ihen perform thé following sequence: |

LOAD ‘

SEARCHING

FOUND TERM (after several seconds)

LOADING

READY (After a minute)

NEW

LOAD

SEARCHING

FOUND T-JUWMP

LOADING
READY (after a couple of minutes)
RUN
And you are off, just as above. Rewind the cassette and return it

to its case.

5. .Cbl.le.ct:ing Data

In preparation to taking a measurement, you must first set the
wavelengtv'h,' the slit widths, the signals into the control box, the
voltage of the high voltage power supply, and the Riomation.

The wavelength 1s set with the large micrometer knob on the
front of the monochromator. The wavelength in nm is read off of the

black scale, 1] mm on the micrometer = 100 nm. Thus, 500 nm cor-
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responds to the knob being set to the line labeled 5. Each revolu-
tion of the knob changes the wavelength 50 nm. If the arc lamp is
used, it is desirable to use a mercury line near the wavelength of
interes;.

Once the wavelength 1s selected, you must adjust the lens in=
side the sample box. This lens is not achromatic. Set the line
marked O to the wavelenth chosen.

The T-jump cell presently in use has a parcular characteristic
which mist be taken into account. Previously, it worked quite well
at the mercury line at 267 nm. Recently, however, it has shown a
severe anomoly at this wavelength. A second after the temperature-
jump, the absorbance increases. markedly, indicated by the deflection
of the control box needle to the left, usually to the extent of 3 or
4 volts. The signal slowly moves to the center as light is shined
on the sample. If the shutter is closed for a while and subse~
quently opened, the signal is the same as it was just before the
shutter was closed. This has been seen for many samples, and is
therefore a characteristic of the cell. The effect is not observed
at 250 or 280 nm.

The slits are set usihg the small micrometers located at the
entrance and‘exit ports of the monochromator. A slits are closed
when the micrometer is set to 0O at the top. The width of the slit
in mm corresponds to the reading from the top in mm. One turn of
the micrometer corresponds to .5 mm. Usually, the entrance slit is
set larger than the exit slit, by a factor of about 2. This allows °

a larger bandpass, thus admitting more 1light, while keeping the
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width of the beam shining on the sample as narrow as possible. Good
starting values are 2 mm for the entrance slit and i mm for the exit
slit. Slit width is later changed to get adequate signal-to-noise
while keeping the intensify as low as possible to reduce pheto-
degradation of the samples.

The next step is to set the signals from the ﬁhotomul:iplier
tubes to the control box. First, set all the dynode knobs on the PM
tube housings to their minimum value. Turn the mode knob to R, ahd
increase the number of dynodes on the reference PM tube until the
signal is near 5 volte on the meter (100 pamps). Adjust the signal
to 5 volts with the potientiometervlabeled reference, adjusting the
nunber of'dynodes as needed. Repeat this procedure with the sample}
PM tube by turning the mode knob to S. Turn the mode knob fo S-R
and set the signal fo 0 ‘with the sample potentiometer. Finally,
turn the mode knob to 10(S-R) and set the signal to 0. You are now
ready to take the jump.

The stability pf the arc lamp can often cause problems. The
lamp stability can be observed by pressing the trigger mode Auto
button. The Tektronix will display repeated traces. If this does
occur, you must press the Single button, then Arm, then Auto. This
is believed to be a faultvinvthe Blomation. If still no response,
petforﬁ the procedure under the Snafu  section concerning the
Blomation not arming. The signal flashing on the scope should be a
horizontal line. Lamp instability 1is indicated by an oseillating
signal. This is due to the arc revolving around the electrodes, and

can often be reduced by adjusting the bar magnet using the adjusting
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knob on top of the lamp housing. Usually the best results are ob-
tained with the magent all the way down, adjusting the magnet by
rotating the knob. A néw lamp may be unstable for a number of
hours. If time does not cure a new lamp, the current may be in=-
creased to up to 9.5 amps for a period of one-half to one hour.
When a lamp becomes o0ld, the only cure is to replace it with a new
one, Life expectancies can vary to less than 200 hours to more than
400 hours. Often, the magnet must be adjusted before every jump for
an aging lamp. Be sure to press the trigger mode Single after
checking the lamp. |

The voltage setting on the high voltage power supply allows
voltages up to 40 kV. One turn of the potentiometer on the front
panel of the HV power supply corresponds to 5 KV. Thus, if you want
| a 20 KV jump, set the potentiometer to 4.00. ‘The capaci.tor is
~charged by pressing the lower black button on the panel. The
voltage meter will then read the meter, and you can check the set-
ting of the voltage. If the safety interlock is broken, namely if
the cover of the sample chamber is not aligned correctly, the
capacitor will not charge. If the interlock is broken while the
capacitor 1s charged, a loud beeping will be sounded, and the
voltage will drop slowly.

The final, and most confusing, step is to set up the Biomation
for data collection. The two settings that need the most attention
are the time/channel and the volts full scale. These can best be
set by trial and error. The time base should be set so that at

least one~half of the signal 1is essentially to baseline; the
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Provencher program works best with lots of baseline. The setting of
the rise time filter on the control box should be set to about the
same value as the time/channel or faster. "I‘he rise time must com
promise between low noise, while still being much faster than the
relaxation processes you want to measure. The voltage scale should
be set so the _relaxation fills at least_one-ha'lf of the Tektronix
screen. Note - the time and voltage ranges are set at the
Biomation, not the Tektronix. Leave thev settings on the Tektronix
at 0.1V/cm and 1 msec/cm. The Biomation is armed by pressing the
button label'ed‘ Arm. The red LED will 1light. .Make sure the
Blomation will disarm by momentar.ily releasing and resetting the
Slope +/- button. If a few repetitions does not cause the Biomation
to trigger, the PET computer is acting up. See the section on the
snafu's below. The Blomation can be used independently from the PET
by unplugging the 50-cable connector frém the back of the Biomation.

The actual temper,arture-;]ump: is performed by charging the
capacitor, turniﬁg the mode knob to 10(SR), opening the shutter,
setting the voita-ge to 0, arming the Biomation (which often disarms
when the shutter is opened), and gently squeezing the rubber bulb
until a quiet click 1is heard, and the Bomation disarms. If it has
been a while since you set the reference voltage, turn the mode knob
to R and quickly set the voltage to 5 volts before setting 10(S-R)
to OV. The rubber bulb must be squeezed gently, or some oscil-
lations will show up on the trace, for some unknown reason. The

relaxation will show up on the Tektronix scope.



> , 236

6. G®mputer Manipulations

Once the data has been collected by the Biomation, it is trans-
ferred to the PET computer, from where it 1is sent to the VAX
11/780. The procedure for starting the program has already been
discussed.

The first step is to log onto the compter. This is done by
typing "T" when the menu is seen on the screen. At this point, the
PET is essentially acting as a teminal to the VAX.

There are a couple of important points in this regard. Any
control characvter is typed by typing in sequence <OFF/RVS> followed
by the letter. Note this is not done simultaneously; the <OFF/RVS>
key must bé released prior to pushing the letter key. A reverse-
. field square will show up on the screen to indicate a control char-
acter. The control option can be cancelled by typing
<SHIFT><OFF/RVS>. The return to the. menu 1s done by typing
<HOME>. One annoying feature of the PET is tha-,t-_ characters sent
froﬁ the VAX are missed. Usually about every fifth character is
missed, making the‘ reading of the screen a challenging exercise.
This is nothing more than an inconvenience. The transfer of data to
the VAX is not affected.

Logging in 1s done by the following sequence:

<CR>

USERNAME: RFP (or whatever it is.)
PASSWORD: PORPH (it is not echoed.)

WELCOME TO VAX etc.

TYPE TJIMP INITIALIZE DATA COLLECTION.
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$ TIWMP

YOU ARE NOW READY FOR DATA COLLECTION.

IS THIS THE PET ACTING AS THE TERMINAL? Y

$ <HOME> (to get back to the menu.)

The data is transferred from the Biomation to the PET by typing
“B". The screen will tell you to type "Y". Doing tﬁis starts the
transfer, which will either be instantaneous, or will take about 15
seconds. I don't know the reason why it sometimes takes so long; I
believe the reason is in the Biomation.

The next step is to set up the file parameteré. This is done
by typing "F”. The program then asks for a header{ If you have
previously put in a header, and wantito makg minor changes, this can
be done by typing <{SHIFTP<CRSR 4>. You can then use the right and
left cursor keys to type in new information, ended finally by a
<CR>. The carriage return need not be done with the cursor ét the
end of the line.

The computer than asks. for the program instructions. See the
section on the Provencher program for details. Usually the sequence

FTFTFFTFT 3 2 5 will work (the underlines represent two

spaces) . If you have already entered this line previously, just
type the cursor up and carriage return.

Now you are shown the first 100 points and the last 20
points. This 1s done becausé the Biomation often sends the last
point as the first point. With the Blomation used in pre-trigger
mode with 2.00 on the indicator, the first 48 points should occur

before the jump occurs. The point when the jump occurred is seen as
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the first point which i1is very different. If this wrap—around
problem occurs, then the first point after the jump occurs on tkhe
49th point. Very occasionally, the number of points before the jump
can be mch greater than 48. This seems to be an intermittent
problem in the Biomation.

The program asks you for the TO point. This is the point when
the jump occurred. Using a setting of 2.00 in pre-trigger‘que, it
. 1s 48 if there is no wrap—around, and 49 if there is. You then are
asked for a TFIRST point. This 1s the first point used in the
analysis. Usually the first few points are ignored, usually about
five times the time/channel on the BRlomation. You are then asked
for TLAST, thé last point to use in the analysis. Usually I use
2045, which allows some slop in the last few points in case wrap-
around occurs. (The Biomation collects 2048 data points.) The
program now asks for the time/channel setting on the Biomation,
which must be put in exponential notation, e.g. 0.1E-3. In all of
these previous settings, you may re—use an old setting by typing a
carriage return., If you want to change a setting, type "Y", and the
program will ask for a new value. The last step 'is to ask 1if you
are using two time bases. If you are using the dual time base mode
of the Blomation, type "Y' and you will be asked a couple more
questions. The PET gives you one last chance to change things by
echoing the settings, and asking if it is
OK. If not, you repeat the whole mess.

The next step is to enter the editor on the VAX. This is done

by typing "T” to talk to the VAX. Then:
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$ EDT TAPEl.DAT (TAPEl.DAT is the name of this data file.)

FILE DOES NOT EXIST. (use any name you choose.)

*1I (This puﬁs the editor in insert mode.)

<HOME> (to get Back ;o the menu)
The actual transfe¥ring occurs when you type "V” from the menu. The
PET tells you to type "Y" when ready. The file will consist of
three lines of headers, aﬁd 59 -1lines 6f data. The numbers 1 to 59
will appear on the screen as the lines are sent. This only takes
several seconds. If the transmission stops, as indicated by the
ngﬁbéfs ﬁo longer appearing, see the section on Sﬁafu's.

When the PET tells you that it completed sending the file; you
must re—-enter the editor, get out of insert mode, and save the file:,

‘T (to talk to VAX)

TALKING TO VAX

<CIRL>Z (done by typing <OFF/RVS> followed by Z.)
* X (to exit the editor.)

DISKSUSERFILE :[RFP.TJMP]TAPEl .DAT; 1 62 LINES

S
The file is now saved. You can do a quick analysis of every tenth
point by typing: |

$ DOIT

FILE NAME (E.G. TAPEl) : TAPEl

IS THIS THE FIRST TAPE IN SET?: (Y or N, depending.)

IS THIS THE LAST TAPE IN SET?: (Y or N, depending.)

NAME FOR THIS SET OF DATA (E.G. TIT9): TIT9 (if last set.)

DONE WITH CONVERSION (after several seconds)
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OUT OF DATA (after a couple of minutes.)

*** ALL DONE WITH ANALYSIS ***

S
You may look at the results by editing the file named TAPEl .SIM:

$ EDT TAPEL.SWM (see section of Provencher program.)

* 6 (results start at line 7 or so.)

* . (period will repeat the present line.)

* <R (to see next line)

* - (to go back one line.)

* QUIT (to get out of the editor.)
What just happened is this: The routine DOIT took ther file
DATAl .DAT, and if it 1is the first tape in this data set, copied it
to file TAPES.DAT. If it was not the first, it appended TAPEl.DAT
to the file TAPES.DAT. If this was the last data set, it re-named
TAPES .DAT to the name you input. The Provencher program was then
run on every tenth point of TA_PEl, the results of which appear in
TAPEL.SIM. If this was the last set, it took all of the data files
of this set from TAPES.DAT and rg—named it TIT9.DAT. I usually
collect 5 = 10 jumps for each sample, and collect them into one
large data set. By comparing the results obtained from DOIT as you
go along, you can immediately assess the reproducibility of the
data.

The analysis of a complete set of data, using every point, can
be done by typing "ALL". You are then asked for a file name, e.g.
TIT9 in the example above. The job ié then submitted automatically

to the batch queue, where it will take about 10 minutes for each
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individual data set, longer of the computer 1is busy. The results
will be in TIT9.ALL (summary of analysis), TI1T9.0UT (the 1longer
output), and TIT9.INP (a listing of the input data). These files
may be printed by typing PRINT TIT9.ALL,TIT9.0UT,T1T9.INP.

‘The last option is to write the data to the PET disk or cas-
sette tape.. This 1is done, fof example, to have a second copy of the
results in case the VAX crashes, or to collect data when the VAX is
not available. Simply type "W", and the program will ask whether
you want to write to‘the disk or cassette, and will ask for a disk
drive # and file name. |

If you saved data on the PET disk or cassettes, they can be
sent to the VAX as follows. Load TERM as you would for the T=-JUMP
program. Then, instead of loading T-JIMP, load FILES TO VAX, and
run. The menu has options for talking to VAX, and sending the
files. After logging in as was described above, talk to the VAX,
enter the editor with a file name, go into insert mode, and return
with <HOME>. Next, send the file by‘typing “8", at which time you
will be asked whether you are sending from the cassette or the
disk. If it is from the disk, you are asked for a file name and
disk drive. The file is then sent as Before. When the file is
sent, you talk to VAX, leave input mode with <OFF/RVS> Z as before,
followed by EX to exit the editor.

A word of caution is required here: The PET disks are well
known for losing programs and data very routinely. The cassettgs
are more reliable, but much slower.v I will generally save the data

on both the disk and the cassette, relying on the cassette only if
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the data on the disk is lost., If you rely on a single copy on a PET
disk, you will often curse the PET at great length and emotion when

your data is lost. The PET is used to it.

7. Snafus (Problems and Solutions)

There are a plethora of problems which come up because of the
PET computer. Here I list several I am aware of, and the solutions.

One problem occurs when the lﬂoﬁation will not trigger when
performing the temperature—jump or by releasing and resetting the
Slope +/- button. This is solved by typing on the PET:

<RUN/STOP>

READY

POKE 28723, 146

READY

POKE 28722,0

READY

GOTO 200 (the menu will appeaf.)

If ﬁhe transmission stops in the middle (as seen by the numbers
no longer appearing on the screen’, you must turn off the power to
the TNW 2000 box by turning off the circuit breaker to which it is
plugged in, or by wunplugging it if other things are plugged into
that circuit breaker. The following sequence is then typed on the
PET: |

B* PC IRQ SR AC XR YR SP

1358 E26E ...

« X

CLOSE 4
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OPEN 4,4

PRINT #4, "A"

GOTO 200 (menu appears)

T (to talk to the VAX.)

<0FF/RVS>Z (get out of input mode.)

* D 7ZWH (delete buffér)

* I (re-enter input mode)

<{HOME> (menu appears)

V (to send again.)

At which i:ime you repeat the transmission. Thisvprobl-em sometimes
never occurs in a day, and sometimeé happens about every ot;hler time
you send a file. It. {s caused by the VAX sending a control char-
acter that the PET doesn't receive.

If any problem occurs for which you appear to have no control,
the s:u‘rest bet is to turn off the PET, turn it back on, re-load the
programs, and start fresh. Remember that the PETs are usually very
unpredictable, and derive great pleasure at causing you much frus-

tration and grief.

8. Turning Off the T-Jump

To turn off the 'I‘-jump.after' a day's experiﬁ\e»nts, you perform
the following tasks.

Log off the VAX by typing "LO".

Turn off the PET, disk, Pet Interface to QGary 118.

Turn off »the lamp power supply, and record the finishing time

and number of hours on the log.

{
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bischarge the capacitor if it is charged, and turn off the
Wallis high voltage power supply. You will hear a short beep;

Turn off the Biomation and Tektronix.

Turn off the photomutiplier power supply = fhe red button
labeled "NETZ".

Turn off the temperature bath, bath cooler, and digital thermo=-
meter.

furn off the nitrogen flow.

Turn off the circuit breakers for the baths and thermometer.

Turn off the circuit breaker next to the sink for the HVVsupply
and T-jump.

Remove cell, wash it, and go home.

9. OComputer Gnsiderations for the VAX

Several files are required in order to use the VAX as described
above. Here I will assume the directory is DISKSUSERFILEl:[RFP],
although any directory will do. The sub-directory [RFP.TJWMP]
should be created using C(REATE/DIR [RFP.TJUMP].

The file [RFP]LOGIN.COM should corntain the lines:

$ TJUMP :==@DISKSUSERFILEL:[RFP]TJUMP

$ EDT:==EDIT/EDT/COMMAND=DISKSUSERFILEl : [RFP] EDTINI.EDT

$ WRITE SYSSOUTPUT "TYPE 'TJUMP' TO INITIATE DATA COLLECTION"

The file [RFP] EDTINI.EDT should contain:

SET NONWMBERS

The file [RFP]TJWMP.O0OM should contain:

$ SET DEF DISKSUSERFILEL:[RFP.TJUMP]

$ WRITE SYSSOUTPUT "™

$ WRITE SYSSOUTPUT "YOU ARE READY FOR TJUMP DATA COLLECTION"

$ WRITE SYSSOUTPUT "TYPE 'HELPME' FOR TO GET INSTRUCTIONS"
$ WRITE SYSSOUTPUT ""
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HELPME :==TYPE DISKSUSERFILEL : [JWN.EXPO] INSTR.DOC
ALL :==@DISK:USERFILEL:[RFP.TJUMP]ALL
DOIT:==@DISK:USERFILH : [RFP.TJIWMP]DOIT

INQUIRE PET "IS THIS THE PET ACTING AS TERMINAL? "
IF PET.NES."Y" THEN EXIT

SET TERM/HOSTSYNC/NOTA B/NOFORM

EXIT

Ly AN WOy W0

The file [RFP.TJIMP]ALL.OOM should contain:

INQUIRE P1 “FILE NAME "
OPEN/WRITE JOB JOB.COM

WRITE JOB “$ ASS DUIMMY SYSSPRINT"
WRITE JOB "$ SET DEF [RFP.TJWMP]"
WRITE JOB "$ @ANALALL ",Pl

CLOSE JOR

SUBMIT/NAME='P1' JOB

PURGE JOB.OOM

Gy U 0w W WnWnAn

The file [RFP.TJWMP]DOIT.O0M should contain:

INQUIRE Pl "FILE NAME (E.G. TAPEI) "

INQUIRE FIRST “IS THIS THE FIRST TAPE IN SET? “
INQUIRE LAST "IS THIS THE LAST TAPE IN SET? "

IF LAST.EQS."Y" THEN INQUIRE P2 "NAME FOR THIS SET OF DATA"
@[RFP.TJUMP]ANAL 'P1'

IF FIRST.EQS."Y" THEN GOTO HERE

APPEND 'P1'.SUM SUMIO.DAT

APPEND 'P1' .DAT TAPES.DAT

GOTO LAST ONE

HERE:

COPY 'P1' .DAT TAPES.DAT

COPY 'P1'.SUM SUMIO.DAT

LAST ONE:

IF LAST.NE."Y" THEN GOTO ALL_ DONE

RENAME TAPES .DAT 'P2' .DAT

RENAME SWM10.DAT 'P2' .SIM

ALL DONE: _

WRITE SYSSOUTPUT "*%* ALL DONE WITH ANALYSIS ***"
EXIT ,

DWW WNDDDWDWDODDODWDLDWDLDWDDDWDLWLDWDVWD W

The file [RFP.TJWMP]ANAL.COM should contain:

DEASS/ALL

ASSIGN SYSSOUTPUT FORDO06

ASSIGN 'P1' .DAT FOROOS

ASSIGN 'P1' .CON FORD20

ASSIGN 'P1' .INP FORDIO

RUN DISKSUSERFILEL: [JWN.EXPO] CONVERT10
DEASS/ALL

ASSIGN 'P1' .CON FORDOS

ASSIGN 'P1'.OUT FORD06

U DWW
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ASSIGN 'P1' .SWM FORDA45S

RUN DISKSUSERFILE!L :[JWN.EXPO] EXPO
DEASS/ALL

DELETE/NOCONFIRM 'P1' .CON;*
DELETE/NOCONFIRM 'P1' .INP;*
DELETE/NOCONFIRM 'P1' .OUT;*

W wm

Finally, the file [RFP.TJUMPJANALALL.COM should contain:

ASSIGN SYSSOUTPUT FORDO06

ASSIGN 'P1' .DAT FOROOS

ASSIGN 'P1' .CON FORD20

ASSIGN 'P1'.INP FORO10

RUN DISKSUSERFILE : [JWN.EXPO] CONVERT
ASSIGN 'Pl'.CON FOR0OS

ASSIGN 'PLl' .OUT FOROO06

ASSIGN 'Pl'.ALL FORD45S

RUN DISKSUSERFILEL : [JWN.EXPO] EXPO
ASS SYSSINPUT FOR0OS

ASS SYSSOUTPUT FORDO6
DELETE/NOCONFIRM 'P1'.CON;*

DD NW!»

problem often crops up after collecting data for a while,

>

namely the disk quota for this particular username fills up, giving
you "Disk quota exceeded” errors. This is remedied lby deleting
unneeded files, like output files after they have been printed.
Also, data files may be deleted, but only after they have been
backed=up on magnetic tape. This will allow later analysis in case
you decide to use a different type of analysis, etc. This tape
backﬁp is done as follows.

