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ABSTRACT

Two deoxyoligonucleotide duplexes were studied by temperature-
jump relaxation kinetic experiments: dCA6G + dCTsc, a completely
base-paired duplex, and dCA3CA3G + dCT6G, a "bulged" duplex containing
an extra unpaired cytosine; The kinetics of forming the perfect
duplex is simply described by a single step, characterized by a-
recombination and a dissociation rate constant. Kinetically; the
perfect duplex is similar to the homologous duplex dCASG + dCTSG
studied previously (Nelson & Tinoco, 1982). Formation of the
"bulged" duplex proceeds with a recombination rate constant which
decreases with increasing temperature—recombination occurs Qith a
negative activation energy. This lead to a two-step model for forming
the "bulged" duplex: a rapid pre-equilibrium which generates a
partially formed duplex, followed by a unimolecular "zipping-up to
yield the complete "bulged" duplex.

HMT, a neutral furocoumarin, forms a complex with calf thymus
DNA. The thermodynamics and kinetics of this process were studied.
HMT binds to DNA -100 times more weakly than the positively charged

ethidium and proflavin. This difference is accounted for almost

ehtirely by differences in the ethalpy of binding and not in the



entropy; Analyzing the binding of HMT to DNA in buffers varying over
a range of sodium ion concentrations showed that HMT binds to DNA by
intercalation. Studying the binding by temperature-jump techniques
led to a sequential binding model. DNA intercalates directly into DNA
in a bimolecular step; The intercalated complex may Eearrange to an
alternative form the nature of which is unknown. The bimolecular rate

5 M 's™! at 25°C.  This rather

constant for intercalation is 5.44% x 10° M ‘s~
small rate constant is the result of a large and negative entropy of
activation (-19 e.u.) for intercalation.

HMT undergoes photochemical reactions when irradiated with UV
light. Investigations into the aqueous photochemistry of HMT revealed
three prinecipal products: two dimers formed by cycloaddition and one
photoisomerized form of HMT. One dimer is formed by head-to-tail
joining while the other results from head-to-head joining. Both
~dimers have 233-512 configuration; The photoisomer has been

tentatively assigned as having a furan ring flipped 180° relative to

the parent HMT.
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CHAPTER I

INTRODUCTION

Addition or deletion of small numbers of base pairs in DNA
constitute the class of frameshift mutations. Studies of the DNA
sequences involved in frameshift mutations have revealed that a large
number of the mutations occur in repetitive sequences, e:g., the
addition or deletion of an AT base pair in a run of five AT base pairs
(Streisinger et al., 1966; Okada et al., 1966; Okada et al., 1972).
This observation, which was first made in studying the lysozyme gene
of T4 phage, led Streisinger and others to propose a mechanism for
generating frameshift mutations in repetitive sequences (Streisinger
et al., 1966). In the Streisinger model, a run of identical base pairs
allows the two strands of the DNA to slip and be misaligned during
replication, recombination, or repair. These slip-mismatched
structures, if uncorrected, become frameshift mutations. The
Streisinger model is depicted pictorially in Figure 1.1.

Consideration of certain frameshift mutations in the T4 lysozyme

gene and the iso-1-cytochrome c gene of the yeast Saccharomyces

cerevisiae prompted Ripley to propose a frameshift model involving
near-palindromic DNA sequences ( Ripley, 1982). In this model,
imperfect sequence complementarity in the stem regions of the
secondary structures formed by the near-palindromes give rise to small

loops of unpaired bases. These loops are the potential sites of



Figure 1.1 Streisinger Model for Frameshift Mutations in

Repetitive Sequences
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Figure 1.2 The Quasi-Palindrome Frameshift Model of Ripley:

‘ Pathway I produces deletions in the B region by the
templated incorporation of a sequence complementary
to the A region. Pathway II produces additions in
the A region by the templated incorporation of a
sequence complementary to the B regionm.

(From Ripley, 1982). '
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frameshift mutations. The Ripley model is diagrammed in Figure 1.2.
This model allows for both addition and deletion in DNA sequences
which are not runs of identical bases and accounts for a substantial
sub-class of frameshift mutations which previously.had no rational
mechanistic basis.

Comparing the two models; one sees that the feature common to
both mechanisms is the loop or bulge of unpaired bases. In
attempting to understand the models better, we can begin by examining
the physical chemistry of various nucleic acid structures postulated
in the models. Previous work in this laboratory has focussed on the
behavior of perfectly based-paired nucleic acid helices. Recently,
we have been able to synthesize by organic chemigal techniques
oligodeoxynucleotides which can form bulged structures akin to those
postulated in the frameshift models. The second éhapter of this work
is a camparison of the kinetic behavior of a perfectly base-paired
DNA duplex and a "bulged" duplex céntaining an extra cytosine on one
strand. Thermodynamic and structural studies on the same duplexes
have been presented elsewhere (Morden et al., 1983).

While frameshift mutations do occur spontaneously in nature, it
is possible to incééase the frequency of such mutations to many times
above the natural frequency by challenging an organism with certain
mutagens. Frameshift mutagens generally tend to be polycyclic
aromatic or heteroaramatic campounds capable of intercalating into
the DNA helix. Other workers have investigated the interactions

between intercalators and nucleic acids. Two intercalators have been



particularly favored in previous studies and these are the ethidium
ion and the protonated proflavin (Li & Crothers, 1969; Schmechel &
Crothers,1971; Bresloff & Crothers,1975; Ramstein et al., 1980).

The structures for these mutagens are displayed in Figure 1.3. These
intercalators are characterized by their cationic charge, high aqueous
solubility and the high stability of their camplexes with DNA. There
has been no detailed work on uncharged frameshift mutagens, which
might be the more biologically relevant choices for study. The
reasons for this will be elaborated in Chapter III, which contains
thermodynamic and kinetic results on the interaction between calf
thymus DNA and a neutral intercalator, 4'-hydroxymethyl,4,5',8-
trimethylpsoralen (also known as U4'-hydroxymethyltrioxalen, or HMT).
The structure of HMT is shown in Figure 1.3. HMT is a photoreagent
which forms covalent adducts with thymine bases in DNA when
irradiated with ultraviolet light.

In doing the temperature jump kinetic studies on HMT and calf
thymus DNA, it became clear that exposure of the sample mixture to
the UV light used to probe the sample generated chemical species
which contributed unwanted signals. These signals were not due to
the conventional DNA-HMT adducts which were produced only in
negligible amounts under the conditions of the experiment. The
chemical species responsible for the spurious signals proved to be
photoreaction products of HMT alone. Chapter IV is an account of the
experimental detour I made to isolate and characterize the major

products generated by the aqueous photochemistry of HMT. Results



Figure 1.3 Structures of Proflavin and Ethidium Cations

and HMT
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from the study include.sane new instances of classical organic
photochemistry and some novel twists on photoisomerizations:

Also included are three appendices: Appendix 1 offers
descriptions of various user-changeable componeﬁts for the bialog
temperature jump instrument as well as instructions for.their use.
Ordering information for parts requiring occasional to frequent
replacement can also be found in Appendix 1. In Appendix 2 are given
reasonably detailed instructions on using the ZERO-SUPPRESSION option
on the temperature jump instrument. One finds also in Appendix 2
several procedures for verifying that the instrument is operating
properly in the zero-suppresion mode. At the end of Appendix 2 is an
example 1illustrating the proper use of the zero-suppresion option.
Appendix 3 outlines methods for calibrating temperature jump sizes
and for calibrating the heating time (l1imiting rise ;ime) of the
instrument. A

Finally, I made no attempt to give detailed derivatibns for
varioﬁs equations and mathematical expressions used in analyzing
results from temperature jump experiments. The theory underlying
relaxation kinetic methods can be found in the text written by
Bernasconi (Bernasconi, 1976). The book provides good treatments of
almost all the topics in which one is likely to be interested.
Furthermore, the author has compiled for the book a list of references
which 1includes both seminal original publications as well as

documentation on applications.
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CHAPTER II
PERFECT AND BULGED DNA DUPLEXES:

A KINETIC COMPARISON

1. Introduction

In the course of DNA replication and repair; a class of
mutations known as frameshift mutations can occur. A fﬁameshift
mutation is the insertion of extra bases into or the deletion of
bases from the daughter'DNA strand. Such insertions and
deletions cause the triplet reading frame of the DNA to be
shifted out of register (Crick et al., 1961); hence the name for
this class of mutations. Two conformational models for how
frameshift mutations arise have been proposed (Streisinger EE
al., 1966; Ripley, 1982). Cammmon to both models is the
.requirement that some bases on one DNA strand must be "bulged
out™ and thus_unpaired with bases on the opposing DNA strand. In
the case of deletions on the daughter strand, the bulges form on
the parent strand; whereas bulging on the daughter strand leads
to additions on the daugh;er strand. An important feature of
these frameshift models is the bulged structure. In order to
render such structures accessible to pﬁysical study, attempts

have been made to synthesize oligodeoxynucleotides with well-
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def ined sequences; These oligonucleotides are such that the
doubl e-stranded structures they form contain bases which have no
compl ementary bases»on the opposing strand. Previous to this
work, the self-complementary tridecamer dCGCAGAATTCGCG, which
forms a helix with two unpaired adenines, has been studied by
calorimetric, NMR and temperature jump kinetic techniques (Patel
et al., 1982b; Chu & Tinoco, 1983).

In the present study, a camparison is made between the
pérfect helical duplex formed by the oligonucleotides dCA6G and

dCTGG and the duplex formed by dCA3CA G and dCT6G, which

3
contains an extra unpaired cytosine: By examining the
relaxation kinetics of these two systems, especially in ﬁhe
light of existing knowledge on oligonuleotides, one can hope to
gain insight into the behavior of structurally imperfect DNA
helices. Structural studies by NMR techniques as well as

thermodynamic studies on the two duplexes used in this work have

been reported elsewhere (Morden et alL, 1983);

2. Experimental

The oligomer dCTSG was synthesized using the solution
diester method (Khorana, ?968); The molecules dCA,CA;G and
dCA6G were prepared using the phosphoramidite method modified
for use on solid supports (Matteucci & Caruthers, 1981). All

syntheses were carried out by DCQ Francis Martin. All

oligonucleotides were desalted at least twice on Biogel P-2



13

columns and then frozen for storage§
Extinction coefficients for the oligomers were calculated

using the ‘¢ values of mononucleotides and dinucleoside

260
monophospates (CRC Handbook of Biochemistry and Molecular

Biology, 1975). The extinction coefficients at 25°C and 260nm,

per mole of single strands, are 66 x 103 1+.mo1”'eem™! for dCT,G,

3 3mo1” Veem™! for

91 x 103 1-mol” -cm | for dCAGG, and 98 x 10
dCA3CA3G§ Sample solutions of the duplexes were always prepared
by mixing appropriate amounts of the single stands from aqueous
stock solutions. These solutions were lyophilyzed and then
taken up in the desired buffer. The buffer used for all
experiments consisted of 28mM phosphate, O.1mM EDTA and 0.2M
NaCl, at pH 7.0. |

The samples were filtered through Bio-Rad Uni-Pore
polycarbonate membranes (pore size 3um). Disséived gasses were
swept from the samples by purging the samples for 345 minutes
wiéh helium gas which had been saturated with water vapor.
Because of a limited stock of the oligonucleotides, each sample
was used for relaxation measurements at two temperatures. Thus,
data at the two lower temperatures were gathered using one éet
of samples while data at the two higheb témpéiatures were
collected using a different set of samples.

The temperature jump instrument was manufactured by Dialog
(Garching, West Germany)l Detailed descriptiohs of the

instrument have been published previously (Rigler et al., 1974;
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Nelson, 1982). All relaxation data were recorded using
‘spectrophotometric detection at 250nm: Temperature jumps of
magni tude 1.8°C were produced by discharging a 20nf capacitor;v
charged to 20kV, through the sample; A detailed procedure for
calibrating the size of temperature jumps is included in
Appendix 3. The initial temperature of the sample was monitored
to an accuracy of 0.2°C with the aid of a copper-constantan
digital thermocouple (Fluke model 2100A) in contact with the
upper electrode of the temperature jump cell.

The relaxation data were first stored digitally on a
Biomation model 805 Transient Recorder. The data set from each
jump consisted of 2048 time points. Via a PET microcamputer,
each data set was transferred to a VAX 11/780 minicomputer for
analysis. The data were analyzed using the program DISCRETE,
written by S. W. Provencher (Provencher; 1976a,b). The program
determines the number of exbonential relaxétion canponents which
will yield the best fit to the relaxation data. The program was
alloﬁed to search for up to three camponents.

In analyzing the kinetic¢ data, a simple two-state
equilibrium can be used to describe the reaction between the

oligonucleotides:

A + BSa=—=AB (2.1)
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In this scheme, A and B represent the single-stranded
oligodeoxynucleotides and AB, the duplex formed from the single
strands. The unimolecular rate constant for dissociating the

duplex is k,, while kr is the bimolecular rate constant for

d
forming the dupler When the equlibrium is perturbed by
applying a temperature jump to the system, the system relaxes
exponentially to a new equilibrium at the final tenperatureL

This exponential process is characterized by a relaxation time;

1, given by

1

1. = k,([A] + [B]) +k (2.2)

d

where [A] and [B] are the equilibrium concentrations of the
single strands at the final temperature. Since in these
experiments, the samples always contained the two single strands

at equal concentrations, equation 2.2 reduces-to

-1

d

where Cs = [A] = [B]. If one uses C ot’ the total

t
concentration of either single strand, one can square equation

2.3 and eliminate the equilibrium concentration CS to give

-2 2
T = Mkrkdctot * Ky (2.4)
Two methods are thus available for analyzing the relaxation

time data. First, we can measure 1/t for a series of total

concentrations. Using a thermodynamically determined



Figure 2.1 Relaxation signal for dCA6G + dCTeG
at 8.75uM total concentration and a

final temperature of 19°C
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equilibrium constant; or an estimate of it, Cs can be calculated

at each C With this set of trial Cs values, a plot of 1/1

tot”®
¥s C_ yields estimates of k_ and -kd; Using K

new set of Cs values is calculated and the linear fit of 1/1 vs

kinetic kr/kd’ a

Cs repeated. Applying this procedure iteratively results in a

d
An alternative method is to plot 1/12 vs Ctot: By equation

set of Cs’ kr and k values consistent with the kinetic data.

2.4, k. and k, values can be extracted fram the plot. Once the
rate constants are known at various temperatures, plots of

loge(k) ¥s 1/T yield the activation parameters.

3. Results

Shown in Figure 2.1 is a trace of the»relaxation signal for
the system dCA.G + dCT.G at 8.75uM total concentration and a
final temperat;re of 19°C. The initial (baseline) signal was
set equal to S5V. For data sets such as this example, a single
exponential component was almost always.found, although
occasionally, a second fast relaxation camponent of very small
amplitude was also revealed by the analysis. The small-
amplitude fast camponent was most likely the result of initial
transient disturbances caused by the temperature jump and was not
included in subsequent kinetic analyses. The relaxation times
used in the kinetic analyses were averages of five to ten
relaxation measurements for each sample.

