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Abstract: We describe a survey of prote#DNA interactions with seven different DNA polymerases and
reverse transcriptases, carried out with nonpolar nucleoside isosteres F (a thymidine analog) and Z and Q
(deoxyadenosine analogues). Previous results have shown that Z and F can be efficiently replicated opposite
each other by the exonuclease-free Klenow fragment of DNA polymerase | Esoherichia coli(KF™),

although both of them lack WatseiCrick H-bonding ability. We find that exonuclease-inactive T7 DNA
polymerase (T7), Thermus aquaticu®PNA polymerase (Taq), and HIV-reverse transcriptase (HRT)
synthesize the nonnatural base pairstA F—A, F—Z, and Z-F with high efficiency, similarly to KF. Steady-

state kinetics were also measured for Tand the efficiency of insertion is very similar to that of KF
interestingly, the replication selectivity with this pair is higher for Tthan KF-, possibly due to a tighter

active site. A second group comprised of calf thymus DNA polymecageol o) and avian myeloblastosis

virus reverse transcriptase (AMV-RT) was able to replicate thd-Aand F-A base pairs to some extent but

not the FZ and the ZF base pairs. Most of the insertion was recovered when Z was replaced by the nucleoside
Q (9-methyl-1-H-imidazo[(4,5p]pyridine), which is analogous to Z but possesses a minor groove acceptor
nitrogen. This strongly supports the existence of an energetically important hydrogen-bonded interaction between
the polymerase and the minor groove at the incipient base pair for these enzymes. A third group, formed by
human DNA polymerasg (Pol ) and Moloney murine leukemia virus reverse transcriptase (MMLV-RT),
failed to replicate the +Z and Z-F base pairs. No insertion recovery was observed when Z was replaced by

Q, possibly indicating that hydrogen bonds are needed at both the template and the triphosphate sites. The
results point out the importance of DNA minor groove interactions at the incipient base pair for the activity

of some polymerases, and demonstrate the variation in these interactions from enzyme to enzyme.

Introduction time, an even broader array of mechanistic studies has been

Recently a sizable number of crystal structures of DNA carried OL_'t with _this family of enzymes, painting a dynamic
polymerase enzymes have been solved, helping to gain con-ang functlg_nal p;ctu:e of the pr_oce?s asa V\{ﬁok.detallbed
siderable molecular understanding of their biochemical mech- understan |n_g ot po ymeras_es '_S' 0 _course, !mportant I
anismt Cocrystals of polymerases with DNA have added much of the essential role that the fidelity of information transfer plays
detail to the picture of how polymerase activities such as N replication and in disease states. This information takes on

replication and proofreading are carried &ui. At the same practical importance as well, since polymerases are targets for

a number of useful therapeutic agents.
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sugar-phosphate backbone of the DNA, the interactions which to inhibit KF,” although whether the inhibition arose in the
govern the selection of the appropriate nucleotide are madeinsertion or extension step is not known.

inside this radius and involve the bases themselves. The To avoid some of the problems associated with known
published ternary crystal structures of complexes of DNA nucleoside analogues, such as steric differences, tautomerization,
polymerases with double-stranded DNA and an incoming and alteration of basicity relative to their natural counterparts,
nucleotide show specific interactions between the minor groove we have proposed the use of nonpolar analogues for thymidine
of the DNA and H-bond donor groups of the protéint and (F) and for adenosine (Z) to study DN#rotein interaction§.

this finding has been suggestive of possibly important roles These compounds maintain steric size and shape as closely as
played by these interactiodsAlthough some of these interac-  possible, and have all Watsetrick hydrogen-bonding groups
tions have been examined by mutagenesis of specific side chaingemoved to eliminate complications from those polar groups.
in polymerase$, few studies exist in which the functional Importantly, recent NMR studies have shown that theFair
importance of H-bond acceptors in the DNA itself has been in duplex DNA is closely analogous in structure to ar-A
probed. pair8" We have found that analogue base pairs such -as,A