After getting a new magnetic tape and mounting it on the tape
drive, perform the'following sequence once only (repeating this will
destroy all data previously written to the tape):

$ ALLOCATE MTO:

MTAD : ALLOCATED

$ INITIALIZE/DENSITY=1600 MTO: LABEL (LABEL is any 6-

letter label used to identify the tape.)
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Thereafter, you will allocate MTO: and perform the sequence:

$ MOUNT/DENSITY=1600 MTO: LABEL (same LABEL you set above.)

% MOUNT-I-MOUNTED, LABEL mounted on MTAD:

$ COPY T1T9 .DAT MTO:* (for any data files T1T9 .DAT)

$ DIRECTORY/PRINTER MTO: (gets a copy of files on tape)

i DISMOUNT MTO:

$ DEALLOCATE MTO: (and remove tape from drive.)

It is wise to put a label on the tape with the foliowiﬁg in-

formation: LABEL = LABEL (or whatever it is); DENSITY=1600;

CONTENTS = T-JUMP DATA.

10. Using the Provencher Program

The data file sent to the‘ VAX is made up as féllows. 'ihe first
line is a header, up to 80 characters, identifying the‘ particular
jump . The ne‘-xt line contains program 1instructions for the
Provencher program, usually FTFTFFTFT 3 2 5 or something similar
(see below). The next line contains the TO point, the TFIRST point,
the TLAST point, the time/channel, and the number of data points
(2048) . The next 59 lines contain the data, 35 data points/line
coded in 2-digit hexadecimal numbers with a 3-digit check sum which
is the sum of the 70 l-digit hexadecimal numbers in the line.
Another file can follow immediately after. The data are converted
to a form suitable to the Prm.renchet program by the program CONVER
located in DISK$USERFILE1‘:[JWN.B(PO].mNVERT.EXE, for analyzing every

point, and in DISKSUSERFILEl:[JWN.EXPO] CONVERTIO.EXE for analyzing
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every tenth point. Eamples of how this is routinely done are shown
in the files ANAL.COM and ANALALL.COM listed earlier.

The programs OONVERT and CONVERTIO read the' data files from
unit FOR005, and write an eye-readable form of the data onto
FORO10. The file FOR020 gets the file to be read by the Provencher
programn. If, for example, you just want to see the data for the
file DATA.DAT, perfofm the sequence:

$ ASSIGN DATA .DAT FOROOS5

$ RUN DISKSUSERFILH : [JWN.EXPO] CONVERT

_DONE WITH QONVERSION

$ DEASSIGN FORDOS

$ PRINT FORO10.DAT

The programs CONVERT and CONVERTIO are listed at the end of
this section.

The input for the Provencher program is arranged as follows.
The first line of the input file contains an 80 chéracter identifi-
cation header. The second line contains 9 columns of T's or F's,
selecting program options, followed by three 3-digit integers
selecting the number of exponentials and the ,weighting of the
data. The options of the first 9 columns are:

1. LAST:
T = last data set, program will stop at end of this set.
F = not last data set, program will look for more.
2. REGINT:
T = data are in regular time intervals.
F =data are not collected regularly.
3. NOBASE:
T = the signal at infinite time is 0, i.e. there is no
baseline.
F = the baseline is not known, and the program determines
it.
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4. NONEG:
- T = all the exponential coefficients are positive, namely
the data go from large to small values.
F = some coefficients may be negative.
5. PRY:
T = print out the input data.
F = don't print out the input data.
6. PRPREL: :
T = print out information about the preliminary results
in the analysis.
F = don't, which is the value usually used.
7. PRFINL: ,
T = print out information about the final iteration for the
fit to the data.
F = don't, which is also usually used.
8. PLORES:
T = plot the resifuals for the best fit.
~ F = don't.
9. REPEAT:
T = print out a second copy of the summary of the results;
F = don't. This is always set T to get a second copy of the
results sent to file FORD4S.

The three numbers following these 9 T's and F's are each three
digits, and must be righf-justified. The first is the number of
exponential components the program searches for, uéually set to at
least one greater than the number you expect. It may be between 1
and 5. The second number determines the manner of weighing the
data. Its values may be 1 = no weight, +2 or -2 = weight by 1/Y, +3
or -3 = weight by 1/Y2, and 4 = weights input in data file. The
differences between +2 and =2 are.small, as are the differences
between +3 and -3. I don't know what the differences are. The
third number is set to 5. It has no real purpose.

That takes care of thé second line. The nature of the third
- line depends on whether the data are in regular intervals. If the
data are not in regular intérvals, the third line the number of
points, in the first 5 columns, right-justified. The fourth card

and subsequent cards contain the time values, 5 per card, in 5El5.6
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format (15 columns), the exponent being right-justified if
present. Following the time values are the Y-values, in 13F6.2
format, namely 13 values, using 6 columns each. (This format was
changed from the original version to allow more efficient use of
file space for the T-jump data, which come as 3-digit integers.)
Following these are the weight, in 5El15.6 format, if the weighting
function was 4.

If the data are in regular intervals, which is our case, the
third card contains the number of intervals. Up to five separate
intervals may be used, which allows use of the dual time base option
on the Biomation. The format is I5, namely five columns, right-
justified. The next line(s) contain the time for the first point in
the set, the time for the last point in the set, and the number pf
points, in 2E15.6,I5 format, one iine for each interval. The fol-
lowing lines contain the y data, in 13F6.2 format, as above. This
is followed by the weights, if the weighting function = 4, in 5E15.6
format. An example of an input file written by program CONVERT is:
IDENTIFICATION FOR THIS DATA
FTFTFFTFT 3 2 5

1

125. 124. 122. 120. 117. 1l4. 112. 110. 105. etc.

The Provencher program reads the data from file FOROO5, writes
the complete output to FORO0O6, and a one-page summary of the resu;ts
to FOR045. This last file is the most useful, as the results for
several cénééqueti&e déta sets are listed very concisely. See the
file ANALALL.COM above for an example of using the Provencher pro—-

gram.
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The voutpuf of the program tells you the best fits assuming
different numbers of exponential components, and their relative
merits. For each solution, it tells you the alpha's (the exponen—
tial coefficients), the lambda's (which aré 1/1, where t_is the
relaxation time for this component), and the estimated errors in
eacﬁ of these values. ihe standard deviations of the fits are also
printed, along with lots of other information of unknown signifi-
cance. See Adrienne Drobnies' thesis for an example.

The program listings for the programs CONVERT and CONVERTLO

follow.
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Program Convert. Program to convert temperature-jump data file

into an input file for the Provencher program, analyzing every

point.

X kvisksia ki ks vk e R Rn el s e W et e R a  a  Ea  in]

[l e

OOONSAN0O0LTSoG SO 0000

FROGRANM CONYER

EREE RS R R LR RS EE L EEL IS T EE EEREEEE T E T TSR R R T R R IR SRS U SRR R AR S T IR SR A AR Y
THIS FPROGRAM CONYERTS T-JUMP DATA INTO THE FORM REGUIRED FOR

THE FRQYENCHER CI1SCRETE FROGRAM TO RESOLYE THE [ATH INTO THE.

UM OF UP TO % EXFPONENTIRLS

THE FORMAT FOR THE INFUT DRTA FILE 15 <FILE %>

2@ CHARACTER IDENTIFICATION HEACDER

INSTRUCTICNS FOR FROVENCHER FROGRAM 3L1. 313

FIR3T. LRST. T=a., TIMESCHANNEL. NC. OF FOINTS IN
CRATA SET, NO. OF TIME ERZES <1 OR 2. NO OF FOINTZ
IN FIRZT TIME EBASE. SECOND TIME-CHANNEL. NG OF
FOINTS IN FIRST TIME EBASE. (3I4.F3 . 14.14.14.F2 &9

4 THE DATA IN HEXACDECIMAL FORM. 35 TWO-LIGIT DATA FOINTS

WITH Z-DIGIT CHECKZUM FER LINE

CHECKEZUM=3SUM OF 7@ 1-0I1G HEX NUMEBEFRZ

S LINES. LAST LINE &-FILLECD

pr

THE FORMAT FOR THE OQUTPUT FILE IS <FILE Zeo

IDENTIFICATION HERDER

INZITRUCTIONS FOR FROVENCHER FROGRAM

NUMEER OF TIME EBRIES <1 OR 2»

TETART. TEND. NO. OF FOINTS IN FIRZT TIME ERSE

TSTART. TEND. NO. OF POINTS IN SECOND TIME EASE
«“1F REQUIREL)

THE DATA IN 13F&. @, 13 POINTIZ/RECORD

THE NEXT DATA SET FOLLOWS IMMECIATELY IF FREZENT

1 N JRE

o

RNOTHER FILE ECHOS THE INFUT FILE <FILE 1&).

1 10+ HERCEFR
<. NG, OF FOINTS. FIRS
TIME-THANNEL <1 OR

I -~

. LAST, T=d FOINTE.
i THE DATA IN 2%

)

T
S. 29 FOINTS-LINE

THE CATA ARE REACD IN RS INTEGERS IN HEXACDECIMAL (I FORMAT .
THE CONYERSION TO REAL NUMEERZ IN QUTFUT 15 CONE EY
THSERTING R CECIMAL FOINT AS A HOLLERITH CONSTANT.

NG N R R o S 0 A N N M N A 2 A o e e b N 0 R

[ RN EEEEEEEEEE I I I NI SN I N N S N A AR

R RRCE SV WY

* THIS FROGRAM WAS WRITTEN BY JEFF NELSON. OCT . 13
* MGCIFIED FOF CUAL TIME BASE OFERATION [EC. . 1381
AN RN M M S o 0 0 e S 0 0 o e S T N A 2 s M N 0 2 S S0 N R A O 0 e T
$ YARTAELE TAEBLE.

3

$ HERDL<2@3 .. IDENTIFICATION HEADER. ZOH4

3 HEAC2:Z&) ... PROGRAM INSTRUCTIONS. ZOR4

2 NCATAR<Z10@) . DATA IN INTEGER FORMAT

$ NSUM: 6@ . CHECKSUMS FOR EACH LINE

s NTG .. POINT AT WHICH T=@ (TEMP JUMF)

¥

NFST .. FIRST POINT TO BE USED IN ANALYSIZ
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NLET ... LRAST POINT TO BE USED IN ANALYSIS

TIMEL . TIME-/CHANNEL FOR FIRST TIME BASE

Tingz ... TIMESCHRNNEL FOR SECOND TIME EBRSE

NPQINT .. NO. 0OF FOINTS IN DATA SET <USWL z2@48)

NTE ... NO. OF TIME ERSES <1 OR 20

NUHAN . NO OF FOINTS IN FIRST TIME BASE (IF REQ D

FILE NQ.
FILE NO.
FILE NO
FILE NO

INFUT FILE

OUTPUT FILE FOR DETECTED ERRORS IN CHECKIUME
FILE LISTING INFUT DATH

QUTFUT FILE CESTINED FOR FROVENCHER FROG

[
QDTN

¥
$
s
¥
$
$
$
¢ FILE TRELE
 ;
S
$
£
E
E;
£

EFSFTFIITISTIFTITTLEFFISSIFFFSIFSISTTFTIIISTILFTSTISTSSFITITFLLFIISNLSSS

CIMENSION NOATR. 210600, HERDL (260, HERDZC 200, NSUMEG)
L0 RERLCS. 300, END=106 . HERDL
308 FOFMAT 20A4
GUTO 1l
1@ STOF *CONE WITH CONYERZION’
110 FEADS S100HEADZ. NFST. NLET. NT@, TIMEL. NPOINT. NTE. NCHAN. TIMEZ
€16 FORMAT(ZER4,I14.F3. 0. 314.F2 ) .
# NTE = N0 OF TIME BASEZ 15 & OR 1 FOR 1 TE. 2 FOR Z.
« NCHAN. TIMEZ HAYE NO MERNING IF NTE. NE. &
IFiNTE ME ZWNTE=1

« REAL IN THE LATA

REAL (S G280 ((NDATH:J+1=1). I=1, 357, NSUMCJ/IS+1).
£ NFOINT. 2S5

2@ FORMATIZISZZ, 235

« CHECK THE CHECKSUMS

INDE =@ :
MI= NPOINT+345 .28
« Mz IS THE NUMEER OF LINES IN THE FILE Uzl S
0 zaén 1=1. M2
NTCOT=
L0 189 J=1.
INCEX=INDE:+1
NTOT=SNTOT + <NORTACINDE:). RND. “F x> + CNORTALINDEX /160
180 CONTINUE :
IFYNTOT  NE. HSUM/I3) THEN
WRTITEC&, &40, 1. NTQT. NEIMe T )

g

»

&4 FORMSTL " wwemawankx ERROR IN CHEDESLUM wesapn ek’ , 7,
pd whkkekwwexk . ]2, "TH LINE LR R LR LR S,
3 Tk NTOT=7, 14,7 NSLIM=, [4, ° sasssenven’
WRITEC16. &40 1. NTOT. NSUMY T2
ENDIF

et CONTINUE
* WRITE FILE 10 FOF LISTING TO THE LINE FRINTER

WRITEC16. SS@OHEAC L, HERDZ. NFOINT. NT@. NFZT, NLET. TIMEL
8Sa FORMAT 1H1. 2@A4,-1H . 20R4. 15,7 DATAH POINTZ
" T=a POINT = <, 14/ FIRST FOINT = -. 14,/
LAST FOINT = 7, 1477 TIMEASCHANNEL= “.E1@. 3D
IFINTE EW &) WRITE 16, 3603 TINEZ. NCHAN
SEQ FORMATY” TIME BASE & = . E10 Z-1%. 7 FPOINTS IN FIRST TE

LIp;

WRITE 19, 276

FORMAT ")
CWRITECL1@. 820 NDATAHC 1. 1=1. NFOINTD
FORMRTC1H . 2%1%)

(2]
-3
3

L
L
a



¢ % WRITE FILE 2@ FOR FROYENCHER FROGRAM

IF (NTE ME. 2) THEN
NFTS=NLET-NFET+1
TIERUSFLOATCNFET-NT@)>+TIMEL
TLAST=FLOAT(NLET-NT@ +«TIMEL
WRITE(Z20. @20 HERDL. HEADZ. L. TZEROQ, TLRST. NFTS
FORMATCZ20AR4,ZORS. IS, » (IFZELS 7. 151 O

EL3E
DUAL TIME BARSE -

w0
0
o

—~
3

TIME = ‘NFIT-NT@»«TIMEL

TIME = NCHAN = TIME4.

S R W K

T

FIRST FOINT OF T.B. 2 1Z NCHAN + NTG + 1.
TIME = NCHAN « TIMEL1 + TIMEZ

b

CNLST - NCHAN - NT@) * TIMEZ.

£ > 2 R A £ £ £ 5 2 & & % % %

NFT1 = NCHAN + NT2 - NFST + 1

HFTZ = HNLZT = NCHAN - NTA

TZEROL FLORTONFST - NT@) = TIMEL

TLRETL FLORT<NCHRN) = TIME1

TZIERQZ TLAST1 + TIMEZ

TLRETZ

WRITEZZ0. 89@)HEADL. KEARLZ, 2. TZERCL. TLASTL, NFTL.
. TIERQZ. TLASTE. NFT2

1LY

ENCIF
WRITE: Z@. 3¢
FORMAT L3¢
GOTC 16
ENC:

PONDATACT . I=NFET, NLET
So1H o

L¥q
[
[
—
N

FIRST POINT OF T B 1 IS NTe THISZ 15 1. UNLEZE
THERE 1S ROLLOVYER FROM THE EBIOMRTION. WHERE NTa=Z
FIRST FOQINT OF T. B8 1 TO BE ANALYIED 15 NFZT.

CLAST FOINRT OF T EBE. 2 13 NLET. TIME = NCHAN «

NO. OF FOINTS IN T.E 2 IS NLST - NCHRN - NT@®

251¢c

THERE

LAST FOINT OF T.E 1 15 NCHAN + NT@ “EBIOMATION COLLECTS
NCHAN INTERYALS AFTER FIRST FOINT 12 TRKEN. !
NO. OF FOINTZ IN T. B 1 IS5 NCHAN + NTa - NFST + 1.

TIMEL +

TLAST1 + FLOATINLET < NCHAN - NT@s « TIMEZD
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Program Convertl0. Program to convert temperature-jump data file
into an input file fer the Provencher program, analyzing every

tenth point.

FROGRAM CONVER
* #%+ THIS PROGRAM ANALYZES EVERY TENTH FOINT s+

4 O 0 o A K 0 S 0 A RS A K O A A 0 N0
THIS FROGRAM CONYERTS T-JUMF CATA INTO THE FORM REGUIRED FOR

THE FROYENCHER CISCRETE PROGRAM TO RESOLYE THE CATA INTO THE

SUM OF UF TGO S EXPONENTIALS

THE FORMAT FOR THE INPUT CATA FILE IS (FILE S~

§@ CHARACTER ICENTIFICATION HEARCER
INSTRUCTIONS FOR PROYENCHER FROGRAM 3L1. 213
FIRST, LAST. T=@. TIME/CHANNEL. NO. OF FOINTE IN
CATAR SET. NG 0OF TIME EBRSEZ <1 OR 2. NO. OF FOINTZ
IN FIRST TIME BARSE., SECOND TIME. CHANNEL.
(314, F8 @, 1414, 14, F2. @), -
4 THE CATA IN HEXARCECIMAL FORM. IS TWO-DIGIT CATA FOINTE
WITH Z-DIGIT CHECKSUM FER LINE
CHECKSUM=ZUM OF 7@ 1-DIG HEX NUMEERZ
9 LINEZ. LAST LINE e@~FILLECD

(AR SETS

THE FORMAT FOR THE QUTPUT FILE 1S (FILE 20):

ICENTIFICATION HEARDER

INSTRUCTIONS FOR FROVENCHER PROGRAM

NLUMBER OF TIME BRSES <1 OR 20

TSTRRT. TENC., NO. OF POINTS IN FIRST TIME ERCE

TESTARET. TENL. NQ.  OF POINTS IN SECONC TIME EBAZE
CIF REQUIRED)

THE ONTHR IN 13Fe. @, 13 POINTS/RECORD

THE NEXT ODRTA SET FOLLOWE IMMEDIATELY IF FREIENT

LR

O

HNUTHER FILE ECHOS THE INPUT FILE CFILE 1@):

1. - 10 HERCER

2. NO. OF POINTS. FIRET, LAST. T=a@ FOINTZ.
TIME. - CHANNEL <1 OR 20

¥ THE CATA IN 2515, 2% POINTSALINE

THE GATA ARE RERb IN RS INTEGERS IN HEXACECIMAL (2 FORMAT)
THE CONYERSION TO REAL NUMEERS IN OUTFUT IS CDONE EY
INSERTING A [ECIMAL PCOINT AS A HOLLERITH CONSTANT

*xx THIS VERSION ANALYZIES EYERY 1@TH POINT. %%

FE R EEEREEEREEEEEEIZIEIEIE IS NI N BN I B 2 B I I B IR BRSNS I 4

50 05K 0.0 S MK N 00 0 O K A o 0 2 6 0 00 0 o K o o o o ke
* THIS PROGRAM WRS WRITTEN BY JEFF NELZON, OCT.. 19t€@

* MOCIFIED FOR DUAL TIME BRSE OFERATION CEC. . 1%22

M o 0 M K 9 2000 G 0 AR e 02 R0 G O 0 S o o o o o K 2 o ok

% YARIAELE TRELE. ..

ks ivislaizis s ke iniskriviviniaiaia ksl ks 2 s Kala ks s R R e R oo Rul s RuEn e ReRa s RN e N Nl o Ry A RS
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¥

$ HERD1¢2@O ... IDENTIFICATION HERDER., z@f4

3 HEACZ(2@Y ... FPROGRAM INSTRUCTIONS, 2@R4 -

$ NOATACZ1@@: . DATA IN INTEGER FORMAT

E g NZUM{ @) ... CHECESUMS FOR EACH LINE

3 NTO . FIOINT AT WHICH T=@ (TEMF JUMF)

¥ NFET ... FIRST FOINT TOQ EE USED IN ANALYEIZ

¥ NLET ... LRAST FOINT TG BE USED IN ANRLYE]

$ TIMEL ... TIME-CHANNEL FOR FIRST TIME EARZE

t 4 TIMEZ TIME-CHANNEL FOR SECONC TIME ERSE

¥ NFECGINT .. NG OF POINTS IN DATA SET <USU 2343

¥ NTB .. NQ. OF TIRME EBRZIES (1 OF 20

E g NCHAN ... NQ. QF FOINTZ IN FIRST TIME ERIZE (IF REQ DO
3 .

