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ABSTRACT. We report the first pre-steady-state kinetic studies of DNA replication in the absence of hydrogen
bonds. We have used nonpolar nucleotide analogues that mimic the shape of a-VZaiskibase pair

to investigate the kinetic consequences of a lack of hydrogen bonds in the polymerase reaction catalyzed
by the Klenow fragment of DNA polymerase | froBEscherichia coli With a thymine isostere lacking
hydrogen-bonding ability in the nascent pair, the efficiergy/Kq) of the polymerase reaction is decreased

by 30-fold, affecting the ground stat&d) and transition statekgo) approximately equally. When both
thymine and adenine analogues in the nascent pair lack hydrogen-bonding ability, the efficiency of the
polymerase reaction is decreased by about 1000-fold, with most of the decrease attributable to the transition
state. Reactions using nonpolar analogues at the primer-terminal base pair demonstrated the requirement
for a hydrogen bond between the polymerase and the minor groove of the primer-terminal base. The
R668A mutation of Klenow fragment abolished this requirement, identifying R668 as the probable
hydrogen-bond donor. Detailed examination of the kinetic data suggested that Klenow fragment has an
extremely low tolerance of even minor deviations of the analogue base pairs from ideal Watsdn
geometry. Consistent with this idea, some analogue pairings were better tolerated by Klenow fragment
mutants having more spacious active sites. In contrast, the Y-family polymerase Dbh was much less
sensitive to changes in base pair dimensions and more dependent upon hydrogen bonding between base-
paired partners.

The “classical” DNA polymerases from families A (ho- positioned differently in mispairs8). Thus, the minor-groove
mologous to bacterial DNA polymerase 1), B (homologous interactions provide a mechanism for detecting mispairs at
to eukaryotic DNA polymerase), and X (homologous to  the polymerase active site and within the newly synthesized
eukaryotic DNA polymerasf) copy DNA with an accuracy ~ DNA.
far exceeding that predicted solely from the energetics of The close steric matching of the polymerase active site to
Watson-Crick hydrogen bondinglj. Structural studies of  the shape of a WatserCrick base pair raised the possibility
representatives of all three families, in ternary complexes that steric complementarity might be at least as important
with a DNA template-primer and a correctly paired incoming in recognition of correct base pairs as the hydrogen bonds
nucleotide 2—7), reveal two features that may explain this between the base-paired partners (reviewed in9jefin
impressive fidelity enhancement. First, the active site con- support of this idea, Kool and colleagues showed that adenine
forms very closely to the shape of a correct nascent basecould be incorporated opposite the nonpolar thymine ana-
pair, favoring WatsorCrick geometry over the distorted logue P (2,4-difluorotoluene) with efficiency and fidelity
geometry of nascent mispairs. Second, the DNA-binding site that approached those of a natural hydrogen-bonded base
on the polymerase contains several side chains that formpair. In addition, nonpolar nucleotide analogues F and Z (4-
hydrogen bonds to the minor groove of the DNA template- methylbenzimidazole) (Figure 1A), isosteric with T and A,
primer. The minor-groove hydrogen-bond acceptors, N3 of respectively, could be incorporated opposite each other by
purines and O2 of pyrimidines, are positioned almost Klenow fragment with a reasonable degree of efficiency and
identically in all four correct pairings but are absent or selectivity (L0). However, the ability to synthesize a DNA

base pair in the absence of hydrogen bonding is not a
. universal trait in the polymerase superfamily; Klenow
an;Tg,'\j_gg;';ggs(;“gPT?[gﬁ‘ by NIH Grants GM-28550 (to N.D.F.G.) fragment and its homologues in the A-family are the least
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A further the structural features responsible for the recognition
Q F of correctly paired bases by a DNA polymerase, we have
HSCﬁNH HaC used the non-hydrogen-bonding analogues F, Z, and Q in
o | o Ho . single-turnover kinetic studies of nucleotide incorporation
\ioj o by Klenow fragment. We have investigated the kinetic
o Ha consequences of the absence of hydrogen bonds at either
dT dF the nascent base pair or the primer-terminal base pair. These
studies extend the earlier published data by providing kinetic
NH, CHs Ch parameters that can be directly related to the ground-state
N Ny N N or transition-state interactions at the DNA polymerase active
</ \ Py </ </ | _ site. We have also examined the effect of these same
L L U | "o o- N analogues on the Y-family polymerase Dbh (DinB homo-
logue) from Sulfolobus acidocaldariyswhose active site
HO HO HO . . .
A dz da differs in some important respects from that of Klenow
fragment.