There exist only a few studies in which polymerase minor F—A, F—Z, and Z-F are efficiently and selectively synthesized
groove interactions in KFor Taq were evaluated with modified Py KF™, supporting the idea that shape complementarity and
DNAs. Spratt used a 3-deazaguanine nucleoside to evaluate th&olvation effects play as important a role as besase hydrogen
possibility of an H-bond to the 3-position in a template strand. bonds*?In a preliminary study, the possible significance of
The elimination of this nitrogen donor was observed to cause a interactions between KFand the minor groove of DNA was
170-fold decrease in insertion efficiency with Klenow poly- also investigated: For this polymerase it was found that minor
merase. However, data with analogues from our laboratory 9r0OVe interactions h.ave.a qualltafuvely small effect for insertion,
suggest that there is no decrease in efficiency when N is replacedPUt 2 single interaction in the primer strand can make a 300-
by CH at the same position (see data below). Two other fold difference in extension efficiency. .
modified nucleotides, dCTP and dTTP analogues lacking minor ~ Here, we report new studies with a varied series of DNA
groove keto groups, were used by Guo et al. to test minor grc,()\,epolymerases and_reverse transcriptases to investigate the general
interactions at the primer strand with KF and Tafy complete importance of minor groove interactions, Watsdbrick hy-
lack of insertion, and even polymerase inhibition, was observed dregen bonds, geometric constraints, and solvation at the
with these analogues, which was attributed to loss of a minor inSertion step of replication. We find that the polymerases can
groove interaction. In contrast to this, preliminary data from D€ grouped into three classes, depending on the number of minor
our laboratory have found little or no effect of elimination of a 9r0ove interactions needed at the active site and the tightness
minor groove H-bonding group on the incoming nucleotide (see of the active site for efficient base pair synthesis. In addition,

below). In a related study, a 3-deaza-dATP analogue was foundfor the majority of cases no hydrogen bonds between the bases
appear to be needed during the insertion step if the requirements

of correct geometry and specific minor groove interactions are
fulfilled. The results also illustrate the general utility of these
nonpolar base analogues as probes of preteiNA interactions.
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A There was very little synthesis of any of the new base pairs
F CHs CHs with F or Z in the template or with the triphosphates dFTP or

HsC N:@ ij dZTP. The figure shows that only the base pairs®(for Pol

| N p) and F—T (for MMLV-RT) were obtained with low ef-

Several reasons can be argued to explain the differences
between the three groups on replicating the nonpolar base pairs.
First, it is possible that WatsetCrick hydrogen bonds between

HO

¢ ¢
HO F HO N HO N L
o \ ;o; \;o} ficiency.
HO HO
z Q

template for sinale-nucleotide insertions (X, Y=a,C,G,T,F,2,0) the bases are indispensable for DNA synthesis for the last group
avTP of polymerases. We consider this less convincing because a

5.,TAATACGACTCACTATAGGGAGA/ polymerase has no direct way of sensing these bonds, which

3" -ATTATGCTGAGTGATATCCCTCTXGTCA are internal to the DNA. It is possible that the lack of H-bonds

Figure 1. Structures and sequences in this study. (A) Structures of can be indirectly sensed, by the resulting destabilization of the
natural DNA bases and analogues. (B) Sequence of primer and templateduplex; however, our analogue base pairs are actually not

DNAs used in the polymerase experiments. destabilizing at the end of the DNA (see discussion below). A
The results are shown in Figures-2, grouped into three  second possibility is that the active sites become increasingly
broad classes of findings. Three enzymes;,Tl/aq, and HIV- sterically restrictive in the second and third groups. The analogue

RT, show results very similar to the previously reported data Z is larger by about 0.7 A than its natural analogue A because
for KF~ (F_igure 2)° First we examine the case with the of the C-H group at the 3 positioff and thus it may not be
analogues in the template strand (lanes.3). Among the four  sterically well accepted by some of the enzymes. Third, specific
natural nucleotides, dATP is inserted very efficiently opposite minor groove interactions between the incipient base pair and
F (A—F) by these enzymes, and dTTP is inserted to some extentthe enzyme active site may be energetically necessary at the
opposite Z. Note that base pairs-4 and T-Z are the closest  transition state for nucleotide insertion, at least for some in the
mimics of the natural base pairsA’ and T-A. Also observed |atter two groups of proteins. To investigate this third possibility,
to a lesser extent is the insertion of T opposite F, especially for the nonpolar isostere Q was compared to Z in insertion studies.
Hflf\./'.RT theE:e It ?‘ppe?_fs to be _{ou/ghly equivalent to the Probing Minor Groove Interactions at the Active Site for
€ \'/(\:/'ﬁncﬁho m|S||nser |o|n Otpdpos'd?:TF') d dzTP di Nucleotide Insertion. Minor groove interactions at the active

en the nonpolar nucleotides an aré used iNgiie could explain the low efficiency in the synthesis of some
the polymerlzatlon reaction (Flgurg 2, lanes 731) several new of the nonpolar base pairs by the second and third groups of
base pairs are f‘?”*.‘ed by th'.s flrs_t group. of enzymes. The polymerases. To investigate this hypothesis, we carried out
nucleotide dFTP is inserted with high efficiency opposite A, . S . . .

