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Varying DNA Base-Pair Size in Subangstrom Increments: Evidence for a Loose,
Not Large, Active Site in Low-Fidelity Dpo4 Polymerase
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ABSTRACT: We describe the first systematic test of steric effects in the active site of a Y-family DNA
polymerase, Dpo4. It has been hypothesized that low-fidelity repair polymerases in this family more readily
accept damaged or mismatched base pairs because of a sterically more open active site, which might
place lower geometric constraints on the incipient pair. We have tested the origin of low fidelity by use
of five nonpolar thymidine analogues that vary in size by a total of 1.0 A over the series. The efficiency
and fidelity of base-pair synthesis was measured by steady-state kinetics for single-nucleotide insertions.
Analogues were examined both as incoming deoxynucleoside triphosphate (ANTP) derivatives and as
template bases. The results showed that Dpo4 preferred to pair the thymidine shape mimics with adenine
and, surprisingly, the preferred size was at the center of the range, the same optimum size as recently
found for the high-fidelity Klenow fragment (Kf) oEscherichia coliDNA Pol I. However, the size
preference with Dpo4 was quite small, varying by a factor of only-3B from most to least efficient
thymidine analogue. This is in marked contrast to Kf, which showed a rigid size preference, varying by
1100-fold from best to worst. The fidelity for the non-hydrogen-bonding analogues in pairing with A
over T, C, or G was much lower in Dpo4 than in the previous high-fidelity enzyme. The data establish
that, unlike Kf, Dpo4 has very low steric selectivity and that steric effects alone cannot explain the fidelity
(albeit low) that Dpo4 has for a correct base pair; the findings suggest that hydrogen bonds may be
important in determining the fidelity of this enzyme. The results suggest that the low steric selectivity of
this enzyme is the result of a conformationally flexible or loose active site that adapts with small energetic
cost to different base-pair sizes (as measured by the glycosidie@l1distance), rather than a spatially

large active site.

The Y-family DNA polymerases are distinct among polymerases different from other polymerases is therefore
polymerase enzymes in their low fidelity of base-pair important for understanding how DNA damage and muta-
assembly and bypas$-+3). Enzymes in this class are noted tions arise during the lifespan of an organism and how such
for their moderate activity overaldf and their relatively problems can be addressed without serious health conse-
high efficiency of mismatched base-pair synthesis comparedquences.
to correctly matched paird{-3). In addition to processing A chief issue in understanding these low-fidelity enzymes
mismatches, a number of these enzymes have also beefs how they adapt to process undamaged DNA and varied
demonstrated to process and extend damaged DNA basegismatches and damaged pairs in the same active site. Recent
more efficiently than higher fidelity polymerases7). It mechanistic and structural studies of the very different high-
is generally hypothesized that the Y-family enzymes play a fidelity polymerases have led to the hypothesis that they may
role in lessening the acute toxicity of damage and mispairing achieve their high selectivity of nucleotide choice by
that arise in the celli—3). High-fidelity replicative poly-  maintaining a tight steric control of the base-pair shape (
merases tend to stall with high frequency at these lesion sites11). Conversely, it has been suggested, primarily from
in DNA, and if such stalling persisted, it would lead to cell ~structural studies, that the low-fidelity enzymes may allow
death. Thus, the low-fidelity Y-family enzymes are believed mismatched and damaged pair shapes more readily by
to aid in continuing DNA synthesis past these problem points, presenting a sterically more “open” active site, which might
allowing other DNA damage repair machinery to correct present a lower cost to accepting these nonstandard shapes
these errors once replication is completed. Understanding(1—3, 12—20).

primer DNA and incoming nucleotides are especially in-
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namely, Pol: and Dpo4 polymerase. In the present paper, A cl

H F
we address the latter, a DinB homologue from the crenar- 4 CHs CHs
chaeorSulfolobus solfataricugL6—20). This polymerase has ¢
been cocrystallized with templat@rimer and incoming R- H R- F R cl
nucleotides at 172.5 A resolution, and both mismatched 1.08 A 1.36 A 1.74A
pairs and correctly matched pairs have been captured in the

dF

CHy
O
. . .. . HO HO
active site. Perhaps the most distinctive feature of these dH
structures is the greater degree of “openness” around the dHTP dFTP dLTP
active site in comparison with published structures of high-

fidelity polymerases. The Dpo4 structures showed consider- i ' 2
ably less protein structure around the major groove of the CHa Chs NH
incipient base pair and less compact structure in the minor __ o F- . N,L,O
groove as well. 1904 2.10}\ Qb’ 1.22A
However, those structural studies have raised a number
dl