Plots of the fit of the inverse relakation times to
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Table 2.1 Kinetic Results for dCCA3CA3

Different Analytical Methods

G + dCT6G Using

'er?o'6 M 's™T) Ky [s™']
Iterate Iterate
T vs Cy 2 vs Ciot ! s Cg 12 vs Ceot
5°C  6.72 £ 0.05  6.80 + 0.82 8.3 + 0.3 8.2 + 0.9

10°C  2.07 + 0.03 2.11-+ 0.04 82.6 + 0.5 82.0 + 0.6

196

+
—

13°C  .2.23 + 0.06 2.22 + 0.07 196

H+
—

16°C  1.07 + 0.17 1.08 + 0.18 489 + 5 489

+
w



Table 2.2 Kinetic Results for dCA6G + dCT6G Using

Different Analytical Methods

20

-1

er?o kd Ls ]

Iterate Iterate

-1 -2 -1 -2

T vs Cs T - V8 ctot Vs Cs T vs Ctot
14°C  0.65 % 0.20 0.75 + 0.60 4.4 +1.2 4.1 + 2.1
19°C 1.5 ¢ 0.1 1.4 £ 0.4 7.1 & 0.9 7.4 £ 1.6
240C 2.5 + 0.3 2.5 + 0.7 24 + 3 24 + 4
29°C 2.0 = 0.2 2.0 + 0.2 + 2 117 + 3

17



Figure 2.2-2.5 1/t ¥s C_ plots for dCA.G + dCT,G at

14°C, 19°C, 24°C and 29°C, respectively.
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Figure 2.6-2.9 Plots of 1/1° vs C__ for dCAG + dCT,G

tot
at 14°c, 19°C, 24°C and 29°C, respectively.
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Figure 2.10-2.13 Plots of 1/t vs C_ for dCA,CA,G + dCT,G

3¢A3 |
at 5°C, 10°C, 13°C and 15°C, respectively.
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Figure 2.14 27?7 Plots of 1/1 vs Ctot for dCA3CA3

at 5°C, 10°C, 13°C and 16°C, respectively.

G + dCT6G
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1

equations 2.3 and 2.4 are shown in Figures 2.2 to 2.17. The
kinetic parameters derived from the plots for dCA6G + dCTéc and
d
CA3CA3
In principle, the two methods for ahalyzing relaxation time

G + dCT.G are displayed in Tables 2.1 and 2.2.

data (described in the Experimental secﬁion) should yield
consistent kinetic results. Examining the values listed in
Tables 2.1 and 2.2 confirms that the kinetic parameters obtained
through the two analyses agree within experimental error.

The plot of ?/12 vs Ctot gives kg as the intercept and

ukrkd as the slope; For these experiments, the value of the-
intercept is smal;. thus the kd determined fram the intercept of
the 1/12 vs Ctot plot has a large uncertaintyf Since in this
method, kr is not determined independently, the large uncertainty
in kd also contributes to the error in krf For these reasons
this method of analysis is not as accurate as the iterative
procedure; Henceforth, kinetic parameters derived by the
iterative method are used in further analyses.

From an Arrhenius plot of the natural logarithm of the rate
constants as a function of the inverse tenﬁerature. the
activation parameters for the kinetic process can be extracted.
Arrhenius plots for the perfect and bulged duplexes are shown in
Figures 2.18 to 2.21. Table 2.3 lists the kinetic and
activation parameters for the two duplexes.

Examining Tables 2.1 and 2.2 reveals that the rate of

dissociation of the bulged duplex is greater than that of the
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Table 2.3 Kinetic and Activation Parameters for
QCA6G + dCTsc and dCA3CA3G + dCT6G
Perfect Helix Bulged Helix
dCAGG + dCT6G dCA3CA3G + dCT6G

) : 6 - 6
kr,15°C 1.3 x 10 1.0 x 10

: : 6 - 5
kr,25°c 2.0 x 10 157 x 10
Ear +7 £ 2 -29.9 = 0.4
ASi +4 + 7 -137 £ 1
K 2.6 3.7 x 10°
d'15°C . .

3

kd,25°C 41 7f0 x 10
Ea,d +47 + 2 *50f1 + 0.3
Asi +10y +5 +129 £ 1

[+ - -~
BHy inetie 40 80
Asﬁinetic -100 -266

-1 =1
Units for kr's: M s
kK.'s: 3-1

d

Ea's: kcal/mol

AS's: e.u.

AH : kecal/mol



Figure 2.18 Arrhenius plot of the natural logarithm of the
recombination rate constant, kr’ for the perfect

duplex dCA.G + dCT G, vs 1/T.
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Figure 2.19 Arrhenius plot of the natural logarithm of the
dissociation rate constant, kd, for the perfect

duplex dCA,G + dCT.G, vs 1/T.
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Figure 2.20 Arrhenius plot for the recombination rate constant,

kr’ of the bulged duplex dCA3CA3G + dCTec;
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Figure 2.21

Arrhenius plot for the dissociation rate constant,

kd’ of the bulged duplex dCA,CA.G + dCTGG.

3773
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perfect duplex. The behavior of the recambination rate contants
is more compler The recombination rate constants of the two
duplexes have opposite temperature dependences. The perfect
helix exhibits the familiar trend of larger rate constants with
increasing temperature; In the bulged helix, however,
recombination rate constants become smaller’with rising
tenperature; This behavior is reflected in the negative
activation energy for recombination of the bulged duplex, as
shown in Table 2.3. The negative activation energy implies that
recombination for the bulged duplex is not an elementary kinetic
process. A physical interpretation of the activation parameters

will be presented in the Discussion section.

4. Discussion
We begin by comparing the rate constants of the two helices

studied. At 15°C, the recombination rate constant of dCALG +

G + dCT.G are comparable at 1.3 x 10° M 1!
6 oo .

1

.dCTsG and dCA3CA
6 -1

3

and 1.0 x 10° M 's ', respectively. At 25°C however, the

situation is very different. Now the bulged helix recambines

6 M-?s“1 while the perfect

6_M-1s‘?.

with a rate constant of 0.17 x 10
duplex forms more than ten times faster, at 2.0 x 10
This difference in recambination rate constants highlights the
tfemendous disparity in the activation energies for
recombination of the two duplexes; The dissociation rate

constants behave in the expected manner. The bulged helix,
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containing the extra unpaired cytosine, which is destabilizing,
is expected to dissociate faster than its structurally
unperturbed counterpart; Indeed, at 15°C the perfect helix has
a rate constant for dissociation of 2.6 s-? while the bulged
helix dissociates at 370 s ..

The activation energy for recombination for the perfect
duplex is +7 kcal/mol. While most oligozlggnucleotides
containing G-C base pairs have positive activation energies of
several kilocalories per mole for recombination (Pérschke g&
gl;, 1973), the same has generally not been found for the
limited number of oligodeoxynucleotides studied to date (see
Table 2.4). For dissociating the perfect helix, the energy of
aétivation is +47 kcal/mol. Listed in Table 2.5 are the
preliminary thermodynamic parameters characterizing base
stacking interactons in DNA (I. Tinoco, Jr. K. J. Breslauer,
unpublished results). By using these values, we can deduce that
the dissociation activation energy of +U47 kcal/mol implies the
opening of five to six base pairs from either end of the perfect
helix to reach the transition state species; thch still has
intact two to three base pairs. This is in agreement with the
results obtained for the homologous duplex dCASG + dCTSG,
studied by Jeffrey Nelson in this laboratory (Nelson & Tinoco,
1982). Jeff Nelsoh determined the activation energy for
dissociating the duplex dCA

G + dCT-G to be +43 kcal/mol.

5 5
Before embarking on a discussion of the activation



Table 2.4 Thermodynamic and Activation Parameters

for Oligodeoxyribonucleotide Duplexes

53

AH AS .Ea,f ASi E, 4 ASi
dCAG + dCTSGa -41 -120 0 -29 +3 +81
decacac® S57.4  S157.4 -2.55  -101.7  +53.8  +102.9
dATGCAT® -47.6  -147  -3.6 =40 +38.6 91
dag + drg” -37  -150  -2.4  -33 +40.8 495
dCGTGAATTCGCG®  -76 -236  +22 +40 +68 +159
dacecacaatreace! 70 215 416 +20 +Th +180

AH® and Ea's given in kecal/mol; AS's in e.u.

8Nelson & Tinoco, 1982; 1M NaCl.

P plbergo, 1981; 1M NaCl.

®brobnies, 1979; 1M NaCl.
dDrobnies, 1979; 0.05M NaCl
®AH°, AS® from Patel et al., 1982a; E,'s, astis
from Chu & Tinoco, 1983; 1M NaCl.
faHe, AS° from Patel et al., 1982b; E,'s, astis

from Chu & Tinoco, 1983; 1M NaCl
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Table 2.5 Preliminary Thermodynamic Parameters for

Deoxyribonucleotide Stacking Interactions

Values reported for the reaction:

Y—3" /__‘3v
/ ‘ .
5t'd—X —_— 5'de—X-Y
3' _X' e 3! _X'Y'

\Y'-¥d5' \\———dS'

X' and Y' are bases complementary to X and Y, respectively.

X-Y AH®°[kecal/mol ] AS°[e.u.]
A-A _-8.8 + 0.4 -23.8
A-C = C-A
. AG = G-A -6.2 + 0.4 -16.1
A-T = T-A -7.3 £ 0.3 -20.8
c-C -8.1 + 2.9 -18.5
c-G -12.0 * 3.3 -29.5
G-C -12.8 + 3.6 -31.2
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paéameters for the bulged helix, one important structural
feature of this helix should be mentioned. The bulged duplex
was studied under the same solution conditions as those in this
work by NMR and nuclear Overhauser effect (NOE) techniques
(Morden et al., 1983). It was found that the extra unpaired
cytosine in the molecule was positioned outside the helix and
not stacked inside the helix with the other base pairs.
'Thermodynamic experiments on the bulged and perfect duplexes
showed that the extra cytosine contributes +6(z4) kcal/mol to
the AH® of duplex formation. The contribution by the unpaired
cytosine to the AS® of ‘duplex formation is +11(%13) e.u. The
large negative activation energy of -29.9 kcal/mol for
recombination of the bulged helix can be explained by invoking a

kinetic scheme containing a fast pre-equilibrium:

KPE k+ .
A+ B ,:::::' A°B ::::j: AB (2.5)
Single PE k Duplex

Strands Intermediate

where K. = [A-B]/([AJ(B]) is the equilibrium constant for the
pre-equilibrium (PE). For this scheme, the rate of duplex

formation is given by

d(AB]

= k [A-B] = k*KPE[A][B] - kr[A][B] (2f6)

dt formation

The apparent recombination rate constant derived experimentally
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can now be written as

Replacing the constants with the appropriate exponential

expressions yields

-E, . -E_, AS3 ~AHg
Aexp(—=) = [a exp(—=)][exp(—=)][exp( )] (2.8)
RT RT R RT -

Differentiating with respect to 1/T after taking the natural

logarithm of the expression results in

. o
Ea,r AHPE + Ea,+

The apparent activation energy for recombination is actually the
sum of a true activation energy and the AH° for the pre-
.equilibrium; Since k+ refers to a kinetic¢ process wherein
hydrogen-bonded base pairs are formed in aqueous solution, Ea,+
must be small and positive; Therefore; AH? . is the cause of

| PE
E being large and negative.

a,r
Now we can begin to examine‘ﬁhe nature of the pre-
equilibrium. The most natural picture which comes to mind is
the following; We imagine that in order to "zip up" the
structurally perturbed helix, a sufficient number of base pairs
must be formed to lock the unpaired cytosine in its extra-

helical conformation. The pre-equilibrium is then simply the

nucleation and partial formation of the duplex; G+C base pairs
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are more stable than A«T base pairs; we therefore assume that
nucleation 1is more facile with G<C base pairs than with A+T base
pairs; Since the bulged duplex is essentially symmetrical,
nucleation at either G+C-containing end yields the same result.
We need to find out how much of the helix is involved in the
pre-equilibrium. For this we use the thérmodynamics presented in
Table 2.5 and the fact that the unpaired cytosine contributes
+6(+4) kecal/mol to the AH°® of duplex formation. The enthalpy of
nucleation, i.e., the AH®° for making the first base pair, is
assumed to be 0 kcal/mol. We find that if we zip up the duplex
until we are one A-T base pair beyond the unpaired cytosine, the
AH?

PE
2 kecal/mol, when added to the AH;E Just calculated, yields an

is =-26.6(%4.1) kcal/mol. A small positive E, ,» ©-8- +1-
. 14 .

apparent Ea'r which is less negative than the experimental value,
?

but quite close to it. If we extend the "zipping-up" by one

more AT base pair, we obtain AH;E = -35.4(+4.1) keal/mol. In

combination with a small positive Ea ) this new AH;E yields an
. ’

apparent Ea r more negative than the experimental value. Based
1 B

on these considerations, we conclude that ﬁhe pre-equilibrium
involves closing the duplex to the point of one or two A+T base
pairs beyond the unpaired cytosine. The AH° for the pre-
equilibrium is somewhere between -26.6 and -35.l4 kcal/mol. With
such a large enthalpy of reaction, one expects the pre-
equilibrium to shift sharply to the left (favoring single

strands) with increasing temperature: As a consequence, the
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concentration of the partially closed duplex, the c¢ritical
species from which the full helix is formed, drops markedly with
increasing tenper;ture: This accounts for the diminution in the
apparent recombination rate constant at elevated temperatures.
Having surmised the nature of the pre-equilibrium, we can
now proceed to examine the kinetics of helix growth more
closely. As shown previously for the model we have chosen, the
experimentally détermined recombination rate constant is the
product of the elementary rate constant for helix elongation and

the equilibrium constant for the pre-equlibrium:

kr = k+KPEf

Since we have deduced the structure of the critical intermediate
generated by the pre-equilibrium, we can use the thermodynamic
N parameters in‘Table 2{5 to calculate AG;E and hence the
equilibrium constant, KPET Fran the calculated KPE and the
observed kr' we are able to deduce k+, the unimolecular rate
constant for closing thé next segment of the bulged helix, which
in this case is another AT base pair. Moreover, we can again
use.the values of Table 2.5 to calculate an equlibrium constant,
KAA-Stack’ for closing an A-T base pair next to an existing A-T

base pair; If we define k_ to be the rate constant for opening

the same AT base pair, then

K - — (2.9)
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Thus, we are also able to calculate k_. We perform the

calculations of K k, and k_ twice: once for an intermediate

PE’
duplex with one A-T base pair closed beyond the extra cytosine
and once for two A-T base pairs beyond. The details of the
calculations are shown in Schema 2.1. Results of the
calculations are presented in Table 2.6.

We see that for forming an intermediaté with n base pairs
closed beyond the bulged cytosine, we obtain k_ on the order of

2x 10° s for n = 1, whereas for n = 2, k_ drops to

~5 x 10“ 3-1; Since k+ refers to an elementary kinetic step,

E, , should be small and positive. At n =1, E is -3.3

’ a,+
kcal/mol, while at n = 2, Ea'+ becomes relatively high at +5.5
kcal/mol. The implication is that the intermediate is
energetically situated somewhere between one and two base pairs
élosed beyond ﬁhe unpaired cytosine. The forward rate constant,
k_, should then be between 5 x 10“ and 2 x 106 s-?--e.g.

5 s-j. Similarly, the activation energy for opening the

-3 x 10

AT base pair should be between +5.5 and +14.,3 kecal/mol. The

rate constant for the AT base pair opening, k_, would be on the

4 -1
s

order of 10
The activation energy for dissociation of the bulged duplex

is +50.1 kcal/mol. This agrees well with the +55 kcal/mol

.obtained by Kathy Morden fram analyzing the lifetimes of imino

proton NMR resonances in the bulged duplex (Kathy Morden, 1983).



