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ABSTRACT: The preparation, spectroscopic investigation, structure determination, conformational analysis,
and modeling of the Dewar pyrimidinone photoproduct of thymidylyl-(3'—5")-thymidine, previously referred
to as TpT3 [Johns, H. E., Pearson, M. L., LeBlanc, J. C., & Heilleiner, C. W. (1964) J. Mol. Biol. 9,
503-524], is described. TpT3 was prepared in quantitative yield by photolysis of an aqueous solution of
the (6—4) photoproduct of TpT with Pyrex-filtered medium-pressure mercury arc light. TpT3 was analyzed
by FAB MS, IR, UV, and 'H, *C, and *'P NMR spectroscopy. The spectroscopic data led to the conclusion
that TpT3 results from the photoisomerization of the pyrimidinone ring of the (6—4) product of TpT to its
Dewar valence isomer. Torsion angle and interproton distance information derived from coupling constants
and NOE data was used to constrain ring conformation searches by utilizing the SYBYL molecular modeling
program subroutine SEARCH. Sets of angles derived from the ring search procedure were then used to construct
structures whose geometries were optimized by the energy-minimization subroutine MAXIMIN. A two-state
model for the solution-state structure of the Dewar photoproduct was chosen which was energetically sound,
fit the experimental coupling constants with an RMS deviation of 1.15 Hz, and was consistent with the
NOE data. The model for the Dewar photoproduct was compared to a model for the (6—4) photoproduct
and the TpT subunits of the Dickerson dodecamer structure by a least-squares fitting procedure. It was
concluded that the Dewar photoproduct more closely resembles a B-form TpT unit than does the (6-4)

photoproduct.

’]Ixe cis-syn cyclobutane and (6-4) dipyrimidine dimers are
the major photoproducts produced by exposure of duplex DNA
to 254-nm light (Wang, 1976). As a result, much work and
debate have focused on correlating cis-syn cyclobutane and
(6-4) dipyrimidine dimers with ultraviolet light induced mu-
tations (Franklin & Haseltine, 1986; Hutchinson, 1987).
Evidence has accumulated over the past 25 years, however,
to suggest that (6—4) products are not the ultimate photo-
products produced on exposure of DNA to sunlight. In 1970,
type III photoreactivation of some of the lethal effects of
254-nm irradiation in Streptomyces griseus and Streptomyces
coelicolor (Jagger et al., 1970) and Staphylococcus epider-
midis (Ikegnaga et al., 1970) was discovered. The effectiveness
of this type of photoreactivation was shown to be maximal at
313 nm and to proceed through an unknown, though nonen-
zymatic, pathway that was correlated with the disappearance
of (6-4) products (Patrick, 1970; Ikenaga et al., 1970, 1971).
Later studies with photolesion-specific RIAs* confirmed the
photochemical action of 313-nm light on (6-4) products
(Mitchell et al., 1985) and led to a polyclonal RIA for their
further photolysis products (Mitchell & Rosenstein, 1987).
Interestingly, in 1964 it was shown that the (6—4) product of
TpT, known then only as TpT4, could be converted quanti-
tatively at 313 nm to a new photoproduct, TpT3, and back
again to TpT4 at 240 nm (Johns et al., 1964) (see Figure 1).
In 1987 the structure of TpT3 was determined to be the Dewar
pyrimidinone valence isomer of the (6—4) product (Taylor &
Cohrs, 1987). It was also determined that direct irradiation
of TpT with stimulated sunlight led only to the cis-syn,
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donors of the Petroleum Research Fund, administered by the American
Chemical Society.
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trans-syn, and Dewar photoproducts and no detectable (6—4)
product. All the available data suggest that the first step in
type III photoreactivation involves the conversion of (6—4)
photoproducts to their Dewar pyrimidinone valence isomers.
Why the Dewar valence isomers would be less lethal than the
(6—4) products is unknown. The available data also suggest
that the Dewar photoproducts are produced in significant
amounts upon direct exposure of DNA to wavelengths between
280 and 360 nm and thus may be involved in the mechanism
of sunlight-induced mutagenesis and skin cancer.

Herein we report the detailed spectroscopic, conformational,
and molecular modeling analysis of TpT3. A model of the
Dewar photoproduct that best fits the NMR data is then
compared to a model of the (6-4) product and B-form TpT
in an effort to understand the role that structure might play
in type I1I photoreactivation.

EXPRRIMENTAL PROCEDURES

Materials and Methods. Doubly distilled water was used
for photolysis and HPLC. Activated carbon used for desalting
was Darco G-60. Preparative photolysis was conducted in a
Pyrex immersion well reactor with a 450-W medium-pressure
mercury arc lamp. Reverse-phase C;3 chromatography was
performed on a Waters uBondapak C,3 column (3.9 mm X
30 ¢m, 5-um uPorasil support, 10% Cg plus a trimethylsilyl
cap). Gradient HPLC was performed on a system composed
of two Waters Series 6000 pumps, a Rheodyne 7125 loop-type

! Abbreviations: RIA, radioimmunoassay; TpT, thymidylyl-(3'—-
5")-thymidine; HPLC, high-pressure liquid chromatography; NOE, nu-
clear Overhauser enhancement; TOE, truncated driven NOE; UV, ul-
traviolet; IR, infrared; FAB MS, fast atom bombardment mass spec-
trometry; TSP, 3-(trimethylsilyl) propionic acid sodium salt; DQF COSY,
double quantum filtered homonuclear scalar-correlated spectroscopy;
RMS, root mean square.
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FIGURE 1: Reaction scheme for photolysis of TpT. TpTn refer to
labels previously assigned to these products (Johns et al., 1964).
Structures for the photoproducts come from various sources: cis-syn
(Hruska et al., 1975), trans-syn (Liu & Yang, 1978), (6-4) (Rycyna
& Alderfer, 1985), and Dewar (Taylor & Cohrs, 1987).