CHs
of important questions that remain unanswered. First and HO HO HO
most important is how exactly does this enzyme adapt to SETP dITP dTTP
incorrectly shaped (mostly larger) substrat2$)? Does an
“open” active site imply that it presents a greater amount of
working space, thus making it sterically larger than other
active sites? Or is it different in its flexibility, adapting to
different substrates by shifting side chains and backbones

B
subtly? Structural studies alone cannot answer these issue 2
adequately for two reasons: first, although different sub- — \
strates might be captured in X-ray structures, the static f
structures do not give the thermodynamic cost of structural y
'
’ ;

o o
I} I} 1}

R= H, -~ o~ o~
o o o

changes, which is of course what controls kinetic efficiency.
Second, the resolution of such structures is low compared
to the known sensitivity of steric effects. For example, the
Lennard-Jones approximation gives a cost of several kcal/
mol for steric compression of less tha A (22). This is an
energy that, at a transition state, is sufficient to explain the
observed base-pair selectivity, in a distance considerably less
than the resolution of existing crystal structures.

For these reasons, it is important to address the functional
differences among these enzymes mechanistically and ai B
higher structural resolution. To test steric effeqts systemati- . ee 1° Structures of thymidine analogues having gradually
cally, we have developed a series of nucleotide analoguesincreasing size, with thymidine shown for a comparison. (A)
having gradually increasing size (Figure 2B). These are  Chemical structures. Varied bond lengths at the 2 and 4 positions
thymidine analogues in which the natural polar heterocycle are shown. Numbering of positions is as indicated on the first
is replaced by a nonpolar structure meant to mimic the shapeStructure. (B) Space-filling models of the bases with a methyl group

. . N . L t the 1 position in the place of deoxyribose.
but gradually increase size. Size in this series is increased”
by starting with the smallest hydrogen substituents (replacing
the two 2,4-exocyclic oxygens of thymine) and increasing o
the bulk gradually by replacing them with the halogen series
F, Cl, Br, and I. Thus, size is increased in several increments
over a total 1.0 A range, giving resolution on a 25 pm average
bond length change. When paired opposite adenine, thes
thymidine analogues are expected to give close to natura
base-pair geometry24), but the added size is expected to
widen the base pair (as measured by the glycosidic distanc
from C1—C1 across a pair) in subtle increments.

A recent study with this steric series in a high-fidelity \ATERIALS AND METHODS
replicative enzyme, the Klenow fragment (Kf) of DNA Pol
I, showed that the enzyme was remarkably strongly affected Modified Oligonucleosides and Triphosphate Datives.
by the base-pair size, with a three-orders-of-magnitude rangeModified oligodeoxynucleotides including H, F, L, B, and |
of DNA base-pair synthesis activity with steric changes of were prepared as describe2B). The B-triphosphate deli-
only 0.5 A (25). Interestingly, the enzyme was not only vatives (dHTP, dFTP, dLTP, dBTP, and dITP) were prepared
efficient at rejecting pairs that are too large, but it also following the published procedur@®). The sequence of the
rejected pairs that are too small at least as selectively. Theprimer was 5TAATACGACTCACTATAGGGAGA-3 (23-
results suggested that at least one high-fidelity enzyme tightly mer), and the sequence of the template wasGTGX-
controls complementary base-pair size by presenting aTCTCCCTATAGTGAGTCGTATTA-3 (28-mer), where X
sterically rigid active site. was A, G, T,C,H,F, L,B,orl.

Here, we employ this shape-mimicking thymidine ana-
gue series to address the mechanistic similarities and
differences between the low-fidelity enzyme, Dpo4, and a
high-fidelity one. We directly compare kinetic behavior as

a function of the size for the new Y-family enzyme and the
leprevious A-family one, and we find evidence that the error-
prone enzyme accepts varying-size substrates not by present-
ing a sterically larger and open active site but rather by
eﬂexibly adapting its pocket to its substrate.
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Purification of Dpo4. Escherichia cokxpressing Dpo4
was a gift from Dr. R. Woodgate (National Institutes of
Health). The protein was purified according to the published
method 26). The concentration was quantitated by the
Bradford method.

