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Summary

The development of novel artificial nucleobases and
detailed X-ray crystal structures for primer/template/
DNA polymerase complexes provide opportunities to
assess DNA-protein interactions that dictate specific-
ity. Recent results have shown that base pair shape
recognition in the context of DNA polymerase must
be considered a significant component. The isosteric
azole carboxamide nucleobases (compounds 1-5; Fig-
ure 1) differ only in the number and placement of nitro-
gen atoms within a common shape and therefore pres-
ent unique electronic distributions that are shown to
dictate the selectivity of template-directed nucleotide
incorporation by DNA polymerases. The results dem-
onstrate how nucleoside triphosphate substrate se-
lection by DNA polymerase is a complex phenomenon
involving electrostatic interactions in addition to hy-
drogen bonding and shape recognition. These azole
nucleobase analogs offer unique molecular tools for
probing nonbonded interactions dictating substrate
selection and fidelity of DNA polymerases.

Introduction

A property of major importance to the fidelity of the DNA
replication process involves the substrate specificity of
the DNA polymerase. The bonding and nonbonding in-
teractions that provide a mechanism for recognition of
the correct base pairs by DNA polymerases are features
that have been probed using a variety of artificial nucleo-
bases [1]. In addition, the recent analyses of X-ray crystal
structures have inspired several hypotheses regarding
the molecular basis for DNA polymerase proofreading
and fidelity. X-ray crystal structures of several Pol | DNA
polymerases including Thermus aquaticus (Taq) [2, 3],
Bacillus stearothermophilus [4], and T7 [5] DNA polymer-
ases complexed with DNA show unifying features [6, 7].
The protein induces an unwinding of the DNA helix more
characteristic of A form over the first four to five base
pairs of the primer-template duplex. The resulting shal-
low minor groove is accessible for direct interactions to
specific protein side chains in the finger domain that
alternately share (donate) hydrogen bonds with purine
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N3 and pyrimidine O2 positions on both primer and
template strands. What emerges is an overall hypothesis
that misincorporation leads to improper orientation of
the purine N3 and pyrimidine O2 atoms. The reduced
affinity of the protein-DNA complex could result in a
kinetic “stalling” of the extension reaction. In the case
for enzymes containing an exonuclease domain, a “switch-
ing” mechanism is then enabled that translocates the
primer strand to the 3’ to 5’ exonuclease active site for
excision of the incorrect base pairs.

While these minor groove recognition features eluci-
date important aspects of the proofreading mechanisms
of the Pol | DNA polymerases, there are still unanswered
questions regarding substrate selection. Tag DNA poly-
merase (exo—) is an example of a highly processive
enzyme of the Pol | polymerase family that has an error
rate on the average of 1 in every 10° incorporation events
[8]. The error frequency is not impressive on a biological
time scale, but remarkable in the context of substrate
selectivity in the extension activity. Several point mu-
tants of the Tag DNA polymerase have identified poten-
tial roles of specific amino acids on the relative incorpo-
ration rates of dNTP and ddNTPs [9-12]. However,
decoupling the fundamental nonbonding interactions
between the DNA template and dNTP substrates that
control the selectivity of the enzyme and the related
members of the Pol | family remains a challenge.

The interactions within the DNA polymerase active
site that relate structural features of the template-nucle-
oside to the triphosphate substrate are of central impor-
tance to understanding function. Isosteric base analogs
with reconfigured hydrogen bonding patterns or alter-
nate tautomeric forms have been designed and synthe-
sized to assess hydrogen bond base pairing rules [13-
20]. These efforts have provided clear examples of
purine-pyrimidine base recognition mimics that can be
utilized by DNA polymerases. In addition, shape recogni-
tion of base pairs by DNA polymerase has been pro-
posed as a factor in substrate selection. The nonpolar
nucleobase difluorotoluene, a thymine isostere lacking
hydrogen bonding functionality, can effectively substi-
tute for thymine in both the template strand and as the
incoming nucleoside triphosphate, indicating the impor-
tance of shape in the absence of hydrogen bonding
[21-25]. Similarly, 4-methylbenzimidazole is an effective
surrogate for adenine when matched opposite the diflu-
orotoluene nucleobase [26]. Other unnatural hydropho-
bic base pairs have been more recently described
[27-29]. In addition, hydrophobic bases that have the
capacity to form self-pairs in DNA polymerase extension
reactions have been developed [30-32].