Schema 2.1 Calculation of K k, and k_

PE’ Kaa-Stack’

using experimentally determined parameters and

the thermodynamics presented in Table 2.5.
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A-A-G
Kpp c / k, C.
dCA;CA,G  ———»  dC-A-A-A A ———> dC-A-A-A A
+ -— G-T-T-T-T <——  G-T-T-T-T
dCT,G \ k_ |
T-T-Cd

For closing up the duplex 1 A-T base pair beyond the bulged C:

o _ o
AHPE— AH + AH

] -]
nucGC stack © AHbulged C

o =
AHnchC 0 kecal/mol

AH?

stack™ OHG, * 3A8Hp,= -6..2 + 3(—8.»8) = =32.6 kcal/mol

AH? 6 kcal/mol

bulged c”

61

o,_.
AHPE 26f6 kcal/mol

° = o o o
ASPE ASnchC * ASstack * ASbulged o
-1,=1
o - - o - - - - .
ASpeac™ ~8Cnuece’T 16.77 e.u.= -0.01677 kcal-mol K
o = ° % = - ' . - A = - . -
B8y aok™ BSgy* 38S3,= -0.0161 + 3(-0.0238) 0.1043 kecal -mol

o - ' . -1,-1
ASbulged c 0.011 kecale-mol 'K

1.,.-1

K"
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Schema 2.1 (continued)

8S3.= =0.0933 keal mol” 'K~

o . [ 0 - - ’
AGPE— AHPE + ASPE— 26.6 + 0.0933T [kecal/mol]

K,.= exp[ -AG3./RT ]

PE PE

Analagously;‘for closing the duplex 2 AT base pairs beyond the bulged

C, we obtain

AGR L= -35.4 + 0.1171T [keal/mol]

For K ,» the equililibrium constant for forming an

AA-Stack

AT on A-T stack:

AHS

AA-Stack”™ -8.3 kcal/mol, and

o L IS R
AS} A Stack 0.0238 kecal-mol K

AG -8.8 + 0.0238T [kcal/mol]

° =
AA-Stack

K exp[ -AG® /RT 1]

AA-Stack AA-Stack

We can now calculate k = kr/KP and k_= k_ /K

E AA-Stack’



Table 2.6 -KPE’ KAA—Stack’ k+ and k_ for Closing the Bulged Helix n Base Pairs

Beyond Unpaired Cytosine: n =1, 2

Kpg [M-I] ' er10°6 k, s ] KAA—Stack k [s 7]
n=1 n=2 [M;ls‘ll n=1 n=2 n=1 n=2
5°C 3.23 167 6.5  2.02x10% 3.92x10* 516 3.92x10* 758
10°c 1.38 539  2.51  1.82x10° 4.67 x 10*  39.0  4.67 x 10* 1200
15°c 0.609 18,1  1.00  1.64 x 10° 5.53x10®  29.7  5.53 x 10° 1860
20°c 0.276 6.3  0.41  1.49 x 10°  6.51 x 10* 22,9  6.51 x 10* 2850
E, -3 keal g 5 keal 45,5 keal 4 g Real

€9
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Campared with AH®° = +53 kecal/mol for dissociating the bulged
duplex (Morden, et al., 1983), the value of +50.1 keal/mol for
Ea,d is again in accord with the conventional view of helix
~dissociation: the duplex has to be opened to the last couple of
‘base pairs before dissociation can oceur.

. If we attempt to calculate AH®° for forming the bulged duplex
by taking the difference between the recambination and
dissociation activation energies; we find an anomaly. The
AR, fetie (= Egp = Ea,d) is -80{0 kcal/mol, which does not
agree with the van't Hoff AH° of -53 kcai/mol obtained by
analyzing melting curves. Large discrepancies between kinetic
and thermodynamic AH® values have been observed before (Chu &
Tinoco, 1983), notably for longer oligomers for which meiting
phenomena can not be analyzed simply. The basic problem which
arises by implication.from such a discrepancy is that the
récombination and dissociation reactions, while they are the same
kinetic process, have different transition states. Qwing to the
principle of microscopic reversibility, the forward and reverse
reactions must necessarily have the same transition state. It
is rather difficult to come up with a convineing explanation for
the discrepancies except to attribute the difference to either
large uncertainties normally associated with kinetic values or
to some fault inherent 1n’the way ih which spectroscopic melting

data are analyzed to yield van't Hoff enthalpies.

Finally we wish to examine the mechanistic results from this
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study against the background of the behavior of structurally
perturbed helices in general; To date, one other duplex
containing extra unpaired bases has been studied kinetically:
That duplex is formed from the nearly self-complementary
tridecamer dCGCAGAATTCGCG. The duplex has a .bulged adenine
residue beyond the third base pair from either end. Magnetic
resonance studies using NOE techniques have shown the.unpaired
adenines to be stacked inside the helix (Patel et al., 1982b).
Interestingly, the recambination of this duplex with -
intrahelical unpaired adenines proceeds in the usual manner,
with a positive energy of activation (Chu & Tinoco, 1983).
Mechanistically, no pre-equilibrium ig involved in forming the
duplex. One may thus postulate that if it is more favorable for
the unpaired base to stack with the neighboring base pairs, as
in the tridecamer duplex, then the zipping-up of the helix is
smooth and continuous once nucleation has taken place. On the
other hand, if the energetics are such that the unpaired base
must adopt a conformation in whiéh it is outside the body of the
duplex, then the structural perturbation will be sufficiently
severe to hold up the zipping of the helix. In such cases, an
intermediate in which the unpaired base is securely locked
outside the helix is necessary for closing the duplex
completely. In effect, in addition to spectroscopic probes for
structure, we can have a kinetic probe for the conformation of

helices containing bulged bases; i.e., "normal" kinetics of
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recombination implies igggghelical unpaired bases while a pre-
equilibrium with a large negative activation energy signals that
the unpaired base is outside the helix. Of course, the validity
of this kinetic criterion can only be ascertained through a
thorough investigation of other structurally perturbed duplexes
for which conformational and mechanistic data can be .evaluated
together; At present, the idea of a kinetic probe of structure

remains an interesting and tantalizing possibility.
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CHAPTER III
THE INTERACTION

OF AN UNCHARGED MUTAGEN WITH DNA

1. Introduction

That frameshift mutagens exis£ is a fact well-known since the
early 1960's (Brenner et al., 1961; Crick et al., 1961). 1In fhe
presence of these chemicals, the frequency of frameshift mutations in
prokaryotes can be increased several thousand fold above the natural
"background" level (McCann et al., 1975). Frameshift mutagens as a
class share certain features, prominent among which are a chemical
structure characterized by polycyclic aromaticity and the ability to
intercalate into DNA (Lerman, 1961).

Numerous reports have provided information on the equilibrium of
binding frameshift mutagens to nucleic acids. A number of studies
have characterized, in addition, the kinetics of forming a complex
between a mutagen and nucleic acids. The campounds examined in these
kinetic studies are acridine derivatives such as proflavin'and
phenanthridine derivatives such as ethidium. The structures of these
compounds were presented in Chapter I, in Figure 1.3. All of the
mutagens previously investigated kinetically either are quarternary

nitrogen compounds which are permanently cationic¢, or exist in the
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positi&e protonated form at bhysiological pH; Under normal
conditions, movement of charged species across cell membranes are
mediated by specific transport machinery. For this reason, charged
frameshift mutagens of non-biological origin may have great difficulty
gaining access to the DNA inside a cell. Uncharged chemical agents,
in contrast, may enter the organism by simply diffusing through the
lipid bilayer membrane. A study conducted with a neutral mutagen is
thus desirable in that a neutral agent may be the more biologically
relevant choice. Moreover, comparisons with earlier experiments
using charged species may give insight into the process of drug-DNA
interaction.

Two difficulties hinder any experimental study of DNA interacting
with a neutral frameshift mutagen. First of all, the neutral
aromatic_polycycles have extremely low solubility in the aqueous
buffers used for biophysical experiments. Furthermore, thé canplexes
formed between the DNA and the drugs tend to bé of rather-limited
stability. These two facts combined imply that under experimentally
accessible conditiéns, only very small amounts of the drug—DNA
camnplex will actually be formed. This is certainly an obstacle in
any attempt to characterize the bound species. Coampounds which I
tested and rejected for the aforementioned reasons include quinoline
N-oxides, acridine N-oxides and a number of anthraquinone dyes;

In this work, the neutral mutagen chosen was a member of the
.psoralen class: 4'-hydroxymethyl trioxalen (HMT, see Figure 1.3), of

which I had a generous supplier: Owing to the presence of the
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hydroxymethyl group, HMT has much greater aqueous solubility than
other psoralens} In addition, HMT; like other psoralens, is strongly
fluorescent in the uncomplexed state in aqueous solution, but the
fluorescence is almost completely quenched when the molecule is bound
to DNA (Salet et al., 1980). This last feature was important for the
success of the relaxation experiments.
The studies here presénted are of three types:
1) temperature -dependent equilibrium measurements which yielded
thermodynamic information;
2) counterion activity-dependent equilibrium studies which gave clues
about the nature of the HMT-DNA camplex; and
3) relaxation kinetic experiments leading to rate constants and
activation parameters which provided some mechanistic insight

into the mutagen binding process.

2. Experimental

Calf thymus DNA (highly polymerized form) from Sigma was mixed
with 0.01M Tris, 0.2mM EDTA buffer (pH 7) to give -80 ml of solution
at a concentration of approximately 20 mg/ml. After stirring the
mixture for 24 hours in a cold room (5°C), a gel formed. Over the
next 24 hours of stirring, the sample was given periodic ten-minute
sonications totalling 120 min. During the same period, 20 ml of the
Tris buffer were added in several increments. Extraction of the DNA
solution with doubly distilled phenol previouly equilibrated with

Tris buffer yielded an emulsion which separated after being
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centrifuged at 8000 rpm for 10 min. The phenol layer was clear while
the DNA layer remained cloudy. At the interface between the two
phases a white residue formed. The separated DNA phase was ;extracted
with diethyl ether. The emulsion which resulted from the ether
extraction was again broken by centrifugation at 10,000 rpm for 10
min. The ether layer along with more white foam which accumulated at
the interface were removed by pipetting; ‘The remaining DNA solution
was now quite clear. Portions of the DNA stock so prepared were
subsequently dialyzed exhaustively against various
NaCl/Phosphate/EDTA buffers used in all the experiments. The
densities of all final DNA stock solutions were determined by
weighing the solutions in 5-ml or 10-ml volumetric flasks.

Subsequent transferring of DNA samples were always made by weight, as
the high viscosity of the DNA solutions precluded accurate pipetting.
Concentrations of diluted DNA samples were deﬁermined optically from

! 1, with the DNA cohcentrations

-the A260 and €260' 13100 ecm M
expressed in units of moles of base pairs per liter.
Pure samples of crystalline U'-hydroxymethyltrioxalen (HMT) as

well as u'-[3H]-hydroxymethyltrioxalen (3

H-HMT, sealed ampules
containing 6.0 mCi in ethanolic solution at a specific activity of
13.2 Ci/mmol) were generous gifts from Sﬁeve Isaacs and Prof. John
Hearst. All "cold" aqueous HMT stock solutions were prepared by
first making a concentrated HMT stock in 95% ethanol and adding small

aliquots of this ethanolic stock solution té large volumes of aqueous

buffer. The amount of ethanol in the final aqueous solution was
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always negligible. A "hot" HMT solution was prepared by adding'the
3H-HMT stock ethanol solution to a "cold" aqueous HMT solution to
achieve the desired spec;fic activity. All HMT solutions were
wrapped in aluminum foil and stored in the cold. HMT concentrations
in the "cold" solutions were determined opticaily using ¢

2.5 x x10" em M.

250°

All equilibrium dialyses were performed in temperature-controlled
rooms or constant-temperature baths. Glass scintillation vials of 15
ml capacity were used for dialysis experimentsQ The dialysis tubing
used was prepared and stored prior to use according to.conventional
procedures (Brewer et al., 1974). In all cases, the DNA solution
inside the dialysis tubing was ~2 ml while the external solution
volume was ~10 ml. 3H-HMT was added to the internal solution in some
cases and to the external solution in others. A small magnetic
stirring bar was placed in each dialysis vial. The vials were covered
with aluminum foil to protect the samples from iigth The entire
dialysis assembly was gently agitated on a magnetic stirrer for at
least four days. When the dialysis was complete, the internal and
external solutions were quickly separated; Liquid scintillation
measurements were then made on the internal and external solutions
while the absorbance of the 1ntérna1 solution was measured at 260 nm.
From these data, the free and bound drug concentration, as well as
the DNA concentration could be determined. All experiments were run
in duplicate and all individual measurements were also done in

duplicate: The liquid scintillation cocktail used was made by
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thoroughly mixing 12 grams ofOmniscint, 1 liter of Triton-X 100 and 2
liters of toluene.

The temperature jump instrument used‘for the relaxation kinetic
experiments has been described in detail elsewhere (Rigler el al.,
1976; Nelson, 1982). For these studies, fluorimetric detection was
used. The wavelength of the exciting light was 365 nm. The
fluorescence from the sample, after passing through a 385 nm‘cut-off
filter, was collected with one PMT perpendicular to the path of the
exciting iigth Abpendix 1 gives more detailed specifications for
the optical components wused for fluorescence measurements on the
instrument.

To achieve the temperatuhe Jjump, a 50nf capacitor éharged to 25kV
was discharged through the sample. This yielded a jump of T7.1°C. A
procedure for calibrating the size of a temperature jump is provided
in Appendix 3; The initial temperature of the samplelwas measured to
within 0.2°C using a Fluke 2100A digital thermometer with a copper-
constantan thermocouple in contact with the upper electrode of the
sample cell. |

The instrument was operated most of the time in the zero-
suppression mode and sometimes in the DC-mode. For instructions on
how to use the special options on the instrument, see Appendix 2.
Each relaxation curve was digitized as 2048 points on a Biomation 805
transient recorder. The digitized data were subsequently transferred
133 a PET m;crocomputer to a VAX 11/780 minicomputer where all data

reduction and analyses were performed. The program DISCRETE
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(provencher, 1976a,b) , provided by S. W. Provencher was used to
analyze the raw relaxation data. The program determines the number of
expoenential relaxation components which will best fit the digitized
data.

Samples for the kinetic studies were made by weighing out a
sample of DNA stock solution and adding an aliquot of HMT in aqueous
buffer. After shaking briefly on a vortex mixer, the solution was
filtered centrifugally through a cellulose membrane of 0.45 M
porosity. The filtered solution was divided into two samples for
duplicate kinetic experiments; Prior.to loading into the cell, each
sample was purged by bubbling water-saturated helium through the
solution for 3-5 min.

Two buffer stocks were prepared for the studies. The 0.01M Na

buffer comprised ImM NaCl, 0.5mM NaH EDTA-2H20 and imM NaZHPOu; the

2
whole solution was adjusted to pH 7 with HCl. The 0.1M Na buffer

consisted of 0.091M NaCl, O0.5mM Na,H,EDTA+2H,0 and 4mM Na,HPO).

272 2 2

Likewise, this solution was also adjusted to pH 7 with HCl. The
nominal concentration of each buffer (0.01M or 0.1M) refers to the
total sodium ion concentration in the buffer. All other4bufrers used
in the studies were prepared by appropriately mixing or diluting the
two primary stock buffer solutions;l .

Samples for the equlibrium fluorescence quenching experiments
were prepared in the following manner. A series of six solutions was

made in which the total DNA concentration varied from 0 to

1.3 x 1073 M in base pairs. 1In each solution, the total HMT
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concentration was 1.08 x 107> M. The 0.1 M Na ‘buffer was used to
prepare the samples for these fluorescence experimentsL The
fluorescence intensities of the solutions were measured at five
different temperatures: From the temperature-dépendent quench data,
one is able to deduce HMT-DNA binding constants as well as the AH° of
binding. The fluorescence measurements were made in a thermostatted
cell mount, on a Perkin-Elmer MPF-2A fluorescence spectrometer
(courtesy of Prof. Melvin Calvin) operating in the Rétio mode. Light
at 340 nm was used for excitation while the fluorescence at 460 nm was

monitored. Excitation and emission bandpasses were both set at 6 nm.