Single-Nucleotide Insertion Reactior&imer 3 termini
were labeled using/f3?P]ATP (Amersham Bioscience) and
T4 polynucleotide kinase (Invitrogen). The labeled primer
(~20 nM), template (10Q:M), and unlabeled primer (50
uM) were mixed in Z reaction buffer and gave a final total
concentration of primertemplate of 2QuM. The reaction
buffer (1x) contained 40 mM Tris-HCI (pH 8.0), 5 mM
MgCl,, 100u4M nucleoside triphosphate, 10 mM dithiothrei-
tol, 250 ug/mL bovine serum albumin (BSA), and 2.5%
glycerol. The primertemplate duplexes were annealed by
heating to 90°C and cooling slowly to 4C over 1 h. A %
concentrated stock solution of duplex (2B) was mixed
with Dpo4 (2.5uL), and the reaction was initiated by adding
a solution of the appropriate dNTP ¢A.). The enzyme
concentration and reaction time were adjusted in different

dNTP reactions to give less than 20% incorporation. Reac-

tions were quenched with 18 of 95% formamide/10 mM
EDTA containing 0.05% xylene cyanol and 0.05% bro-

mophenol blue. Extents of the reaction were determined by
running quenched reaction samples on a 20% polyacryl-

amide/7 M urea gel.

Steady-State Kinetic AnalysRadioactivity was quantified
using a Phosphorimager (Molecular Dynamics) and the
ImageQuant Program. Reaction velocitfM min—1) was
defined asv = [Sllex{[(lpim + lex)t], Where [S] is the
concentration of triphosphate andy and lpim are the
intensities of the extended product and the remaining primer
respectively. Thek., and Ky, values were obtained from
Hanes-Woolf plots.

RESULTS

To probe the effects of varied base-pair size in the active
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Ficure 2: Autoradiograms showing single-nucleotide insertions
by Dpo4 DNA polymerase with varied-size dNTP analogues. (A)
PAGE gel showing the relative efficiencies for enzymatic pairing
with adenine. (B) PAGE gel showing the selectivity of the analogues
in the template strand with each of the four natural dNTPs.
Conditions: 5uM primer/template duplex, 30@M dNTP, 100 nM
Dpo4, 60 min, and 37C.

efficiency for insertion of dATP opposite the natural base
thymine, because the same product band intensity for this
natural pair was produced at a lower dATP concentration.

We also carried out the converse experiments in the same
way, examining insertion of varying-size dTTP analogues
opposite adenine in the template. The autoradiogram of the
PAGE gel showed again (Figure 2B) that all five analogues
could be paired opposite adenine, similar to the previous
experiments. The relative band intensities showed that the
three largest analogues were more efficiently inserted op-
posite A than were the smallest two; this is in marked contrast

'to previous results with Kf, which showed strong substrate

ability for dLTP but much less for dBTP and dITP. As
observed previously, the efficiencies for analogue insertion
were significantly lower than for the insertion of natural
dTTP opposite adenine.

To evaluate quantitative differences across this series, we

site of Dpo4 polymerase, we employed a recently reported then carried out steady-state kinetics studies for single-
series of thymidine analogues that have gradually increasingnucleotide insertions, by varying the dNTP concentration and
size (Figure 1) 17). We prepared oligonucleotide templates reaction time and quantitatively evaluating product amounts
in which the compounds replace natural thymidine im- by digital phosphorimagery. The data for varying template

mediately downstream of a primer-binding site, and we also base sizes are given in Table 1, and data for varied dNTP
prepared deoxynucleoside triphosphate (ANTP) derivatives,size are given in Table 2. We carried out measurements of
to allow them to be inserted opposite natural DNA bases in natural pairs and mismatches for a comparison to the
template-primer complexes. For a comparison, we also analogue data. Examination of the data for the natural pairs
studied natural base pairs and mismatches. Polymeraseand mismatches confirms that Dpo4, a Y-family repair

catalyzed insertion was monitored by use Gf&diolabeled
primers; the addition of a nucleotide at thé énd was
observed by polyacrylamide gel electrophoresis.

enzyme, has significantly lower fidelity than Kf, an A-family
replicative enzyme, in agreement with previous kinetics
studies 27). When A is the template base being addressed,

