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ABSTRACT. The kinetic mechanism of DNA polymerization catalyzedSwifolobus solfataricu®2 DNA
polymerase IV (Dpo4) is resolved by pre-steady-state kinetic analysis of single-nucleotide (dTTP)
incorporation into a DNA 21/41-mer. Like replicative DNA polymerases, Dpo4 utilizes an “induced-fit”
mechanism to select correct incoming nucleotides. The affinity of DNA and a matched incoming nucleotide
for Dpo4 was measured to be 10.6 nM and 230, respectively. Dpo4 binds DNA with an affinity
similar to that of replicative polymerases due to the presence of an atypical little finger domain and a
highly charged tether that links this novel domain to its small thumb domain. On the basis of the elemental
effect between the incorporations of dTTP and its thio anal@d TPaS, the incorporation of a correct
incoming nucleotide by Dpo4 was shown to be limited by the protein conformational change step preceding
the chemistry step. In contrast, the chemistry step limited the incorporation of an incorrect nucleotide.
The measured dissociation rates of the enz@h binary complex (0.020.07 s'1), the enzymeDNA-

dNTP ternary complex (0.41%, and the ternary complex after the protein conformational change (0.004
s71) are significantly different and support the existence of a bona fide protein conformational change
step. The rate-limiting protein conformational change was further substantiated by the observation of
different reaction amplitudes between pulse-quench and pulse-chase experiments. Additionally, the
processivity of Dpo4 was calculated to be 16 at°®87 from analysis of a processive polymerization
experiment. The structural basis for both the protein conformational change and the low processivity of
Dpo4 was discussed.

The recently discovered Y-family polymerases are found in all structure-known DNA polymerase8-{14), Dpo4 has

to bypass a variety of DNA lesions which block DNA an additional fourth domain, designated the “little finger”,
synthesis catalyzed by replicative polymerases. All the which is absent in both replicative and repair DNA poly-
Y-family polymerases that have thus far been biochemically merases. The unique biochemical and structural properties
characterized are devoid of intrinsic proofreading exonu- of Y-family polymerases suggest they may utilize different
clease activity and are distributivé<7). Previous steady-  kinetic mechanisms to catalyze DNA synthesis in comparison
state kinetic studies reveal the Y-family polymerases, when tq replicative and repair polymerases. As established by pre-
compared to similar studies of replicative polymerases, steady-state kinetic analysis, replicative polymerases such
exhibit fidelity that is 2-3 orders of magnitude lower. This 55 T7 DNA polymerase utilize an induced-fit mechanism in
low fidelity is due to the loose polymerase active site and \yhich polymerase fidelity is a result of conformational
lack of fidelity checking mechanisms as revealed by the high- coupling, where the energy of nucleotide binding is used to

resolution crystal structure dBulfolobus solfatarjcusPZ drive a rate-limiting protein conformational change preceding
DNA polymerase IV (Dpo4)in a ternary complex with DNA a fast chemistry steplB). In contrast, DNA repair poly-

and an incoming nucleotid@). In addition to the signature ; ! ’
right-hand shape with palm, finger, and thumb domains found merases suph as rapbit DNA ponmerﬁs(ePoL@) incorpor
ate nucleotides by employing what is known as the rate-

limiting transition-state mechanism, in which the free energy
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D-1 5'-CGCAGCCGTCCAACCAACTCA-3' EXPERIMENTAL PROCEDURES

3 -GCETCCGCAGETIGETTGAGTAGCAGCTAGETTACGECAGE-5! Materials These chemicals were purchased from the

% " following companies:q-*?P]dTTP and §-*?P]ATP from Per-
0/0,/4/////./ kin-Elmer Life Sciences (Boston, MA), activated calf thymus

20| #® DNA from Sigma (St. Louis, MO), dNTPs from Gibco-BRL

(Rockville, MD), S,-dTTPuS andS,-dGTRS from Biolog-

15[ Life Science Institute (Bremen, Germany), and ddTTP from

Trilink Biotechnologies (San Diego, CA). Full-length Dpo4

fused to a C-terminal Higag was overexpressed i coli

as described in rel8. The protein was stored in 20L

] aliquots at—80 °C (18). The DNA substrate (D-1) listed in

° Figure 1 was prepared as described previous§). (

L L Pre-Steady-State Kinetic Assaysl experiments using
0 2 4 6 8 10 12 14 16 Dpo4, if not specified, were performed in an optimized
Reaction time (sec) reaction buffer R containing 50 mM HEPES (pH 7.5 at 37
°C), 5 mM MgCh, 50 mM NaCl, 0.1 mM EDTA, 5 mM
7 DTT, 10% glycerol, and 0.1 mg/mL BSA. All reactions were
B carried out at 37C using a rapid chemical quench flow
¢ ® apparatus (KinTek) as described previouslg)(

5 Measurement of the Rate of DNA Dissociation from the
Binary Complex Direct measurement of the rate of DNA
dissociation from the binary complex was obtained by

3 incubating Dpo4 (50 nM) with'sradiolabeled D-1 (100 nM)

in buffer R and then mixing this solution with trap DNA (1

2 mg/mL activated calf thymus DNA) for periods of time

1 ranging from 10 s to 20 min. After this variable mixing
period, dTTP (100uM) was consistently added to each

T e 20 30 20 s e 1 reaction mixture for an additional 15 s followed by an EDTA
guench. The ensuing reaction products were separated by
gel electrophoresis and visualized using a Phosphorimager.
F'fGéJij%l):. Prel-DstleeE)dy-Dstatz aT it\eadY'SIaée kir&eticls of incc;rgoraiionThe data were subsequently fit to the equation [prodsct]

o Ty D Y e i e e i ® A exp(—k), wherek represents the DNA dissociation rate
Mg2*+-dTTP (0.10 mM) in a rapid chemical quench flow apparatus. COnstant andh the product concentration in the absence of
The reactions were quenched at various times with 0.37 M EDTA, the DNA trap.

