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ABSTRACT. We have recently reported that pyrene nucleotide is preferentially inserted opposite an abasic
site, the 3T of a thymine dimer, and most undamaged bases by yeast DNA polymgefasky;). Because

pyrene is a nonpolar molecule with no H-bonding ability, the unusually high efficiencies of dPMP insertion
are ascribed to its superior base stacking ability, and underscore the importance of base stacking in the
selection of nucleotides by pagl. To investigate the role of H-bonding and base pair geometry in the
selection of nucleotides by pgl we determined the insertion efficiencies of the base-modified nucleotides
2,6-diaminopurine, 2-aminopurine, 6-chloropurine, and inosine which would make a different number of
H-bonds with the template base depending on base pair geometry. \W&gok base pairing appears to

play an important role in the selection of nucleotide analogues for insertion opposite C and T as evidenced
by the decrease in the relative insertion efficiencies with a decrease in the number of Aaitisdn
H-bonds and an increase in the number of derttmmor and acceptetacceptor interactions. The selectivity

of nucleotide insertion is greater opposite thel%han the 3T of the thymine dimer, in accord with
previous work suggesting that théb is held more rigidly than the'3l. Furthermore, insertion of A
opposite both Ts of the dimer appears to be mediated by Watsook base pairing and not by Hoogsteen
base pairing based on the almost identical insertion efficiencies of A and 7-deaza-A, the latter of which
lacks H-bonding capability at N7. The relative efficiencies for insertion of nucleotides that can form
Watson-Crick base pairs parallel those for the Klenow fragment, whereas the Klenow fragment more
strongly discriminates against mismatches, in accord with its greater shape selectivity. These results
underscore the importance of H-bonding and Watd0rick base pair geometry in the selection of
nucleotides by both poj and the Klenow fragment, and the lesser role of shape selection in insertion by
pol » due to its more open and less constrained active site.

It was originally thought that the exceptionally high fidelity —have argued that one need only consider differences between
of nucleotide insertion by DNA polymerases could be matched and mismatched base pairs in a rate-limiting bond-
explained solely by H-bonding interactions between the forming step 7).
template base and its complementary nucleotide. Thed.2
kcal/mol differences in the thermodynamic stabilities between
matched and mismatched base pairs in DNA duplexes can

at best account for an-1(Pfold difference in fidelity, important than the H-bonding in the selection of nucleotides

requiring e}ddi.ti.onal explanations for the experimentally by the exo Klenow fragment ofEscherichia coliDNA pol
observed fidelities of up to £Q(1—4). In one proposal, it | (8, 9). Despite its inability to make hydrogen bonds
was argued that a hydrophobic active site that removes water ..~ ~” '

could amplify the free energy differences between matched o_Ilquorotquen_e _nucleotlde was f.OL.md to be |n§erted Omw

and mismatched base pairs by decreasing entropy differenceéImes I_ess_effl_c:lently than thymidine nucleotide oppo§|t_e A,
and increasing enthalpy difference&y.(Additional explana- and W't_h fidelity roughl_y comparable to that O.f thym'd'”e
tions have focused on geometric selection in the initial nucleot!de. On the basis ?f th'.s study a_nd StUd'eS,,W'th other
binding of a nucleotide, and during a subsequent nucleotide-NUcleotide analogues, a “steric exclusion model” was pro-
induced conformational or induced-fit step that leads to P0Sed that emphasizes the importance of steric complemen-
phosphodiester bond formatioi, (6). While some have tarity of the nas_cent pase pair in the po!ymerase actlvg .S|te
proposed that these steps contribute individually to the overall@nd base stacking with the primer terminus in determining
selectivity in a so-called fidelity check point model, others the fidelity of DNA synthesis 10). In another testimony to
steric fit and base stacking, pyrene nucleotide, a large
 This work was supported by NIH Grant CA40463 (J.-S.T.). hydrophobic polycyclic aromatic hydrocarbon of a size

*To whom correspondence should be addressed: Department of i i i . i
Chemistry, Campus Box 1134, Washington University, One Brookings comparable to a base pair that is devoid of H-bonding donors

Drive, St. Louis, MO 63130. Phone: (314) 935-6721. Fax: (314) 935- and acceptors, is efficiently inserted opposite abasic sites by
4481. E-mail: taylor@wustl.edu. KF, but not opposite normal baseklj.

10.1021/bi048244+ CCC: $30.25 © 2005 American Chemical Society
Published on Web 03/01/2005

Studies with difluorotoluene deoxyribonucleotide (dFTP),
a nonpolar analogue of thymidine that cannot form hydrogen
bonds, have revealed that geometrical fit may be more
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In contrast to the pol A family polymerases, the error prone

DNA damage bypass polymerase, pdlseems to rely more Y D CH, Hae § "

on base stacking and H-bonding than on steric fit alone in A) N o N

selecting nucleotides for insertion as judged by recent results 0)\N N/J*o

with pyrene (P) and difluorotoluene (F) nucleotides. Unlike PHoHd

the case for KF, pyrene nucleotide is inserted bypoiore Cis-Syn Dimer of TT

efficiently opposite most normal bases than is the comple- 5 TAGATCGCAACTCA 3
mentary nucleotide, presumably due to its superior baseg 1 5 — AGATCGCAACTCAT - 3'

- . . - 5 5 — AGATCGCAACTCATA - 3
stacking ability and size that may be able to trigger the 50N 3-CTGAGTCGTCGATCTAGCGTTGAGTAN TATGAGCGTCACAGAAGTATCTA-5'

putative conformational change that precedes phosphodiester % -CTGAGTCCTCGATCTAGCETIGACTAT = TAT-S
bond formation 12). On the other hand, difluorotoluene

deoxynucleotide, which also exhibits very strong base (1) [Product] = [E]"Kops*t

stacking ability (3, 14), but is smaller and may not be able ) (2) Kope = Koo [ANTPY/(K,,+[dNTP])

to trigger the conformational change, is more than 200 times Ficure 1: DNA substrates and equations used. (A) Structures of

less efficiently inserted opposite A than is T by pplThis the cis-syn dimer of TT and dPTP. (B) DNA primers and templates
suggests that H-bonding may be more important than stericused in this study. (C) Equations used to fit the kinetic data.

fit in nucleotide selection by paj (15).