Our initial experiments compared the qualitative differ- the order of dNTP insertion efficiency wassTC = A = G
ences with the increasing-size series in the template strand@nd the fidelity was demonstrated in a 1660-fold preference
immediately downstream from the primer. We observed that for insertion of dTTP over dCTP. When T was in the
dATP could be inserted opposite all five members of the template strand, the order was dAFPdGTP > dCTP ~
series, from the smallest analogue H (albeit weakly) to the dTTP, with a smaller 750-fold preference for dATP over
largest analogue | (Figure 2A). This is considerably different dGTP. This is a lower fidelity than for Kf, which has a 1780-
than previously observed for DNA Pol | (Kf), which showed fold preference for dATP over dGTP using the same primer
strong differences across the seri@§)( On the basis of  template (see the Supporting Informatio@gy
relative intensities of the product band, the most efficient The data were further broken down intQy and Ky,
templates for Dpo4 fell in the middle of the series, with the components with incoming nucleotide analogues (see the plot
smallest and largest showing a somewhat lower intensity. in the Supporting Information). The trend of size effects on
The overall efficiencies were significantly lower than the k.:shows a peak at the L analogue and a simita0-fold
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Table 1: Steady-State Kinetic Efficiencies for Single-Nucleotide Insertions by Dpo4 Polyrherase

dNTP template base Keat (Min~1) Kwm (uM) effciency, kealKm (M~ min™?) relative efficiency

dATP H 0.264+ 0.03 270+ 20 9.7x 1(? 3.3x 10
F 33+11 210+ 70 1.6x 10 5.4x 1073
L 7.3+£29 210+ 80 3.4x 10 1.2x 1072
B 1.9+0.3 3404+ 40 5.5x 1C° 1.9x10°3
| 0.86+ 0.25 190+ 50 45x 10° 15x 1078
T 44+ 1.4 15+ 4 2.9x 10° 1

dCTP H 0.45+-0.4 290+ 80 1.6x 1C° 5.4x 104
F 0.36+ 0.06 2204+ 30 1.6x 10° 5.6x 10
L 0.23+0.08 430+ 160 5.4x 17 1.8x 10+
B 0.13+ 0.02 280+ 70 45x 1 15x 10
| 0.124+0.03 320+ 110 3.8x 177 1.3x10*
T 0.99+ 0.24 470+ 130 2.1x 10° 7.2x 10

dGTP H 0.021+ 0.001 460+ 80 4.5x 10 3.2x10°¢
F 0.0264 0.004 390+ 40 6.7x 10 2.3x 10°
L 0.025+ 0.010 390+ 200 6.5x 10 2.2x 10°
B 0.022+ 0.008 470+ 210 4.6x 10 1.6x 10°°
| 0.039+ 0.016 810+ 350 4.8x 10 1.7x10°
T 25+04 640+ 90 3.9x 1¢° 1.3x 1078

dTTP H 0.23+ 0.06 760+ 250 3.0x 177 1.0x 10*
F 0.33+£0.04 1000+ 300 3.2x 107 1.1x 10
L 1.8+£0.5 8304+ 180 2.2x 10° 7.4x 104
B 3.1+15 540+ 80 5.7x 1C¢° 19x 1078
| 244+0.6 240+ 130 1.0x 10* 3.5x 1078
T 1.0+£0.1 660+ 60 1.5x 1C° 5.3x 104

aThe template contained variable-size thymidine analogues. Conditiop8/ t&mplate-primer DNA; 10, 100, 300, or 500 nM enzyme; 40
mM Tris-HCI buffer (pH 8.0); 5 mM MgGJ; 10 mM dithiothreitol; 250ug/mL BSA; 2.5% glycerol; and 37C.  Relative to insertion of dATP
opposite T.

Table 2: Steady-State Kinetic Efficiencies for Single-Nucleotide Insertions by Dpo4 Polyrherase

dNTP template base Keat (Min™1) Kw (uM) efficiency, kea/Km (M~ min—1) relative efficiency
dHTP A 0.11+ 0.05 6204+ 250 1.7x 1 8.6 x 107
dFTP 0.16+ 0.04 270+ 110 6.0x 107 3.0x 10
dLTP 0.83+0.10 160+ 30 5.2x 1C° 2.6x 103
dBTP 0.25+ 0.02 110+ 20 2.3x 1C¢° 1.1x 1078
dITP 0.15+ 0.06 57+ 11 2.7x 1C° 1.3x10°3
dTTP 43+ 15 21+ 3 2.0x 10° 1

