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ABSTRACT: A major stable oxidation product of DNA cytosine is 5,6-dihydroxy-5,6-dihydrouracil (Ug).
Ug can be formed directly in DNA or in the cellular nucleotide pools by deamination of the unstable
primary product, cytosine glycol. Here, we synthesized dUgTP and showed that dUgTP was incorporated
in place of dTTP and was a much better substrate for the model enzyme DNA polymerase | Klenow
fragment lacking proofreading activity, Kf (expp than deoxythymidine glycol triphosphate (dTgTP).
The relative efficiency for dUgTP insertion opposite A was 10 times higher than for dTgTP; however,
the extension of a primer with 8lUg was about 100 times more efficient than the extension of a primer
with 3' dTg. At the insertion step, the differences\Vinax appeared to be responsible since the apparent
Kms for dUgTP and dTgTP were about the same. In contrast, both the apidar@ndVmax for elongation

of dUg were markedly different from those of dTg. Molecular modeling was performed with both Tg
and Ug and provides a rational structural explanation for these observations.

Free radical-induced oxidative DNA damage has been glycol which is unstable in solution and deaminates easily
implicated in mutagenesis, carcinogenesis, and ading (  to form uracil glycol ¢). Cytosine glycol can also dehydrate
3). Inthe cell, oxidative DNA damage is usually caused by to form 5-hydroxycytosine (5-OHEY7—10), while 5-hy-
hydroxyl radicals formed in close vicinity to DNA as a result  droxyuracil (5-OHU) arises from sequential deamination and
of ionizing radiation or cellular metabolism. In addition to dehydration of cytosine glycol7]. Depending on the
strand breaks and damage to the deoxyribose, hydroxyloxidizing conditions, uracil glycol and 5-hydroxycytosine are
radicals also attack the heterocyclic purine and pyrimidine formed at comparable levels in DNA and are more abundant
bases resulting in a large number of unstable and stablethan 5-hydroxyuracil; furthermore, the background levels of
products 4, 5. Free radicals can also damage cellular these products are high in untreated DNA. (
dNTPs, producing oxidatively modified deoxynucleoside  \y\hen present in template DNA, 5-OHU and 5-OHC are
triphosphates@). Hydroxyl radicals interact with cytosine readily bypassed by DNA polymerase | Klenow fragment
residues primarily by addition to the-% double bond; with 5-OHU most often pairing with A while 5-OHC most
accordingly, a major product of DNA cytosine is cytosine often pairs with G but also pairs with ALL). Because
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1 Abbreviations: Ug, 5,6-dihydroxy-5,6-dihydrouracil; dUg, 5,6- _ 7 a_di ; ; N
dihydroxy-5,6-dihydrodeoxyuridine; Tg, 5,6-dihydroxy-5,6-dihydrothym- 8-0x0-7.8 dlhydmd;.ﬂx)égugnosme dtrlphO.Sphat[eh(B O)E]OdGTP)
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dihydroxy-5,6-dihydrodeoxyuridine 'Griphosphate; dTgTP, 5,6- 0x0dATP) Q0), 2-hydroxydeoxyadenosine triphosphe2é)(
dihydroxy-5,6-dihydrodeoxythymidine &iphosphate; dDHTTP, 5,6-  5-formyldeoxyuridine triphosphate (fdUTF)3), 5-OHdCTP

dihydrodeoxythymidine Striphosphate; dDHUTP, 5,6-dihydrodeoxy- _
uridine B-triphosphate; 5-OHC, 5-hydroxycytosine; 5-OHU, 5-hydrox- (12, 20, and 5-OHdUTP20) are good substrates for DNA

yuracil; 8-oxodGTP, 8-oxo-7,8-dihydrodeoxyguanosineiphosphate;  Polymerases. 8-OxodGTP, 5-OHACTP, and fdUTP all
Kf (exo™), DNA polymerase | Klenow fragment lacking proofreading mispair duringin zitro incorporation 6, 19, 20, 22, 2B

activityi DEAE, diethylaminoethyl; TEAB, triethylammonium bicar-  \vhich could potentially result in mutation. In fact, 8-
bonate; NMR, nuclear magnetic resonance, NOE, nuclear Overhauser . . L
effect; TPPI, time proportional phase incrementation, a method of OXOdGTP is removed from the metabolic pooEscherichia

quadrature phase detection; COSY, correlation spectroscopy. coli by MutT, a nucleoside triphosphatase that hydrolyzes
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8-0xodGTP to 8-oxodGMPG]. Cells lacking MutT exhibit
a very high spontaneous mutation frequen2g)( Even if
oxidized deoxynucleoside triphosphates do not exhibit mi-
spairing during incorporation, they provide a source of
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with a retention time of 22.5 min (data are not shown). The
amount of dTTP remaining before the first round of
purification was estimated to be less than 5% (retention time
21 min). After the second round of purification, dTTP was

oxidative DNA lesions, and if they subsequently are able to not detected at all.

mistemplate, they are potential contributors to the spontane-

ous mutational burden.

dUgTP was obtained similarly by bromination of dUTP
in water followed by silver oxide treatment using conditions

In this paper, we report the synthesis of dUgTP and its essentially.the same as described for the pre_paration of
ability to serve as a substrate for DNA polymerase. We were deoxythymidine glycol 5monophosphate by Rajagopalan
interested in Ug because it is an abundant, stable, oxidativeet al. (26) or deoxythymidine glycol 5triphosphate by Ide

product of cytosine and because it is structurally very similar
to Tg, a well-studied oxidative lesion (for a review, see ref

et al. (18). The reaction mixture was separated on a Mono
Q 5/5 column using a NaCl gradient (from 0.005 to 0.45 M

25). Our results show that dUgTP can be incorporated into over 54 min) in 20 mM Tris-HCI (pH 7.5) with UV detection

DNA as dT by the model enzymég. coli DNA polymerase

| Klenow fragment Kf (exo0). Insertion of dUgTP was about
10-fold better than dTgTP while dUg on thé énd of a
primer was extended by Kf (exd almost 100 times more
efficiently than dTg.

