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ABSTRACT

In this thesis I discuss the properties of the excited electronic states
in mehtylated DNA and its bases.

In the first part I describe steady-state measurements of fluorescence
anisotropy in order to resolve the long-wavelength absoption spectrum
of 7-methyl GMP in pH 5 buffer at room temperature into component
spectra that correspond to the electronic transitions I and II present in
that spectral region. We have chosen this derivative of guanine because
its fluorescence quantum yield is much greater than that of GMP. It is
found that the data are adequately described by a model that involves
emission exclusively from state I, with state II converting to it with
100% efficiency. The shape of the absorption spectrum of state II is
virtually independent of the angle § between the absorption transition
dipole moments of states I and II, whereas that of state I is dependent
on . We analyze the data on the basis of the premise that in the short-
wavelength region state II is the predominantly absorbing state. This
premise is based on studies of single-crystal polarized reflection and linear
dichroism from stretched films. The spectral maxima for the two states
are found to be at about 290 nm and 260 nm, respectively. There is also
a weak band which is centered at about 245 nm. The oscillator strengths
are found to be 0.07, 0.21 and = 0.04, for states I, II and that associated
with the weak band, respectively. The importance of these findings with
regard to the photophysical properties of nucleic acids and calculations
of their CD spectra is discussed.

In the second part, I report the results of a study in which an irre-
versible electronic energy trap has been formed in calf thymus DNA by
methylating about 75% of its G bases at position N-7. This has allowed
us to measure for the first time the efficiency of transfer of energy along
the helix of a double-stranded nucleic acid at room temperature. It is
found that about one out of every three photons absorbed by the other
bases is trapped. We have also simulated the data with a stochastic
model that uses the dipole-dipole interaction to calculate the efficiency
of transfer. In order to approximate the experimental results, the model
requires that: (i) the fluorescence quantum yield of T, C, and G in
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DNA be about 2 x 107, which is about two orders of magnitude larger
that the value of the fluorescence quantum yield reported for DNA; and
(i) the fluorescence quantum yield of A in DNA be negligibly small.
Requirement (i) is consistent with energy transfer taking place before
a very efficient fluorescence quenching process sets in, which could be
formation of excited-state complexes (excimers) that do not fluoresce
appreciably. Requirement (ii) implies a very short fluorescence lifetime
for A, which is consistent with the reported absence of a significant num-
ber of photoproducts formed by A in DNA. The simulations find that,
on the average, the excitation energy takes about 1.2 steps to reach the
trap; that is to say, bases that are nearest and next nearest neighbors
of the trap are, in effect, the only energy donors. Both intra- as well
as interstrand energy transfer ( the latter only for the C-trap base pair)
make significant contributions. The values of the efficiency for pairwise
base-base intrastrand transfer are 90% and 80%, respectively. The corre-
sponding values for the rate constant of transfer are 2x 10!, 1x10'2, and
4 x 10" 57!, Transfer is inefficient when A is the donor or the acceptor.
In addition to the dipole-dipole term, the only other significant term in
the expansion of the interaction potential is the dipole-quadrupole term
which, however, makes only a small contribution to the overall transfer
efficiency. The electron exchange interaction appears to be much less
efficient than the coulombic interaction.
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Chapter 1

INTRODUCTION

Since Watson and Crick! reported the remarkable double helix model
of DNA, much work has been done to try to gain more understanding
of the structure and properties of DNA. Until now, understanding the
properties of the electronic states still is a goal for further research. Al-
though a number of experiments has been done in low temperatures,
knowledge about the structure and dynamics of excited states of DNA
is fragmented and incomplete 2. In recent years, DNA has been stud-
ied more and more at room temperature because of the availability of
inexpensive and high purity samples. 3-°

Luminescence spectroscopy of nucleic acids is a very useful technique
that yields information regarding the mechanisms of the effects of UV
radiation on cells. Also, information on the direction of the transition
dipole moments of their electronic states contributes toward more real-
istic calculations of CD spectra; the latter are very sensitive indicators
of nucleic acid conformation. Moreover, time-resolved polarized emission
studies have the potential for elucidating the conformational flexibility of
nucleic acids, a property that plays an important role in their function.

Nucleic acids at room temperature under physiological conditions flu-
oresce very weakly, however, and this makes such measurements very dif-
ficult to carry out. Nevertheless, considerable progress has been made,
reviewed by Callis?. Early work at low temperature was reviewed by
Gueron et al®.

Here, I discuss some properties of nucleic acids in their excited states.
We methylated guanine at position N-7 in order to increase its fluores-
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cence quantum yield. We have chosen this derivative of guanine because
its fluorescence quantum yield is much greater than that of GMP. It is
found that the data are adequately described by a model that involves
emission exclusively from state I, with state II converting to it with 100%
efficiency. We also methylated the guanine bases in DNA. This has al-
lowed us to measure for the first time the efficiency of transfer of energy
along the helix of a double-stranded nucleic acid at room temperature.
It is found that about one out of every three photons absorbed by the
other bases is trapped by the methylated bases. We have also simulated
the data with a stochastic model that uses the dipole-dipole interaction
to calculate the efficiency of transfer.

1.1 Transition Dipole Moments

DNA has a double helical structure which is very stable. There are
three kinds of forces that stabilize the DNA double helix. One is the
hydrogen bond between the base pairs; A-T and C-G form the two types
of base pairs in DNA. There are three hydrogen bonds in a C-G base-
pair and two hydrogen bones in a T-A base-pair. The second force is
interaction between the phosphate groups which have a negative charge
and positive ions in solution. The strongest force that maintains the
stability of DNA stems from stacking interactions between the m electrons
of the bases. The calculation for the 77* interaction is very complicated.
Some good calculations’ ! were done only for pyrimidine DNA bases,
thymine (uracil) and cytosine. For purine DNA bases still there are no
satisfactory results.

From early CD studies done by Sprecher and Johnson!? and later UV
experiments'3, some evidence shows the strong transition moments ly-
ing in the plane of the bases. The out-of-plane transition moments are
weaker than those in the plane?. In the long-wavelength band Stewart
and co-workers'* using a 9-methyadenine single crystal found the tran-
sition moments for band I and band II to be -3° and 45°, respectively.
The very different value of 89° for band I has been recently reported by
Clark!®. This is the value I used in my calculations with the stochastic



model. Most experiments have indicated that the thymine base has only
one transition moment at 260 nm band, and the transition moment is
found to be at -19° 1617, Information regarding the transition moments
of cytosine base came from the experiments done by Callis and Simpson!8
on polarized reflection, and those of Lewis and Eaton!? on absorption for
single crystals. They found that there are two directions of the transition
moments; for band I (270 nm) it is 14° and for band II (235 nm) it is
95°. The direction of 14° will be used in my calculations for the DNA
stochastic model, because the excited state of band I is lower than that
of band II. Guanine also has two electronic excited states. We found two
electronic excited states in 7-methyl GMP, but only band I emits and
band II converts 100% to band I. The orientation of the two bands at long
wavelengths has an angle of about 45° which is different from the angle
between the transition moments of the two bands which was reported to
be between 70° and 90° for guanine and some of its derivatives®. I will
give possible reasons for this disagreement in Chapter 2. The results for
guanine hydrochloride favor the —4° value® for band I, and the long-axis
assignment for II is confirmed®3.

1.2 Recent Studies at Room Temperature

Scientists have been working on monomers, dinucleosides and polynu-
cleosides for several decades at low temperature conditions. Naturally,
researchers are more interested in doing experiments at room temper-
ature, which is closer to the physiological temperature. About twenty
years after Watson and Crick proposed their model on the DNA struc-
ture, Daniels and Hauswirth*® did the first room temperature experi-
ment in 1971. They reported the fluorecence spectra, excitation spectra,
and the fluorescence polarization for monomers. They found that the
fluorescence quantum yield of a common base is of the order of 107
Soon after that, Vigny and co-workers®?!=23 published several papers in
which they discussed the properties of dinucleosides and polynucleosides
at room temperature. They found that the fluorescence quantum yields
of dinucleosides and polynucleosides are also of the order of 107%. They




also reported that there are both monomeric and excimeric contribu-
tions in the fluorescence spectra of some dinucleotides as well as single-
and double-stranded polynucleotides. Of special interest are the results
for the alternating polynucleotide poly(dA-dT)-poly(dA-dT). By varying
the temperature, these authors obtained strong evidence for excimeric
emission, for which the band has a maximum at about 410 nm?!. Many
properties of the electronic states, however, for common bases and DNA
are still not well understood.