. . . single-nucleotide insertion experiments comparing all natural
opposite itself, and opposite Z, whereas dZTP is processed more{riphosphates and dETP opposite analogues Z and Q in the

selectively and is inserted preferentially opposite F in the - . :
template. Some small insertion of dZTP opposite T, and to a templa}te, as well as comparing the insertion of dZTP and dQTP
opposite all natural bases and analogues F, Z, and Q. The

lesser extent A, is observed for Taqg and HIV-RT, but not for
KF- and T7-. All these base pairs can closely mimic Watson structures of Z and Q are the same except that the CH group at
position 3 of Z is replaced by a nitrogen in Q (Figure 1), thus

Crick geometry in the active site, except the>A mismatch, . . .
which may be synthesized due to a change of conformation of placing an H-bond acceptor in the minor groove analogous to
A.ll These experiments were carried out for all the DNA

Z or A to syn. The 2T base pair is likely synthesized poorly ) .
because of the high cost of desolvation of T when nonpolar Z polymerases and reverse transcriptases of the second and third

is placed next to it%12 Taken together, the results in Figure 2 9rOUPS. The results for the second group are given in Figure 5.
suggest that none of these four enzymes needs hydrogen bonds When Q or dQTP was substituted for Z or dZTP, new base
between the bases for efficient nucleotide insertion. In addition, pairs were synthesized for the polymerases of the second group.
hydrogen bonds between the minor groove of the incipient baseWhen Z and Q are placed in the template (Figure 5, lanek,
pair and the protein do not seem to be important either, since FAFTP is inserted with much higher efficiency opposite Q than
and Z lack H-bond acceptor groups at those positions and areopposite Z by Pob., suggesting that a specific H-bond at the
replicated very efficiently opposite each other nonetheless.  template side of the incipient base pair is necessary for
A second grouping of results is constituted by Bobnd replication with that enzyme. Interestingly, the results are quite
AMV-RT (Figure 3). These polymerases were found to syn- different when the minor groove on the primer side of the
thesize only a subset of the new base pairs, and generally didincipient base pair is probed (lanes-189). We find that Pob
so with less efficiency than the first group of polymerases. The prefers to insert dZTP opposite F considerably more efficiently
pairs F~A and Z—F were formed with high efficiency by Pol  than dQTP opposite F. This suggests the possibility of a
a, while A—F and F~Z were synthesized with lower efficiency  nonpolar side chain of the enzyme interacting with position 3
under these nonforcing conditions. With AMV-RT, only#- of the nucleotide. Both results are consistent with the observed
synthesis is efficient, and-FF, F—Z, and Z=F are moderate  very efficient synthesis of +A base pair by this polymerase,
to low. With the former enzyme it is interesting to note that since this pair would satisfy both of these proposed interactions.
two unexpected base pairs;— and Z-C, were partially In the case of AMV-RT, we observe only insertion of dQTP
synth_eS|zed,. which may be due to a better fit of__Z opposite (not dZTP) opposite F (Figure 5, lane 27). No insertions are
cytosine (which possesses a smaller N at the 3-position, whereageen when either Z or Q is placed in the template. In contrast
thymidine has the sterically larger-H) in a highly constrained | it pol a, the results with AMV-RT suggest that a minor

active site. groove hydrogen bond between the incoming nucleotide and

The third group, consisting of Pd and MMI‘.V'RT’ was the enzyme, but not with the template, is required. The other
the least accepting of the nonnatural nucleotides (Figure 4). pairs such as ©T vs Z—T are not affected with either Pol

(12) Gao, JBiophys. Chem1994 51, 253-261. or AMV-RT, which may be due to the higher cost for
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Figure 2. Autoradiogram of denaturing PAGE gel showing single-nucleotide insertions with F or Z in the template strand and using dFTP or dZTP
as the nucleotide substrates. The data were taken € 3Conditions used were as follows: KF 0.2:b/ 5 uM primer/template duplex, 20M

dNTP and reaction time 2 min; T7 0.1ul/, pyrophosphatase 0.15 u/mL, 150 nd primer/template duplex, 2ZM dNTP and reaction time 4

min; Taq 0.025 y/L, 150 nM primer/template duplex, 1QM dNTP and reaction time 1 h; HIV-RT 0.025ul/, 150 nM primer/template duplex,
100u4M dNTP and reaction time 2 min.

dNTP A CGT ACGT ACGT

template A F z
base

dFTP dzTP

ACGTF Z A CGTF Z
M1 2 383 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

24 nt- ; - & i i Pol a.
“lbsnnT bebsssss iRl lEl.