MATERIALS AND METHODS

Chemicals, Enzymes, and DNATTP, dUTP, and DEAE
Sephadex A-25 were obtained from Sigmagd2oxynucleo-

side triphosphates, used in DNA polymerase reactions, and

the Mono Q HR 5/5 column were purchased from Pharmacia

at 210 nm or 260 nm. The major product (with a retention
time of about 21 min) was collected, diluted about 5 times
with water and loaded on a DEAE-Sephadex A-25 column
in the HCQ™ form. The column was washed with 0.1 M
triethylammonium bicarbonate (TEAB), pH 7.4, and then
the deoxynucleoside triphosphate fraction was eluted with
0.5 M TEAB. TEAB was removed by repeated evaporations
at 50 °C with 50% ethanol. The crude reaction mixture
contained just trace amounts of unreacted dUTP (detected
at 260 and 210 nm; retention time on Mono Q column, 21
min) and a single major peak of dUgTP (detected at 210

'nm; retention time 22.5 min). Two rounds of purification

2',3'-dideoxynucle_oside triphosphates_, Klenowfrggment (K_f), on a Mono Q 5/5 column provided dUgTP free of dUTP
Sequenase version 2.0, T4 DNA ligase, shrimp alkaline p, containing 2-3% of dUgDP, a minor breakdown product

phosphatase, and M13 mp18 DNA were obtained from U.S.
Biochemicals; terminal transferase and T4 polynucleotide
kinase were purchased from Boehringer Mannheim; Parti-

sphere SAX 0.4x 12.5 cm was obtained from Whatman;
[y-32P]JATP (>5000 Ci/mmol, 10 mCi/ml) was purchased
from DuPont.

Oligodeoxyribonucleotides.All oligonucleotides were

of the triphosphate group which occurred during desalting
on the DEAE Sephadex column (data are not shown). The
extinction coefficient §(A = 210 nm)= 8500 (M1 cm™1)]
was used for both dTgTP and dUgTP to determine their
concentration in solution.

NMR Spectroscopy of 5,6-Dihydroxy-5,6-dihydrodeox-
yuridine B-Triphosphate (dUgTP). Samples for NMR

synthesized by the standard phosphoramidite method on apectroscopy were prepared in nonbuffered solutions of

ABI 380A DNA synthesizer (Department of Microbiology
and Molecular Genetics, University of Vermont). The
oligonucleotides were purified by Mono Q anion-exchange
chromatography on a Milton Roy HPLC system and by
electrophoresis in a 13% denaturing polyacrylamide gel
containirg 8 M urea. After purification, the oligonucleotides
were desalted by gel-filtration on a NAP-5 column (Phar-
macia) using water as an eluent.

The oligonucleotides were-8?P-labeled with }-3?P]JATP
using T4 polynucleotide kinase following the manufacturer's
instructions. Labeled oligonucleotides were further purified
using a NENSORB 20 Nucleic Acids Purification Cartridge
(DuPont). To obtain the desired final specific radioactivity,

99.96% DO. Final concentrations were 6 mM in a total
volume of 0.6 mL and with a pD of 6.79. NMR spectra
were obtained with a Varian INOVA 500 spectrometer
system at a temperature of 250.1°C. Two-dimensional
NOE spectroscopy (NOESY)27) and two-dimensional
correlation spectroscopy (COSYJ8) were recorded. NOE-
SY data were recorded with a 300 ms mixing time, 512
indirect dimension increments, and TPPI phase detection.
Processing was done with a shifted gaussian apodization
function in both dimensions. For measuring coupling
constants in the one dimensional spectrum, no apodization
function was used. Assignments of all protons were made
through a combination of the expected coupling patterns in

labeled oligonucleotides were combined with the appropriate the COSY spectrum and integration values from the one-

cold oligonucleotides.

Synthesis of 5,6-Dihydroxy-5,6-dihydrodeoxythymidine 5
Triphosphate (dTgTP) and 5,6-Dihydroxy-5,6-dihydrodeox-
yuridine B3-Triphosphate (dUgTP)dTgTP was prepared as
described by Idest al. (18). To remove trace amounts of

dimensional spectrum.

Synthesis of 5,6-Dihydrodeoxythymidiielsiphosphate
(dDHTTP) and 5,6-Dihydrodeoxyuridine -briphosphate
(dDHUTP). dDHTTP was prepared as described by é&de
al. (18). dTTP was hydrogenated by purging hydrogen gas

unreacted dTTP during dTgTP synthesis, instead of two through an aqueous solution containing rhodium as a catalyst.
rounds of purification on an anion-exchange SOTA AX 300 The same procedure was used to synthesize dDHUTP. Bott
column, we used two rounds of purification on a Mono Q dDHTTP and dDHUTP were purified on a Mono Q 5/5
5/5 column. Since dTgTP has no UV absorption maximum column using the same chromatography conditions as
at 260 nm due to the loss of its aromaticity, elution products described above for dTgTP and dUgTP. The extinction
were monitored by UV absorption at 210 nm to detect dTgTP coefficient (4 = 210 nm)= 8500 M cm] was used for