B EXPERIMENTAL PROCEDURES

Non-polar analogues at the nascent base pair

" v Materials.Oligonucleotides containing analogues F, Z, and
dXTP A T Q were synthesized and purified as describk@ {4, 17).
5'TCGCAGCCGTCCA(- T A Nucleoside triphosphate analogues dFTP, dZTP, and dQTP
3'AGCGTCGGCAGGTYCCCAAA A F were prepared following published procedurks (8). Wild-
g ? type and mutant Klenow fragment derivatives were purified
F 7 to homogeneity by our standard procedut®) ( All Klenow
fragment derivatives used in this study contained the D424A
Non-polar analogues at the primer terminus mutation that eliminates’'35' exonuclease activity20).
Kinetic Measurements: Klenow Fragme8ingle-turnover
dGTP § % measurements of nucleotide incorporation by Klenow frag-
S'TCGCAGCCGTCCAXV/ T A ment and its mutant derivatives were carried out at room
3'AGCGTCGGCAGGTYCCCAAA Z F temperature (2022 °C), using a rapid quench-flow instru-
b? fz" ment (KinTek Corp., Model RQF-3) for fast reactions and
F 0 manual quenching when the reaction was sufficiently slow.
In either case, the enzym®NA solution contained 40 nM

Ficure 1: DNA and nucleotide substrates used in this study. (A) of one of the DNA duplexes listed in Figure 1B;l&beled

Natural nucleosides, T and A, and their nonpolar isosteres, F, Z, on the primer strand, and:a Klenow fragment in 50 mM

and Q. (B) Oligonucleotide sequences designed for the investigation . .
of the synthesis and extension of base pairs that lack Watson Tris-HCI (pH 7.5) and 10 mM MgGl The reaction was

Crick hydrogen bonds. The synthesis of these materials has beeriNitiated by mixing with an equal volume of an appropriate
described in detail previousiy1Q, 14, 17, 18). dNTP in the same Tris-Mgglsolution. Reactions were

guenched at the desired time intervals using an excess of

DNA polymerase and some Y-family polymerases give EDTA and were fractionated on denaturing polyacrylamide
very poor incorporation of the unnatural base pait<13). urea gels. The data were processed as described previously

Subsequent studies introduced another A isostere, Q (9-(21). Using the oligonucleotide duplex with a terminal
methyl-1H-imidazo[4,5b]-pyridine) (Figure 1A), which (pnmer)E—Z(templgte) base pair, we showed that thel rate
differs from Z in the presence of the minor-groove hydrogen- Was maximal for wild-type Klenow fragment concentrations
bond acceptorl@, 15). This analogue allowed the separation of O.l_ﬂM or greater. Therefore, our standard conditions
of the effects of WatsonCrick hydrogen bonding and those Qescrlbgd above should be adequatg .to ensure thgt all DNA
of minor-groove hydrogen bonding. By comparing the effects In the mixture was enzyme-bound, giving pseudo-first-order
of Z and Q at a series of positions in a DNA substrate, the Kinetics for the incorporation reaction.
requirement for minor-groove hydrogen-bonding interactions ~ Kinetic Measurements: DbfSingle-turnover measure-
in a Variety of p0|ymerases was determined. For examp|e’ ments of nucleotide incorporation by Dbh were carried out
Klenow fragment and other A-family polymerases were at room temperature analogously to the method described
shown to require a hydrogen bond to the minor groove on|y above for Klenow fragment. The reaction contained 100 nM
at the primer terminus, a conclusion that was independently duplex DNA, 2.5uM Dbh, and the desired concentration of
supported by an alternative approach using the analoguedNTP, in a buffer containing 5 mM dithiothreitol, 10 mM
3-deazaguanine, which selectively removes the minor-grooveHepes (pH 8.5) and 10 mM Mg&l When using high
hydrogen-bond acceptot ). In contrast, experiments with ~ concentrations of dNTP>(1 mM), additional MgCl equimo-
the Z and Q analogues suggested that DNA polymegase lar with the dNTP was included.
requires hydrogen bonds to the minor-groove face of both
bases in the nascent base pair, as well as to the primer-RES'U'-TS