1.3 The Present Study

In order to understand the excited-state properties of DNA, it is im-
portant that the excited-state properties of the individual nucleotides
are first understood. Guanine is a particularly complicated case, since in
its long-wavelength absorption spectrum there are two electronic states.
Clark® analyzed graphically the absorption spectrum by using gaus-
sians. We attempted to resolve the absorption spectrum in a unique way
by measuring the emission anisotropy of 7-methyl GMP as a function
of excitation wavelength. This study allowed us to show that the upper
electronic state converts to the lower state with 100% efficiency. The
lower state is the only one that emits. Interestingly, we found that the
individual absorption spectra overlap considerably each other and have
vibronic structure. We discuss the lattter property with regard to energy
transfer between vibronic levels.

Virtually nothing is known about singlet-singlet energy transfer in
DNA. Ballini and co-workers discussed energy transfer in tRNA?¢. They
used the spectroscopic properties of the odd nucleoside 4-thiouridine,
which is present in position 8 of 70% of E. coli tRNAs, to study inter-
molecular energy transfer. The measurements of the luminescence exci-
tation spectrum and action spectrum were done at room temperature in
native E. coli tRNA. They found that energy transfer does occur from the
common nucleotides to the 4-thiouridine residue, and reported that 80%
of energy transfer comes from the guanosine and cytidine residues. We
are concerned with energy transfer in DNA. Due to thermal fluctuations,



the hydrogen bond may be broken. An excited base whose hydrogen
bond is broken could form a photoproduct with an adjacent base. The
probability of forming a photoproduct will increase when energy transfer
in DNA occurs before hydrogen bonds are reformed. Since the fluores-
cence of DNA is so weak, we chose the methylated DNA which is much
more fluorescent than DNA, and which still has a B comformation. The
methylated guanines play the role of an irreversible energy trap. This
process was not observed before, and so there is no model available. We
set up a stochastic model to simulate energy transfer in the DNA double
helix. In this model, the rates of energy transfer were calculated from
the dipole-dipole interaction. We foud that energy transfer takes place
before excimers are formed. The most important contribution of energy
transfer comes from thymine and cytosine. Only few photons are trans-
ferred from adenine and guanine which is only 5% of the DNA bases.
From this model, we also found that energy transfer almost takes place
exclusively between nearest bases: the number of steps needed for the
energy to reach the trap is about 1.2. We also learned from this study
that energy transfer takes place before a very efficient radiationless pro-
cess takes place in the bases, which results in a very large reduction in
their fluorescence.



Chapter 2

TWO ELECTRONIC STATES IN
7-METHYL GMP

In the long-wavelength absorption band (wavelengths longer than
about 240 nm) there is only one transition for thymine and cytosine
and two nearly degenerate transitions for adenine. As for guanine and
its derivatives, studies of polarized reflection from single crystals?>?® and
linear dichroism from stretched films? showed that there are two transi-
tions I and II that are approximately perpendicular to each other. Thus,
in order to delineate the photophysical and photochemical properties of
guanine, it is necessary that its absorption spectrum be resolved into its
two component spectra. Such information is also necessary for calculat-
ing the CD spectra of nucleic acids.

Here, I report the results of a study that accomplished these objectives
by employing steady-state fluorescence anisotropy and quantum yield
measurements for 7-methyl GMP in a pH 5 buffer. We have chosen this
derivative of guanine because it has a fluorescence quantum yield about
150 times greater than that of GMP?12"28, The data are found to be
adequately described by a model which involves conversion of state II to
state I with 100% efficiency and emission exclusively from state 1. States
I and II are found to have spectral maxima at about 290 nm and 260
nm, respectively.



2.1 Materials and Methods

7-methyl GMP, chromatographically pure, was obtained from Sigma
(st. Louis, MO). Sodium chloride and sodium cacodylate were ob-
tained from Fisher Scientifc (Springfie;d, NJ) and BDH (Dorset, Eng-
land), respectively. Cyclohesane was a product of Mallinckrodt (sup-
plied by Scientific products, Mcgraw Park, IL), whereas p-terphenyl was
a scintillation-grade product of K&K Laboratories (Plainview, NY).

Absorption measurements were made on a Shimadzu UV-265 spec-
trophotometer (Columbia, MD). Fluorescence anisotropy measurements
were taken with a spectrofluorometer that employs a 1 kW Xe-Hg light
source (Spectral Energy Corp., Hillsdale, NJ), two 0.5 m focal length
Barsch and Lomb monochromators (Rochester, NJ), a thermoelectri-
cally cooled 9558 QB EMI photomultiplier (Fairfield, NJ) and a Stan-
ford Research Systems SR440 preamplifier and SR400 photon counter
(Sunnyvale, CA). A 3M 105-UV-WRMR polarizer (ST. Paul, MN) was
placed in the excitation light path and an HNP’B polarizer (Cambridge,
MA) in the emission path. The fluorescence anisotropy, r, was calculated

from

oo v = Ivuy(Inv/Ign) (2.1)

Iyy +2Ivu(Inv/Inn) '

where I is the fluorescence intensity, V and H stand for vertical and
horizontal orientation, respectively, and the first subscript refers to the
excitation polarizer while the second refers to the emission polarizer.
For the plot of the anisotropy as a function of excitation wavelength, the
bandwidths for excitation and emission were 1.7 and 5 nm, respectively.
These as well as all the other fluorescence measurements in this study
were made at room temperature with samples that had a maximum
absorbance of 0.05 at 258 nm.

The values of the relative fluorescence quantum yield for 7-methyl
GMP were corrected for the variation of the exciting light intensity with
excitation wavelengh. Correction factors were determined from a mea-
surement of the excitation spectrum of p-terphenyl in cyclohexane. The
excitation and emission bandwiths were 1 nm and 3.3 nm, respectively.




Fluorescence spectra were measured with excitation and emission band-
widths of 5 nm and 0.5 nm, respectively; they were corrected for the
variation of the sensitivity of the photomultiplier-monochromator com-
bination with emission wavelength employing a standard lamp?.

The buffer consisted of 0.05 M sodium cacodylate, 0.1 M NaCl, pH5
(in triply distilled water). This pH was used to ensure that the proton
at Ny of 7-methyl GMP is not dissociated (pk, = 7.13%,) and, therefore,
there is no contribution to emission from an ionized species. A correction
was made for buffer contribution to emission.

2.2 Results and Discussion

As part of our study of the excited-state properties of 7-methyl GMP
at room temperature, we previously reported that its degree of fluores-
cence polarization is much lower when exciting at 265 nm than when
exciting at longer wavelengths?®. An earlier study®! reported a simi-
lar behavior for guanine. These findings and the reported presence of
two electronic transitions in its long-wavelength absoption band?02%:%
prompted us to undertake a more detailed study across the absorption
band. Figure 1 ( all of Figures in Appendix VI) shows a plot of the
fluorescence anisotropy r of 7-methyl GMP as a function of the excita-
tion wavelength. It is seen that r is high at long wavelengths, decreases
steadily at shorter wavelengths, and increases slightly below 260 nm.

In order to analyze these data, the dependence of the fluorescence
quantum yield on the excitation wavelength must be known. In the
present study we found that the quantum yield exhibits no such depen-
dence (Fig. 2). In our group initial study?® we found the fluorescence
quantum yield of 7-methyl GMP at pH 5 to vary somewhat in the spec-
tral region of 280 to 305 nm. Improvements in the sensitivity of our
spectrofluorometer have now resulted in a much more accurate deter-
mination of the fluorescence quantum yield as a function of excitation
wavelength. Also, we found that the fluorescence spectrum (Fig. 3) does
not depend on the excitation wavelength when exciting in the 240 nm to
310 nm spectral range. Moreover, we found the fluorescence anisotropy



to be independent of the emission wavelength (data not show).

These findings are consistent with emission from only one of the two
states. Below we test such a model as to how well it describes the
fluorescence anisotropy data. The subscripts a and b will refer to the
electronic states I and II, respectively.

The model considers emission to originate exclusively from state I,
with state II converting to I with an efficiency of 100%. (This require-
ment is dictated by our finding that the fluorescence quantum yield is
independent of the excitation wavelength, Fig. 2). We shall assume
that excitation at 310 nm exclusively populates state I that has emission
anisotropy r,. That the anisotropy is seen from Fig. 1 to reach a maxi-
mum and approximately constant value in the 306 nm to 314 nm spectral
range provides support for this assignment. From Fig. 1, r, &~ 0.080.

The apparent anisotropy r at any excitation wavelength is

T = fara + o7 (22)

where f, and f, are the fractions of light absorbed by states I and II,
respectively, and r; is the anisotropy when exciting state II. Noting that

fb= 1_'fa (23)

we obtain from (2.2)

fo=(r=r)/(ra—rs) (2.4)

For every excitation wavelength the fraction of light f, absorbed by state
I is obtained from Eq. (2.4). (See Eq. (2.8) below as to how r is
determined.) The fraction of light f; absorbed by state II is subsequently
obtained from Eq. (2.3). The absorbances A, and A; for states I and II,
respectively, are then obtained from

Ag = faA, Ay = f,A (2.5)

where A is the total absorbance at that wavelength. Below, we find that
this model describes the data adequately.