and at 260 nm to control the removal of dTTP. In the crude both dDHTTP and dDHUTP to determine their concentration
reaction mixture, dTgTP appeared as a single major productin solution.
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Synthesis of Oligonucleotides Containing 'aT&rminal
dUg or dTg. Oligonucleotides containing & &rminal dTg
or dUg were prepared by a modification of a method
previously described 1L, 29. About 1-2.5 nmol of
GCAGCCAAAACGTCC was incubated for 30 min at 30
°C in 65uL of buffer containing 100 mM sodium cacodylate,
pH 7.0, 1 mM CoCJ, 0.1 mM EDTA, 50ug/ml of BSA,
0.1 mM DTT, 0.+-0.12 mM dUgTP (or 0.180.2 mM
dTgTP), and 100 units of terminal deoxynucleotidyl trans-
ferase. The oligonucleotides, extended from therl with
a single dTg or dUg, were then HPLC purified on a
Partisphere SAX column (0.4 12.5 cm, Whatman) using
a linear gradient of sodium phosphate buffer, pH 6.3 (from
5 mM to 0.5 M over 60 min), containing 25% acetonitrile.
The purified extended oligonucleotides, GCAGC-
CAAAACGTCCX (X = dTg or dUg), were desalted using
NAP-5 columns (Pharmacia).

DNA Polymerase Reactiong-or the “three dNTP” assay,
the primer?0GTAAAACGACGGCCAGT was annealed to
M13 mp18 DNA and extended using 0.2 unit of Klenow
fragment lacking proofreading activity Kf (exp The
reaction mixture (L) contained 15 mM Tris-HCI, pH 7.5,
7.5 mM MgCh, 30 mM NacCl, 4 mM DTT (buffer “P"), 20
nM of primed DNA, 0.1 unit of Kf (exo), and all four
combinations (dA,dT,dC; dG,dT,dC; dG,dA,dC; and dG,-
dA,dT; 50uM each) of three normal dNTPs. DNA poly-
merase reactions were incubated at@7#or 15 min in the
absence or presence of a® dTgTP or dUgTP. Similar

Purmal et al.

xylene cyanol, and 20 mM EDTA). Reaction products were
analyzed by electrophoresis on 0.4 mm thick 13% denaturing
polyacrylamide gels containgn8 M urea. The gels were
electrophoresed in 50 mM Tris-borate, 2 mM EDTA buffer,
pH 8.3, for 1.5-3 h at 2000 V, dried under vacuum, and
exposed to X-ray film. The radioactivity in the bands
corresponding to the products of enzymatic reactions was
analyzed using a Model GS-250 Molecular Imager System
(Bio-Rad).

Computational AnalysisWe studied two conformers each
of Tg and Ug, in which the hydroxyl groups at thé &nd
C® positions are in the pseudoequatorial and pseudoaxial
conformations, respectively [5-eq-6-ax; Figure 1e and h, of
Miaskiewicz et al. (31) show the two corresponding con-
formers of Tg]. Following Milleret al. (32), we refer to
the cis-5R,655-eg-6-ax conformer as the A conformer and
the cis-556R/5-eq-6-ax conformer as the B conformer.
Miaskiewicz et al. (31) concluded that the 5-eqg-6-ax
structures of Tg were the most stable conformers based on
ab initio quantum chemical calculations. Similarly, we find
the 5-eg-6-ax structures of Ug to be the most stable
conformers based ab initio calculations (Derecski-Kovac,
Wallace, and Bond, unpublished observation), consistent with
the conclusion of Miaskiewicet al. (31) that the stability
of the 5-eg-6-ax structures is due to favorable dipolar
interactions (which are not directly affected by the presence
of the methyl group at &§. The geometry and partial charges
of Tg and Ug were obtained using Gaussian 94 (Gaussian,

reaction conditions were used for the extension of primers |nc.). Tg and Ug were modeled into the X-ray structure of

32pGCAGCCAAAACGTCCX (X = dTg, dug, or dT)
annealed to GACAGACCATCCAGGTTTTGGCTGC tem-
plate.

Kinetic Experiments.To determine the kinetic parameters
of incorporation of dTgMP or dUgMP, a steady state kinetic

the complex of Taq polymerase with DNA3[§) PDB entry
1tau) and the ternary complex of DNA polymergseavith
DNA and ddCTP [84), PDB entry 2bpf] by minimum RMS
superposition of the N C?, N3, and C atoms on those of
the appropriate pyrimidine (pq 51 and ddCTP, respectively).

assay 80) was used. The reaction mixture was prepared by Superposition and graphical display were accomplished using

adding 3.5uL of a solution containing prime?pGCAGC-
CAAAACGTCCC annealed to GTATGATTGATTGG-
GACGTTTTGGCTGC template, Kf (ex9, and the buffer,
to 2.5uL of water containing dATP and dTgTP or dUgTP
or dDHTTP or dDHUTP or dTTP. The final mixture (&),
contained 0.02 unit of Kf (ex9, buffer “P”, 50 nM of
primer—template complex, 5@M dATP and various con-
centrations of modified dNTP. For dTgTP and dUgTP, a
concentration range of HB00uM was used; for ADHTTP
and dDHUTP, a concentration range of 0-&D uM was
used; and a concentration range of 0.68%M was used
for dTTP. Reactions were incubated &G Reaction times
were between 0.5 and 2 min.

Insight 1l (Biosym/MSI). Limited molecular mechanics
calculations on a system consisting of a DNA template
(CCAGQG) (see primers-24 and template 2 in Figure 5), a
lesion-containing primer (CCXG, X Ug or Tg; cf. Figure

5), explicit solvent and counterions were performed using
AMBER 4.1 35, 36 for the purpose of illustrating the
structure of Tg and Ug in the context of DNA; structure
predictions are not to be inferred.