terminal base 15). Non-Hydrogen-Bonding Analogues at the Nascent Base

The previous studies involved steady-state kinetic mea- Pair. Using the oligonucleotides listed in Figure 1B, we first
surements or qualitative gel comparisons. To investigate measured single-turnover kinetics for incorporation reactions
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2 resulted in a decrease of“4ld in the efficiency of addition
[ e FazTP ] of dGTP opposite the following template C, comprised of a
[ --©--ZdFTP ] 30-fold decrease in the dNTP binding affinity and a 400-
1.5 7 fold decrease in the reaction rate (Table 1). In the opposite
= o ] orientation (A or Z on the primer strand), the nonpolar base
"o 1 pair was even more detrimental to subsequent dNTP addition,
gt ° ) i resulting in a 3x 10°-fold decrease in efficiency compared
=~ [ JOa-mmmT T 1 with the corresponding natural base pair. Most of this
5 1 decrease (X 10*fold) was attributable to changes .
& ] With the natural FA pairing at the primer terminus, the
1 orientation with the purine on the primer strand was the more
()] S N E N S B favorable, by about 4-fold (ifgo/Kq).
0 100 200 300 400 500 600 The F-Z pairing not only eliminates hydrogen bonds
[dNTP] (M) between the bases but also eliminates hydrogen bonds
FIGURE 2: Single-turnover kinetics of the formation, by Klenow between the polymerase active site and the minor-groove
ILaeggteerg’n?é a S%Sdefgrag':t{_‘gtir']i%ﬁsof}g‘:igonggn %gﬂgiéﬁx?;?g';zr?fside of the base pair. To evaluate the relative contributions
dZTP opposite template F are r;))Iotted agginst the ﬁucleotide of these tvyo Class.es of hyd.rern bond.s’ v_ve compared the
concentration and fitted to a hyperbolic equation, to givege  €ffect of Zin the primer-terminal base pair with the analogue
andky values reported in Table 1. Q, which restores the minor-groove hydrogen bond to the
protein. Restoring the hydrogen bond on the template side
of Klenow fragment in which the nascent base pair com- caused only a 2-fold increase in the efficiency of dGTP
pletely lacks hydrogen bonds (dZTP incorporation opposite addition, whereas the hydrogen bond on the primer side was
a template F and vice versa) or where one partner of theassociated with a 100-fold improvement in efficiency, almost
base pair cannot make hydrogen bonds—FA pairing) entirely due to an increase ko (Table 1).
(Figure 2 and Table 1). In comparison with the natural™ On the basis of crystal structures of A-family DNA polym-
pairings, the completely nonpolarZ pairings resulted in  erasesZ—4), R668 of Klenow fragment is predicted to make
a ~7-fold decrease in affinity for the incoming nucleotide the hydrogen bond to the minor-groove side of the base on
[K4(dNTP)] and~100-fold reduction in the reaction rate the primer side of the terminal base pair (Figure 3B).
(koo). Overall, this gave ax~10*-fold decrease in the Consistent with this prediction, the R668A mutant of Klenow
efficiency (keo/Kg) for the reaction. The results were very fragment did not discriminate between Z and Q at the primer
similar regardless of which of the hydrophobic partners was terminus (Table 1). In both cases, the kinetic parameters were
the template and which was the incoming nucleotide. When similar to those obtained with wild-type Klenow fragment
only one base in the nascent base pair lacked hydrogen-and a (primer)ZF(template) terminal base pair (Figure 4).
bonding groups (AF pairing), the results obtained depended =~ Comparison of Klenow Fragment and the Y-family Poly-
upon the orientation of the base pair. Incorporation of dFTP merase Dbh.We examined the incorporation of dATP,
opposite template A showed very similar kinetics to incor- dQTP, and dZTP opposite F by the Y-family polymerase
poration of dFTP opposite Z. However, incorporation of Dbh. Structural studies suggest that the Y-family lesion-
dATP opposite F had a much more favoraldg, than bypass polymerases have a more open active site that makes
F—dZTP incorporation, although th&, values were similar. ~ fewer contacts with the nascent base paR, 23). This is
Mutations in the Binding Pocket for the Nascent Base Pair. reflected in extremely weak binding to the incoming dNTP
The side chains of E710, F762, and Y766 are predicted to (Kq ~ 1 mM), which precluded the measurement of the
contribute to the snug fit of the polymerase binding pocket separatéyq andkyo values for incorporation of the analogues
around the nascent base pair (Figure 3A). We therefore (24). On the basis of the efficiency of the reactidgo.(Kq),
examined the effect of mutation of each of these side chainsall of the incorporations opposite template F wer#000-
to alanine, which would be expected to decrease thefold less favorable than the correct-@ATP incorporation
complementary fit of the surface of the fingers subdomain (Table 2). Because the efficiencies of incorporation of dZTP
against a WatsonCrick base pair. When the -ZFTP and dQTP were very similar, the data argue against any
pairing was compared with ADdTTP, the mutants showed requirement for a hydrogen bond to the minor-groove side
the samex10°-fold decrease in incorporation efficiency as of the incoming dNTP.
was previously noted with wild-type Klenow fragment (Table  The lack of a minor-groove hydrogen-bond acceptor on
1). With the opposite orientation,flZTP compared with  the primer-terminal base had a smaller effect on Dbh than
T—dATP, the mutant proteins discriminated less than wild- on Klenow fragment (Table 2). When (primer® was
type Klenow fragment against the nonpolar analogues. compared with (primer)ZF, the presence of the hydrogen-
Non-Hydrogen-Bonding Analogues at the Primer Termi- bond acceptor was associated with an increase of s8ly
nus.We examined the effect on the kinetics of dNTP addition fold in the reaction rate. On the template strand, substitution
of replacing a normal FA primer-terminal base pair with  of Q for Z (F—Q versus F-Z) caused a-2-fold increase in
a pairing that lacks hydrogen bonds. Oligonucleotide sub- the rate of nucleotide addition by Dbh, similar in magnitude
strates containing an-/=Z pair in either orientation at the to the effect seen with Klenow fragment. The reaction rates
primer terminus were compared with control substrates for nucleotide addition by Dbh to all four of these analogue-
having a A pair oriented similarly with respect to which  containing terminal base pairs were similar except for
strand had the purine-sized base (Figure 1B). When F or T (primer)Z—F, which was 5-10-fold slower than the other
was on the primer strand, the nonpolar primer terminus three.
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Table 1: Effect of Non-Hydrogen-Bonding Base Analogues on Klenow Fragment Polymerase Kinetics