$ FILE THELE

k4

¥ FILE NO. S ... INFUT FILE

¥ FILE NO. € . . DUTRUT FILE FOR CETECTED ERRORS IN CHECKEIUME
¥ FILE NO 16 . FILE LISTING INFUT CLATH

T FILE NCQ. z@ .. . DUTPUT FILE DESTINED FOR FROYENCHER FFROG

k3
3IJ35333SIIS#IIII$I$I$$I$S3331313III1333333311133333133133SIIIIIIIII

DIMENSION NORTHI 21000 . HEADL (2@, HEALZ (2@). NIUM{Ea)
1& REAC S, 306, END=100)HERADL
SO0 FORMAT Z@A4)
GUTQ 11a
1@ ITRF TLONE WITH CONYERSION
118 READCS, S1@O9HERDS. NFST.NLET. NTG. TIMEL, NFOINT. NTE. NCHAN. TIMEZ
519 FORMATCZORY,Z14.F8 @. 314, F2 @
* NTE = NO. OF TIME BR3ES IS @ OR 1 FOR 1 TE. 2 FOR 2
<% NCHAN. TIMEZ HAYE NO MEANING IF NTE. NE 2
IFCNTE. NE ZiNTEB=1

+ READ IN THE CATA

READ S, G260 CINDATACI+I-10. I=1. IS, NSUMC S IG+10,
z J=1. NFOINT. 3%
TL3S

e, 230
+ CHECK THE CHECKZUME

INCE =@
M- NPOINT+«4)
* M2 15 THE NUMEEE OF LINEZ IN THE FILE <LZU S30
CQ 200 I=1.1M2
NTOT=4a
00 180 J=1.32%5
INCEX=INCE!X+]
NTOT=NTCOT + <NORTRCINCEX:. AND. "F k) + (NORTRCINDEX) 18D
186G CONTINUE
IFCNTOT  NE. NESUMCIs) THEN
WRITE«&, 24@0 1, NTOT. NSUMC 1)
R L] FORMABT . . © wwmaxsnesk  ERFOR IN CHECKIUIM wkevdaaede’
wwmmwmkenx .12, " TH LINE EIEEL S SURCE IS o

LS N

WRITEC10. &40)1. NTOT. NEUMC(T )
ENCIF
206 LONTINUE

« WRITE FILE 1@ FOR LISTING TG THE LINE FRINTER

WRITEC10. 8560 HERADL. HEADZ. NPCGINT, NTG&. NFET, NLZT. TIMEL
&S50 FORMATC1HL. Z2GA4/1H . 2BR4.-1%, ° DATA FOINTS
T T=@ FPOINT = -, 14, FIRST FOINT = -. 14/
LAST FOINT = 7. 14" TIME-CHANNEL= ~.,El1@ >

LV 5

wanwkweans NTAT=", 14,7 NEUM=", T4, 7 sekaxsmpne’ )
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CIFCNTE. EQ. 2) WRITE.10. &€@)TIMEZ: NCHAN

FORMARTL" TIME BRSE 2 = ~.E10. I-15.7 POINTS IN FIRST TE- >
WRITE<10Q. 370>

FORMAT )

WRITEC10. 8805 CNDATACI Y. I=1. NFOINT)

FORMATC1H . 25150

WRITE FILE 20 FOR FROYENCHER FROGRAM

IF (NTE . NE. 2> THEN
NHFTS=cNLET-NFST 10 + 1
TCERQ=FLOAT HFST-NT@)*TIMEL
TLAST=TZERQ + 1@ «FLOATNFTS~10+TINMEL
WRITEL 2@, 320.HEADL, HEADZ, 1. TZERO. TLAST. NFTZ
FORMAT (2@A4 2@FA4. . IS, ~ C1F2ELS. 7.1%) >

ELZE :

OUAL TIME BARZE -
FIRST FOINT OF T. B 4 IS NT@ THISZ 15 1. UNLES:S THEFE
THERE 1S ROLLOYER FROM THE EIOMATION. WHERE NTasZ
FIRET FOINT OF T.B. 1 TO EE ANALYZED 15 NF:IT.
TIME = (NFST=-NT@)+TIMEL
LAST FOINT OF T E 1 IS NCHAN +« NT@ <(BICOMATION COLLECTS
NCHAN INTERYRLS AFTER FIRST POINT 1S TAKEN » )
. TIME = NCHAN * TIMEL.
NG, QF POINTS 'IN T B. 1 IS NCHAN + NT@ - NFET + 1L
FIRST FOINT OF T.E. 2 IS NCHAN + NT& + 1.
TIME = NCHAN « TIMEL + TIMEZ
LAST FOINT QF T.B. 2 I3 NLET. TIME = NOHAN « TIMEL +
CHLET ~ NCHAN - NT@) = TIMEZ
HO OF FOINTS IN T. B 2 IS NLST -~ NCHRN - NTa.
NFTL = 1 + ¢NCHARN + NTé -« NFET) ~ 1@
TZERCQL = FLORTINFST - NTG) = TIMEAL
TLRSTL = TZEROL + 18 * TIMEL * FLORTINFTL - 1)
NZF = NFST + 1@ * (NFT1 - 1) + 10
NFTZ = 1 + (NLST = NgF) /. 1@
TIERQZ = FLOATI(NCHANY * TIMEL + FLOAT NIF =~ NCHANY « TIMEZD
TLAST2 = TZERCZ + 1@ « TIMEZ #« FLORAT-NFTZ - 10
WRITE 2@ S2@ HEADL, HEADZ, 2. TZEROL, TLASTL. NFTL,
TZERQ2. TLASTZ, NFTZ
ENCIF

WRITEC2O. 200, "NORTAC I 1=NFST, NLET. 16
FORMATC LS IS, AH. D)

GOTO 1w

ENL
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11. Program Listings for the PET

The foliowing programs used for the PET are listed below. The
program SET UP initializes and lbads the programs from a disk. The
progfam T=-JWMP collects the data and saves it on VAX or PET disks.
This is the program we have been concerned with above. TERM con-
tains assembly-language routines tob transfer the data from the
Biﬁmation, talks to the VAX, and converts the data into the file
which is sent to the VAX or PET disks. It occupies memory locations
1360hex to IFFF . and its memory map 1is 1listed below. The
assembly language program is in a folder by the T-jump. The program
FILES TO VAX sends files saved on PET disk or cassettes to the VAX,
and is used 1f data were collected while the VAX was not available.

In order to initialize a PET disk to contain the programs, you
can either duplicate a disk that already has the programs (see PET
2040 disk manual), or put a new disk into drive O,initialize it and
perform the following sequence:

Load the program "SET UP” from the cassette by the PET. Then
(The responsed from the PET are deleted):

OPEN 8,8,15

PRINT#8," 10"

SAVE "@0:"SET UP”

Then, load the program TERM from the cassette labeled "TERM,T-
JUMP" by inserting that cassette, and:

LOAD

SYS(64785)

.S "@0:TERM",08,1300,2000
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X

NEW

Then, load the program T;JLMP from the same cassette:

LOAD

SAVE "@0:T-JWMP",8

Finally, load the program "FILES TO VAX" from the cassette,
LOAD
SAVE "@0:FILES TO VAX",8

Which completes the process of initializing the disk. It may

now be used to load the programs as described earlier, and to have

data written to it.

The listings of the programs follow.



Program Set Up. Program to load the temperature~jump

from the PET disk.

iae
110
126
i1ze
140
i5Se
ice
cea
2ie
226
230
Seo
Sie
vee
S3e
Sea
cae
610
6ze

POKE S2.@:POKE 53,19
PRINT"2IT~JUMF DRTAR COLLECTION SET UP"
PRINT

PRINT"DO THIS: " :PRINT

PRINT" =~ 21 - PUT DISK IN DRIVE @"
PRINT" 2 - TYPE "TERM" "

PRINT® I - TYFE " T-Jump-*

INPUT K¢

IFK$="TERM"GOTOS@Q

IFK$=“T=-JUMP"GOTOEMG

FRINT"WHAT??" :GOTO2@0Q

CLOSE®

OFENE. &, 213

FRINT®E, "1@"

FRINT PRINT" % LORDING TERM *x"

LOARD"TERM", 8

PRINT PRINT" TYPE: LORD “;CHRS$(I4); "T=JUMF"; CHRS$.34);
PRINT :PRINT® THEN: RUN"

NEW

programs

.J e“.

254



Program T-Jump. Program to collect data from the temperature-

jump instrument.

100 POKE 52, @:POKE 52,19 :REM SAYE MEM

110 POKE 28723, 146 :REM 8255 NODE

115 POKE 28722.@

12@ DIM H$<2):REM FILE HERDER. ETC.

200 PRINT"*2"

218 PRINT" B2 TRANSFER FROM B2IOMATION® :PRINT
220 PRINT™ T2 T2RLK TO YAX" :PRINT

£X@ PRINT" F2 SET F2QILE PARAMETERS® :PRINT

240 PRINT™ ¥2 SEND FILE TO Y2RX" :PRINT

250 PRINT" W2 W2RI1TE FILE TO DISK OR TRPE®:PRINT

296 GET K$: IFK$=*"GOT0290

lee ]FKs="B*GOTO1000

210 IFK$="T"GOTO01500

320 IFK$="F"GOTOZ2000

23@ IFKe="v"GOTO4SQ0

340 IFKs="U"GOTOZ0Q0

280 FNTN 20a

1000 REM TRANSFER DATA FROM BIOMATION
1065 PRINT*IBIOMATION TRANSFER" :PRINT
1010 PRINT"TYPE ’V’ WHEN RERDY"

1026 GET K& IFKs$I> vy "GOTO10z0

1625 PRINT® V"

10: ﬁ IF(PEEK{287TZ1)ANDS){H>@ GOTO10626
1@48*<VS'7232)

1240 PRINT:PRINT"TRANSFER FROM BIOMATION COMPLETE"

1060 T=TI

1878 1F(TI-T)r<40 GOTO1070

1080 GOTO200

1%0& REM TALK TO VYAX

1510 PRINT*ITALK TO VAX. *

1320 SYs(7688)

153@ PRINT“IDONE MWITH VAX"

1540 T=T]

1550 IF TI-T<40 GOTC1SS0

15€@ GOTO 200

2000 REM GET FILE PARRMETERS-

2010 PRINT™I" :PRINT" LAST HEADER ... "
2020 PRINTHS</(@)

2030 INPUT Hs$c@y» .

2050 PRINT:PRINT® LAST PROG. INSTR. .. .*
2060 PRINTHS$(1) ’

2070 INFUT H$<1)

2080 PRINT :PRINT"FIRST 1080 POINTS " :PRINT
20900 INZ=S5119

21600 BL$=* .

2100 FNR 1=1T0100

2120 INS{INI+1

2026 RESTRE(PEEKCINZ)Y)

214Q PRINTLEFTS(BLS, 4-LEN<{SS$));S$:;

215G NEXTI

216& INZ%Z{6@46 REM LAST 20 PTS

21608 PRINT:PRINT“LAST 2@ POINTS:": PRINT

255

2180 FOR I=1T7020:INN=INX+1 :S$=STRSC(PEEKCINYG)) -PRINTLEFTSELS. 4-LEN(SES)). S8,



21%@
2200
22ie
222

2220
2240
2250
. 2260
2270
22880
2296
2300
2ii@
2320
21230
2340
2258
2360
2370
2380
23190
2400
2410
2420
2448
2450
2460
2470
2490
2492
24932
25ee
2510
2515
2520
2520
2340
2550
25¢0
257 a
25E0
259
2600
2619
2620
2620
2640
2690
leoeo
jeie
Iezo
3030
2p40
I0s0
IesT
I0e@
070
J080
lece
I12e
21z0
2ze0
2210
izze
2230

2240

256

NEXTI] :
PRINT:PRINT"TO =", TOX, "NEMW TO? *

GET K$:1FK$=""G0OT02210

IF K$="Y*THEN INPUT" NEW="; TO¥
PRINT:PRINT*FIRST POINT =*; TFX, "NEW FIRST? "
GET K$:IFK$=""G0T02240

IF K$=“Y*THEN INFUT" NEW=", TFZ
PRINT:PRINT"LAST POINT ="; TLZ, "NEW LAST? *

GET K$:1IFKs$=""GOT02276

IFK$="Y"THENINPUT" NEW="; TL¥

PRINT :FRINT"TIME/CHANNEL="; TC$, *NEW T/C? *

GET K$:1FK$=""GOT02xQ0

IFK$="Y"THENINFUT" NEW=";TCs

PRINT:PRINT*TWO TINME BASES?"

GET Ks$: IFK$="*GOT0z220

IFK${O"Y"THEN NT!=1:G0T02420

NT =2

PRINT:PRINT"2ND TIME/CHANNEL=", T2$. “NEW T,/C? *
GET K$:IFK$=*"GOT02370

IFK$=*Y"THENINFUT" NEW=*"; T2$

PRINT :PRINT“POINTS IN FIRST T. 8. =";CHZ, “DIFFERENT VALUE? *
GET K$:1FK$=*"G0T02400

IFK$="Y*THENINFUT® NEW="; CK?

PRINT :PRINT:PRINTHS$C@) :PRINTHS$<1) :PRINT :PRINT"T@ " “; Tax
PRINT"FIRST"; TFZ:FRINT"LAST ", TLX
PRINT:PRINT"TINE/CHANNEL *;TCS

IF NTZ<2 GOTO 2490

PRINT"2ND T/C “; T2¢ PRINT"FPOINTS IN 18T T/C": CHZ
PRINT .PRINT:FRINT*ALL OK?*“;

GETKS$ : IFK$=""G0T02492

IFK$="N"GOTO 20060

REM SET UFP H$<2)

SL “= " "

C$=STRECTFUD

SE="00Q0Q"+RIGHTS 28. LEN(ZS)-1)
HE(2)=RIGHT$(5$. 40

Sg=" “+STRECTLEY -
HE(2)mHE(2)+RIGHTSSS, 4
Sg=" “+STR$<TQX)

H$(2)=HE{2)+RIGHT$(SS. 49
HS$(2)aHS(2)+LEF TS BLS, B-LEN(TCS$))>+TCS
HEC2)=HEC2) +"2048"

IF NTZ<{>2 GOTO 2650

HE(2)=HE(Z2)+" a"

Sg=" “+STR$(CHYL)
HE(2)=HE(2)+RIGHTS(SS, 4
HE$(2)=HE(2)+RIGHTS(BLS. 8-LEN(T28$)>)+T2¢
GOTO 200

REN WRITE TO DISK OR TRPE
PRINT*2ZWRITE TO T2RAPE OR D21SK?"

GETKS® : IFK$=""GQ0T03020
IFK$="T"GOTO3120

IFK${>"D"GOTO3010 .

PRINT . INPUT"DISK DRIVE"“;Fs$

INFUT “FILE NAME"; FZ2s

Fe$x=F$+" "+F2S

Fs$=F$+", SEQ. WRITE"

OFEN 10.8.2,F%$

GOTO 3200

PRINT . INPUT*TAFE FILE NAME"“;Fs$

OPEN 10@.1.,2.Fs

FORI=QTO2 :FRINT#10, H$:1),; CHR$¢12); :NEXTI
POKE?743€6, @ POKE7427, 20

FOR1=1T0S9

SYS(7424)

FORJ=OTO7TZ :PRINT#18, CHR$CPEEK(?S62+J))3: :NEXTJ



3250
3255
3260
Xze0
3210
ISee

3S51e

4000
4010
4500
4510
4520
4520
4540
45%0
4560
4570
4600
4610
4620
4630
4640
4650

4660

4670
4680
4690
4€00

4810

4820
4820
4840
4&50

4860

4£70

4880

489@
4500
4910
4990

PRINT#1@, CHR$¢13);

PRINTI,

NEXTI

CLOSE1@

GOT0200

PRINT"TRANSFER FROM DISK TO VAX*
GOTO20e0

PRINT"TRANSFER FROM DISK TO VAX"
GoTo200

REM SEND DATA TO VAX

REM PUT HERDER INTO LOCATIONS
REM $1FA@ TO $1FFF

REM OR LOC 8@96-8192
PRINT*3TRANSFER DATA TO VAX*:PRINT
PRINT"TYPE “¥- TO START"

GET K$:IFK$<>*Y*GOT04560

PRINT :PRINT*SENDING TO VAX"

FOR 1=0 70 2

FOR J=@ TO LENCH$<1))-1

POKE eese+a.<nsc<nxos<us<1> J+1, 12)AND127)
NEXT J

POKE 5052, 8@96AND2SS

POKE 5@52, INT(8@96,'256)

POKE 5@24, 4 :REM 1EEE DEVYICE®

POKE 5825, LENC(H$(1))
SYS(S@28) :REM SEND LINE
NEXT 1

REM NOW SENC DATA

POKE 7436, 8:POKE 7427, 20
POKE 3852, 138 :POKE $053. 29
POKE S025. 72

FOR I=1T0S9

SYE (74240

SYS¢S@2e)

FRINTI;

NEXT

PRINT :PRINT :PRINT“DONE WI1TH TRANSFER"
T=T1

IF TI<T+4@ GOT04910

GOTO 200

257



Program Term.

Memory map for the assembly language routines

used by the program T-Jump.

used for data storage.

1700
1308
1210
1316
1120
1228
1120
1336
13240
1248
1250

1158

1360
izes¢
13?7
1178
1180
1388
19@
1398
13R6
12RE
ilge
13p€
1zCe
1xce

1zo0e@

130e
13ge
13E8
13Fe
13FR

icee
ices
iCie
1C1e
icze
icze
icze
icze
1C4e@
1C4¢&
icse
iCcse
icee
icée
acze
icre
icee

A9
iB
AD
e
be
cs
ve
ic
4]
AR
48
ES
40
48
FB
ee
40

49
oee
40
=
ce
ES
@9

-~
&

24
48
E8
oe

. RD

AD
AD
Ae
AC
21
FF
13
49
)
AR
Es
se

E8

- E®

S8
se
2e

F7

FF
ce
ES
29
pe
29
es
ES
24
AD
Ao
AD
40

21
ee
4@
Eg
er

ER
R
1)
13
1c
Fe
13
12
€@
ic
ee
(-]

70
el
ez
-1

A9
32
32
Se

29
2@
8D
AD
A9
E®
EA

E8
ee
Fo
22
ee
F3
€8
68
24
89
pe
29
FD
FF
es
ez
8o
80

T 68

ER
R1
12
20

iz
20
20
i3
ER
cs
7F
ER

A9
ic
Fe
EE
RD
a3
7o
60
AR
FB
oe
40
40
3F
a9
ER

(-1d]
ac
Fo
iB
ac
sr
4C
e
ER
AR
- 1)
iz
E8
Eg
ER
a4
ER

Locations 1400 -~ 1BFF
hex

hex

are
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icee
icse
ico8
iCRO
iCRe
iCBa
iCB8
icCCe
1ccs
icpeo
1CD08
iCeEo
i1CES8
ACF@
ACF8

1pee
ipee
1010
1D1g
ip2e
ip2e
1020
1D38
1D40
1D4e
10%@
1DSe
ipée
1D6€

1Dve

107&

ipee

1088

109

1098

1DRE

:  1DAE
- 1Dke
1DB&

10Ce

10ce

1D0e

1008

1DE®

1DESB
1DFe
10F®

i1E0Q
1E@8
iE1e@
1E18
igz2e
1EZ8
iE3@
1EZR
1E4@
1E48
1ESe
1E58
1E6e
1E68
1E70

e

. FF
pe-

1€

- RS
- 8e

ce
Se
A8
ic
e7

R9

4C
ER
ed

FB
ee
40
21
40
E®
E8
E®
20
80
AR
AR
AR

AR

40
AD
AD
AD
20
Fg
o2
a8
12
Ee
AR
AR
AA

AA

ER
80
20

ER:
Se

7F
a7
ce
4C
Fe
iF
Se
EA
ER
co

EA
81
ve
ER
ic
ce
48
ee
2A
F9
ce
ac
ER
ER
9z
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1E7E
1E60
1EE8
iESe
1E98
1ERQ
1ERE
1ERO
1EERE&
1ECO
1ECR
1ED

1EDE
iEEQ
1EEE
1EF@
1EFE

iFeo
iFes
ifFie
1F18
iFze
1F2e
iFze
1F38
1F46
1F48
iFSe
1FSe
1Fé€0
1Fe&&
1F7e
1F78
iFee
iFee

1F96

iF9e
1FR@
1FRE
iFBe
1FRe

iFCe

1FC8
iFDe
iFDe
iFEe
1FES
iFF@
AFFE

pe
ez
co
AD
&0
ce
FF
20
RE
e3
1@

CR
1E
iB
ag
ER

es
iE
12
el
ox
&0
AS
b2
ez
1E
o]}
&0
CR
A2
az
10
ER

2e
e
Fo
1E
1E
es
2e
FF
1E
29
E7
e
Y
04
R
ec
EA

D2
cs
i35
De
R
i1E
20
6@
Foe
iF
i1E
iE
ED
ze
11
91
ER

FF
83
cs
o1
14
A9
D2
EA
eR
aC
oe
ac
23
se
FF
ap
ER

oe
a1
De
A9
D2
20
A9
ER
ee

BC
iE
80
60
7F
1]
ER
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Program Files to Vax. Program to send data files from the PET

dis

18 R
1ee
{-lc)
210
400
410
420
420
1ee00
ie10
ieze0
ieze

1a40

105e

2eee

2010
z0ze

20ze
204®

20%0

20se
2o7e

2875
2060
2085

209

2100

2200

2500
2510
2515
2520
2530

2540

2550
2560
25ge
2590
2595
2600
2610

k and cassette tapes to the VAX.