Though all evidence to date suggests that ;p(ge|ect3 column and on a C18 column. All DNA primers and tem-
nucleotides for insertion based on a Wats@ick base pair ~ plates used in this study are shown in Figure 1B. T4
geometry, a recently determined crystal structure of the polynucleotide kinase ang/{*P]ATP were obtained from
related Y-family polymerase, Dpo4, shows dideoxyadenosine Amersham Pharmacia Biotech. Primers were labeled with
triphosphate in a Hoogsteen base pair with th& 6f acis-  [7-*PIATP and polynucleotide kinase and were annealed
syn thymine dimer 16). Hoogsteen base pairing has also With 1.25 equiv of templates by heating at 95 for 5 min
been observed in a crystal structure of humanusitween ~ and cooling over several hours.

a template A and an incoming dTTR7). Kinetic evidence Standing Start Kinetic Experimentsinless otherwise
also suggests that polmay preferentially form a wobble  noted, all reactions were carried out in a reaction buffer
base pair between a template T and an incoming d@8p ( containing 40 mM Tris-HCI (pH 7.5), 5 mM Mggl1 mM

In this paper, we have investigated the importance of DTT, 10ug/mL BSA, and 10% glycerol. Single completed
H-bonding and base pair geometry in nucleotide selection hit st_andlng start stleady state single nucleotide insertion
by pol 7 by measuring the steady state insertion efficiency reactions were carried out on a large excess of primer
of various base-modified triphosphates opposite C, T, and template to pol at room temperature (temperature controlled
the 3-T and B-T of the cis-syn thymine dimer. We find that ~ at 23°C) using various concentrations of deoxynucleotide
nucleotide insertion efficiency is maximal for those nucle- triphosphates in a total volume of 14 for the designated
otides that can base pair in a Watsd@rick fashion and time, which was chosen so that less than 20% of the primers
that have the most hydrogen bonds. By using 7-de- Were extended. R_eactions were initigted py addingyoid '
azaadenosine triphosphate, we provide evidence that Hoogsduenched by adding an EDTA solution (final concentration
teen base pairing is not involved in the insertion of A of 100 mM). The quenched reaction mixtures were electro-
opposite either of the Ts of the dimer as has been suggestedhoresed on a high-resolution denaturing 15% polyacryl-
to occur for other DNA damage bypass polymerases. We @mide gel and scanned with a Bio-Rad Phosphorimager. The
also demonstrate that the insertion selectivity for pol ~ Scanned bands were quantified by the volume integration
parallels that of the Klenow fragment for Watse@rick- methods using Quantity One software (Bio-Rad).
like base pairs, but not for mismatches, emphasizing the Running Start Kinetic ExperimentSingle completed hit
importance of H-bonding in nucleotide selection by both running start experiments were initiated by mixing5 of
polymerases, but greater shape selection by the Klenowa dTTP/dNTP/trap DNA solution (100M dTTP, 0-1000

fragment. uM dNTP, and 20uM unlabeled primer/template) with 5
uL of a labeled primertemplate/polymerase solution. After
MATERIALS AND METHODS 15 s at room temperature, reactions were quenched by adding

) an EDTA solution (final concentration of 100 mM). The
[Enzymes and Substratdsie catalytic core ofyeastpgl  q,enched reaction mixtures were electrophoresed on a high-

with a His; tag on its N-terminus was prepared as previously resqytion denaturing 15% polyacrylamide gel and imaged

described19). Exo” Klenow fragment was purchased from b 5 Bjo-Rad Phosphorimager. The scanned bands were

New England Biolabs. Standard oligodeoxynucleotides were g aniified by volume integration methods using Quantity One
purchased from IDT and then purified by PAGE purification. (Bio-Rad).

Oligodeoxynucleotides containing a site-specific thymine
dimer were synthesized on an Expedite 8909 DNA synthe-
sizer utilizing a thymine dimer phosphoramidite building

block (20, 21) and then purified on an anion exchange DEAE

Simulating and Fitting the Kinetic Datalo determine
Michaelis—Menten parameteiig,;andK, from the standing
start single nucleotide insertion experiments, the initial
insertion ratesk;,9 were plotted as a function of nucleotide
concentration ([dNTP]) and fit to the Michaeli#lenten
! Abbreviations: polp, polymerasey; dITP, inosine deoxyribose equation kops = keaf dNTP]/(Ky, + [dNTP])]. The running

triphosphate; d2APTP, 2-aminopurine deoxyribose triphosphate; dDAPTP, ; ; i
2,6-diaminopurine deoxyribose triphosphate; d6CPTP, 6-chloropurine start experiments were analyzed in a similar way except that

deoxyribose triphosphate; d7DATP, 7-deazaadenine deoxyribose tri- (12/l1)obs Wherelz equals the sum of the volume inj[egral of
phosphate. the +2 and greater bands amgdequals the volume integral
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Table 1: Steady State Kinetic Parameters for Insertion of Purine Deoxyribose Monophosphate Derivatives Opposite C or T by s¥east Pol
template dNTP  kear= SD (s}) Km £ SD uM) KealKm (ST uM™1) relative efficiency ~ WC stability ~ wobble stability