Our interest in assessing the type of nonbonding inter-
actions that mediate DNA polymerase specificity has
been defined by the use of degenerate recognition to
probe the influence of template DNA bases on Tag DNA
polymerase substrate selection. We previously pro-
posed that isosteric azole carboxamide nucleobases
would provide a platform for evaluating the effects of
structure on base pair recognition by DNA polymerase
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Figure 1. Model of the Azole Heterocycles Carboxamides as Nucleobase Pair Mimics
The key structural parameters in the context of duplex DNA are highlighted.

[33]. These template recognition studies of the azole
nucleobases by Taqg DNA polymerase indicate that other
factors, in addition to shape, can influence the selectivity
of base incorporation. Here we describe a focused anal-
ysis of the impact of template azole nucleobase ring
electronics on the substrate incorporation step and offer
a refined model of nonbonding interactions in the Taq
DNA polymerase extension site.

Results and Discussion

Azole Base Design

The azole carboxamide class of nucleobases offer a high
degree of variation in electronic density and hydrogen
bonding donor and acceptor sites within a single frame-
work. Members of this molecular set can mimic more
than one natural purine or pyrimidine nucleobase by
virtue of rotation about bonds a and b (Figure 1). Model-
ing studies with azole carboxamides paired with the
four natural bases in a B-DNA duplex show that two
important parameters of base-pair geometry are main-
tained. To be isosteric with A:T or G:C base pairs, the
C1' to C1’ distance must be in the range of 10.8-11.0 A,
and \; & \, around 50° [34, 35]. Models of azole carbox-
amide bases paired with a natural base have predicted
C1'-C1’ distances that fall within 0.2 A of the natural

base pairs. In addition, the \; & A, angles fall within 3°
of the geometry of Watson-Crick pairs [36-38].

The electrostatic surface potentials were calculated
(AM1) and mapped for the azole carboxamides con-
taining from one to three nitrogen atoms in the heterocy-
cle (Figure 2). Only those conformations that are of suffi-
ciently low potential energy are included in the figure.
For comparison, the electrostatic surface potentials for
the four natural DNA bases are shown at the bottom of
the Figure 2. Inspection of the figure reveals that the
family includes a broad range of electronic surface pro-
files within a common steric framework. Since the size
and shape of the azole carboxamide framework closely
matches the natural bases, this family of analogs consti-
tutes a particularly useful set of molecules for probing
electrostatic interactions within protein sites that bind
nucleic acid bases.

Azole Nucleobase Effects on DNA Duplex Stability

Comparison of the thermodynamic stability of deoxy-
oligonucleotides containing nucleosides 1-5 reveals a
consistent pattern of base pairing preferences that can
be traced to the nitrogen atom placement in the azole
ring. There are significant differences in the base pairing
preferences of the five azole nucleobases, which can
be attributed to the B ring nitrogen (Table 1). When a g
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Figure 2. Electronic Profiles for All Azole Carboxamide Nucleobases in the Preferred Amide Conformations

Red designates the highest electronegative regions, green is neutral, and blue is net electropositive. The electrostatic contour diagrams shown
in this figure were generated in the program MacSpartan Plus (Wavefunction, Inc., Irvine, CA), version 2.0. For display purposes the electron
density potential was set for the range —64.000 (red) to 54.000 electrons/au3 (blue), and the isovalue was set at 0.002 (green). The partial
atomic charges were calculated in MacSpartan Plus using the AM1 model [58].
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Table 1. Thermal Melting Studies with Azole Base-Containing
Oligonucleotides

Azole Base dA dC dG dT
1 29 21 40 40
2 27 28 28 28
3 31 14 51 39
4 20 25 24 31
5 19 15 25 34

T., values (°C) for the oligonucleotide d(CGCAzAATTNGCG), where
Az = azole nucleobase 1,2, 3,4,0or5,and N = A, C, G, or T. The
T values for sequences containing 5 have already been published
elsewhere [36].

ring nitrogen is absent (nucleosides 2, 4, and 5), the T,
values opposite each of the four bases fall into a rela-
tively narrow range [36]. Notably, nucleoside 2 showed
no discrimination; the T, values of the four different
12-mers containing nucleoside 2 opposite each of the
natural bases were virtually identical (28°C + 1°C). In
contrast, nucleoside 3, which contains a {3 ring nitrogen,
showed high discrimination. The duplexes with 3 oppo-
site dG (T, = 51°C) and T (T,, = 39°C) are stable when
compared to the pair with dC (T,, = 14°C). These results
are consistent with a preferred conformation where the
carboxamide NH is syn to the { ring nitrogen [38]. Nucleo-
side 1 (1,2,4-triazole-3-carboxamide) and imidazole-
4-carboxamide show trends similar to 3, although the
T, values for the deoxyoligonucleotides with the nucleo-
side paired opposite dG and T are lower [37]. The base-
pairing preferences for the azole carboxamide nu-
cleobases reveal that the B ring nitrogen is a major
determinant for duplex stability and base pairing dis-
crimination.