sample injector, and an ISCO V-4 variable-wavelength de-
tector with a 5-mm path length heat exchanger HPLC flow
cell. Gradient formation was controlled by an Apple Ile based
system, incorporating an Adalab data acquisition card,
Chromadapt interface module, and Chromatochart software.
KBr matrix IR spectral data were acquired on a Perkin-Elmer
283B calibrated with polystyrene. Mass spectral data were
acquired on a VG ZAB-SE double-focusing mass spectrometer
equipped with an 8-KeV xenon fast atom bombardment source.
'H (300-MHz) and 1*C (75.4-MHz) NMR experiments were
performed on a Varian XL-300 instrument with a 5-mm
broad-band switchable probe. High-resolution 500-MHz
NMR experiments were conducted on a Varian VXR-500
instrument with a 5-mm high-resolution 'H/F probe.
“100%” D,O was obtained from Merck Sharpe and Dohme
Isotopes and was 99.96% D. Molecular mechanics and
modeling calculations were performed on a VAX 11/780 with
the SYBYL program, release 3.5, from Tripos Associates, St.
Louis, MO.

Preparation of TpT3. Approximately 20 mg of the am-
monium salt of the (6~4) photoproduct of TpT (Rycyna &
Alderfer, 1985) in 100 mL of water was photolyzed for 45 min
in an Ace Glass Pyrex immersion well photochemical reaction
vessel under tap water cooling. The water was removed under
high vacuum in a rotary evaporator to yield TpT3 as a glassy
material in quantitative yield.

Analytical C;3 HPLC. Effluent from a 30-min, 1.0 mL/
min, 0-40% linear methanol ramp in 75 mM aqueous
KH,PO,/K,HPO,, pH 7.0, was monitored at 230 nm. Res-
olution of mixtures containing TpT3 and the cis-syn product
of TpT often depended on the quality and age of the column
used. Authentic samples of the cis-syn and trans-syn com-
pounds were obtained by acetophenone-sensitized photolysis
of TpT (Liu & Yang, 1978) followed by preparative Cg
HPLC purification and characterization by NMR.

Mass Spectrometry. The purified ammonium salt of TpT3
was suspended in both thioglycerol and triethanolamine for
negative ion FAB MS analysis.

NMR Spectroscopy. The ammonium salt of TpT3 was
evaporated three times from D,0 on a Speedvac followed by
dissolution in “100%” D,0. TOE difference 'H NMR spectra
were obtained according to the general protocol given in the
Varian XL-300 Series NMR Spectrometer System Advanced
Operation Manual (1984) with some modification. Peak ir-
radiation was conducted at the lowest power level required for
complete saturation of the signal in a 4-s time period and was
followed after 10 ms by a 40° observe pulse and 2 s of data
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acquisition. On-resonance transients were interleaved with
2500-Hz off-resonance transients in blocks of 16. The 8K-
point FID of the off-resonance experiment was subtracted from
that of the on-resonance experiment, zero filled to 16K points,
and Fourier transformed with 0.8-Hz line broadening. A
heteronuclear scalar-correlated 'H-13C NMR spectrum was
obtained by acquiring 128 2K-point FIDs, zero filling to 4K
points in F2 and 256 points in F/, and sine-bell weighting in
both dimensions prior to Fourier transformation. A hetero-
nuclear J-resolved 'H-13C NMR spectrum was obtained by
acquiring 64 2K FIDs and zero filling to 4K points in F2 and
128 points in F! prior to Fourier transformation.

Spin Simulation. Iterative spin simulation was conducted
with the Varian Version 6.1 software which is based on the
FORTRAN program LAME, also known as LAOCOON, with
magnetic equivalence added.

Conformational Analysis. Values for torsion angles were
determined by least-squares fitting of calculated coupling
constants to the observed coupling constants by assuming both
one- and two-state conformation models utilizing programs
written in GWBASIC. For two-state models the following
expression for the deviation A; between a calculated, J,(wn),
and an observed coupling constant, J,(obsd), as a function of
two independent angles, w1l and w2, and a weighting factor
fo1 was used:

Afwl,w2 f) = fuddwl) + (1 = f,1)J{w2) ~ J(obsd)

where 0° < wl < w2 < 360° and 0 < f; < 1. Coupling
constants were calculated for 10° increments of the intersugar
torsion angles, 18° increments of the deoxyribose ring phase
angles, and 5° increments of the maximum degree of torsion
angles. The weighting factor, f,,;, was varied in increments
of 0.1. Those sets of angles and weighting factors that min-
imized the sum of the squares of the deviations for all the
coupling contants involved were then selected. The deoxyribose
phase angle P and maximum degree of torsion &, were de-
termined by fitting the sugar ring coupling constants, J;.y, J}m,
Jyy, Jyry, and Jyy, to calculated values. The coupling constat.ts
for a given P and &, were calculated by combined use of
modified Karplus equations (Haasnoot et al., 1980) and en-
docyclic torsion angles obtained from the pseudorotation
equation for deoxyribose rings as has been described (de Leeuw
& Altona, 1982). The Tpe bond torsion angle was determined
by fitting the Jrpuy-p, J1pcr—p, and Jrpca-p cOupling constant
data to those calculated by equations recently parametrized
for this type of bond (Lankhorst et al., 1984). In a similar
fashion the Jp_,rcs coupling constant data were used to de-
termine the pT8 bond torsion angle.