and products were quantitated by sequencing gel analysis. The data Pulse-Chase and Pulse-Quench Experimepisse-chase
were fit by nonlinear regression to a biphasic curve (eq 1) with - :
rate constants equal to 3:8 0.2 and 0.02G¢ 0.002 s? for the and pulse-quench experiments were performed in buffer R

exponential and linear phases, respectively. (B) Incorporation of Using a rapid chemical quench flow instrument. A preincu-
dTTP into D-1 was independently assessed under steady-statebated solution containing Dpo4 (30 nM) and unlabeled D-1
conditions by preincubating Dpo4 (1.2 nM) and D-d&beled with (30 nM) loaded into one sample loop was rapidly mixed with

32p (250 nM) and then starting the reactions with the addition of P 32
Mg?*-dTTP (0.10 mM). Reactions were terminated at various times buffer containing ¢-**P1dTTP (50 uM) from a second

by the addition of 0.37 M EDTA and quantitated. The data were S@MPle loop for reaction times ranging from 50 ms t0 4.5 s.
fit to a straight line (eq 2), and the steady-state rate constant wasIn the pulse-quench experiment, reactions were immediately
calculated from the slope of this line divided by the enzyme quenched wh 1 M HCI. In the pulse-chase experiment,

concentration to give a rate constant equal to 0.67 s reactions were immediately chased with 2.5 mM unlabeled
dTTP for 30 s, followed by quenching witl M HCI. In

In the preceding paped§), we have implemented pre- both cases, quenched reaction mixtures were treated with
steady-state kinetic methods to determine the fidelity of DNA chloroform and neutralized with NaOH. Following neutral-
polymerization by Dpo4X8). Here, we employ pre-steady- ization, individual samples were quantitated via sequencing
state kinetic techniques to investigate the kinetic mechanismgel analysis.
of DNA polymerization by Dpo4 with an undamaged Product Analysis Reaction products were analyzed by
template. Dpo4, a thermostable archaeal polymeradSg (  sequencing gel electrophoresis (17% acrylam@&®l urea,
was selected to serve as a model Y-family polymerase and Ix TBE running buffer) and quantitated with a Phos-
because of the ability to obtain milligrams of active enzyme phorimager 445 S| (Molecular Dynamics).
required for pre-steady-state kinetic studies, which can be Data AnalysisData were fit by nonlinear regression using
overexpressed iEscherichia colind purified using common  KaleidaGraph (Synergy Software). Data from burst experi-
chromatographic method2@). Our kinetic results suggest ments were fit to eq 1
Dpo4, like yPoy, follows the induced-fit mechanism for
nucleotide discrimination. However, the rate-limiting step [product]= AE)[1 — exp(—k;t) + K] Q)
for the incorporation of an incorrect nucleotide by Dpo4,
unlike yPok, was limited by the chemistry step. where A is the fraction of active enzymds, the enzyme

>

10

Product (nM)

Product (nM)
)

Reaction time (sec)
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concentration measured spectrophotometricédiythe ob- Figure 1A suggested that the burst phase was limited by
served burst rate, and the observed steady-state rate. DNA polymerization in the first turnover and the linear phase
Data from the steady-state kinetic experiments were fit to was limited by the slow DNA dissociation from the binary
eq 2 complex of the enzyme and DNA (ENA). The former
could be specifically limited by the protein conformational
[product]= k.Eqt + E (2) change step, the chemistry step, or both. The latter was

confirmed by the assessment of DNA dissociation from the
wherekss s the steady-state rate constant of dNTP incorpora- g.pNA binary complex. A preincubated solution of Dpo4
tion at the initial active enzyme concentratidgy) (50 nM) and 5radiolabeled D-1 (100 nM) was mixed with
Data from the active site titration were fit to eq 3 a large excess of activated calf thymus DNA (1 mg/mL) for
o time intervals varying from 10 s to 20 min. The large excess
[E-DNA] = 0.5(y + By + Do) = 0.5[(Ky + Eo + of calf thymus DNA trapped Dpo4 as it dissociated from
D,)? — 4E,D"? (3)  thelabeled D-1 substrate. The subsequent reaction with dTTP
was held constant for 15 s to afford ample time for extension
whereKy represents the equilibrium dissociation constant for of the available labeled substrate. Reactions were then
DNA substratesk, the active enzyme concentration, and quenched upon addition of EDTA and mixtures analyzed

Do the DNA concentration. by gel analysis. The resulting data were fit to a single-
Data from the single-turnover experiments were fit to eq exponential equation to yield a rate constant of 0.022 s
4 (single-exponential) (k-1) which is close to the value of 0.020'sobserved in
the steady-state phase in Figure 1A.
[product]= Al1 — exp(—Ky,d)] (4) Active Site Titration Since the catalysis in the first

) ] turnover was much faster than the equilibration of the enzyme
where A re.presents the reaction amplitude akgls the and DNA (E+ DNA = E-DNA), a titration of the enzyme
observed single-turnover rate. . active site with DNA can be used to measure the equilibrium