EM SEND T~JUNP DISK FILE TO VYAX
POKESZ, @: POKES3, 19
PRINT"3 T2 T2ALK TO VAX" :PRINT

PRINT" S2 S2END FILE TO VA" :PRINT
GET K$:1FK$="*GOT0400
IFK$="T*GOTO1008
IFK$="5"GOTO20e00
GoTozee

PRINT*2 TALK TO VAX:"
SYS(7688)

PRINT"3 DONE WITH VAX"
T=Tl

IF T1<T+4@ GOTO1040
GoTosea

REM SEND FILE TO VAX

REM BUFFER STRRTS RT LOC 8@9¢
REM- LOC S024. HRS 1EEE DEVICEW
RENM LOC S@S2, SeSX HAS BUFFER LOC
POKE 5024, 4 REM 1EEE DEVICE #
POKE 5052, 8A96AND2SS

POKE SQSI, INT(8@%€/256¢)

SL=g@Se

INPUT " D2ISK OR C2RSSETTE": 0%

IF Q$="C"THEN OPEN 8. 1:G0T0 2Se@
IF Q$<>"D"GOTO 2@7S

INFUT * DRIVE # = "; D¢

INPUT ™ FILE NRME = “;Ss:

OPEN- 8, 8, 14, D$+" : "+Ss+", SEQ. REARD"
FOR 1=1TO06Z.REM 62 LINES IN- FILE
INPUTSE. LS

PRINTI; LS

FOR J=@ TO LEN<LS$>-1

POKE J+SL, (RSC<MIDSILS, J+1.1))AND12T)
NEXT J

POKE S02S5., LEN<LS$)

SYS(Se28) . ’
NEXT 1

PRINT” DONE WITH TRANSMISSION"
CLOSE 8

T=T]

IF T1<T+40 GOTO2610

26206 GOTO 00
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APPENDIX C

Cmputer Programs to Analyze i'lhidium Melting Data.

The programs to analyze the ethidium melting data are located
in the directory DISKSUSERFILEL:[JWN.MELT] of the BRiodynamics VAX
11/780. There are four of them: MELT.FOR, DYEMLT.FOR, DYEPLT.FOR
and STAT.FOR. The programs are compiled and linked essentially
identically:

$ FOR/CHEX=ALL DISKSUSERFILE : [JWN.MELT]MELT

$ LIN MELT,DISKSUSERFILEL:[JWN]JWNLIB/LIB

$ FOR/CHEXX=ALL DISKSUSERFILEl:[JWN.MELT] DYEMLT

$ LIN DYEMLT,DISKSUSERFILEL:[JWN]JWNLIB/LIB

$ FOR/CHEX=ALL DISKSUSERFILH : {JWN.MELT] DYEPLT

$ LIN DYEPLT,[JWN]JWNLIB/LIB,IGL/LIB

$ FOR/CHEXX=ALL DISKSUSERFILE : [JWN.MELT] STAT

$ LIN STAT,[JWN]JWNLIB/LIB,IGL/LIB
However, the programs should have execuatble images under the same
names, so compiling and linking should not be necessary, and you can
simply run the programs. This appendix explains the use of these .
programs, with examples, and lists the source codes for DYEMLT and
STAT. The programs are cyclic, meaning that you traverse a loop
indefinitely. FEach time through the loop allows you to change some
parameters, while keeping others the same, allowing great
flexibility on the use of the programs.

MELT.FOR subtracts the reference from the sample, and
interpolates the data to regular intervals, starting at 0°C and

continuing at 1°C intervals. The use of this program is essentially

like MELT] on the PDP-~8E. Subtract the cell blanks, but set the
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high temperature absorbance to 1., and interpolate to regplar
intervals of 1°C.

The program DYEMLT takes one sample from the melting curves,
and determines the upper and lower baselines from the extinction
coefficients input. From these baselines, the fraction double
strands and fraction. ethidium bound are calculated. .' The ‘data must
be at 260 and 283 nm, and must be interpolated to intervals of
1°C. In practice, several ‘attempts must be made‘at estimating the
values of the extinction coefficients for the double strands and the
bound ethidium. An example of running this prdgvram is given belo;v.

A visual check of the fit_ is given by running the program
DYEPLT, which plots the experimental data, the baselines, and the
fractions double strands and ethidium bound calculated from them.
~ The program usually uses default. plotting parameteré, however the
optioﬁ is given to change the plot parame}tve-rs to make plots for
figures, or to plot the number of ethidium ions bound instead of the
fraction of ethidium ions bound. The program is basically self-
.explainatory, and no example or listing is given here.

The program STAT performs the statistical calculations to fit
the data, and plots the resulting ln(Kd) vs. 1/T graph, as well as
individual experimental and calculated fractions double strands and
ethidium bound. An output file can also be written, showing the
calculated values: for the ethidium binding constant, and the
calculated and experimental data.

The details of the model are taken care of in the subroutine

PARTIT in the program STAT. It is very simple to change the model
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by simply defining the statistical factors g; (see Chapter IV).
Several different models can be programmed into this subroutine, and
the particular model is chosen by the value of MODEL requested in
the main program (see example below). Presently, there are 9 models
to choose from for the oligomers rCAgG + rCUsG. The procedure for
determining the best fiﬁ between the model and the data is explained
in Chapter IV.

Examples of running the programs MELT, DYEMLT and STAT are
given below. Bfore running these programs, it is useful to assign
the plotting terminal to be used for the plots. For example, if you
want to use the Tektronix terminal hooked up on the port. TTG2:,
simply ALLOCATE TTG2: and ASSIGN TTG2: GTERM. Replace the TTG2: by
the specific port for any other plotting device.

Following the examples of running the programs are the listings

for the programs DYEMLT and STAT.



An example run of program Melt.

¥ IET LEF
¥ FUN MELT :
FILENRME . CRT E<TENSIUN ﬁ__U
FULASG«-F(USE+ETHID RSSEZ2 :TNU
IWETTES., 2 WRAYELENGTHE .

CIN

F1GHT FILE™

114 ATA ZETE MIN TENF =
CORREZT W L 4% Y
ZUETFACT CUY #1 FROM QTHERZ™

ELANKE TO SUETRACT FROM CELLS

ELANE =

LAt =

ELANK =

FEL RES TO OIYVIDE INTO CELLS
FEL RBS = 1.

REL ARZ = 1

REL REZ = 1

CORRECZT W

Loz
SUSTRACT CUY #1 FROM OTHERS®

BLANKS TO tUBTFHCT FROM CELLE

ELANYE =

ELANK =

ELANY. =

FEL AES TO CLIWIDE INTO CELLS
FEL REZ = 1.

FEL HES = 1

PRl AES = 1

INTEFFGLATE TO
STHRTING TENF
INCREMENT = 1
FILENANE o« DRT EXTENSIONM
RNOTHER LATA SET™ N
GOODBYE THEN

E 4

SDEG L) o=

REGULAR INTERY

ASSUMED IF NOT GIWEND:

CISZKSUZERFILEL L JWN MELT)

MEC IF NOT BIYEN) RSSEZZ DAT
W21 2Mm CELLS ETH. STR

XM TMTE S 1 1 %

Ze@ N SEINNM

-3 1 MAL TEMP = €% o

X

T

< . 4+
s ... 4
|'|

z ... 4
. 4

ALEY Y

RSSEZZ. REG

JUWN
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An example run of program Dyemlt.

¥ P OYEMLT
EVTINCTION COEFFICIENTS RERD FROM EXTINCG OAT

ND RND FC.ORCER COEFF FOR 550 (=2 35 AND -4 8227 FOR RCASG+ROUSG)

- 1'1; T

INFUT ANOTHER CRTH FILE™ ¥
FILENAME « CRAT EXTENSION ASIUMED IF NOT GIVEN) . RSSE2ZI. RES

FUASG+RCUSG+ETHIL FSSEZZ ZTNOWEL MM CELLS . 2M TMTE % 1 1. S ETH SITR JWN
S SRMFLEZ. €3 CATA ZETS. 2e0 = W L. 1, 283 = W L. 2

WHICH SAMFLE™ 1
IVENT MERDEFR FOR THISZ SRMPLE
RCASS+RCUSQ+ETHIDILM SoumM STRANDS S ETH.'STE
FATHLENGTH OF CELL <IN CMy) = 2
CHRANGE THE EXTINRCTION COEFF YRLUEST %
ZEQ WM 223 NM

EXT S¢ [ES SLOFE  EWT @ CEG  SLOFE  EXT S@ DEG SLOFE  ExT & CES  SLOFE

[ ZINGLE STRANC COUBLE STRAND 1L SINGLE STRANCD DOUBLE STRAND 3

1 JOOE+0S 1 JEOE+AZ 1 1TGE+AT I 4Q0E+OZ 4. LTEE+@d~1. A4BE+G1 4 IZ1HE+04 O GOOE+O0
1 z 3 4 € 6 T &

{  ETHICIUM FREE ETHICIUM EQUNC 30 ETHICIUM FREE ETHIDIUM EQUNG ]

1 TORE+"4-2 SSHE+OL @ 1E0E+0I-1. SAGE+@1 T 4QOE+A4-T. SIOE+AL Z. ZAQE+04 T IODE+DL
o 10 11 1z P 14 15 1<

LHHHu[ WHICH FHFHMETER™ 1%

OLL YALUE FOR 1S = 2 2600QE+34

NEW YHLUE = 1. 2%E4

ST ONM

5T S DEG SLOPE ENT @‘DEG SLOFE EXT Sé CEG  SLOFE EXT @ DEG‘ SLOFE

L SINGLE STRRANC COUBLE STRAND I SINGLE STRANC DOUELE ZTRAND ]
1 S00E-0S 1 SOUE+AZ 1 1IQGE+0T 2. 400E+02 4. 1TOE+@4-1 A4AE+Q1 4. Z10E-04 O SGIE-OD
1 . P i 4 i} & 7 =
L ETHIOIUM FREE ETHICIUM EOQUND I ETHICIUM FREE ETHICIUM EOUND 3
1 7ORE+Q4-2. CURE+Q1 9 100E+QI-1 SOGE+@1l T 400E+Q4-7. SI0E+01 1. SS@E+Rd T 0ORE+@l

2 la 11 12 1z 14 15 1€
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CHANGE WHICH FRRAMETER™
MRKE FILE OF EXTINCTION COEFF DRTRT %

TALCULATE F YALUEST ¥

UZE AEBSOREANCE AT S@ CEG FOR CONCT

CORRECT THE AESOREANCES FOR 1 M FATHLENGTH
RES (Zebh WMy So DEG T4

RES (287 HM) Sa DEG I.48

WRITE RESULTEZ TO SCREENT v
10 LINES FRINTED. THEN OUTPUT WRITS FOR A <OR:  TYFE “F" J0RD TO END FRINTING
ROURSQ+RIUTA+ETHID RESEZZ ZTNOVEL ZmMn DELLS  Zm TUTE S 1 1 S ETHOSTR JWN -

FOASG+FCUSH+ETHILIUM SéuM STRANDE S ETH/STR
TAT ZTREAND CONC = S @AZ1eE-aS TOT ETHICIUM CONCG = o SZ1SIE-aS

TEMF FRACT CEL TR FRACT ETH BOUNC FRACT OTH

D

Bl

—

RO R B RN PN oW

P R I I

A VYO QLT R G O Y (R T
Y A D D N0 D D

T D S

R

MWETITE AN QUTFUT FILE OF RESULTE™
FILENAME o DAT EXTENZION ASIUMED IF NOT GIVEN) - EZZt

INFUT RANQTHER OATA FILET N
CHANGE THE ENTINCTION COEFF WHLUEZ™ N
CALCULATE F YALUEZT N

WRITE FESULTES 10 ZOREENT

!



An example run of program Stat.

T RUN ZTAT
INFUT NEW MELTING CURYEST v

FILENAME « DAT EXTENIZION ASZUMED IF NOT SIVEND . EZZt

POASQeRTUCH+ETHIDIUM SQuUN STRANCS S ETH-STR
FILENAME . DART EXTENIION SSSUMED IF NOT S1vEN::
THERMO YALUES

NO FRRAM DELTH H CELTA = K{ZSDEG
1 HELIX @& @0AeE+e@ @, QAOGE+aQ @
Z CYE Q. FAAAE+ A Q QOORE+a0 5
I OSToMAR @ GReBE+an @ Jo0eE+au a
4 TAU 8. BAAGE+a0 @, BROGE+aQ £

CHANGE WHICH PRRAMETER <@=C0ONES © 1
MEW YRLUES (1.-LINE>
=47 @a

-1

CHANGE WHICH FARAMETER (@=[0ONE) I
NEW “RLUES <1.-LINED

a

S.oRT1

CHRNGE WHICH FRRAMETER (@=C00NE) I

NEWN YRULUES <1./LINE.
a

1Y)
(X ]

[

CHANGE WHILH FARAMETER < @=00ONE.
W=HICH MODEL NUMEER?
= ALL SITES EQUAL

1 =
2 = 1 ZTPONG SITE <S1GMA:
o= THO STRFONG SITEZ ON END » TALD
¢ = ITFONG Z1TE ON ZND & F
S = STEONG SI1TE ON ZIRD E.F.
= COUFEFRTIYE EINCING TR
o= ZTOMA. TRU STRONG ZI1TES
& = ZTRONG Z1TE + COOFERATIVE
2 o= TNO STRONG S1TES + COOF

HEACER FOR THIZ RUN
CEMINITR= 10N JF FROGEAM TS
CEMONSTRATION OF PROGRAM STAT

MOCEL UWSED WNARS. 2

CELTA H DELTR & K (25 DEGH
=4 JQQQE+ds -1 ZZEEE+QQ I TLSIE+@I HELIX
G, AOCRE+Qd 2 BGAIE+GG 1. GopaE+a@  OYE GUESE
Q. QRoRE-Ga T ATSSE+an 2 GOOTE+01  SIGMA
9. DBBRAE+DQ G QanaE+an 1. aa@oE+@a  TAU
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=1 4422ZE+04 -2 S439€E
1. I461E+82 4. I09GE

RECUCED CHI
MELT F{DYED
OYERALL S oaSZE-@é

b S @SZE-ac

CFUHELIN

+@1 € @SecE+ad OYE, FIT. F = @
-01 ERROR

ZOURRED
FOINTS FIT
1. 4ESE-61

1. 43BE-&C 13

NHME FOR DISKE FILE CRETURN = NONE>

FILENANME

MAKE FLOTE™ N

MAKE FIT FROM CONZTHANT

CAT EXTENSION ASZUMED IF NCOT GIVEN:

FARAMETERS™ N

INFUT NEN MELTING CURMES™

THERMO “HLUES .
HO. FARANM CELTA H

1 KELIM =4 TiiE+(d
< OYE @, RARAE+28
I EIgmMA @ 2R0UE+aa
+  TAl . @@aaE+aa

CHANGE WHICH FRARAMETER
ICH MOCEL NUMEER™
ALL SITES EQUAL

NH
1
STRONG SITE DN

IT1aMA. TAL STRONG

Ve g 3 N e LB

T STROG S1TE:=

[

HERACER FOR THIS FUN

MocEL USED WAZ: 1

CELT

=1 &

(L TC AT

S agcs

IS TR (% Ty ]

=1l de&eE+nd -2 103
L THIZE+0Z 9 G457

FEQUCED CHI

MELT F{OYE
QVERRALL 3. 0TVEE-Oe
1 & AVEE-Be

NARME FOR DISK FILE (FETURN =
FILENANME v CAT EXTENSION RIZUMED IF NOT QIVEN) -

MRKE FLOTS™

x

mm mmmm

1 ZTFONG ZITE v SIGHFAD

TWO STRONG SITES ON ENC « TAUD
IND B OF '
STRONG ZITE ON ZRD
CONFEFATIVE BINDING < TR

STRONG ZI1TE + COOFERATIVE

CELTA = kK gS0EG)
=1, ZEAAE+dZ JS1SIE+QZ
A AAARE+QQ 1. GAaag+vo
S BTICSE+O0 2. GRaIEen]
2. AOHIIE+QQ 1. aaeeE+ad
C@=0UNED
E F
TITESR
CooF
= K (2% CEGH
-0z I, T1SIE+@I HELIX
+00 1 @adag+aa  OYE GUESS
+aa 2 JeRIE+01 S1oMA
+ia 1. aaaaE+an TR
-1 1 T4ZTE+@S LCOYE. FIT B oa
-8l ERFOF

SQUARED
SCHELIN)  FOINTS FIT
I 010E-@z

I @10E-03 13

MONE »

)
e
)
)
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Program Dyemlt. Program to convert melting curves of ethidium

bromide + oligonucleotides into fractions double . strands and

ethidium bound.

PR ST E TR WIRCE FTECE R R TR M TRAENS TR FIE O BN SRS SR R R S AR TR W R IR0 R 3R S TR TRURT S ST R TR N R R R T Y 1)

P E R R E R E R R T R E T EE S

FROGRAM CYEMLT

THIS FROGRAM CALCULATES THE FRACTIUN OF ETHIDIUM EQOUND AND THE
FRACTION OF STRANCS IN DOUEBLE HELICES FROM THE MELTING CURVES.
THE CATA 1S CGN CISK FILES WRITTEN EY THE PROGRAM MELT. WHICH
CORRECTS THE DATA FOR BLANKS

THE FRACTIGN OF ETHIDIUM BOUNL AND COUEBLE STRANCS CAN EBE
CETEFMINED BY KHUOWING FOUR EXTINCTION COEFFICIENTE FOR

TWO WRYELENGTHI . (2@ AND 283 NM. USUALLYD

A 260 = CIS+ETE + CDIS+EDS + CETHBULIND O #EETHEBOUING ) +
CETHCFREE)»+EETH'FREE"

AT THE SFECIFIC TEMRPERATURE

CTUT STRANDS: = CES + COS KNOWN FROM HIGH TEMP RES
CTOTCETH) = CETH(BOUNC) + CETHCFREE: * .

THE EXTINCTION COEFFICIENT CATA REQUIRECD 13- «<FOR EBOTH W L. S

1 ErZs. S& LEG C»
z SLOFE OF EF33) Y% TEMFP
I, E<Ds. @ CEG C»
4. SLOFE OF EDEY w3 TEMP
< E<ETH. FREE. S@ CEG O
€. SLOFE OF ECETH. FREE» Y3 TENMF
V. E<ETH. BOUND. @ DES (O
I3 ILOFE OF EJETH. BOUND) Y3 TEMP
NOTE. .. THE EXTINCTION COEFF FOR FREE ETHIDIUM 12 TREATED FAS

A THIRD ORCEF EXFREZIZION WITH THE T#«I CQOEFF CONC CEFENDENT
SEE SUEBROUTINE CALCF FOR CETAILZ
ALS0. .. THE EXTINCTION CQEFF FOR THE SINGLE STRHANDS OF
RCASG + FCUSG 15 FIT BY A THIRL ORDER EXFREISION.
THE COEFFICTIENTS OF WHICH IS THFUT RT THE BEGINNING
OF THE FPROGRRAM, CSET TO ZERO FOR [CASG+OLTSS. D

THE ORTA ARE FEARD FFOM A FILE OF AEZOREANCES AT REGULAR
TEMFERATURE INTERYALS OF 1 CEG C.

THE EXTINCTION COEFFICIENT PARAMETERS MAY EE CHANGED TINGLY
CUTFUT 12 TO THE SCREEN. TO ALLOW YARIATIONS OF THE EXT
COEFF- S WHICH EBEST MANIFULATE THE OAT.

QUTFUT MAY BE SET WP AS INFUT FOR THE STRTISTICAL MOCELING
PROGFANM. '

EE AR A2 TS E SRR AT SRS R L AL RS R R R EE Y L EEE R R R SR R e R R

*
*
-

SUEBRQUTINES USED:

SUERCUTINE INFUT
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INFUTS THE CORTA GENERATED BY FROGRAM MELT
CATA MUST BE AT REGULAR INTERYALS. SEE SUEBROUTINE FOR
FILE STRUCTURE

SUEBROUTINE EXCQEF ) )
CHANGES ANY OF THE EXTINCTION COEFF FARAMETERZ

SUBROUTINE CRLCF .
CALCULATES FRACTION OF DOUBLE STRANDIZ. FRACTION OF DYE
BOUND. UFFEFR AND LOWER ERSELINES FOR EOTH WAYELENGTHSZ

SUERDOUTINE SCFREEN :
WRITES THE RESULTING FRACTION [ = AND OYE BOUND TO ZOREEN

SUEBRQUTINE WTFILE
WFITES A FILE CONTAINING THE TEMF. FFARCT O = AND DYE EBOUNC.
ABS AT EACH W. L. . LONER AND UFFER EMIELINE:Z FOR EACH W L

CZUEBRQUTINE FNAMEFILENAD
GETEZ NAME FOR DISK FILE FOR FILE READIT AND WRITES

> b R E P S EAEEFE R EREEERAFE

FEERERE LTS EEREEREETEETIEET L E LT R R X E EE I EE 5 RN SRR R R R S SR AR R R B SR TR I

*« THIZ FPROGFRM WRS WRITTEN BY JEFF NELZON. MAY. 1331
* REYISED FOR CURYATURE IN ETHID EXTINCTION COEFFICIENTEZ JUNE. 1222

N T N T R N 0 N R R NS T s T S S T T S T T N TN T e

COMMON ~EXTINC. E2e@ss. S

2 E2zI0ps
3 E2EZDF. . .
COMMON “DRTAS AES G &a. FRACC@: 24, ; ELINE.&.E.

z HTFTT.HTLHET HEARD1. HERDZ.
COMMON “OTHEFR. FOTHER YA 2@
EYTE HERC1:&@). RERDZ Q)

CT. o

« FEAL YALUED FOR THE EXTINCTION DHTA IF THE FILE EXTINC. CAT
+ ENXIZTS.