2am AMV-RT
T asee sbbbsslscscsbtcansne

Figure 3. Autoradiogram of denaturing PAGE gel showing single-nucleotide insertions with F or Z in the template strand and using dFTP or dZTP
as the nucleotide substrates. The data were taken & .3Conditions used were as follows: RoD.1 uiL, 150 nM primer/template duplex, 100
uM dNTP and reaction time 1 h; AMV-RT 0.05i, 150 nM primer/template duplex, 1QtM dNTP and reaction time 45 min.

desolvation of T relative to F, which may negate any benefit of know in detail how a highly processive replicative enzyme
an improved minor groove interaction. would process these analogues. For that reason we undertook
When insertion experiments comparing Z and Q were carried quantitative studies with T7 polymerase so that we could
out for Pol and MMLV-RT (the third group), formation of ~ compare the results with previous data for KR hese values
nonpolar base pairs was not observed with either analogue. Thewould also lend more detailed information about how similar
same results were obtained when dZTP and dQTP werethe polymerases of the first group are.
compared. The results suggest that these enzymes may require We carried out studies of insertion of all natural triphosphates
an extremely close fit to WatsetCrick geometry, and/or that  opposite Z, insertion of dZTP opposite all natural bases, as well
minor groove interactions at both sides of the groove (template as opposite itself, and finally insertion of base pairs involving
side and incoming nucleotide) may be energetically necessary.F that will resemble an AT base pair, such as-AF, F—A,
Significantly, the X-ray crystal structure of the complex of Pol F—Z or Z—F, and also FF, to try to get information about
B with double-standed DNA and a nucleotide shows interactions the steric requirements of the active site. We also measured
consistent with this latter possibility (see discussion belw). formation of a natural base pair {AT) and a mismatch (A-C)
Quantitative Single-Nucleotide Insertion Studies with T7 as controls. The data are given in Table 1.
DNA Polymerase. Previous steady-state kinetics studies of  First we investigated replication with Z in the template. The
analogues F and Z were carried out with KFa poorly results show that T7 inserts dFTP opposite Z with high
processive repair enzynieWe were interested, therefore, to efficiency and preferentially over the natural nucleotides and
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dNTP A CGT ACGT ACGT dFTP dZTP
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Figure 4. Autoradiogram of denaturing PAGE gel showing single-nucleotide insertions with F or Z in the template strand and using dFTP or dZTP
as the nucleotide substrates. The data were taken &€ 3Zonditions used were as follows: B®H0.1 uiL, 5 nM primer/template duplex, 500

uM dNTP (except dZTPuM) and reaction time 6 h; MMLV-RT 0.25 uL, 150 nM primer/template duplex, 1M dNTP and reaction time 5

min.

dNTP ACGTF ACGTF ACGTTF dzTP dQTP

base A z Q A CG TFZQACGTTFZAQ
M1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

24 nt-

o | seseTPesssbesnea®ilaiBalasnnier

24 nt-
I T T T rrn—— L

Figure 5. Autoradiogram of denaturing PAGE gel showing single-nucleotide insertions with Z or Q in the template strand and using dZTP or
dQTP as the nucleotide substrates. The data were taken°&.3Zonditions used were the same as in Figure 3.