The data from the processive eIongat'|on of 21/41-mer t0 yissociation constank() of the EDNA binary complex by
27/41-mer were modeled using an improved personal examining the DNA concentration dependence of the first-
computer version of KINSIM provided by C. Frieden ,mover amplitude23). A preincubated solution of Dpo4
(Washington University, St. Louis, MOR{). Final fitting 22 nM, as determined by UV absorbance measurements),
of thg dgta was agcomp_llshed py nonlinear regression base g2+, and an increasing concentration of D:ddbeled with
on kinetic simulation using an improved personal computer 32p \yag rapidly mixed with dTTP and Mty Reactions were
version of FITSIM @2). quenched with EDTA after 1.2 s which allowed adequate
RESULTS time _for the _reaction t.o.reach thg mgximum firs_,t—turnover

amplitude with a negligible contribution of multiple turn-

Burst Kinetics To determine whether a single-nucleotide overs. The products were analyzed by sequencing gel
incorporation catalyzed by Dpo4 follows the biphasic kinetics electrophoresis. The experiments were performed in tripli-
as observed in other polymerasg8<{28), a pre-steady-state  cate, and the mean product concentration was plotted against
kinetic analysis for the correct incorporation of dTTP into a the DNA concentration. The solid line (Figure 2) was a fit
DNA substrate D-1 (Figure 1) was performed under condi- of the data to a quadratic equation (see Experimental
tions where the DNA substrate was in slight molar excess Procedures) which gavel& value for the active complex
over the enzyme to observe the kinetics of the first and of Dpo4 and DNA 21/41-mer of 10.6& 1.3 nM, and an
subsequent turnovers of the enzyn28)( A preincubated  enzyme amplitude of 19.4 0.5 nM or 88% of the protein
solution of Dpo4 (30 nM) and'§3?P]D-1 (120 nM) in one concentration measured spectrophotometrically at 280 nm
syringe was mixed with dTTP from a second syringe at 37 (18). Thus, the enzyme is not 100% active, and the enzyme
°C in the optimized reaction buffer RL§). The reactions  concentrations for the following experiments were corrected
were quenched at time intervals ranging from 5 ms to 15 s. for the amount of active enzyme. On the basis of the DNA
The reaction products were analyzed by sequencing geldissociation rate of 0.02$(see above), the apparent second-
electrophoresis and quantitated using a Phosphorimager. Th@rder binding rate constant of the Dp@4/41-mer complex
resulting time course of formation of labeled 22/41-mer was thus calculatedkd, = ko/Kg = 1.9 x 10f M~1 s79).
(Figure 1A) shows the biphasic kinetics: a rapid burst of This indicated the rate of binding of DNA to Dpo4 was
dTTP incorporation followed by a slower linear phase. The below the diffusion limit. A similar phenomenon has been
first turnover occurred at a rate of 3#80.2 s'* (burst phase),  observed previously for the binding of DNA to T7 DNA
while subsequent turnovers (linear phase) occurred at a muctpolymerase (1.1 10" M1 s7%) (23).
slower rate of 0.02Gt 0.002 s? (Figure 1A). To confirm Rates of Association and Dissociation of the Incoming
the observed linear phase was the bona fide steady-statéNucleotide In the preceding paperl®), the ground-state
phase, we conducted an independent steady-state kinetibinding affinity of dTTP Kq) was measured through the
experiment under conditions where the DNA substrate dTTP concentration dependence of the single-turnover rate,
concentration was approximately 200-fold greater than the yielding the maximum dTTP incorporation ratig,)(of 9.4
enzyme concentration. The observed steady-state rate was- 0.3 s, and aKy of 230 4+ 17 uM for the binding of
0.07 s (Figure 1B) which was similar to the rate observed dTTP. Since the active site of Dpo4 is loose and relatively
in the linear phase of the burst experiment (Figure 1A). Thus, accessible to solvent as revealed by the crystal structure of
the linear phase was indeed the steady-state phase. Like otheDpo4 ), we assume the upper limit of the association rate
polymerasesa3—28), the pre-steady-state burst observed in constant of dTTPk,) is close to the diffusion limit of 1.0
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FiGure 2: Active site tij[ration of Dp04 with D-1. A solution of FIGURE 3 Sg'dTTP(U.S) elemental effect on the rate of correct
Dpo4 (22 nM as determined by UV absorbance measurements) washycleotide incorporation. A preincubated solution of Dpo4 (120
preincubated with increasing concentrations of D-labeled with nM) and D-1 3-labeled with3%P (30 nM) was mixed with either

%P and subsequently mixed with a solution containingMgTTP .10 mM Mg*+-dTTP @) or Mg@2++S-dTTPuS (O) in parallel time
(0.10 mM) in a rapid chemical quench flow apparatus. The reactions courses. The products were quantitated, and the data were fit by
were quenched after 1.2 s, and the products were analyzed bynonlinear regression to the single-exponential equation (eq 4),
sequencing gel electrophoresis. The burst amplitude was then plotteq/ieming Kops Values of 6.27+ 0.38 and 4.49: 0.30 st for dTTP

as a function of substrate concentration, and the data were fit to 3ng S-dTTPRaS, respectively. The elemental effect of 1.4 was

the quadratic equation (eq 3) which gav&gafor the Dpo4-D-1 calculated from the ratio of thik,s values for correct nucleotide
complex of 10.6+ 1.3 nM and an enzyme amplitude of 1944 incorporation into D-1.

0.5 nM.

