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ABSTRACT: We used a series of dATP and dGTP analogues to determine how DNA polymerase I from Bacillus
stearothermophilus (BF), a prototypical A family polymerase, uses N-1, N, N-3, and N® of purine dNTPs to
differentiate between right and wrong nucleotide incorporation. Altering any of these nitrogens had two
effects. First, it decreased the efficiency of correct incorporation of the resulting dNTP analogue, with the loss
of N-1 and N-3 having the most severe effects. Second, it dramatically increased the rate of misincorporation
of the resulting INTP analogues, with alterations in either N-1 or N® having the most severe impacts. Adding
N? to dNTPs containing the bases adenine and purine increased the degree of polymerization opposite T
but also tremendously increased the degree of misincorporation opposite A, C, and G. Thus, BF uses N-1,
N2, N-3, and N° of purine dNTPs both as negative selectors to prevent misincorporation and as positive
selectors to enhance correct incorporation. Comparing how BF discriminates between right and wrong
dNTPs with both B family polymerases and low-fidelity polymerases indicates that BF has chosen a unique
solution vis-a-vis these other enzymes and, therefore, that nature has evolved at least three mechanistically
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distinct solutions.

A key issue facing DNA polymerases is how to minimize
incorporation of incorrect dNTPs to avoid the potentially
deleterious effects of mutagenesis. For “high-fidelity” DNA
polymerases, the measured error frequencies vary from around
107 to 1072 errors per dNTP polymerized (I, 2). However,
despite substantial study by a variety of techniques, including
protein mutagenesis, substrate mutagenesis, and high-resolution
structural approaches (3—11), the key features that differentiate
right and wrong dNTPs as well as the mechanisms that poly-
merases employ to accomplish this differentiation remain rather
unclear.

Several different mechanisms that could allow a DNA (or
RNA) polymerase to accurately copy a template have been
proposed. Discrimination based on a requirement to form
Watson—Crick hydrogen bonds was one of the first mechan-
isms proposed, and several polymerases may well employ this
mechanism (/2—15). For example, both human and herpes
DNA primases, two very low-fidelity enzymes, appear to
require formation of Watson—Crick hydrogen bonds to effi-
ciently polymerize a NTP. The low-fidelity DNA pol 5
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and DNA pol IV from Sulfolobus solfataricus also did not
efficiently polymerize several dNTPs incapable of forming
Watson—Crick hydrogen bonds. A second model posits that
the shape of the base pair formed by the incoming dNTP and
template base provides the key factor for discriminating
between right and wrong (d)NTPs (/6—20). Indeed, Kool
and co-workers showed that both T7 DNA polymerase and
Klenow fragment, two high-fidelity A family polymerases, will
efficiently and accurately generate base pairs between adenine
and 2,4-difluorotoluene nucleotides. Importantly, the shape of
the latter base closely mimics the shape of thymine. Further-
more, they showed that varying the shape of the modified
toluene significantly altered the efficiency of polymerization in
a manner consistent with the “shape selectivity” model. How-
ever, several groups have shown that Klenow fragment also
has the ability to efficiently generate base pairs between
nucleotides whose bases cannot form a correctly shaped base
pair (7, 9, 21—23). Finally, a combined use of both positive
and negative selectivity has been proposed for two B family
replicative polymerases, pol o and herpes DNA polymerase
(7, 24, 25). In this model, the enzyme used specific chemical
features of the incoming dNTP to both prevent misincorpora-
tion (N-1, N-3, and N® in the case of dJATP) and enhance
correct incorporation (formation of Watson—Crick hydrogen
bonds).
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The large fragment of DNA polymerase I from Bacillus
stearothermophilus (BF)' is an A family, high-fidelity polymerase
(26). Tt exhibits substantial homology with other A family
polymerases that have been characterized kinetically and struc-
turally, including Klenow fragment of DNA polymerase I
(Escherichia coli), TT DNA polymerase, and KlenTaq from
Thermus thermophilus (3, 27—30). BF has been extensively
characterized structurally, with high-resolution structures of
the apoenzyme, BF—DNA binary complexes, and BF—DNA—
dNTP ternary complexes available (4, 5, 31, 32). Indeed, BF even
retains catalytic activity in the crystal such that the products of
multiple rounds of replication can be observed using X-ray
crystallography.

We have examined the interactions of BF with a panel of
purine dNTP analogues to improve our understanding of how
this enzyme uses N-1, N?, N-3, and N® to discriminate between
right and wrong dNTPs. Remarkably, all four nitrogens played
major roles in both preventing misincorporation and promoting
correct incorporation by BF. Furthermore, addition of N to
dATP and related purines dNTPs enhanced both correct and
incorrect polymerization of the resulting dNTPs.