As we stated above, we assume that absorption at long wavelengths
excites state I exclusively. The emission anisotropy r, of that state is
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approximately equal to 0.08. If the fluorescence depolarization is due
to rotational diffusion during the lifetime of the excited state, then the

Perrin equation®??®? yields

¢
b+

Here < cosa > is the average value of the cosine of the angle between the
absorption and emission transition dipole moments of state I, Py is the
Legendre polynomial of order two, 7 is the fluorescence decay time, ¢ is
the rotational correlation time and r,,q, = 0.4 is the maximum anisotropy.
This equation yields Po(< cosa >) = 0.2 or 7/¢ = 4, which for 7 = 180
ps3 gives a value for ¢ of 45 ps. Thus, extensive rotational diffusion takes
place during the lifetime of the excited state. We note in this regard that
we chose to use aqueous buffer rather than glycerol as the solvent despite
the fact that the values of r can be more accurately measured in the
latter than in the former. We did this in order to avoid complications
that arise when exciting at long wavelengths. Indeed, we found the
fluorescence spectrum and fluorescence quantum yield to vary with the
exciting wavelength in that spectral range in glycerol in which we had
0.2 M HCI so that 7-methyl GMP is protonated. These complications
stem from the presence of heterogeneity in the microenvironment of the
emitting molecules in this highly viscous solvent. (This is the so-called
red-edge effect, see Demchenko and Ladokhin®® for a recent account.)
For this same reason we did not carry out the measurements at low
temperature either.

In the case of excitation of state II , absorption is followed by a rapid
relaxation to state I, which then undergoes rotational diffusion while it
fluoresces. By taking the steady-state average of the time-dependent
anisotropy derived by Tao%® for this case, we obtain the following ex-
pression for the anisotropy r; of state II

= Py(< cosa >). (2.6)

7'a/rmaz; =

ry = 0.4P(< cosa >) x Py(cosh). (2.7)

Here, 6 is the angle subtended by the absorption transition dipole mo-
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ments of states I and II. By combining Egs. (2.6) and (2.7), we obtain
3cos’ — 1

2 )
(We note that Eq. (2.6) is still valid if the depolarization of the fluores-
cence of state I is caused not only by rotational diffusion but by some
fast reorientation process as well.)

No values for the angle 8 between the transition dipole moments of
states I and II have been reported for 7-methyl GMP or, for that mat-
ter, for GMP or guanosine. The only values reported are for guanine
hydrochloride, 9-ethyl guanine and guanine, and these come from stud-
ies of polarized reflection from single crystals?®?® and linear dichroism
from stretched poly(vinyl alcohol) films?. For guanine and for guanine
hydrochloride?® § was found to be close to 90°. However, ethyl substitu-
tion at position 9 of guanine was found to reduce 4 to about 60° %, while
another study yielded about 70° ?°. Sugar substitution at position 9
also appears to reduce 8 as judged from the observation that guanosine
exhibits a very different reduced dichroism profile from that exhibited
by guanine?. (As the authors point out, a more complex orientation
distribution brought about by the introduction of the ribose group may
also contribute to the change in the profile.) The question, of course,
arises as to whether methylation at position 7 causes a large change in 6.
The aforementioned observation that for guanine hydrochloride which is
protonated at position 7 the value of 8 is very similar to that for gua-
nine implies that the introduction of a positive charge does not have
a significant effect on the directions of the absorption transition dipole
moments of states I and II. It would, therefore, appear that the positive
charge introduced by methylation does not greatly affect 8. The pos-
sibility that the presence of the methyl group itself alters 6 cannot, of
course, be excluded. Despite this uncertainty, we chose 7-methyl GMP
because its fluorescence quantum yield is about 150 times greater than
that of GMP?12728, Indeed, as a result of the very low room-temperature
fluorescence quantum yield of guanine, its fluorescence anisotropy could
not be accurately determined below 260 nm?!, where the exciting light
intensity is quite low. In addition, as we mentioned above, there is no

ry = 0.08 Py(cos6) = 0.08( (2.8)
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information regarding 6 for GMP or guanosine, which would have been
the most appropriate choice for study in the present work. Guanine, for
which 6 was found to be about 90° %, is not a good choice either because
of the occurrence of 7 «—— 9 tautomerism that renders the state of its
ionization uncertain.

The limitations of the methods used to determine 6 also need to be
considered in this discussion. The analysis of polarized single-crystal re-
flection data is in general somewhat ambiguous because of its neglect of
intermolecular interactions3’~%°. For linear dichroism studies of small,
nonsymmetrical molecules there are uncertainties associated with deter-
mining the order parameters. Thus, the values for § determined by both
methods should be considered to be approximate. Calculations’4? of
the directions of the transition dipole moments of states I and II un-
fortunately are not very helpful in this regard, for their agreement with
experiments is poor.

In view of these considerations, we examine below the sensitivity of
the analysis of the fluorescence anisotropy data (Fig. 1) to the value of
6. Appendix 1 shows the values of the fraction of light f, absorbed by
state I at 290, 260 and 244 nm as a function of #. It is seen that at 290
nm absorption by state I predominates for all values of . On the other
hand, at 260 nm absorption by state II predominates for § < 50°. Upon
going from 50° to 40°, f, decreases sharply, by about 500%. For 6 < 40°,
f, actually attains negative values, which implies that such 6 values are
not physically meaningful. The increase of the anisotropy below 260 nm
(Fig. 1) demands that state I (or some other state whose polarization is
similar to that of state I) make a significant contribution in that spectral
range. This is borne out by the values of f, at 244 nm (Appendix 1). In
summary, although at long wavelengths state I predominates regardless
of the value of 6, for state II to predominte at short wavelengths, § must
be less than 50°. Values of 8 less than about 40° are not feasible.

Figures 4 and 5 show the total absorption spectrum and the con-
stituent absorption spectra for states I and II obtained by the analysis
described above for § = 70° and 6 = 43°, respectively. We chose these
two angles in order to illustrate how the spectra look (i) when absorption
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by state I predominates across the total wavelength range (Fig. 4) and
(i) in the other case, when absorption by state II predominates at short
wavelengths, and absorption by state I predominates at long wavelengths
(Fig. 5). We note that with regard to Fig. 4, we found f; to be quite
insensitive to the value of 8 in the range of 70° to 90° (figures not shown):
e.g., for the three wavelengths shown in Appendix 1, {, increases by less
than 10% in this range of value for 6. Interestingly, the shape of the
absorption spectrum for state II is virtually independent of 6, whereas
that for state I is dependent on 6 (compare Fig. 4 with Fig. 5; this
was found to be true for the complete range of values for 6, results not
shown).

The crucial question posed here is whether there is a criterion which
we can use in order to choose an appropriate value (or a limited range
of values) of 6 for 7-methyl GMP. Such a choice must necessarily rely on
the findings of studies of single-crystal polarized reflection??® and linear
dichroism from stretched films? for protonated guanine, 9-ethyl guanine
and guanine. These studies have established that in the short-wavelength
region state II is the predominantly absorbing state. By keeping in mind
the above discussion (see also Appendix 1), we conclude that, for our
results to be consistent with this premise, the resolution of the total
absorption spectrum into the constituent absorption spectra for states I
and II must be done in a manner which cannot be very different from
that shown in Fig. 5. We note that in writing Eq. (2.5) we have assumed
that the fast relaxation from state II to state I is a single-step process.
If the relaxation process actually involves more than one step, then Eq.
(2.5) generalizes to

mp = 0.4P3(< cosa >) X Py(< cosfB >) x Py(< cosy >) x Py(< cosé >)---

(2.9)
where «, 3,7,6 are the angles subtended by the absorption transition
dipole moments between these successive steps. The analysis above has,
therefore, subsumed the product of the terms for 3,7, §, etc. under one
term which involves a single angle we called 6. In that case there is no
straightforward relationship between this angle and the angle between
the absorption transition dipole moments of states I and II. Such a con-
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sideration may explain in part why the value for 6, which had to be
used to satisfy the requirement that at the short-wavelength region the
state that predominantly absorbs is state II, differs significantly from
that obtained in the single-crystal?®®® and stretched-film?® studies.