Scheme 1 the stereoselectivity of polymerases in the presence éf Mg

as observed with rPBI(31). The reactions were quenched
at various times. The data were fit into a single-exponential
equation (eq 4) withk,s values of 6.274 0.38 and 4.49+

=N\ -0
o
Ho_ﬁ_o_ﬁ_o_i’ioﬁgNyN 0.30 s for dTTP andS,-dTTPuS, respectively (Figure 3).
M Oon & e 0 Therefore, the elemental effect of the matched dTTP
incorporation was 1.4. On the basis of modeling studies of
Sp-dTTPoS the hydrolysis of phosphate dieste2), an elemental effect
of 4—11 has generally been taken as evidence of a rate-

o o s 0 D limiting chemistry step during DNA synthesis catalyzed by
HO—II:L—O—IU’—O—IU’—O/\Q/NW/N a polymerase1(7). This suggested the chemistry step was
' o O L 0 not rate-limiting for the incorporation of correct nucleotides

HO

OH . . . .
by Dpo4 in the burst phase. This conclusion was consistent

Rp-dTTPaS with the experimental results shown below.
x 10° M~! s%, The upper limit of the dissociation rate Elemental Effect of the Incorporation of a Mismatched
constant for dissociation of dTTP from theENA-dNTP Incoming NucleotideTo probe whether the chemistry step,
complex was thereby estimatdgi = konKg = 23 000 s?). the protein conformational change step, or both were rate-

This dNTP dissociation rate is too fast to be measured by limiting during incorrect nucleotide incorporation, an analog-
current rapid chemical quench and stopped flow techniques.ous elemental effect study was performed with the incorpor-
Elemental Effect of the Incorporation of a Matched ation of mismatched incoming dGTP into D-1. A preincu-

Incoming NucleotideThe maximum incorporation ratk,, bated solution of Dpo4 (120 nM) and D-1-f@beled with

can be a direct measure of the chemistry step of phosphodi-*P (30 nM) was reacted with either dGTP (1081) or S;-

ester bond formation, the protein conformational change stepdGTRxS (100uM, >95% pure) in buffer R, and the products
preceding the chemistry step, or both. To distinguish betweenwere analyzed and quantitated as described above. The
these three possibilities, the effect of an incoming nucleotide observed single-turnover rategd) were 0.0021+ 0.0001
analogue, characterized by a substitution ofdhghosphate ~ and 0.00037+ 0.00002 s' for dGTP andS,-dGTRuS,

with a phosphothioate group (Scheme 1), kis the respectively (Figure 4). The elemental effect of incorporation
observed incorporation rate, was assayed. This approach wa§f dGTP into D-1 was calculated to be 5.8, which suggested
based on the observations that a rate-limiting chemical stepthe chemistry step limits the rate of incorrect nucleotide
involving the making or breaking of a phosphate bond shows incorporation 29). However, additional evidence is required

a phosphothioate elemental effe2d(30). A preincubated  to confirm this observation.

solution of Dpo4 (120 nM) and D-1'8abeled with3?P (30 Notably, we performed experiments assessing a possible
nM) was reacted with either dTTP (10M) or S,-dTTPoS elemental effect for both correct and incorrect nucleotide
(100uM, >95% pure) in buffer R. Th&, isomer (Scheme  incorporations at subsaturating nucleotide concentrations
1), rather than th&, isomer of dTTRS, was used due to  based on our results from nucleotide bindiag)( However,
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FIGURE 4: S,-dGTP@S) elemental effect on the rate of incorrect = -
nucleotide incorporation. A preincubated solution of Dpo4 (120 21-mer
nM) and D-1 5-labeled with32P (30 nM) was mixed with either 0 01 .025.05.075 1 152 275 35 5 7 95 125 1.65 2.3
0.10 MM Mg*-dGTP @) or Mg?"-S-dGTRuS (O) in parallel time
courses. The products were quantitated, and the data were fit by Reaction Time (sec)

nonlinear regression to the single-exponential equation (eq 4), . . o .
yielding kops values of 0.002 0.0001 and 0.0003% 0.00002 FiIGUrRe 5: Processive polymerization by Dpo4. (A) A preincubated

- : lution of Dpo4 (35 nM) and D-1'8abeled with32P (100 nM)

s 1 for dGTP andS,-dGTRuS, respectively. The elemental effect SO . . - .
of 5.8 was calculated from the ratio of tkg.values for incorrect @S rapidly mixed with dTTP, &CTP' and dGTP (1.2 mM each) in
nucleotide incorporation into D-1. the reaction buffer containing Mg. The reactions were quenched

at various times with 0.37 M EDTA and the mixtures analyzed by

. . . . . sequencing gel analysis. The amount of remaining substrate 21-
since the difference between the maximum incorporation rateé mer @) and each product formed [22-me®), 23-mer @), 24-

k, and the observeki,sat a subsaturating dNTP concentra- mer (®), 25-mer ), 26-mer ©), and 27-mer¢)] was plotted as
tion equals [dNTP]Kq4 + [dNTP]), the value of the elemental @ function of the reaction time. The solid lines represent best fits

effect derived from thé, ratio should be identical or similar ~ 0Ptained from computer simulation using a mechanism consisting
of a series of six single-nucleotide incorporations at2.8.1 (22-

to the elemental effect derived from thgs ratio if the Ky mer), 2.9+ 0.2 (23-mer), 3.5- 0.4 (24-mer), 4.3+ 0.6 (25-mer),
values of dNTP an&-dNTPaS are equal or close. Due to 3.9+ 0.6 (26-mer), and 3.4 0.4 s’ (27-mer), respectively, and
the lack of interactions between Dpo4 and the nucleotide at DNA dissociations at 0.2& 0.05 (21/41-mer), 0.1& 0.11 (22/
the polymerase active site revealed by ternary crystal 41-mer), 0.19+ 0.12 (23/41-mer), 0.1& 0.16 (24/41-mer), 0.18