Triazole Nucleobase Template Properties

with Tag DNA Polymerase

Taq DNA polymerase recognition of the azole carbox-
amide nucleobases can be assessed by measuring the
relative incorporations of natural bases across from a
DNA template containing an azole carboxamide at a
specified position. In order to assess the rates of incor-
poration of natural bases opposite the azole nucleo-
bases in the template, we performed steady-state ki-
netic studies using the gel-based Goodman assay [39].
The assay involved extension of the Cy5-labeled primer
(23-mer) hybridized with the template strand (28-mer)
containing the appropriate azole nucleobase (1-5).
These single nucleotide incorporation studies revealed
an interesting spectrum of selectivities toward the natu-
ral nucleotides. For natural purine/pyrimidine nucleotide
substrates and templates, a 1000-fold distinction be-
tween matched and mismatched pairs is observed in
V.o/K: values. When the azole nucleobases are in the
template, the distinctions between V,./K,, values for
each of the bases is relaxed, ranging from 1- to 50-
fold (Table 2). In all the compounds, 1-5, the rate of
incorporation showed a different level of degeneracy
toward the natural bases. For example, nucleobase 1 is
a good purine mimic and shows a 25-fold higher selec-
tivity for dC and T in comparison to dA and dG, which are
similar to the mismatched natural base pair formation. In

Table 2. Steady-State Incorporation of Natural Nucleobases
Opposite the Azole Carboxamide Nucleobases in the
Template Strand

Template
Base dNTP K Vinax Vinax/ K % PCR
dG dATP 261 0.016 0.06 ND
(62) (0.002)
dCTP 3 0.456 152.07 ND
0) (0.035)
dGTP 129 0.018 0.14 ND
(23) (0.001)
dTTP 367 0.070 0.19 ND
(63) (0.004)
dA dTTP 5 0.781 156.14 ND
2 (0.096)
1 dATP NA NA NA 1
dCTP 156 0.421 2.70 47
(40) (0.035)
dGTP 15 0.002 0.15 0
2 (0.000)
dTTP 194 0.625 3.22 52
(35) (0.043)
2 dATP 180 0.473 2.63 40
(20) (0.020)
dCTP 191 0.450 2.36 39
(43) (0.038)
dGTP 55 0.002 0.04 0
(34) (0.000)
dTTP 247 0.421 1.70 20
(51) (0.035)
3 dATP 162 0.386 2.38 11
(46) (0.035)
dCTP NA NA NA 0
dGTP 22 0.518 23.52 84
6) (0.018)
dTTP 16 0.008 0.51 6
(5) (0.000)
4 dATP 222 0.156 0.70 2
(51) (0.018)
dCTP 38 0.569 14.98 51
8) (0.024)
dGTP 175 0.092 0.53 1
(58) (0.011)
dTTP 81 0.773 9.54 45
(12) (0.032)
5 dATP 219 0.377 1.72 33
(78) (0.053)
dCTP 83 0.022 0.26 0
(34) (0.001)
dGTP 74 0.012 0.17 2
42) (0.001)
dTTP 86 0.719 8.36 65
(12) (0.026)

Here, K, is expressed in pM, V., is in pumol/min-mg, and V,../K., is
in umol/min-mg-pM X 1073, NA indicates that the data for these
particular base pairs could not be obtained because the turnover
was below the detection limit of the protocol used for estimation.
For comparison, the percent incorporation values for the PCR assay
(from Figure 3) are included for clarity. ND indicates values that were
not determined using the PCR-based assay. Values in parentheses
indicate the standard error. The protein concentrations in the en-
zyme assay were determined using Sypro Ruby staining in SDS-
PAGE. The results for the PCR assay for 4 and 5 have already been
published elsewhere [33].

general, we observe similar discrimination (as reflected
in the differences of V,,.,/K., values) toward the incorpo-
ration of natural bases opposite compounds 1-5 despite
the greater hydrophobicity of compounds 4 and 5.
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Figure 3. Incorporation of Natural Substrate
Opposite the Azole Nucleobase in PCR Assay

(A) Azole nucleobase-containing PCR prim-
ers and their sequence context used to am-
plify the HisF gene. For 3, primers Il and Il
were also synthesized and used in the same
assay.