dHTP C 0.0036t 0.0002 260t 50 1.4x 10 6.8x 1076
dFTP 0.020G+ 0.003 490+ 100 4.1x 10 2.0x 10°°
dLTP 0.064+ 0.003 160+ 20 4.0x 1 2.0x 10
dBTP 0.025+ 0.001 89+ 17 2.8x 1% 1.4x10+*
dITP 0.030+ 0.002 130+ 20 2.3x 1% 1.1x 10
dTTP 0.22+ 0.03 370+ 70 6.0x 1¢? 3.0x 104
dHTP G 0.0033t 0.0003 320+ 70 1.0x 10 5.1x 1078
dETP 0.015+ 0.002 420+ 70 3.5x 10 1.7x10°
dLTP 0.036+ 0.004 120+ 40 2.9x 17 14x 10
dBTP 0.017+ 0.002 35+ 31 49x 107 2.4x 104
dITP 0.056+ 0.005 110+ 30 5.2x 17 2.6x 10
dTTP 0.34+ 0.05 470+ 100 7.3x 107 3.6x 10*
dHTP T 0.013 0.004 600+ 160 2.1x 10 1.1x 10°°
dFTP 0.095f 0.045 760+ 160 1.3x 1¢? 6.2x 107
dLTP 0.29+ 0.06 210+ 80 1.4x 1C¢° 6.8x 104
dBTP 0.22+ 0.04 140+ 40 15x 10° 7.6x 104
dITP 0.33+0.14 140+ 50 2.4x 1C¢° 1.2x 1078
dTTP 1.0+ 0.1 660+ 60 15x 10° 7.7x 10

@ Incoming nucleotide analogues of variable size were used. Conditionl! t8mplate-primer DNA; 10, 100, 300, or 500 nM enzyme; 40 mM
Tris-HCI buffer (pH 8.0); 5 mM MgGJ; 10 mM dithiothreitol; 25Q«g/mL BSA; 2.5% glycerol; and 37C. ® Relative to insertion of dTTP opposite
A (M~ min™).

drop in activity at smaller and larger analogues. The trend result as was seen for the high-fidelity Kf enzyme. However,

with K, values is different, showing a gradual dropKg, in contrast to this, the range of efficiencies as a function of
as the analogues grow larger and more hydrophobic from size for Dpo4 was very small compared to that seen for Kf.
dHTP to dITP. With A as the template base, the series dNTP analogues

The analogue kinetic data give useful information about varied by only a factor of 30 across the series, whereas Kf
the effects of small changes in size. The data show surprisingshowed a much larger range of 2200-fold from the maximum
differences from previous data for the high-fidelity Kf (dLTP) to the minimum (dHTP). The converse experiments,
enzyme (Figure 3)25). Interestingly, in both cases, the most with varied-size analogues in the template, again showed a
efficient pairing involved the dichloro analogue, which lies very small range of efficiencies as a function of size. In this
at the middle of the series in size. This is virtually the same case, the range was only a factor of 35 from the best template
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Ficure 3: Plot of base-pair and mismatch efficiencies for Dpo4
polymerase with varied-size thymidine analogues in the template.
Efficiencies are for single-nucleotide insertions in the steady state.

(L) to the worst template (H), which is again small compared
to the previously studied Kf enzyme (which had a range of
180-fold).

In general, the data show that the most efficient base
pairings involving T analogues opposite A were significantly
lower in efficiency than the corresponding natural base pair,
by a factor of ca. 22.5 orders of magnitude. The nucleotide
dATP was inserted opposite the dichloro analogue 390-fold
less efficiently than opposite T, while the converse pairing
(dLTP opposite A) was 85-fold less efficient than the natural
pairing (dTTP opposite A). This is again in marked contrast
to the high-fidelity Kf enzyme, for which the dichlorotolu-
ene-adenine pairings gave efficiencies that were nearly the
same as the natural-1A pairing (25).

We also measured kinetics data for mismatched analogue

pairings, to give information about the effects of nucleobase
size on fidelity. In this case, because the analogues act a

thymine surrogates, mismatches were defined as pairings o
the analogues with T, C, or G. The data show (Table 1) that

in most cases the most efficient mismatch involved the
pairing of T with the analogue, which is consistent with
previous results for the Kf enzyme. However, the results are
markedly different from that high-fidelity enzyme, in that
the fidelity for processing of the thymidine analogues was
found to be very low with the Dpo4 enzyme. For the varied

size dNTP analogues, the difference for an A template versus

a T template was only 7.9-fold at the highest fidelity case.
This compares to a fidelity of 250-fold for the Kf enzyme
using these same analogues. The converse data, with varie

size template bases, showed a similar result: the maximum

fidelity was 16-fold, compared to 1100-fold for Kf.