Table 1. Steady-State Kinetics for Single Nucleotide Insertions magnitude difference in selecting dZTP opposite F than dZTP
with T7 DNA Polymeriase (exo?) opposite Z based (apparently) only on steric exclusion. At the
nucleoside template K, Vinax efficiency fidelity same time, when dFTP is employed as the substrate for T7, we
triphosphatebase (X)  (uM) (omin™)  (VmalKm) (selectivity) find that it is inserted better opposite itself than opposite Z with
dATP Z 450 (35) 1.60(0.17) 3.5 10° 0.017 a 5-fold preference, and only less efficiently than a natural base
gg'; § ggg gég) 3'832(?648;) gﬁ ﬁ 8-8334 pair by a factor of 32. The data suggest that this may reflect
dTTP Z 500 (130) 35 (0_9)' 7010 0.033 thg larger size of theFZ base_ palr.compar_eq to a natural base
dFTP z 17 (8) 3.5(0.6) 2% 106 1 pair. Only A—F is inserted with higher efficiency than-,
dzTP Z 240(130)  0.040(0.010) 1:61C% 0.0008 which may be due to small hydrogen bond interactions between
dzTP A 280(120)  0.007(0.001) 2:510" 0.0021 the bases, or because the natural base is still a better substrate
dzTP C  240(20) 0.003 (0.002) 1:810* 0.0011 for the enzvme
dzTP G 100 (30) 0.005 (0.0006) 5:010*  0.0042 yme. .
dzTP T 230(150)  0.004 (0.0008) 1710t 0.0014 In summary, the data show that all the nonpolar base pairs
gﬂi $ 28%0()0 10) g-gg ((8-2()3) é-g 181 i mimicking an A-T base pair (A-F, F—A, F—Z, and Z—F)
dATP C  940(760) ~ 0.44(0.086) 4107 0.00001 and F-F are synthesized quite efficiently by T,/and noticeable
dATP = 0.55 (0.06) 5.90 (1.5) 1410 030 selectivity is found relatlvg to mlsmatched base pairs in Wh!Ch
dFTP F 5.70 (4.3) 5.5(0.90) 910 0.030 Watson-Crick geometry is sterically excluded. These quantita-
drFTP A 29(14) 2.3(0.3) 7.% 10" 0.0025 tive results are similar to the values found for KRlthough

2 Single-nucleotide insertions on 5 mM 23mer/28mer primer-template Petter selectivity for all the cases is found when™Tig used
duplex, 0.005-0.1 units/mL T7 (exo-), 30 mM Tri$iCl (pH 7.5), 15 (see discussion below).
mM MgCl; and 42.5 mM NaCl and 12.5 mM DTT, incubated for 90
s to 70 min at 37C in a reaction volume of 10L. Standard deviations
are given in parentheses. Values averaged frorb 8ata sets each
except for the 3rd entry (2 data sets).

Discussion

The results from the qualitative insertion studies indicate three
dZTP by a factor of 36:2500. Similar to experiments with Kf- different classes of active site interactions between polymerases
dTTP is found to be the best inserted of all the natural and DNA, depending on the minor groove interactions and steric
nucleotides by a factor of-2800, consistent with the idea of fit around the incipient base pair. The first group, constituted
shape complementarity even though dATP is desolvated muchby KF—, T7-, Taq, and HIV-RT, efficiently replicates base pairs
more easily. When dZTP was used as the triphosphate by T7 containing analogues F and Z, despite their lack of Watson
DNA polymerase, we found that it was inserted efficiently and Crick H-bonding ability. The base pairs#F, F—Z, and F—F

very selectively opposite F over the natural bases by a factor are formed only 3-150-fold less efficiently than a natural base
of 230-880. Remarkably, T7 shows an almost 2 orders of pair A—T by T7-, whereas a normal mismatch such as@
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is synthesized less efficiently by a factor of 69 000. In addition, and the enzyme. No X-ray structure of Rois yet available to
these polymerases do not seem to require hydrogen bondsonfirm this possibility.
between the minor groove side of the incipient base pair and The opposite case is found for AMV-RT, where a minor
side chains at the active site to synthesize a pair with high groove hydrogen-bonded interaction seems to be needed at the
efficiency. Neither difluorotoluene nor 4-methylbenzimidazole incoming triphosphate site. For example, we observe that dQTP
is capable of accepting hydrogen bonds at the minor grooveis inserted opposite F, whereas dZTP is not. No effects of
positions. These observations agree with information obtained Q-for-Z replacement are observed on the template side. Again,
from the X-ray structures of 7 and HIV-RT!2in complexes no high-resolution structure of AMV-RT with DNA has yet been
with double-stranded DNA and a nucleotide. No proton donor reported. The only other nonnatural base pairs that maintain
groups from the polymerase were found at the hydrogen-bondingthe requisite minor groove interaction would be-Z or T—Q,
distance from the minor groove of the incipient pair template because they mimic aJA base pair and T could fulfill the
base or the triphosphate in either of these structures. minor groove hydrogen bond at the triphosphate site. Apparently
No structure of a ternary complex (polymeraselsDNA + they are not formed because of the high cost of dehydration of
nucleotide) is available for KF, and no specific interactions at ~ thymidine:2 _ .
the polymerase active site can be inferred from the binary ~The enzymes Pgi and MMLV-RT fall in the third group of
complex (polymerase- dsDNA), because the existing KF polymerqse_s. Both of them failed to replicate any of the nonpolar
structures show DNA at the exonuclease ¥li¢dowever, there ~ Pase pairs involving F and Z, except# (Pol 5) and F~T
is a structure of a binary complex of a thermostable bacterial (MMLV —RT) with low efficiency. Replacement of Z with Q