Conformation Search and Strategy. Conformation searches
and molecular mechanics calculations were conducted with
the SYBYL program. In the first step the Dewar pyrimidinone
subunit was built with Cg in the R configuration and mini-
mized by utilizing the SYBYL force field parameters and the
SIMPLEX minimizer. The Dewar pyrmidinone ring system was
then attached to Cg of the TpCs~endo nucleoside 3’-phosphate
subunit of a previously derived model of the (6-4) product
(Taylor et al., 1988). Cs~endo and C,~endo deoxyribose sugar
rings were attached to N; of the Dewar pyrimidinone ring.
The ring closure bond was chosen to be the pTO4-P bond.
Selected atoms were then removed to speed up the confor-
mation searches. The conformation searches were undertaken
in a series of stages with increasingly tighter constraints
utilizing the SEARCH subroutine. In this subroutine a set of
bonds are systematically rotated at fixed increments within
predefined angle ranges and examined for fulfilling predefined
distance criteria. The internucleotide backbone, glycosyl, and
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Table 1. Proton NMR Chemical Shift Data in ppm for the (6—4) and Dewar Products of TpT at 30 °C in D,O Relative to TSP

ring H]/ Hzf Hzﬂ H3' H4/ H5r Hsl CHJ H5
Tp

(6-4) 6.19 1.44 2.15 3.87 371 3.97 3.83 1.76 5.09

Dewar 6.30 2.522 2.36° 4.56 3.89 b b 1.57 473
pT

(6-4) 6.52 3.04 2.60 4.85 4.15 4.01 3.72 232 8.00

Dewar 5.64 2.28 2.27 4.49 3.89 b b 2.10 5.33

“ These shifts were assigned on the basis of the interpretation of the coupling constants. ® Could not be assigned due to a large degree of overlap.

interpyrimidine torsion angles were initially allowed to vary
+30° in 10° increments about the angles derived from the
coupling constant analysis. Sugar torsion angles were held
constant. Bonds for which no coupling constant or NOE data
were available to derive constraints were allowed to vary £180°
in 30° increments. NOE-active proton pairs were constrained
to lie between 1.8 and 5.0 A, and sterically interacting atoms
were constrained to lie no closer than 0.8 times the sum of their
van der Waals radii. Ring closure atoms were initially con-
strained to lie within 1.0 A, and at later stages this constraint
was reduced to 0.1 A.

Final Structures. Selected angle sets which satisfied all the
constraints were then used to build structures for final geom-
etry optimization by energy minimization. Energy mini-
mizations were conducted in two stages with the SYBYL sub-
routine MAXIMIN without inclusion of the electrostatic energy
term. In the first stage internal rings were held rigid and only
inter-ring torsion angles were allowed to vary. In the second
stage unrestricted geometry optimization was allowed to take
place until the energy change was less than 0.01 kcal/iteration.

The MAXIMIN force field and parameters have been de-
scribed (Taylor et al., 1988) and are essentially those of
cosMIc (Vinter et al., 1987). Additions and changes to the
published parameters are as follows. Atom types are those
of Vinter. Stretch [atom types, equlibrium bond length in A,
force constant in kcal/(mol-A2)]: 26, 1.33, 1300. Bend [atom
types, equilibrium angle in degrees, force constant in kcal/
(mol-deg?)]: 1-2-6, 118, 0.04; 6-2-9, 120, 0.024; 6-2-10,
120, 0.026; 6-1-9, 109.5, 0.02; 6-1-15, 109.5, 0.016; 1-6-2,
110, 0.04; 2—6-2, 109.5, 0.04. Out of plane bend [central atom
type, attached atom types, force constant in kcal/(mol-deg?)]:
2, 1-6-2, 0.08; 2, 6-9-11, 0.08. Torsion (atom types, de-
generacy, barrier in keal/mol): 6-2-1-1, 3, 0.126; 6-2-1-135,
3,0.274; 6-2-2-1,-2, 12.5; 6-1-2-2, -3, 0.126; 6-1-2-1, 3,
0.126.

Final Models. The models that best accounted for the
NMR coupling constant data were determined by first cal-
culating the coupling constants for each final structure. The
combination of one, two, or three structures that best mini-
mized the RMS deviation between the calculated and observed
coupling constants was chosen as the most representative model
for the solution-state structure of TpT3.

RESuULTS

TpT3 was prepared in quantitative yield by photolysis of
the ammonium salt of the (6—-4) product of TpT at a con-
centration of approximately I mM. Photolysis of TpT3 with
254-nm light caused its reversion to the (6-4) product as
determined by analytical reverse-phase chromatography
(Figure 2B). For comparison purposes the cis-syn and
trans-syn photoproducts were also chromatographed under the
same conditions (Figure 2C,D). The retention times of the
photoproducts were as follows: Dewar, 4.8 min; cis-syn, 5.0
min; (6—4), 9 min; trans-syn, 10.1 min.

Negative FAB MS analysis of TpT3 was conducted in both
thioglycerol and triethanolamine matrices. The molecular ion,

TPTZS TpT4 TPTZS TPT Tpl2

Azso

A230

o]
MIN MIN
FIGURE 2: Reverse-phase HPLC chromatograms of (A) TpT3, (B)
mixture that results from photolysis of TpT3 at 254 nm, (C) coinjection
of TpT1, TpT2, and TpT3, and (D) coinjection of TpT1 and TpT2.
See Experimental Procedures for details.
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FIGURE 3: Negative ion FAB MS of TpT3 in thioglycerol matrix.

M, in the negative ion mode (Figure 3) was determined to
have a mass of 545.1294 £ 0.003 by peak matching to glycerol
cluster of mass 551.2757 (M, of TpT3 = 1.011275 X GLCq
- H*). The experimentally determined mass deviates by 1.4
X 1073 mass units, or 2.6 ppm, from the mass of 545.1280
calculated for C,,H,4N,O,,P.

The UV spectrum of TpT3 was essentially identical with
that originally reported (Johns et al., 1964). The principal
change in the UV spectrum on going from the (6—4) product
to TpT3 is the loss of the absorption maximum at 325 nm.
The most signifiant feature in the IR spectrum of TpT3 is an
absorption band at 1780 cm™ which is absent in the spectrum
of the (6-4) photoproduct of TpT (Figure 4). TpT3 has a
31P peak at —3.5 ppm at 30 °C in accord with a previous report
(Rycyna & Alderfer, 1985).