- - : + 0.18 (25/41-mer), 0.1% 0.11 (26/41-mer), and 0.2& 0.09
structures of Dpo4q), there will be essentially no difference 1 (27/41-men). (B) Image of the results from the processivity

in the binding of dNTP and ite-thio analogue and thky experiment after analysis by sequencing gel electrophoresis showing
difference will be minimal at best. Structural analyses of the progress of the six single-nucleotide incorporations at various

other polymerase active sites, like DNA polymergsealso reaction times.
suggest a minimal difference between the ground-state
binding affinity of INTP and its analogue dN&B (31).There- =+ 0.1 s'* for 22-mer, 2.9+ 0.2 s'* for 23-mer, 3.5+ 0.4
fore, the subsaturating concentrations of nucleotides dNTPS * for 24-mer, 4.3+ 0.6 s* for 25-mer, 3.9+ 0.6 s* for
and dNTRS used in our studies should not affect the value 26-mer, and 3.4t 0.4 s™* for 27-mer. This simulation also
of the elemental effect and the overall conclusion. provided DNA dissociation rates: 0.25 0.05 s* for 21/
Processie PolymerizationThe processivity of Dpo4 was ~ 41-mer, 0.18+ 0.11 s* for 22/41-mer, 0.19+ 0.12 s* for
investigated by including three dNTPs in the reaction 23/41-mer, 0.18 0.16 s* for 24/41-mer, 0.18 0.18 s*
mixture, thus permitting the elongation of D-1, a 21/41-mer for 25/41-mer, 0.15+ 0.11 s* for 26/41-mer, and 0.2&
DNA substrate, to a 27/41-mer. The experiment was 0.09 s*for 27/41-mer. These dissociation rates in the range
performed under conditions where D-1 was in molar excessOf 0.15-0.26 s' were much higher than the -BENA
over Dpo4 to ensure the measured kinetics of sequentialdissociation rate of 0.02°$ (Figure 1). If DNA dissociated
elongation steps were a function of single-enzyme binding at a rate of 0.0278, each of the intermediates shown in
events. A preincubated solution of Dpo4 (35 nM) and D-1 Figure 5 should have returned to the baseline as in the case
5'-radiolabeled with??P (100 nM) was mixed with dTTP,  of T7 DNA polymerase Z3). However, the intermediates
dCTP, and dGTP (1.2 mM each) in reaction buffer R with accumulated in the range of-30 nM which suggested that
Mg2* compensation (see above) for reaction times ranging DNA dissociated at a faster rate from a yet unidentified
from several milliseconds to 2.5 s prior to being quenched intermediate state formed after the binding of dNTP to the
with EDTA and subsequently analyzed by a gel assay. The E:-DNA complex. This intermediate could be the initial
time courses of product formation and substrate disappear-binding EDNA-dNTP complex, the EDNA-dNTP complex
ance were fit by nonlinear regression using computer after a putative protein conformational change, or the E
simulation programs Kinsim2(l) and Fitsim 22) and a  DNA-PR complex after the chemistry step.
mechanism consisting of a series of six single-nucleotide Measurement of the DNA Dissociation Rate of th2NEA:
incorporations and DNA dissociations (Figure 5). The rate dNTP ComplexDNA can either dissociate from the ternary
constants of formation of intermediates were as follows: 2.3 complex (EDNA-dNTP) or be converted to product after
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Ficure 6: Measurement of the DNA dissociation rate of the E
DNA-dNTP complex. A preincubated solution of Dpo4 (55 nM)
and D-1 5-labeled with32P (60 nM) was mixed with Mg S,
dTTPaS (1.2 mM) in the absenc®] or presenced) of unlabeled
trap D-1 (2.54M). The rate of incorporation in the both experiments
was 11.0 st; however, the burst amplitudes were 53:10.6 and
51.2 £ 0.7 nM in the absence and presence of DNA trap,
respectively. This reduction in amplitude (3.6%) in the presence
of the trap suggests a rate of DNA dissociation from this ternary
complex of 0.41 st
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FiIGurRe 7: Measurement of the DNA dissociation rate of the E
DNA-dNTP complex. A preincubated solution of Dpo4 (1.2 nM)
and D-1 5-labeled with®2P (200 nM) was mixed with Mg -ddTTP

(1.2 mM) in the absence®) or presenced) of the next correct
nucleotide, dCTP (1.2 mM). The steady-state rate constant in the
absence of dCTP was 0.028 0.001 s and corresponds to the
rate of dissociation of DNA from the-BNA binary complex, while

the rate constant in the presence of dCTP was 0.G664D0003

s~1 and corresponds to the rate of dissociation of DNA from the
E'-DNA-dNTP ternary complex.

the putative protein conformational change and chemistry the EDNA product complex. This rate was close to the

steps. To measure the DNA dissociation rdtgr)(of the
E-DNA-dNTP complex, the nucleotide analogied TTRaS,

steady-state rate measured in Figure 1. In the presence of
ddTTP and dCTP, an extremely slow off rate of 0.0040

rather than dTTP, was used in this assay to procure a slightly0.0003 s* was observed from the dissociation of the E

larger kinetic partitioning due to the slower rate of incorpora-
tion of S-dTTPRuS relative to dTTP (Figure 3). A large molar

DNA-dNTP complex (Figure 7). Similar results were ob-
served previously in HIV-1 reverse transcripta®é) ( These

excess of unlabeled D-1 was used to trap any dissociatedresults suggested the binding of the next correct nucleotide

enzyme molecules which were bound by radiolabeled DNA

inhibits the dissociation of DNA from the'EDNA-dNTP

substrate molecules. The experiment was conducted bycomplex. More importantly, the slow dissociation of DNA

reacting a preincubated solution of Dpo4 (55 nM) and 5
radiolabeled D-1 (60 nM) wittg,-dTTPaS (1.2 mM) alone

or with S-dTTPaS (1.2 mM) and unlabeled D-1 (2/8M).
Incorporation ofS,-dTTPaS occurred at a rate of 11.0%s
(Kobg in both time courses, but the amplitudes of the burst
were 53.1+ 0.6 and 51.2+ 0.7 nM in the absence and

from the E-DNA-dNTP complex provided kinetic evidence
for the existence of the protein conformational change prior
to the chemistry step.