(Bacillus stearothermophil)©NA polymerase | large fragment ~ (€ither in the template or triphosphate) did not rescue base pair
(BF)Y which shows strong structural (0.65 A root-mean-square synthesis. These results could indicate that these enzymes are

deviation of @x atoms) and sequence homology (49% identit able to sense the instability O.f the inc.ipienF b_ase pair lacking
to KE-. Based on thi?s high h?)mology betwege)rq(BF ;nd—KFy) Watson-Crick H-bonds, leading to dissociation rather than

specific hydrogen bonds between Arg 668 and GIn 849 of KF insertion; however, it should be noted that pairs such asA
and the minor groove of the bases at the triphosphate and thezrzjccéﬁllygz:silsi:a?slet;g?msa; Z]r?zerrfegfr?ezgf;ﬁgn@}oove
template base, respectively, have been proposed for the latter P y : ym ; 9

A : ; : . hydrogen bonds at both minor groove sites, with the template
This finding contrasts with our insertion results for KRvhich base and the incoming nucleotide simultaneously. This pos-
Lrllg'c:rté;ﬁé'r;tte;ﬁgt'?nncsi;:ggtu%géze;;irr]O;r%rono(;'te:ggig‘a\xﬂ;orsibiIity was previously noted by Bennétwho observed that

= L N . Pol g di i i isti f I
efficient replication. To explain this, we suggest that either (1) ol did not incorporate a pair consisting of nonnatural bases

ithouah tth H-bond ¢ dicallvi h tK and X, neither of which has minor groove H-bond acceptors.
although present, these H-bonds are not energetically Important, s o gjstant with all these results is the structure of the ternary
or (2) the binary complex of BF reflects a post-incorporation

. o ; complex of Polg,* which shows a hydrogen bond between
conformation of the enzyme. Relevant to this is our previous Arg283 and the N3 of a guanine at the template position.

finding that KF~ does not need minor groove interactions for - another hydrogen bond can also be made between Asn279 and
synthesis (_)f a base pair, but that they are energetlgally |mr_)ortantthe carbonyl group at position 2 of the incoming deoxycytidine
for extension of that pait I_n case (2),_the interactions might triphosphate, although due to a longer distance it may be
be more accurately described as being with the second basgnegiated by a water molecule. Mutagenesis studies carried out
pair rather than the incipient pair. A similar situation may be g Pol 8 also support our results. Substitutions of Asn279 or
observed with Tag polymerase and recent published structuresArg283 with alanine reduced the catalytic efficiency of the
In general it is worth noting that the existence of hydrogen bonds mytants by factors of 17-fold and 5000-fold, respectively,
in a protein structure does not guarantee that they will all be relative to the wild-type enzynfs.Of the present nonnatural
energetically important to the enzyme’s activity. base pairs studied, only the base pairsand F~Q would

In the case of Taq, hydrogen-bonded interactions at the be able to make both hydrogen bonds with the enzyme, but
polymerase active site between the DNA and side chains Arg746they are not synthesized efficiently apparently due to the high
and GIn754 of Taq were found in the X-ray structure of a binary cost of desolvation of thymidine and/or to the added size of Q
complex!d Recently, a structure of a ternary complex of Tag, relative to A. A nonpolar analogue similar to F but with a
expected to represent more closely the active conformation, hascarbonyl at position 2 would be useful in analyzing the activity
been published No hydrogen bonds between the enzyme and Of this third group of enzymes.
the template base or the triphosphate are observed, results that Structural information is available for MMLV-R¥,but not
are consistent with our insertion data. In general, we observein a complex with DNA and/or nucleotide. However, Georgiadis
that the enzymes of the first group do not need interactions et alli proposed minor groove interactions between the enzyme
between protein side chains and the minor groove of the and the incipient base pair, based on a model of a ternary

template base or the triphosphate at the incipient pair to supportcomplex of MMLV-RT by superposition with the ternary
efficient replication. complex of PolB. Side chains GIn190 and the backbone NH
of Gly191 were proposed to hydrogen bond to the incoming