The 300-MHz 'H NMR spectrum of TpT3 at 30 °C is
shown in Figure 5. The proton chemical shifts are tabulated
in Table I and were determined by analysis of absolute-value
DQF COSY spectra and decoupling experiments (not shown).
The 'H-'H coupling constants (Table II) for the
H,~H,~H,~H3;~H network were determined by analysis of
decoupling experiments and by iterative spin simulation of the
'H NMR spectra at 30 and 45 °C, at both 300- and 500-MHz
proton frequencies. Coupling constants for the pT sugar ring
at 30 °C were confirmed by analysis of the proton spectrum
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FIGURE 4: IR spectra of (A) TpT3 and (B) the (6-4) product of TpT
in a KBr matrix.

at 45 °C, a temperature at which the pT Hy and H,~ chemical
shifts were no longer degenerate. The Hs and Hjs. proton
signals and associated coupling constants could not be assigned
accurately due to the high degree of signal overlap in that
region of the spectrum even at a proton frequency of 500 MHz.
TOE difference spectra for the four proton NMR singlets are
shown in Figure 6.

The *C NMR chemical shifts (Table III) were assigned
by analysis of the heteronuclear scalar-correlated H-*C NMR
spectrum (Figure 7) and nondecoupled *C NMR spectra. The
quaternary carbons were tentatively assigned on the basis of
the long-range 13C-'H coupling patterns and by comparison
to the assignments made for the (6—4) product. One-bond
TH-13C coupling constants were obtained directly from both
nondecoupled 1*C NMR spectra and a heterocorrelated J-
resolved TH-1*C NMR spectrum (expanded section in Figure
8). BC-P coupling constants were obtained directly from
proton-decoupled 1*C NMR spectra.

One- and two-state conformational analysis of Tpe and pTj3
torsion bonds were conducted by least-squares fitting of cal-
culated to experimental coupling constants. A minimum de-
viation of 0.8-Hz RMS between calculated and observed values
for Jyy_p, Jco-p, and Jou_p Was obtained for a one-state model
of 230° for Tpe. A minimum deviation of 0.2-Hz RMS be-
tween calculated and observed values for Jp_c, Was obtained
for a one-state model of either 140° or 220° for pT3. Both
Tp¢ and pTa were determined to be in the £g range on the
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Table II: Coupling Constants for the (6—4) and Dewar
Products of TpT

ring Hy» Hyp Hyp Hyy Hpy Hiy
Tp Hy—P
(6-4)° 1.5 89 -141 76 11.1 9.2 9.2
Dewar? 1.9 9.6 -145 85 9.6 8.6 9.3
fit¢ 2.6 8.7 7.8 9.2 84 9.2
model? 2.5 8.6 7.5 9.7 85 9.0
deviation®* 0.6 1.0 1.0 0.1 0.1 0.3
pT H‘r—P
(6-4)° 3.1 76 -150 69 70 4.6 33
Dewar’ 7.0 73 -141 54 7.8 58 g
fit¢ 5.5 7.3 6.2 6.5 5.7
model? 5.2 7.2 6.4 6.9 6.1
deviation® 1.8 0.1 1.0 09 03

4Rycyna & Alderfer, 1985. ’Iterative spin simulation results; RMS
fit of 0.36 Hz. °Calculated coupling constants for the one- or two-state
conformation model that best fit the experimental data for the Dewar
product. ¢Calculated coupling constants for the final model for the
Dewar product. ¢ RMS deviation between experimental coupling con-
stants of the Dewar product and those calculated for the model.
/Interative spin simulation results; RMS fit of 0.23 Hz. Assignment of
coupling constants involving either pTH, or pTH,» were based on the
best fit of the coupling constant data to a two-state model. The alter-
nate assignment leads to poorly fitted coupling constants. £Could not
be determined.

basis of the *'P NMR shift. The glycosyl bonds and the
interpyrimidine bond were all in the —g range as determined
by analysis of the NOE data.

One- and two-state conformational analyses of the deoxy-
ribose rings were conducted by least-squares fitting of calcu-
lated coupling constants to those obtained experimentally. A
minimum deviation of 0.66-Hz RMS between calculated and
observed coupling constants of the Tp sugar ring was obtained
for a one-state model of the Cy~endo class, &y = 35°, P =
27°, hereafter denoted as (35,27). For the pT sugar ring, a
minimum RMS deviation of 0.92 Hz between calculated and
observed coupling constants was obtained for a two-state model
consisting of 65% (40,27) and 35% (40,162), corresponding
to the Cy~endo and C,~endo conformation classes, respectively.
By comparison, the best one-state model for the pT ring re-
sulted in a minimum RMS deviation of 2.26 Hz.

A total of 11 structures were obtained from the constrained
conformation search (Figure 9). Five representative structures
were selected from the TpC,~endo, pTCi~endo class and three
from the TpCjy~endo, pTC,~endo class, hereafter referred to
as ’E—E and *E—’E respectively. Their geometries were then
optimized by energy minimization with MAXIMIN. Energies

N
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300-MHz proton NMR spectrum of TpT3 at 30 °C in D,O relative to internal TSP. Labeling shown is used throughout the text.
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FIGURE 6: TOE difference spectra for the four singlet proton NMR
signals of TpT3: (A) pTHS, (B) pTCH,, (C) TpH6, and (D) TpCH,.
See Experimental Procedures for details.

for the first class of structures varied from 102 to 110 kcal
while those of the second class of structures varied from 100
to 104 kcal. Stereoplots of the two classes of energy-minimized
structures are shown in Figure 10. A 65:35 two-state model

TAYLOR ET AL.
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FIGURE 7: 300-MHz heterocorrelated "H-3C NMR spectrum of
TpT3 in D,0 relative to TSP at 30 °C. The sample used for this
experiment contained 20% cis-syn dimer whose 3C NMR spectrum
is known (Rycyna & Alderfer, 1985) and whose proton signals were
subtracted from the 1D proton NMR spectrum shown.
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FIGURE 8: Blowup of the heterocorrelated, J-resolved 'H-13C NMR
spectrum of TpT3. The cross-peak in the center belongs to the
quaternary TpCs carbon.

composed of one of the *E—°E structures, Tp(37,30)-pT-
(38,29), and one of the 3E-?E structures, Tp(37,30)—pT-
(37,160), best fit the experimental coupling constant data with
a 1.15-Hz RMS deviation. Relevant interproton distances and
angles are in Table IV and V.