MATERIALS AND METHODS

Materials. BF was prepared as previously described (). All
reagents were of the highest quality commercially available.
Radiolabeled nucleotides were purchased from Perkin-Elmer,
and unlabeled nucleotides were either purchased from Sigma
and Trilink Biotechnologies or synthesized as previously de-
scribed (7, 21, 24). Synthetic oligonucleotides were purchased
from Biosearch Technologies, and their concentrations were
determined spectrally. All materials from commercial sources
were used without further purification.

5" 2P Labeling of Primers and Annealing of Primer-
Templates. DNA primers were 5'-**P-labeled using T4 poly-
nucleotide kinase and [y-?PJATP, gel purified, and annealed to
the appropriate template as described previously (33, 34). Stocks
were stored at —20 °C.

Polymerization Assays with BF Polymerase. All reactions
were carried out under steady-state conditions. Assays contained
enzyme (2—10 nM, depending upon the analogue), 500 nM

'Abbreviations: 2-aminoadenine dNTP or d2AATP, 2-aminoade-
nine-2’-deoxyriboside triphosphate; 2-amino-1-deazapurine dNTP or
d2A1DPTP, 2-amino-1-deazapurine-2’-deoxyriboside triphosphate;
2-aminopurine dNTP or d2APTP, 2-aminopurine-2’-deoxyriboside
triphosphate; benzimidazole dNTP or dBTP, benzimidazole-
2'-deoxyriboside triphosphate; BF, large fragment of DNA polymerase
I from B. stearothermophilus; 6-chloropurine dNTP or d6CIPTP,
6-chloropurine-2’-deoxyriboside triphosphate; 1-deazaadenine dNTP
or dIDATP, 1-deazaadenine-2'-deoxyriboside triphosphate; 3-deazaa-
denine dNTP or d3DATP, 3-deazaadenine-2'-deoxyriboside
triphosphate; 3-deazaguanine dNTP or d3DGTP, 3-deazaguanine-2'-
deoxyriboside triphosphate; 1-deazapurine dNTP or d1DPTP, 1-dea-
zapurine-2’-deoxyriboside triphosphate; 3-deazapurine dNTP or
d3DPTP, 3-deazapurine-2'-deoxyriboside triphosphate; pol o, DNA
polymerase o; pol 7, DNA polymerase #; 4-methylbenzimidazole AINTP
or dZTP, 4-methylbenzimidazole-2'-deoxyriboside triphosphate;
6-methyl-1-deazapurine dNTP or dQTP, 6-methyl-1-deazapurine-
2'-deoxyriboside triphosphate; d6MePTP, 6-methylpurine-2'-deoxyri-
boside triphosphate; dSNO,BTP, 5-nitrobenzimidazole-2'-deoxyribo-
side triphosphate; d6NO,BTP, 6-nitrobenzimidazole-2’-deoxyriboside
triphosphate; purine dNTP or dPTP, purine-2’-deoxyriboside
triphosphate; d4CF;BTP, 4-trifluoromethylbenzimidazole-2'-deoxy-
riboside triphosphate; 6-trifluoromethylbenzimidazole dNTP or
d6CF3BTP, 6-trifluoromethylbenzimidazole-2'-deoxyriboside tripho-
sphate; d7CF;BTP, 7-trifluoromethylbenzimidazole-2'-deoxyriboside
triphosphate.
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5/-3P-labeled primer-template, 50 mM tris(hydroxymethyl)ami-
nomethane, HCI salt (pH 8.0), 10 mM MgCl,, | mM dithio-
threitol, 0.1 mg/mL bovine serum albumin, 2.5% glycerol, and
various concentrations of dNTPs or dNTP analogues. Polymer-
ization reactions were initiated by the addition of enzyme, and
depending on the ability of BF to polymerize the analogue, the
reaction mixtures were incubated for 5—20 min at 37 °C.
Reactions were quenched with a 15 uL of gel loading buffer
(90% formamide). Control experiments showed that the rates
remained constant over the times used. Polymerization products
were separated by denaturing gel electrophoresis (20% acryla-
mide, 7.5 M urea) and analyzed via phosphorimagery (Image-
Quant). Kinetic parameters and errors were determined by fitting
the data to the Michaelis—Menten equation as previously
described (24).