DISCUSSION

Mizukami et al.

only 35-fold. Although Dpo4 is indeed lower in fidelity than
Kf, Dpo4 still retains almost 3 orders of magnitude of fidelity
against mismatched pairs and its fidelity is less than that of
Kf only by a factor of less than 5. Despite this, it
discriminates by steric size much less than Kf. It is possible
that, as has been suggested for the Y-family enzymeg Pol
(29) and Polk (30), hydrogen bonding may be more critical
in Dpo4 for positioning of the incoming nucleotide such that
the triphosphate group is aligned correctly. This hypothesis
would be consistent with our observation that even for the
optimally sized base pair (LA), the efficiency with Dpo4

is considerably lower than for a natural pair. This is quite
different from what has been observed for Kf and related
DNA polymerases, for which the+A pair is virtually as
efficient as a natural pair, suggesting little or no requirement
for hydrogen bonding in those A-family enzymes.

We have hypothesized that polymerases might be most
sensitive to “base-pair size” along the axis between glycosidic
C1 carbons 11); models suggest that the main effect in DNA
of varying base size with the current analogues is to vary
this glycosidic distance. What is the mechanism by which
Dpo4 can function with relatively small dependence on this
base-pair dimension? We consider two possible explana-
tions: (i) either the enzyme presents a sterically open, larger
active site with considerable space to accept varying base-
pair sizes with only small steric penalties or (ii) the enzyme
surrounds the incipient base pair closely but is flexible,
opening the active site wider for larger pairs and collapsing
inward around smaller pairs, with only small energetic cost
for these flexible movements.

Closer examination of the data sheds light on these two
possibilities. Figure 4 shows an overlay of data for Dpo4
with previous data for the Kf enzyme, plotting efficiency
versus size for the various T analogt® base pairs.
Importantly, the data show virtually the same size trends for

ue both for the varied template and varied dNTPs. Both
enzymes show a maximum in efficiency at the same size,
the dichloro analogue, and both show drops in efficiency
for smaller and larger analogue pairs. Both enzymes show a
greater penalty for sizes that are too small than for those
that are too large. These results establish that the functional
active-site size (i.e., incipient base-pair size) for Dpo4 is
identical to that of Kf, within 0.25 A (the resolution of our
probe series). If the functional active-site space were larger
along the interglycosidic axis, our data would be expected
to show a larger preferred size than for the high-fidelity

{oth enzymes, with even similar shapes to the plots. This is
r

f£nzyme; yet they did not. For this reason, the data are much

more consistent with the notion that the active site of Dpo4
is functionally more flexible, rather than larger, than that of
Kf.

We conclude that, in functional terms, the Dpo4 enzyme

has a moderately sized but flexible (“loose”) active site.

Our data comprise a systematic test of base-pair size effectdExamination of the published structures of ternary complexes