The average RMS deviation of the TpO,, TpN;, TpO,,
TpCy, pTO,, pTN,, P, and pTC, atomic coordinates was 0.18
A for the *E-E class of structures and 0.16 A for the 3E-2E
class. By use of the same set of atoms, the E~°E structure
of the Dewar model fit the *E—,E structure of the two-state
(6-4) product model previously proposed (Taylor et al., 1988)
with an RMS deviation of 0.88 A. The 3E—-2E structure of
the Dewar model fit the 3E—;E structure of the (6—4) model
with an RMS deviation of 0.85 A. A superposition of the
individual structures of the Dewar and (6—4) models is shown
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Table III: *C NMR Chemical Shifts in ppm from TSP and One-Bond 'H-'3C and Both Three- and Four-Bond 3P-*C Coupling Constants in

Hz at 30 °C
Cy Cy Cy Cy Cs C, C, Cs Cs CH,
Tp
(6-4)° 84.9 375 72.3 84.8 61.4 156.4% 176.7 74.9 60.4 27.7
Jrc 3.2 5.4 6.1
Dewar 84.7 38.0° 73.14 85.6° 61.6 154.7 177.0/ 72.44 55.9 26.4
Jrc 23 5.4 5.2
Ju-c 169.6 1338 147.4 146.1 141.7 143.3 129.0
pT
(6-4)° 90.7 37.6 72.5 88.5 67.4 159.9¢ 176.9* 119.0 146.8 16.2
Jpc 9.5 5.6
Dewar 82.9 38.8¢ 70.8 85.5¢ 66.1 163.9/ 149.9/ 139.1/ 72.54 13.9
Jrc 7.5 5.2
Ju—< 168.9 134.5 151.2 146.1 145.5 183.9 129.0

4Rycyna & Alderfer, 1985. ® Assignments may be interchanged within a column. ¢These were distinguished by the *'P coupling in nondecoupled
I3C NMR spectra. 4These were distinguished by analysis of the '"H-'3C scalar-correlated J-resolved NMR spectrum. °These shifts could not be
distinguished due to spectral overlap of the Tp and pT C, and H, signals in the heteroscalar-correlated 2D NMR spectra. /Tentatively assigned on
the basis of analysis of the coupling patterns in nondecoupled '*C NMR spectra.

Table IV: NOE-Active and -Inactive Interproton Distances® in
Angstroms for the Dewar Photoproduct Model and Its
Component Structures

Table V: Torsion Angles in deg of Minimized Structures for the
(6-4) and Dewar Photoproducts and of TpT Units from the
Dickerson Dodecamer Crystal Structure?

atom 1 atom 2 SE-E SE-2E model
NOE Active

TpH¢ TpCH, 2.9 2.9 2.9
TpHy 2.2 2.2 2.2
pTCH, 3.6 3.6 3.6

pTCH, TpH, 2.7 2.8 2.8
pTH; 3.5 35 35
pTH, 2.7 5.0 2.9

pTH¢ pTH, 2.7 34 2.8

NOE Inactive (Distance Less Than 4 A)

TpH; TpH, 3.2 3.2 32

pTCH, pTH, 3.7 2.9 3.3

pTHs pTHzﬂ 4.2 3.4 38

4Interproton distances for the model are 1/r% weighted averages;
distances to methyl protons are to their centroids.

HaC 0

Hy
OH 0 "OH
p—0

WOH

l (6—4) Product

Dewar Product

FIGURE 9: Scheme used for obtaining structures for the Dewar
photoproduct via the constrained conformation search. Du represents
a dummy atom, and C represents a dummy atom at the centroid of
the methyl hydrogens.

in Figure 11. The TpOyg, TpCs, TpO,, TpN;, TpO,, TpCs,,
P, pTCs, and pTOs atomic coordinates of the Dewar model
fit those of the T7T8 subunit of the Dickerson dodecamer
structure (Dickerson & Drew, 1981) with an RMS deviation
of 1.12 A. In contrast, the (6—4) model only fit with an RMS
deviation of 1.65 A.

DiISCUSSION

Chemistry. The photochemical behavior of the (6—4)
product as originally described (Johns et al., 1964) is very

(6-4) Dewar Dickerson
structures structures structure
angle® SE—E° °E~E *E-E *E-E Ty-Ts Tio-Ty
Tpx -138 -149  -129 -129 -127 -68
b% 56 57 76 75 52 60
1] 80 77 82 82 99 109
€ 253 261 228 204 174 179
¢ -76 ~85 =77 ~-57 -86 -88
pTa -96 -94 -36 -70 -59 -59
B8 183 177 157 180 173 179
k% 43 63 4 42 64 55
[ 100 162 84 147 109 122
X ~75 -44 -56 -37  -126 -120
(6-4) 27 23 56 56
Me-pyo -163 -164 -167 -167

“Dickerson & Drew, 1981. ®Saenger (1984): «, O3~P-0s~Cs; 8,
P—Os/_Cy_Cy; Ys 05/_C5/_C4/—C3r; 5, Cs/—C4/_C3/_O3/; €, C4I—C3FO3I—P;
§, C3—03-P-Oy; x, 04~C,~N,—Cy; (6-4), TpN)~C—pTC,4~Nj; Me-
pyo, TpCH;-Cs—Cs~pTC,. ©Refers to the conformation class of the Tp
and pT sugar rings of a given structure.

similar to that of simpler pyrimidinones. It has been shown
that 2-pyrimidinones are converted to their Dewar isomers
upon irradiation at 313 nm and back again to their pyrimi-
dinone form upon irradiation at 254 nm (Nishio et al., 1978,
1980). Pyrimidinones have a characteristic long-wavelength
maximum in the range of 300-330 nm corresponding to an
n — «* transition. Excitation of this absorption band results
in the conversion of pyrimidinones to their Dewar valence
isomers which no longer have this band due to the loss of the
conjugated 7 system. As a result, photolysis of pyrimidinones
at wavelengths between approximately 290 and 360 nm results
in photoequilibrium mixtures composed almost exclusively of
the Dewar valence isomers.