RESULTS

Synthesis of dTgTP and dUgTmn order to examine the
efficiency of incorporation of dUgTP and compare it to

To determine the kinetic constants for the extension of dTgTP in DNA, it was necessary to synthesize both modified

primers containing either a'-8erminal dTg or dUg, the
reaction mixture was prepared by adding 8L5of a solution
containing primefpGCAGCCAAAACGTCCX (X=dTg,
dUg, or dT), annealed to GACAGACCATCCAGGACG-
TTTTGGCTGC template, Kf (exd, and the buffer, to 2.5
uL of water solution containing dGTP. The final mixture
(6 uL) contained 0.02 unit of Kf (ex9), buffer “P”, 50 nM
of primer—template complex, and 0.0290 uM of dGTP.
Reactions were incubated at°€. Reaction times were
between 0.5 and 2 min.

Electrophoresis. All DNA polymerase reactions were
terminated by the addition of an equal volume of loading
buffer (95% formamide, 0.05% bromphenol blue, 0.05%

deoxynucleoside triphosphates. dTgTP and dUgTP were
synthesized as previously described for dTgTE) (by
bromination in aqueous medium, followed by the treatment
with silver oxide. dUgTP was prepared starting from dUTP
using the same synthetic and purification procedures used
for dTgTP.

The NMR spectra of the dUgTP were doubled in pattern,
indicating the presence of two species in a ratio of 3:1 based
upon integration of the proton spectrum (Figure 1). Upon
the basis of measured coupling constaht df the uracil
glycol H5 and H6 protons+3.6—3.8 Hz), it was determined
that the glycol group must be in theés-configuration, with
both hydroxyl moieties on the same side of the heterocycle
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Ficure 2: NOESY spectrum of dUgTP at 300 ms. Relevant
assignments and NOE interactions are shown.

ring. The expected coupling in the comparadnfti-addition
product would range between 10 and 16 Kz)( NOE
interactions seen between the' Gtethylene protons and the
uracil glycol H5 and H6 protons argue strongly that the major
component of the mixture consists of tlmdoaddition
product,cis-5R, 65/5 eq-6ax (A conformer) with the minor
component being thexcaddition productcis-55,6R/5eq-
6-ax (B conformer) (Figures 2 and 3). This is not surprising FIGURE 3: Schematic of the two major products resulting from
in that preparation of glycols by the method described results Eromlnatlon and treatment of dUTP with silveroxide, as determined
. . . o : y NMR analysis.
in a higher ratio oende to excaddition products in general
(38). complementary to the “missing” normal dNTP. If, in the
The Specificity of Incorporation of dUgTP during DNA “plus” reaction, the added modified dNTP is incorporated
Synthesis Both the efficiency and specificity of incorpora- in place of the missing dNTP, stimulation of the primer
tion of dUgTP into DNA by Kf (exa) was determined using  elongation reaction will be observed. The effectiveness of
the traditional “three dNTPs” assag9). In this experiment, incorporation of the modified dNTP can be qualitatively
the ability of the modified dNTP to be incorporated into estimated by comparing the lanes on the gel corresponding
DNA in place of a normal dNTP is judged by the elongation to primer elongation in the minus reaction in the presence
of the primer in the primertemplate complex incubated with  of the modified dNTP with elongation in the presence of all
DNA polymerase in the presence of only three of the four four normal dNTPs. The specificity and effectiveness of
dNTPs (“minus” reaction) or in the presence of the same dUgTP incorporation by Kf (ex9 was compared with
three dNTPs plus the modified dNTP (“plus” reaction). In dTgTP, which was previously shown to be very poor
the “minus” reaction, DNA polymerase-catalyzed primer substrate for DNA polymerasel§). Figure 4 shows the
elongation pauses or stops opposite each template positiomesults of the three nucleotide assay. Priff@GTTTC-

B conformer (EXO- addition product 25%)
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Ficure 4: Specificity of incorporation of dUgMP into DNA catalyzed By coli DNA polymerase | Kf (exo) compared with incorporation

of dTgMP. The extension GBpGTTTCCCAGTCACGAC annealed to M13 mp18 DNA usiBg coli Kf (exo~) was measured. The final
concentration of Kf (exo in the reaction mixture was 0.05 upit/). Lanes 2, 3, and 4 represent the extension in the absence of dGTF
(“-dG” reaction) without (lane 2) and with addition of 30 dUgTP (lane 3) or 5&«M dTgTP (lane 4). Lanes 6, 7, and 8 represent “-dA”
reaction without (lane 6) and with addition of 50 dUgTP (lane 7) or 5uM dTgTP (lane 8). Lanes 10, 11, and 12 represent “-dT”
reaction without (lane 10) and with addition of a® dUgTP (lane 11) or 5&M dTgTP (lane 12). Lanes 14, 15, and 16 represent “-dC”
reaction without (lane 14) and with addition of a® dUgTP (lane 15) or 50 mM dTgTP (lane 16). Lane 17, extension of the primer in
the presence of all four dNTPs (a1 each); lane 18 and 19 are same as 17, but containing in additiaM5UgTP (lane 18) or 5&M
dTgTP (lane 19). Lanes 1, 5, 9, and 13 are standard dideoxy sequencing reactions using the same primer and Sequenase.