50-C P 0.6+ 0.04 0.9440.23 0.65 3.8 na na
G 1.14+0.02 6.2+ 0.4 0.17 1.0 3 0/0
I 0.65+0.01 17+ 2 0.038 0.22 2 —1/0
DAP 0.030+ 0.001 150+ 20 0.00020 0.0012 -1 2/0
A 0.015+ 0.001 73+ 6 0.00021 0.0012 -2 1/0
2AP 0.0264 0.001 190+ 30 0.00014 0.00080 0 210
6CP 0.014+ 0.001 3304 40 0.000043 0.00025 -1 1-1
50-T P 0.33+ 0.02 0.58+0.13 0.57 12 na na
A 0.36+0.01 7.5+0.7 0.048 1.0 2 —-1/-2
DAP 0.62+ 0.02 17+ 2 0.037 0.77 3 —2/-2
2AP 1.1+ 0.09 130+ 30 0.0084 0.18 2 —2/-1
6CP 0.43+0.01 320+ 30 0.0013 0.028 1 -1/-1
G 0.083+ 0.003 3704+ 40 0.00022 0.0047 -1 0/2
I 0.047+ 0.003 260+ 50 0.00018 0.0038 -2 1/2

a Calculated as the number of dor@cceptor pairs minus the number of dondonor and accepteracceptor pairs. For wobble base pairs, the
first term is for the geometry in Figure 3G and the second for that in Figure 3H.

Table 2: Steady State Kinetic Parameters for Insertion of Purine Deoxyribose Monophosphate Derivatives Oppdsite thd 3f a
Thymine Dimer by Yeast Poj

template base  dNTP ket SD (s}) Kn =+ SD M)  kealKm (s2uM™)  relative efficiency ~WC stability  wobble stability

3-T P 0.49+ 0.01 0.90+ 0.09 0.54 76 na na
DAP 0.58+ 0.06 65+ 2 0.0089 13 3 —2/-2
A 0.24+£0.01 34+ 3 0.0071 1 2 —-1/-2
2AP 0.53+ 0.03 220+ 20 0.0024 0.34 2 —-2/-1
6CP 0.064+ 0.001 460+ 20 0.00014 0.020 1 -1/-1
G 0.030+ 0.001 490+ 30 0.000061 0.0085 -1 0/2
| 0.010+ 0.0006 400+ 70 0.000025 0.0035 -2 1/2

5-T P 0.00055+ 0.00002 1.140.2 0.00050 0.026 na na
DAP 0.64+ 0.01 24+ 1 0.027 14 3 —2/-2
A 0.53+£0.01 28+ 1 0.019 1 2 —1/-2
2AP 0.65+ 0.01 77+ 3 0.0084 0.44 2 —2/-1
6CP 0.15+ 0.002 300+ 10 0.00050 0.026 1 -1/-1
| 0.0081+ 0.0004 230+ 40 0.000035 0.0018 -2 1/2
G 0.0063+ 0.0001 4106+ 20 0.000015 0.00079 -1 0/2

a Calculated as the number of dor@cceptor pairs minus the number of dordonor and accepteracceptor pairs. For wobble base pairs, the
first term is for the geometry in Figure 3G and the second for that in Figure 3H.

Table 3: Steady State Kinetic Parameters for Insertion of Adenosine Monophosphate and Analogues Opposite T-andZkHE &f a
Thymine Dimer by Yeast Paj?

template base  dNTP kex+=SD(s?) Kn+£SDuM) ka/Kn(stuM™) relative efficiency ~ WC stability Hoogsteen stability

T DAP 0.59+ 0.01 9.4+ 0.7 0.063 0.79 3 2
A 0.31+0.01 3.9+ 0.9 0.080 1 2 2
2AP 0.94+ 0.04 190+ 20 0.0049 0.061 2 1
7DA 0.18+0.01 2.7+ 0.9 0.066 0.83 2 0
3-Tofdimer  DAP 0.59+ 0.01 19+1 0.031 2.3 3 2
A 0.31+0.01 23+ 2 0.014 1 2 2
2AP 0.79+ 0.05 200+ 30 0.0039 0.28 2 1
7DA 0.25+0.01 15+ 2 0.017 12 2 0
5'-T ofdimer  DAP 0.944+0.03 20£2 0.047 12 3 2
A 0.89+0.03 23+ 3 0.039 1 2 2
2AP 1.03+£ 0.05 170+ 20 0.0063 0.16 2 1
7DA 0.81+0.02 17+1 0.049 13 2 0

a Carried out with a preparation of enzyme different from that used in Tables 1 &@atculated as the number of dora@cceptor pairs minus
the number of donerdonor and acceptetacceptor pairs.