RESULTS

To understand how BF discriminates between right and
wrong dNTPs, we examined polymerization of a panel of
purine ANTP analogues containing modified bases (Figure 1).
The modifications ranged from relatively minor (e.g., loss
of N-1, N?, N-3, or N® and/or conversion to another group) to
severe (e.g., loss of N-1, N-3, and N°® from adenine and
addition of a CF3 or NO, group). Polymerization of both
the natural and analogue dNTPs was measured using primer-
templates of defined sequence (Table 1). With one exception,
the four primer-templates vary only in the identity of
the template base being copied, thereby minimizing the
possibility of DNA sequence affecting the results. In the
case of DNAt, the second single-stranded template base
was also changed to eliminate the possibility of conse-
cutive dATP polymerizations. Consistent with the reported
high fidelity of BF, the enzyme efficiently discrimi-
nated against polymerization of incorrect, natural dNTPs
on these primer-templates (Table 2). In this, and in all
subsequent tables, discrimination opposite a template
T or C is defined by how much less efficiently BF polymerized
the tested dNTP than it polymerized either dATP
(15 uM ™" min~") or dGTP (3.4 uM~" min~"), respectively.
Opposite a template A or G (i.e., correct TTP and dCTP
incorporation), we defined discrimination by comparing
(analogue) dNTP incorporation to the average ke,/Ky for
correct incorporation of dATP and dGTP opposite T and C,
respectively (9.2 uM ' min™").

Incorporation of a series of hydrophobic purine dNTPs
was assessed opposite the four natural template bases under
steady-state conditions (Table 3). In most cases, BF poly-
merized the analogues opposite a natural template base no
better than or only slightly more efficiently than an incorrect,
natural ANTP. In a few cases, however, BF incorporated the
analogue dNTP significantly faster than a natural, incorrect
dNTP (e.g., 6-trifluoromethylbenzimidazole dNTP opposite
either A or G).

N-3 Affects both Correct and Incorrect ANTP Polymer-
ization. We then examined the roles of four nitrogens in a purine,
N-1, N% N-3, and N®, by systematically varying their presence or
absence in purine analogues. Adding N-3 to dZTP (4-methyl-
benzimidazole ANTP) to generate dQTP (1-deaza-6-methylpur-
ine dANTP), a substitution that replaces an electropositive
hydrogen with a free pair of electrons, had only modest effects;
at most, the average efficiency of polymerization increased very
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FIGURE 1: Structures of the bases on the dNTPs. The structures of the various bases examined are shown along with the abbreviations for the

resulting dNTPs used in Tables 3 and 4.

Table 1: Sequences of Primer-Templates”

DNAa 57— TCCATATCACAT

3’- AGGTATAGTGTAATTCTTATCATCT
DNAc 57— TCCATATCACAT

3’- AGGTATAGTGTACTTCTTATCATCT
DNAg 57~ TCCATATCACAT

3’ - AGGTATAGTGTAGTTCTTATCATCT
DNAt 57—~ TCCATATCACAT

3’- AGGTATAGTGTATATCTTATCATCT

“The letter after DNA designates the template base being replicated.

slightly (Table 3).% In contrast, adding N-3 (purine numbering
system) to benzimidazole dANTP and thereby generating
I-deazapurine dNTP dramatically increased the efficiency of
incorporation, even though a base pair between any natural base
and 1-deazapurine will still lack any Watson—Crick hydrogen

’In these studies, we have only compared the efficiency of polymer-
ization of each analogue (Vipax/Knm). BF is a moderately processive
enzyme; hence, DNA dissociation limits the steady-state turnover rate
after incorporation of a correct ANTP. Since we do not know the rate-
limiting step during polymerization of the analogues, the V', values for
polymerization of different ANTPs cannot be directly compared. Like-
wise, Ky and Kp cannot safely be compared due to the potential for
different rate-limiting steps.

bonds and the shape will be distinct from a canonical base pair
(Tables 3 and 4). Similarly, adding N-3 to 3-deazapurine INTP
also increased the degree of polymerization of the resulting
purine dNTP opposite A, T, and C by factors of 2.5, 21, and 8,
respectively, while marginally decreasing the degree of polymer-
ization opposite G [by 10% (Table 4)].

We further probed the role of N-3 by removing it from two
canonical, high-fidelity nucleotides, dATP and dGTP (Table 4).
The resulting dNTPs, 3-deaza-dATP and 3-deaza-dGTP, dif-
fered from dATP and dGTP in two significant ways. First, they
were polymerized much less efficiently opposite their comple-
mentary template nucleotides, T and C, respectively. Second, the
efficiency of misincorporation of 3-deaza-dATP and 3-deaza-
dGTP often increased substantially compared to that of their
parent compounds. For example, BF misincorporated 3-deaza-
dGTP opposite either A or G =20-fold more efficiently than it
misincorporated dGTP. Curiously, in two cases, polymerization
of 3-deaza-dGTP opposite T and 3-deaza-dATP opposite G, re-
moving N-3 decreased the level of misincorporation. Thus, N-3
appears to have two distinct roles, enhancing incorporation and,
at least within the context of adenine and guanine, managing
misincorporation frequencies.