Cytosine, a pyrimidinone, is well-known to form thermally
unstable hydrates upon exposure to ultraviolet light (Wang,
1976). Unlike photohydrates, TpT3 is stable at 85 °C for 12
h at pH 7 (Johns et al.,, 1964). The 'H NMR spectrum
remains unchanged at 80 °C in D,O for 0.5 h with no addi-
tional proton exchange for deuterium occurring over that which
takes place at room temperature. The thermal stability of
TpT3 in neutral protic solvent is similar to that of 4,6-di-
methyl-1-phenyl Dewar pyrimidinone, which is known to be
stable in refluxing methanol (Nishio et al., 1981). The thermal
stability of TpT3 suggests that Dewar photoproducts would
be stable to the 0.5-h, 90 °C denaturing step routinely used
in the photoproduct RIAs (Mitchell & Clarkson, 1981).
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FIGURE 10: Stereoplots of the (A) *E-°E and (B) *E-’E classes of Dewar structures after energy minimization. Atoms fit are listed under

. N
B

FIGURE 11: Comparison of the component structures of the Dewar and (6-4) models. Stereoplots of (A) the 3E-3E Dewar structure and the
3E—,E (6-4) structure and (B) the *E-?E Dewar structure and the 3E-,E (6—4) structure. Atoms fit are listed under Results.
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Therefore, the further photoproducts of the (6-4) products
detected by the polyclonal RIA are probably the Dewar
products and not degradation products.

In contrast, TpT3 is unstable in 0.1 N KOH at 85 °C for
12 h (Johns et al., 1964). This too is consistent with a Dewar
pyrimidinone structure, as 4,6-dimethyl-1-phenyl Dewar py-
rimidinone is known to be degraded by a 3-h treatment with
70 mM potassium methoxide in methanol at room temperature
(Nishio et al., 1980). The (6-4) products of TpT, TpC, and
CpC are also unstable to base, being degraded by 0.1 N KOH
at 90 °C for !/, h (Franklin et al., 1982). As a result, hot
alkali induced cleavage of photolyzed DNA has been used to
determine the sites and relative amounts of (6—4) product
production (Lipke et al., 1981). The rate of production of
alkali-labile sites between 254 and 334 nm was found to
parallel that of cis-syn dimer production (Chan et al., 1986).
In contrast, the rate of production of (6-4) products deter-
mined by RIA was found to be half that of cis-syn dimers at
313 nm (Rosenstein & Mitchell, 1987). Preliminary results
also indicated that alkali treatment greatly reduced the an-
tibody binding for the further photoproducts of the (6—4)
products. It was suggested that the remainder of the alkali-
labile sites induced in DNA by 313-nm light must result from
cleavage at sites of the photolysis products of the (6-4)
products (Rosenstein & Mitchell, 1987; Mitchell & Rosen-
stein, 1987). The alkalai cleavage data are consistent with
Dewar pyrimdinone structures for the photolysis products of
the the (6—-4) products since both TpT3 and Dewar pyrimi-
dinones are base degradable.

Spectroscopy. In order to minimize dehydration of a pos-
sible photohydrate during FAB MS, the sample was run in
both basic and acidic matrices in the negative ion mode (Figure
3). A molecular ion identical in mass with that of the (6—4)
product was detected. There was no significant (M + 18)~
peak.

A carbonyl band appears at 1780 ¢cm™! in the IR spectrum
of TpT3 which is 30 cm™ higher than that found in the (6~4)
product (Figure 4). Dewar pyrimidinones have an absorption
band in the 1760-1790-cm™ range corresponding to the
four-membered ring cyclic urea carbonyl (Nishio et al., 1980).

The *'P NMR shifts of the four photoproducts of TpT and
their temperature dependence have been reported (Rycyna &
Alderfer, 1985) and reflect the conformation about the
phosphodiester bonds. The close similarity of the chemical
shift (=3.46 vs =3.50 ppm at 30 °C relative to TMP) and
temperature dependence (approximately 0.0064 vs 0.0043
ppm/°C) of the 3P signals of the (6-4) and TpT3 products
strongly suggest similar conformational properties about their
phosphodiester bonds. The uniqueness and temperature de-
pendence of the 3!P signals of these photoproducts indicate
that multiple conformers exist in solution that are in rapid
equilibrium relative to the NMR time scale.

The assignments of the proton signals were made possible
by analysis of DQF COSY NMR spectra, selective decoupling
experiments, and TOE difference proton NMR spectra. The
scalar-correlated H,~H,,H,~H3~H, connectivities for each
sugar ring were obtained directly from DQF COSY NMR
spectra whereas the assignments of the sugar rings were made
by analysis of the TOE difference proton NMR spectra
(Figure 6). The singlets at 4.8 and 5.4 ppm correspond to the
two Hg protons. Since irradiation of the Hg signal at 4.8 ppm
led to enhancement of the H signal of one of the sugar rings
and both methyl signals (Figure 6C), it could be assigned to
the Tp sugar ring. In support of this assignment, irradiation
of the Hy signal at 5.4 ppm led to enhancement of the H,
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and/or H,. signal of the other sugar ring and only the methyl
signal at 2.3 ppm (Figure 6A). Since irradiation of the methyl
signal at 2.3 ppm led to enhancement of all the H; and Hg
signals, it could assigned to the centrally located pT methyl
group (Figure 6B). As is the case for the (6—4) product,
irradiation of the TpCHj signal led only to enhancement of
the TpHg proton and no enhancement of the pTCHj, signal.