CCAGTCACGAC was annealed to M13 mp18 DNA and dC previously examined under the same reaction conditions
was extended using Kf (exp. Reaction mixtures contained (20). Neither dUgTP nor dTgTP inhibited the polymerase
all four combinations of three normal dNTPs, and DNA activity of Kf (exo™) (compare lanes 1719).

polymerase reactions were conducted in the absence or Steady State Kinetic Analysis of dUgTP Insertiofio
presence of dUgTP or dTgTP. The extension products werequantify the insertion of dUg into DNA, a steady state kinetic
analyzed by sequencing gels. A comparison of these assay was used. To compare kinetic parameters for incor-
products confirmed the previous observatia8)that dTgTP poration of dUgTP and dTgTP, a 16 member primer (primer
is very poor substrate for Kf (ex9. The efficiency of 1, Figure 5) and a 28 member template (template 1, Figure
dTgTP incorporation was extremely low, just slightly higher 5) were prepared. The target site, A in the template, was
than the background (compare lanes 10 and 12) and dTgTPplaced at the third position downstream from the primer. This
only replaced dTTP. dUgQTP also only replaced dTTP provided a way to determine the kinetic parameters for the
(compare lanes 10 and 11); however, the efficiency of incorporation of dUgTP from a “running start” as described
incorporation of dUgTP in place of dTTP was much greater by Boosaliset al. (30). The primer containedP-label to
than for dTgTP in place of dTTP (compare lanes 11 and detect the extension products on the autoradiograph of the
12). The incorporation efficiency of dUgTP was comparable polyacrylamide gel and allowed for their quantification. The
to the efficiency of incorporation of 8-oxodGTP opposite apparenK,, andVnaxVvalues for incorporation of dUgTP and
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1 16
Ug Tg T
5' GCAGCCAAAACGTCCC 3! primer 1 pey + — + — + 4 dNTPs
3+ CGTCGGTTTTGCAGGGTTAGTTAGTATG 5' template 1
123
5' GCAGCCAAAACGTCCX 3! primers 2-4 '
3' CGTCGGTTTTGCAGGACCTACCAGACAG 5' template 2

X - dT (primer 2), dUg (primer 3) or dTg (primer 4)
Ficure 5: Primers and templates used for kinetic analysis.

Table 1. Kinetic Parameters of Kf (expCatalyzed Insertion of
Ring-Saturated Pyrimidine Deoxynucleoside Monophosphates
Opposite A in the Template

Km Vimax (,UM) VimadKm relative
substrate  (uM) % min™t) (% min"YuM)  efficiency?
dTTP 0.25 0.22 0.88 1
dUgTP 34 0.34 0.01 0.011
dTgTP 41 0.05 0.0012 0.0014

dDHUTP 5.1 0.48 0.094 0.11
dDHTTP 10 0.58 0.058 0.07 .
3 VmadKm for incorporation of dTTP was normalized to 1 and the
VmadKm values are given relative to this value. 1 2 3 4 5 E‘

: . FIGURE 6: DNA polymerse Kf (exo) catalyzed extension of
dTgTP (Table 1) were determined based on the relative primers 2-4 annealed to template 2 in the presence ofus0

velocity of primer extension with the modified dNTP (with  gNTPs. Primers contained 8Ug (lane 2), dTg (lane 4) or dT (lane
dTTP as a control) measured a8, att = 1 min. wherel; 6). Lanes 1, 3, and 5 are the same reactions in the absence of dNTPs
andl, correspond to the radioactivity of the extension product
at sites 3 and 2, correspondingly, expressed as percentag&able 2. Kinetic Parameters of Kf (expCatalyzed Elongation of
of total primer 80). Both dUgTP and dTgTP have a similar Primers 2-4 Containing 3dUg, dTg, or dT with dGTP

apparentKn,, which was about 150-fold higher than the Km Viax VinadKm relative
apparentKy, for dTTP. The major difference between substrate (M) (% min™) (% minYuM) efficiency
dUgTP and dTgTP lies in the apparéwt.x with that for 3 dug 0.18 5.6 31 0.34

dUgTP being 6.8-fold greater than the appar®ptx for 3 dTg 24 0.7 03 0.003
dTgTP and about the same as that for dTTP. Taken together, 3 9T 0.39 35 90 1

the data show that, at the insertion stage, dUgTP was about @ Vma/Kn value for extension of the primer containing & was
a 7.9-fold better substrate for Kf (expthan dTgTP and normalized to 1 and th€ma./Knm values are given relative to this value.
about 91-fold less efficient than dTTP.

Elongation of a 3 Terminal dUg or dTg during DNA  extended in the presence of Kf (exoand four normal
Synthesis A 7.9-fold difference between the relative ef- dNTPs. Analysis of the extension products by gel electro-
ficiencies of incorporation of dUgTP and dTgTP cannot phoresis (Figure 6) showed that the extension efficiency of
explain their dramatically different behaviors during DNA the primer containing '3dUg (Figure 6, lane 2) was just
polymerization as seen in Figure 4. Because primer elonga-slightly lower than in the control experiment with the oligo
tion has been shown to be rate limiting for many base containing 3dT (Figure 6, line 6). In contrast, the extension
mismatches and mismatches containing DNA lesions (for a of the oligo containing 3dTg was not detected at all under
review, see ref 40), the abilities of oligonucleotides contain- the reaction conditions used (Figure 6, lane 4).
ing either a dUg or dTg on the 8nd to serve as a primers In order to quantify Kf (exo) catalyzed primer extension,
for Kf (exo™) were compared. To prepare oligonucleotides the steady state kinetic parameters for elongation of primers
with a single dUg or dTg on the &nd, we used the terminal  2—4 annealed to template 2 in the presence of dGTP were
deoxynucleotidyl transferase reaction described previously determined. Under these conditions, primers42were
(29). Pentadecamer GCAGCCAAAACGTCC was &x- elongated with only one or two dG members (see Figure 5).
tended with dUg or dTg under the conditions optimized for To determine the appareit, and V. values, the total
one nucleotide extensio@), and hexadecamers containing radioactivity of the bands in the gel corresponding to primers
a single 3 dUg or dTg were purified by anion-exchange 2—4 extended with one and two dG residues was measured
HPLC on a Partisphere SAX column. As was observed for and expressed as percentage of total primer. As can be see
Kf (exo™), dUgTP was a better substrate for terminal in Table 2, the primer with '3terminal dUg was a
transferase than dTgTP. To obtain the same yield and sizesignificantly better substrate for Kf (expthan the primer
distribution of the extension products of dTgTP as dUgTP, with 3' dTg. The relative efficiency of elongation of @Ug
usually twice the concentration of dTgTP was required in was only about three times lower than that 63, while
the reaction mixture (data not shown). the elongation of the'&Tg primer was about 2 orders of