3. Results

A) Thermodynamics

The fluorescence quenching data at each temperature were fit to the

equation

1 T 1
- - - o= o + (3.1)

?f-F FemFy K [DNA] Fe=Fy

where Ff is the fluorescence of HMT in the absence of DNA,

Fb is the fluorescence of HMT when completely bound to DNA

(infinite DNA concentration),

F is the fluorescence of HMT at DNA concentration, [DNA] and

\

K 1s equilibrium constant for binding HMT to DNA.



Figures 3.1-3.5 Plots of the fluoresence data with constrained
least squares fits to Equation 3.1. Plots are
for data at 4.7°C, 13.5°C, 25.1°C, 35.0°C, and
44.9°C, respectively. &F corresponds to

Ff—F in Equation 3.1
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Figure 3.6 Plot of the natural logarithm of the equilibrium
binding constant for the system HMT + calf thymus
DNA, vs 1/T. The equilibrium constants are

derived from the fluorescence quenching data.
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Table 3.1 Thermodynamics of HMT + DNA Derived from

Fluorescence Titrations in 0.1 M Na Buffer

-1 Estimat?d
T K,M | % Uncertainty
4.7°C 520 8
13.5°C 410 6
25.1°C 290 22
35.0°C 200 13
by, 9°C 100 19

K25°C 34

AH® = ~6.7 + 0.9 kecal/mol

AS° ==11.5 t 3.1 e.u.




8l

When 1/(Ff-F) is plotted against 1/[DNA] and fit by the normal linear
least squares method, large errors were associated with intercepts

and thus the values of F In fact some of the intercepts were

b’
negative in value. The quench data were not good enough to determine

the parameters F. and K. Consequently, the data were fit with a

b
least squares line for which the intercept was constrained to be

?/Ff; That is, we made the assumption that upon binding to DNA, the
fluorescence of HMT is campletely quenched. The assumption has
support from previous work on psoralen-DNA binding (Salet et al.,
1980). Using the constrained fits (see Figures 3.1-3.5), HMT-DNA
binding constants were calculated at all the experimental
temperatures. A plot of 1nK vs 1/T gave a AH° of binding of
-6.7(+0.9) kcal/mol (Figure 3.6). The results from these
equilibrium fluorescence experiments are shown in Table 3.1.

We now turn to the results from the temperature—dependént
dialysis experiments; From the 1liquid scintillation measurements of
the internal and external solutions, one could determine the
uncomplexed HMT concentration and‘the amount of HMT in camplex with
DNA, given the specific activity of the HMT used. By measuring the

A of the internal solution and correcting for the absorbance of

260
the HMT in the internal solution, one was able readily to determine
the total DNA concentration, and hence the concentration of DNA not
in camplex with HMT. The results combined yield a direct measurement

of the equilibrium binding constant. Table 3.2 l1ists the binding



Table 3.2 Thermodynamics of HMT + DNA Derived from

Equilibrium Dialysis in 0.1 M Na Buffer

-1

T _ K.M . % Uncertainty
5.0°C 650 3.8
15.7°C 560 8.7
27.4°C 270 "~ 19.0
44.6°C 190 20.0
Kosoc 254

AH® = -6.1 0.7 keal/mol

AS® = -8.9 + 2.4 e.u.




Figure 3.7 Plot of the natural logarithm of the HMT-calf thymus
DNA equilibrium binding constant, derived from

dialysis experiments, vs 1/T.
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constants obtained at four temperatures; A plot of 1lnK against 1/T
gave the AH° of HMT-DNA binding as -6.1(0.7) kcal/mol (Figure 3.7).
The values for AH° determined from the fluorescence and dialysis
experiments are seen to bg in reasonable agreement; However, in so
far as dialysis is a more direct measurement; the results derived
from dialyses are more reliable. In subsequent sections, the
thermodynamic values used will be those obtained from the dialysis

experimentsL
B) The Nature of the HMT-DNA Complex

Conventionally, one writes the HMT—DNA binding equilibrium as

K
app

HMT + DNA ———> HMT-DNA (3.2)

[HMT-DNA]
with K

aPP  [HMTILDNAJ :

, DNA is, however, a linear polyelectrolyte with regularly spaced
negative phosphate groups along its backbone. The phosphate-phoshate
repulsibn {s partially relieved by "condensing" positive counterions
onto the linear polymer; The entropic gain from counterion
dissociation into the bulk solution prevents complete neutralization
of the phosphate charges by .gondensation. The condensed cations are
not bound to specific sites on the polyelectrolyte but rather move

freely on the surface of the polymer. Cations condensed on the DNA



are in equlibrium with the cations in the bulk solution. 1In the
theoretical framework developed by Manning (see review by Manning,
1978), the extent of counterion condensation is governed by a

dimensionless parameter E:

£ = —— (3.4)

where e is the charge on the electron,
€ is the dielectric constant of the bulk solution,

kB is the Boltzmann constant,

T is the temperature in Kelvins, and

b, with units of A/charge, is the average distance between

negative charges on the polymer.

Under the experimental conditions here; £ = 7.084/b. 1If £< 1, no
counterions condense on the polymer; For £ > 1 (i.e., b < 7.084),
however, counterion condensation will occur. The number of

counterions condensed per phosphate is derived by Manning to be

-1 - | .
Oye =1 - 6 (3.5)

The theoretical results were confirmed in 23Na—NMR experiments by

Anderson and coworkers (Anderson et al., 1978).

89

’

HMT is believed to be an intercalator. Intercalators extend and



90

unwind the DNA to which they bind (Cairns, 1962; Lerman, 196&; Waring
1968). For positively charged in;ercalators like ethidium, the
extent of binding is high and the length increase in the DNA
considerable. The effects of unwinding the DNA can be quantitated by
sedimentation and gel electrophoretic measurements (Bauer & Vinograd,
1968; Depéw & Wang, 1975; Pulleybank et al., 1975). Conversely, a
measured degree of unwinding may be used to infer the extent to which
a charged drug intercalates into DNA. For the neutral HMT, measuring
the extent of unwinding caused by the bound drug is not feasible
since s0 few molecules actually bind to the DNA. An alternative
approach based on the polyelectrolye nature of DNA is possible. 1In
view of the earlier discussion, any change in the length of the DNA
will change the average distance between phoéphate groups on the DNA.
The consequence is a change in the amount of counterion condensation.
Thus, one might wri;e the HMT-DNA binding equilibrium as

Kp

HMT + DNA ——> HMT-DNA + AnNa (3.6)

for which the equilibrium constant is

Yipar - py L HMT *DNAD

K, - () -[Na" 1" (3.7)
Y}MT[}MT]YDNA[DNA]

where Ya denotes the activity coefficient for species a. If we

assume that the only strongly non-ideal activity coefficient is YNa+’



Figure 3.8 Plot of ln(Kapp) vs ln(aNa+) for the HMT + DNA

system,
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Table 3.3 Dependence of K,pp 00 Sodium Ion Activity?’C®
b ' -1
CNa+ [M] YNa+ aya* M] Kapp(%Uncertt)[M ]
0.001 0.960 9.60 x 10°% 1970 (4.1)
0.005 0.917 4.58 x 1073 1560 (0.1)
0.010 0.888 8.88 x 1073 1030 (8.3)
0.050 0.812 4.06 x 1072 490 ( 40)
0.100 0.767 7.67 x 107 270 ( 19)
-1
+ = 31‘7 M

Kapp,0§1M Na

3511 values reported are for 27..4°C

bCalculated using method outlined in Laitinen & Harris, 1975

®In an earlier publication (Isaacs et al., 1978), theKapp for
' 1

binding HMT to calf thymus DNA was quoted as 3400 M .. That value was
obtained by dialysis at "room temperature" in a buffer of 0.01 M Tris,
0.001 M EDTA at pH 8.4. Under these conditions cNa+-o;ooz M.
Results from the present study, when adjusted to the conditions used
by 1Isaacs EE_EE;' asshming "room temperature" to be -22°C, yield a

1.

Kapp Of ~2400 M .. The agreement between the two values is

acceptable.



94

we can write Kb, using the definition of Ka from Equation 3;3; as

pp

K

app aNa

b = Xapp 2na® | (3.9)

Kb is a true thermodynamic equilibrium constant. Kapp

hand, should show a dependence on the sodium ion activity in the

, on the other

solution. Taking the natural logarithm of Equation 3.8 and

rearrangihg yields

lnl(app = -An-lnag + + 1nK, (378a)

The negative slope of a plot of ana againsg lnaNa+ is the change

PP
in thé number of condensed sodium ions for each HMT intercalated.

Such a plot of the experimental data is shown in Figure 3.8. The data
are tabulated in Table 3.3.
What is the expected value of An for binding a neutral

intercalator? Using the’equations of Manning, one gets An 0.48

cale”

for binding a neutral intercalator to regular B-DNA (calculation shown

in Schema 3.1). The experimentally determined value is Anexpt’ 0.46.

" The close agreement indicates that HMT binds to DNA by intercalation.

C) Relaxation Kinetics

Displayed in Figure 3.10 is the signal voltage vs time trace from

5

a temperature jump experiment performed on a sample of 1.87 x 10 °M

HMT and 3.42 x 10-uM DNA. The zero-suppression option was used with a
delay time of 50 us. Final temperature of the sample after the

temperature jump was 21.4°C. The initial signal was set equal to 5°



Schema 3;1 Change in the Extent of Counterion Condensation upon

Binding a Neutral Intercalator

To calculate An, the change in the number of counterions
condensed per phosphate upon bnding a neutral intercalator, we
proceed as outlined below.

-The base pairs in B-DNA are separated by 3.4 A. Two negatively
charged phosphates are associated with each base pair. The nearest-
neighbor exclusion principle dictates that when the DNA lattice is
saturated with intercalators, only every other base pair stack along
the DNA has an intercalator in it. In other words, an intercalator
binding site on DNA may be visualized as two base pairs and their
adjoining_;paces. Two sites, one empty and the other occupied, are
represented in Figure 3;10; With the aid of the diagrams, one can
easily determine An.

First, we calculate the parameter.b for both the empty and the
occupied cases. ﬁhen empty, the site consists of four negative

charges and extends over 6.8 A:

bempty = 6.8 A/4 charges = 1.7 A/charge

The site occupied by a neutral intercalator still carries four
negative charges but the total size of the site is expanded to

10.2 A. Thus

We can now calculate the extent of counterion condensation, eNa+’

95
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Schema 3.1 (continued)

from Manning theory:

+ b
0 + & — “Na' =1 - 5'1 =1 - , (at 27.4°C)
phosphate :
Then,
empty 1.7
oSRtY . Na 4. 5760 (s3.1)
Na n 7.083
phosphate ‘
and
ocgupied
. 2.55 A
gocgupied _ __ Na =1 = =——— = 0.640 (s3.2)
Na n 7.083
phosphate *

Since the intercalator under consideration is neutral, the number of
negative charges remains at four regardless of the state of occupation
of the site. Subtracting Equation S3.2 from S3.1 and substituting

Mohosphate™ 4 ylelds

empty _ ocgupied - 0.48
a a :

Therefore, for every neutral intercalator bound, the DNA releases An =
0.48 Na' ions. The equilibrium for binding HMT to DNA can now be

written as

HMT + DNA =— HMT-DNA + 0.48Na"
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intercalator

3.4%

Evmpty o Occupied'
Site " Site

Figure 3.9 Schematic representation of an empty and an

occupied intercalator binding site on DNA
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Figure 3.10 Relaxation Signal for dCA.G + dCT,G
A PMT signal voltage vs time trace obtained
from an HMT + calf thymus DNA sample in a
temperature jump experiment. See text for

conditions of the measurement.
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volts. Analysis of such traces yielded three exponential canponentsL
In the course of a relaxation experiment, an intense beam of
light impinges on the.sampléQ In these studies with HMT; exposure of
the sample to intense UV light was a problem since HMT is a
photoreagent capable of photoreactions with the thymines in DNA as
well as photodegradationQ It was thus necessary to check the effect-
of photoreaction on the experiment. To assess the contribution of
the HMT-thymine photoadducts on DNA to the fluorescence relaxation
signal, one must determine the amount of adducts generated in a
typical temperature jump experiment. One must estimate, in addition,
the felaxation signal arising from a known amount of adducts. A
single temperature jump measurement can be completed with exposure of
the sample to UV light limited to ~10 seconds. On the order of ten
temperature jumps are made on each sample; 'Running a set of

3

temperature jumps on a sample made from DNA and “H~-HMT, it was found

that after ~100 seconds of cumul;tive exposure of the sample to UV

3H-HMT-DNA adducts were generated

light at 360nm, approximately four
per 1000 base pairs: .By performing temperature jumps on a purified
sample of calf thymus DNA containing -1 adduct per 100 base pairs,
the fluorescence signal was found to be roughly one hundred foid
weaker than the signal one gets with a solution containing free HMT
and DNA. Fram these results we conclude that the -4 adducts per 1000
base pairs generated through the course of a whole set of temperature

jumps contribute negligibly to the relaxation signal.

The effect of photodegradation of HMT is best seen by performing
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temperature jumps on a solution of HMT without DNA. It was found that
a fast relaxation signal appeared with irradiation and grew in
amplitude with successive exposures to the exciting light; This
signal; since it increased progressively with irradiation, must have
arisen from photodecomposition products of HMT in aqueous solution.
This degradation product signal corresponded to the fastést canponent
(Component 1) found in analyzing HMT-DNA relaxation curves.

Camponent 1 was in fact faster than the rise time of the instrument.
Since it did not have any'bearing on the pbysical binding process in
which we were interested, no further attempt was made to characterize
the signal arising from the photoproducts;

Qut of thé analysis, we found that two of the three relaxation
components afe attributable to physical interactions between HMT and
DNA. Of thesé two camponents, the faster one (hereon referred to as
Component 2) was the only one which varied with DNA concentration.

Canponent '2 could be analyzed using the simple bimolecular scheme

%

HMT + DNA =—> HMT-DNA (3.9)
k—1
For such a scheme, the inverse relaxation time is expected to have the

functional form

© ' =k (THMT] + [ONAD) + k_, (3.10)

Since the HMT-DNA interaction is weak, [HMT] + [DNA] is approximately
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Figure 3.11-3.14 Plots of 1/1, ) for the

] o
¥s Cr (Cgyr * Cowa
HMT + calf thymus DNA system at 17.5°C, 21.4°C,

25.6°C and 29.5°C, respectively.
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CHMT + CDNA’ where CHMT and CDNA are the initial total concentrations
of HMT and DNA, respectively. Consequently, we can write

1-? = k1(C

° ° ’
mur * Cona) * K- (3.11)

Plots showing the linear least squares fit of.Component 2 to Equation
3.11 are displayed in Figures 3.11-3.14 for all the temperatures.
Listed in Table 3.4 are the forward and reverse rate constants
extracted from the least squares fits. Linear fits of 1nk's vs 1/T
yielded activation energies and entropies (Figures 3.15;16). The
activation parameters are listed in Table 3.4.

The longest relaxation time (Camponent 3) exhibited no DNA
concentration-dependent vabiation; Values of Camponent 3 at different
temperaures are shown in Table 3.5. The apparent activation

parameters, obtained by plotting 1ln(t ?)'vs 1/T (Figure 3.17), are
v 37 - .

also given.

4. Discussion

We wish first to compare the thermodynamics of the HMT-DNA system
with those of two other well characterized systems, ethidium-DNA and
proflavin-DNA. 1In Table 3.6 we find the pertinent thermodynamic
parameters for the three systems. The first striking feature is the
disparity in the magnitudes of the equilibrium binding constants.
The charged l1igands have apparent binding constants which are roughly
two orders of magnitude larger than the binding constant of HMT to

Q .
DNA. 1In comparing the AS values, it is quite apparent that the
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Table 3.4 Kinetic Parameters for the First Step in

Binding HMT to DNA

1

T k1x10'5.[M‘1s' ] k  [s ']
17.5°C 4.3 £ 1.0 970 + 80
21.4°C 5.1 + 0.4 1170 + 40
25.6°C 5.7 + 1.3 1620 = 140
29.5°¢C 5.9 + 0.7 2110 + 80
Kogon 5. 44 1561
Ea 4.6 + 1.1 11.5 + 0.8
AS+ -19 + 2 -7 £ 1
BHY i netyc™ ~6-9 £ 1.8 850 netie™ 12t 3

Ea's, AH®°'s in kcal/mol

AS°'s in e.u.
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1 and k_1 in the

HMT + calf thymus DNA system.