CGRENCUNIT=10, FILE="EXTINC. DAT ., STATUZ="0LL" . ERR=%0)

FERC:Y 161 4@n)E-cv z . Ezeab A0S
REAC 16, 40Q) . E2RI its

READY 16, 480 EZEQ0F. S

RERD 1. $&d) OF . :
WFITECE. 41015
CLOSE-UNIT=10
400 FORFMAT 4ELS €0

418 FQRMATCS 7 EXTINGTINN COEFFICIENTS READ FROM ENTINC CAT.

% QET SECONC ORCER COEFF FOR RCASOG+RCLSG ZINGLE STRANCE AT ZeanM

S@ WRFITE: €.
RENLY S,
@m FOFMHTvs : it o o HFCEF COEFF FOR =
2 ) -—g 29 AND -9 QzIT FOR FOASG+RCUSG)Y - o
C1a FORMATCRLS, @)

* ASK FOR INSTRUCTIONS TO INPUT DATA FILES. CHANGE EXTINCTION
« COEFFICIENTS. AND WRITING REIZULTE TO ZCREEN AND OUTFLT FILES

10¢ WRITE <. s
eQ® FORMAT.~. - INPUT ANQTHER COATA FILE™ . %)
FERD S, c2@) INST
62 FORMAT A1,
IF “IN T . ER Yoy CALL INFUT
WRITE" t4@’
640 FOFHRT{.,“ CHANGE " THE EXTINCTION COEFF YWALUEST -, £
READ:S, €2@3 INST
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IF CINST . EQ. “v¥ > CHRLL EXCOEF
WRITECE. €&@)
FORMAT /.~ CALCULATE F YALUES™ 7. $)
RERL S €280 INST
IF “INST _EG “% ) CALL CALCF ~
WRITECS. 7@ea)
@ FORMAT:.~. - WRITE RESULTS TOG SCREENT . %)

REALCS. 62@) INST

IF CINET (EQ "% ) CRLL SCREEN

WFITEC&. T2@)
@ FORMATC. .- WRITE AN QUTFUT FILE OF REIULTEZY . %

FERCY S. 2@ INST

IF CINIT EC % 3 CHLL WTFILE

SATO low

ENC

SUEROUTINE INFUT

R e A R R R B R R R R R R R R R R R R R R AR R UL 2 Y

THIS SUBROUTINE GETS THE NAME OF AN INPUT FILE ANC FUTE
SAMFLE WITHIN IT ARE OBTAINECD FROM THE TELETYFE

INFUT FILE ZFECIFICATION:

FREODUCTING FILE

ceF1Z. S0
LINE S RELATIYE REICORBANCES - <1.1)0. w1.2).
CiFEELZ S
T. REZ FﬁP WL 1
Tr1. 10, 1 L Tel.

LINE

1

RHC 2. FIRET CATAR ZET:
‘.

THE YRALUES CORRESFONDING TO <1.3) AND <2

DHE ZAMFLE. THE YALUES FOR (1.0, 1.2,
ANC (2. 30 RRE NOT WRITTEN

THE 0ATA AFE REARCD INTO THE ARFAY RAEZ G- &0 2. HHEFE THE
FIRZT SUESCRIFT 12 THE TEMF. THE SECOND THE W L.
‘1 = Zed WM. 2 o= &3 NM O

COMMON ~DRTAS RES(@ S0, 20, FRACCA S0, 20, BLINE @ 2@, 4>
z NTFST. NTLAZT. HERL1. HERDZ. CT. CD

EYTE HEACL<&@). HERDZY SR

CHARACTER+IG FILENA

CHARACTER*ZZ CHECK

DIMENSION Reeh, Tl

+« GET THE HNAME CF THE INFUT FILE.
@ CALL FHNRMEFILENA>

IF <FILENR EQ - "> 30T 0@
OFENCUNIT=1@. FILE=FILENA. ZTATUS="0LD". ERR=126.

INTG THE ARFAY AREZ(R 342 THE MAME OF THE INFUT FILE AND THE

LINE 1. “MELT NORMALIZED REGULAR - ICDENTIFIEZ FROCEZ

LINE <. HERUEFR - 2@ CHARARCTERS <(ZOR1)

LINE Z. # OF SAMFLEZ. # CRTA SETI. #uWL. WL1. WLE
C11.1e. 14, 2160

LINE 4. ELANKS = «1.10.  £1.20. €1.3%. (2.20. £2.20,

Aol 2o, T2 30 ANE DD

IN LINEZ 4 ~ &, [F THERE ARE ONLY 2 fHMFLE-:

ARE NOT WRITTEN SIMILARLY IF THEFE 1% UNLv

“MoNs CORREZFONCS T THE MTH W L. . NTH SAMFLE

EE RS T 2SI R AT I ELEREREERERIEE R ES L I EER AR E R SR R R R R R U R R IR R S R TR R I AR
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T3,
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2 CARFIAGECONTROL="LIZT" )
GOTO 1S@

* ERRCR OFENING FILE
129 WRITE: SSUIF]LCNH
SSa FURMHT wwae FILE NOT FOUNG: - R/
z - A TRY AGARAIN 7.
GUTO 1@a

« REAC IN THE FARTICULARS. ECHC FOR CONFIRMATION

« FIRZT LINE IN FILE MUST EE "MELT NHFMHL]‘ED FREGULAR .

* OTHERWIZE FILE 15 NOT RIGHT TYFRE.

15& READ: 18, S20 CHEDK
S9a FORMAT- R
IF WTHEDK, NE  MELT NORMALIZEL REGULAR o+ THEN
WRITE g, SASFILENA. CHECE

Sa% FORMAT 7 «sbws FILE NOT CORFECT TYPE wwmwwe 2 1. A

CLOSECUNIT=4a,
- GOTD 1a6
ENC IF
FERDC 160, £@AIHERDL
eaa FORMAT Y SuHl
RERLA16. w20 NCUY NDSETS . NKL. THLL. IWNLE
€28 FORMATCI1, Te. 11. 1€, 1
SIF o “INLl CNE. Zeanr 0Ok CIWLZ O NE ZETY 0 THENM
WFITE: cJM:]NLl INL-

o4 FuFMHT-f Cowaend WRVELENGTHE ARE NOT RIGHT -
IS T4, 20, 14, SHQULD EE ;_-5'1 28 swEwme

CLOZE <UNIT=1&0
GOTC 1@

ENDIF
+ ECHO HERGER. # DATH SETS. W L. 5
NEITE:¢. 250 HEALL. MUY, NDSETS, TNLL. TWLE
€@ FORMAT. . 110, BBHL. v 10 12, IAMPLES. . 1d.° DATA SETS
z 147 2 WL L a1 =wL oz
+ GET THE SAMFLE NUMEER
200 WFITE: €. s@v
E20 FOFMATY *.© WHICH SAMFLET - . ¢

FERAD: S. Ta@,NZAMP
Tea FOFMATI4,
IF "NIAMF | EQ. 37 GOTO I
IF CNZAMFP . GT. NOUWY GOTO Zoe

*

GET HEADEF T0 IDENTIFY THIZ PARTICULAR SAMFLE

WFITE €. Taln

Ol FORMATS TUENT HERDER FOR THIS ZAMPLE . &
FEARDC S, TAZ  HEARD S .

ToZ FORMATY 2Nl

« GET THE PHTHLENGTH TG CORRECT THE ARESOREANCES

WFITE &, 7a%,
TaS FOFMATC " PRATHLENGTH OF CELL *IN CMyY = - . 3O
RERL S, FLAIFATH
IF (FATH EG @ + FATH = 1.
T10 FOFMATCF1a @)
FRTH = 1. ."FATH

« REAC IN OURTA

IR S
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* IGNQRE NEXT TWO RECORLS - THEY RE EBLANKS AND REL AES
REAC 16, 72a30UM1, OUNM2
720 FORMATIRL. /. A1)
* WE WANT T READ COLNMNS NSRMP AND NSAMFE + NCUY
* FERD IN FIRST RECORD TO GET FIRST TENMF
« CORRECT ABSOREANCES FOR FRTHLENGTH
NSAPCU = NSAMF + NCUY
RERC 1@, TEGY T TCI10. A1, 11=1. 2+«NCLUY
TER FOURMATY &<F7. 2, F& S5 2
NTFST = INT TO1) + @ @awl)
NTLRST = NTFST + NOSETS - 1
MBS HTFST. 10 = ACNISAMFE)O+«FPATH
HESNTFST. 20 =2 RINSAPCUY+PATH
* READ 1IN NE-T RECORDS
L0 N = NTFST+1, NTLRST -
READ 1@, T80 H']13311=1,2*NCUV 3
vea FOFMRATY €07, F& 53 -
REZN. 10 = AY N:RMF»~PHTH
MESIN. 20 = HONSAPCLD «PRTH
END DO
= DONE FEADING IN FILE. CLOSE INFUT FILE AND FRETURN
o CLOSE "UNIT=16
RETIIRN
ENC
TUBRUUTINE EXCOEF
EEE SRR EESUH R EEE SRR A S EEE R E R LT IREEEE R EERESEIECE R R R R R R L
* THIS SUBROQUTINE FRINTE QUT THE CURFENT “RALVEZ OF THE
* ENTINCTION COEFFICIENT FRARAMETERS. MNHNCD ASKS IF wOu WISH
+ TO CHANGE RNY. .
+« EARCH YALUE 15 NUMEERED 1 TO 1&
AR RS2 SR S R R R L ERIERHES SRR EELFEERERERE L T AR ERE R L RS PSR LR R R R ]
COoOmMMQaN AEXTINC,/ EZ=6SZ. 52ea
P4 Ex230E. 2227
z EZ2GIDF, 2232
DIMENZION EXTL1€)
ECQUIVALENCE “EXTI1,). EZ5Q35)
* WEITE OUT CURRENT YRLUES WITH COCE NUMEBER
108 WRITEY&. 6@(!
€00 FUFHHT- AL 260 MM T4, 283 NM L A
S B ExT S@ DEG SAOFE ExXT & DEG SLAFE T
S ¥ L ZINGLE STRRHNC CQUELE STRANCG  RERIPAN
NFITE €. €2@) EXT 115, 11=1, 8>, 711, 11=1, &)
€8 FOPMRT 1‘ 1P¢E1U.Z,,.1AA:-4J 1, 4D
WRITE €., €285 .
[ FGRMRT(*,lH A ¢ ETHICIUM FREE ETHICIUM BOUNE 17 ). .
WRITE €, ¢2@1(EXT 140, 13=%. 1€). ¢ 14, 11=%, 160

=200 WRITEE&. 708
Tad FORMATY ., ~ CHANGE WHICH PARRMETER? ~. %)

RERCCS. T10. EFR=20@) INST
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716 FORMAT:13) _
IF ¢ ¢INST . GE. 1> AND  <INST LE 165 > THEN
WRITE <6, 7201 INST.ENT/INST)

T FORMATL" OLD YALUWE FOR ", 12.7 = 7. 1PE1Z S..
e - NEN YALUE = L5
REACT. 74a, ERR=2QOIEXT{INST
T4 FORMRTCELS. @)

GOT 166@
ELSE IF ¢ <INST GE 1¥)» QR CINST . LE ~1)> > THEN
WRITEC&. TE@IINET

Tea FORMAT " =% INIT = ’-IE;’ MUST EE BET @ AND 1& 75

GOTO 106
END IF

* IF INST = @. WE ARE CDUONE CHANGING “YALUEZ

WRITECE. 2@e
S@2 FORMAT:" MAKE FILE OF EXTINCTION COEFF OHTR™ © . &0
READCS. 8200 INET
g1e FORMATAL)
IF CINST EQ "4 THEN .
QFENCUNIT=16. FILE="EXTINC. DAT . STATUS=" NEN . CARRIAGECONTROL=

: “LIST . ERR=43Q)
WRITEC1@. 820 HIEZER: 3 - Egeals
WRITE<14. 826)5233--- TS EZEILS
WRITE<1@. &2@sE2ealF CEZenlE
WRITE<1@. @202EZ&2Z0F CEZeIlE

e o] FORMAT 4 1FPELS €0 )

CLOSECUNIT=1a">

END IF

FETURN.

488 WRITEYE. 2500

5@ FORMAT +xewx ERFOR OFENING FILE = NOT WRITTEN #sdxe )
RETURN
END

CSUERUUTINE CRLCF

KM N A A M AT S 0K MG 3 46 MK A A NN
THIS SUEBRCQUTINE CALCULATES THE FRACTION OF THE ZTRANDS IN

DOUEBLE HELICES AND THE FRACTIOW OF ETHIDIUM IONS EOUND

THE SET OF TWO EQUATICNS IN TWO UNKNOWNES RARE:

All+FH + R12%FL = A1
RZ1+FH + RZZSFD = AZ

WHERE FH = FRACTION OF ZTRAND:S IM CEL HEL.
FO = FRACTION OF ETHIDIUM IONS EQUNC. AND

A1l = CT< EZEECS<T) - EZEAST(T+ > 5 CT = 10T CONC OF STRANCE

R12 = CO< E26@0E(T) -~ EZEA0F(T) 5 . €0 = TOT CONC OF ETHICIUM
AL = AZSE<T)H - CT+E2EAET(TH - CCSEZEA0F(T) : AIEG = ENFT AES
AZ1 = CT¢ E2SIDSHTH - E2EISSCTH O

RZZ = (D¢ E2SIDECTY - E2RICFTH O

AZI = AZEIITY - CT*EZEISSTH - COXEIRICF(TH

ENNNYMeTD 1S THE EXTINCTION COEFF DETERHINED BY THE EXT CUOEFF
AT @ OF S@ LEG CORFECTEL &% THE SLOFE. E G
Ege@DSiT)H = EZe@Si@) + S26@08/ T~

ETHICIUM AT 283 NM IS AN EXCEPTION SINCE 1TS MELTING CURYE
HAS CURVATURE WHICH CEFENCS ON CONCENTRATION. HERE.
2E3ICF<T) = EZSICF(SA) + S2EIOF(T-20) + AI#(T-90) %3

P EEE E EEE EEE EE N EEEE I I I
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WHERE RY = 4 S€E-6+SQRTICL) + 8 &4E-2
EZ83IDF(9@) = S5 1E4

THE TOTAL CONCENTRATIONS ARE CALCULATED FROM THE RESOREANCES
AT S@ [EG. CONLY SINGLE STRANDE AND FREE ETHIDIUM FRESENT)

COxEZ2EQDF
RzEZ = CT+ESS D*EZRINF
CET = (EIE@S: 3 13

E 3

-

»*

»

»

&

«

* c
- z OF )
* CT = (AZEO*E2 -
* *

&

¥

k3

'Y

&

+

*

*

*

‘

)
L0 = (EZCOSE: y -
 THE SOLUTION 15
LET = GEICLITS
FH = ¢RII#AZID =~ {AZI+AL12)
FL = '

+ THE FEZULTS ARE STORED 1IN ARRRY FINTEMF. 1> (FH) AND
+ FRACCNTEMF. 23 <FC.. :

*#***4********&¢*#**&****&#A***Gi*##**************4”1****40&4*00*60

camMmin ~EATINCS EZ CGD“ z2e
< E; 5. ; GDF S2¢
3 EZG3DF. 5283 I0E. 52 2
COMMoN ~DRTA.” AES{(® SQ. 20, FFHL G ge. ELINE(G'H

NTFET. NTLR:T‘HERDl,HEﬁbg.CTJCD
COMMON ~“OTHER, FOTHER< G 2A)
EYTE HERC1(Z@). HERDZ 32

18]

* DETERMINE THE TOTAL CONCENTRATION OF ETHICIWM AND STRANDS
+« FROM THE RESQOREANCES AT S DEG L AND THE EXT CQEFF:S.
IF (S@a GT NTLRST ) THEN
el WRITE &, @0 NTLRST
408 FORHHT" weksw TEMP DOES NOT REARCH S6 DEG - MAX = ~. 14. ..
= T INFUT ABSORERNCES AT Sa DEG MANUALLY. ~. /.
¥ CORRECTED TCO A FATHLENGTH OF 1 CnM - . /.
4 REBS 260 NM. Sa LEG) = . €3
RERC (S, 4za. ERR=%&) R:b
WRITE €. 448"
REARDY G, 420, ERR=S@R2ET
4260 FORMAT F16. @)
EEY FOUrMAT: " RES <23 NM. S@& CEGY = . &
ELSE
133 WRITECE. 463 ‘
40 FIOEMAT e USE AEIZOREBANCE AT SO CEG FOF CONC? - . §)
FERC S 42@5 INST
40 FOFMAT RHL1)
IF CINST _NE %' THEN
WRITE &, S0&)
FEAD: S. S10. ERR=10GIRAZEA
MRTTE: <. S24)
FEAL S, S10. ERR=1Q@0AR2ET
S FOFMRT e CORRECT THE AREBSQREANCES FOR 1 CM FATHLENGTH. ...
z TORES (Ze@ NM) Sé DEG = . %)
f14 FIOFMAT(F1a, &)
Saia FORMAT " RAES <283 NM) S@ [EG = . %)

ELSE

& CET
s DET
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* CALC FH AND FD FOR EACH TEMP. .

*

1]

L]

Lo

NT = NTFST. NTLRET
DETERMINE EXT COEFF AT TEMP T
T = FLUORTINT)

(BZe@SSATI + AZEASSIATZI+TI

N an
[RAYRD

Hun o n-—-

ZEIbF + S2E
ESDE = EZSI0EB + SZEI0E * T

ETRIDIUM FREE EXTINCTION COEFF AT 22 NM 13 GIYVEN EY:
ECGIDF Ty = EZEIDF96@) + ZZ2CIDF+(T-3@) + A T-2@)«*3
WHERE RZ = <4 GEE-6*3QRTICL) + 8 €4E~2) « EZEILF (26D

AT = ¢4 SEE-E+SORTICDD + 2. 64E-2) + S 1E4
EZDF = S 1E4 + SIRI0F#0T=98. ) + AI4(T-39 )l

IF NO ETHILIUM IN THIS 2R NFLE (DNA CHLY) .

) a‘q THEN
S EzE@ss

n

~

=

I

m

k]

-

rd

pur}
P-4 L ]

[

FH = © ABZONT, 13 = CT#ELSE 5 .~ { CT(EADS - E4S5)
FRACINT. 1) = FH
50TC zew

ENC IF

CALC COEFFICIENTS FOR SIMULTANECUS EQUATIONS

A1l = CT « « E10S - ELSS
Hls = (0 ¢ ¢ EACE - EIDF
A1l = ABSOINT. 10 - CT+E1SS - CD+ELDF
Azl = 7T = « E20S - E255 )
ez = 00w 0 EQUE - EXJCOF
= RESONT. 22 = CT+E283 - CD#EZDF

LET = “R11 * AZZ) - (AZ1 »= A1Z)

FH = o 'y o= CHZI o+ A12) > S DET
Fir = - fA21 * A23) ) S DET
IF "FH . GT » FH = 2%

IF ¢ FH LT ) FH = -3@

1IF *FO+ GT y FD = 9@

IF <F0 LT » FD = -89

FRACONT. 1
FERCONT. &3

RLZO CRLC F FROM MELTING CURYE AT Z33 NM ONLY

FOT = ¢ ABSINT.2) ~ CT+E25S - CO*EZLF »
¢ CT*/EZLS ~ EZT5> + CO#<EZLE - EZCF)
FOTHEF: N1 = FOT

SAYE UPFER AND LUWER BRSELINES‘FOE EQOTH WAYELENGTHS. .

BLINE“NT. 1)
BLINECNT. 25

CT#E1DS + CD=EADE .
CT#EQ15S + CO#+EACDF
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ELINECNT, 2) = CT+E2CS + CD#*E2LDE
BLINE NT,4) = CT+EZSS + CD*EZDF

EN[C DO

FETURN
ENC

SUBRQUTINE SCREEN

TR N0 N N T T 1 N0 o 2 5 N N R N M 0 o N o o A A o A o o e e

* THIZ ZUBROUTINE WRITES THE YRLUES FOR FRACTION OF STRANDZ IN
« DOUEBLE STRANCS, AND THE FRACTIOR OF ETHICIUM EQUND

18 LINES ARE FRINTED. THEN THE PROGRAM WARITS FOR A CARRIAGE
« BETURN TO BE TYFED BEFORE COMTINUING

RS RS B R ELE LRI EREEE R R ELE L LR EE RS RS R EEE RS TR R EEE R £ R R R U S

CamMmMon DRTAS ABS 6. 8@, 2). FRRCI0:28. 20, BLINE @ 6. 4.
2 NTFST. NTLRST. HEADL. HEARDZ, CT. CD
COMMON ~OTHER.- FOTHER @ 2@
EYTE HEADL- &G . HERDZ Y 3D
KRITE . S@e HEADL. HEARLZ2. 2T. CD
SE0 FORMRT Y. 7 16 LINES PRINTED. THEN OUTPUT WAITS FOR A ICR>
“ TYFE “R" {CRI TO ENO FRINTING. ~. .7
1, BAAL. /1K, 8GR A7 TOT STRANC CONC = ~. 1FELS <.
TOT ETHIDIUM CONC = 7. EL1T S, /0
TEMF FRACT CEBL STR  FRACT ETH EOUND FRACT OTH . .2

4 LIPIMD

NLINE = o
[0 N = NTFST., NTLARST

108a NLINE = NLIME + 1
IF “NUINE . GT. 1€, THEN
REAL S, SS&HYINET
L) FORMAT AL

IF ¢INST. EQ "R GOTO Zow
NULINE = @
SOTO lea

ENCIF .
WRITE<€. @@ N. FFACIN, 10, FRACCN, 2). FOTHER ‘N>
[RRI FORMAT(1X. 14. 3F1S 6

ENCHO
2@ STTURN
ENU

SLUERQUTINE NTFILE

AR RS AR EL I EERELEL IS LR LR B L R 3 R R 2R TR FUE T RURE IR R T S S T R

# THIZ ZUBROUTINE WRITES A FILE CONTAINING THE FRACTION OF
¢ LOUBLE STRANCIT AND ODYE BOUND. AS WELL AS THE AEZCGRERNCE
» DATHA ANC LOWER AND UPFER EBRSELINES FOR EBOTH WAYELENGTHS

v
# FILE SFPECIFICATIONS:

(3

* LINE 1 - "COYE MELTING CURYE-" TQ ICENTIFY THE FILE AS COMING
* FROM TH1S PROGRAM

* LINE Z - 10 HERGER FOR INPUT FILE

* LINE I - 10 HEADER FOR THIS SAMFLE.