The Hy and H,~ proton signals, which in the (6—4) product
range between 1.44 and 3.04 ppm due to pyrimidinone induced
shielding and deshielding effects, range in TpT3 between the
more commonly observed values of 2.27 and 2.52 ppm (Table
I). In addition, the pTHj shift of 5.45 ppm is 2.65 ppm upfield
from that found for the (6—4) product. The differences be-
tween the proton chemical shifts of the (6-4) product and
TpT3 strongly suggest the absence of an aromatic pyrimidi-
none ring in TpT3. Only five signals appear in the carbonyl
and olefin region of the 3C NMR spectrum instead of the six
found for the (6—-4) photoproduct, indicating that only one of
the pyrimidinone carbons had rehybridized (Table III). pTCq
was identified as the rehybridized carbon by its scalar corre-
lation with the pTH proton (Figure 7). The pTC¢ NMR shift
of 72.5 ppm is 74.3 ppm upfield from that of the corresponding
carbon in the (6—4) product. The pTC¢—H{ coupling constant
was determined by both nondecoupled C NMR spectroscopy
and 'H-13C heterocorrelated J-resolved NMR spectroscopy
(Figure 8) to be 185 Hz. This unusually high coupling con-
stant corresponds to a C—H bond with 37% s character or a
formal hybridization of sp'” (Shoolery, 1959). The chemical
shifts of pTC, and pTH; together with the large C—H coupling
constant is fully consistent with a bridgehead pTCg carbon in
a small-membered ring heterocycle.

In summary, all the structural changes that take place on
going from the (6—4) product to TpT3 can be associated with
the pyrimidinone ring and are consistent with photoisomer-
ization of the pyrimidinone ring to its Dewar valence isomer.
The stereochemistry of the pTCg¢ carbon was assigned as R
primarily on the basis of the observed NOEs between pTCHj,
and both Hj protons and the results of model building, taking
into consideration all of the observed interproton NOEs.
Models with the S configuration were untenable.

Conformational Analysis. The conformation of TpT3 was
quite similar to that of the (6—4) product (Taylor et al., 1984)
in a number of ways. The Tp sugar ring was determined to
best fit a one-state Cy-endo-type conformation as was found
for the (6-4) product. Two-state models did not significantly
improve the RMS deviation between calculated and observed
coupling constants. The pT ring presented an unusual set of
coupling constants of almost equal magnitude that could be
best fit to a two-state model composed of nearly equal pro-
portions of Cy-endo- and C,~endo-type conformations. The
Cy-endo and C,-endo sugar conformations each differ by a
phase angle of approximately 36° from the respective C,-exo0
and Cy~exo sugar conformations found for the (6—4) product.

As was the case for the (6—4) product, the conformation
about Tpe could be best described by a one-state model of 230°
whereas for pT3 one-state models of either 140° or 220° could
not be distinguished. Conformational analysis of pTy could
not be carried out because the required coupling constants
could not be determined due to a high degree of signal overlap
in this region of the spectrum. Both the phosphodiester bond
angles Tp{ and pT« were determined to be in &g states as had
been determined for the (6-4) product of TpT. The glycosyl
torsion angles could only be determined qualitatively from the
NOE data. The NOE observed between TpH¢ and TpHy
placed the Tp glycosyl angle in the ~g range (Figure 6C). The
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pT glycosyl angle was also determined to be in the —g range
as an NOE was observed between pTH¢ and pTH, (Figure
6A). The inter-pyrimidine angle, TpN;-C4—pTC,~Cs, was
determined to be in the —g range as NOEs were observed
between pTCH, and both TpHg and TpHg (Figure 6B).

Molecular Modeling. The syBYL-minimized Dewar pyri-
midinone subunit was found to be quite similar in structure
to two crystal structures of Dewar valence isomers (Weinges
et al.,, 1984 and 1986). The 117° flap angle (angle between
the two mean planes of the four-membered rings) of TpT3
compares quite favorably with that of 116~117° found in the
crystal structures. The exocyclic valence angles of 128° for
TpCs—pTC4—N, and 132° for pTCsN;—C,, are also quite
similar to crystal structure values of 130°. The most signif-
icant differences were found for the lengths of the heteroat-
om-containing bonds. For example, the bridging pTC¢—Nj,
bond length of 1.52 A is slightly smaller than that of 1.59 A
found for the bridging C—C bond of the all carbon isomers and
can be ascribed to the bond-shortening effect of nitrogen
relative to carbon. All the other structural parameters compare
favorably. The energy difference between the pyrimidinone
subunit and its Dewar valence isomer was calculated to be
approximately 82 kcal by the syBYL force field. In comparison,
the thermodynamically derived AH difference between hex-
amethylbenzene and its Dewar valence isomer is only 59.5 kcal
(Oth, 1968), suggesting that the force field derived value may
be an overestimation. The energies of the (6—4) and Dewar
structures minus their pyrimidinone subunits are quite similar,
indicating that little change in the strain energy of the sug-
ar—phosphate backbone results from the valence isomerization.

In all, eight structures were selected from eleven that were
obtained from the constrained conformation search and energy
minimized to optimize the van der Waals contacts that were
purposefully attenuated during the conformation search. The
structures all have minimized energies within 10 kcal of each
other, and all are devoid of bad van der Waals contacts, sig-
nifying that they are all sterically acceptable. Though the
structures differ widely in their minimized energies, they are
probably close to their true minima and are acceptable as
representative structures for models of the Dewar product.

The Model. The best model for the solution-state structure
of the Dewar photoproduct was considered to be that one-,
two-, or three-state combination of final structures which
minimized the deviation between the experimental and cal-
culated coupling constant data. A rapidly equilibrating two-
state model composed of 65% of one of the 3E-3E structures
and 35% of one of the *E~?E structures fit the proton coupling
constant data with an RMS deviation of 1.15 Hz. Inclusion
of a third structure did not improve the fit. All the calculated
coupling constants deviated by less than 1.0 Hz with the ex-
ception of that for pTH,._, which deviated by 1.8 Hz (Table
I1). The large deviation is a consequence of having to mix a
small coupling constant of 2.33 Hz for the *E-3E structure
and a large coupling constant of 10.5 Hz for the E-?E
structure.