of the+1 band, was plotted against the dNTP concentration nucleotides that would be capable of base pairing with
and fit to the equationl{/l1)ops = (I2/1)ma{dNTP/(Km + pyrimidines in either WatsonCrick, wobble, or Hoogsteen
[dNTP]) as previously describe@?). All data were fit by geometries with varying numbers of H-bonds as shown in
nonlinear regression analysis with Scientist version 2.01. Figures 3, 5, and 7. The relative stabilities of the base pairs
RESULTS are given in Tables13, and were arbitrarily calculated as
the number of doneracceptor pairs minus the number of
Our goal was to determine the role of H-bonding and base donor—donor or accepteracceptor pairs. Donerdonor
pair geometry in the selection of nucleotides for insertion pairs are expected to be unfavorable because they result in
opposite C, T, and the'3and 3—Ts of the cis-syn thymine  bad steric and electrostatic interactions that would have to
dimer by yeast DNA polymerase (pol 7). To do so, we be compensated by movement of the bases which could in
examined the insertion efficiency of various base-modified turn cause bad steric interactions with the enzyme active site.
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thCPTFr’], ar|1d (D) d2APTP. The soli(cjj Iirrléreprgsents tlhe best fit to X
the Michaelis-Menten equation, and thies and K, values are Ficure 3: Watson-Crick (A—F) and wobble (G and H) base
listed in Table 1 along with those for dATP and dDAPTP. pairing with C. A is adenir(1e, C)cytosine, G gu(anine, T t)hymine,
6CP 6-chloropurine, | inosine, 2AP 2-aminopurine, and DAP 2,6-
Acceptor-acceptor pairs do not cause any steric interactions, diaminopurine. Repulsive steric and electrostatic interactions are
but have an unfavorable electrostatic interaction. The two indicated with a pair of inverted parentheses.
types of wobble base pair geometries are illustrated by the
structures shown in panels G and H of Figures 3 and 5. and DAP which could make two and three H-bonds,
Insertion of Base-Modified Nucleotides Opposite C and respectively. Both of these nucleotides were inserted with
T. The efficiencies K.afKm in uM~t s72) (Table 1) of high ket values of~0.5 st and lowK, values of~12 uM.
nucleotide insertion opposite cytosine (Figure 2) appear to There was an approximately 5-fold drop in efficiency on
correlate best with a complementary Wats@rick base pair ~ 90ing to 2AP and another 6-fold drop on going to 6CP which
geometry (Figure 3), with a value of 0.17 for G (three Would make two H-bonds and one H-bond, respectively, in
H-bOﬂdS) and an approximate|y 4-fold lower value of a Watson-Crick geometry. While thkcatvalues for insertion
0.038 for | (two H-bonds). Both of these nucleotides were Of these nucleotides are actually slightly higher than those
inserted with highkes values of~1 st and lowK, values ~ for A and DAP, theKy, values are approximately 20-fold
of ~12 uM. In comparison, there is an approximately higher. The efficiency drops an additional 17-fold on going
640-fold drop in efficiency for DAP, A, 2AP, and 6CP, to G and I which make one and no H-bonds, respectively,
which can make at most one H-bond in a Wats@mick and both of which have unfavorable doraonor and
geometry, but because of unfavorable dongonor and ~ acceptor-acceptor interactions (Figure 5). Wobble base
acceptor-acceptor interactions are expected to have much pairing of the type shown in Figure 5G is likewise ruled out
lower stabilities. Most of the drop in efficiency of these Dy the fact that G and | are very inefficiently inserted even
latter nucleotides is due to awv40-fold decrease irk.;  though they would have be expected to make two H-bonds
coupled with arre16-fold increase irK,. Arguing against ~ Without any unfavorable interactions.
wobble base pairing of the type shown in Figure 3G is the Insertion of Base-Modified Nucleotides Opposite the 3
fact that DAP and 2AP are inefficiently inserted even though and 3-Ts of the Cis-Syn Thymine Dimerhe nucleotide
they could make two H-bonds each without any bad insertion efficiencies opposite thé-&nd 3-Ts of the cis-
interactions. syn thymine dimer were expected to be qualitatively the same
The insertion efficiencies of nucleotides opposite thymine as for a normal T because the H-bonding pattern of both Ts
(Table 1 and Figure 4) also correlate best with a comple- is retained, although thé-5 of the dimer appears to be out
mentary Watsof Crick base pair geometry (Figure 5) as the of plane in a crystal structure of a dimer-containing duplex,
highest efficiencies of 0.048 and 0.037 were observed for A and not able to make good H-bond&3). The insertion
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Ficure 4: Steady state kinetics of nucleotide insertion opposite a
T by yeast poly. The rate of nucleotide insertion was plotted as a
function of each nucleotide concentration for (A) dATP, (B)
dDAPTP, (C) d2APTP, and (D) d6CPTP. The solid line repre-
sents the best fit to the Michaetlidlenten equation, and they
andK, values are listed in Table 1 along with data for dGTP and
diTP.

efficiencies kealKm in uM~1 s7%) opposite the 3T of the
dimer (Table 2) are consistent with the involvement of
Watson-Crick base pairing with values of 0.0089, 0.0071,
and 0.0024 for DAP, A, and 2AP, respectively, which make
from two to three H-bonds (Figure 5). This is followed by
an approximately 90-fold drop in efficiency on going to 6CP,
G, and | which make from zero to one H-bond in a Watson
Crick geometry (Figure 5). The large drop in efficiency is
due to an~13-fold drop ink.,: and an~4-fold increase in
Km. The results for insertion of nucleotides opposite thé 5
of the dimer are quite similar to those for theT3 except
that the insertion efficiencies of G and | ar20-fold lower
than for 6CP, compared to onty3-fold lower in the case
of the 3-T (Table 2). The large drop in efficiencies for
insertion of G and | opposite theé-% compared to that for
6CP can be attributed to an increase in the efficiency for
insertion of 6CP and a decrease in the efficiencies for
insertion of G and | (Figure 6).

To determine whether insertion of A opposite thedhd
3'-Ts of the dimer is occurring by WatseiCrick or

Hwang and Taylor

A) T:DAP B) T:A

/" ToH-N o H
H
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Ficure 5: Watsor-Crick (A—F) and wobble (G and H) base
pairing with T. A is adenine, C cytosine, G guanine, T thy-
mine, 6CP 6-chloropurine, | inosine, 2AP 2-aminopurine, and
DAP 2,6-diaminopurine. Repulsive steric and electrostatic inter-
actions are indicated with a pair of inverted parentheses. The
same base pairings would apply to tHeT3and 3-T of a thymine
dimer.