Pulse-Chase and Pulse-Quench Experimdptgse-chase
and pulse-quench experiments were conducted to seek
additional but independent evidence for the existence of a

presence of the DNA trap, respectively (Figure 6). Since the slow conformational change step that would precede the

relative amplitude (51.2/53.1) is equal kgnd(Kobs + Koff),
the dissociation ratk,; of the EDNA-dNTP complex was
estimated to be 0.41°% This rate was similar to the rates
observed in Figure 5, indicating the low processivity of Dpo4
was due to fast DNA dissociation from theENA-dNTP

chemistry step in the incorporation of a matched nucleotide
by Dpo4. These experiments were carried out by comparing
two separate time courses. In each case, a preincubated
solution of Dpo4 (30 nM) and unlabeled D-1 (30 nM) was
mixed with [o-3?P]dTTP (50uM) for various time intervals

ternary complex. Similar results have been observed with in a rapid chemical quench flow instrument. In the first

HIV-1 reverse transcriptas).

Measurement of the Dissociation Rates of tHeDEA:
dNTP ComplexSteady-state kinetic experiments were used
to measure the rate of dissociation of DNA from'alENA-

experiment, reactions were quenched by the addition of 1
M HCI, while in the second experiment, each reaction
mixture was chased with unlabeled dTTP (2.5 mM) for an
additional 30 s, followed by an acid quench (1 M HCI). The

dNTP complex that could not undergo the chemical step duereaction mixtures were denatured by the addition of chlo-
to the presence of ddTTP that, once incorporated, does notroform and neutralized wit1 M NaOH prior to analysis by

have the required hydroxyl group at theehd of the primer

sequencing gel electrophoresis. In the pulse-quench reactions,

strand for a subsequent extension reaction. The experimentd M HCI quenched all the enzyme-bound species. In the
were conducted by reacting a preincubated solution of Dpo4 chased reaction mixtures, the enzyme-bound complex was

(1.2 nM) and 5radiolabeled D-1 (200 nM) with ddTTP (1.2
mM) alone or with ddTTP (1.2 mM) and the next correct

allowed to partition between both the reverse and forward
directions, and a stable bound complex of Dpo4, DNA, and

nucleotide dCTP (1.2 mM). The steady-state rate in the [a-*?P]dTTP, if any, would be chased by the large amount

presence of ddTTP alone (0.0280.001 s*) (Figure 7) was
a direct measure of the rate of dissociation of DNA from

of cold dTTP in the forward direction to form an excess of
radiolabeled product. Comparison of the kinetics of these
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Scheme 2
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Ficure 8: Pulse-chase and pulse-quench experiment. A preincu-
bated solution of Dpo4 (30 nM) and unlabeled D-1 (30 nM) was
mixed with [0-32P]dTTP (50uM) for time intervals ranging from

Table 1: Estimated Kinetic Constants of Dpo4

parameter value parameter value
ky 1_9/,¢M_1 st Kd,dNTP 230/,{M
k1 0.02s? 94st
Kad,ona 10.6 nM ks 0.41s?
ko 100uM st ks 0.004 st
ko 23000 s*

The high off rate of ANTP from theBNA-dNTP complex
has also been estimated with T7 DNA polymerazsd 0
s (23) and the Klenow fragment of. coli DNA
polymerase | £250 s?1) (33). Therefore, this intermediate
species was most likely thé-BNA-dNTP ternary complex.

DISCUSSION

In this paper, we have established the elementary steps of
nucleotide incorporation into undamaged DNA catalyzed by
Dpo4. On the basis of our pre-steady-state kinetic results,
we propose a kinetic mechanism for DNA polymerization

0.05 to 4.5 s. The reactions in these two experiments were eitherby Dpo4 shown in Scheme 2. In Scheme 2, E, NdNTP,

guenched directly wit 1 M HCI (pulse quench) or chased with
2.5 mM unlabeled dTTP (pulse chase) for 30 s, followed by HCI
guenching. Both experiments were fit to the single-exponential
equation (eq 4), yielding amplitudes of 200.6 and 25.5+ 1.0

nM and observed rates of 0.620.17 and 0.62+- 0.24 s'* for the
pulse-quench®) and pulse-chase®) experiments, respectively.

experiments provided direct evidence for the existence of
an enzyme-bound complex preceding the chemical £8p (
32). The pulse-quench data were fit to a single-exponential
equation to yield an amplitude of 2048 0.6 nM and a rate
constant of 0.62+ 0.17 s'. The chased data were also fit
to a single-exponential equation with an amplitude of 25.5
+ 1.0 nM and a corresponding rate of 0.620.24 s*
(Figure 8). The incorporation rates @f-F?P]dTTP (50uM)

and PPRrepresent Dpo4, D-1, dTTP, and pyrophosphate,
respectively. The estimated kinetic constants are listed in
Table 1. On the basis of the previous findings that free DNA
polymerases, such &s coli polymerase 184) and T7 DNA
polymeraseZ3), do not specifically bind a nucleotide prior
to the binding of DNA, we propose Dpo4 first binds DNA
followed by dNTP, to form the EDONA-dNTP ternary
complex. The pre-steady-state time course of single-dTTP
incorporation revealed biphasic kinetics (Figure 1). The burst
of product formation in the first turnover was limited by
nucleotide incorporation, while the slow steady-state phase
of the subsequent turnovers was limited by the dissociation
of the DNA product from the enzyme. The steady-state
turnover rate was further measured and confirmed by two

for the pulse-chase and pulse-quench experiments were loweindependent steady-state kinetic experiments with dTTP

than expected2 s 1), and it was due to experimental error.
The obvious difference in amplitudes (5.5 nM) between the