AMV-RT, does not appear to require hydrogen bonds between nucleotide and the template base, respectively. If this is the case,
the bases for DNA replication, but a minor groove interaction then our results W'th_MMLV'R_T arfe aI;o conglstent. )

at either the template base or the incoming triphosphate must The single-nucleotide msertlc_m _klnetlcs carried out W|tr_TT7

be satisfied. In the case of Pal results with insertion of F~ DNA polynlegase show very similar results to the published
opposite analogue Q relative to Z implicate a specific hydrogen- data for KF-.? The base pairs AF, F~A, F—~Z, Z—F, and
bonded interaction at the template in the incipient pair. Surpris- F_>F are synthesized quite efficiently by T.7although no
ingly, the Z—F base pair is formed with higher efficiency than significant hydrogen bonds between the template base and the

Q—F, possibly due to a nonpolar van der Waals contact in the (13) Horlacher, J.; Hottiger, M.; Podust, V. N.."bischer, U.; Benner,
triphosphate binding site between the CH at position 3 of Z S. A. Proc. Natl. Acad. Sci. U.S.A995 92, 6329-6333.

The second group of polymerases, formed by &ohnd
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triphosphate can be made. We also observe impressive selectiveonsists of_ 3mM MgG); solution B c_ontained various concentrations
ity for T7-when inserting these nonpolar bases, even higher of dNTPs in a buffer of 200 mM Tri$iCl (pH 8.0), 20 mM MgC}, |
than that found for KF. With T7~ we find that dZTP is inserted ~ @nd 6 mM mercaptoethanol; the concentrations used for single
opposite F more efficiently than opposite itself by a factor of Nucleotide insertions were primer/template 150 nM, Taq 0.028,u/
80, or 2-fold more selective than KEThe higher selectivity ~ 9NTP 1004M and incubation time 1 h.

- . . : HIV-RT reactions: Solution A was made by adding HIV-RT
obtained by T7, which must be based on steric exclusion, (Amersham) to the annealed duplex DNA (annealing buffer consists

suggests that T7possesses an active site that is tighter than o¢ 500 mm TrisHCI (pH 7.9), 24 mM MgC} and 20 mM DTT);
that of KF~. This may also explain the large difference found sojution B contained various concentrations of dNTPs in a buffer of
in T7~ when synthesizing the-FF base pair versus theZZ 200 mM TrigHCI (pH 8.0), 20 mM MgC}, and 6 mM mercaptoethanol;
base pair (a 6500-fold difference for Tws 30-fold for KF). the concentrations used for single nucleotide insertions were primer/
In conclusion, we find three levels of interactions for these template 150 nM, HIV-RT 0.025 uL, dNTP 100u4M and incubation
polymerases, depending on the number of minor groove time 2 min.
interactions and steric environment in the active site. Impor- _Pol a reactions: Solution A was made by adding Pal(Chimerx)
tantly, no hydrogen bonds between the bases appear to be needéefiluted in annealing buffer (120 mM TreCl (pH 7.9), 10 mM
during the insertion step (at least for the majority of enzymes) magnesium acetate, 0.2 mM spermine, 2 mM DTT and 0.6 mg/mL

if the requirements of correct geometry and specific mino BSA) to the annealed duplex DNA; solution B contained various
! quir S r 9 y Specill INOT" - 5ncentrations of dNTPs in a buffer of 200 mM FHEI (pH 8.0), 20

groove interactions are fulfilled. Thus it appears that a close MgCl,, and 6 mM mercaptoethanol; the concentrations used for

fitting to Watson-Crick geometry and satisfaction of specific  single nucleotide insertions were primer/template 150 nM,®6l1
minor groove interactions are among the most important factors ujuL, dNTP 100xM and incubation time 1 h.

in replication by these enzymes. AMV-RT reactions: Solution A was made by adding AMV-RT
(Invitrogen) to the annealed duplex DNA (annealing buffer consists of
Experimental Section 200 mM TrigHCI (pH 8.3), 80 mM KCI, 20 mM MgGl and 1 mM

spermidine); solution B contained various concentrations of dNTPs in
a buffer of 200 mM TrisHCI (pH 8.0), 20 mM MgC}, and 6 mM
mercaptoethanol; the concentrations used for single nucleotide insertions
were primer/template 150 nM, AMV-RT 0.05ul/, dNTP 100uM
and incubation time 45 min.