Oligonucleotides containing & ¥P-label and a'3erminal magnitude less than the extension 6fd3. In contrast to
dUg, dTg, or dT (primers 24, Figure 5) were annealed to the insertion step, here the difference between dUg and dTg
a 28 mer template (template 2, Figure 5). Primerg 2vere occurred at both th&,, and Vnax levels with theK,, for
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FIGURE 7:
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e 3

lllustration of Tg and Ug in the context of DNA. Threét8rminal nucleotides from a model primer strand containing Tg (left)

or Ug (right) as the penultimate nucleotide (see Materials and Methods).

elongation of Ug being about 13-fold lower than that of Tg
and even lower than for the normal primer containing dT

while there was 2 orders of magnitude difference in apparentabout 34%.

Vmax between elongation of dUg compared to dTg.

DISCUSSION

Uracil glycol, a major stable oxidative product of cytosine,

elongation was only about 6-fold lower than for dT giving

dUg a relative efficiency of elongation compared to dT of

In contrast, dTg was about 300-fold less
efficiently elongated than dT. The overall primer extension,
as seen, for example, in Figure 4, reflects the combination
of both the incorporation and elongation steps. Here, we
would expect dUgTP to be about 400-fold and dTgTP about

has been identified in cells that have been treated with 4 x 10°-fold less effective as substrates for Kf (e¥dhan

chemical oxidants or ionizing radiatio-€10). Formed as

dTTP. It should be pointed out that the kinetic parameters

a result of rapid deamination of cytosine glycol, uracil glycol measured here are from diasteromeric mixtures of the
is a close structural relative of thymine glycol, a major substrates and thus the above interpretation may be subjec

oxidative product of DNA thymine. Thymine glycol in DNA  to some modification.
has been shown to constitute a strong block to DNA synthesis  Because we had shown earlier that deoxydihydrothymidine

by DNA polymerase vitro (41—44) and in the cell 45—

48). Furthermore, dTgTP is a very poor substrate for DNA

polymerase |. Surprisingly, dUgTP was a much better

substrate for DNA polymerase | Kf (expthan dTgTP which

was incorporated into DNA at a minimal level (Figure 4).
Kinetic parameters of Kf (ex9-catalyzed DNA synthesis

(Table 1) indicated that the lower efficiency of dUgTP and

dTgTP insertion compared to dTTP was probably caused

by the lower affinity of dUgTP and dTgTP to the binding
site of DNA polymerase since the apparéqt values for

both dUgTP and dTgTP were about 150 times higher than

for dTTP. In the case of dUgTP, the saturated pyrimidine
ring did not appear to affect the catalytic stage of the DNA
polymerase reaction since the appaiénik determined for
dUgTP was even slightly higher than the,) for dTTP.
The apparenYmax for dTgTP, however, was about 7 times
lower than that of dUgTP, indicating that thé @ethyl group

of dTgTP reduced the efficiency of the catalytic stage of

the DNA polymerase reaction. Taken together, dUgTP was ment of T by Tg have been inferred.

about 100-fold and dTgTP about 1000-fold less efficiently

triphosphate (dDHTTP) was a good substrate for Klenow
fragment polymerization, while dTgTP was ndt8j, we
concluded that loss of aromaticity was not the sole deter-
minant in the lack of ability of dTgTP to serve as a substrate
but that the bulk of the hydroxyl groups must play an
important role. Because of this, we were initially surprised
that dUgTP was a reasonably good substrate. In an attemp
to develop plausible hypotheses about the atomic interactions
that result in the kinetic differences between the two
substrates, we utilized a molecular modeling approach. To
frame this discussion, two conformers each of Tg and Ug
(A and B, see Materials and Methods) were used to consider
steric interactions on the' Side (Figure 7) and on the' 3
side of a (WatsonCrick paired) base at or adjacent to the
3 terminus of the primer. On the basis of energy minimiza-
tion (49) and molecular dynamic8®) calculations, signifi-
cant perturbations of DNA structure associated with replace-
In particular, the
pseudoaxial methyl group at the® @osition in the A

inserted opposite A than dTTP. Once incorporated, however,conformer of Tg should collide with the base on thesisle

dUg was relatively efficiently elongated (Table 2). In fact,
the affinity of dUg at the primer terminus for Kf (exp

(Figure 7). A pseudoaxial hydroxyl group at @hat is
directed toward the'Sside, as in the B conformation of Tg

appeared to be slightly better than that of dT as indicated or Ug, would also be expected to result in steric collisions

by the apparentk,, while the apparentVmax for dUg

that would decrease the efficiency of incorporation.



dUgTP and dTgTP, Substrates for Kf (ejo

110

dDHUTP dUgTP

1.6 1/8

1/50

dDHTTP ——» dTgTP

Ficure 8: Relative efficiencies of incorporation of modified
nucleotide triphosphates by Kf (exp Each number shown is the
ratio of the relative efficiency of incorporation of the nucleotide at
the tip of the arrow to that of the nucleotide at the base of the
arrow.