It is seen from Fig. 5 that states I and II have spectral maxima at
about 290 nm and 260 nm, respectively. These wavelengths are compa-
rable to those reported in the crystal?®® and stretched film studies?.
Absorption by state I predominates for wavelengths longer than about
295 nm, whereas absorption by state II predominates for wavelengths
shorter than about 265 nm. An isosbestic point exists at about 285 nm.
The absorption spectrum for state I appears to extend to about 260 nm.
At shorter wavelengths, in addition to the absorption band for state II
there is a weak band that has a maximum at about 245 nm. The increase
in r in this spectral region (Fig. 1) implies that the polarization associ-
ated with the state responsible for this band is closer to that of state I
than to state II. The energy spacing, however, makes it unlikely that this
is a vibronic band of state I. There is considerable uncertainty regarding
the shape of this band because of the fact that in this spectral region the
exciting light intensity and the transmission of the excitation polarizer
are low. These uncertainties notwithstanding, the present data suggest
that this band makes a significant contribution to the total absorbance:
its contribution at 244 nm is about 40%. We note that a weak band
was reported by Clark? (1977) at about 227 nm for 9-ethylguanine and
at about 215 nm for guanine hydrochloride from single-crystal polarized
reflection measurements. Also, molecular orbital calculations by Hug
and Tinoco® and Ito and I'Haya3® predict a weak band at about 230
nm and 240 nm for 9-ethylguanine and guanine, respectively. Certainly,
additional experimental and theoretical work is warranted in order to
determine the origin of this band.

The values of the oscillator strength f can be calculated from the
following equation®?

f =439 x 10'9/6(1/)d1/ (2.10)
where v is the wavenumber and ¢ is the molar extinction coefficient. (We

14




obtained 1.16 x 10*M ~lcm™! at 258 nm as the maximum value for e.) We
found them to be 0.11 and 0.21 for bands I and II, respectively. These
values agree with those reported for the crystalline phase: 0.15 and 0.20
for guanine hydrochloride and 0.16 and 0.25 for 9-ethylguanine?. If the
weak band centered at about 245 nm is considered to stem from another
state (as is most likely the case), then its contribution may be estimated
by graphical resolution of the band. (This resolution cannot be done
by using equations analogous to those of 1 through 6 as the available
information is insufficient.) In that case, the values of f for the weak
band and for the band corresponding to state I are found to be about
0.04 and 0.07, respectively. Thus, the values of f for state I and state II
are about 0.07 and 0.21, respectively.

Calculations of CD spectra for guanine-containing polynucleotides ne-
cessitate the resolution of the absorption spectrum of guanine into its
component spectra. Such calculations*°| in which a graphical resolu-
tion of the spectra was employed, were unsuccessful in fitting the experi-
mental CD spectra. It would certainly be of interest to carry out such cal-
culations in which component spectra, obtained along the lines developed
in the present study, are used. Of particular interest are the CD spectra
of the left-handed helical conformation which poly(dG-dC)-poly(dG-dC)
attains in the presence of high salt*S.

As can be seen from Fig. 5, both of the constituent absorption spectra
exhibit some structure. A similar behavior for the spectrum of state I
can be seen for 9-ethylguanine and guanine hydrochloride in the crys-
talline state®. The apparent energy spacings (Fig. 5) are somewhat
larger than those usually associated with vibronic transitions; this sug-
gests that there is an admixture of underlying vibronic bands whose
resolution is obscured by the uncertainty associated with the data. This
is in contrast to the absence of structure in the absorption spectra of all
the other nucleotides?’, presumably because the broadenings of the vi-
bronic levels are larger in those cases. (The fluorescence spectrum (Fig.
3) is seen to exhibit some structure as well.) The presence of structure
may allow efficient migration of excitation energy between neighboring
guanine residues in nucleic acids through resonance between individual
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vibronic levels, the so-called weak interaction®®. Such a mechanism for
energy transfer in nucleic acids was previously suggested®. Its rate con-

stant increases with the molar extinction coefficient, and this may serve
as a test for its occurrence.

In the next chapter I discuss several aspects of energy transfer along
the helix of a double-stranded nucleic acid.
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Chapter 3

ENERGY TRANSFER IN
METHYLATED DNA

Evidence for the involvement of transfer of electronic energy in the
formation of photoproducts in double-stranded DNA comes from the
observation that these photoproducts are clustered®®®! rather than ran-
domly distributed. Transfer of energy along the helix is of potentially
great importance regarding photodamage in nucleic acids: this process
may result in an increase in the probability that a base, which happens
to be transiently open as a result of thermal fluctuations, may become
excited and form a stable photoproduct®?.

We previously presented evidence that energy transfer takes place in
calf thymus DNA which had 75% of its guanine residues methylated at
position N-7%. Although methylation alters the B conformation some-
what, its double-strandedness is preserved®°4 The methylated guanine
bases are practically the only ones that are fluorescent and, in addi-
tion, absorb light at much longer wavelengths than the nonmethylated
bases and, as a result, constitute an irreversible energy trap. These are
very desirable properties which are not possessed by any of the bases of
nonmethylated DNA.

In the present study we report the measurement of the efliciency of
energy transfer from the other bases to the methylated guanines as a
function of excitation wavelength. This is the first study that has accom-
plished such a measurement for transfer of energy along the DNA double
helix. We also investigate the nature of the mechanism of transfer. We
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have simulated the date by employing a stochastic model that uses the
dipole-dipole term in the interaction potential for the coulombic interac-
tion to calculate the rate constant of transfer®. Other terms are found
to make only a small contribution to the overall efficiency of transfer. By
comparison, the electron exchange mechanism of transfer®®appears to be
much less efficient.

3.1 Materials and Methods

Galf thymus DNA, highly polymerized, was obtained from Sigma
Chemical Co (st. Louis, MO). Sodium cacodylate and sodium chloride
were products of BDH Chemicals (Dorset, England) and Fisher Scientific
Co. (Pittsburg, PA), respectively. Dimethyl sulfate was obtained from
Aldrich Chemical Co. (Milwaukee, WI). Membrane cleaning agents for
DNA methylation were supplied by Spectrum Medical Industries (Los
Angeles, CA).

Methylatiln of calf thymus DNA at the N-7 position of the guanine
residue was carried out according to the method of Ramstein et al.*%. To
a 4 ml DNA solution (1 mg/ml! in 0.5 M sodium cacodylate, 1 M NaCl,
pH 6.6 prepared in triply distilled water) at 0°C, 70 pl of dimethyl sul-
fate were added every 30 min. for 3 h. The product was dialyzed at 0°C
against the same buffer for 1 h and then against 0.05 M sodium cacody-
late, 0.01 M NaCl, pH 6.6, for a further 3 h. The dialysis membrane used
in this process was prewashed from sulfur and heavy metals. Aliquots of
methylated DNA solution were kept at -20°C and used within 1 week.

The degree of guanine methylation, determined by comparing the
melting temperature of methylated DNA with that of DNA®%, was found
to be about 75%. The only fluorescent product of methylation is 7-
methyl guanine?®®53:57,

Fluorescence spectra were taken with a spectrofluorometer previously
described at Chapter 2. The spectra were corrected for the variation of
the sensitivity of the photomultiplier-monochromator combination with
emission wavelength by employing a standard lamp?. The excitation
and emission bandwidths were 1.7 and 5 nm, respectively.
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Fluorescence quantum yields were determined by comparing the areas
under the fluorescence spectra with that of a p-terphenyl solution in
cyclohexane and were corrected for the difference in refractive indices of
water and cyclohexane®3.

The buffer used for all solutions consisted of 0.05 M sodium cacody-
late, 0.01 M NaCl, pH 6.6 (in triply distilled water). The absorbance of
the samples at 260 nm was about 0.05. All measurements were carried
out at room temperature. A correction was made for buffer contribution

to emission.

3.2 Calculations of Transition Dipole Moments

Two mechanisms for energy transfer may operate: (i) the coulom-
bic and (ii) the electron exchange. Férster® formulated a theory for
(i) based on the dipole-dipole term in the interaction potential in which
the rate constant varies as R~%, where R is the donor-acceptor distance.
Dexter® formulated a theory for mechanism (ii) in which the rate con-
stant decreases exponentially with R. Unlike Forster’s theory, however,
Dexter’s theory contains a parameter that cannot be obtained from the
optical properties of the donor and the acceptor. Below, we test how
well Forster’s theory describes the experimental data. (An approximate
comparison is also made with Dexter’s theory.)

According to the dipole-dipole mechanism of transfer, the critical
transfer distance, R,, is defined as the donor-acceptor distance at which
the rate of transfer is equal to the decay rate of the donor in the absence
of energy transfer. R, is given by

_8.79 x 107%K2¢y /oo F(v)e(v)dv
- 0

RG
nt

(o]

; (3.1)
In Equation (3.1), n is the refractive index of the medium between the
bases (n = 1), ¢y is the fluorescence quantum yield of the donor in the
absence of an acceptor, k is an orientational factor (see below Equa-
tion (3.2)), €(¥) is the molar extinction coefficient of the acceptor at
wavenumber 7, and F(7) is the fluorescence intensity of the donor at v
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(with the fluorescence spectrum normalized to unity on a wavenumber
scale). Below, we will use the symbol J to denote the spectral overlap in
Equation (3.1).