(Figure 1B) and ddTTP (Figure 7), and a third experiment
involving the direct measurement of the dissociation rate of

two sets of experiments was reproducible and demonstratedthe EDNA binary complex (see Experimental Procedures).

the formation of an intermediate complex prior to the
chemical step 43, 32). Theoretically, this intermediate
complex could be either the:ENA, E-DNA-dNTP, or E-
DNA-dNTP complex. However, we know that this complex
cannot be the BNA binary complex since such an
intermediate would bind cold dTTP under the pulse-chase
conditions and be removed from observation. This would
result in identical curves in each of the two sets of

The rate-limiting step in the first turnover was determined
to be the first protein conformational change after the initial
collision of dNTP with the EDNA binary complex (EDNA-
dNTP < E'-DNA-dNTP). We have observed three lines of
evidence supporting such a protein conformational change.
(i) The small elemental effect of 1.4 for the incorporations
of dTTP versuss-dTTPuS suggested the chemistry step was
not rate-limiting based on the previous studies of the

experiments. Likewise, this intermediate species was not theelemental effect (411) observed in the hydrolysis of

E-DNA-dNTP ternary complex since the difference in
amplitudes £20%) would require that the complex parti-
tioned between formation of product (amplituge80%, 2
s™1) and release of dTTP to form the[ENA complex (~0.09

s 1) and form E, DNA, and dTTP (0.41°% (32). The off
rate of dTTP from the EDONA-dANTP complex is much

pyrophosphate2@). This approach has been used to establish
the rate-limiting step in the nucleotide incorporation catalyzed
by other polymerasedl{, 23, 35, 36). Thus, the potential
rate-limiting step must be a step preceding the chemistry step
(step 4 in Scheme 2). Since the initial binding of dNTP (step
2) is a fast equilibrium step, the only candidate was the

slower than the estimated dissociation rate of dTTP (23 000 intermediate step between steps 2 and 4 (Scheme 2) which

s 1) based on its ground-state binding affinity (see above).