Effects of N’ on dGTP and dATP Polymerization. The
role of N? was examined within the context of both guanine- and
adenine-related bases (Table 4). Removing N* from dGTP,
thereby generating dITP, both decreased the efficiency of poly-
merization opposite C and increased the level of misincorpora-
tion, particularly opposite A and T. The 10-fold decrease in poly-
merization efficiency opposite C corresponds to a AG of 1.4 keal
mol ™!, in the range of what one would expect for a hydrogen
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Table 2: Polymerization of dATP and dGTP Opposite Each Natural Template Base

dNTP template Vmax (min ") Ky (uM) Vmax/ Ky (min™' uM ™) discrimination”

dGTP DNAa 0.28+0.05 720 £ 260 0.00039 24000
DNAt 0.57+0.18 1140 £ 760 0.00050 30000
DNAc 4143 1.24+0.3 34 1
DNAg 0.15£0.02 380+ 130 0.00039 24000

dATP DNAa 0.73£0.07 590+ 130 0.0012 7700
DNAt 15+1 1.0+0.3 15 1
DNAc 0.11+0.01 130 + 60 0.00085 4000
DNAg 0.144+0.01 110+ 46 0.0013 7100

“Discrimination values are defined as V,,,../Ku for the correct dNTP opposite that template base (i.e., dATP:T, dGTP:C, etc.) divided by V,,../Ky for the

noted dANTP (or dNTP analogue) opposite that template base.

bond. Adding N* to dATP, thereby forming 2-amino-dATP,
had unexpectedly large effects during polymerization opposite all
four natural template bases. BF polymerized 2-amino-dATP
opposite a template T slightly more efficiently than it polymerized
dATP. More surprisingly, the presence of N? significantly wea-
kened the ability of BF to identify 2-amino-dATP as wrong
opposite A, C, and G. Depending upon the mismatch exa-
mined, BF misincorporated 2-amino-dATP 37—85-fold more
efficiently.

In contrast to the large effects upon addition of N* to dATP,
adding N? to purine dNTP and 1-deazapurine dNTP had much
milder effects (Table 4). BF polymerized 2-aminopurine dNTP
opposite all four template bases 3—11-fold more efficiently than
purine dNTP. Comparing polymerization of 1-deazapurine
dNTP and 2-amino-1-deazapurine dNTP showed that the pre-
sence of N? affected polymerization opposite A, T, and G by
<4-fold and only increased the degree of polymerization oppo-
site C by a factor of 8. Thus, the effects of N* appear to be very
dependent upon the rest of the base.

Removing N° from dATP Inhibits Polymerization Op-
posite T and Stimulates Misincorporation. N® of adenine
normally forms a hydrogen bond with O* of thymine. Converting
dATP into purine dNTP resulted in a 23-fold decreased efficiency
of polymerization opposite T (Table 4). Additionally, BF mis-
incorporated purine dNTP much more efficiently opposite the
other three template bases. The loss of N® most severely impacted
misincorporation opposite C, where the level of misincorporation
increased by a factor of 22.

In a different context, removing N°® from 1-deaza-dATP to
generate 1-deazapurine dNTP, the loss of N® had quite different
effects than with dATP. Compared to 1-deaza-dATP, BF
incorporated 1-deazapurine dNTP with similar efficiency oppo-
site A, only 2-fold less efficiently opposite T, but 13- and 6-fold
less efficiently opposite C and G, respectively (Table 4). Compar-
ison of these two sets of data indicates that the effects of N°® vary
substantially depending upon the rest of the base.

The role of exocyclic substituents at C-6 was further probed by
replacing N° with either an electron-withdrawing Cl or a slightly
electron-donating CH; (Table 4). As occurred upon replacement
of N® with H, both of these latter two replacements inhibited
polymerization opposite T and increased the level of misincor-
poration opposite A, C, and G. Comparing the effects of
replacing N° shows that Cl and CH; replacements gave less
misincorporation opposite A than replacement with H, while the
CHj; group gave more misincorporation opposite G and less
misincorporation opposite C than replacement with H and Cl.