Figure 3.15-3.16 Arrhenius plots for k
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Table 3:5 Listing of Component 3. and

Apparent Activation Paramet ersa

T | T; [s™13
17.5°C 479 + W1
21.4°¢C 536 + 27
25.6°C 656 + 84
29.5°C 688 + 42
k_5+25°C 614

+

E, =5.6¢ 0.8 kcal/mol

AS+= =29 £+ 1 e.u.

aF‘o].lowing the interpretation in the text, =t

-1
3 =k

=2

112



Table 3.6 Thermodynamics for Three

Ligands Binding to DNA

Ligand Kapp AH® AS® TAS®
Ethidiu'® 3.8 x 10°  -8.4 -7.2 2.1
proflavin’™® 2.0 x 10 -8.4 -8.4 2.5
HMT 340 -6.1 -8.9 2.6

All values for 25°C

. -1
Kapp in M |

AH® and TAS® in kcal/mol

AS° in e.u.

aBresloff‘ & Crothers, 1975; 1 M NaCl

b

Li & Crothers, 1968; 0.2 m NaCl
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3
HMT + calf thymus DNA system.

Figure 3.17 Plot of 1in(t ?) vs 1/T for the
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entropy change upon binding a ligand is essentially the same for.all
three ligands, regardless of charge. The place where the charged and
uncharged ligands differ is in the magnitude of the AH° of binding.
That is, the large influence the positive charge has on the binding
constant is exerted through the enthalpy term.

As shown in the ResultsAseétion, the sodium ion activity
dependence of the apparent binding constant; together with the
polyelectroiyte theory developed by Manning permitted'one to deduce
that HMT formed an intercalated complex with DNA. We will now
discuss the results of the relaxation kinetic experiments and attempt
to characterize the process by which such an intercalated complex is
formed.

Once again, the discussion is best presented as a comparison
between the present work and previous studies on ethidium and
proflavin. Before a comparison is bégﬁn, we must ascertain the
nature of the slow relaxation camponent in fhe HMT-DNA reaction.
There are two plausible schemes which may simply describe the binding
reaction. Both of these schemes give rise to two relaxation times.
We may write a sequential reaction scheme, where a bimolecular steb
first leads to a complex, (HMT-DNA)1, which subsequently may
rearrange to yield (HMT-DNA)é: N

k ' : k

1 2

HMT + DNA === (HMT-DNA), == (HMT-DNA), (3.12)

koo k.2
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where Ky = ki/k_, and K,

equilibfium consﬁant is related to the two stepwise constants by

= k2/k_2. The experimentally measured

Kapp = K (1 + X)) (3.13)

For this linear scheme, the two reciprocal relaxation times are

1

T;‘ast = k,([HMT] + [DNAD) (3.14)

and

-1 K,([HMT] + [DNAD)

T -k -+ k
slow 2!(1([HMT] + [DNAD) + 1

-2 (3;15)

A parallel scheme is also possible where two bimolecular steps
each leads to the formation of a different complex (e.g.; one in each

groove of the DNA helix):

ky .

HMT + DNA =—> (HMT+DNA) |

-1 (3.16)

Ko

HMT + DNA === (HMT-DNA)2

K2

With K, = k,/k_, and K, = k2/k_2, the observed equilibrium constant

in terﬁs or'the parallel scheme is

K = 1(1 + K

app (3.17)

2
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For one step, and for convenience say the first, being much faster
than the other, the two relaxation times for the parallel scheme are

given by

1.

T;‘ast =k, ([HMT] + [DNAT) + k_

1 (37?8)

and

-1 (HMT] + [DNA]
T = k

IOV "% ([mMT1 + [DNAD) + 1

+k_, (3f?9)

The functional form of the fast relaxation ﬁime is identical for
the two schemes; the same forward and reverse rate constants would
apply for the first bimolecular step of both schemes . Using the
value ot‘ k1 and k_

1
M-1. The 'thermodynamic Kapp determined by eqﬁilibrium meésurements

at 25°C, one calculates K ky/k_; = 349

1,kinetic”

is 341 M-1 at the same temperature; The two values are seen to be

essentially equal. In terms of the stepwise equilibrium constants,

the expressions for Kapp are Kapp' K1(? + KZ) for the sequential
scheme and Kapp' K1 + K2 for the parallel scheme. In either case,
since the megnitude of K1 and Kapp are essentially identical, the

contribution of the second step (K2) to the total binding process
must be very small. Furthermore, since the formation of camplex 1
(step 1) dominates the binding equilibrium, and the polyelectrolyte

results indicate the bound form to be an intercalated species, we may
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conclude that HMT intercalates directly into the DNA helix; in-ah
single bimolecular step, without an intermediate bound form.

The uncertainties in K1 are on the order of 10%% We can now use
this to place limits on thé magnitude of K2 in each scheme% That is,
for the sequential'scheme; Kzi 0;1; and for the parallel scheme,

K2 é 0;1K1- 35 M-?, at 25°C. .For the slow relaxation component, if we

consider ﬁhe contribution of the forward rate constant, k to the

2’

relaxation time to be negligible, then the measured reciprocal

relaxation time is simply k_ This is true for both reaction

2.
schemes, as can be seen in Equations 3.15 and 3.19. Since K= k2/k_2

M 17T,

2

4

< 35 M ! for the parallel scheme, k < 35k_2=‘2:1 x 10

2,para
For the sequential case, K,= k,/k_x< 0.1; therefore, K

= 61 s~'. We now wish to check if these values for k, do indeed make

negligible contributions to the reciprocal relaxation time. Under the
h,

2,5eq¢ 0-1K-2

conditions of the experiment, 3 x 10 ' M < [HMTJ+[DNA] <1.6 x 1073 M.

Over this concentration range, the change in 1/1s expected for the

low

parallel scheme is

y

NN =7.5x 10 Ky

T
slow ‘para

4 1.1

s 1y <c1e sl

which, with k slow’para

2,para< 2.1x 10 M » Yields A(r1

In the sequential scheme, over the same concentration range,

-1
A ) - 0.27k2

T
slow’seq

_ -1
For k2,seq< 6? s

1y <1687 a

» the expected change is A(r,, seq

value of A(T;low) of less than 16 5-1 is far smaller than the
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standard deviations associated with the values of 1 !

slow reported in

Table 3.5. -Thus the ky's derived from the constraints on K, would

contribute negligibly to the reciprocal relaxation times. We now
proceed to consider the relative plausibility of the parallel and

sequential schemes. The rate constant k2 is less than
,para
y 1

2.1 x 10 Mf?s-_. Since in the parallel scheme k2 characterizes a

bimolecular step, such a value is unreasonably low and would favor.
rejection of the parallel scheme. 1In the sequential scheme, however,

k2 is the unimolecular rate constant for rearranging a fhlly

intercalated HMT complex. A value of kz‘seq< 61 3-1 is not at all
R » .

unrealistic. Henceforth, we will interpret the kinetic results in

terms of the sequential binding scheme:

k1 k2 .
HMT + DNA T—= (HMT -DNA) | b a—— (HMT-DNA) ,, (3.20)
k intercalated k_ alternative

-1 2

bound form

Now a comparison may be made between this work on HMT and
publ ished studies on proflavin and ethidium. Li and Crothers (1968)
interpreted the proflavin binding reaction using the following

sequential scheme:

k12 : k23

— . —fi - ’
Pro + DNA = (Pro-DNA) . <—= (Pro DNA) | ot ercalated’ (3721) |

Koy K32
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where (Pr‘o-DNA)out represents a proflavin bound to the outside of the
DNA helix through electrostatic interactions. Bresloff and Crothers
(1975) analyzed the kinetics of ethidium binding to DNA in terms of

the rather complex model:

%o

Eth + DNA &—» (Eth-DNA)O

Ko
k_, k,
(Eth<DNA) =" Eth + DNA =—> (Eth<DNA) (3.22)
Ko k_1
K¢

(Eth°DNA)1 + DNA 3——> DNA + (Eth-DNA)2
k-t

In this model.(E:th-DNA)0 is an externally bound form, while
(Eth-DNA)1 and (Eth-DNA)2 are two intercalated forms. Wakelin and
Waring (1980) in their follow-up study suggested that forms 1 and 2
are complexes in which the ethidium intercalates via the major and
minor groove of the DNA, respectively. In addition to the bimolecular
intercalation steps, the process characterized by k_ and k_

t tlsa

direct transfer of the ethidium from the major groove on the DNA to
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Table 3.7 Kinetics of Three Ligand-DNA Systems

(See text for reaction schemes)

For'mingb Dir'ectc Rearrangement of
Ligand External Ccomplex Intercalation Bound Species
. a - 7 ' -3
Proflavin k12 = 1.30 x 10 No k23 =6.60 x 10
k = 1,19 x 10 Comparable k = 405
21 _ 32
. Process
. 7 : 6
Ethidium kO = 1.85 x 103 k1 =1.41 x 10 No
K o= 7.94 x 10 k_y=1T1 5 Camparable
k2 = 2.64 x 10 Process
HMT No k, = 5.44 x 10 k,°
Comparable k_y= 1561 k_, = 614
Process

1_-1

Bimolecular rate constants in M 's |

Unimolecular rate constant in s°1

3L1 & Crothers, 1968; 0.2 M NaCl

bOriginal values for ethidium: Bresloff & Crothers, 1975; 1 M NaCl
CRevised values for ethidium: Wakelin & Waring, 1980; 1 M NaCl

dCould not determine given precision of data
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the minor groove on a different segment of DNA. This direct transfer
process is absent for béth the proflavin and HMT cases.

Table 3.7 displays the rate constants (at 25°C) characterizing
various camplex forming and rearranging steps in binding the three
different 1ligands to éalf thymus DNA. Both proflavin and ethidium
form an external canplex with DNA. This external conblex is formed
through a bimolecular step. The forward rate constants for external
binding is seen to be quite high. The external camplex is believed
to be stabilizedvby electrostatic interactions beéween the ligand and
the DNA. The ligand HMT, lacking any charge, is unable to form such
an external electrostatic complex; as evidenced by the absence of a
very large bimolecular association rate constant.

The similarity of HMT and.ethidium lies in the fact that both

ligands exhibit relatively low bimolecular association rate

constants% For ethidium, the rate constants k1 and k2 are for
forming intercalated canplexes directly from sélution. As previously
discussed in connection with the sequentiél scheme, k1 for HMT
characterizes the direct intercalation of HMT into the DNA. One can
see fram Table 3.7 that for HMT and ethidium, the forward rate
constants for direct intercalation of the 1ligand are quite similar in
magnitude:

Proflavin and HMT share a feature absent in the ethidium
situation: a process whereby a bound camplex rearranges. In the

case of proflavin, the process is the conversion of an external

canplex to the intercalated form, a process with a relatively small
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forward rate constant. On the other hand, for HMT the rearrangement
is to some minor alternétive species about which little can be
deduced. The forwafd rate constant for rearranging the intercalated
HMT is low enough that it could not be determined given the precision
of the relaxation kinetic data.

We can gain insight about direct intercalation by examining the
activation parameters for profla&in and HMT binding to DNA (Table
3.8); For the bimolecular association step, the activation energies
are essentially identical for the two ligands. The reason for the
large difference in the forward rate constants between the two is to
be found in the activation entropies; AS+ is -10 e.u. for forming
the the external proflavin camplex and -19 e.u. for directly
intercalating HMT. The interpretation is that the positively charged
proflavin may approach the DNA in a large number of possible
orientations and still be able to form the elecgrostatic external
canplex. Being neutral, the HMT does not.form and external camplex.
In order to form the intercalated complex, the HMT must approach the
DNA in some very specific orientation with respect to the base pairs.
It is this severe restriction on the orientation of approach that

entropically lowers the rate constant for direct intercalation.



Table 3.8 Activation Parameters for the Proflavin-DNA

and the HMT-DNA Systems

Proflavin k

12 21 23 32
Eo, kcal/mol 4 Y 16 #1Y
ast®, elu: -10 410 416 +3
HMT K, k_, K, K,
E_. keal/mol  +4.6  +11.5 -—- +5.6
AS+, e.u. -19 =T -—- -29

s reported in Li & Crothers, 1968

bCalculated from results reported in Li & Crothers, 1968
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Chapter 1V

THE AQUEOUS PHOTOCHEMISTRY OF HMT

1. Introduction

Psoralens (see Figure 4.1) are a class of photoreactive compounds
found in a variety of plants; These compounds find their chief
medical use as photosensitizing agents in the treatment of skin
pigmentation disorders (Scott gg_g£$; 1976). Under irradiation with
near-UV light, psoralens are capable of forming monoadducts and
crosslinks with the pyrimidine bases (predominantly thymine and
uracil) in nucleic acids (Musajo et al., 1967; Cole, 1971;
Bachellerie et al., 1981). The ability of psoralens to form
interstrand crosslinks in nucleic acids is the basis for their use as
probes of nucleic acid structure and function (Thamanna et al., 1979;
Thompson et al., 1983). The covalent products formed by
photoaddition of psoralens to nucleic acid bases have been
characterized structurally (Hearst et al., 1984). In previous work,
however, one aspect of using psoralens as a reagent in aqueous systems
has been neglectéd: the photochemistry of psoralens by themselves.
Characterizing the photodegradation of psoralens is important since
whenever a psoralen 1s used with UV radiation, the reactibn system
quickly becomes "contaminated" by products arising fram psoralen

self-reactions. A knowledge of the nature of the psoraléen



Figure 4.1

Topmost is the tricyclic psoralen nucleus with the
commonly'uséd numbering system. The structure for
HMT is shown at the bottom. Also shown are the
structures for furan, a~pyrone and coumarin. These
structures are useful when one wishes to refer to

specific portions of the psoralen molecule.
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photodegradation products aids the understanding of experimental
results from physical studies. The types of photoproducts found may
also give better insight into the clinical effects of psoralen use.
The psoralen chosen in this study is HMT (Figure 4.1). This
choice was originally motivated by requirements of the temperature
jpmp relaxation studies presented in Chapter III. HMT is
characterized by a relatively high aqueous solubility (of the order
of 10-5 M), which made collecting analyzable quantities of the
photoreaction products possibleQ The study here reported is
concerned with the isolation and characterization of the major
photodegradation products of HMT in aqueous solution. Since all
- psoralens possess the same tricyclic aromatic nucleus; one is
dptimistic that the reaction patterns found for HMT should apply to

furocoumarins as a class.

2. Experimental

Pure samples of HMT and 3

H-HMT (specific activity 13.2 Ci/mmol)
were generously supplied by Mr. Steve Isaacs and Prof. John Hearst.
Solutions to be irradiated were prepared by first making a 0.01 M
soldtion of HMT in 95% ethanol. Small aliquots of this concentrated
ethanolic stock diluted into either water or 0.1 M Na buffer
(described in the Experimental section of Chapter III) yielded the
final solutions used. Irradiations were carried out in an irradation
apparatus consisting of two 400 W G.E. Hg-vapor lamps, 1illuminating a

thermostatted Pyrex holder which contained a 40% Co{(NO solution as

302
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a filter. The t}ansmission profile of this solution filter is shown
in Figure 4.2. Small samples (S 10 ml) were placed in Pyrex test
tubes and irradiated in the apparatus. Large samples of several
liters volume were kept at constant temperature in a thermostatted
bath and circulated through the inner chamber of a flow cell with the
aid of a large peristaltic pump. The outer chamber of the flow cell
was filled with the Co(NO3)2 filter. Small samples were irradiated
fob 30 minutes unless otherwise indicated. Large circulating samples
were irradiated for periods which gave exposures equivalent to 30
minuﬁes of continuous irradiation.