enzymé reaction Ka(dNTP) M) Kool (S71) Kool Kg (M1 57Y)
Analogues at Insertion Site
WT template-A+ dTTP 11 180 1.6< 10°
WT template-A+ dFTP 28 0.52 1.8x 10¢
WT template-Z+ dFTP 68 0.95 1.4 10
WT template-T+ dATP 12 250 2.1x 10°
WT template-F+ dATP 91 62 6.8x 1P
WT template-F dZTP 88 21 2.4 10¢
Klenow Fragment Mutants in Insertion Reaction
E710A template-At+ dTTP 17 11 6.2x 1P
E710A template-Z- dFTP 13 0.0067 5.1x 1%
E710A template-F+ dATP? 6.4 5.6 8.7x 10°
E710A template-F- dZTP® 19 0.25 1.4x 10¢
Y766A template-A+ dTTP 36 20 5.5x 1P
Y766A template-Z+ dFTP 26 0.027 1.0< 10°
Y766A template-T+ dATP? 65 24 3.7x 1P
Y766A template-F+ dZTP 6.2 0.053 8.6 10°
F762A template- T dATP® 1.6x 10*
F762A template-F+ dZTP° 3.2x 10
Analogues at Primer Terminus
WT (primer)A—T(template)}+ dGTP 3.0 190 6.3 107
WT (primer)Z—F(templater+ dGTP 29 0.0056 1.% 1
WT (primer)Q-F(template}+ dGTP 16 0.49 3.k 10
WT (primer)T—A(template)+ dGTP 4.5 63 1.4 107
WT (primer)—Z(templateH dGTP 140 0.16 1.k 1¢°
WT (primer)—Q(template)}t dGTP 81 0.18 2.% 10
R668A (primer)A-T(template - dGTP 40 2.6 6.6< 10¢
R668A (primer)Z-F(template)}t dGTP 37 0.012 3.% 107
R668A (primer)Q-F(templatet- dGTP 29 0.008 2.& 107

aSingle measurements. All other determinations were the average of two or more experiments with good adgréewamte of the high
K4¢(dNTP) of the F762A mutant protein, it was not possible to use a high enough concentration of dZTP to saturate the reaction, and therefore
individual kyoi and Kgy values could not be obtained. The efficiendy.(Kq) was determined from the slope of the plot of the rate versus dNTP
concentration, at low dNTP concentratiofdll Klenow fragment derivatives in this study carry the D424A (exonuclease-deficient) mutation.

DISCUSSION changes in the ground-state dNTP binding are more modest
(Kg, ~7-fold increase). Currently, we do not know whether
phosphoryl transfer or the preceding noncovalent step is rate-
limiting in the incorporation of the nonpolar analogues by

Incorporation of Non-Hydrogen-Bonding Analogu&he
formation of hydrogen-bonded natural base pairs reflects a

delicate free-energy balance. When, for example, A pairs Klenow fragment (see ref7); thus, we can only conclude

with T in an aqueous environment, an input of energy is that the rate of at least one of these steps is substantially

required for desolvation of the hydrogen-bonding face of the
two bases and then energy is recovered because of the formaqecreased by the use of the nonpolar analogues. The decrease