(B) The percent natural substrate incorpora-
tion using templates that contain the azole
nucleobases. Azole carboxamide nucleo-
tides 1-3 were incorporated into the HisF
gene by PCR using primers I-lll. PCR, di-
deoxy cycle sequencing reactions, and PAGE
were performed for each azole carboxamide-
containing oligonucleotide. The percentage
incorporation of each deoxyribonucleotide
by Taq DNA polymerase opposite the sites
containing the azole carboxamide nucleotide
analogs represents the average of between
four and eight runs, with the standard devia-
tion in parentheses.

In order to probe the recognition of the azole nucleo-
bases in larger DNA templates, we prepared the primers
shown in Figure 3 for a PCR-based assay [33]. These
primers are complementary to the 5'-end of the hisF
gene and allowed direct comparisons to previous re-
sults. PCR amplification of the gene using the sense
primers I-lll and an antisense primer yielded full-length
gene products in which different amounts of natural
nucleotides are incorporated opposite positions 35
(primer ), 33 (primer 11), and 27 (primer lll). DNA sequence
analysis and base quantification at the specified posi-
tion allowed for assessment of the template properties
of the azole nucleobases. Each of the three azoles
nucleobases 1-3 provided distinct distributions of pu-
rine and pyrimidine base incorporations. Most strikingly,
the results from the PCR incorporation of the natural
bases opposite the azole nucleobases correlates well
with the V,. /K., values obtained in the kinetic studies
(Table 2).

One of the bases, 1,2,3-triazole-4-carboxamide 3, was
examined in three different sequence contexts to assess
if neighboring base effects in the template dictate the
distribution of base incorporations and, hence, the sub-
strate preferences. The results of these incorporation
studies are also summarized in Figure 3. Only small
differences were observed in comparing primer se-
quence context for azole carboxamide 3 at positions
35, 33, and 27 (primers I-lll). At least in these template
sequences, the position of azole carboxamide does not
play a significant role in recognition of the azole-sub-
strate nucleobase pairs during the incorporation step
by Tag DNA polymerase.

A question that arises with azole carboxamide nucleo-
bases is whether they resemble matched or mismatched
base pairs. While the overall effects of the azole carbox-
amides are destabilizing, there are defined cases of pre-
ferred pairings (Table 1). If base-pairing preferences are
contributing factors in dictating Tag DNA polymerase

specificity, natural base insertion opposite a template
azole nucleotide should be reflected in the thermody-
namic preferences. However, triazole 1, which pairs well
with dG and T in the T,, experiments, fails to incorporate
any dG (Tables 1 and 2). Moreover, Taqg DNA polymerase
directs the insertion of dC opposite triazole 1 despite
the low stability of this base pair. Triazole 2 shows no
preference in base pairing, but Tag DNA polymerase
directs the incorporation of dA, dC, and T but not dG.
In contrast, the base pair between triazole 3 and dG is
particularly stable when compared with dA, dC, or T,
and Tag DNA polymerase inserts dG opposite 3 at a
higher rate than the other three nucleotides. Finally, the
stability of the base pairs of T with triazole 1 and 3
are equivalent; however, Tag DNA polymerase does not
effectively incorporate T when paired with 3.

These results indicate that there is a significant contri-
bution to Tag DNA polymerase-directed base insertion
stemming from factors other than shape and hydrogen
bonding between complementary bases. Inspection of
possible base pairs between the triazoles and natural
nucleic acid bases (Figure 4) reveals a striking corre-
spondence between the relative position of the o sp?
hybridized nitrogen (N2 in triazoles 1 and 3, and N1 and
N3 in triazole 2) and the selected substrate nucleotides.
The model in which azole carboxamide-natural base
pairs most closely mimic purine-pyrimidine base pairs
precludes any direct involvement of the « nitrogen in
hydrogen bonding to the incoming nucleotide substrate.
When the a nitrogen is on the same side of the azole
as the carboxamide group (Figure 4A), the base is able
to function as a universal purine. In this case, the bond
between the amide carbonyl carbon and azole heterocy-
cle is assumed to rotate 180° so that the amide-NH,
mimics either the exocyclic amino group of adenine or
the N(1)-H of guanine (Figure 4A). When the « nitrogen
is on the opposite side (from the carboxamide substitu-
ent) of the heterocycle and the heterocycle contains a
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Figure 4. The Model for Orientation of the Template Azole Nucleobases with Respect to the Incoming dNTP Substrate