Irradiated samples were concentrated on a Roto-Vap before
analysis. Chromatographi¢ analyses were done on a Beckman-Altex HPLC
fitted with Altex Ultrasphere ODS reverse phase columns. The column
dimensions were 4.6 mm x 25 cm for analytical separations and
10 mm x 25 cm for preparative separations. A 1 cm path length flow

Acell was used for analytical separatioﬁs while for preparative runs a
flow cell with a path length of 0.5 mm was used. The effluent from
the HPLC was monitored spectroscopically at 250 nm. All samples were
filtered through membranes withso;us u porosity before being injected
onto the HPLC columns. Three solvents were used for the HPLC analyses.
A 20 mM phosphate buffer at pH 2.2 was used for washing the column.
Water and methanol were used in gradient elution to separate the
photoproducts. All solvents were filtered to 0.45 u and degassed by
suction for -30 minutes before use.

Three types of mass spectra were taken: electron impact (EI),



Figure 4.2 Transmission profile for a 40% Co(NO3), solution in
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chemical ionization (CI), and fast-atam bombardment (FAB). All mass
spectra were run using the.mass spectrometry facility in the College
of Chemistry at UC Berkeley.

.For NMR analysis, HPLC effluent containing the desired compound
was first placed under suction to remove metbanol. The remaining
solution, which was largely aqueous, was lyophilyzed to dryness. The
compounds so prepared were kept in a freezer before use. CDCl3 was
the solvent used for making all NMR samples. NMR studies were
performed at two facilities: the 200 MHz and 250 MHz spectrometers

at UC, Berkeley and the 360 MHz instrument on the UC, Davis campus.

3. Results

A. HPLC Analyses

Iﬁ Figure 4.3 is shbwn a series of analytical HPLC traces
corresponding to a time course study of HMT photodegradation. It can
be seen that with increasing irradiation, there is a general decrease
in the amount of soluble photoproducts while more and more material
becomes insoluble and was removed by filtration.

Figuﬁe 4.4 shows a typical record of an HPLC separation of a
sample from an irradiated HMT solution. There are four prominent
peaks and these are 1labelled HT, P, I and HM. Portions of four HPLC
separations run sequentially on a large-volume irradiated sample are
shown in Figure 4.5. We notice that the resolution of peak P and

peak I is strongly dependent on the condition of the column. On a ~
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Figure 4.3 Analytical HPLC traces of an aqueous HMT solution
irradiated for different lengths of time: ‘
(a) 30 minutes, (b) 60 minutes, '
(c) 120 minutes, (d) 180 minutes.
For (a),(b) and (d), gradient elution was used, with
eluant being 607 methanol in water at the time of
sample injection and 64.47 methanol at the end of 20
minutes. Elution for the sample in (c) was run
isocratically, with 60% methanol in water being the
eluant. Absorbance of the effluent was monitored
at 250 nm.
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Figure 4.4 A typical record of an HPLC separation of an
irradiated aqueous HMT sample. Four major peaks
are labelled. The dashed line is a record of the
percentage of methanol in the eluting solvent as a
function of elution time. The HMT solution was
exposed to UV light for 30 minutes before being
subjected to HPLC analysis.
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Figure 4.5
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Portions of four HPLC separations run on a large~
volume irradiated HMT solution. Trace (1) is the
result of one aliquot of sample injected onto a
clean column. Traces (2) and (3) are from two
injections made immediately after trace (1) was
completed. Resolution of peaks P and I is good in
trace (1) but quickly deteriorates in (2) and (3).
The column was washed with 20 mM phosphate buffer at
PH 2.2 in conjunction with methanol immediately after
trace (3). Another injection was made after the
cleaning cycle and yielded trace (4) which shows
excellent resolution of peaks P and I again. The

dashed line is the gradient elution profile.
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freéhly cleaned column, the separation of the two peaks is'quite gooa
(Figure 4.5(1)). With each successive injection, however, the right
hand peak merges more into peak P (Figure 4.5(2-3)). Rinsing the
coluﬁn with 20 mM phosphate buffer prior to injection caused peaks P
and I to be once again resolved (Figure 4.5(4)). Thus, in order to
achieve maximal resolutioh each time, a cleaning gradient cycle using
a 20 mM phosphate buffer at pH 2.2 in conjunction with methanol was

applied to the column before each injection.
B. UV Spectra

Since HMT itself contains afamatic chromophores which absorb
strongly in the UV region and its photoproducts are likely ﬁo have
similar chromophores, a facile way to get useful informatioﬁ is to
examine the UV spectra of the campounds. The Uv.spectra for the
peaks marked HT, P;‘ I, and HM in Figure 4.4 ébe displayed in Figures
4.6-4.9, respectively In the HPLC trace, P elutes where HMT normally
does and comparison of the spectrum of P with a spectrum of pure HMT
(Figure 4.10) confirms that P is indeed the parent campound. Shown
in Figure 4.11 are the structure and spectrum of a model compound,
dihydro—TMP; which has its furan ring hydrogenated, 1leaving an intact
coumarin chromophore. One notices that the spectral band (located
between 330 and 340 nm) characteristic of a furocoumarin with a
saturated furan ring is prominent in the UV spectrum of HT but

entirely absent in the spectrum of HM. The UV spectrum for another
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Figure 4.6 UV absorption spectrum of compound HT isolated from
irradiated HMT solution. Solvent is 60% methanol

in water (by volume).
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Figure 4.7 UV spectrum of compound P isolated from
irradiated sample of HMT. Solvent is 607

methanol in water (by volume).
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Figure 4.8 UV absorption spectrum of compound I isolated from
irradiated HMT solution. Solvent is 60% by volume

methanol in water.
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Figure 4.9 UV spectrum of compound HM isolated from irradiated
HMT solution. Solvent is 60% by volume methanol

in water.
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Figure 4.10 UV absorption spectrum of HMT dissolved in 60%

by volume methanol 1in water.
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Figure 4.11 UV absorption spectrum of dihydro-TMP in a solvent
of 60% by volume methanol in water. The structure

of DHTMP 1is shown.
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“Figure 4.12 UV absorption spectrum of tetrahydro-TMP in a
solvent consisting of 60% by volume methanol

in water. The structure of THTMP 1s shown.
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model cqmpound, tetrahydro-TMP (THTMP), in which both the furan ring
and the pyrone ring of TMP have beeh reduced, is shown in Figure 4;12,
along with the structural formula of THTMP.

A spectral property of compound I is also worthy of note. While
the parent compound and the other photoproducts all are colorless,
compound i is yellow both in the solid form'and in solution. Two
possible explanations present themelves. Musajo (Musajo, 1963) has
found that yellow products separable by ;hin layer and baper
chromatography were generated as a result of photooxidation of
psoralens in the presence of flavin mononucleotide (FMN) and flavin
adenine dinucleotide (FAD). While these products were found to be
chromatographically distincet, their structures were not determined,
owing to their lack of stability. Thus it is possible that the
yellow species generated in the present study have their origin in
photooxidation as well. An'alternative proposal is a mechanism by
which ﬁhe HMT molecule is photochemically rearranged in such a way as
to vyield a new chromophore whose abSorption spectrum extends into the
visible region. With the aid of the NMR and mass spectral results,

we can choose between the different explanations.
C. Pyrolysis Experiments
In attempting to measure the melting points of compounds HT and

HM, it was found that these campounds appear to undergo structural

changes in the so0lid state between 200 and 250 °C before liquefying.
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Indeed, no sharp melting point could be determined for either
compound: Samples of HT'and HM were sealed in glass capillary tubes
and pyrolyzed using either the melting point apparatus or a sand
bath. When the pyrolyzed samples were taken up into solution and
analyzed by HPLC, chromatographic profiles entirely different from
those of HT and HM were obtained. In fact, after pyholysis, both HT
and HM yielded primarily a campound which had an HPLC retention time
and a UV spectrum identical to that of the parent psoralen; HMT
(Figures 4.13 and 4.14). These results clearly indicate that HMT is
photochemically converted to HT and HM, which can revert to HMT via
thermochemical pathways. Such behavior is well known in [2+2]
cycloaddition reactions. One may thus infer that HT and HM are two
different dimers generated by the photoaddition of two HMT molecules.
The HPLC trace of HT prior to pyrolysis shows that even at room
temperature, some thermal reversal can také place to convert HT to HMT
(Figure 4.13). The same is not true of HM. HT is thus more thermally

labile than HM.
D. Mass Spectral Results

Chemical ionization mass spectra for HMT, HT and HM are shown in
Figures 4.15-4,17. Since methane was used as the reagent gas in these
CIMS runs, one expects to see an (M+H) " peak (usually the base peak)
as well as (M*Czﬂs)*. In the HMT CI mass spectrum, one finds the

base peak to have an m/z of 259, which corresponds to the expected
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Figure 4.13 HPLC traces showing a sample of compound HT
(a) before pyrolysis and (b) after pyrolysis.
Compound HT degradés partially to HMT even at
room temperature, as can be seen in trace (a).
After pyrolysis, HT is converted to HMT almost
quantitatively. Gradient elution used in both
HPLC runs. Conditions are the same as in previous

traces.

(a)

HMT

12 16
Time (min)
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Figure 4.14 HPLC traces showing a sample of compound HM
(a) before pyrolysis and (b) after pyrolysis.
HM is more stable than HT and does not degrade
significantly at room temperature as evidenced
by trace (a). After pyrolysis, HM is converted
into HMT almost quantitatively. Experimental
conditions are the same as those for previous
HPLC analyses.
(a)

v )L

HM
(b)
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(M+H) " for HMT, which has a molecular weight of 258. The CI mass
spectrum of HM is largely identical to that of HMT except for the
existence of a peak at m/z of 517, which can be assigned as the
M+1) peak for an HMT dimer. This observation confirms the
inference made from the pyrolysis results. The fact that the (M+H)
is not the base peak for HM as expected in conventional CIMS can be
easily understood. In CIMS, while the method for ionizing the sample
molecules is relatively gentle and tends not to disrupt molecular
structure, the sample is still volatilized into the chemical
ionization chamber by raising the temperature of the probe on which
the sample is mounted. Since the thermochemical pathway for
reversion to HMT is available to HM, one expects that HM would
thermally decampose to HMT as the sample probe was rapidly heated.
This accounts for the fact that only a small amount of the dimer is
seen while the main body of the HM mass spectrum resembles that of
HMT. |

Camparing the CI m;ss spectra of HT and HMT shows the two to be
essentially identical. No dimer peak is visible at all. Iﬁ view of
the foregoing discussion on the HM mass spectrum and recalling the
pyrolysis experiments where it was shown that HT is more thermally
labile than HM, one sees that the mass spectrél results are |
consistent with HT being a photodimer of HMT.

Fast atom bombardment mass spectrometry (FABMS) was used to study
campound I. For FABMS, the sample is suspended in an inert, hi gh

boiling solvent matrix such as one of the glymes or a simple
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Figure 4.19 Proton NMR spectrum of HMT in CDClj.
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Figure 4.24 Proton NMR spectrum of DHTMP (dihydro-TMP) in CDClj.
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polyalcohol. A beam of heavy atoms 1is then directed onto the sample
matrix. The fast neutral heévy atoms kxenon, in the present case)
serve as a gentle ionizing source;‘ In a FAB mass spectrum the base
peak is most often an (M+H)+ peak. Examining the FAB mass spectrum
of I displayed in Figure 4.18, one sees that there is an overwhelming
abundance of a species with m/z at 259. This means that the compound
I hés a molecular weight of 258, which is identical to the moleéular

weight of HMT. Campound I must be an isomer of HMT.
E. NMR Spectral Information

The 1H-NMR spectra of HMT, the photoproducts and some model
campounds are shown in Figures 4.19 through 4.25. The NMR spectra of
HT and HM are completely consistent with their being photodimers of
HMT. A detailed analysis of the spectra will be given in the
Discussion. The spectrum of I exhibits precisely‘the same number of
resonances as HMT. The HMT spectrum consists of all singlets. No
.8splittings of any type are observed in the spectrum for I. The only
differences between the spectra of HMT and I are differences in
chemical shift. This is also in agreement with the previous
assigmment of I as a photoisomer of HMT.

In the photodimerization of HMT, a number of different products
are poasibleQ In order to determine the stereochemistry of HT, NOE
experiments were performed. The spectra comprising the NOE

experiment are shown in Figures 4.26a through 4.26f.
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Figure 4.26 Six NOE difference spectra of compound HT in CDClj.
Experiments were performed using the same sample as
the one used to obtain the spectrum shown in Figure
4.20. For each of the spectra (a) - (f) a different
methyl group in HT was irradiated. There are six
methyl groups in the HT molecule. Only two of the
six methyl groups are potentiallyicapable of effecting
NOE transfer to the 3-H on the cyclobutane ring.

In a difference NOE spectrum a large negative peak
is observed at the position at which the irradiated
group norm#ily resonates. Positive NOE effects are
seen as positive peaks in the difference spectrum.
Owing to the low concentration of the sample, solvent
impurity peaks are large, relatively. Subtracting
these large peaks invariably leave small residuals
in the difference NOE spectrum. The peak at the
extreme left and the peak at the extreme fight are
both the result of imperfect subtractions. In each
spectrum, the arrow marks the position at which

the 3-H on the cyclobutane ring of HT normally

resonates.
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4, Discussion

We will first characterize the compounds HT-and HM. The mass
spectrum of HM showed it as having é molecular weight of 516 and thus
permitted us to decide that HM is a photodimer of HMT. As was
mentioned in the Results section, while the mass spectrum of HT did
not show a species with a molecular weight of 516, it is nevertheless
consistent with HT being a photodimer of HMT, when one takes into
account the thermal lability of - HT. The strongest chemical evidence
we have for HT and HM being cycloaddition products is the fact that
both compounds can revert to YMT thermochemically. We are thus quite
certain that HT and HM are indeed dimeric speéies generated
photochemically from HMT. We now proceed to deduce the structures of

the two compounds.
A. Compound HT

Examining the NMR spectrum of HT (Figure 4.20), one notices
immediately that there is a proliferatioﬁ of resonances. Indeed, the
number of resonances is ékactly twice the number found in the NMR
spectrum of HMT (Figure 4.19). HMT is a bifunctional photoreagent.
The photochemical - addition, which results in a cyclobutane ring, may
proceed at eiﬁher.ﬁhe 3-4 dbuble bond in the pyrone ring or at the

4'-5* double bond in the furan ringQ Such being the case, the joining
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of two HMT molecules to form a dimer leads potentially to a plethora
of stereochemical possibilities. First of all, the HMT molecules in

the dimer may be cis or trans with respect to the cyclobutane ring;

l;g;, they may be on the same or opposite sides of the plane
described by the cyclobutane ringL Secondly, HMT beiné ,
bifunctional, the dimer may be result from head-to-head or head-to-
‘tail joining of the two constituent monomers. Finally, we define a
short axis joining the 5 and 8 positions in HMT (see Figure 4.1). We
can see that in a dimer, the short axes of the two HMT moieties may
be arranged in a roughly parallel or antiparallel fashion. These two
alternatives give rise to the syn and anti configuratiqns,
respectively. If we were to run through the permutations of the
above three binary choices exhaustively, we would generate the
complete list of stereochemical possibilities inherent to HMT

. photodimerization.