The values of k (Appendix II ) were calculated from

(uq - R)(ua - R)
R2

In Equation (3.2) ugq and u, are the transition dipole moments of the
donor and the acceptor, respectively, and R is the center-to-centr donor-
acceptor distance (Appendix II). The directions of the transition dipole
moments were obtained from the literature®!52%%.26 For guanine, we
used the transition dipole moment of the lower-energy state because we
found that the upper-energy state does not fluoresce but converts to the
lower one with 100% efficiency. We have also done this for adenine®®.

In the calculations we have used the fluorescence?! and absorption?”°8:5
spectra of free nucleotides. It was reported > that in methylated DNA
about 20% of the A bases are methylated at position 3. In our calcula-
tions we did not take into account the presence of 3-methyl A. It was felt
that this omission will not introduce a relatively large error in the analy-
sis of the data. It should be noted that 3-methyl A does not fluoresce®’.
Approximate hypochromicity and hyperchromicity corrections for the
latter in the 240-290 and 295-305 nm spectral regions, respectively, were
made as described in the literature®®—%%, The values for J are listed in
Appendix III. We note that we have found the value for J to be very
small for transfer from methylated guanine to any of the A, T, C or G
bases. Thus, the former base is in effect an irreversible energy trap.

k={ug-u,—3 }/1ual - ua| (3.2)

3.3 Results and Discussion

We have measured the apparent fluorescence quantum yield, Q, of
methylated DNA as a function of excitation wavelength (Figure 6). At
305 nm the fluorescence quantum yield, g=6.7 x 10™%, of the methylated
guanine bases is obtained, as at this excitation wavelength the fraction
of the exciting light absorbed by the other bases is virtually negligible.
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Also plotted in Figure 6 is the product aq, where « is the fraction of
light absorbed by the methylated guanine residues. It is seen that, for all
excitation wavelengths, Q is much larger than this product. We attribute
this difference to transfer of some of the photons absorbed by the other
bases to the methylated guanine bases which constitute an (irreversible
see below) energy trap. Thus, we express Q as follows:

Q=qa+(1-a)f (3.3)

Here, the first term represents direct absorption of light by the trap,
whereas the second term represents transfer of energy to it from the
other bases with an overall efficiency f. We consider q to be indepen-
dent of the excitation wavelength, in view of our previous finding that
the fluorescence quantum yield of 7-methyl GMP is independent of the
excitation wavelength.

Figure 7 plots the values of f, obtained through Equation (3.3), as
a function of excitation wavelength. It is seen that f increases as the
excitation wavelength is increased. On the average, about one out of
every three photons absorbed by the other bases is transferred to the
trap. In Equation (3.3) all of the observed fluorescence is attributed to
the trap. This overestimates the experimental values of f. It can be
easily shown that, if q' is the apparent fluorescence quantum yield of
the energy-donating bases in the absence of energy transfer to the trap,
Equation(3.3) is modified as follows

Q=0ag+(1-a)lg +(g-q)f] (3.4)

By using ¢ = 3 x 107 (the reported fluorescence quantum yield of
DNA ;see below), we find from Eqution (3.4) that, on the average, f is
reduced by ~ 10% relative to that obtained from Equation (3.3) that
assumes ¢/ = 0 (Figure 7).

We have used a stochastic model for energy transfer along the helix
of methylated DNA in order to estimate the efficiency with which the
excitation energy is trapped. In this model energy transfer is treated as
a random walk among adjacent bases. The parameters of the model are
the relaxation rate constants k; of a nonmethylated base of type i (i =
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1, 2,3 and 4 for G, C, T, and A, respectively) in the absence of energy

transfer, and the rate constants of energy transfer kj; and k?j between a
base of type i and an adjacent base of type j going from 3' to 5 or 5’ to 3’
, 1.e., for the two possible geometries between adjacent bases on the same
strand (j = 0 is used to denote a methylated base). The rate constants
kY. and kf"j are of the form k;(Ry/R)® 5. The probability that energy
transfer will occur along a given path can be calculated directly from
the ratio of th rate constants k; or kfj and k;. This ratio is proportional
to R$ which, in turn, is proportional to the fluorescence quantum yield
¢o in the absence of energy transfer to the trap (see Equation (3.1)).
Thus, these calculations do not necessitate a knowledge of the relaxation
rate constants k;. For the range of values considered for the various rate
constants, we found that transfer paths of more than four steps had a
total probability of about one per cent; the first step made a contribu-
tion of about 85% to the overall efficiency of transter. Consequently,
for intrastrand transfer, it was possible to limit calculations of trapping
efficiency to the classes of energy transfer paths depicted in Figure 8. We
consider only transfer between nearest neighbors. For transfer between
next nearest neighbors, the distances are much larger, which makes the
transfer inefficient because of the strong dependece of the rate constant
of transfer on distance. For C hydrogen bonded to the trap, despite the
large distande (about 7.3 A), interstrand transfer make a significant con-
tribution (see below). Consequently, we have included this transfer path
in the simulations (Figure 8); because two-step transfer was found to
make a contribution of only about 5% to the overall transfer efficiency,
more steps were omitted. We omitted interstrand transfer between C
and G because: (i) only 25% of the Gs are nonmethylated; and (ii) for
energy trapping to occur through this path at least one additional step
is required, for which case we found the efficiency to be low (see below).
When A is the donor or the acceptor, the data analysis finds that transfer
is inefficient. The model follows.

The probabilities pfomn and pfomn that excitation of a base of type 1
will be followed by transfer through m steps and n bases to a trap (i.e.,
to a base of type i, = 0) from 5’ to 3' and interstrand transfer are given
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by the formulas
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In these equations, é is the Kronecker delta, g; is the fraction of bases
of type 7, the superscript b denotes interstrand transfer from C and 7,
designates a base hydrogen bonded to a C. Substitution of the superscript
d by u and vice versa yields the corresponding formulas for transfer from
3' to 5. The efficiency with which light exciting bases of type 7 is trapped
is

Z Pim + Dl + Phmbizbm1 + Pl mbiabima (3.13)

m=1

The overall trapping efficiency for excitation at wavelength ., is then

4

f/\ez = Z:l ( e:c)pZ/Z ( ) (3'14)
-
where a;().;) is the absorbance of the bases of type i at A.

There is no information regarding the individual values of the fluo-
rescence quantum yield ¢ for the A, T, C and G bases in the absence
of transfer to the trap. In principle, one can obtain an average value
for ¢¢ from ¢y = 79/7red, whewe 7y is the fluorescence lifetime of DNA
and T.qq = 5 ns*% is the radiative lifetime of the DNA bases. Two mea-
surements of 7, have been reported. Values of about 10 ps and 65 ps
were reported3® in the short- and long-wavelength spectral regions, re-
spectibely, by using a picosecond streak camera. Another study® used
singl-photon detection and obtained in the short-wavelength spectral re-
gion a value of about 3 ns, which made a contribution of about 20%, but
could not resolve the remaining fast components. Thus, the uncertainty
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in the values of the fluorescence decay components precludes an estimate
of ¢0.

A potentially useful approach to draw inferences regarding the ability
of the different bases to fluoresce is the following. It is known from
low- and room-temperature measurements®? that the polynucleotide
poly(dA-dT)-poly(dA-dT) fluoresces rather well. The polynucleotide
poly(dG-dC)-poly(dG-dC), however, was reported not to fluoresce appre-
ciably at low temperature®. Qur preliminary measurements show that at
room temperature and for excitation at 265 nm this polynucleotide flu-
oresces much less strongly than does poly(dA-dT)-poly(dA-dT) (Huang,
Ge, and Georghiou, to be published). These results appear to suggest
that in DNA fluorescence stems from the A-T base pairs. This infer-
ence, however, is questionable on the following grounds: (i) fluorescence
from poly(dA-dT)-poly(dA-dT) involves excimers (ref. 21 and Ge and
Georghiou, to be published), whereas the contribution of excimer emision
to the fluorescence spectrum of random-sequence DNA does not appear
to be very large?%; and (ii) although both of these polynucleotides ap-
pear to have a B-type conformation in solution®”—%%, they allow only
(A,T) or (G,C) base stacking interactions and no other types of such
interactions which do occur in random-sequence DMA.