Nucleotide Insertion by Exo Klenow Fragment.To
determine the extent to which nucleotide selection bypol
differs from that of replicative polymerases, we examined
the selectivity of nucleotide analogue insertion by the Klenow
fragment. Experiments conducted under single completed hit
steady state standing start conditions used in our stlidies
and commonly used by many others for a variety of
polymerases led to the unexpected result that 2-aminopurine
(2AP) insertion opposite T by the Klenow fragment was 12
times more efficient than that of A, and that 6-chloropurine
(6CP) was 2 times more efficient than A as calculated from
the ratio of their apparemt./Kn, values (data not shown). It
was expected, however, that the efficiency of 2-aminopurine
insertion opposite T would have beer20% of that of A
insertion based on a careful study using both pre-steady state
and running start experiments, as well as direct competition
experiments Z2). The discrepancy can be attributed to the
fact that the rate-limiting step in nucleotide insertion of
dAMP opposite T by the Klenow fragment is product re-
lease ko) rather than nucleotide insertiokyg) [0.06 and

Hoogsteen base pairing, 7DA (7-deazaadenine) insertion wass0 s'1, respectively 24)], and that products terminating in

also compared with A, 2AP, and DAP, and found to be
inserted with slightly higher efficiency than A (Figure 6 and

2-aminopurine oppogta T are released much more rapidly
than those terminating in an A. Thus, in the absence of a

Table 3). Had Hoogsteen base pairing been involved, 7DA polymerase trap to prevent reassociation, the polymerase will
would have been expected to be much less efficiently insertedturn over more rapidly following insertion of 2-aminopurine
due to an unfavorable steric interaction between the protonnucleotide than following insertion of A, giving the appear-

on N7 of 7DA and the N3-NH group of T (Figure 7).

ance that 2-aminopurine insertion is more efficient.
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FiGURE 6: Steady state kinetics of insertion opposite th& &nd

5'-T of the cis-syn thymine dimer with dATP and d7DATP by yeast
pol 5. The rate of nucleotide insertion was plotted as a function of
nucleotide concentration. The solid line represents the best fit to
the Michaelis-Menten equation, and thiey and K, values are
listed in Table 3 together with those for dDAPTP and d2APTP.

Watson-Crick Hoogsteen
A) A " E )
CHy A N CHs O ~
o H—N H H 1\'[\"
3 N—H-—---N1 AN 3 N—H-----
N =N /N N
/" Yo o
B) pap ” H 1
N NN
CHy ... H—N y CHy .. ) ¥
é H N
3 N—H--- N1 NG 3 N—H-----
N N
/N_< >=N / AN
O-----= H_N\ H
H
C) 2ap 1
CH N No
gy H W iy H
/) N
3 N—H----- N1 NG 3 N—H------
N N
/N‘< >=N / \
O----== H—N\ H
H
D) 7-pA H
H H
CHy N CHy _N N
0 H—N H 0 H 1\&
_3<N—H ------- N1 NG 3N—H)(H
N —N N N\
/ o / o H

Ficure 7: Watsonr-Crick and Hoogsteen base pairings with the
3'-T or 5-T of the cis-syn thymine dimer. A is adenine, DAP 2,6-
diaminopurine, 2AP 2-aminopurine, and 7DA 7-deazaadenine.
Repulsive steric and electrostatic interactions are indicated with a
pair of inverted parentheses, and the N7 position is circled.

To eliminate contributions to the observed insertion rate
from ko, we carried out the insertion experiments under
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Ficure 8: Running start single completed hit experiments of
nucleotide insertion opposite the T with d2APTP and d6CPTP by
exo” Klenow fragment and yeast pgl The 14 primer—template
(100 nM) was preequilibrated with 100 units/mL ex&lenow
fragment or 100 nM po¥;, and then 10«M dTTP and various
concentrations of d2APTP or d6CPTP were added together with
20 uM 26-mer/50T primer-template as a trap for 15 s. Thgl,
ratio, which equals the sum of the volume integrals forteédl and
greater bandsl{) to that of the+1 band (;), was plotted as a
function of the nucleotide concentration. The solid line represents
the best fit to the MichaelisMenten equation, and thg/l; and

Km values are listed in Table 4 together with those for the other
nucleotide triphosphates. Concentrations of dNTP from left to right
were (a) 0, 0.4, 0.8, 1.6, 3.1, 6.3, 13, 25, andud®, (b) O, 1, 2,

4, 8, 16, 31, 63, 125, 250, 500, and 10@d, (c) O, 16, 32, 63,
125, 250, 500, and 10QaM, and (d) 0, 1, 2, 4, 8, 16, 32, 63, 125,
250, 500, and 100@M.

single completed hit running start conditions as previously
described 22). Under these experimental conditions, the
polymerase must first add one or more nucleotides before
reaching the target template nucleotide at which point it can
either dissociate or insert a nucleotide. When the experiments
were carried out under single hit conditions by either using
excess template primer or in the presence of excess cold
primer—template as a trap, the observed sum of the integrated
intensity of all bands terminating opposite and following the
target (;) divided by the integrated intensity of the band
terminating prior to the target sité () is equal toking/Kof.

A plot of (li/li-1)ops Versus dNTP concentration follows
Michaelis—Menten kinetics and can be fit to the relation
(Ii/li=1)obs (Ii/li=))ma{dNTP]/([ANTP] + Kp), where
(lifli—)max = kopolkott. Since ko is independent of the
nucleotide being inserted opposite the target, the relative
selectivity for insertion of two nucleotides is equal to the
ratio of their (i/li-1)ma{Km values.