In fact, we can come to a $olution of thé stereochemical problem
rather quickiy. HMT dimers can be divided into two classes: those
with a point, axis or plane of symmetry and those without. 1In the
symmetrical class, the two halves of the dimer are equivalent and the
dimer should have the same number of proton resonances in the NMR
spectrum as the parent, HMT. As for the non-symmetrical class, the
two halves of the dimer are inequivélent; with the result that the
NMR spectrum should have twice as many resonances as there are in the
HMT monomer spectrum. Thus, HT, with twelve resonances in the NMR

spectrum, must be a non-symmetrical dimer. Furthermore, the only way
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to obtain a non-symmetrical dimer is by head-to-tail joining of two
HMT's. We thus conclude that HT is a head-to-tail dimer. The

question of whether the two halves of the dimer are c¢is or trans to

the cyclobutane ring may first be answered qualitatively. Since the
photochemistry is carried out in aqueous solution, we expect tﬁe
stacking of two aromatic molecules like HMT to be favorable. If we
assume that dimerization proceeds from the stacked species in aqueous
solution, we would expect the dimer to be in the cis configuration,
as stacking is not possible in the trans configuration. This
assumption is justified in the light of previous work on coumarins
(Anet, 1962; Morrison et al., 1966). The only point which remains to
be resolved is that of syn vs anti configuration; This last question
can be answered by doing Nuclear Overhauser Effect (NOE) experiments.
In fact, the NOE results can also be used to assign cis and trans
configurations unambiguously.

In Figure 4,27 are displayed the stereochemistries around the
cyclobutane rings for the four possible head-to-tail dimers. 1In each
case we find that the 3-H and l&-CH3 of one monomer and the u'-HOCH2
and 5'-CH3 of the other monomer are arranged around the cyclobutane
ring. From previous work (most notably Kanne et al., 1982), we know
that if we irradiate a methyl group on a cyclobutane ring; we can
observe an NOE on another proton on the cyclobutane ring. Such NOE's
are observable, PROVIDED that the methylvgroup and the proton are

both on the same face of the cyclobutane ring (i.e;, cis) and that

they are not located on opposite corners of the ring (i.e., they
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Figure 4.27 Stereochemical configurations for the four possible
head-to-tail dimers of HMT. For each of the four
cases the stereochemistry around the cyclobutane
ring is shown. Fof the two cis structures, projection
drawings are also shown. In the cis structures, the
two monomers are on the same side of the plane of the
cyclobutane ring. The drawing are projections of the
monomer moieties onto the plane bisecting the cyclo-
butane ring and half-way between the two halves of
the dimer. (The projection is actually distorted as
the planes containing the two monomer units are not
completely parallel with each other). 1In red is the
half of the dimer in the "back", in relation to the
viewer. In the drawings of the cyclobutane structures,
the number (3, 4 or 5') refers to the numbering of the

group in the parent HMT molecule.
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Table 4.1 Expected Patterns of NOE for the Four Possible
Stereochemistries of Head-to-Tail Dimers

. . Methyl on Cyclobutane NOCE to 3-H on

Configuration Ring Irradiated Cyclobutane Ring
cis - syn 4 +
5! +
cis - anti 4 +
5' -
trans - syn 4 +
5° -
trans - anti 4 +

sl i -
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share an edge). 1In Table 4.1 are listed, for each of the different
configurations, the NOE's we expect to see when irradiating speéific
methyl groups; The difference NOE spectra from irradiating the six
methyl groups in HT are presented in Figures 4.26a through 4.26f.
(The spectrum in Figure U4.26b is unreliable because it indicates that
NOE is observed on all single protons in the molecule - an
impossibilityL This may be the result of uncontrollable drift or
fluctuations in the NMR spectrometer while the data for the
difference spectrum 4.26b were taken). The other difference spectra
show that there are two methyl groups which; when irradiated, give
rise to NOE's on the 3-H on the cyclobutane ring. This is consistent
with only one of the predicted patterns listed in Table 4.1: the two
HMT monomers are cis-syn in HT.

One interesting feature of the NMR sbectrum of HT merits comment.
There are'two 4t-hydroxymethyl groups in HT. In HMT, where the
hydroxymethyl group can rotate freely, the resonance is a singlet
(Figure 4.19). 1In the HT spectrum however, both hydroxymethyl proton
resonances are apparent quartets (Figure 4.20). The answer is to be
found in the geometry of HT. In the cis-syn configuration, the .
hydroxymethyl on the cyclobutane ring is flanked tightly by two
methyl groups which hinders rotation. The lack of rotational
averaging causes the two methylene protons on the hydroxymethyl group
to become inequivalent. Each proton now splits the resonance of its
neighbor and a case of geminal coupling results. The apparent

quartet is in fact a doublet of doublets. The severely split pair of
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upfield doublets can thus be assigned as arising from the
hydroxymethyl group on the cyclobutane'ring;_ The marginally split;
downfield hydroxymethyl resonance must then be dué to the group on
that half of HT that still has an intact furan ring; The very sligh;
splitting in this resonance can be attributed to geminal coupling
arising from mildlyhinderedrotation caused by the intact pyrone ring
shadowing the hydroxymethyl group on the intact furan ring (see

Figure 4.27).
B. Compound HM

By the symmetry argument described in the previous section, HM is
a symmetrical dimer, since it has six resonances in the proton NMR
spectrum. NOE is of no use in this case since symmetry reduées the
number of observable NOE's to one, and it is the same pattern for all
symmetrical dimérs. By virtue of its being symmetrical, HM must be
joined head-to-head (same as tail-to-tail). The question of whether
it is the furan side (4'-5' double bond) or the pyrone side (3-U
double bond) that is involved in forming the cyclobutane bridge can
be answered by looking at the UV absorption spectrum of HM and DHTMP
(Figure 4.9 and 4.11). TMP is HMT sans hydroxymethyl group. DHTMP
is TMP with the U4'=-5' double bond in the furan ring reduced by
hydrogenationQ DHTMP should thus be excellent for modelling an HMT
which has its furan side engaged in a cyclobutane bridge (the furan

would effectively be reduced). The spectrum of DHTMP shows the
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angularly shaped absorption band at -330;3H0 nm, which 1is
characteristic of substituted coumarins. When we look at the UV
spectrum of HM we see that this coumarinic absorption is entirely
absent. _We may thus infer that in HM, the coumarin chromophore -has
been disrupted. This is most naturally explained by having the
pyrone ring be the end which 1is locked in the c&clobutane ring.

What then is the loéation of the monomers relative to the plane
of the cyclobutane? If the two HMT monomers were opposite faces of
the cyclobutane ring, we would expect the hydroxymethyl groups on the
two halves to be unhindered and to give rise to a singlet in the NMR
spectrum. This is not so. The NMR spectrum of HM show a
hydroxymethyl proton resonance which is a distinct doublet of
doublets. This speaks for hindered rotation and would place the
monomers gig to each other with respect to the cyclobutane ring.

§l§ or Eﬂﬁi configuration can be deauced in the same way. Figure
4,28 shows the syn and ﬂﬂﬁi structures for the case where the two
halves are cis to each other. It is clear at a glance that the anti
structure have hydroxymethyls which aré quite free to rotate, whereas
in the syn case the two monomers sit on top of each other. Since the
doublet of doublets is prominent in the NMR spectrum of HM, we
conclude that the stereoéhemistry is syn.

Since the geminal coupling is so strong for the hydroxymethyl
protons in HM, one may justifiably wonder if the furan rings might
not also be nailed down in a cyclobutane bridge. That is, perhaps HM

is a doubly bridged dimer. We can verify that this is not so.
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Figure 4.28 Stereochemistries of the symmetrical dimers in the
cis configuration. Projection drawings are shown
for the anti structures. Projections of the EXE
structures essentially have two molecules super-

imposed.
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Figure 4,12 shows the UV spectrum of THTMP, L;g;, TMP with both the
furan and the pyrone rings reduced by hydrogenation. The chromophore
in this case is essentially a multiply substituted benzene ring.
THTMP shows little absorption between ~230-300 nm. HM, on the other
hand, absorbs abundantly below ~270nm. The two spectral profiles are
also very different. We thus conclude that HM ﬁas retained

aromaticity in its furan'rings. HM is a head-to-head, cis-syn dimer.
C. Compound I

Campound I is the most elusive of the photoproducts. When it was.
first 1isolated from HPLC separations done on the analytical scale, it
gave a remarkable absorption spectrum (Figure 4.8). The spectrum of
I is odd in having an absorption band which extends to ~440 nm. HMT,
the parent campound, does not absorb be}ond 400 nm. The long
wavelength absorption band of I gives it a distinct yellow color both
in solution and in the solid form. As was suggested in the Resuits
section, the yellow compound might actually be a production of
photooxidation. Two pieces of evidence argue against this
proposition: When oxygen was excluded by purging exhaustively with
either argon or helium before irradiation, campound I continued to be
generated_ by exbosure to uv 1ight'. More unequivocally; when
sufficient quantities of I were purified and a FAB mass spectrum was

gathered (Figure 4.18), we saw that the molecular weight of I is, at

258, identical to that of HMT. Species I must be an isamer of HMT.
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A proton NMR spectrum shows that HMT and I have the same number of
resonances (Figure 4.19 and 4.22). But more importantly, the |
splitting pattern of the resonances are the same for both I and HMT
(both spectra consist entirely of singlets); The only resonance
which changes significantly is that of the hydroxymethyl group:

~0.7 PPM downfield in going from HMT to I. The methyl resonances show
less than 0.3 PPM of upfield shift in going from HMT to I.

We are seeking a process by which HMT can be isomerized to yield
an extended chromophore which absorbs in the visible. By the NMR
data, the isomerization appears to affect mostly the hydroxymethyl
group and to a much lesser degree, the methyls. Since coumarins are
chemically robust species which do not normally enter into exotic
photochemical reactions, attention is probably better directed to the
furano segment of the HMT molecule. One possible way to have a new
chromophore is by placing an oxygen next to position 6 on the
coumarin ring so that the new compound has a chromophore akin to a
hydroxydienone system (Figure 4.29). There is published evidence
that such a substituted 6-hydroxycoumarin'system often gives a yellow
coloration (Kaufman ei al., 1962). The difficulty lies in not having
a ready mechanism by which the furan oxygen in HMT (linked to
position 7 on the coumarin) can be transferred to the opposite side of
the ring.

The photochemistry of furans and other pentaheterocycles have
received some attention in the past. Early workers were able to

observe ring-scrambling reaction products fram the photolysis of
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Hydroxydienone

Figure 4.29 Coumarin moiety of HMT with oxygen attached to
Ce¢ instead of Cy. Also shown is the hydroxy-
dienone chromophore generated by such a rearrange-

ment.
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furans (Srinivasan, 1967 ; van Tamelen & Whitesides, 1968). These

reactions can be represented as

Through trapping studies and solvent incorporation studies, an

acylcyclopropene intermediate was postulated:

H B

\
Yo

The photorearrangement can be written as a (1}3)-sigmatropic shift:
A hv MA'}V [ﬁA
‘W hy
SB CH B 0

Alternatively, the acylecyclopropene intermediate can be reached by

undergoing a homolytic cleavage of the C1-O bond followed by

CC\\CE /Q_s

The subsequent ring expansion can be thought of either as another

rearrangement:

(1,3)-sigmatropic shift or as a cycloaddition of the carbonyl to the.
o-bond of the cyclopropene. We can borrow this mechanism for simple
furans and apply it to the HMT case at hand. The mechanism for HMT

may be written as
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SO0, 2 0, = <400,

Once the acylcyclopropane intermediate is generated, the carbonyl
group (whose oxygen used to be attached to position 7 on the
coumarin moiety), 1is in a position that is at least locally
symmetrical. This local symmetry means that when the intermediate
undergoes ring expansion, the carbonyl may add either to the 7
position of the coumarin,_in which case it regenerates HMT; or the
carbonyl may add to the 6 position in which case the entire furan
ring is flipped 180° with respect to the coumarin and an isomeric
furocoumarin is produced. This scheme is outlined in Figure 4.30.
This mechanism is in no way established, but it has grounding in the
photochemistry of simple furans.

Potentially, a different acylcyclopropene intermediate can be
generated by another route. If, rather than cleaving the C_-0

T

bond, as above, the C ,40 bond is cleaved, we can have the

5 1!

reaction below

This route is not expected to be favored because to produce the

intermediate here requires the aromaticity of the coumarin to be
broken. We note also that this mechanism generates an isomer of HMT

with only the u4' and 5' substituents reversed. No change is effected
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in the tricyclic aromatic nucleué.

We now have a reasonable (though unverified) mechanism~consistent
with the experimental results on compound I. To furnish absolute
proof, one may make use of the extensive chemical craft developed for
synthesizing various t}pes of furocoumarins and attempt to synthesize
the molecule with the structure shown in Figure 4.30. An encouraging

start is the knowledge that the molecule

has been synthesized successfully and while detailed spectroscopic

data are lacking, we do know it to be yellow (Kaufman et al., 1962).



191

Appendix 1
MISCELLANEOUS COMPONENTS FOR THE

DIALOG TEMPERATURE JUMP INSTRUMENT

1. The Polarizer and Orientational Effects

For experiments involving polymeric nucleic acids or charged
biopolymers in general, the polarizer with condensing lense can be
‘used in place of the condensing lense which is normally placed in
front of the temperature jump cell, in the path of the light beam.
The polarizer is effective in suppressing the fast signal arising
from the orientation and orientational relaxation of the biopolymer
caused by discharging the capacitor through the samﬁle. These
orientation signals are usually of much larger amplitude than the
chemical relaxation signals one wishes to study. An orientation
signal has the property that the sign and magnitude of its relaxation
amplitude are dependent on the polarization of the incoming light. 1In
principle, setting the polarizer at an angle of 55.5° should
effectively remove the ;rientation signal. A series of temperature
Jjump traces 1illustrating the effect of the polarizer is shown in
Figure Al1.1. For a detailed discussion of orientational effects
observed in temperature jump experiments, one should consult the work

of Dourlent (Dourlent et al., 1974).

2. Fluorescence Measurement: Improving the Signal to Noise
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When operating the temperature jump instrument in the
fluorescence mode, the signal input cable attached to the Photometric
Control Box should be disconnected from the PMT used for measuring
transmitted light and be connected to the PMT used for collecting
fluorescence. The fluorescence PMT should also be connected to its
own power supply by the special cable provided. The fluorescence PMT
power supply is located on top of the regular PMT power supplyQ
After these obligatory connections are made, three attachments serve

to enhance the signal-to-noise ratio.

A. UV-Enhanced High Reflectivity Planar Mirror

The Dialog instrument is equipped with two photamultiplier tubes
perpendicular to the path of the incoming light for.collecting
fluorescence. The control unit of the instrument, however, is only
able to receive and process signal from one of the PMT's (either the
front or the back tube). Consequently, half of the available
fluorescence is lost. One can increase the signal by placing a high
quality planar mirror in front of the inactive ?MT, with the silvered
surface facing the temperature jump cell. This set-up allows the
fluorescence previously lost to be reflectedlinto the active PMT.
The mirror presently used in the instrument is supplied by Melles
Griot, with a part number of O1MFG011/028. This mirror surface has a
coating which enhances reflectivity in the ultraviolet region; Both
the silvering and the "UV coating" on the mirror are quite soft.

Should it become necessary to clean the mirror, gentle streams of
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detergent and distilled water are to be used. Drying should be done

with a clean jet of nitrogen.

B. Concave Mirror

Dialog supplied a concave mirror for use when making fluorescence
measurements. The concave mirror is screwed into the cell mount, with
the concave surface facing the back window of the temperature jump
cell. The c¢oncave mirror reflects the exciting light back through
the sample to give increased fluorescence. The signal-to-noise is

markedly improved by this set-up.