In view of the absence of a direct method to obtain approximate values
for ¢, we are forced to rely on other, more indirect methods. Examina-
tion of Figure 7 shows that the experimental values of the efficiency f of
energy transfer to the trap are quite low in the short- wavelength region
in which the fraction of light o4 absorbed by A is quite high: e.g., at 260
nm, f = 0.22 and a4 ~ 0.41, whereas at 290 nm, f = 0.42 and a4 = 1%.
This suggests that A is a very poor energy donor. The efficiency f' for
one-step pairwise transfer is given by®

1 R
—=14+(5)=1+k 15
=L+ () =1+ R 3.15)
By combining Equations (3.5) and (3.1), we have

1 R

— =14

7 8.79 x 10-®n—*k2J ¢,

(3.16)
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It is seen from Equation (3.15) that the efficiency f increases as J, k? and
¢ increase. For transfer from A, the values of J are larger than those
when the other bases are the donors (Appendix III). On the other hand,
the value of k? for A-trap transfer is very small (Appendix II). As the
simulations show (see below), the range of the transfer process along the
helix is rather limited, and, therefore, base-trap transfer makes a very
significant contribution to the overall transfer efficiency f. Consequently,
the small value of k? for adjacent A-trap transfer is an important cause
of the observed reduction in f at short excitation wavelengths (Figure 7).
In addition, however, the simulations require that the value of ¢ for A
be very small. In Appendix IV we list the simulated f values obtained for
different combinations of ¢ values for the bases. It is seen that, when the
value of ¢ for A as well as those for T, C, and G are equal to 3x 1074, the
simulated values of f are not very different from the experimental ones in
the short-wavelength region but are much lower in the long-wavelength
region. This implies that the latter ¢¢ value should be increased whereas
the former should be decreased. Indeed, the combination that results in
the most satisfactory fit is ¢y for A in the 1075 to 10~° range and ¢y of
about 2x 1073 for T, C, and G (Appendix IV). It is also of interest to note
is this regard that A does not from a significant number of photoproducts
in DNA707 whereas T and C do’. This is consistent with the notion
that A does not fluoresce significantly, whereas T and C do: a significant
value for the fluorescence quantum yield implies a decay time which is
significantly long, one during which T or C could undergo excited-state
reactions that might lead to the formation of photoproducts. In view of
these considerations, we have considered the fluorescence quantum yield
¢ of A to be very small and have let those of T and C be equal to each
other. Two recent reports', ascribe a high degree of forbiddeness to
the lowest excited singlet state of uracil and adenine, with the value of the
radiative rate constant, k¢, being very small. It should be noted that in
principle this would not preclude transfer of energy from A, as f' depends
on ¢y, not ks (see Equation (3.15) and Ref. 75). There is no information
regarding photoproduct formation by G. In our calculations we have let
the quantum yield of G (which bases constitute only about 5% of the
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total DNA bases) be equal to those of T and C. (For a quantum yield of G
equal to 1x107¢, we found the efficiency of transfer, obtained through the
stochastic model, to decrease by about 5% across the excitation spectral
range.)

As was stated above, the stochastic model finds that a value of about
2 x 1073 is needed for ¢y of T, C, and G in order to obtain values of f
which are comparable to the experimental ones (Figure 7). The average
number of steps the excitation energy takes to reach the trap is found
to be about 1.2 and is independent of the excitation wavelength; that
is to say, energy transfer in effect requires that the donating base be a
nearest or next nearest neighbor of the trap. (By contrast, it has been
estimated®? that triplet-triplet energy transfer might have a range of
10% — 10* bases.) As seen from Appendixs II and V, the Ry/R values are
quite large (about 1.5) for base-trap transfer so that, on the average, they
yield from Equation (3.15) a value of about 0.93 for the efficiency f for
one-step transfer. The f' vs. Ry/R plot (not show) is close to being flat for
these large Ro/R values. Also, the simulations with the stochastic model
show that the increase in f that results from an increase in ¢y beyond
2x 1073 is very small (see Appendix I'V). Consequently, the value of ¢, for
T, C, and G necessary to approximate the experimental results, although
it cannot be accurately determined, is not very different from 2 x 1073,
An estimate of the average value for the fluorescence decay time of DNA
for monomeric emission implied by ¢o = 2 x 1073 can be obtained from
To = GoTrad = 2x 1073 x5x107%s =~ 10ps. As was discussed above, a value
of about 10 ps was reported3 for the short-wavelength spectral region,
but the possibility remains that other decay components may be present
with decay times shorter than =3 ps or in the nanoseconed time range
which could not be detected in that study; in this regard, a 3-ns decay
component was reported for the short-wavelength spectral region®. This
value is about two orders of magnitude higher than that of about 3 X
1075 reported for DNA2?1667677 Thus, according to the results of these
simulations, the transfer process between adjacent bases takes place from
their excited electronic states before a very efficient quenching process
sets in: formation of excited-state molecular comoplexes (excimers), that
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do not fluoresce appreciably, could account for these observations. The
contribution of excimer emission to the fluorescence spectrum of DNA
does not appear to be very large?%, the fluorescence spectrum peaks at
about 330 nm and is consistent with emission stemming from a rather
small fraction of excited bases that do not participate in excited-state
complex formation; there is also a long-wavelength shoulder which is
consistent with some emission stemming from such complexes®.

The major driving forces for excimer formation stem from exciton-
resonance and charge-resonance interactions. The most stable config-
uration is that of a sandwich in which the two molecular planes are
parallel to each other and overlap either partially or completely. Other
configurations, however, have also been considered in which one of the
molecules is rotated relative to the other, such as those for naphthalene™
and benzene®. The occurrence of such configurations has been inferred
for intramolecular excimers in some systems in which the two partners
are linked together with an aliphatic chain®~®': the conformation nec-
essary for the sandwich excimer would be highly strained in those par-
ticular systems. (The nonsandwich excimers tend to be stabilized by
charge-resonance interactions, whereas the exciton-resonance interaction
is mainly responsible for the stability of the sandwich excimer®®.) Al-
though some displacement may be necessary for achieving the optimum
molecular overlap, the interplanar distance of 3.4 A between adjacent
DNA bases is in fact very similar to that encountered in a typical aro-
matic excimer (about 3.3 A, Ref. 43 ). These considerations suggest that
a nonsandwich excimer might be formed in DNA. A sandwich excimer,
however, would necessitate both base displacement as well as rotation;
these motions might be defficult to achieve because of the rather short
lifetime of the excited DNA bases and because of the distortion of the
DNA helix which they would introduce. It is also probable that in the
ground electronic state some of the bases are held loosely together in
a geometry which favors excimer formation. (It should be pointed out
that there is no strong ground-state interaction between the bases, as no
pronounced changes in the vibronic envelope of the absorption spectrum
of DNA are observed relative to that of an equivalent molar mixture of
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monomers.) Information on the formation of excimers is of particular
importance regarding photodamage of DNA because of their potential
involvement as precursors in the formation of photoproducts®.

The rate constant for intrastrand transfer between adjacent bases is
estimated from (@gTreq) " (Ro/R)® (see Ref. 55) to be about 2 x 10'! s7!
based on average values of 4.3 A for Ry form Appendix V and 4.0 AforR
from Appendix II, and about 5ns for 7,4¢ #%%. On the other hand, the rate
constant for base-trap transfer is found to be larger, about 1x 102 s~ for
an average value of 6.3 A for Ry (Appendix V). The quastion arises as to
whether this rate is faster than the rate of vibronic relaxation. The value
for the latter is not accurately known but or expected to be in the range
of 102 to 10'3 s~1. Interestingly, it appears that vibronic relaxation in
the free bases takes place on the subpicosecond time scale?!. As we point
out below, the fact that we did not observe an increase in the efficiency
of transfer when exciting in the short-wavelength spectral region (Fig-
ure 7) argues against the occurrence of before-relaxation transfer in the
present system. For interstrand transfer, only C-trap transfer makes a
significant contribution. In that case, R = 7.3 A k*~13and Ry~ 9 A
(from Equation (3.1)), which yield a value of about 4 x 10! s™* for the
rate constant for transfer. The efficiency of this transfer is found from
Equation (3.16) to be about 0.78. This value is to be compared with
those of 0.93 and 0.61 for intrastrand base-trap and base-base transfer,
respectively. Tramsfer that involves A either as a donor or an acceptor
is inefficient.

We now examine the validity of the dipole-dipole mechanism of en-
ergy transfer for the present system. For the coulombic mechanism, the
interaction potential is expanded as a series of inverse power of the inter-
molecular distance R. For distances that are large compared to molecu-
lar dimensions, the dipole-dipole term, that varies as R3, predominates.
This is not strictly valid for the present system. The other two leading
terms are the dipole-quadrupole and the quadrupole-quadrupole that
vary as R™* and R75, respectively. Dexter®® estimates that the ratio
of the dipole-quadrupole rate constant to that of the dipole-dipole is of
the order of (3/R)?, where (3 is the molecular radius. For the bases,

29



B ~ 3 A8 Thus, for R ~ 4 A (Appendix II), the dipole-quadrupole
term appears to be making a contribution to the rate constant of in-
trastrand transfer of ~50% relative to that made by the dipole-dipole
term. For one-step transfer, this would require that ¢y ~ 1 x 1073, in-
stead of ¢g ~ 2 x 1073 for the dipole-dipole term alone (see Equation
(3.16)). But as was pointed out above,the f' vs. Rg/R plot is almost flat
for the present Ry and R values (Appendixs IT and V); consequently, it is
found that this will change f by only about 10% (see Appendix IV). (This
is only an approximate result, of course, since the stochastic model finds
that the average number of steps in the transfer process for this case is
about 1.2, not 1 as we assumed in obtaining ¢y ~ 1 x 1073.) From the
calculations of Forster®® we find that the quadrupole-quadrupole term
does not appear to be making a large contribution for the distances in-
volved in the present system. Such a conclusion is also reached from the
calculations of Voltz® regarding the dipole-octupole and the octupole-
octupole terms. For C-trap interstrand transfer, the distance is much
larger (about 7.3 A) than that for intrastrand transfer; as a result, the
contribution of these terms is even smaller.