In our experiments (Figure 8), a 14-mer primer terminating
two nucleotides before the target T or C ((j1was incubated
with a constant concentration of dTTP (the next correct base)
and varying concentrations of the nucleotide of interest in
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Table 4: Relative Efficiency of Nucleotide Insertion Opposite T and C by B&ienow Fragment and Yeast PglCarried Out under Running

Start Single Completed Hit Conditions

(I2/11)max = SD Km =+ SD (12/11)max Km relative
pol template base dNTP (x100) (uM) (x 100) efficiency
exo KF T A 650+ 4 0.34+0.01 1900 1
DAP 610+ 10 0.36+ 0.4 1700 0.89
2AP 570+ 20 5.6+ 0.7 100 0.053
CP 240+ 4 15+1 16 0.0084
G 29+0.1 80+ 12 0.036 0.000019
C G 570+ 8 0.53+ 0.04 1100 1
| 480+ 8 6.2+ 0.3 77 0.072
A 8.3+0.5 180+ 24 0.046 0.000043
pol#n T A 110+ 1 250+ 9 0.44 1
DAP 108+ 2 250+ 10 0.43 0.98
2AP 30+ 0.6 720+ 30 0.042 0.095
CP 17+ 2 760+ 140 0.022 0.051
G 4.4+0.2 990+ 100 0.0044 0.01
C G 360+ 20 200+ 30 1.8 1
| 160+ 4 400+ 20 0.39 0.22
A 44+04 590+ 150 0.0075 0.0042

the presence of a large excess of unlabeled temppatmer the genetic disease xeroderma pigmentosién-88). Unlike
as a DNA polymerase trap to prevent turnover. The values replicative polymerases which are capable of high-fidelity
of (I2/11)max @and K, that we obtained from fitting thelf synthesis, the DNA damage bypass polymerases typified by
I1)ons data are listed in Table 4. Under these conditions, we pol » are much more error pron27, 29, 39—41). The lower
found that the selectivity of 2-aminopurine insertion by fidelity of the DNA damage bypass polymerases has been
Klenow fragment was 5% of that of A which is close to the attributed to their much more open and less constrained active
value of 20% previously reported in another sequence contextsite that enables them to bypass DNA damage and their
(22). The relative misinsertion efficiencies of 1.9 10 ability to better tolerate mismatched DNA than the more
for G opposite T and 4.% 1075 for A opposite C are also  constrained replicative polymerases. Because of the less
similar to reported values of 7.% 10°° and 5.3x 10°® constrained active site of Y-family polymerases as gleaned
from mutagenesis studiegs). from X-ray crystal structures of Dpo4l§, 42) and poly

We have previously found that nucleotide insertion (43), complementary nucleotide selection may depend more
selectivities for the catalytic core of yeast pplobtained on base stacking and base pairing than on steric fit as has
from standing start experiments are very similar to those been found for the Klenow fragment df. coli DNA
obtained from pre-steady state experiments and directpolymerase | and some other polymerasgs 45).
competition experiments, indicating that the reaction ef-  Evidence that base pairing and stacking play an important
ficiencies under steady state conditions are largely determinedrole in nucleotide selection by yeast pptomes from recent
by kpoi @and not bykss (26). To be sure, however, we also  experiments with the non-hydrogen bonding thymine ana-
repeated the nucleotide insertion selectivity experiments for jogue, difluorotoluene nucleotide (dFTP), and the nonpolar
pol 7 under the same running start conditions used for the pase pair mimic, pyrene nucleotide (dPTP). Although di-
Klenow fragment and obtained selectivities (Table 4) similar fluorotoluene cannot form hydrogen bonds with A, the
to those obtained under the standing start conditions (Tablesklenow fragment inserts difluorotoluene nucleotide opposite
1 and 3). The relative misinsertion efficiencies of 0.010 for A only 40-fold less efficiently than T, whereas yeast gol
G opposite T and 0.0042 for A opposite C obtained under inserts difluorotoluene nucleotide 220-fold less efficiently
the running start conditions are similar to those of 0.0047 (15). These data suggest that Klenow fragment selects
and 0.0012 obtained under standing start conditions by usnucleotides primarily by their ability to adopt a Watsen
(Table 1) and the previously reported values of 0.0053 and Crick base pair shape [the steric exclusion mo@el0)],
0.0058, also obtained under standing start conditi@™s (  whereas poly appears to require other and/or additional
We did find, however, that the apparefy values obtained interactions for efficient nucleotide insertion, such as comple-
from the running start experiments were much higher than mentary H-bonding. In accord with the steric exclusion
that obtained under pre-steady state or standing start condimodel, Klenow fragment is unable to efficiently insert pyrene
tions which we attribute to competitive inhibition by the 100 nucleotide opposite a normal template base because it cannot
uM dTTP. Indeed, when lower concentrations of dTTP were fjt (11). On the other hand yeast pglcan efficiently insert
used, the appareht, values were reduced (data not shown). pyrene nucleotide opposite a normal base, presumably