N-1 Is Important for both Correct Incorporation
and Preventing Misincorporation. N-1 normally forms a

Watson—Crick hydrogen bond with the NH-3 group of thymine.
Not surprisingly, removing N-1 from either purine dNTP or
dATP significantly impairs polymerization opposite T (Table 4).
Additionally, BF misincorporates 1-deaza-dATP much more
efficiently than dATP, indicating that N-1 plays a role in
preventing misincorporation. In contrast, converting purine
dNTP into 1-deazapurine INTP had variable effects on fidelity.
It decreased the level of misincorporation opposite C by 9-fold,
had little effect on misincorporation opposite G (25% increase),
and increased the level of misincorporation opposite A by 4-fold.
Thus, just like the effects of N* and N, the impact of N-1 depends
upon the rest of the base.

DISCUSSION

We examined the roles of N-1, N?, N-3, and N°® for both
adenine- and guanine-based dNTPs during polymerization by
BF. Removing any one of these nitrogens had two effects:
decreased level of polymerization of the resulting ANTP within
the context of a correct base pair and enhanced misincorporation.
Importantly, the effects of each nitrogen depended greatly on the
structure of the rest of the base.

The effects of specific functional groups exhibited a tremen-
dous dependence upon the rest of the base. For example, with
most bases examined, the presence of N-3 greatly increased the
degree of polymerization, but not in the case of converting
4-methylbenzimidazole dNTP into [-deaza-6-methylpurine
dNTP. Analogously, adding N* to both dATP and purine ANTP
increased the level of incorporation, whereas adding N* to
I-deazapurine dNTP had minimal effects. In other words,
removing N-1 from dATP increased the level of misincorporation
opposite A, C, and G, but removing N-1 from either purine
dNTP or 1-deazapurine dNTP inhibited polymerization. Using
another A family polymerase, Klenow fragment, Romesberg
et al. have also shown that the effects of modifying a specific
functional group can vary depending upon the rest of the
base (35). Modifying furo[2,3-c]pyridin-7(6H)-one dNTP into
furo[2,3-c]pyridine-7-thiol dNTP versus modifying furo[3,2-¢]
pyridin-4(5H)-one dNTP into furo[3,2-c]pyridine-4-thiol ANTP
(Figure 2), each of which involves converting an oxygen into
sulfur, had very different effects on polymerization of the thiol-
containing dANTPs, up to >3000-fold in the case of polymeriza-
tion opposite a template C. This base dependence, in combina-
tion with each functional group playing a role in both enhancing
correct incorporation and preventing it, suggests that BF uses a
holistic, integrative approach in its interactions with the base of
the incoming dNTP. Rather than using specific chemical features
of the base for specific functions, BF “sees” and “interprets” the
entire base when deciding whether to polymerize an incoming
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Table 3: Polymerization of Hydrophobic dNTP Analogues by BF

dNTP Base Template  V,,x Ky Vo K Discrimination 2
Structure (min') (uM) (min™ M)
N DNAa 0.12 +0.01 250 +60  0.00048 19000
dBTP (N:O DNAt 0.10.01 26020 0.00047 32000
/ DNAc N.D.b N.D. >100000
DNAg 0.57 +0.03 200 +30  0.0029 3200
CHs DNAa 0.060 +0.006 170 +54  0.00034 27000
dZTP </N DNAt  0.040 +0.001 11+1.6  0.0036 4200
/N DNAc  0.032:+0.002 170 +28 0.00019 18000
DNAg 0.020 +0.002 68 +33 0.00029 32000
CHy DNAa 0.37 +0.07 360 =100 0.0010 9200
dQTP ¢ t DNAt  0.13 +0.02 140 +46  0.00092 16000
A DNAc 0.98+0.03  1200=440  0.00082 4100
DNAg 0.11 +0.01 23070 0.00047 20000
CF3 DNAa 0.65 +0.57 290 200  0.0022 4200
d4CF,BTP </N DNAt 0.23 +0.16 1700 £1100  0.00014 >100000
/N DNAc 0.14 +0.01 19 +7 0.0074 460
DNAg 0.010+0.003 230100  0.000043 >100000
N DNAa 5.6 +0.02 62+14  0.09 100
d6CF,BTP <:N:©\CF3 DNAt  0.19 +0.0004 50 13 0.0038 3900
DNAc  0.07 +0.0001 13 +4 0.0054 630
DNAg 0.84 +0.0007 30 +4 0.028 330
N DNAa 0.19+0.00009 12050  0.0016 5800
d7CF,BTP </ND DNAt 0.013 =0.00005 9660  0.00014 >100000
/ CFy DNAc N.D. N.D. >100000
DNAg 0.0078 +0.00002 64 +30  0.00012 77000
y xo, DNAa 0.48 +0.03 6812 0.0071 1300
d5NO,BTP </N:©/ DNAt  0.13 +0.02 12030 0.0011 14000
/ DNAc 0.05 +0.01 130 +40  0.00038 8900
DNAg 1.00.1 10020 0.01 920
N DNAa 0.89 +0.03 47 +5 0.019 480
d6NO,BTP <;N:©\NOQ DNAt  0.11 +0.10 7714 0.0014 11000
DNAc 0.10 +0.01 140 =20 0.0071 480
DNAg 0.25+0.10 52 +6 0.0048 1900