tion of hydrogen bonds. In contrast, when the isosteric non- n e_fficiency reported here is about 10-fold greaFer than was
polar analogues Z and F are paired opposite one anotherestlr_natgd from steady-state measurements in an earlier
there is no requirement for desolvation of polar groups but publication €0).
also no gain in free energy because of hydrogen bonding. Although less efficient than the synthesis of a Watson
Also important are steric effects; although the analogue F is Crick base pair, synthesis of the-E pairing by Klenow
nearly perfect in its size/shape mimicry of thymine, analogues fragment is remarkably robust compared with, for example,
Z and Q possess a-H in place of N1 of adenine, which  incorporation of the natural bases in a mispair. The highest
makes them slightly larger than their natural counterpart al- Klenow fragment misincorporation efficiencies, for@GTP
though still able to assume a conformation close to Watson or A—dATP, are~10*fold lower than for a correct base
Crick geometry 25). Base stacking is another important pair, and the lowest, for pyrimidirepyrimidine pairings,
contributor to the energetics of base pairing but is unlikely are typically 16-fold lower (28, 29). Therefore, synthesis
to be substantially altered when a natural base is replacedof a base pair that mimics the shape of a correct base pair
by an isosteric analogu®)( If anything, the hydrophobic  but lacks hydrogen bonds is +0000-fold more favorable
analogues would be expected to improve base stacRig)g (  than misincorporation. Nevertheless, the 1000-fold lower
It is in the context of all of these energetic factors that we efficiency that we observe indicates that theZpairing is
should consider the single-turnover data for synthesis of at some disadvantage relative te-A. Very recent experi-
pairings involving F, Z, or Q by Klenow fragment. ments in which the size of the nonpolar analogues was varied
Our data show that incorporation of dZTP opposite F or systematically suggest that Klenow fragment can be highly
dFTP opposite Z is=1000-fold less efficient than synthesis discriminating against small changes in base pair 98¢ (
of a normal WatsonCrick base pair. The decrease in thus, it seems most likely that the—Z pair is at a kinetic
efficiency derives primarily from the transition state for disadvantage largely because of the increased size of Z,
nucleotide insertion k,, ~100-fold decrease), whereas described above.
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Ficure 3: Details of the polymerase active site from ternary
complex crystal structures of A-family polymerases, homologous
to Klenow fragment. (A) Binding pocket for the nascent base pair,
illustrated using the ternary complex of Klentaq, PDB file 3KTQ
(3). The templating base is colored predominantly in blue, and the
incoming dNTP is colored predominantly in gray. On the surface

representation of the protein, the colored areas show the side chains

homologous to E710 (yellow), F762 (cyan), and Y766 (magenta)
of Klenow fragment. The remaining wall of the binding pocket is
provided by the terminal base pair (hot shown), which would cover
the nascent base pair in the view shown here. (B) Contacts aroun
the minor-groove face of the primer-terminal base pair, illustrated
using the ternary complex &stDNA polymerase, PDB file 1LV5
(4). The terminal base pair is colored predominantly in blue, and
the incoming dNTP is colored predominantly in gray. Protein side
chains discussed in the text are shown in green; T613, R615, an
Q797 ofBstDNA polymerase are homologous to T666, R668, and
Q849 of Klenow fragment. Hydrogen bonds shown in red are

Potapova et al.
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Ficure 4: Kinetic demonstration of the requirement for a hydrogen
bond from R668 to the minor groove of the primer terminus. Q at
the primer terminus, which is capable of hydrogen bonding, is
extended much more readily by wild-type Klenow fragment than
Z, which has no hydrogen-bonding groups. (Note the change in
the scale on the vertical axis.) The R668A mutation removes the
proposed hydrogen-bond donor on the protein and essentially
abolishes the distinction between primer-terminal Q and Z.

Table 2: Effect of Non-Hydrogen-Bonding Base Analogues on
Reactions Catalyzed by Dbh Polymerase

rate Kool Kg
reaction (s M-1s?)
Analogues at Insertion Site
template-T+ dATP 1.2x 10°
template-F+ dATP 0.72
template-FH- dZTP 0.46
template-FH dQTP 0.62
Analogues at Primer Termintis
(primer)T-A(template)+ dGTP 0.10
(primer)—Z(template - dGTP 1.3x 10
(primer)F—Q(template)+ dGTP 2.9x 10
(primer)A—T(templateH dGTP 1.4x 1072
(primer)Z—F(template)}+ dGTP 2.9x 10°°
(primer)Q—F(template)t dGTP 2.3x 1074

aBecause of the higK4(dNTP) of Dbh, it was not possible to use
a high enough dNTP concentration to saturate the reaction, and therefore
individual kyo andKg values could not be obtained. Even with@ATP,

qthe reaction rate did not plateau at concentrations up to 4 mM dATP,

and we estimate &g in excess of 1.5 mM. The efficiencyki/Kq)

was determined from the slope of the plot of the rate versus dNTP
concentration, at low dNTP concentratioAfates were compared at

2 mM dGTP. In every case, the rate at 2 mM dGTP was bA&% of

gthat at 10 mM, suggesting no substantial variation in the dGTP affinity

in these reactions.

predicted to be strong, and those in gray are predicted to be weakerincorporation, whereas the effects of inappropriate base pair

These two illustrations were constructed using PyMOL (DeLano
Scientific).

The idea that the slightly larger size of the-E pair
compared with A-T might be particularly problematic in
nucleotide incorporation catalyzed by Klenow fragment is
consistent with the considerably higher efficiency seen for

size are felt in the transition state. This interpretation is
undoubtedly oversimplified because-8#ATP and FdZTP

are not strictly comparable in that A must be desolvated to
participate in a base pair, whereas the same is not true for
Z. It is also puzzling that AdFTP is much less efficient
than F=dATP incorporation, with the kinetic parameters for

incorporation of dATP opposite analogue F, where the baseA—dFTP being very similar to those of the completely

pair size is closer to that of the naturat-A base pair. When
the kinetic parameters for-fdATP and F-dZTP incorpora-
tion are compared, it can be seen thatdATP has a much
more favorableky, than F-dZTP, although the dNTP

nonpolar Z-dFTP pairing.