Pol f# reactions: Solution A was made by adding PBI(Chimerx)
diluted in annealing buffer (100 mM TridCl (pH 7.9), 140 mM KClI,
10 mM MgChk, 10% glycerol, 2 mM DTT and 0.2 mg/mL BSA) to the
annealed duplex DNA; solution B contained various concentrations of
dNTPs in a buffer of 200 mM Tri$iCl (pH 8.0), 20 mM MgC}4, and
6 mM mercaptoethanol; the concentrations used for single nucleotide
insertions were primer/template 5 nM, FbD.1 uiL, dNTP 500uM
(except dZTP, 17%M) and incubation time 6 h.

MMLV-RT reactions: Solution A was made by adding MMLV-

T (Amersham) to the annealed duplex DNA (annealing buffer consists
of 100 mM TrisHCI (pH 8.3), 150 mM KCI, 6 mM Mgd and 20
mM DTT); solution B contained various concentrations of ANTPs in a
buffer of 200 mM TrisHCI (pH 8.0), 20 mM MgC4, and 6 mM
mercaptoethanol; the concentrations used for single nucleotide insertions
were primer/template 150 nM, MMLV-RT 0.25ul/, dNTP 100uM

Modified Nnucleosides and Triphosphate DerivativesThe phos-
phoramidite derivatives of F, Z, and Q were prepared as desdiibet.
The B-triphosphate derivative of F (dFTP), Z (dZTP), and Q (dQTP)
were prepared following the published procedii®!:!

Single Nucleotide Insertion Reactions.Primer 8 termini were
labeled usingf-3?P]JATP and T4 polynucleotide kinase. The labeled
primer was annealed to the template in an “annealing buffer” by heating
to 95°C for 3 min and cooling to room temperature for 1 h. Polymerase
reactions were started by mixing equal volumes of solution A containing
the DNA—enzyme complex and solution B containing dNTP substrates.
The reaction mixture was incubated at®7 and terminated by adding
one and a half volume of stop buffer (95% formamide, 20 mM EDTA,
0.05% xylene cyanol and bromophenol blue). The reactions were
incubated for different times depending on the enzyme used (see below)R
and extents of reaction were determined by running quenched reaction
samples on a 15% denaturing polyacrylamide gel.

KF reactions: Solution A was made by adding Klenow fragment
(exo-) (Amersham) diluted in annealing buffer (100 mM THEI (pH
7.0), 20 mM MgC}, 2mM DTT and 0.1 mg/mL BSA) to the annealed
duplex DNA; solution B contained various concentrations of dNTPs and incubation time 5 min
in a buffer of 200 mM TrisHCI (pH 8.0), 20 mM MgCJ, and 6 mM Steadv-S L ) y N .. .

i " . L . y-State Kinetics Steady-state kinetics for standing-start single
mercaptoethanol; the concentrations used for single nucleotide insertions

. ) : nucleotide insertions were carried out as describéche conditions
;/ivrtra]:aezprrlnniﬁr?r/template BM., KF 0.2 upiL, dNTP 20uM and incubation used were the same as for the qualitative insertion studies onThe

T7 reactions: Solution A was made by adding T7 Sequenase version final DNA (duplex) concentration was&M. Amounts of polymerase

used (0.0050.1 upL) and reaction times (90 s to 70 min) were
2.0 DNA polymerase (Amersham) (denoted here as)Tahd pyro- . . . .
phosphatapse)zAmersha(m) both dilatéd in annealing bu1)°fer (60pr{1M Tris adjusted to give extents of reaction of 20% or less. The primer-template
HCI (pH 7.5), 30 mM Mgéi and 75 mM NaCl) and 25mM DTT, to concentration was in excess over enzyme by 60- to 1200-fold in all

; . . . . cases. Extents of reaction were determined by running quenched
the annealed duplex DNA; solution B contained various concentrations reaction samples on a 15% denaturing polvacrylamide ael for analysis
of dNTPs in a buffer of 10 mM NaCl; the concentrations used for single P g polyacry 9 Y

nucleotide insertions were primer/template 150 nM, T7 04Lp/ .Of ra(_jlolabeled primer exter!smn, which was quan_tltated by_phosphor
- S ; imaging (Molecular Dynamics Storm 860). Relative velocities were
pyrophosphatase 0.15 u/mL, dNTR«® and incubation time 4 min. ) I ) -
e ; . calculated as the extent of reaction divided by reaction time and
Tag reactions: Solution A was made by adding Taq DNA

polymerase (Amersham) to the annealed duplex DNA (annealing buffer normalized to the lowest enzyme concentration used (0.Qa5)u/
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