C. Cut-0ff Filters

When the exciting light impinges on the aqueous sample, in
addition to the fluorescence, one gets scattered light also. The
bulk of £he scattered 1light is due to Rayleigh and Tyndall scattering
and is at the same wavelength as the exciting light. A small amount
of Raman scattering by water also takes place and the scattered light
is slightly red-shifted from the exciting light. The exact amount of
red-shift can be calculated from the vibrational frequency of water.
Thé scattered intensity can seriously interfere with the fluorescence
temperature jump measurement and shéuld be eliminated. This is done
by placing a cut-off filter in front of the fluorescence PMT.
Excellent filters are manufactured by Jenaer Glaswerk Schott & Gen. of
Mainz, West Germany. These rilters have sharp cut-off edges and very

nearly approach 100% transmittance at wavelengths where they are
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supposed to be transparent; Corning glass filters proved to be
unsuitable because the cut-offs are broad and the transmission

properties poor.

3. The Arc Lamp

The 200-Watt Xe-Hg arc lamp can be purchased from Canrad-Hanovia
Inc. The part number is 901B0011. When installing the arc lamp, one
should wear a face shield since the lamps have very high internal
pressurei Pay attention to the marking "BOTTOM" on the lamp, as the
wrong polarity will cause the lamp to melt. During installation, it
vis better to clamp in the bottom electrode first, since the lead to
the bottom electrode is flexible. The clamp to the top electrode is
rigid; The flexibility of the bottam c¢lamp is important for |
relieving stress as one is positioning the lamp into the rigid top
clamp. The lamp has a small nodule on its body where the cavity was
sealed. This nodule should be facing the back of the lamp housing
(toward the installer when being mounted). The smooth side of the
bulb should face the small round window on the front of the lamp
housing. This orientation makes it possible to see the condition of
the arc.

The arc lamp is always operated so as to be current-limitéd. The
power supply should therefore be set to maximum voltage while the
current should be set to between 8.5 and 9.5 amperes. A new lamp
will usually work fine at 8.5 amp. With increasing age of the lamp,

the current may be increased to aid in stabilizing the arc (but not
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above 9.5 amp). The working lifetime of the arc lamps is -200 hours,
after which the lamp noise may become too severe. A new lamp needs
to burn for -6-10 hours.before the arc is stable enough for
temperature jump measurements.

In starting the arc lamp, the power supply should first be on for
at 1east ten seconds, then one should press the START button on the
discharge unit for ~1 second. If the arc fails to ignite, just wait
for ~10 seconds and try againQ Once the lamp is started, the arc
should connect the point of the upper electrode to the blunt tip‘on
the bottom electrode. If the arc actually terminates on the helical
metal windings on the lower electrode, TURN OFF POWER SUPPLY
IMMEDIATELY to avoid danger of explosion; The.arc can be re-struck
after -10 seconds.

A large magnetic stir bar is mounted on a rotatable "dip-stick"
in the lamp housing. The field of thevmagnet sometimes helps in
reducing arc wander. The best orientation for the magnet is found
only through trial and error. On some occasions it is necessary to
adjust the magnet before each temperature jump. Arc instability is
one the major obstacles to successful temperature jump measurement .
Unfortunately, there is no assured way of ridding oneself of the

nujisance.



196

Appendix 2
THE ZERO-SUPPRESSION OPTION

ON THE DIALOG TEMPERATURE JUMP INSTRUMENT

If we wish to "blank out" the relaxation signal from time 0 to
time t, then we first connect the intrument andvrecording equipment
as $hown in Figure A2.1. We then dial in, on the Photometric Control
Unit, the duration of zero-suppression, t. Most importantly, the

time base of the Tektronix oscilloscope must be set such that

10 x (Time/Division) > 2048 x (Time/Channel)

Tektronix Biomation

This is to guarantee that the GATE VOLTAGE supplied by the (Dialog-
modified) Tektronix scope will be maintained for the duration of data
acquisition. The READY light on the Tektronix time base must bé-ON
before the temperature jump is triggered, otherwiﬁe no gate voltage
will be applied} Thus it is always a good idea to press the spring-
loaded RESET 1lever on the Tektronix time base before triggering the
Jume After data acquisition, the data can be displayed on the
Tektronix scope in the normal manner, with the equipment connected as
shown in Figure A2.2.

Prior to using the zero-suppression option, it is advisable to
check that all the camponents are functioning properly. Three simple
checks can be performed: Since all three tests require the capacitor

to be discharged, one must make certain that a T-jump cell containing
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Figure A2.1 Instrument set-up when using the zero-suppression

option.

When the capacitor is discharged, a

trigger pulse is sent out by the High Voltage Power

Supply.

TEKTRONIX

H. POS.
Z IN

GATE
ouT

EXT.
TRIG.

CONTROL
UNIT

T

Trigger Pulse
Coupler

X

High
Voltage
Power

Supply

-

SIG.

Z H.POS.
ouT

GATE
IN

SIG. OUT

IN
EXT,
TRIG.
BIOMATION



198

Figure A2.2 Set-up for viewing data stored in the Biomation.
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at least a salt solution is placed in the instrument.

1. The Ability of the Discharge to Trigger the

Gate Voltage Qutput of the Tektronix Time Base

Set up the connections as in Figure A2.3: In this configuration,
the Biomation records the value of the gate voltage applied by the
Tektronix time base. The Biomation should be in Pretrigger mode with
48 points before the trigger and 2000 points after. Data acquisition
occurs at 10 us/channel. The full scale range should be set to 50 V.
The Tektronix time base should be set for Single Sweep at
1 ms/division. Since there are 10 divisions on the Tektronix scope, a
setting of 1 ms/division in this case amounts to applying the gate
voltage for 10 ms. Since the Biomation is set to record for 20 ms,
the gate voltage will be maintained for only the first half of the
recording period. After the capacitor is discharged, and the
equipment is reconnected as in Figure A2.2, we should see a voltage

vs time trace corresponding to the diagram in Figure A2.4

2. High-Positive Z Output from the Control Unit as

Function of Time in Zero-Suppression Mode

We first make the connections as shown in Figure A2.5. The
Photometric Control Unit should be set for 5 ms of zero-suppression.
The Biomation settings are precisely as in Section 1. The settings on

the Tektronix time base should be Single Sweep at 10 ms/division.
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Instrument connections for checking the ability of
the capacitor discharge-induced trigger pulse from
the High Voltage Power Supply to tfigger the Gate
Voltage Output of the Tektronix Time Base.
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Figure A2.4 Voltage vs time trace obtained when the instrument

SIGNAL (V)

is operated with the connections shown in Figure

A2.3.
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Figure A2.5 Instrument set-up for monitoring the High-Positive

Z output from the Control Unit as a function of time,

in the zero-suppression mode.
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Figure A2.6 Voltage vs time trace obtained when the instrument

is operated as set up in Figure A2.5.
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These settings cause the Tektronix to be active for a total of 100 ms.
This is "overkill™ since Biomation recording ends after 20 ms. The
purpose is just to insure that'thevgate voltage is on for the duration
of data collection. The Biomation recording, when viewed in the
configuratién of Figure A2:2; should look like the trace diagrammed

in Figure A2.6.

3. Behavior of the Gate Voltage in Zero-Suppression Mode

The check is made with equipment connected as in Figure A2.7.
The settings on the Control Unit, the Tektronix and the Biomation are
identical to those in Section 2 above. After triggering, the
Biomation record displayed using the set-up of Figure A2.2 should be

as shown in Figure A2.8.

4. An Example Illustrating the Use of Zero-Suppression

In Figure A2.9 we find a signal vs time trace recorded with a
full scale range of 5 V and a total data acquisition time of 20 ms.
Most of the range is taken up by a fast component. With 200 us of
zero-suppression, the fast rising signal can be blanked out (Figure
A2.10, still at a full scale range of 5 V). In Figure A2.11 is the
record of data collected with the same amount of zero-suppression,
but now with 2 V full scale. The slow components now expand to take
up most of the range and are more finely digitized. This last fact

greatly improves the chances of determining slow, small-amplitude
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components with precision.
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Figure A2.7 Instrument set-up for checking the behavior of

the Gate Voltage in zero-suppression mode.
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Figure A2.8 Voltage vs time trace obtained when the instrument

is operated as shown in Figure A2.7.
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Figure A2.9 A relaxation signal recorded without using the
zero-suppression option. Note that much of the
vertical range is taken up by a very fast component

of large amplitude.
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Figure A2.10 When the same signal as that recorded in Figure

10 x Signal (V)

A2.9 is collected in the zero-suppression mode,
with 200 psec of zero-suppression, the above trace
is obtained. Note that the large, fast component
has been '"blanked out."
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Figure A2.12 The slow, small component left over after zero-

10 x Signal (V)

suppression is recorded using an expanded scale.
The relaxation curve is now recorded with finer

digital resolution.
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Appendix 3

CALIBRATING THE TEMPERATURE JUMP INSTRUMENT

In a temperature jump experiment, the rapid change in temperature
is achieved by discharging a cépacitor through the sample solution
which contains an inert salt. We can always measure the initial
temperature of the sample quite agcurately; for it is just the
temperaturé of the sample cell and the cell mount which is maintained
at the initial temperature thermostatically. After the capacitor

discharge, only the sample is heated to the final temperature by

Joule heating; The bulk of the cell and the cell mount remain at the
initial temperature. The higher final temperature of the sample
lasts at most for ~3-4 seconds before convection develops in the
sample and the sample beéins its descent back to the initial
température: It is thus c¢lear that the final temperature of the
sample can not easily be measured by conventional means. The final
sample temperature is determined by adding the magnitude of the
temperature jump to the initial temperature; For this reason it is
always necessary to calibrate the size of the temperature jump
obtained when one discharges a capacitor through any temperature jump
cell.

The analysis of relaxation time data fram temperature jump
experiments is 1least mathematically cumbersome when the rise in

temperature of the sample occurs in a time much shorter than the
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shortest relaxation time in the chemical system under study: Thié
condition is the basis for the term "temperature jump." We require
sample heating to be camplete long before any process of interest
begins to take place in the sample; When this condition is not met,
data analysis becomes much more complex or often, impossible; In
order to decide whether our data can be analyzed simply, we need to
know the heating time of the sample. Since the heating is

accompl ished by discharging the capacitor through the sample solution
which has a certain resistance, the characteristic heating time is
Jjust RC/Z; where R is the resistance of the sample in ohms and C is
the capacitance of the capacitor in farads. We can see that since
the heating time is proportional to the resistance in the sample
solution, the salt concentration in the sample is important iﬁr
determining the heating time.

The Tris buffer system (tris(hydroxymethyl)aminomethane and its
hydrochloride salt) is used for calibration becéuse its acid-base
behavior is strongly dependent on temperatureL The rapid c¢hange 1in
acidity of the buffer solution caused by a jump in temperature can be
rendered measurable optically by adding cresol red indicator to the
Tris buffer solution. The large absorbance changes resulting from
changes in temperature makes calibrating the size of the temperature
jump quite easy.

Equilibration of simple proton transfer processes in solution is
extremely rapid and occurs on a time scale of nanoseconds. Typical

temperature jump instruments using Joule heating have heating times
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on the order of microseconds. The acidity changes in the Tris buffer
are thus faster than the capacitor discharge time by two to three
orders of magnitude; For this reason; if we discharge a capacitor
through the calibration buffer, the changes in the acidity of the
buffer will exactly. track the progress of heating of the solution.
By recording the absorbance change of the cresol red in the Tris
buffer as a function of time and analyzing the resultant "relaxation
curve", one can extract a "relaxation time" which is the
characteristic heating time of the instrument under the experimental
conditions.

The calibration solution contains 0.01 M Tris adjhsted to pH 8;
The solution must also contain at least 0.05 M of a simple binary

salt 1ike NaCl or KNO Since it is always advisable to determine

3°
the heating time of the temperature jump instrument under the
experimentai conditions to be used, it is convenient to carry out the
calibration using the same salt concentration as that of the
experimental samples to be measured. This way the same batch of
solution can be used for determining both the jump size (which is not
a function of the salt concentration) and the heating time (which is

a function of the salt concentration). Typically, the inert salt

concentration is between ~0.05 M and -2 M for most experiments.
1. Determining the Size of the Temperature Jump

A. Absorbance of the Calibration Solution as a Function of
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Temperature

We need first to measure the variation of the absorbance of the
calibration solution as a function of temperature; This measurement
is most easily done on a spectrophotometer equipped with a
thermostatted cell mount. The Gilford spectrophotometer equipped
with temperature controller is ideally suited for this purpose. With
the calibration buffer in a 1-cm pathlength cell, we record the
absorbance of the sample ét 572 nm over a reasonable range, gig;. 5°C
to 30°C. A linear least squares fit of A572 as a function of
temperature yields a slope which is the change in A572 per Celsius

degree FOR THIS PARTICULAR CALIBRATION SOLUTION.

B. Size of the Temperature Jump as a Function of the Capacitor
Voltage

To calibraﬁe the size of the temperature jump, one filters and
degasses the calibration solution according to the normal procedure
for sample preparation. The solution is then placed in the
instrument and allowed to settle to a stable initial temperature the
exact value of which is not important. Since only the total
amplitude of the jump is needed, we may set the RC-filter time
constant for the instrument at some high value (g;g;, 21 msec) to get
good signal-to-noise ratio. We want to be certain that data
acquisition extends over a period long enough for the system to have
equilibrated at the new temperature. Since 2000 points are usually

recorded at regular time intervals, we can set the recording
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intervals, &t ("Time per Channel" on the Biomation recorder), such
that 20008t 2 TOTRC, where Toe is the RC-filter time constant on the
instrument. We then perform a series of temperature jumps extending
over a range of capacitor voltages; In each case; the PMT voltage is
recorded as a function of time on the Biomation recorder. The change

in PMT voltage (AI) is related to the absorbance change (AA) of the

solutidn :
-2.3030A = 1n(1 + AI/I) A3.1

The quantity I is always set to be 5 V on the instrument. For the
sméll absorbance changes normally observed in temperature jump

experiments, Equation A3.1 can be approximated as
=2.303AA = AI/1 ‘ A3.2

and the PMT voltage zg;time data can be analyzed directly as if it
were abéorbance vs time data. But the change in hydrogen ion
concentration in the Tris buffer caused by a normal temperature jump
is large enough that the PMT voltage changes are no longer
proportional to absorbance changes. We need to convert the voltages
to absorbances using Equation A3.1. We then divide ﬁhe absorbance
change by the optical pathlength of the T-jump cell to arrive at a
value of the absorbance change adjusted to standard pathlength of

1 cm. Using the slope of the least squares line found in Section 1A
above, the corrected absorbance change in the temperature jump cell

can be converted into a change in temperature, AT. We can thus
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determine AT for a number of capacitor voltages; A least squares fit
of AT vs (kV)2 yields a linear expressionvfor AT as a function of the
square of the number of kilovolts across the capacitor; The size of
any temperature jump can now be calculated from the 1linear
relationship. One must remember however, that the calibration is
valid only for this particular combination of capacitor and T-jump

cell. A change of either calls for a different calibration.

2. Determining the Heating Time on the Instrument

To measure the heating time, we proceed essentially as in Section
1 with a few exceptions. Since we are now trying to determine the
short time limit of the instrument, we must set the RC-filter time
constant to the minimum possible. Furthermore, since the heating
time is typically less than 20 us, the data acquisition time interval
should be made small, e.g., 0.5 to 1.0 us per channel. Once agaih,
thé voltage changes need to be converted into absorbance changes as
outlined in Section A. We have now AA(t), which at long times tends
to a limiting value AA. The difference AAQ-AA(t) can be computed
for the early time points where AA(t) is still changing
significantly. A plot of ln|aA_-aA(t)| vs time provides a straight

line with slope -1/1h, where 1, is the heating time of the

h
instrument. One must again remember that the heating time so
determined applies only to the particular combination of capacitor, T-

jump cell and salt concentration.

iy J
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