(A) These base conformations are predicted to be those that lead to incorporation of the specific dNTP and extension of the primer strand
DNA. The percentages are stated for the relative amount of the specific dNTP in the PCR product (Figure 3) and the T, value from Table 1.
(B) Shown are the conformations of the template azole nucleobases that do not lead to minimal or no incorporation of the specific ANTP and

the corresponding T,,.

B nitrogen (azole 3, Figure 4A), the molecule appears to
adopt a conformation that enables it to function as a
universal pyrimidine. Triazole 2 contains a nitrogen atom
in both « positions. Consequently, it assumes either a
pyrimidine- or a purine-like configuration during exten-
sion. Indeed, this base efficiently directs the incorpora-
tion of three nucleotides, dA, dC, and T.

Empirical Rule for Minor Groove Orientation

Among the three triazole carboxamides included in this
study and the four pyrazole, imidazole, and pyrrole car-
boxamides previously investigated as substrates for Taq

DNA polymerase [33], only triazole 3 directs the insertion
of dG. Triazole 3 is the only azole nucleobase that is
configured to orient the o nitrogen toward the minor
groove while positioning both the B nitrogen and the
amide-NH, for hydrogen bonding to dG (Figure 4A ver-
sus 4B). In contrast, azole carboxamides 1 and 2, as
well as pyrazole 3-carboxamide (4) [33], are configured
so that when the a nitrogen orients toward the minor
groove then the amide group is in position for hydrogen
bonding to dC (Figure 4A). For those azole carboxamide
nucleobases that direct the incorporation of dA or T,
there are no strict requirements for complementary hy-
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drogen bonding, but the position of the « nitrogen
strongly influences the preference for dA or T (Figure
4B). To direct the insertion of T, the carboxamide must
be on the B carbon directly adjacent to the « nitrogen
(e.g., 1 and 4), while specificity for dA is observed when
the o nitrogen and 3 carboxamide are on opposite sides
of the ring (pyrazole-4-carboxamide) [33].

The conformational relationships for the ring nitrogens
and carboxamide groups in these azoles (Figures 4A
and 4B) represent an empirical observation based upon
the principles of canonical Watson-Crick base pairs.
However, the inferior stability of the azole hydrogen
bonding relationships with natural bases reveals that
simple base pairing rules cannot explain the nucleotide
substrate selection by Tag DNA polymerase (Table 2)
[36-38, 40]. Explanations such as “enforced” Watson-
Crick interactions (through induced fit) that have been
used to explain the basis for how DNA polymerases
select a dNTP substrate [7] are not sufficient to explain
the results observed for the azole carboxamide tem-
plates.

Base Pair Contacts in Tag DNA Polymerase

The template effects of the azole nucleobases with Tag
DNA polymerase are dependent upon the nitrogen sub-
stitution pattern. In turn, these results indicate that addi-
tional nonbonding interactions are important in the en-
zyme-template-substrate complexes. The azole bases
offer a different perspective from other nucleobases
used to study Pol | polymerases. Previously studied
artificial nucleobase systems have recognition features
based upon hydrogen bonding capacity [13, 18-20] and/
or shape (hydrophobics) as a strategy of maintaining
the overall base pair stability [21, 23-25, 41]. In contrast,
the series of azole carboxamide nucleobases studied
to date have similar shapes, reduced hydrogen bonding
potential, and generally unstable duplex base pairs [36,
37, 40, 42, 43]. The results with nucleobases 1-3 and
those previously studied [33] represent an example of
how Taq DNA polymerase can detect specific electronic
features of the template-substrate pair during the sub-
strate selection process. It is likely that the electronic
distribution plays a significant role in dictating the base-
pairing property. Earlier reports have described hy-
drophobic analogs that are excellent substrates for the
Pol | family of DNA polymerases, when pairing with dA.
As suggested in these studies with nonpolar nucleoside
analogs, this could be due to the better base stacking
ability and solvation effects [1, 24, 25, 44].