in a Y-family DNA polymerase. The results show that the

of Dpo4 with template-primer and dNTP 17, 18) can

low-fidelity Dpo4 enzyme is functionally rather insensitive suggest adaptations that may be made for pairs that are larger
to base-pair size in kinetic terms, over a 1.0 A range of bond- or smaller than the natural one. In the structures, the enzyme
length increments. This is in marked contrast to previous makes only van der Waals contacts with the sugars or bases
data with the Kf of DNA Pol |, which demonstrated exquisite of the incipient pair, except for hydrogen bonds to phosphate
sensitivity to base-pair size2%). Kf polymerase showed  groups, which are not base-specific. Although the structure
differences of as much as 2200-fold in efficiency across the has been described as sterically “open”, the glycosidic
series, whereas Dpo4 polymerase displayed differences ofdistance of the pair is limited by direct protein contacts with
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A 10e+07 or expanding the pocket as needed, its role in processing
------  Klenow damaged or mismatched pairs.
1.0E406 | —e— Dpos o, Virtually all of the fidelity of the high-fidelity Kf enzyme
P in selection of incoming nucleotides can be explained by its
1.0E+05 - " 5 high sensitivity to alterations in the base-pair si2g)(In
‘ contrast, the present results show that Dpo4 exhibits quite a
] low fidelity in the choice of a partner for the thymine shape
mimics, and interestingly, the fidelity among non-hydrogen-
bonding analogue pairs is considerably lower than for
hydrogen-bonding pairs. For example, a naturalTTmis-
match is 1300-fold lower in efficiency than a-R pair with
varied dNTP size Dpo4, whereas the analogous T mismatched pair is only
00 05 10 15 20 25 3.5-f_old less efficient than a “correct” +A pair. The_ _
efficiency data show that correct hydrogen-bonded pairing
bond length (A) is required for high activity in this enzyme, and we suggest
that hydrogen bonding is also important for fidelity in this
B case, by enhancing the activity of the correct pair while
---0---  Klenow ’
8 having little effect on mismatches. Our data show that
T Db et mismatched pairs have similar activities whether they can
1.0E+06 - \ undergo hydrogen bonding or not. Thus, although poly-
; \ merases display structural similarities from class to class, it
1.0E+05 ~ is quite clear that at least one A-family enzyme and one
Y-family enzyme have functionally diverged markedly in
1.0E+04 | their mechanisms of base-pair synthesis and discrimination.
Fiala and Suo have carried out more detailed studies of
1.0E+03 Dpo4 polymerase kinetics using natural nucleotides with
mismatched and correctly matched partn&@.(Their pre-
’ steady-state data suggest that the rate-limiting step for
00 05 10 15 20 25 correctly matched partners is a conformational change prior
bond length(A) to the qhemical—bond—forming step, while mismatch .pair
FicurRe 4: Comparison of base-pair size effects in Dpo4 polymerase syntheS|§ ratles are “,m'te,d by Fhe bond-forming c':hemlsFry.
(a low-fidelity enzyme) and Kf (a high-fidelity enzyme). Shown Future kinetics studies involving the present size-varied

are efficiencies for pairing nonpolar thymine analogues with analogue series would be useful in determining which step
adenine. (A) Trend of varied dNTP size, with adenine in the js rate-limiting.

template. (B) Trend with varied template base size, using dATP as Although these experiments shed some light on the

the incoming nucleotide. mechanism by which Dpo4 may adapt to mismatched and
the opposite strands near the incipient pair. There aredamaged pairs, some important questions still remain. For
apparent contacts with the sugar of the dNTP residue andexample, would other Y-family polymerases or other families

contacts with the sugar of the template nucleotide on the of DNA polymerases respond similarly to varied base-pair

opposite strand. This may place limits the glycosidic-€1  sizes, or would they differ because of specialized biological
Cldistance in the Dpo4 structure, a distance similar to that roles? In addition, because the biological function of this

in a Klentaq ternary structur8), an enzyme closely related  and other Y-family enzymes may be not only the synthesis
to Kf. For Dpo4 to adapt to pairs larger or smaller than of pairs involving damage or mismatching but also extension
natural ones, these protein groups (notably, Arg247, Thr250 beyond such damaged pairs, what is the steric sensitivity of
on the template side, and Asp105 and Tyr12 on the dNTP these enzymes in the extension step? More work will be
side) must move inward or expand outward. The outward needed to address these issues.

expansion is likely driven by steric repulsion, while the

inward collapse might be driven by the avoidance of a void ACKNOWLEDGMENT

(unfilled space), which is energetically costly in wat8g)

At present, these structural details must be considere
speculative until more structural and functional data become
available. We suggest that similar movements also likely
occur with a high-fidelity enzyme such as Kf, but our data

1.0E+04 -

1.0E+03 -

efficiency (kcat/Km)

1.0E+02 -

1.0E+07 —

efficiency (kcat/Kwm)
a
o

10602 varledI templalte 3|zeI
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providing the plasmid encoding the polymerase. We thank
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for Kf, thus leading to a rejection of the pair rather than the a KOSEF Fellowship.

costly conformat_ional adjustment. Thus, in simple terms, We g ;ppoRTING INFORMATION AVAILABLE

would characterize the Dpo4 enzyme as functionally loose

or flexible, while Kf is tight or rigid. It therefore seems likely Figure S1, histograms of efficiency with natural pairs and
that the structural difference in Dpo4, which clearly shows mismatches; Figure S2, plots of increasing dNTP size on
less congestion and more openness in the protein in theefficiency; Figure S3, plots df..: andK, size dependence.
vicinity of the DNA, enables the active-site pocket residues This material is available free of charge via the Internet at
to move inward or outward with relative freedom, collapsing http://pubs.acs.org.
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