Pseudoaxial methyl and hydroxyl substituents on the 3
side of the WatsonCrick paired modified base, such as
occur in conformation A of either Tg or Ug and in
conformation B of Tg, may result in unfavorable steric
collisions with the polymerase. In the structure of Taq DNA
polymerase with DNA bound in the polymerase active site
(33), the base on the' &nd of the primer in a blunt-ended
duplex DNA abuts phenylalanine 667 in the fingers domain
of the DNA polymerase. The Taq polymerase is homologous
to Kf, and the polymerase domain was found by Kairal.

(50) to be “nearly identical” in structure to that of Kf. In
the ternary complex of polymerageg(which is not homolo-
gous to Kf) with its substrate84), the incoming nucleotide
abuts aspartate 276 in a similarly positioned helix as is found
in the Taq polymerase. For both the Tag polymerase and
polymerases, replacing the relevant base with Tg (A or B)
or Ug (B) resulted in some steric overlap with the polymerase
(data not shown).

With these considerations in mind, steric collisions would
likely occur during incorporation ohoththe 3 and 3 side
of Tg and oneitherthe B or 3 side of Ug, but not both.
Because steric collisions should result in a reduction in the
efficiency of incorporation of modified bases, the presence
of steric collisions is consistent with the data shown in Table
1, i.e., the efficiency of insertion of dUgTP is reduced relative
to that of dTTP, but not to the extent that the efficiency of
insertion of dTQTP is reduced. In contrast, the efficiency
for insertion of dADHTTP and dDHUTP (which have sub-
stituent hydrogens rather than hydroxyl groups) should be
increased relative to the efficiency of insertion of dTgTP
and dUgTP. This prediction is borne out by the data Table
1 which show that the apparelt, for ADHUTP is almost
7-fold lower than that of dUgTP while that for ADHTTP is
4-fold lower than that of dTgTP. It is also possible that the
differences irk,, arise in whole or in part from differences
in the energy required to partially desolvate the bases upon
formation of the enzymesubstrate complex. The reduction
in the efficiency of insertion associated with the simultaneous
addition to dDHUTP of a methyl group afCand hydroxyl
groups at € and C are greater than the product of the
reductions associated with independent additions (Figure 8)
(see ref 51 for an early example of the application of such
“double mutant” cycles to enzymes kinetics). Such “anti-
cooperative” interactions are consistent with the idea [sug-
gested by the quantum chemical calculations of Miaskiewicz
et al. (31)] that in progressing from dDHTTP to dTgTP (as
in Figure 8) the methyl group at3Cchanges from a
pseudoequatorial position to a pseudoaxial position, resulting
in greater steric overlap on thé &ide of the modified base.
However, it is also reasonable to expect that the reduction
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in the efficiency of insertion associated with the addition of
substituents that participate in steric collisions will be greater
for damaged bases that already have substituents that collide
with atoms of the DNA or polymerase.

While pseudoaxial substituents on tHesRle of modified
bases are proposed to decrease the efficiency of insertion,
their effect on elongation may not be as severe because the
helical twist places these substituents in the major groove.
The results reported in Table 2 show that the efficiency of
elongation of 3dUg was not dramatically reduced below
that of 3 dT. On the basis of the preceding discussion, this
result is consistent with the possibility that the A conformer
is the predominant conformer of dUgTP.

Because dUgTP is always incorporated in place of dTTP,
at least at our level of detection, mispairing and thus a
mutagenic outcome would be unlikely during incorporation
of dUgTP resulting from oxidation of dCTP in the nucleotide
pool. However, it is possible that if template Ug, incorpo-
rated in place of T, does not block polymerase and mispairs,
subsequent rounds of replication past Ug could lead to
mutation. In any case, Ug formed from oxidized C in DNA,
is likely to be a potent premutagenic lesion if not repaired,
since, if bypassed, it would most likely pair with its cognate
A rather than G. These topics are currently under investiga-
tion.

ACKNOWLEDGMENT

The authors are grateful to Dr. Zafer Hatahet for useful
discussions. The molecular modeling was accomplished using
the resources of the Molecular Modeling Facility of the
Vermont Cancer Center.

REFERENCES

1. Ames, B. N. (1989Free Radical Res. Commun, 121—-128.
2.Sun, Y. (1990Free Radical Biol. Med8, 583—-599.
3. Ames, B. N., Shigenaga, M. K., and Hagen, T. M. (1B8)c.
Natl. Acad. Sci. U.S.A. 900915-7922.
4. Kuwabara, M. (1991Radiat. Phys. Chem. 3B591—-704.
5. Breen, A. P., and Murphy, J. A. (1995)ee Radical Biol.
Med. 18 1033-1077.
6. Maki, H., and Sekiguchi, M. (199 ature 355 273-275.
7. Wagner, J. R., Hu, C.-C., and Ames, B. N. (19P2)c. Natl.
Acad. Sci. U.S.A. 88B380-3384.
8. Dizdaroglu, M., and Simic, M. G. (1984adiat. Res. 100
41-46.
9. Teoule, R. (1987)nt. J. Radiat. Biol. 51573-589.
10. Fuciarelli, A. F., Wegher, B. J., Blakely, W. F., and Dizdaroglu,
M. (1990) Int. J. Radiat. Biol. 58397—415.
11. Purmal, A. A., Kow, Y. W., and Wallace S. S. (19%d)cleic.
Acids Res. 2272—78.
12. Feig, D. ., Sowers, L. C., and Loeb, L. A. (19%%pc. Natl.
Acad. Sci. U.S.A. 956609-6613.
13. Tkeshelashvili, L. K., McBride, T., Spence, K., and Loeb, L.
A. (1991)J. Biol. Chem. 2666401-6406.
14. McBride, T. J., Preston, B. D., and Loeb, L. A. (1991)
Biochemistry 30207—213.
15. Ayaki, H., Higo, K., and Yamamoto, O. (1988)cleic Acids
Res. 145013-5018.
16. Jaberaboansari, A., Dunn, W. C., Preston, R. J., Mitra, S., and
Waters, L. C. (1991Radiat. Res. 127202-210.
17. Waters, L. C., Sikpi, M. O., Preston, R. J., Mitra, S., and
Jaberaboansari, A. (199Radiat. Res. 127190-201.
18. Ide, H., Melamede, R. J., and Wallace, S. S. (18@¢hem-
istry 26, 964—969.
19. Cheng, K. C., Cahill, D. S., Kasai, H., Nishimura, S., and Loeb,
L. A. (1992)J. Biol. Chem. 267166-172.