Forster’s mechanism involves the so-called very weak interaction. The
other two interactions are the weak and the strong®. The latter does
not operate for DNA as no pronounced changes in the vibronic envelope
of its absorption spectrum are observed relative to that of an equivalent
molar mixture of monomers. The weak interaction involves resonances
between individual vibronic levels and, therefore, does not apply to sys-
tems that do not exhibit vibronic structure in their absorption spectra®;
this is the case for the spectra of T, A and C. Guanine is an exception to
this. Its long-wavelength absorption spectrum contains two bands?0:25:26,
We have recently shown that, resolution of the spectrum into those cor-
responding to the two electronic transitions which are present, reveals
the presence of vibronic structure. That work employed 7-methyl guano-
sine 5’-phosphate. It was argued there that the conclusions drawn most
probably apply to the nonmethylated nucleotide as well. Thus, transfer
of energy can possibly occur between individual vibronic levels in gua-
nine. (This could also happen between two adjacent traps but this would
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not affect the overall efficiency of base-trap transfer.) Since according to
this mechanism the rate constant of transfer is proportional to the molar
extinction coefficient®®8, one would expect to observe an enhancement
of f at about 260, 275 and 290 nm which are the maxima of the vibronic
bands. This is not observed. In any case, the nonmethylated G bases are
only about 25% of all the G bases in methylated DNA and, therefore,
G-G sequences are not frequent. Another possibility is transfer before
vibronic relaxation by the very weak interaction®®. In that case, however,
f is expected to increase for excitation in the short-wavelength spectral
region. The trend observed for f is contrary to this prediction (Figure
7). It could be argued that, in the short-wavelength excitation region,
energy transfer may take place from the second excited state (state II) of
the trap to an adjacent base before relaxation to the first excited state
(state 1) of the trap, which is the emitting state. We have found the
absorption spectra for these states to overlap one another considerably.
Thus, very few vibrational levels of state I are isoenergetic with state II,
and, as a result, the rate of relaxation of state II to state I is expected to
be reduced®4". In this regard, our preliminary study of energy transfer
in poly(dG-dC)-poly(dG-dC) (Huang and Georghiou, to be published)
suggests that this type of transfer takes place from G to C. The values of
the efficiency of intra- and interstrand basetrap transfer for the present
system, however, are about 90% and 80%, respectively (see above); con-
sequently, the accepting base will transfer the energy back to the trap
rather efficiently. Thus, trap-base transfer, although it could make some
contribution, is not expected to account for the large drop (about 300%,
see Figure 7) of the experimemtal value of f upon going from 295 to 255
nm. Instead, the bulk of this drop appears to stem mainly from a very
low value of ¢g4. Even a small value, 1 x 1074, for ¢¢4 is found to result
in an increase of about 50% in the simulated value of f at 260 nm, from
0.23 (when ¢g4 = 1 x 107%) to 0.34. (¢or, ¢, ¢ Was kept equal to 2 x 103
in this comparison. )

An alternative mechanism is that of electron exchange®’, which may
operate for the short donor-acceptor distances involved in nucleic acids.
According to this mechanism, the rate constant of transfer is, in effect,
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independent of ¢86’88. This property makes this mechanism potentially
attractive for nucleic acids because of their very low fluorescence quan-
tum yield. The expression for the rate constant of transfer, however,
contains a parameter that cannot be determined from the optical prop-
erties of the donor-acceptor pair. This prevents detailed modelling. An
approximate comparison with the dipole-dipole mechanism can be made,
however, by using the value of 20 cm~!, which was calculated® for the ex-
change energy, U, in polydA. (This value is very similar to those reported
for adjacent aromatic molecules in crystals®®®l.) The rate constant of
transfer w is given by!?

4m2U?J

h

Where h is Planck’s constant and J is the overlap between the fluores-
cence spectrum of the donor and the absorption spectrum of the acceptor.
(Note that both spectra are normalized to unity on an energy scale.) We
found the average value of J for base-base transfer to be about 6 X 1077
cm. From Equation (3.17) we then obtain w = 3 x 10® s™*. On the other
hand, for the dipole-dipole mechanism we found the rate constant for
base-base transfer to be about 2 x 10!! s~! (see above). Even if we con-
sider a reduction in R, e.g. from 4 to 3 A, the exponential dependence of
U2 on R!? would result in w ~ 1 x 10° s~! for the exchange interaction,
which is still very small. Also, for C-trap interstrand transfer w will be
very small because Rx 7.3 A. Thus, electron exchange appears to be
very inefficient as compared to the dipole-dipole mechanism of transfer.

w =

(3.17)

3.4 Conclusion

We briefly examine the assumptions that were found necessary in
the analysis of the data. We have used the absorption spectra of free
nucleotides, but applied approximate hypo- and hyperchromicity correc-
tions. This should not introduce a large uncertainty in the values of f. For
example, increasing the fraction of light  absorbed by the trap by 10%
at 265 nm is found to result in a decrease in f by only about 4%. The sim-
ulations require that the value of ¢ (i) for C, T, and G be about 2x 10~°
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and (ii) for A be very small. As was discussed above, the absence of a
significant number of photoproducts formed by A in DNA is consistent
with (ii). As for (1), it suggests transfer of energy before the fluorescence
is quenched very efficiently, presumably by excimer formation. In this
regard, the fluorescence spectrum of DNA®" exhibits a long-wavelength
shoulder which is consistent with some emission stemming from excimers.
Its short-wavelength region, however, was reported to virtually coincide
with that of an equimolar mixture of mononucleotides®”. This implies
that using the flourescence spectra of the latter in the calculation of the
spectral overlap J with the absoption spectra of the energy-accepting
bases should not introduce a serious error in the analysis of the data.
(It shoud be noted in this regard that no excimer emission is detected
from the methylated guanine residues of metylated #?%%.,) In the simula-
tions we used Forster’s theory to calculate the rate constant of transfer.
This uses only the dipole-dipole term in the expansion of the interaction
potential. As was discussed above, incluaion of the dipole-quadrupole
term, which is the only additional term that makes a significant contri-
bution to the rate constant of transfer, should not have a large effect on
f. The value of the refractive index n was taken to be equal to about
1, since, for transfer between nearest neighbors, no medium intervenes
between donors and acceptors. Finally, the simulations assume that the
bases are randomly distributed. If the frequency of the A-trap sequence
is reduced, then the simulated value of f will increase because A turns
out to be a very poor energy donor. This as well as other aspects of the
transfer process will be investigated by using oligonucleotides of known
sequence.

In summary, we have presented the first experimental determination of
the efficiency of transfer of electronic energy along the helix of a double-
stranded nucleic acid. This determination became possible by methy-
lating about 75% of the Gs at the N-7 position. This resulted in the
formation of an irreversible energy trap which essentially is the only flu-
orescent base in methylated DNA. About one out of every three photons
absorbed by the other bases is trapped. Simulations in the framework
of the coulombic interaction yielded for intrastrand base-base and base-
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trap transfer values for Ro/R of about 1.1 and 1.5, respectively. For
C-trap interstrand transfer (the only interstrand transfer that makes a
significant contribution), it is found that Rg/R =~ 1.2. The correspond-
ing values of the efficiency of pairwise transfer are about 60%, 90%,and
80%. Transfer is inefficient when A is the donor or the acceptor. The
simulations require that the value of the fluorescence quantum yield of
A be very small, whereas that of C, T, and G be about 2 x 1073, This
value is much larger than the measured valur of the fluorescence quan-
tum yield of DNA, about 3 x 107°. Thus transfer of energy precedes a
process which results in a very efficient quenching of the fluorescence of
DNA. Formation of excimers could be responsible for this effect. In this
regard, the fluorescence spectrum of DNAS" exhibits a shoulder at long
wavelengths which appears to have its origin in emission from excimers.