* LINE 4 - NTFST. NTLAST. 21%.7 FIRST ANL LAST TEMF-

* LINE S - TOTAL STRANC CONC. 1FPE1%S %7 TOTAL STRAND CONC

* LLINE € - TOTRL OYE CONC. APELAS %, - TOTAL DYE CONC-

»* v

LINE - COLUMN HEARCERS
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LINE & - TEMF. FH, FL. ABZ.266). ABSI(28I).
LON EL. HIGH EL «2€@)3. LOW EL. HIGH BL <2&3)
1S.eFs.

* * + & r

« THE FILE NARME 15 GOTTEN FROM THE TERMINAL.
o N N S G G 5 6 A 0 N

L CMMON ~ESTINCGS

[EU O3

COMMON ~“CATRS RES @ Ra. 2 FRACC G 2@, 2 'ELINE~M;-,
NTFST. NTLHCT HERDl HEHD" CT.CD

COMMON COTHER,” FOTHER & 30

EYTE HERLL1 Z@). HEADC: T

CHRFRCTER+ZG FILENA

L]

v SET NHRME FOR FILE

1o CALL FHRMECFILEN®)
I CFILENR CEG. 7 70 GOTO 0o
CQFENCUNIT= 10 STATUS=" NEW" . FILE=FILENAR. CARRIAGECONTROL="LIZT .
e EFfR=15a" :
GATO za6
136 WRITE <. S0@) FILENA
Lo FORMATY " swess ERROR QFENING FILE #wma
GOTO 10

TRY AGRIN. "0

;l

* WRITE THE HERCERS

203 WRITEC10. €ad)
G&a FORMATY DYE MELTING CURVE )
WRITEC1@. S1@IHEACL, HERDS
€10 FORMATCSaRL
NRITE 1@ 6Z@/NTFST. NTLAST
FOFMATZIS. © FIRST AND LRET TENMF )
WRITECL1Q. 4@ (T, G0 .
E48 FOFMATAAFELS. &, 7 TOTAL STRANC CONC .~ E1S €. TOTAL OYE CONC D
WFITE 1@, &)
GEl FORMATS TEMP  F HELIX F DYE RES 260 HABS 233 LOW Ze@
i : Hl Ze@ LOW Z2&3Z H1 233 :
CC 1 = NTFST. NTLAZT
WRITE(1@. 6520 1. FRACCL. 10 FRACCT. 20, ABST. 10, HESfI,zw.
P BLINE<I. 1. BLINE«1.27. BLINE(T. 3. ELINECI, 43
€& FORMATIIS, SF3 4
ENC [0
CLOSE - UNIT=1@5
308 RETURN
ENE

Ty

Gl

-e
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SUE

RET

FET

RET
ENC

280

FOUTINE FHNRAME(FILED

o o e M 2 e 6 S e e K S0 0 o0 N 0o e S G o R o N A N S o o S NG o S
* THIS SUBROUTINE GETS THE NAME FOR A FILE., ACDING

* THE EXTENSION . DAT IF NONE 1S GIYEN. THE FILE

= NAME 1S RETURNEL IN YARIHELE FILE “CHRARACTEFR YARD.

#» IF NO NAME 1S GIYEN <ALL EBLANKS), FILE RETURNES -

0 o0 o 07 0 008 o S0 6 o 2 o o A o 8 0 o K A B o S o 6o o A

CHARACTER*Z@G FILE

WRITECE, 1840 i

FORMATS " FILENAME « COAT EXTENSION RSSUMED IF NOT GIVEND . “ . %)
READS. 12%5@. ERR=24Q)FILE

FORMART <R

FIND LAST HON-BLANK CHARACTER. AND RLCD . CAT EXT. IF NOT INCL

IN = LENCFILED

CO WHILE “FILECIN:INY (EG = 0
IN = IN - 1
IF "IN . EQ @) GQOTD z0e

NG 0O

LASTCH = INCDEXCFILE. 7. 75

IF "LASTCH . EQ@ @) FILE = FILEZ1 INOAS DRT

URN

FILE = -

UFRHN

WRITE&. &Q@@)

FORTIRT s 7 oo o 30 50 M0M0K K N R R o NI A S e,

T N N o o o R K K R R R e,

axkmt ERROR IN INFUT YALUE wwsorns, o,
G O o M 200 N e
M N 4 N N o o o o K R R K T )

LIRN



Program Stat. Program to calculate experimental ethidium

melting curves using a statistical model for ethidium binding

to oligonucleotides. The input files are written by program

Dyemlt.

T

)
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FROGRAM STRAT

R R TR S R T R R U R RN R R RV R R R R R R U SRR Y SRR S QR Y R T NEY T TRV MY R YT Y S S Y ST R Y T T B Y

THIZ FROGRAM CALCULATES THE EINDING FARARMETERZ OF A DYE CETHICIUM
INTG OLIGONLCLEOTICES. MUSING A STATISTICAL MOGDEL OF DYE EINDING.

THE MOCEL 1S CEFINED IN SUEBROUTINE FARTIT. WHEREIN DETAILE ON
THE MODEL MARY EE FOUnND

NOTES:

ONLY NON-SELFCOMPLEMENTARY QLIGOMERS MARY EE FIT g% THIS
FROGFANM. CHRNGES IN SUERDUTINE FARTIT MUZT EE MACE
TO RUN SELF-COMPLEMENTARY OLIGOMERZS

CATR MUST BE IN REQGULAR INTERVALS AT INTEGRAL [ES. O, EBETWEEN
2 AND 3@ CEG C. INCLUZIVE

UP TO 12 MELTING CURYES MAY EE ANALYZIED ZIMULTANECLSLY

THERMODYNAMIL PARAMETERS FOR DOUELE STRAND FORMATION. AND
MOCEL FPAFMMETERS S1GMA AND TR ARE JNPUT AND HELD CONSTHENT
THE FRARAMETERS OF CELTA H AND CDELTA S FOR OYE EBINDING ARE
THE BEST FIT FOR THEZE INFPUT FRRAMETERS ANC THE MODEL

CESCRIFTION OF PARAMETERS :

SELETS

NMELTS - NUMEER OF MELTING CURVWES INFUT « LE. 120

NTFST<1, = LOWEZT TEMF OF MELTING CURYE 1

NTLAST 15 - HIGHEST TEMF. QF 1.

NTFITL<1) = FIRST POINT USED IN FITTING FOR BINCING CONSTANTS

NTF1T2:1> = LAST FOINT ..

CEZTRAN. 1) = CONC OF NUCLEIC RCICD STRANCS

COvE 1D ~ CONC OF DYE <ETHIDTIUMD

MOQCEL ~ NUMBER DEZTIGNRTING WHIUH MOQCEL Tt USZE IN
SUEBROUTINE FARTIT. CSEE SUEBROWUTINE FOR CETARILS:.

SELEITS .
FHE:Fr1.J) =~ EXPERIMENTAL FRAC. COUEBLE STRANDS FOR MELTING
CURVE 1. TEMFERATURE J <(LEG ) J EBET. @ AND 4
FOEWFCI. Iy = EXPERIMENTAL FRAC. CYE EQUND
FHCALC 1. J) - CALCULATED FRAC. COUELE STRANCDE
FOOALC 1.0 - CALCULRATED FRAC. DYE EOUND

RFEGMY 1. J) - OYE BINDING EQUILIBRIUM CONSTANT WHICH FITE
FOEWPC 1. JD

CHIFHO I « REDUCED ©THI SQURRED FOR FIT OF FRAC. [ S OF
MELTING CURYE 1

CHIFDC 1 - RECUCED CHI SQUARED FOQR FIT TO FRAC. DYE EBOUND

CHIFHT - TOTAL REDUCED CHI SHOUARED FOR FRAC. O 5 FOR
ALL THE MELTING CURYWES

CH]FDT_ - TOTAL REDUCED CHI SQUARRED FOR FRAC. DYE EBOUND

SBLKTITS :
CELTAR H FQR DOQUBLE STRANC FORMATION.

CHHEL -
CSHEL = CELTA 3 FOR COUBLE STRANC FORMATION
OHOYE =~ GUESS FOR DVYE EINDING DELTA H

ADSDVE - GUESE FOR DVE IR Y~ AL PO O

281
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CHE1G =~ CELTA H FOR SIGMA PRRAMETER IN MODEL (ZEE FRRTIT)
LsS16 - CLELTR S

CHTAU =~ CELTA H FOR THU 'FARAMETER IN MOQDEL <SEE FARTIT)
LETARL - CELTAR = . .

SBLKIWA :
TINV Z@@e) - 15T COEG k=10 FOR ALL THE RAKEGM =
RALNK(T@EG) - LNCAKEGM) FIT TO EXFT L FRACZ DYE EQUND

NREG: I = HOW MANY POINTS FROM MELTING CURYE 1 RRE
IN TINY AND HALNK
CHEEST - CELTA H FOR OYE BINDING FIT TO ALNE wS. TINY
CSEEST - DELTA = FOR DYE BINDING FI1T
ERROH - ERFGR IN FITTING CHEEST
EFRCS - EFROR IMN FITTING DSEEST
K - LINERR CORFRELATION COEFFICIENT
MIsSC
ICENT - T. 2@ ~ 3¢ CHRRACTER 10 HEACEF FOF MELTING CURYE !
HEACDER @) - 56 CHARACTER 10 HEACDER FOR FIT TO CHEEST RANC
DIEEST

SUBROUTINES REQUIRELD:

SUBROUTINE FARTITCMODEL. MODE. KH. kD, CT. CL- S1GMA. TALL
FH.FC.F. 0. ITER D

SOLYES FOR EITHER kD «mMODE = 20 OF FO <MOCE = 10
USING THE MODEL SFECIFIED IN MOCEL. THE FARTITION
FUNCTION 1S RETURNED IN (. THE FRACTIONAL FOFULATICONS
OF DOUEBLE STRANDS WITH J DYES EQUND <J EET @ RAND 1@.
INCLUSIYED ARE RETURNED IN PJD ITER FETURNZ AS THE NUMEER
OF ITERATIONS REGUIRED. ITER = @ IF NQ FIT IS RCHIEYELD ’

SUBROUTINE INFUTYHERCDER. ICENT)
INFUTS NEW MELTING CURYES. YWALUES FOR DOUBLE STRAND
FORMARTIQN. SIGMA AND THLL. RAND THE CHOICE OF MOCELS

SUEFOUTINE FIT :
FI1TS AFEGM. THE EQUILIBRIUM CONSTANT FOR OYE EINDING. TO
EACH YALUE OF THE ExFEFIMENTAL FRAC. COYE EBOQUND

SUBRCOUTINE BESTE
CALCULATES THE EBEST FIT OF DELTR H AND £ FOFR COYE EINDING.
EY DOING A LINEARR LERST SQUARES FIT TO LN<HKEGM) V& 1.7

SUBFQOUTINE THEORY
CALCULATES “ALUES FOR FRAC. COUEBLE STRAND ANC FRAC. OYE
EQUNC USING EEST FRARAMETERST CETERMINED EY SUEROUTINE EESTH

SUEBRODUTINE FPRNTCHERCER. IDENTD
FRINTS REZULTS TO THE SCREEN. ANC OFTIONALLY TO A D15k FILE

SUEFCOUTINE FLOTCHEARDER. IDENT)
FLOTS LNCAREQM, %3 TINY FOR ALL THE MELTING CURYVES
TOQETHEF. AND FLOTZ ZEFARRATELY EXFERIMENTAL AND CALCULATED
FRACTION DOUEBLE STRAND ANC OYE BOUND

SUBRCQUTINE FNRMECFILED
GETS THE NAME OF A DISE FILE FOR INFUT QR QUTFRUT

SEVERAL FLOTTING ZUERQUTINES ARE UZEC FOR FLOTTING

(2R S AR SN R B TR I I N I N AR R A A R I I S I R T I I R I I N I N R R B 2R N B A

S o S0 o0 20202 o e K R SR N o 46 0 A S G54 W R A SO 09 KT K 2 Ao o ek
* THIS PROGRAM WAS WRITTEN BY JEFF NELZON. JUNE. 1332,
SR S o oM I HE K O 2 o0 M SR A A I N o o e o A

COMMON “BLKIA NMELTS. NTFST 120, NTLAST(A2) . NTFITAC12). NTFITZ (12,
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CETRANC1Z2). COYEY 129, MOCEL
LUHHON SBLKIT1S FHEXPZ12. @ 3a). FLEXPCA2. _:~
FOCALCC12. @ : 801, AKEGQM 12
CHIFHT. CHIFDT
romnon SBLKI11A DHHEL. DESHEL. DHOYE. OSDYE. DHS1G. DES1G. DHTAL. DETAL

IHIFH 15’ LHIFD&lE)-

CQMMON ~BLEIWA TINY 438D . ALNK (4000, NRESY 120, CHEEST. DSEEST. EFRLH.
s

ERRDE.R
EYTE HEHDER(&G),]DEHTﬁla K]

CRLL INPUTCHEADER. ICENTD

CRLL FIT

CALL REZTH

CALL THEORY

CALL FRNT HERCER. IDENT)

CALL FLOTCHEARCEFR. 10ENT)

WFITECg, 1a@d) .

FORMATY © MAKE FIT FROM JONITANT FARAMETERS ™ -, $»

REAC.S. 1920, INST

FORMAT AL

IF  <INZT . EM. “%7 1 THEN
NFITE':‘lU4v> '
FORMATC " VARLUES FOR CH. ©S FOR DYWE EINDING. 1. LINE: " 3
READ S, 1988, 0HI, 032
FOFRMAT F1S @
TRLL FIT
CALL BEZTH
CHEEST =
CESEEST = [&2
EFRDH @

R = .

CHLL THEFY
CALL FPRNT
CALL FLAOT

ENC IF
GOTC 16
ENC:

SUBROUTINE INPUTCHERDEF. ICENT.

B R R U I IR T

THIZ SLEROUTINE INFPUTS THE [YE MELTING CURYVES. FROM FILES
IFECIFIEL FFROM THE TERMINAL

S WFTO 12 MAY EBE OINFUT

THE FILEZ WEFE CREATED EY FROGRAM OYEMLT. WHICH CETEFRMINES THE

- FRACTION DOUEBLE ZTRANDE ANC FRACTION CvE BOUND FROM IELTING
. CURYES.

 FILE STRUCTURE

LINE 1 ~ “CYE MELTING CURYE®

LINE & - I0 HEACER FROM MELTING CURYE FILE

LINE 2 - 10 HERCER FOR THIZ FRETICULAR SAMFLE

LINE 4 -~ NTFZT.NTLAST. ZI1S. " FIRST RAND LRST TEMF®

LINE © - TOTAL STRANC CONC. . 1FELS S. " TOTAL STRAND CONCY
LINE & - TOTAL DvE CONC . AFE1S S. " TOTAL CYE CONC"
LINE 7 - COLUMN HERCERS

LINE &

~ TEMF. FH. FD. RES(2€@). RES 23,
LOW BL. HIGH EL 3 LOW EBL. HIGH &L <I83).
1%.3F5. 5

ENTHALPY AND ENTROPY DATA RRE ALSO INFUT. - AT WELL RS THE mMOCEL
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c * TQ BE USED
[ * .
c * UFQN RETURN FROM R LOOF FROM A FROGRAM. NEW MELTING CURY
C * DATA MAY BE INFUT. HNEN ENTHRLFPIES ANCD ENTROFIES. AND THE
C  « FROSRAM GOES AGHIN.
C *
C' R R R R R L ELEL LR EE L R EEELEIERI AR R RS R R £ R B EUR SR R R U R R I R I TP 1
C # THIS SUBROUTINE WAS WRITTEM BY JEFF MNEL JUNE. 15222
C EAEE LR L B B E EE IR FEE S 3 H LR SIS SRR S R T SR SR TRY S S TR T YR SR IR TR TR NET TR TR BT T Y v H S T Y O P
~
COMMON SELK 1. NMELTS. NTFSTO 120, NTLAST(LZ). NTFITL¢12). NTFITZ (120,

Z CETRANCIZ). COYEC12) . MOCEL

COMMON CELRILS FHEWPCA2. 300 FREXF (L2, 3205, FHOALC(LZ. v - 20

z FOCRLC 12, & S8, ARERMOLZ, v S0, CHIFH LDy CHIFD LD,

: CHIFHT. CHIFLT

CommMan CBLE111. DHHEL. DSHEL. DHOYE. DIDYE. DHZIG. DES1G. DHTALL DETHRU

COAMMON SRLE T TINY Q@G0 ALNE S 4@, NREG 12 . DHEEST. DZBEST. EFFOH

= EFRCE. R

EYTE HERCDEF S8, IDENT 12, 24

CHAFACTER+ZG FILE

THARFARCTER+17 THECK
i

Sa WRITE €. 100a)
laga FOFMATC INFUT NEW MELTING CURYES™ <. §)

REACCS. 1010, [NST
131d FOFMAT A1)
IF INZT ER ) THREN
NZZ = 0
CALL FNRME<FILE)
IF fFILE E& - aOGOTO Zaa
DFENCUNIT=10. FILE=FILE. STATUS= QLD . ERF=128)
FERLD .10, 1928  CHECK :
1a:0 FORMAT A
IF <CHECK NE. "CYE MELTING CURWE > THEN
WRITECE, 1933 FILE. CHECK .
1020 FORMAT «xwee FILE NIT RIGHT TYPE @wske . 4 10 A/ 1. RO
CLOSECUN T=10)
GOTO 1ea
END IF
NZZ = NZIZ + 1
READ . 10, LalainN0Uum
FEADCIA. 104 CIDENTINIZ. 10, 1=
WRITE &, 184S, VIDENTSNIZ. 1), 1=1
FERC LG, 10Sa NTFSTONIZ . NTLAST Y NS
FERDC Y13, 10 CETRANINZI)
FEAD 18, 1080 COYECNED )
FERD 18 102139 NDIM
FERD 1. 107@ ) (FHE P NIZZ. 1. FOEXP(NIZ. 1.

[
o
T

z I=NTFITONIZ . NTLRSTONZZ )
CLOSE-UNIT=1a)
LHdn FORMAT  &GM1)
1047 FORMAT 1<, 28R1)
1050 FORMAT. s
1860 FIEMATE
1ava FQFMAT

& £t
IF CNZZ L E@. 120 GOTi So
GOTO 160 :

1z4a WRITE €., 12@a3FILE
116 FORMAT . 4 saww FILE OFEN ERROR #wwes - /)
GOTO 160G
ENL IF

Z0a IF <NZZ EG@ 0. THEN
WRITEC&. 1156
11%a FORHﬁTa" w*% OLL MELTING CURYES USED AGAIN wwx- )
ELSE
NMELTS = NZJ
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ENC IF

GET THE THERMODYNAMIC YALUES.

EQHEL = EXP¢{(DSHEL - DHHEL.'Z S0
EQCYE = EXFC/DEDYE = DHOWE. D! S
EQSIG = EXF«(DS2IG -~ DHSIG =T
EQTRU = ExF<(DSTAU - DHTALLS Sa
WEITE &, 12@6)
FORMRAT ¢ THERMO YARLUES : -
N - PRREAM CELTA H CELTA = KOSSDEG)
WRITE &, 121@71. "HEL1X" . DHHEL. DTHEL. EGHEL
WFITEL&. 121052, "OYE <. DHODVYE. DSDYE. EQCNE
WRITE €. 121%,3. “S1GMA . DHST1G. DSECS1G. ENSTG
WRITE e, 122054, "TAL < . OHTALU. D‘Tﬁ“ ECTAI4
FORMAT 13, 2%, . 3YV1FEL11l 4.
WRITE =. 12205
FORMAT . - CHRNGE WHICH PRRAMETER «a=0rnNEs - - . 35

FEAC S 1248, ERR=2285 INST

FORMATC IS

IF ¢INST EQ. 1) THEN
WRITECE. 12@0:
FERCCS, 15310, EFV 2
FORIMATY "~ NEW Lu
FOPMRT(EiS.G)

ELSE IF <INIT EQ 20 THEN
WRITE #. 1208
FERCYS. 121v. ERR=23¢) 0HDYE. DEDVYE

ELZE IF “INST E® 2.0 THEN
WRITE~ &, 120D
RERDCS. 1210 ERF=Z

ELSE IF <INST EQ 4
NFITE~F 17@a)
READS. 1310, ERR=ZEAIDHTALL D3 THL

ELZE
3OTH Zaa

END IF

GOTO 2S@

WRITE(xw. 12%@)

FORMAT e ERFDR IN INPUT YALLIE «#w7 )

SOTO Sé

CONTINUE

3 DHHEL . DEHEL
ES <1 LINEY 70

[WOOHIIG. DETIG
) THEMN

GET MOLEL NUMEER FOR SUERDUTINE FRETIT

WRITE . 14am,
FORMAT O WHICH MODEL NUMEER™

1 = ALL ZITES EouAL . .. 2= 1 TFHHu T1TE

I = TWO STRONG ZI1TES ON END < TALL o

4 = STRONG SITE ON ZND B P - .7

T = STRONG S1TE N ZRD B P .-

& = COOFERATIVE EINDING <TAUL ., .

vo= ZIGMA.c TAW STRONG SITES .

& = STRONG ZITE + CQQFERATIVE . .~

2 = TWO STRONG SI1TES + CQOP
FERL.S. 1426, ERR=2EQ.,MOCEL

FORMAT 1S,
IF <nmoCEL  E® @) GOTO Sa

GET HEALER FUR THIS RUN. AND RETLIRN.