Effect of Actie Site “Tightness”.We hypothesized that
mutations that increase the volume of the binding pocket
for the nascent base pair, thus giving a less snug fit around

binding constants are very similar (Table 1). A plausible the templating base and the incoming dNTP, might make
interpretation is that the lack of hydrogen bonds primarily the incorporation reaction more dependent upon hydrogen
affects the ground-state dNTP binding, accounting for the bonding between the base-pairing partners, as was observed
~7-fold change irK4(dNTP) for both F-dATP and F-dZTP for the Y-family DNA polymerases and#n (12, 13). We
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tested this hypothesis using Klenow fragment mutants with state data. The key comparisons involve DNA substrates that
alanine substitutions in three important active-site residues: are identical aside from the presence of Q or Z (paired
E710, F762, and Y766. From the ternary complex crystal opposite F) at a particular position, corresponding to the
structures of other A-family polymerases-4), E710 should presence or absence, respectively, of the minor-groove
be positioned beneath the sugar of the incoming dNTP, F762hydrogen-bond acceptor. With wild-type Klenow fragment,
should contact the base and sugar of the dNTP, and Y766replacement of Z by Q at the primer-terminal base resulted
should contribute to the floor of the binding pocket, primarily in a 100-fold improvement in the efficiency of incorporation
on the template side (Figure 3A). The results with alanine of the following nucleotide. This improvement (almost all
substitutions at these positions were the opposite of ourin ky) provides evidence for a functionally important
expectation: rather than an increased dependence on hydrohydrogen bond to the minor groove of the primer terminus,
gen bonding (relative to wild-type Klenow fragment), the which may facilitate catalysis by maintaining the correct
mutants showed the same or lower discrimination againstgeometry at the primer terminus. In contrast, the same
the FZ pairing. Moreover, there were some interesting substitution on the template side of the terminal base pair
effects of the orientation of the base pair. When dFTP was had essentially no effect, implying that the hydrogen bond
incorporated opposite Z, the overathd/Kq) discrimination (to the homologue of GIn849) seen in A-family polymerase
compared with the correct pairing was similar to that structures does not influence the reaction parameters that we
observed with wild-type Klenow fragment; however, with have measured.
the mutant proteins, almost all of the discrimination was seen Detailed examination of the data obtained with wild-type
in the transition statekf.). We suggest that the less Klenow fragment and hydrophobic analogues at the primer
constrained active site in these mutant polymerases makeserminus reveals some interesting asymmetries. For example,
the initial binding less stringent, and this, combined with incorporation of the next correct nucleotide (dGTP) was
the absence of hydrogen bonds between the bases, allow$-fold less efficient onto a primer-terminal Z, paired with
deviations of the nascent base pair from the normal Watson template F, than onto the opposite orientation, primer F
Crick geometry required for optimal catalysis. With the paired with Z. This is despite the fact that, with the natural
opposite orientation, dZTP opposite F, the mutant proteins bases, a primer-terminal purine (A) gave 5-fold more efficient
discriminated about 10-fold less than the wild type against incorporation than a primer-terminal pyrimidine (T), probably
incorporation of the nonpolar analogue, suggesting that thesebecause of better stacking of the incoming dGTP on an
mutations may be particularly helpful in accommodating the adjacent purine. These data suggest that the slightly larger
slightly oversized dZTP in the nucleotide binding site. Zis better tolerated on the template side of the terminal base
Remarkably, E710A and Y766A were only slightly less pair. All three analogues, F, Z, and Q, at the primer terminus
efficient than wild type when incorporating dZTP opposite destabilized binding of the incoming dGTP, but the effect
F (Table 1). The results with the Y766A mutant protein were was greatest with F, again consistent with better stacking of
particularly interesting in that they suggested that the dGTP onto the purine analogues. Transition-state interactions
mutation allowed a more favorable binding of dZTP (10- show the opposite trend; thug, was~30-fold lower with
fold decrease inKy) but that this was associated with primer-terminal Z than with primer-terminal F, whereas
mispositioning that compromised the geometry required for ground-state bindingy) was about 5-fold more favorable.
catalysis (400-fold decreasekg,). We were unable to carry  These opposing effects dg, andKq are highly suggestive
out a similar analysis for the F762A mutant because the of mispositioning of the substrate, with a plausible scenario
extremely weak dNTP binding of this protein made it being that stacking of dGTP on the purine analogue, Z,
impractical to measure the individuldy and Kk, values on enhances binding but also pulls the nucleotide away from
account of the high dZTP concentrations that would have the optimal position for catalysis. Conversely, a primer-
been required. terminal F, contributing less to binding, might be less likely
The suggestion of mispositioning in the absence of the to distort the active-site geometry.
Y766 side chain is intriguing in light of the mutator The R668A mutation eliminated the kinetic differences
phenotypes of the Y766A and Y766S Klenow fragment between DNA substrates having primer-terminal Z and Q,
mutants 28, 31, 32). In an earlier kinetic study of misin- indicating that R668 most likely contributes the hydrogen
sertion by the Y766S mutant polymerase, the mispaired bond to the minor groove of the primer-terminal base (Figure
dNTP was bound more strongly by the mutant protein than 3B). This result was expected from the ternary complex
by wild-type Klenow fragment in 7 of the 12 possible crystal structures of three Klenow fragment homologes (
misinsertion reaction2g). Together with the results of the  4) and from biochemical studies by Spratt, who reported an
present study, this underscores the importance of Y766 inanalogous effect of the R668A mutation when comparing
controlling the geometry of the nascent base pair, probably dG and 3-deazaguanine at the primer-terminal base, an
via positioning of the templating base. alternative strategy for probing the requirement for a minor-
Minor-Groove Hydrogen Bonds at the Primer Terminus. groove hydrogen bond to N3 of purines6f. Our experi-
Morales and Kool 15) presented evidence, in Klenow ments using the Z and Q analogues and the 3-deazaguanine
fragment and its homologues, for a functionally important studies of Spratt demonstrate the lack of a functionally
hydrogen bond to the minor-groove face of the primer- important hydrogen bond to the template side of the terminal
terminal base but not to its template partner. Our data with base pair, despite the presence of an invariant glutamine side
the hydrophobic F, Q, and Z analogues at the terminal basechain, equivalent to Q849 of Klenow fragment, in the
pair confirm these observations and additionally provide appropriate location in all three ternary complex structures
insights into the effects on ground-state and transition-stateof A-family polymerasesZ—4). Examination of these three
interactions that were not obtainable from the earlier steady- structures indicates that the active-site glutamine, equivalent
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to Q849, forms only a weak hydrogen bond to the DNA mean that the Q substitution only partially restores the minor-
minor groove but forms a shorter hydrogen bond to an groove hydrogen bond. This scenario would be consistent
invariant threonine, two residues N-terminal to the homo- with the changes to the positioning of the incoming dNTP
logue of R668 (Figure 3B). Perhaps the more important in the polymerase active site inferred from individugd
function of Q849 is in positioning thg turn containing the  andKq values, discussed above.