“Discrimination values are defined as V,,,/Ky for the correct AINTP opposite that template base (i.e., JATP:T, dGTP:C, etc.) divided by V,,,./ Ky for the
noted dNTP analogue opposite that template base.  ND, none detected.




4638  Biochemistry, Vol. 48, No. 21, 2009 Trostler et al.

Table 4: Polymerization of Purine dNTPs Modified at N-1, N% N-3, and N°®

dNTP Base Template V. Ky Voo Kt Discrimination 2
Structure (min™) (uM) (min yM™)
o DNAa 1.4:0.1 130 =16 0.011 840
d3DGTP (Nﬂ DNAt 0.041 +0.008 800 +260 0.000051 >100000
NSO pNac 17403 210 +60 0.0081 420
DNAg 3.2=l 410 250 0.0078 1200
NH, DNAa 1.0:0.2 490 =170 0.002 4600
d3DATP </N | SN DNAt 51 =9 200 =55 0.25 60
N DNAc  0.38 +0.07 50 +20 0.0076 450
DNAg 0.83=0.18 1400 +970 0.00059 16000
) DNAa 3.9+0.2 530 +50 0.0074 1200
dPTP </Nj©l DNAt  4.4:02 67+1.0 066 23
A DNAc 1.4:02 73 +29 0.019 180
DNAg 1.2:0.1 420 =100 0.0029 3200
" DNAa 0.19+0.02 62«15 0.0031 3000
d3DPTP {ND DNAt  0.47 +0.02 15 +3 0.031 480
/ DNAc 0.044=0.004 207 0.0022 1500
DNAg 0.31=0.03 97 +8 0.0032 2900
NH, DNAa 1246 470 +300 0.026 350
d1DATP </N S DNAt 22 +12 1000 +600 0.022 680
N DNAc 2.6+0.5 100 +70 0.026 130
DNAg 3.8=0.8 160 £90 0.024 380
N DNAa 1.1:0.1 39+3 0.028 330
d1DPTP (ND DNAt 1202 100 +20 0.012 1300
/" DNAc 3.8+0.5 1900 440 0.002 1700
DNAg 0.51 =0.12 130 +30 0.0039 2400
2 DNAa 0.22+0.01 317 0.0071 1300
dITP {:jf:”“ DNAt  0.32=0.03 43 £16 0.0074 2000
A DNAc 7.1+0.4 21 =3 0.34 10

DNAg 0.096 +0.09 210 +42 0.00046 20000
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Table 4. Continued.

dNTP Base Template  Vy, Ky Voo Kt Discrimination 2
Structure (min™) (M) (min™ zM™)
NHz DNAa 9.3 +0.5 210 +47 0.044 210
N X
a2AATP ¢ ] )N\ DNAt 12 £0.4 0.3820.04 32 0.47
N SN SNH,
DNAc 8.7 +0.4 120 +16 0.073 47
DNAg 15 +1 150 +30 0.1 92
| DNAa 3.4+ 93 451 0.037 250
A
N
aaprte ¢ :\Q DNAt 16 +4 441 40 3.8
/N N” NH,
DNAc 4.8 +0.4 68 =12 0.049 69
DNAg 3.5:0.7 110 +41 0.032 290
! DNAa 4.2:0.4 500 +90 0.0084 1100
x
d2A1DPTP </NI:L DNAt 2.5+0.2 350 60 0.0071 2100
N” NH,
/ DNAc 5202 320 +40 0.016 210
DNAg 3.2+03 480 +80 0.0067 1400
al DNAa 1.6+0.3 74 +7 0.022 420
N
d6CIPTP ¢ ] \)N DNAt 11 =1 10 2 1.1 14
S
NN DNAc 4.4 +02 160 +30 0.028 121
DNAg 0.57 £0.05 220 +50 0.0026 3500
CHs DNAa 3.6+0.2 190 +30 0.019 484
N
d6MePTP (| \)N DNAt 20 +2 14 +3 1.4 11
N Z
N DNAc 2.6+0.5 430 =100 0.0060 570
DNAg 0.7 +0.1 55+15 0.013 710

“Discrimination values are defined as V,,,/ Ky for the correct ANTP opposite that template base (i.e., JATP:T, dGTP:C, etc.) divided by V ./ Ky for the

noted dNTP analogue opposite that template base.

dNTP. This approach differs from the B family enzymes pol a
and HSV pol where specific functional groups serve precise
purposes independent of the rest of the base (7, 24, 25).