WRITE e, 1506,

FORMRAT -, © HEADER FOR THIS RUN: -
READY S, 1S1@ HERDER

FORMRAT " @Al

KETURN

CEIGMEN T
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ENC:

SUBRQUTINE FIT

EE R R L R R E R R R LN E R E R R L R RN L L L e R SRS R R e S R R R R

+ THIZ SUBROUTINE CETERMINES THE YALUE FOR kD. THE EOUILIERIUN

+ CONSTANT FOR BINCING A DYE CETHIDIUMD, FIR EACH EVFEFIMENTAL JYALUE
« OF FD. FRACTION OF DYE EQLND. RESULTS ARE STORED IN THE ARRAY

+ AKEGM ;

b

« THE FITTING 1S DONE FOR FPOINTS WITHIN A RANGE OF FO. RS

« ZFECIFIED IN THE FAFRMETERS FLMIN AND FOMAX

*

# THE FITTING ROUTINE IN FAPTIT 12 A NENTON 5 METHOD. THE INITIAL

« QUEZZ FOR KD 12 FROM DHOYE AND DE0YE IF THE FIRIST TENF FOR THAT

4 MELTING CURYE. OTHERWIZE 1T 15 THE “ALUE CDETERMIMED FOF THE

« FEEYIOUS TEMFERRATURE

*

« SUBRCOUTINES WZED:

-«

* SUEBFQUTINE FARRTIT-MOCEL. MOCE. KH, KDL CT. CO. SIGMA. THIL

« FH.FD.F. Q. ITER

* " CALCULRATES KD TO FIT THE EXPERIMENTAL FO. EY ZETTING

* MoLE = 2. MOCEL SFECIFIES WHICH MODEL FARTIT ZWOULE UEZE

& M :

RS IR RETENEEEE I REEE S RELEEEE S EE T 23 FE R E R E B L RUR SR SRR BUE R R R S o 2
 THIZ SUBRCOUTINE WAS WRITTEN EBY JEFF NELZON. JULY. 13232

EE R R EAS ERE R LA EES IR LR E RS EHEEE R L EEEE RS R EE L S 2 EE S R SUS RN ISUE JURNCE U I R

CﬁMMOH SBLELS HMELTS. NTFETA125 . NTLRST 120, NTFIT1<12 . NTFITz 12
’ CETRANGLZ) . COYECLZ 5. MODEL
rnmmun CSELKITS FHEXPO 12, @ @85 FREXF 1L @ 200 FHIALCY 12, 6 2té),
FOOALC 12, @ 2@). REEGMC 12, @ 200  CHIFHC LI CHIFD L.
CTHIFHT. CHIFDT

CamMMoN “BLE 111, ODMHEL. DSHEL. OHDYE. DSDYE. DHS TG D215, DHTAL. DSTAU
COMMON CBLETYS TINY 400, ALNE c4205 . NRES 12 . DHEEST. 0IEEST. ERROH.
z . ERPCE.R

FREAMETER <FDMIN = @ 2. FDMAK = & £

DIMENSIOGN Po@- 1)

FEARL KH. KD

o I=1. NMELTS
J =
OO WHILE YFDECF:T. BT FOmMA:
J = J + 1
ENC D0
MTFITiv1: = J
vl = &
L1 WHILE <FLEXPYI.JIH . GT. FOMIND
TEMF = FLOAT.J9 + 273 1%
bH = EXPICDIHEL - DHRHELATEMF <o SHI3)

+ UZE DSUYE ANC DHOYE FOR FIRET QUESS: UTHERWIZE. FREVIOUS kD
IF <D EQ @ 5 KD = EXFICDEDYE ~ DHOYE/TEMF w0 SOI21)
* USE KD = 1. ES AS INITIAL GUEZZS
IF vkl _EG 9 . KD = 1 ES
SIGMA = ExP{(DIZIG - DHIIG TEMF)

TAY = EXP7{DITAU - DHTHU.TEHF'*U b
FDr = FDEXF(1.J"
CT = CZTRAN'T)
cC = COVYELID
ico CALL FARTITIMOCEL. &. KH. KD CT. G SIGMA. TAU.
FH.FD.F 2 ITER S
* ITER = @ OR -1 IS ERROFR CONCITION

[
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IF CITER .EQ. -1 THEN
WRITE<&. 12@0)MOCEL
1z08 FORMATC- w%% NO MODEL NUMBER”.12.” IN PARTIT. ZET TO 17
MODEL = 1
GOTO 180
ELSE IF (ITER _EQ Q) THEN
WRITE<&. 121001, 1. FD

1218 FORMAT . www NO CONYERGENIE. . IZ, "TH MELT. T = 7. 14.
& e FB o= L.F2 S
AKEQMCI. J) = &
ELSE
MKERMCT. JD = KD
ENC IF
NTFITz1> = J
J =17+ 1
EnNe oo
ENC ON
FETURN
END

SUERDUTINE EESTK

AR A AT PR L B R ERHENS XL AL ER L 22 1 B R R E R S £ 2R ER R R RUE R R R T R

« THISZ STUERCUTINE DETERMINES THE EBEST YALUE FOR THE EOUILIERIUN
* CONSTANT BY DOING LINEAR REGRESSION ON LMD YT 1T

* .

+ INFUT YARIRELES .

-

* AEEQMYT. J3 ~ KD FOR MELT 1. TEMP .S, )

* NTFITLv1» <= THE FIRZT TEMP FIT FOR MELT I

* NTFITZ"1» = THE LAST TEMF FIT FOFR MELT 1

*

* QUTPUT YARIABLES

&

* RLNY - ARRRAY OF LNoKD) %

* TINY ~ RRFAY 0OF 1.7 “KELVYINY &

* CHEEST ~ DELTR W DETERMINED HEREIN

* CLSEEST - CELTA = .

* DHZ1G  ~ EFFOR IN DHEEST

* 0ESIG -~ ERROR IN OCSEBEST

* 5 ~ THE CORRELATION COEFF

A e M e N T NN N 1 T NN TN ST N N S NG e 1 T T g *0'- A A A R R

+ THIS SUBROUTINE WAZ WRITTEN BY JEFF NELZON. JULY. 1332

A N0 M NN N T S N S S N NN R M A S T S o A e

COMMON CBLELS NMELTS. NTFETOA2)0  HTLRST 12D WTFIT1/ 42 NTFIT2 L2,
2 CETRANY 120, COYECLZ) . MOCEL

COMMON SBLKETTS FHESPC12. 33 FOEXPC12. @: 2@, FHCALC (12,
. FOCRLIZC12. 0 00, RREGMCL2. @ &30 DHIFHY 12D,
. CHIFHT. CHIFDT

COMMON. ~BLK111.. OHHEL. DSHEL. DHDYE. OSDVYE. DHEIG. DES1G. DHTAL. DTAL
COMMON SBLETYS TINW(4@@)0, ALNK (4825, NREG(12). DHEEST., DEEEST. ERRDOH.
Z ERRDS. R

P2

« CREATE RAFRAYS TINY AND ALNK.

INC = 2
CO 1 = 1. NMELTS
NFEG<Ts = NTEITZ2:I) ~ NTFIT1(I) + 1
0O J = NTFIT1: 10 . NTFIT2Y 1)
* AEEGQM = @ SIGNALS NO FIT
IF *AKEQM:]1.J1" EQ@ @& » THEN
NREG: 1) = NREG:I)d - 1
LATO 1@@

287
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END IF

IND = INC
TINYCINDD
ALNKCIND

nn+

1
1. A SFLOATCTY + 273 150
ALOGY AREQMCTI.J) O

iee END DO

ENC CC
* DO LINERR REGRESEZION ANALYZIS

MOQDE = @

CALL LINFEG:TINY. ALNK. DUM. IND. MODE. A. ZIGMAA. B. ZT1GMARE. RO
DHBEST = ~gwi <7

ERRCH = 1. Q8T +I1GMRAE

CSREST = 4
EFRDS = 1 227+«S16GMAR

RETURN
ENC

SUBROUTINE THEORY

SN N NN 6 A I 0 6 N N M A A S0 N A
THIZ ZUERQUTINE CRLCULATES THE YRLUEZ FOR THE FRACTION COYE EBOUND.
AND THE FRACTION COUEBLE STRANDS. USING THE YWALUES FOR DHEEZT

AND DSEEST CETERMINED FROM LNCKD) S 1-7

+ 2 ¢ % ¢

SUBFOUTINE FPARTIT DOES THE CALCULATIONZ

o N M N N A AR N 0 N N S R S o 0 N S T e T G L T S e e
+ THIS ZUBROUTINE WRAS WRITTEN EY JEFF NELZON. JULY. 138
RS RET PRI RS LR LS LS 2R E L EE RS SR R AR SUE R R R U R R E R RUEE TR S Y SR

COMMaN ~BELKI. NMELTIS. NTFITCLS 0 NTLAST O 10 NTRITL 12 NTFITZ L2,
2 CETRANC1Z), COYE 220, MOCEL

COMMON CBLKIT. FHEGF(1Z. @500, FOEXPC1Z. @ 230, FHCALC(1Z. & 290,
z FOCALCC1Z. @ ). AKERM: 12, @ 300, CHIFHO1Z) . CHIFD 12,
3 CHIFHT. CHIFDT

COMMON SEBLKIT1. DHHEL. DSHEL. CHOVYE. CSDYE. OHETG. 0SS 1G5 DHTAL. DETAL
COMMON SBLEIYS TING 40 ALNK 4@3) . NREG (120, DHEEST. DSEEST. ERRDH.
. ERFDE.

YARNCE. R

Py P}

FERL KH. KL
DIMENSION Pra- 1)

* INITIALIZE AFPRAYS WITH -1,

B0 1 = 1. NMELTS
0o J = @ .20

FOURLCYI.J) = =2
FHCALCCT. J) = =1

ENC OO
ENC DQ

* CRLCULATE FOP EACH EXFERIMENTRAL FOINT

Lo I=1. NMELTZ

CT = CETRAN T

Cl = CLYE<ID

FD = . %

O JT = NTFSTC1,. NTLAST 1)
TEMF = FLONT{JT) + 273 19
KH & EXP{IDSHEL - DHHEL TEMP)«@. Su3I)
KD = ENPCIDSBEST =~ CHEEST/TEMF ) #@ SA53
SIGMAR = EXFC(LSEDS - DHSIGATEMP I & S




P e

Yy R LR

c

TAL EXP{DETAU - OHTAUSTEMF ) »@ Caz
CALL FARTITMOCEL. 2. KH. kL. CT. CO. 2161

z FH.FD.F. Q. ITER
IF ¢1TER .EQ. Q3 THEN
. WRITEV&. 080 1. JT. FD
a0 FORMRATS " #«¥x ND CONYERGENCE FOR F
2 7. TEMF . 13.7, FD = .F3 53
FO = @
FH = &
ENC IF
FOCALCZ1.JTY = FD
FHCALCY1.JT) = FH
ENC 0O
END C0
+ CALCLLATE CHI SGURRED FOR THIS FIT
CHIFDT = @
CHIFHT = @
NTOT = &
0o I=1. NMELT

CHIFOC 1
CHIFHC T .
DO J=NTFITL<1 1. NTFTITZ: 1
CIFF = FLEF<1..T) FECRLCCL. )
CHIFCCTIs = CHIFCMIY + DIFF+CIFF
DIFF FHEWF T, I =~ FHIALOCI. I
CHIFHY D) CHIFMCI) + DIFF«LIFF
ENE DD
CHIFDT

Q%

=

CHIFDT + CHIFCDI) .
CHIFHT = CHIFHT + CHIFHYI)
NT = NTFITZ2¢13 - NTFIT1:I0
CHIFDY 17 . = CHIFD: I
CHIFHCT CHIFHC T
NTCOT = NTOT + NT
ENC O
CHIFCT
CHIFHT
RETURN
Ene:

+ 1
TFLORTYNT=2)
4 FLORTENRT=-2

CHIFCT
CHIFHT

FLOAT NTOT -
FLOATINTOT -

wu
| 0N X

SUEROUTINE FRNTCHERDER. IDENT

R E R R R R b R RUE R R R R LR U B URL R B E R LR SUECEUE S R R R A R E R U U R S SRUR U RURURUE R I A A

+ TH1Z ZUEROUTINE FRINTS THE FREZULTS TO
« FOF LATER FRINTING
A A e

* THIS SUEBROUTINE WRZ WRITTEN BY JEFF NELZON

THE

EX T T S 3 B RES SRR IR FIE SRR R RS SRR R RUE SR R R SR SRR R R 3R IR R AR S SRR SR IR N A

COMMON ~BLKIS NMELTS. NTFETS 120, NTLRIT12),
P CETFANCLZ. CYECLZ) . MOCEL

FHENP (12, @300 . FOEXP {12, & &

[
COMMON CBLKITS

2 - FOCALCY12. @900, AKEGMI12. O 3@, CHIFHC12) . CHT
i . CHIFHT. CHIFDT

COMMON “BLKITI.~
COMMON SELEIYS

OHHEL. DSHEL. DHOVYE. CSOYE. OH
TINY 4@, ALNK S 40@). NREG 12
ERRCS. R '

EYTE HEACER 3@, JOENT 12, 33
CHARACTEFR«IA FILE
LOGICAL SCREEN

+ PRINT OUT SUMMARRY OF FIT. CHI SQUARED TO S

=
H. TAU.

C. MELT".

SCFEEN OF TO DISK FILEZ

[T
UYL 1E

IR BRI R DR A N )

NTFITL012y. NTFITZ: 1.

1, FHOALC <12, & 20,
Flolzn.

216G, LSS5, BHTAL. BETAL
), DHEEST. DEBEST. ERRDH.

CREEN

289
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P W0 W o W '}
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SCREEN = TRUE

290

INRITE = &
SOTO 200
+ DETERMINE IF Cl:sk FILE 13 DEZIRED.
160 WRITECE. 10G00
1003 FOFMAT: . NARME FOR CISK FILE CRETURN = NONE: )
CALL FMAME FILE.
IF JFILE Euw T e
CFENYUNIT=16. FILE=FILE. ZTATLI= NEW EFRF=120)
IWRITE = 14
GOTO 2ai
120 WRITE €. 1asaWFILE
1é20 FOFMAT swwae ERROR QFENTHD FILE +#eewe P
GOTO 18w
S0 CONTINUE
ER R S RS R R R R R R RE R D R R R R R R R T R e o e R R o e R R R R T TR S e S
* WRITE OYERALL CHARACTERISTICS
X R IR R E EE R A EEE R SRR R FRUE R R U R R SR U RS PR TR T Y R S TR IR TR T BN A2 N A TRY T TR ST SRR T T R SR S 5
WFITELIWRITE. 20@@ HERLER
2000 FORMAT 1ML, 2GRl
WRITECIWFITE. 2320 MOLEL
s@z@ FORMATC S MOLDEL USED WA 7. 129
EH = ENMFICDSHEL - CHHEL.” S IR ] K
ELr = EXF  DZDYE - UHDWE. 1574 ]
EX = EXFreDE316 - DHID)S 1S« TZ3)
ET = EXFOLDETAL —~ CHTALLS 1S e@ SRAIZH

UFITE INFITE. zaSa

2058 FORMAT. . o

ICHHEL . DX
OHZ1G. DE21G. ES.
ELTA H EELTH

HEL . EH. OHLYE. DE0YE. ED.
CHTHRL. OSTALL ET
3

v2s DES

z 1FEL4 4. ELT 4.ELT 4. HEL I ..
z El4 4. E13 4.EL1Z 4. CYE u”E;_”-rU
=+ Eld4 4.E1Z 4. ELI. 4.7 SIGMA ...
< El4. 4. E1Z. 4. EQZ. 4 TALE
EE = ExFc/DIBEST -~ CHBEST 228 15«0 SAZ3I)
WFITE: IMRITE. 2100 UHEEZT. 'EXT. EE. R ERROH. ERRNS
Z1oa FORMAT S APEL4 4. ELZ 4. EX CvE. FIT. Fo= . aRF: S
= 1FELS 4. E1Z. < ERFOF" D
WFITECIWFITE. 2194,
li?ﬁ FORMRT““ 12, REDUCED CHI SOURRED . .
S MELT FeDvE FOHELTND  FOINTS FIT .00

NFITE INRITE. 2290
FORMAT:. QYERRLL
WFITECIWRITE.

L

a;JU

22%a FORFMAT 12 1FPEL1Z. T,

IF (Z{FEZEN. THEN

SCREEN = FAL:
GOTS 160
ENC 1F
R K M N K o N
* WRITE FPRRETICULARS
ERE R EE R ET £ ME IEE S

I=1.HMELTS
WRITECIWNFITE.

oo

Ll

117

>
-

FORMAT 1H1, S@AL. .

WCHIFCT. CHIFHT

lPsl- I.E12 3.0
AT CHIFDGT 0 CHIFHY T,
Elz 3. 1T

Al

NREGCT . I=1. NMEL TS

-

c.

B R R R R EUE R SRR USRS RS TR SR B SR S B R R R LA R R R TR TR T Y TR T U T SR Y R T T ¥
FOR ERCH FILE
B0 B 3R R R R R R R SRT Y TR TR BRY Y TR TSY LA TR G GRY Y R TRYTRY LY RY U N G TP Y Y Y R TR PRV O R T S T S

CQB“ICEHT 1.J5.
S 1FEAZ. S

FOIHTS FITTED-

1. %280 . CSTRANC T D,

CONG " .

J= COYECTIH . NFEGIT)
ETF D E1Z. 5.7 DYE CONC



]

U B O B O ]

[ ol o)

WRITECINRITE. Z@2@)

291

zaza FORMRT .~ TEMF EXFT FD CARLL EXFT FH CALC”
NETART = NTFIT1:¢1) ~ 1S
IF CNSTRART . LT. &) NSTART = @
NETOP = NTFITZ2:15 + 1%
IF CNSTOF . GT. &G0 NETOR = €A
LG J = NSTART. NSTOF
WRITECIWRITE. 318a).7. FDE“P'] Jy FOORLICCT. I
2 FHESP{1. Jo. FHCALCCT. J)
I1aa FOFMATC IS, Fa 4. F3 4. F12 4. FE 43
ENC D2
END 00
+ DUINE WRITING
IF CINRITE  EQ@ 1@ CLOSE <UNIT=1d0
Ioa FETURN
EN(:
SUBKOUTINE FLOTYHERDER. ICENT
R R R R R R R R R R Ry Ry R o S VT % TR R Y Y TR R R BT Y Y Oy ey BRAEUEL R R LR BUR TR R R R R SR S R S R
* THIS ZUBFROUITINE MAKES FLOTS OF THE LNOGKDY Y2 10T, AND THE
= EMFERIMENTAL AND CALCULATED FRACTION OYE EBOUND HNC COUELE YELIH
hh B R ER LR R A RS RE EEEEEELERERE LR R R R R R SR SRR TR S T 0 YR T TR VY VY R TR Y TR S TR Y R N OV ST TR T O TN

COMMON BLKI. NMELTS. NTFST 2 NTLASTOLZ  NTFITL 12y . NTFITZ o

2 CETRANY 125, COYE 120 . MODEL

coMMon ASELETIL FHEXF 12, @ 20, FOEXF 1-.L VLFHOARLD L. 6 ses

c FOORLCY L2, @ 280 . AFEGQMILZ 1o CHIFHOLZy  CHIFDOLS
3 CHIFHT. CHIFDT .
COMMON CBLKTTTS CHHEL. DSHEL. DHOYE . DSOYE. DHZ1G. IS 1G. DHTAU. DETARY
COMMON “ELEIYS TINY 4830 ALNEC4@@), NREGC12) . DHEEST. 0SEEST. ERRDH

z ERRDES. R

BYTE HEACER (2@, IDENTCLZ. 330
LOGICAL FIRST. CUHANGE

CIMENSTION Hv 31, 210 YFITOEL

CATA FIFST. CHANGE.

TRILE. . FALSZE. .
CRTA GXMIN. GMAX GYMIN, GYMACS20 0118 20, 0%
CATA GHMING. GMRX2. GYMING. GYMRXZ 28 . 3% .15

o] .
CATA LAESIZ NTISIZ, TICLEN. TICLAE-1. 1.1 .2 ./

CETERMINE. IF ANY FLOTS RRE CESIRED
WFTITE e, 1@aa,
FORMAT .7 Ml E FLOTSY . %)
FERDCS. 10100 INZT
FORMAT HL)
TF CINST  HE. - % ) GOTO Saa
IF “FIFST» THEN
WRITE ¢, 14Za .
FOrFMAT  FLOTTER CORTIOQNS (E. G 4814, 2.
FERC . 1043. ERF=S3)N1. N2
FHFMHT“ IS

WRITEC&, 10580

FDRMHT& MRKE FLOT PARAMETERS CHANGRELE?T
FERD S 10100 INSTZ

IF vINSTZ EQ 4"+ CHRANGE =  TRUE

CHLL GRITRT N1, N3O
CALL TxAn
FIFST = . FALSE

ENC IF

T )



i1ee

1124

S0
1144

Py ’

L

RS RN ]

MAKE PLOT OF LN<K) WS  1-T

WRFITE<E, 116G@)
FORMAT. FLOT LN<k) ¥S 1.7 70 %)
READCS. 16220 INST
IF CINST (EG. - Y') THEN
IF <CHANGE:» THEN
WRITErs, 11290
FORMRATY  USE DEFRULT YALUES™ 7. &)
FERL S, 10103 JNST2
IF CINSTZ NE %' + THEN
NRITECE. 1139
FOFMATL" CHRHNGE THE YRLUEZT . %
RERD S, 10180 INSTZ
IF vINZTZ E® %" THEN
WRITECE, 11430 5:5MIN. GicMAK, GYMIN. GYMAX

FORMAT. " LD YALUEST FOR GHEMIN. GxMAL. GYMIN, GYNA

ACAFELZ 4.0 E12 4. ELD 8.0 ELE 4L

NEW YALLUES <1-LINE T

FEADCS. 1150, ERR=ZAADGAMIN. SHEMAK, GYMIN. GYMAE

FORMAT I FL1S &)

WRITEC S, 11w@0<MIN. MR YIMIN, Y MAS

FORMAT .7, QLD YRLUES FOF SMIN. MR, YMIN. YMAx
1FEL2 4. EL12 4. E12 4. 7 E12 4.