338 Biochemistry, Vol. 37, No. 1, 1998

20.
21.
22.
23.
24,
25.

26.
27.

28

20.

30.

31.

32.

33.

34.

35.

36.

Purmal, A. A., Kow, Y. W., and Wallace, S. S. (19%)cleic
Acids. Res. 223930-3935.

Kamiya, H., and Kasai, H. (1993) Biol. Chem. 27019446~
19450.

Yoshida, M, Makino, K., Morita, H., Terato, H, Ohyama, Y.,
and Ide, H (1997Nucleic Acids Res. 28570-1577.

Pavlov, Y. ., Minnick, D. T., lzuta, S., and Kunkel, T. A.
(1994) Biochemistry 334695-4701.

Michaels, M., and Miller, J. H. (1992) Bacteriol. 1746321~
6325.

Evans, J., Maccabee, M., Hatahet, Z., Courcelle, J., Bockrath,
R., Ide, H., and Wallace, S. S. (199gutat. Res. 299147—

156.

Rajagopalan, R., Melamede, R. J., Laspia, M. F., Erlanger, B.
F., and Wallace, S. S. (1988adiat. Res. 97499-510.
Macura, S., and Ernst, R. R. (198@pl. Phys. 4195-117.

.Aue, W. P., Bartholdi, E., and Ernst, R. R., (1936 Chem.

Phys. 64 2229-2246.

Hatahet, Z., Purmal, A. A., and Wallace, S. S. (1993¢leic
Acids Res. 211563-1568.

Boosalis, M., Petruska, J., and Goodman, M. F. (198B)ol.
Chem. 26214689-14696.

Miaskiewicz, K., Miller, J., and Osman, R. (199Bjt. J.
Radiat. Biol. 63 677—686.

Miller, J., Miaskiewicz, K., and Osman, R. (199%hn. NY
Acad. Sci. 72671-91.

Eom, S. H., Wang, J., and Steitz, T. A. (199&ture 382
278-281.

Pelletier, H., Sawaya, M. R., Kumar, A., Wilson, S. H., and
Kraut, J. (1994)Science 2641891-1903.

Cornell, W. D., Cieplak, P., Bayley, C., Gould, I. R., Merz,
K. M., Jr., Ferguson, D. M., Spellmeyer, D. C., Fox, T.,
Caldwell, J. W., and Kollman, P. A. (1993) Am. Chem. Soc.
117, 5179-5197.

Pearlman, D. A., Case, D. A., Caldwell, J. W., Ross, W. S.,
Cheatham, T. E., Ill, Ferguson, D. M., Seibel, G. L., Singh,

37

39.

40.

41.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Purmal et al.

C., Weiner, P. K., and Kollman, P. A. (1995) AMBER 4.1,
University of California, San Francisco.

. Karplus, M. (1963)). Am. Chem. Soc. 82870-2871.
38.

Whitesell, J. K., and Minton, M. A. (1983) Am. Chem. Soc.
109, 6403-6408.

Hildebrand, G. G., McCluskey, A. H., Abbot, K. A., Revich,
G. G, and Beattie, K. L. (1984ucleic Acids Res. 13155~
3171.

Goodman, M. F., Creighton, S., Bloom, L. B., and Petruska,
J. (1993)Crit. Rev. Biochem. Mol. Biol. 2883—126.

Ide, H., Kow, Y. W., and Wallace, S. S. (198%)cleic Acids
Res. 138035-8052.

. Rouet, P., and Essigmann, J. M. (1988nhcer Res. 45113~

6118.

Clark, J. M., and Beardsley, G. P. (1988)cleic Acids Res.
14, 737-749.

Hayes, R. C., and LeClerc, J. E. (198&)cleic Acids Res.
14, 1045-1061.

Achey, P. M., and Wright, C. F. (198Badiat. Res. 93609
612.

Moran, E., and Wallace, S. S. (1998utat. Res. 146229
241.

Hayes, R. C., Petrullo, L. A., Huang, H. M., Wallace, S. S.,
and LeClerc, J. E. (1988). Mol. Biol. 201 239-246.

Laspia, M. F., and Wallace, S. S. (198B)Bacteriol. 170
3359-3366.

Clark, J. M., Pattabiraman, N., Jarvis, W., and Beardsley, G.
P. (1987)Biochemistry 265404-5409.

Kim, Y., Eom, S. H., Wang, J., Lee, D.-S., Suh, S. W., and
Steitz, T. A. (1995Nature 376 612-616.

Carter, P. J., Winter, G., Wilkinson, A. J., and Fersht, A. R.
(1984)Cell 38 835-840.

BI972153D