The ability of N-1 (dATP), N* (dGTP), and N° (dATP) to
drive correct polymerization is consistent with a key role for
Watson—Crick hydrogen bonds. Removing N® from dATP
reduced the level of correct incorporation by 23-fold, while the
loss of N? from dGTP reduced the level of correct incorporation
by 10-fold. These decreases correspond to losses of 1.9 and 1.4
keal mol " in transition-state stabilization, respectively, consis-
tent with the loss of a hydrogen bond. Replacing N-1 of dATP
witha CH group decreased the level of polymerization opposite T
by 680-fold, or 4.0 kcal mol ', While the much greater decrease in
the degree of polymerization due to removing N-1 might indicate
that the hydrogen bond involving N-1 is stronger than those

involving either N® of adenine or N? of guanine, it may also result
from the replacement of a favorable interaction with an unfavor-
able interaction. Whereas N-1 of adenine is electron rich and
ideally suited to interact with the electron deficient NH-3 group
of thymine, the hydrogen of the CH-1 group of 1-deazaadenine
will also be electron deficient such that its interactions with the
NH-3 group of thymine may become energetically repulsive.
While the effects of deleting N* from dGTP were analogous to
the effects of losing either N-1 or N® from dATP, the con-
sequences of adding N* to dATP were completely unexpected.
The slightly enhanced polymerization of 2-amino-dATP oppo-
site T presumably results from the extra hydrogen bond one can
form between N? of the purine dNTP and O° of T. Consistent
with this hypothesis, adding N* to purine dNTP also resulted in
more efficient polymerization opposite T. More remarkably,
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Furo[2,3-c]pyridin- Furo[2,3-c]pyridine-
7(6H)-one 7-thiol
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Furo[2,3-c]pyridin- Furo[2,3-c]pyridine-
4(5H)-one 4-thiol

F1GURE 2: Structures of furopyridine dNTP analogues tested with
Klenow fragment in ref 35.

adding N to dATP significantly reduced the capacity of BF to
identify the resulting 2-amino-dATP as wrong opposite any
template base. Indeed, adding N* to dATP largely overcomes
the negative consequences of incorrect hydrogen bonding groups
at N-1 and N°® and/or consequences of altered base pair shape.
While the formation of a hydrogen bond between N? of 2-amino-
dATP and O” of C could account for this misincorporation event,
how N? increases the level of misincorporation opposite A and G
is less clear. Since preventing misincorporation ultimately
requires a polymerase to not recognize an incoming dNTP as
correct, i.e., the dNTP does not bind in a polymerizable
conformation, the presence of N® on dATP allows the
2-aminoadenine to bind in the active site in a manner that BF
does not effectively recognize as being wrong.

Why N-3 significantly alters both correct and incorrect ANTP
polymerization remains unclear. Similar to BF, Klenow fragment
also polymerized 3-deaza-dGTP less efficiently than dGTP
(10-fold); hence, it seems likely that these effects will be general
to A family polymerases (36). Curiously, in structures of E—
DNA—dNTP closed complexes with various A family poly-
merases (KlenTaq, T7 DNA polymerase, and BF), N-3 is stacked
against a highly conserved Phe (3, 29, 32). Potentially, interac-
tions between the electron rich N-3 and electron deficient edge of
this Phe could mediate the kinetic effects. Alternatively, the
effects of N-3 might occur via an interaction with the protein
that occurs prior to formation of the closed complex, such as
when the template base resides within the preinsertion site (37).

BF could incorporate a variety of dNTPs containing hydro-
phobic bases opposite all four natural bases. However, it
generally discriminated against polymerizing these ANTPs quite
strongly, indicating that hydrophobicity alone is not sufficient
to drive rapid polymerization of unnatural dNTPs. Using a
series of trifluorobenzimidazole dNTPs, all of whose bases will
have similar hydrophobicity and size, BF clearly found the
o-trifluorobenzimidazole ANTP to be the most attractive sub-
strate. Indeed, the enzyme polymerized this ANTP opposite a
natural template base 4—80-fold more efficiently than an
incorrect, natural dNTP. This clear preference for the 6-
trifluoromethylbenzimidazole dNTP suggests that shape can
contribute to base selectivity, although not necessarily in the
way that one would predict. However, it should be noted
that these bases will have different dipoles, which may also
contribute to the enzymes preferences.