As for nonmethylated DNA, the present results imply that intrastrand
base-base transfer occurs with an efficiency of about 60%. Interstrand
transfer betwee C and G occurs with an efficiency of about 35%; this
calculation is based on the values R ~ 7.3 A, k® ~ 1.3 and Ry ~ 5 X
(1.3/0.26)/6 ~ 6.5 A (see also Appendixs III and IV). (For methylated
DNA this latter transfer dose not make a significant contribution to
the overall tramsfer efficiency because (i) only about 25% of the Gs are
nonmethylated and (ii) in order for a photon to reach the trap through
this path at least one additional step is required, for which case we fond
the efficicncy of energy trapping to be low.) For both types of transfer
the range is short because the excited states decay quite rapidly. Also,
when A is the donor or the acceptor, the efficiency is very low.
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Appendix I

Fraction of light f, absorbed by state I at 290, 260 and 244 nm for
a number of different values for 6, the angle between the absorption
transition dipole moments of states I and II. The emission anisotropy, rp,

for state II was obtained from Eq. 2.8.

f
L
e -
> 2¢3 2€9 244
e’ -3.840 5.842 0.€13 2.6¢5
gc’ -0.026 0.£35 0.55¢ 0.685
70° ~0.026 0.821 0.561 0.656
60° -0.010 0.789 0.483 0.594
50° 0.010 0.729 0.336 0.479
46° 0.018 0.65¢ 0.250 0.411
43° 0.024 0.661 0.170 0.348
40° 0.030 0.620 0.070 0.270
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Appendix 11

Values of the distances R(A), upper, and the square of the orienta-
tional factor k, lower, for adjacent bases in the DNA double helix for
intrastrand transfer. The direction of the transition dipole moments
were obtained from the literature (see text).

-~ 3 Denor

Acceplcer
; A T C C

51
X 3.9 4ok L1 2.2
51 0.7% 79 0.%5
- 3.8 4.1 3.8 3.7
! 0.07 0.03 0.1 0.15
c 4.0 L& 4.1 3.6
0.18 0.19 0.59 0.23
c 4.0 L.k 4.2 1.9
0.002 0.07 0.25 0.17
e 4.0 4.4 4.2 3,?_
0.002 0.07 0.26 0.17
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Appendix III

Spectral overlap J (10717 ecm® M~!) for the different adjacent donor-
acceptor pairs. For the cases in which A is the acceptor or MeG (the
trap) is the donor, the values of J were found to be very small and are
omitted from the table.

venss
Lcceptor
! A T C G
B 9.6 1.8 1.3 1.7
C 12.2 2.2 1.8 2.1
G 19.0 3.9 3.7 3.5
¥eG 57.8 27.1 22.8 13.3
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Appendix IV

Comparison of the experimental and simulated values of the efficiency
f of energy transfer from the other bases to the trap for methylated calf
thymus DNA for differently assumed values of the fluorescence quantum
yield ¢, of A and T, C, and G. (A) ¢oa = dorcc = 3 X 1074 (B) ¢oy =
1x107% ¢orce =1 % 1073 (C) ¢oa = 1 x 1073, o1 cc = 2 x 107%; (D)
Poa = 1x107%, @or06 = 2 X 1073 (B) ¢os = 1x 1078, o706 = 3x 1072,
The excitation wavelenth is designated by .

£ I(sizulaced)

Alnz) (exper- R

icenzal) A 3 C D z
255 0.15 0.25 0.15 0.26 0.22 .23
2£90 0.22 0.25 0.20 0.26 0.23 0.2%
265 0.2% 0.25 0.22 0.28 0.25 0.26
270 0.27 0.26 0.25 0.31 0.29 0.30
275 0.33 0.27 0.23 0.35 0.34 0.35
280 0.35 0.27 0.33 0.369 0.38 0.40
285 0.43 0.2¢ 0.37 0.43 0.43 0.4%
290 0.62 0.28 0.38 0.44 0.4 0.42
295 0.¢47 0.27 0.37 0.43 0.4% 0.L2




Appendix V

Critical transfer distances R, (in A) for intrastrand transfer between
all the possible combinations of nearest neighbors in methylated DNA
for dorcc =2 x 1073, The box at the lower right-hand corner indicates
the direction of transfer. For each donor-acceptor pair the upper left-
hand value refers to transfer in the 3’ to 5’ direction, whereas the lower
right-hand value refers to transfer in the 5' to 3’ direction. For the cases
in which the trap (MeG) or A are the donors or when A is the acceptor,
the values of R, were found to be very small and are omitted from the
table.

5 -
T C G Mel
3' !
L4 4.1 5.7
n 3.0
4.0 3.6
3.6 5.1 6.8
C 5.2
3.9 L. 6
4.1 4.5 5.9
G 4.7
&7 5.0
A 5.5 6.7 5.9 t
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Figure 1.

Steady-state fluorescence anisotropy of 7-methyl GMP in 0.05 M
sodium cacodylate, 0.1 M NaCl, pH 5 at room temperature as a
function of excitation wavelength. The anisotropy has been found
to be independent of the emission wavelength. The bars on one of
the points indicate the standard deviation.
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Figure 2.

Relative fluorescence quantum yield of 7-methyl GMP in 0.05 M
sodium cacodylate, 0.1 M NaCl, pH 5 at room temperature as a
function of excitation wavelength. The yield has been found to be
independent of the wavelength at which the emission was monitored.
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Figure 3.

Fluorescence spectrum of 7-methyl GMP in 0.05 M sodium cacody-
late, 0.1 M NaCl, pH 5 at room temperature. The spectrum has
been found to be independent of the excitation wavelength when
exciting in the 240 to 310 nm spectral range.
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Figure 4.

Absorption spectrum of 7-methyl GMP in 0.05 M sodium cacody-
late, 0.1 M NaCl, pH 5 at room temperature (full line) and compo-
nent spectra for band I (e) and band II (o) for § = 70°, where 6 is the
angle between the absorption transition dipole moments of states I
and II. This figure illustrates how the spectra look when absorption
by state I predominates across the total wavelength range. This
is contrary to the conclusion of previous studies of single-crystal
polarized reflection?®?® and linear dichroism from stretched films
(Matsuoka and Norden, 1982), according to which for guanine and
some of its derivatives in the short-wavelength region state II is
the predominantly absorbing state. Figure 5 illustrates how the to-
tal absorption spectrum is resolved into the constituent absorption
spectra for states I and II in a manner which is in accord with these
published findings. (Such an agreement is achieved for only a very
limited range of 6 values, 40° < 6 < 50°.)
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Figure 5.

Absorption spectrum of 7-methyl GMP in 0.05 M sodium cacody-
late, 0.1 M NaCl, pH 5 at room temperature (full line) and compo-
nent spectra for band I (e) and band II (o) for § = 43°, where is the
angle between the absorption transition dipole moments of states I
and II. This angle was chosen because only for 40° < 8 < 50? does
the resolution of the absorption spectrum agree with the conclusion
of previous studies for guanine and some of its derivatives that, in
the short-wavelength region, state II is the predominantly absorbing
state. These studies involved single-crystal polarized reflection?!?®
and linear dichroism from stretched films.?? The bars on one of the
points indicate the standard deviation. Also shown with dashed
lines is a graphical separation of the absorption spectrum of state I
from that of a band that appears at short wavelengths. (This was
done simply to obtain an estimate of the contribution of the latter
to the total absorption.)

57



(Wu) H1IONITIAVM

oie 00¢ 0GZ 08¢ 0l2 09¢ 0Ge ove
07O _ _ T _ O

3ONVE405S8V



Figure 6.

Fluorescence quantum yield (e) of methylated calf thymus DNA in
0.05 M sodium cacodylate, 0.01 M NaCl, pH 6.6 in triply distilled
water at room temperature, Also shown is the product a q (o),
where « is the fraction of light absorbed by the trap (methylated
guamine) and q is its fluorescence quantum yield: these are the
expected values when there is no energy transfer from the other
bases to the trap.
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Figure 7.

Efficiency f of energy transfer from the other bases to the trap cal-
culated by using Equation (3.3) that omits emission from the other
bases (o) and by using Equation (3.4) that takes into account such
emission (o). Also shown are the simulated values of f (O0) obtained
by using a stochastic model, which employs the dipole-dipole term
in the interaction potential for the coulombic interaction, to calcu-
late the rate constant of transfer. The fraction of light absorbed by
the A bases is also plotted (W).
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Figure 8.

Transfer paths considered during the simulations by using a stochas-
tic model that employs the dipole-dipole term in the interaction po-
tential for the coulombic interaction to calculate the rate constant of
transfer. The initially excited base is denoted by i, and the trap by
i, = 0. Positive and negative values indicate the sequence of bases in
the direction of the trap and in the opposite direction, respectively,
along the same strand. In the simulations we have also included in-
terstrand transfer (for which i, designates a base hydrogen bonded
to a C); we have found that C-trap transfer is the only interstrad
transfer that makes a significant contribution to the efficiency of
trapping (see text).
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