Important insights regarding the common structural
and functional features of DNA polymerases have
emerged [6, 7, 45]. Several key features derived from
the X-ray crystal structures for the Pol | family of DNA
polymerases have been revealed [3, 4, 42, 43]. Of
particular significance are the recent advances in the
structural data for the Tag DNA polymerase derivative
Klentaq I. Two important ternary complexes of primer-
template-ddNTP have been solved and reveal the
conformational distinctions between the “open” and
“closed” forms [2]. A series of primer/template and
ddNTP structures in conformational states that repre-
sent the “closed complex” of Klentag have also been

solved [3]. Figure 5A is a model with the template azole
nucleobase that highlights the extensive conformational
changes in the template base and several active site
residues that must occur to render the initial substrate-
enzyme-template open complex to the closed state. The
open forms do not involve any base-base recognition
between the dNTP and the template for either the natural
or azole nucleobases. In these closed complexes, the
ddNTP and primer strand are poised for formation of
the phosphodiester bond and offer another vantage for
understanding the features of the enzyme that are criti-
cal in substrate recognition.

The molecular environment that exists in the closed
form would be sensitive to the nitrogen substitution pat-
terns. A close examination of amino acid contacts in
the closed conformation with the template/NTP base
pair in Klentaq [2, 3, 46, 47] and the related Pol | enzyme
from T7 [4] reveals a major feature of the closed confor-
mation that involves an ordered water molecule on the
incipient minor groove edge of the base pair in the
closed conformation [2]. Amino acid residues Glu615,
Asn750, and GIn754 all participate in hydrogen bonding
with the ordered water molecule (Figure 5B). Together
with the conserved residues that line the top of the
bases (mentioned above), the tightly held water mole-
cule resides within 3 A of the substrate base (N2 or 03)
and forms an electrostatic “wall” on the minor groove
edge of the incipient base pairs. In addition, Tyr671
is also positioned in a region that forms a “cap” and
completes a cage around the minor groove side of the
incipient base pair. Not pictured is an additional Arg573
residue that is located within hydrogen bonding dis-
tance to the water molecule that also contributes to the
electronic environment on the minor groove side [3].
These intimate relationships between the amino acid
side chains and the template-substrate complex are
completely conserved within the T7 DNA polymerase
structure [4]. Mutations of the corresponding residues
in the Klenow fragment enzyme indicate functional roles
for these residues in the extension step [48]. As pro-
posed in Figure 4, a model consistent with our observa-
tions regarding the template-substrate specificity indi-
cates the importance of a nitrogen atom oriented toward
the minor groove side of the base pair. The structural
data are consistent with a functional role for this nitrogen
atom to reside in a region close to the electrostatic
pocket.

These closed complexes show an additional type of
nonbonding interaction on the top of the base pairs.
Two amino acid methylene groups are positioned di-
rectly above the aromatic = system of the base pair.
Among the Pol | DNA polymerases, Phe667 and Gly668
are conserved residues that undergo major conforma-
tional changes upon forming the closed ternary com-
plex, as shown in Figures 5C and 5D. The Klentaq con-
formation positions the methylene group of Gly668 in a
CH/= interaction with the imidazole ring of the template
base, guanine. The methylene group of Phe667 lies over
the hydrogen bonding region, while the aromatic ring
forms a wall over the substrate-template base pair. In
the T7 DNA polymerase complex with cytosine as the
template site, the corresponding methylene groups of
Tyr526 and Gly527 maintain a similar relationship to the
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Figure 5. Models of the Key Residues Interacting with the Substrate-Template Pair in the Ternary Complex of Tag DNA Polymerase

(A) Stick figure illustrating the open (green) to closed (multicolor) transition in the ternary complex of Tag DNA polymerase, primer-template,
and dCTP. The template G base has been removed and replaced with the azole nucleobase 1 and is shown along with the amino acids

Phe668, Gly667, and Tyr671.

(B) Minor groove view of the G:C base pair with the order water molecule as discussed in the text. The amino acids residues (dot surfaces)
around the water molecule include Glu615, Asn750, and GIn754. Tyr671 is also shown along with Phe667 and Gly668 over the top of the G:C

base pair. For clarity, this graphic omits residue R573.

(C) Top view of the G:C base pair (space fill) at the active site in the closed ternary complex of Tag DNA polymerase with Phe667 and Gly668

in stick. The substrate in this case is dCTP.