invariant arginine that interacts with the primer-terminal base.  y-Family DNA Polymeras#Ve expected that the response
Consistent with its presence in all A-family polymerase of the Y-family DNA polymerase, Dbh, to the non-hydrogen-
sequences, mutational data indicate an important role forhonding nucleotide analogues might be different from that
Q849 of Klenow fragment. Substitution of this side chain of Klenow fragment. Structural studies of the Y-family
Caused SubStantia| decreases in the I’eaCtiOI’l rate and bindingsion_bypass po'ymerases indicate a more open active Site
affinity for DNA and dNTP and was associated with an  than in classical DNA polymerases such as Klenow fragment,
antimutator phenotype3@—34). which could make dNTP incorporation more dependent upon
The kinetic parameters (boto and Kq) for wild-type hydrogen bonding in the nascent base p2& 3, 37, 39).
Klenow fragment with (primer)ZF are very similar to those  However, replacement of TdATP by F-dZTP in the
for R668A with either Z-F or Q—F at the primer terminus.  nascent base pair causedvd000-fold decrease iRyo/Kq
The simplest inference is that the kinetic parameters in all for Dbh, very similar in magnitude to the effect seen with
three cases reflect the loss of the minor-groove hydrogenkienow fragment. If Dbh were more dependent than Klenow
bond to the terminal base pair and, moreover, that this fragment upon hydrogen bonding, one might have expected
hydrogen-bonding interaction is the only function provided ga larger decrease ipo/Kg. Alternatively, a greater depen-
by R668 when hydrophobic analogues are present at thedence on hydrogen-bonding by Dbh may be compensated
primer terminus. However, structural and biochemical evi- by some other favorable factor. For examp|e, as Suggested
dence suggest that R668 uses its bifunctional guanidino SidEabove for the Klenow fragment b|nd|ng pocket mutations, a

chain to make a second important interaction, to the ring
oxygen of the deoxyribose of the incoming nucleotide- (

4, 35). The loss of this interaction could certainly account
for the higherK4(dGTP) in all of the reactions catalyzed by
R668A, compared with the value for wild-type Klenow
fragment with a normal DNA substrate. It is less obvious
why the Kq(dGTP) for wild-type Klenow fragment with
(primer)Z—F is similar to the values obtained with the
R668A protein, even though the interaction of R668 with
the dNTP sugar should be possible in the wild-type situation.