. NEW “ALLES “1-LINEY . " '
FEADC S, 1156, ERR=2G40 M IN. SMAX. YMIN. YMA:
ENC 1F
, GOTO a6
ENC IF

ENC IF

CETEFMINE RANGE OF DRTH

NTOT = i

CD I = 1. NMELTS
NTOT = NTOT + NREGC 1)

ENC 0O

CALL MINMRGCNTOT. SSM <E1G, TINY

CARLL MINMAN NTOT. ’

wMIN = CxKSM - A

wMAN = BTG + 201 ;

YMIN = YSM - @ 1eiYBIG - YEM

YA = YBEIG + @ 1+vBEIG - YIM)

TET WP RIIS LHRBELS. )

CALL AIZYXMING <M, SLREST. “LABIND

CRLL AIZSOYMIN YMAS fLREST. YLHEIND

CTICIN = @ S~:HLREIN )

STICET = HLRAEST

IF ¢ vxTICET = WTICING . GE. =“MIN O <TICST

YTICIN = @ S+YLRETIN

YTICET = YLREST

IF v WTIC2T - $TICINY GE. YMIN O YTICST = YTICET - YTILIN

MAKE RUEZ.

IF “CHANGE W THEN
WRITE S, 1150,
FOFMATY © MALE RIED®
READC S, 112 ITNSTE
FOFMAT M1
IF CINSTZ NE. "% o G0TO 408

ENC IF

CARLL GRICYGHMIN. GoMAX GYMIN. GYMA, SMIN. CHAS YMING YMAL

HTICET, “TICIN.YTICET.YTICIN. TICLEN)
CRLL LREEL " GuMIN. GHMRAM. GYMIN, GYMAC SMIN. SMAG YMIN YMAE.
LABZIZ, TICLAE. WLAEST. XLAEBIN. 4. 2.
TLREST. YLAEBIN. £. 2.
@, DUM. @ D, 3, oM, &

WTICEY - STIZIN

GRAFH EACH MELTING CURWE
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403 NCHAR = @ .
INGD = @
O 1 = 1. NMELTS
NCHRR = NCOHHE + 1
IF <NCHAR  GE. 2 NCHAF = 1
0O J = 1. NREG<I)
ING = IND + 1
¥ gD TINYCIND ¢l ED
Yo g ALNE < INED
END DO
CARLL FOINTCGHMIN, GmAx, GYMIN. GYMAS. <MIN. <MAS SMIN. vMAs,
NREGC I ). NCHAF. 1. «<. %)

=

ENC OO
* PLOT LEARST SQUARES LINE

XOGYMIN. GYMRK, <

e YMING YMAK,
~CHEEZT#1. ’

# FINIZH FLOT

CALL HOME
CALL GRSEND
ENC IF

+ DETERMINE IF MELTING CURYES RRE T EE PLOTTED.

L EMINZ
CMALE
YMIND
PMRE = 1.1
OO 1 = 1. NMELTS

WFITECE. 126050 ] v
FOFMAT " FLOT MELTING CURYE #°.12.  «"R" = RETURND = . §)
FPERDY S, 12130 INST

a5
% 5

1

la1é FORMATHL

IF CINZET  EQ "R GOTR £
IF CINST NE. -2 ) GHTO Soe

* FLOT FEACTION OYE EBNLRCD

WRITE- €. 125600 |

125a FOFMAT - FLOT FFRAC. OYE EOJUND™. . £)

FEAD: . 121@0 INET
IF <INET (EQ@ -4 ) THEN
NIHAR = 1
HNZIZ = 1
IF v CHRNGES THEN
WRITE &, 12600

1246 FOFMATY " SYMECL # . f)

FERDY S, 127@INCHAR

1z FORMAT 1S,

WRITE &, 1250
Py FORMRAT SymMeOL SIZE. . &)

FERDY 9. 127@0NS12

ENE IF

INC = @ )

0O J = NTFSTCI0. NTLAST I
INC = INL + 1
KOIND = FLORTJ)
YOINCDY. = FLDEURY T, g0
YFITCIND) = FDCRLGY1. )

ENC DD

CALL PLOTITYGAMING. GXMAKS. GYMIND. GYMALT.

1 KMINZ. XMRX2, YMIN2. YMAXD.
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MMINZ.1& .8 . 1.1,
1-b CEMINZ. 29 . 20 =1,
@.!,544.1
Q. "TEMF~ . @. DYE".a, DM 1.
IND. HCHAR, NST1Z. «. Y.
.FHLSE,ADUM1;DUN2)
CHLL FPOINTIGHMING. GxMAKZ, GYMINZ, GYMAKZ.
HKMINZ. XMAXZ. Y MIN“ YMAKE.
ING: -1, 2. M. YFIT)

=) My & V)

[ o

CRLL HOME
CALL GRSEND
ENC IF

3

* FLOT FRACTION CDOURLE STRANDS

WRITEC &, 12565 .
1 FUR"HTH" FLOT FRAC. DOUELE STRAND™ 7. 1)
READCS. 12105 INST
IF vINST EQ % ) THEN
NCHAR = T
NS1Z = 1
1F “CHANGE THEN
WRITE €. 13€05
126 FORMAT " SYMBOL % - . §9
REACY S. 12T NCHAR
127a FORMAT IS
WRITECE., 132
12353 FORMAT MEOL SI1ZE B )
RERCCS. 137QNS1E
END 1IF ‘
IND = &
OO J = NTFSET 10, NTLRSTY 13
INC = INC + 1
WEINDD = FLOART(IY
WOINDY = FHEXFCIL JD
YFITCINC) = FHCORLCCT. I
ENG L0
CALL FLOTITIGHMING. GMiAT. GYMINZ. GYMALS.
KMING, SMAE . YMINZ. YMRHZ.
*MINZ. 19 .4 . 1.1 .
2. . XMINZ. 20 . 2. =1,
S. AL 1,

CTEMP THELIXS . Q. DM, 1.
IND HLHHR,N:I::“
FARLSE. . CLIMa. Cumz )

CRLL FOINTCGHMING., GEMAXZ. GYMINI. GYMRXZ.
mMIN;.aMRT;-vMqu,wMHm;
ING. =1, 1, . YF1IT)

g

-

1%

TETR B
IJ DN =

e

CALL HOIME
CRLL GRIEND
£NC IF
C
Saé ENC TO

Soa FETURN
END

SUEBFCUTINE FRFTITIMOLEL. MOCE. KH. KO. CT. L. S15MRA. TAU.
by FH. FO. F. Q. ITEK

N0 N0 0 S 0 T AR M N A N S T 0 M N M s A N T S S I 5 N T 5 T 3 o o e
¢ THIS SUBROUTINE CALCULARTES THE FPARTITION FUNCTIUN. THE FRACTION
*« DOUBLE STRAND: AND OYE BOUND. AND FOPULATION CISTRIBUTIONS FOR

Fo S Y I ]
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* RALL THE SFECIES. P TO 1& COYE MOLECULES FER DOUELE STRANL MAY
* BE SFECIFIED BY THE MODEL. USUALLY MUCH FENER ARE UZEC
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DESCRI
" Mo
Mog:
¥H
KL
oT
oo
216
TRU
FH
F.
Fol

]

1TE

LESCFRI

THE

D20

FTION OF FARAMETERZ:

EL - WHICH MROEL TO WSE TO GET COEFFICIENTS FOR FPRRTITION
FUNCTION. CMODEL = 1.2.3, ETC 0
1 TO SQLYE FOR FH. FO GIYEN KH. KO, CT. 20
2 TO ZQLYE FOR KD GIWEN kM. CT. (0. FD
- EQUILIEBRIUM CONST. FOF CDOUELE STRAND FOFRMATION
- EGQUILIBRIUM CONST. FOR DYE EBINDING THIZ 1S ZOLYED
TO FIT THE FRACTION OYE SOUND <FC IF MOCDE = 2
- TOUTRL STRAND CONCENTRATION
~ TOTAL CYE CONCENTRATION. .
MA - MODEL FAFARMETER. USURLLY THE ENHANCEMENT OF THE STRONS
EBINCING S1TE T THE OTHEFRS
~ ANQOTHER MOCEL FARRMETER. INSERTELD FOR FLESIEILITY.
~ FFACTION COUBLE STRRANDS. CRLCULATED HEFRE
- FRACTION OYE BOUNC. FITTED IF MOQCDE = 1. USED TG
: FIT KD TQ THE EXFERIMENTAL FO IF MODE = 2
3 - ARRAY OF FOFULATIONDS OF DOUEBLE STRANCS WITH 1 OY
MOLECULES EQUND
- FARTITIOGN FUNCTICN
5 - NUMEEFR QF ITERATIONS REQUIRED FOR FIT. ITEF = i
IF THE FIT CIC NOT CONYERGE WITHIN A CERTAIN NUMEER
OF ITERATIONS. ITER = -1 IF THERE 1= NO mMODEL
CORFESFONDING TO THE YwALUE OF MODEL
ITER = -2 1F MODE IZ NOT 1 QR 2

E

FTION QF THE MCODEL :
STATIZTICAL WEIGHT .QF THE SFECIES ARE.

TINGLE STFANDZ . 2 W = 1 <REFERENCED

DOUELE STRANDI W (e = kH

COUEBLE STRANDST NITH 1 MOLECULES BOUNC . Gr]iepH+iew]
WHEFE G110 13 A DEGENERRCY FROTOR CESCRIEING THE
FOSSIELE WAYT T BINL 1 MOLECULLES Go1y IZ INFLUENCELD

T EY THE MODEL. AND FARRMETERS SI1GMA ANC TRU

T o= WD« ~FLow(D .

UF T N CYE MOLCLULES MRy BE EBQUNC. CETERMINED EY THE MQODEL

19 10

E THE G" 17 ARE SFECIFIED. THE CALCULATIONS ARE:

I

WARLUE FOR FO 15 ASIUMED

=‘ Clwr )l =F0 orwp D

L1}

7]

S = T KM e GOT) % Sl

1F

1=a

Fil) & —eecccceccaccae— = FFACTION OF L3 SPECIES WITH ]
] . MOLECUILES EQLUIND.
vl 42 sl T = SQRTCL. o+ & Gl T) D
FH = meceaccccrmcccccrcerccccc e cecccecan-
. o« T
FH=+CT N
FITNCYFD) = FD = ===—= * Sl (1 o« FoI00
co 1=1

THE FC WAS CORRECT. FCTN = & IF NQT. A NENWTON'S METHOD IX
USED TO CALCULATE R NEW FD. AND ITERATED UNTIL F0 CONYERGESX

295
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THE ZAME PRUCEDURE 1S USED TO FIT KL, EXCEFRFT THE NEWTON =

3

* METHOD YRRIES K[ TQ MAKE FUTHCFDY = @ FOR THE EXFT L FO
3

* SUERQUTINES USELD:

-

* FUNCTION FOTNOM, KD CT. S0 FHFDLFL 0D, Gl NS

* - CRLCULRTES FH.C. P10, AND FCTN AZ ABOYE. "N 1% THE NUMEER
* OF OYE MOLECULES ALLCGWED EBY THE MODEL. o

*

* THE MOICEL SFECIFICE ARE CDESCRIBED IN THE ZECTIONI ZETTINDG THE
* VHLUES FOQF THE G010 % AND N, THE TOTALL NUMEBER OF [YEZ THRAT
* TAN BTN '

-+

NN A N T TS I A M o T N T S T T T T L R R e b
* THIS ZUBERQUTINE WAS WFITTEN EY JEFF NELIOMN. JUNE. 1:

R R N TR R T IR N R R TR S L R R IR T R R R R R R R SRR R A SRR T o

=

N R AR B N P I A A )

FRARAMETER «FINC =  @al, FORIT=8 aaadl. ITMAX=100. AFINC=L E-4,
= AECRIT = 1. E-S

FEARL FH. kD, KDZ. FDNEN

CIMENSION Fo@ 1é)

DIMENSION Gaov 1en

+ INITIALIZE G AND P RRFAYZE
Loy 1= 16
Frly = 11
3010 = @

>

TET W MOCEL FARRMETERS G010 .

1F MO EL E® 15 THEN

* ETNCING ETHIDIUM TO FIASY + ROLSS OF DOASE + COTSE
- RLL S1TES EQURL MODEL
Grar = 1
Dl = &
Grgh o= 14
572 = 4
M = 3
ELZE IF MOLEL EG& 27 THEN
* FYR=-FPLIR SITE STRONGER THAN REST EBY TI1GMA
Guas = 1
G0l o= SI1GMA + T
Qe = 4 «ZIGMR + ¢
QeI = I o«S106MA + 1
N = 2
ELIE IF nmMOoCEL EQ 2 THEN
* TWo END SITES STRONGER THAN REZT B TAUL
DUy = 34
37510 = 2 «THU + &
Gl o= TALCTAL + & #TRU + 3
GrZr = 2 «TARLUCTAU + 2 «TAU
Moo=z ‘
ELZE IF ‘MOCEL EG 4> THEN
+ ZECONCG Z1TE STROMGER BY Z1GMA CRRETITRARY MODEL)
3731, = 1
Gl = ZIGMA + 5 )
Gighr = I «3IGMR + T
G430 = SIGMA +
N = 2
ELZE 1F MCCEL  EQ S THEN
* THIFD SITE ZTRONGER BY S1GHMA. CAREITRARY MOCEL
Gy = 1.
G<15 = SIGMR + S
G2y = . «3IGMA + 7.



[

Dl i )

s

ELSE IF <MODEL E0. @ THEN
: F

CE) = 2. «SIGMA + 2

N 3 '

ELSE IF "“MOCEL . EQ. &) THEN
COOFERRTIVITY PARAMETER TAU FOR EINCING TO ACJRCENT SITES
GYEn :

[

1

4 «TARL + &
2 *TAUSTRL + 2 +TRU

W aan
24

ELSE IF 'MODEL EG 75 THEN

STROGNG SITE ON LEFT END EY SIGMH
ITRONG SITE ON RIGHT BY TAU

Gray = 1

Goly = SIGMA + TRL + 4

Gy = ZIGMASTRL + 3 «IIGMA + 3 «TRU + 3.
GeZhno=2 2 «SI1GMAsTRU + SI0GME + TAU

ONG S1TE CSIGMRD + CQOFERAMTIVITY «TALD
SIGHMA + S

SIGMIE+"TARID + 3 5 + F «TAU + 2
SIGMA+CTAUXTRU + 2 «TALY + TARU=TAL

R R RS

TOMODEL  ER. S) THEN
TRONG SITES

CEIOMASTRUC S1GMA + TAL O

1TER = -1
. RETURN
ENC IF

. CALCULATE FC FOR THIS kM. KD CT. 0O

IF “MOLE E@ 1 THEN
ITER = 1 :
MAKE SURE FIRST GUESS
IF « ¢FL. GE. @ &% .1
O WHILE <ITEF . LE. 2@

FLIFF = FCTNOKH. KD DT, GD. FH. FD.F. 6. G N
IF WFL GT. @ %% THEM
FOZ = FO - FINC

12 PETWEEN & 1 AND
CFD LE. v 10 09

[ I

o

FOIFFZ = FOTNSKH KDL CT. S0 FH.FOZ. F. 3. 5.

CEFIY = FDIFF = FLIFFZ) . FING
FONEW = FC - FDIFF, TERIY

ELIE ,
FLz = FO + FINC

FOIFFZ = FOTHORHORDL CT. CD. FH.FDZ. P 0.

LEFIY = «FOIFFZ = FOIFF) . FINC
FONEW = FD .~ FUIFF-CERIY

ENCIF

IF CYRAESCFL - FDNEW: LT FCRIT) THEN

FOIFF = FCTHORM. KC. CT. QD FH. FT. F. 3. G
RETLRN

ENCTF

IF «<FDNEW . GT. 1. ) FONEW = 1. 6

IF CFDNEW LT @ ) FDNEW = @

F[r = FONEW
1TER = ITER + &
ENC GO

IF THERE 15 NO CONYERGENCE AFTER 29 TRIEZ.

= 1
= 2 owZloNA + 4
= SIGMASIIONA + 2 «TALSIGNA + 2 «TAU + 4

v
(ZIGMAY ¢ COOFERATIVITY ¢« THLD

G N

N

GO A LINEAR

<,

+TIGMA o+ L

E

A

FCH

297
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FCTNZFC)» CEC AS FO CEC. FOTNS1) = 1, FOTNC@) = =2 QR S0

SET FO = 1. . DECREASE EY © 1 UNTIL FCTN LT @ THEN D
LINEAR INTERFOLATION TO FINKD NEW AFFRIGCIMATE FC. UNTIL IT
CHRNGES LESS THAN FCRIT

RLED. AFTER FINDING A NEW RFFROSIMATE FO. DECREAZE THE INTERYAL
BETWEEN FD1 AND FL2. KEEFING FOTNCFD1) 57 & AND

FCTHYFDZY LE @

Fhz = 1.
cFbz = 1
Lo WHILE ¢CFDT  GE. @ o
Fil = FOZ
CFOL1 = CFD2
FOS = FRo - @ 1
CFOZ = FOTNVKM KDL CT. 200 FH.FDZL PO QL 50 ND
ENC
OO WHILE “ITER LE. ITHMAXD .
FOMNEW = FD2 + @ = CFD2y & <F01 - FOZSy ° S0FDL - CFDZ
IF ¢ CAESYFONEW - FC2» LT FORITH QR '
CRESCFONEW - FO1» LT, FCRIT) 5 THEN
FD = FONEW
FOIFF = FCTHCKH. KDL CT. CL. FH.FC. P. 6. 6. ND
RETURN
ENC 1F
FUIFF = FCTNC/EH. KD CT. CD. FH. FONENW. F. Q. G, ND
IF “FOIFF LE. @ » THEN
FLCHG = FONEW ~ FD2
FlLa = FONENM
CFCZ = FDIFF
1F ¢« CFCL2 + FOCHMG: LT FDa1 » THENM
FOL = FD2 + FOOHG
CFOL1 = FCTH kM. KDL CT. CD. FH. FDL. PG G ND
GO WHILE «CFL1 LT @ >
FOZ = FO2
CFDz = CF0L
Fa = FDL + FDCHG
CFLY1 = FOTHORHM. KDL 0T, C0O.FH. FLL.F. 0. G, N

ENG OO
ENC IF
ELTE
FOOHG = FUNEW - FO1
FO1 = FDNEW

CF01 = FDIFF
IF ¢ <FD1 + FOCHGY» GT  FDZ » THEN
FU2 = FO1 + FLOUHD
CFDZ = FCTN kM. kG 0T, 0L FH.FDZ. FL G G N
GO WHILE <CFO2 QT @ o
FL1 = FLZ
CFG1 = CFL2
FOZ = FD2 + FUUHG
CFO2 = FOTNIEMH. KD CT. LD FH. FOZ. P 3. 5. N
ENC [0
END 1F
EnNg 1F
ITER = ITER + 1
END DO

NQ CONYERGENCE AFTER ITER TRIES ITER = @ SIGNRLS THIzZ

1ITEF = @
RETURN

ELSE IF «MOCE  EC 23 THEN

ITER = 1

FI1T kD TO THE EXFERIMENTAL FO
IF «¥p LE @ ) KD = 1 E4

CC WHILE <ITER LE. ITMAK)
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FOIFF = FCOTNCEH KDL CT. GO FH. FLD. P & G ND
C KD = KD + KD % RKINC
FOIFFZ = FCTN<KH, KD2. CT. CC. FH. FD. F. 5L G ND
DERIY = <FDIFF2 = FLIFF)Y o/ KD » AKINCG)
KONEW = KO - FDIFFCERIV
IF CRESCKDNEN=-KD) <KL . LT HRECRIT)» THEN
KD = KDNEW _
FOIFF = FOTHNCKH. KDL CT. CD. FH. FL. P 6. G N
RETURN
END 1IF
IF YEDNEW LE. 0 ) KDNEW = KD«@ 1
kD = KDNEW
i ITER = 1TEF + 1
END. DO
* NG CONVERGENCE RFTER ITER TRIES ITER = @ ZIGNALS
ITEF = 2
FETLIEN
ELZE
ITER = =2
ENC 1F
FETURN
ENC:

FUNCTIQN FUTHCEH. KL

NN N N T T N T A NN I T NS T O N T S S o N

CT. QL. FH. FD.

Fo0 50 ND

THIZ
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* THIS FUNCTION CRLOULATES FOCTN = FO - FHCTACD#SUMCTF T

+ SEE SUBFOUTINE FRRTIT FOR CDETRILE

*

* FH. F ANL & ARE CETERMINED IN THIS ROUTINE
*mmtmmwtmvw*«;t«it‘*¢44¢c‘«*¢¢¢¢¢tao&«*uo*««‘wmwwm*wwmwmmmwmmww*m*mw
* THIS SUEBRDUTINE WARS WRITTEN EBY JEFF NELZON.

AN N N 0 N T N s N N T N o e

CIMENSION Fid:

FEH

ENC
0o

ENC:
FH

FoT
RET
END

1ér. Q@140

L FH. KD

kL% 01 ~FDo # D

@

= a

= 1

I'=i. N

G2 = FH & G501, « 82
Foly = Q2

Ro= 50 o+ 02
£Z = 22 « X

oo

I=a. N
Fela = FOln &0
S = ZI 0+ FLOAT I »fi 10
[ox] .

= 71+ #DeCT - SORTCL
N = FIr -~ FH«(T«ZZ.-
RN

+d #QHLTH S

Ve

e T
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