(D) Side view of the same G:C base pair with Phe667 and Gly668 in space fill (dot surfaces) to show the close proximity of the substrate

B-phosphate oxygen to the aromatic side chain.

template bases. Tyr526 of T7 DNA polymerase is in a
different position relative to that observed in Klentaq,
but remains stacked above the purine = system of the
incoming substrate analog, ddGTP (data not shown).
For every case mentioned, the distances from the amino
acid methylene carbon to the specific atom of the nu-
cleic acid bases are in the range of 3.3 to 3.8 A. The
carbonyl amide of Phe667 also lies close to N2 and O3
of the respective bases in the template site (Figure 5C
and 5D). In the case of Klentaq, these interactions are
present in all four template/substrate pairs that have
been solved to date [3].

The CH/x interaction is one that is orientation depen-
dent and entropically favored. These interactions have
been described as behaving like weak hydrogen bonds
between soft acids and soft bases [49]. CH/w interac-
tions involving adenine and guanine ring nitrogen atoms
(aromatic sp? hybridized) and a methylene side chain
of other protein amino acid show the same distance
relationships in the Klentaqg models [50-52]. The optimal
point of contact with the amino acid methylene groups
is expected to shift for analogs 1-5 relative to the natural
bases. Likewise, the position of the amide carbonyl of
Phe667 would also reposition dependent upon the loca-

tion of the minor groove “N2- or O3-like” atoms in the
nucleobase analog. The conformational flexibility of
these azoles through simple “flips” and amide side chain
rotations allows each analog to reposition its electronic
surface to optimize these nonbonding interactions.

The positioning of the amino acid side chains over
the top of the substrate-template base pair could affect
the stability of the complex and the rate of the incipient
bond-forming step. As shown in Figure 5D, Phe667 is
in close contact with the B-phosphate oxygen in the
dNTP substrate; a small translation of the side chain
would result in arepulsive van der Waals interaction. The
net effect would be minor alterations of the phosphate-
oxygen bridge conformation, which is known to have a
direct effect on the transition state for reaction with the
incoming 3’-hydroxyl group of the template [7]. Muta-
tions in this position in both Taq and T7 DNA polymer-
ases have been observed to affect the substrate selec-
tivity, consistent with these structural observations
[9, 10]. Reduced fidelity effects for mutations at this
position in the E. coli Klenow fragment have long been
known [53].

From previous studies of Pol | polymerases, distinct
conformational changes have been indicated in the cat-
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alytic cycle [54, 55]. The formation of the closed confor-
mation has been postulated as the key kinetic barrier
prior to the chemical bond forming step. The enzyme-
substrate-template structures now indicate extensive
nonbonding interactions for nucleobase recognition in
the closed conformation. However, their impact on the
overall kinetic mechanism for selection of the dNTP re-
mains ambiguous. From our modeling studies, it is clear
that the Tag DNA polymerase active site accommodates
the azole nucleobases and allows for different confor-
mations that would arise from reversible transitions from
the open and closed states. An important aspect of
the substrate selection process could be the relative
stabilization of the closed ternary complex [41, 56]. Each
azole conformation offers differing degrees of stabilizing
and destabilizing interactions in the closed ternary com-
plexes. The details of the mechanism and relative contri-
butions will require a better understanding of the kinetic
consequences of azole nucleobase substitutions in Tag
DNA polymerase turnover.

Significance

A set of isosteric azole nucleobase analogs with
unique electrostatic properties has been developed
that provide a means to probe features of DNA poly-
merase-template-substrate recognition distinct from
base-base hydrogen bonding and shape. When these
azole nucleobases are used as part of DNA templates,
they offer identical overall spatial configurations, and
only the distinctive electronic features of each ring
system influences the substrate selection process at
the DNA polymerase extension site. Based upon our
analysis of the Tag DNA polymerase with 1-5 and the
current structural data for the ternary complexes in
the Pol | family, there is a specific recognition surface
that is created on the minor groove side of the incipient
substrate-template pair. In addition, the top face of the
substrate-template base pair constitutes an important
recognition feature for specific interactions with the
DNA polymerase. The =w— facial and electrostatic rec-
ognition features in addition to base pair shape recog-
nition occur only in the closed conformation. Together,
they constitute a more complete perspective on the
molecular basis for fidelity of nucleic acid synthesis
and indicate that weak, cumulative nonbonding inter-
actions are important in substrate selection. These
recognition features are distinct from minor groove
contacts recently identified distal to the active site
between the DNA polymerase, the purine N3, and py-
rimidine 02, which have a likely role in primer exten-
sion efficiency. As a set of general probes, the azole
nucleobase will open the door to a more detailed study
of the nonbonding interactions and dynamics in other
polymerase families. The role of the specific amino
acid residues in other conserved families of DNA poly-
merases is not expected to be the same as in Pol |
polymerases. However, the distinctions at this level
of molecular analysis are likely to reveal important
evolutionary paths that relate ultimately to the context
of their biological functions.