An outstanding and often hotly debated question is the relative
importance of base pair shape versus Watson—Crick hydrogen
bonds to DNA polymerase fidelity. Among the A family poly-
merases, different studies have led to very different conclusions

Trostler et al.

(17, 38, 39). Part of this discrepancy may result from different
A family polymerases using different mechanisms, yet studies
have clearly shown that Klenow fragment, the paradigm for
polymerases using shape, can efficiently polymerize dNTP ana-
logues whose base cannot form a correctly shaped base pair with
the template base being replicated (7, 21—23). These apparently
conflicting observations can be reconciled if the extent to which
the polymerase requires Watson—Crick hydrogen bonds and/or
correct shape depends upon the overall chemistry and structure
of the base. As noted earlier, the effects of Watson—Crick
hydrogen bonding groups vary depending upon the base.
Additionally, Waksman and colleagues showed that the A family
polymerase KlenTaq replicates the four natural template bases
with different dynamics and that the structures of the four correct
E—DNA—dNTP ternary complexes vary depending upon the
template base (29, 30). Both of these results again suggest that the
identity of the template base affects kinetic and/or mechanistic
details of the reaction.

Different families of polymerases use at least three different
mechanisms for discriminating between right and wrong dNTPs.
Two very low fidelity RNA polymerases, human and herpes DNA
primase, appear to incorporate efficiently only those NTPs that
can form Watson—Crick hydrogen bonds with the template base
(12, 13). Likewise, two low fidelity DNA polymerases, pol  and
DNA pol IV from S. solfataricus, also may require formation of
Watson—Crick hydrogen bonds to efficiently incorporate a dNTP
(14, 15). Thus, direct employment of Watson—Crick hydrogen
bonds may be a general strategy of low fidelity polymerases. Two
B family polymerases, pol o and herpes DNA polymerase, use a
combination of positive and negative selectivity to identify incom-
ing dNTPs as being right or wrong (7, 24, 25). Unlike the low
fidelity enzymes, they often efficiently incorporate dNTPs whose
bases lack Watson—Crick hydrogen bonding groups. These poly-
merases do not require N-3 of purine dNTPs for correct incor-
poration but do use N-3 to prevent misincorporation. N-1 both
helps prevent misincorporation and enhances correct incorpora-
tion, while N°® plays a lesser role. N* plays a minor role during
correct polymerization of dGTP but is critical for minimizing
polymerization opposite A. Since B family polymerases have well-
conserved active sites (10, 40, 41), these general observations will
probably apply to most B family enzymes.

BF polymerase, a prototypical A family polymerase, appears
to be distinct from these two groups of enzymes. Similar to the B
family enzymes, BF uses N-1, N2, and N® to both increase the
level of correct incorporation and prevent misincorporation; i.e.,
enzymes from both families use a combination of positive and
negative selectivity. The similarity, however, ends there. While
BF occasionally incorporates dNTPs containing hydrophobic
bases much more rapidly than an incorrect natural dNTP, it more
commonly incorporates hydrophobic dNTP analogues no better
than a natural, incorrect ANTP. Klenow fragment, another A
family polymerase, also usually, but not always, polymerizes
hydrophobic dNTP analogues less efficiently than the B family
enzymes, with the key exception being 2,4-dihalotoluenes oppo-
site A (7, 21). For both Klenow fragment and BF, N-3 is critical
for rapid correct polymerization of dGTP and dATP (36 and vide
infra), whereas B family polymerases primarily use N-3 to prevent
misincorporation. Unlike the results with B family polymerases,
the effects of N-1, N2, N-3, and N° depend heavily on the rest of
the base. Additionally, these four nitrogens prevent or enhance
different sets of mismatches for the different enzymes. Most
notably, some B family polymerases specifically misincorporate
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2-aminopurine dNTPs opposite C, likely due to formation of a
hydrogen bond between the purine N* and O atoms of C (42).

A key unanswered question is what chemical features of the

active sites from polymerases allow different families of enzymes
to use different mechanisms to accomplish the common task of
discriminating between right and wrong dNTPs. Additionally,
how do different polymerases from the same family tune their
active sites for different levels of fidelity? Besides providing
fundamental insights into polymerase function, answering this
question could lead to the development of novel polymerase
inhibitors, a medically extremely important class of compounds.
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