because of its superior base pair stacking ability and its ability

DISCUSSION to trigger the conformational change that precedes phos-

Polymerase;, encoded by the Rad30A gene, is one of phodiester bond formationl®). In this paper, we have
the newly discovered DNA damage bypass polymerases ofinvestigated further the importance of H-bonding and base
the UmuC/DinB/Rev1/RAD30 superfamily, or Y-family —pair geometry for nucleotide selection by paby examining
polymerases 38—33). Pol 5 has been of great interest the insertion efficiency of a series of purine analogues
because of its ability to bypass the cis-syn thymine dimer opposite C and T, and both Ts of a thymine dimer.
efficiently and relatively nonmutagenicallyd4, 35), and Watson-Crick H-Bonding between the Template Base and
because defects in the human enzyme have been linked tahe Incoming Nucleotide Is Required for the Accurate and
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Efficient DNA Synthesis by Pgpl We examined the insertion  almost exclusively td,. The increase iy, is consistent
efficiencies of commercially available purine deoxynucleo- with thermodynamic studies of d(CGTACXCATGC)
tide triphosphate analogues guanine (dGTP), adenine (dATP)d(GCATGTGTACG) which found that the duplex is0.5
6-chloropurine (d6CPTP), inosine (dITP), 2-aminopurine kcal/mol less stable when X is 2AP than when it is 3. (
(d2APTP), and 2,6-diaminopurine (dDAPTP). These nucle-  Additional evidence for the important contribution that
otides are capable of forming up to three H-bonds with H-bonding can make to insertion efficiency for pptomes
cytosine or thymine in WatserCrick, wobble, and from comparing the efficiency of 6-chloropurine nucleotide
Hoogsteen base pair geometries. The insertion efficienciesinsertion opposite C and T (Table 1). Whereas insertion
were found to parallel the ability to form Watsegrick base opposite C occurs with an efficiency of 0.00025 aM ™,
pairs and not wobble or Hoogsteen bases pairs. Insertioninsertion opposite T occurs with a more than 100-fold higher
opposite cytosine was the most efficient for dGTP, which efficiency. This can be explained by the inability of 6CP to
can form three H-bonds with C, whereas dITP, which lacks form H-bonds with C in a WatsenCrick geometry coupled
the N2 amino group and can only form two H-bonds with with the presence of an unfavorable acceptrceptor
C, was inserted 5-fold less efficiently. Both dGTP and dITP interaction, compared to the single H-bond that can be
were much more efficiently inserted than dATP and other formed between T and 6CP, and the absence of any
analogues which could have made up to two H-bonds in unfavorable interactions. The behavior of 6CP nucleotide
Wobble base pair geometries. toward insertion opposite C is similar to that observed for
Insertion opposite thymine is likewise most efficient with insertion of difluorotoluene (F) nucleotide opposite ¥5),
nucleotides capable of Watsegrick base pairing, though  except that it is almost 20 times less efficient. The lower
they did not correlate as directly with the total number of efficiency of inserting 6CP opposite C compared to inserting
H-bonds. Thus, A, which can form two H-bonds, is inserted F opposite A may be due to the additional presence of an
with approximately the same efficiency as diaminopurine unfavorable accepteracceptor interaction between 6CP and
(DAP), which can form three H-bonds, andlO-fold more C that is not present between F and A.
efficiently than 2AP, which can also form two H-bonds Comparison to Klenow Fragmenrterestingly, the rela-
(Tables 1, 3, and 4). Unlike the case of inosine, in which tive selectivities for inserting A, DAP, 2AP, and 6CP oppo-
replacing H2 with an amino group to give G results in a site T and G and | opposite C by ex&lenow fragment are
large increase in insertion efficiency opposite C, replacing very similar to those observed for pgl (Table 4). This
H2 of adenine with an amino group to give DAP appears to similarity would suggest that nascent base pairs having the
have no significant effect on insertion efficiency opposite T same WatsorCrick geometry can be further discriminated
despite adding another H-bond. The difference cannot be dueon the basis of a common set of H-bonding and base stacking
to a steric effect, as adding an amino group to the 2-position interactions. It has been reported, however, that difluoro-
of adenine should not be any different than adding an amino toluene nucleotide which cannot make H-bonds was inserted
group to the 2-position of inosine. The 2-amino group might, opposite A by the Klenow fragment only 40 times less
however, influence the electronics of the purine ring of efficiently than T @), and that A was inserted opposite
adenine and inosine differently, which could result in dif- difluorotoluene only 4 times less efficiently than opposite T
ferences in base stacking affinity or base stacking geometry(50). These results were taken to suggest that H-bonding may
that offset any gain in H-bonding. In support of this idea, not play a very important role in nucleotide selection by the
the thermostability of a DAP:T base pair-containing duplex Klenow fragment. It is important to note, however, that these
has been reported to be lower than that of the correspondingefficiencies were obtained from standing start experiments
G-C base pair-containing duplex, although both pairs form without a polymerase trap, and may be overestimated due
three H-bonds46—48). The stability of a DAPT base pair to more rapid turnover of the products containing difluoro-
has also been found to depend on flanking sequence, andoluene. This is entirely possible, as we have found that
this base pair is 0.9 kcal/mol less stable than the correspond-standing start experiments with the Klenow fragment resulted
ing A-T base pair in the sequence d(&R;G)-(CTsYT3G), in 225- and 240-fold overestimations of the 2-aminopurine
but more stable by 0.3 kcal/mol when the base pair is invertedand 6-chloropurine insertion efficiencies, respectively, op-
(49). When flanked by @& base pairs in d(§XGs)- posite T compared to the insertion of A. If so, it may be
d(GYGs), the DAPT base pair is more stable than theTA  that the relative insertion efficiencies for difluorotoluene
base pair by 0.9 kcal/mol. nucleotide or for nucleotides opposite difluorotoluene by the
In accord with the idea that replacing H2 of A with an Klenow fragment compared to T are more similar to the
amino group does not affect the insertion efficiency opposite approximately 200-fold lower efficiencies observed for pol
T, moving the amino group from the 6-position of A to the # (15), though this remains to be determined.
2-position causes anl0-fold decrease in insertion efficiency The parallel observed in nucleotide insertion efficiencies
(Tables 1, 3, and 4) that can be attributed to loss of the between the Klenow fragment and ppfor Watsonr-Crick-
H-bond with the 6-amino group. The decrease in efficiency like base pairs ends with mismatched base pairs. Whereas
can be attributed to a 17-fold increaseKp from ~6 uM the misinsertion efficiencies for yeast pplare ~0.01 and
for A to 160 uM for 2AP, which is offset by an ap- ~0.004 for inserting G opposite T and A opposite C,
proximately 3-fold increase ik (Tables 1 and 3). A 5-fold  respectively, as observed by us (Tables 1 and 4) and by others
decrease in efficiency has also been reported for insertion(27), the corresponding misinsertion efficiencies ar&00-
of 2AP by exo Klenow fragment which could be almost and~100-fold lower, respectively, for the Klenow fragment
exclusively attributed to an increase ki, (22). For our (Table 4) @5). The lower misinsertion efficiencies would
template, the efficiency of 2AP insertion opposite T byexo be consistent with the greater shape selectivity of the Klenow
KF is almost 20-fold lower and can likewise be attributed fragment than poly. Likewise, the relative misinsertion
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Ficure 9: Log—log plot of thek., and Ky, values of Table 2 for
insertion opposite the’3and 3-Ts of the cis-syn thymine dimer.
The arrows point from the kinetic parameters for thd 3o those
for the B-T.

efficiencies of difluorotoluene nucleotide by the Klenow
fragment resemble those for natural mispairs1Q ),
whereas the relative misinsertion efficiencies for paliffer

by less than 3. The latter result would suggest that without
H-bonding to hold a base pair in place, there can be little
discrimination between mispairs by pglin accord with a
more open, less constrained active site.