Experimental Procedures

Synthesis of the three deoxyribonucleosides has been reported [40,
57]. For incorporation into oligonucleotides, the three nucleosides
were transformed into 5'-dimethoxytrityl-3'-phosphoramidites as
described for the structurally related imidazole carboxamide [37].
The self-complementary oligonucleotides used for T,, experiments
were synthesized and purified as previously described for related
azole nucleoside analogs [36]. Sense strand 40-mer primers for PCR
corresponding to positions —10 to 30 of the E. coli hisF gene in
the expression vector phisF-tac were prepared with the analogs
incorporated in position 36 [33]. A 30-mer antisense primer was
composed entirely of natural bases. All oligonucleotide primers were
prepared either (1) by using an ABI 380B or 392 DNA synthesizer in
the Laboratory for Macromolecular Structure at Purdue University
or (2) at Midland Certified Reagent Company (Midland, TX) using
phosphoramidites described above. All primers were purified by
urea-PAGE before use. Template DNA for PCR was produced by
Pwvull digestion of the expression vector phisF-tac.

The 40-mer oligonucleotides containing modified bases served
as sense strand primers for polymerase chain reactions (PCRs) cata-
lyzed by the Tag DNA polymerase (Amplitaq from Perkin-Elmer).
PCR, sequencing, and quantitation of the sequencing gels were
accomplished as previously described [33]. Area integration of all
four lanes of a sequencing gel imaged by a Storm 860 Phosphorim-
ager (Molecular Dynamics) yielded data on the relative amounts of
nucleotide incorporation for a given nucleobase. Averaging between
four and eight sequencing gel images assessed the recognition of
each azole nucleobase in a DNA template. The sequencing data in
Table 2 represent values for nucleobase incorporation that showed
a standard deviation of <8%.

A single-nucleotide incorporation assay was used to measure
the steady-state extension efficiency against the natural and the
artificial base in the template DNA [39]. The primer sequence was
5'-[Cy5]-TAATACGACTCACTATAGGGAGA (23-mer) for all the ex-
periments. The template sequence was 3'-ATTATGCTGAGTGATAT
CCCTCTXGTCA (28-mer), where X represents the natural or artificial
base. The labeled primer and unlabeled template were mixed at a
ratio of 1:2 and used at a final concentration of 125 nM in each 50
pL reaction containing 10 mM Tris-HCI (pH 8.3) (at 25°C), 50 mM
KCl, 1.5 mM MgCl,, 0.001% gelatin, and different concentrations of
dNTP (Promega) in each reaction. The concentration of the dNTPs
ranged from 10 to 1000 M for the artificial bases and from 0.5 to
50 wM for the natural bases. Incubations were carried out at 70°C
on mixing with Amplitaq DNA polymerase (Perkin-Elmer, 2.1-8.5 ng
per reaction) for ten different time intervals ranging from 4 to 90 min
for the artificial bases and from 6 to 60 min for the natural bases.
In cases of lower reaction rates, the incubations were carried out
for 1-4 hr, with suitable enzyme concentration to attain 5%-20%
turnover. The reactions were quenched using the buffer containing
80% formamide, 2 mM EDTA, and Tris Borate EDTA buffer. The
parameters were chosen so that the turnover lies below 20%. The
reactions were analyzed on 20% acrylamide (19:1 mono:bis) dena-
turing (7 M urea) gels (30 cm X 40 cm X 0.4 mm). The products
were quantified using red fluorescence on a laser-based imager,
Storm 860 (Molecular Dynamics). The V., and K, values were deter-
mined by plotting the hyperbola using Origin 6.0.

Supplemental Data

General materials and procedures for the synthesis of phosphor-
amidites of 1, 2, and 3, analysis of oligonucleotides by enzymatic
digestion and HPLC, thermal melting studies, PCR, and DNA se-
quencing and analysis are available at http://www.chembiol.com/
cgi/content/full/10/9/815/DC1.
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