less snugly fitting active site could be more permissive for
the slightly larger Z-F base pair. Our results forflATP
incorporation support the latter interpretation. The efficiencies
of F—dATP and F-dZTP incorporation by Dbh were very
similar, implying that the larger size of the-F# base pair

did not affect the reaction. Moreover, the rather poor
efficiency of F—dATP incorporation suggests that the lack
of hydrogen bonds assumes a greater importance in the Dbh
active site than in the Klenow fragment active site. Similar
conclusions have been reached in studies of DNA poly-

A reasonable inference is that the non-hydrogen-bonding merases; and« (12, 13).
analogues at the primer-terminal base pair compromise the The ternary complex crystal structure of the Dpo4 poly-

ability of R668 to interact with the incoming dNTP, perhaps
by changing the position of the R668 side chain or the dNTP
in the polymerase active site so that the interaction is not
fully formed except in the case of wild-type Klenow fragment
and an A-T primer terminus. Regardless of the precise
details, the 18fold decrease ilt,/Kq Seen when comparing
R668A with wild-type Klenow fragment on normal (AT)
primer termini must indicate the combined contribution of
all of the interactions made by R668 in both the ground state
and transition state. As with Q849, R668 is invariant in
A-family DNA polymerases. Substitution of R668 results
in compromised kinetic parameters and a mutator phenotype
because of poor discrimination against mispaired primer
termini (32, 33, 36).

It is clear from our kinetic data that the absence of the
hydrogen bond to the minor groove of the primer terminus
is not the only problem associated with hydrophobic
analogues at the primer terminus. If it were, the RQprimer
terminus would behave the same as-A in reactions
catalyzed by wild-type Klenow fragment and R668A would
not discriminate between Watsoegrick base pairs and their
hydrophobic isosteres. In reality, the differences in reaction
efficiency are 2000- and 200-fold, respectively. Thus,
Klenow fragment has significant difficulty with nonpolar

merase, a close homologue of Dbh, shows no potential
hydrogen-bond donors to the minor groove of the DNA
primer-template duplex or the nascent base p&i).(
Consistent with the structural data, the similar kinetics of
dZTP and dQTP incorporation indicated that Dbh does not
require a minor-groove hydrogen-bond acceptor on the
incoming nucleotide. Analogous studies of Y-family poly-
merases using 3-deazaguanine have indicated that DNA
polymerase is not strongly dependent upon a minor-groove
hydrogen-bond acceptor on the incoming dNTP, whereas
DNA polymerasey is more dependent upon this hydrogen

'bond (3, 39). When Q replaced Z at the primer terminus,

Dbh showed some increase in the reaction rate, but this was
less than seen with Klenow fragment (10- versus 100-fold).
It should be noted that (primer)Z= was the least efficiently
extended of all of the hydrophobic pairings by both poly-
merases in this study, raising the possibility that there could
be some inherent problem with this base pair, regardless of
any requirement for minor-groove hydrogen-bonding groups.

CONCLUSIONS

The kinetic parameters determined in this study show that
incorporation catalyzed by Klenow fragment can be reason-

base analogues at the primer terminus even when the minorably efficient in the absence of hydrogen bonds between the
groove hydrogen-bond acceptor is present. It is possible thattemplate and incoming nucleotide, as illustrated B\dATP

the slightly larger size of the Z or Q analogues causes
distortions in binding of the terminal base pair, and this may

incorporation. The much less favoralig, for synthesis of
the slightly larger ZF pairing demonstrates the extremely
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stringent steric matching between the Klenow fragment active
site and the nascent base pair in the transition state. Mutations
that increase the size of the Klenow fragment binding pocket
improve F-dZTP incorporation, presumably by permitting
altered binding geometry, which impacts the ground-state
and transition-state kinetic parameters to different extents
in the different mutants. In contrast to Klenow fragment, the
more open active site of the Y-family polymerase, Dbh,

results in a greater dependence on hydrogen bonding between1®:

the base-paired partners and a lesser effect of small changes

in base pair dimensions. When the hydrophobic analogues 16.

were present at the primer terminus, the Klenow fragment
reaction kinetics revealed the requirement, in the transition
state, for a hydrogen bond between the protein and the minor

groove of the primer-terminal base. However, even when 17.

using the Q analogue to allow this interaction, the reaction
rate is substantially lower than that obtained with the natural

bases. The changes in individual kinetic parameters because g,

of hydrophobic analogues at the primer terminus are very
suggestive of altered positioning relative to the natural
substrates. Thus, there may be some plasticity of the ;g
polymerase active site that allows unnatural substrates to be
accommodated, although at the price of a lower reaction rate.
This is reminiscent of the structures reported for an A-family
polymerase with DNAs containing terminal mispairs, where
a wide range of active-site distortions was obsen4@). (

Moreover, it may explain the paradoxical observation of 21.

relatively efficient polymerase-catalyzed incorporation of

hydrophobic analogues that are very poor shape mimics, 2.

unlike those used in the present stud,(42).
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