In order to assess the extent to which the two-state model
is consistent with the observed NOEs, use was made of the
fact that NOE buildup is proportional to the inverse sixth
power of the interproton distance (Noggle & Schirmer, 1971).
Therefore, 1/r° weighted averages of the interproton distances
of the individual structures were calculated (Table IV). In
the model all NOE-active distances fall within 3.6 A whereas
only two NOE-inactive distances fall within this range. These
two NOE-inactive interproton distances are both greater than
3.1 A, and it is possible that they would not be observable
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under the conditions used in the TOE experiments. A com-
plete relaxation matrix analysis of the final model would be
necessary to properly evaluate the NOE data.

In summary, the two-state model is energetically sound and
consistent with the observed coupling constants, NOEs, and
the temperature dependence of the *'P and pT Hy and H,~
NMR signals. Though this model is consistent with the ex-
perimental data, its uniqueness cannot be ascertained by the
method used to obtain it. Such an issue could only be resolved
with an unrestricted conformation search followed by energy
ranking of the resulting conformers. The number of grossly
different structures for the Dewar product is expected to be
exceedingly small, however, due to the number of steric and
conformational constraints imposed by the five ring systems
of the molecule. In this regard, the two structures that make
up the Dewar model probably represent two of the major
families of structures present in solution and can be used for
comparison purposes.

Comparison to the (6—4) Product and B-Form DNA. The
two-state model of the Dewar product was compared to the
two-state model for the (6—4) product which had been pre-
viously derived by a similar constrained search procedure
(Taylor et al., 1988). The models for the two photoproducts
are quite similar in that they are both composed of a Tp sugar
of the Cy~endo class and a set of pT sugar rings that equilibrate
between Cy-endo- and C,-endo-type conformations (Figure
11). They differ perceptibly, however, in the pT portion of
the structures. Isomerization of the flat pyrimidinone rings
of the (6—4) products to their bent Dewar valence isomers
draws the pT sugar rings toward the center of the structures,
making the Dewar products more compact. As a result, the
Dewar structures fit the T7T8 subunit of the Dickerson do-
decamer structure better than do the (6—4) structures, sug-
gesting the Dewar products might cause less distortion of B
DNA than do (6-4) products.

One possible consequence of the greater structural similarity
of the Dewar product to B DNA than the (6—4) product is
that Dewar products might be more easily bypassed by rep-
lication systems than the (6—4) products and hence less lethal.
Type III photoreactivation could then be explained by the
conversion of (6—4) products produced during 254-nm irra-
diation to the more easily bypassed Dewar products upon
irradiation with 313-nm light. Another consequence of the
structural differences between the Dewar and (6—4) products
might be that Dewar photoproducts are less readily detected
by repair systems than are (6—4) products and that this might
contribute to greater mutagenicity.

Experimentally, the structural difference between the (6-4)
and Dewar photoproducts of TpT is most evident in their
chromatographic behavior. The order of elution of compounds
from a C,4 column can generally be correlated with the amount
of exposed hydrophobic molecular surface area. The Dewar
photoproduct elutes much earlier than the (6—4) product on
a reverse-phase column (Figure 2) and has a retention time
quite similar to that of the cis-syn product. Earlier studies
on TpT photoproducts which employed reverse-phase HPLC
as a method of analysis (Franklin et al., 1982; Ulmas et al.,
1985) may have missed detecting the Dewar photoproduct as
it often coelutes with the cis-syn product (Figure 2C). The
(6—4) product, on the other hand, has a retention time similar
to that of the trans-syn product. Melting temperature studies
on cis-syn and trans-syn containing duplex decanucleotides
(Taylor et al., unpublished results) indicate that the trans-syn
thymine dimer destabilizes B DNA much more than does the
cis-syn thymine dimer. It is possible that a correlation exists
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between the retention times of dinucleotide photoproducts and
their ability to destabilize DNA duplexes.

Biological Significance. All the available data strongly
suggest that the (6~4) products of TpT, TpC, CpC, and CpT
sites in DNA are converted to their Dewar valence isomers
upon exposure to wavelengths of light between 280 and 360
nm and that this represents the first step in type III photo-
reactivation. The available data also suggest that Dewar
products are produced upon direct exposure of DNA to sun-
light via the intermediate (6—4) products and therefore must
play a hitherto unrecognized role in sunlight-induced muta-
genesis. It is important that conclusions drawn from muta-
genesis and enzymological experiments which have involved
the use of light between 280 and 360 nm be reevaluated with
regard to the photochemistry of the (6—4) products and the
properties of their Dewar valence isomers. Of particular
concern are conclusions drawn from experiments that have
utilized photoreactivating enzymes and long-wavelength light
as a method for selectively removing cis-syn dimers from DNA
containing (6—4) products. Experiments that have equated
hot-alkali cleavage sites with sites of (6—4) products must
likewise be reinterpreted, taking into account the likelihood
that alkali treatment cannot distinguish between (6—-4) and
Dewar products.

In summary, a detailed spectroscopic investigation of the
photoproduct previously known only as TpT3 has been pres-
ented. Interpretation of the spectroscopic data led to the
conclusion that TpT?3 is the Dewar valence isomer of the (6-4)
photoproduct of TpT. Molecular modeling of the structure
based on the conformational analysis led to a two-state model
for its structure in solution that was energetically sound and
consistent with the spectroscopic data. This model was com-
pared to a model of the (6—4) product and B-form TpT. These
comparisons led to the conclusion that the Dewar photoproduct
more closely resembles B DNA than does the (6-4) product.
How these structural differences relate to mechanisms of
sunlight-induced mutagenesis and type III photoreactivation
remains to be determined.
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