Nucleotide Insertion Opposite the Cis-Syn Thymine Dimer
by Poln Occursvia Watsor-Crick and Not Hoogsteen Base
Pairing. Recently, a set of crystal structures of Dpo4 from
Sulfolobus solfataricysanother Y-family polymerase, have

Hwang and Taylor

selectivity for insertion of A opposite theé-3 of the dimer
than the 3T was not observed in an earlier fidelity study of
yeast poly (34), it has recently been observed for human
pol  (52). The higher selectivity observed for insertion
opposite the 5T is initially surprising given the fact that
both solution NMR $3—55) and crystal structure2@) data
indicate that the 5T of the thymine dimer is not able to
base pair as well as the-B due to its distorted nature.
Recently, we have obtained evidence that thd Bf the
dimer is held more tightly during nucleotide insertion than
the 3-T by pol# (12), and it is possible that this may help
to enforce WatsonCrick base pairing with the'sl' and
thereby compensate for its otherwise poorer base pairing
geometry. Holding the 'sT of the dimer rigidly in a
conformation that is favorable for WatseRrick base
pairing could also serve to disfavor base pairing with alternate
geometries that would require repositioning of the T.

The proposal that the 8 of the dimer must be held much
more tightly during insertion opposite it by pglthan the
3'-T when a nucleotide is being inserted opposite it was based
on the results of insertion experiments with pyrene nucleo-
tide. It was observed that pyrene nucleotide is inserted with
high efficiency and in preference to other nucleotides
opposite the 3T of the thymine dimer, but with extremely
low efficiency opposite the'sST of the dimer (2). Because
of its size, pyrene nucleotide cannot be inserted without first
displacing the templating nucleotide and, in the case of the
Klenow fragment or T7 polymerase, cannot be inserted
opposite normal nucleotided ). Pyrene can be inserted,
however, by the Klenow fragment or T7 polymerase opposite
an abasic site because there is no templating base present
(12), or opposite the '3T of a dinucleotide photoproduct

been obtained in various stages of synthesis past a cis-symecause the dimer is so large that it cannot enter the active
thymine dimer. What is most notable about these structuressite and thus behaves like an abasic $@).(In contrast to

is that whereas the'd of the dimer was found to form the
expected WatsonCrick base pair with the incoming ddATP,
the B-T was found to form a Hoogsteen base pdif)(

Because Dpo4 is also a member of the Y-family polymerases,

these pol A family polymerases, po} inserts pyrene
nucleotide in preference to the complementary nucleotide
opposite most templating nucleotides, indicating thatspol
does not hold on tightly to the templating nucleotid®)(

itis possible that insertion of A opposite a cis-syn dimer by Because the'3T is covalently fused to the & of the dimer,
pol 7 might also occur via a Hoogsteen base pair. We testedhowever, the ability of the'sT or the 3-T to be displaced

this possibility by using 7-deazaadenine (7DA), which is
identical to A except that it has a CH group substituted for
N7. Whereas A can make two H-bonds with T in both
Watson-Crick and Hoogsteen base pair geometries, 7DA
can make two H-bonds with T in the Watse@rick
geometry but only one in the Hoogsteen geometry (Figure

depends on how tightly either or both theT3and the 5T

of the dimer are being held by the polymerase. The ability
to efficiently insert pyrene nucleotide opposite tHeT3of

the dimer indicates that neither the B nor the 5-T of the
dimer must be held tightly when thé-B is in the templating

site and thus can be displaced by pyrene. Pyrene nucleotide

7). The Hoogsteen base pair between 7DA and T is alsocannot be inserted opposite theTsof the dimer, however,

further destabilized by a bad steric interaction between H7
of 7DA and H3 of T (Figure 7). Since the insertion
efficiencies for dATP and d7DATP are almost identical, we
conclude that insertion of dAMP is most likely occurring
via a Watson-Crick geometry.

Insertion Opposite the'5I" of the Dimer Is More Selecg
than That Opposite the-J. An interesting feature of dimer
bypass is revealed when the relative nucleotide insertion
efficiencies opposite the'3and 3-Ts of the dimer are

which can only be explained if pgl is holding on tightly to
the 3-T of the dimer when the'ST is in the templating site,
thereby preventing thé-d from being displaced. This makes
sense because during insertion opposite %ied the dimer,
the 3-T is positioned within the duplex DNA binding domain
of the polymerase.

CONCLUSION
It appears that pol selects nucleotides for insertion

compared (Table 2 and Figure 9). It appears that the insertionopposite pyrimidines and thymine dimers on the basis of a

efficiencies of nucleotides capable of WatsdPrick base
pairing (A, DAP, 2AP, and 6CP) increase opposite the& 5
compared with the '3T, whereas the efficiencies of the
nucleotides incapable of Watsegrick base pairing decrease
(G) or remain relatively the same (). Though a higher

combination of H-bonding and base stacking in a Watson
Crick geometry, and not Hoogsteen or wobble geometries.
It also appears that the nucleotide insertion selectivity of pol
n parallels that of the Klenow fragment for Watse@rick-

like base pairs, but not for mismatches, emphasizing the
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importance of H-bonding in nucleotide selection by both
polymerases, but lesser shape selection byypdlie to its
more open and relaxed active site. More studies will be

needed, however, to dissect the energetics of nucleotide

binding and insertion by paj in comparison to the A-family
polymerases.
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