was therefore suggested to be the protein conformational
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change. (i) In the presence of ddTTP and the next correctthe EDNA complex and the “closed” conformation of the
nucleotide, dCTP, we observed an extremely slow rate of E'“DNA-dNTP complex has been observed in other poly-
dissociation (0.004$) of DNA from a ternary complex = merases such as T7 DNA polymerad8)( HIV-1 reverse
which could not undergo the chemistry step for the incor- transcriptasel?), Thermus aquaticuUBNA polymerase |9),
poration of dCTP due to the lack of &Bydroxyl group on and DNA polymerasé¢g (10). In contrast, the structure of
the primer strand after the incorporation of ddTTP (Figure Dbh, a homologue of Dpo4 from the P1 strain of S.
7). Since the dissociations of theENA (0.02-0.07 s%) solfataricus in the absence of both DNA and an incoming
and EDNA-dANTP (0.41 s complexes were much faster, dNTP @0, 41), shows this Y-family polymerase appears to
the tight binding ternary complex observed in the presence be in the closed conformation. Results from the overlay of
of ddTTP and dCTP was thus deduced to be th®EA- this structure with the Dpd“DNA-dNTP ternary structure
dNTP complex. After the initial binding of dNTP to form  show no obvious structural change which appears to support
the loose EDNA-dNTP complex, the enzyme undergoes an the conclusion reached by these authors that the “induced-
isomerization to tighten the binding of both DNA and dNTP fit” mechanism does not apply to Y-family polymeraség)(
at the active site. The fast dissociation of th®NA-dNTP However, this conclusion contradicts our kinetic observations
complex was observed in the processive polymerization for Dpo4 and the previously published kinetic results of
experiment shown in Figure 5, and the rate was measuredyPol; which suggest a rate-limiting protein conformational
directly by following kinetic partitioning in the incorporation  change during correct nucleotide incorporatidy)( We
of S-dTTPuS in the presence of an unlabeled DNA trap speculate that the closed conformation observed in the Dbh
(Figure 6). (iii) The reaction amplitude difference between crystal structure 40, 41) is probably a result of crystal
the pulse-chase (25.5 nM) and pulse-quench (20.0 nM) packing and does not reflect the inherent protein conforma-
experiments clearly indicated the existence of th®NA- tion in solution. This speculation is somewhat supported by
[0-32P]dTTP complex which accumulated but was chased the unusual fact that DNA and a correct incoming nucleotide
forward by a large excess of cold dTTP (Figure 8). Such an are required in the crystallization buffer for growth of the
amplitude difference has been observedEincoli DNA crystals of the full-length Dbh alone4@). It would be
polymerase 132), T7 DNA polymeraseZ3), and yPak (17). extremely interesting to see the NMR structures of Dbh and
In addition, ~5.5 nM of the pool of Dpo4 was in the'E Dpo4 in solution. Alternatively, the protein conformational
DNA-[a-32P]dTTP complex which did not yield products change for a Y-family polymerase could occur exclusively
under pulse-quench conditions, but was chased to productsn the unique little finger domain, rather than the finger
by a large excess of cold dTTP under the pulse-chasedomain as observed in replicative and repair DNA poly-
conditions. For the EDNA-[a-3?P]dTTP complex to ac-  merases. This possibility is unlikely considering that the little
cumulate, it is necessary to have a step after the chemistryfinger domain of Dpo4 is not an essential component of the
step to serve as a kinetic “roadbloci3?). If PR, dissociated active site 42). However, it is possible that a large swing
rapidly after the chemistry step, thé-BNA-[a-32P]dTTP of the little finger domain leads to minor adjustment of the
complex would not accumulate. A slow conformational positions of the DNA, nucleotide, and active site residues
change (EDNA+1°PR <= E-DNAn+1-PR) is thus included of Dpo4. Since the EDNA-dNTP ternary complex of Dpo4
in Scheme 2. However, further evidence is required to has been determine@)( the structural insight into the first
confirm the presence of this step. Additional experiments, conformational change in Scheme 2 will be clear once the
particularly those that investigate the reverse elementarystructure of the DpoDNA binary complex is available. On
steps, are needed to measure the remaining microscopic ratéhe basis of the kinetic results of the two Y-family poly-
constants in Scheme 2. merases Dpo4 and yRp(17), we further speculate that the
Induced-Fit Mechanism of Nucleotide Incorporation induced-fit mechanism may apply to all Y-family DNA
Scheme 2 shows Dpo4, like yRol(17) and other poly- polymerases.
merasesq3—28), uses the induced-fit mechanism to select  Processiity of Dpo4 On the basis of the rate constants
correct incoming nucleotides. The fidelity of Dpo4 was derived from the processive DNA synthesis experiment
contributed primarily by the protein conformational change (Figure 5), the average DNA dissociation and product
preceding the chemistry step [see the preceding p4@dr (  formation rates during processive polymerization were
At present, the contributions of individual amino acid calculated to be 0.21 and 3.3'srespectively. Processivity,
residues and domains of Dpo4 to the protein conformational defined as the ratio of the polymerization rate divided by
change have not been explicitly defined due to the lack of the DNA dissociation rate, was calculated to be 16 atG7
structural information regarding the binary complex of a for Dpo4. This was slightly higher than the processivity of
Y-family polymerase and DNA. However, a superimposition yPol; (5.2) (17), and was similar to the previously estimated
of the conserved palm domains of Dpo4 in its ternary processivity of Dpo4 with the same DNA/enzyme rag)
complex @) and yPok alone @7) reveals a protein confor-  The processivity of Dpo4 and yRpis much lower than the
mational change: the inward rotation of the finger and little processivity of replicative polymerases such as T7 DNA
finger domains of Dpo4 toward DNA by48° (38). The polymerase (1500) and human mitochondrial DNA poly-
superimposition of the structure of yRohalone 37) with merasey (2250) @3). The low processivity of the Y-family
the recently determined structure of Dpo4 in the presence polymerases combined with their low fidelity is consistent
of DNA (containing acis-syn T—T dimer) and a correct  with their role in the bypass of DNA lesions. In theory, the
incoming nucleotide also suggests a large conformational Y-family polymerases are envisioned to dissociate from DNA
change for Dpo4: 1% 16°, and 48 for the finger, thumb, shortly after traversing a damaged site, allowing a high-
and little finger domains, respectivel89). The large swing  fidelity replicative polymerase to “reassociate” with the DNA
of the finger domain between the “open” conformation of and continue processive synthesis. Sifceolfataricusis
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an aerobic crenarchaeon that metabolizes sulfur and growson substrate elongation due to favorable kinetic partitioning.
optimally at 80°C and pH 2-4 (19), its genome is more  More importantly, this protein conformational change step
likely to undergo depurination and depyrimidination reac- leads to the formation of a tighter binding staté;ENA-
tions. The resulting abasic lesions are probably bypassed bydNTP, which dissociates at a rate of 0.004 &igure 7).
Dpo4, thus suggesting an adaptive feature provided by thisThus, the protein conformational change results in a tighter
enzyme for the survival o8. solfataricusunder such harsh  binding of DNA to Dpo4. Similar results have been observed
conditions R20). We are currently studying the fidelity of in HIV-1 reverse transcriptas@®).
lesion bypass by Dpo4 using pre-steady-state kinetics. Rate-Limiting Step in the Incorporation of a Mismatched
The high processivity of replicative polymerases is due Nucleotide The elemental effect for the incorporations of a
to the function of the processivity factors associated with mismatched dGTP ang,-dGTRxS was measured to be 5.8
these polymerases, e.d, coli thioredoxin for T7 DNA (Figure 4), suggesting the chemistry step is rate-limiting for
polymerase, the small subunit for human mitochondrial DNA the incorporation of incorrect nucleotides. This conclusion
polymerasey, and eukaryotic proliferating cell nuclear is solely based on the elemental effect of 4l observed
antigen (PCNA) for polymerasesande (44). The proces-  with the hydrolysis of phosphate diesters, which is limited
sivity of several Y-family polymerases, including D5} by the chemistry step2@). Interestingly, the elementary
andE. coli DNA polymerase IV 46), is greatly increased effect observed with Dpo4 is similar to the value of 5.0
in the presence of cofactors, but the processivity of human observed with correct nucleotide incorporation by fR@1).
DNA polymerasex is not affected47). Recently, a hetero-  Recent structural and stopped flow fluorescence studies have
trimer of three PCNA homologues (PCNAL, -2, and -3) from determined the rate-limiting step of DNA polymerization by
S solfataricusP2 was found to dramatically increase the rPol3is in fact the chemistry step{). The combined results
processivity ofS. solfataricusDNA polymerase B148, 49). from these studies with rB®kupport our results with Dpo4
It will be interesting to test the effect of tH& solfataricus for a rate-limiting chemistry step for incorrect nucleotide
PCNA heterotrimer on the processivity of Dpo4. If the incorporation. Moreover, large elemental effects associated
processivity of Dpo4 is increased greatly, the protein complex with mismatched nucleotide incorporation have been ob-
could be used in the error-prone polymerase chain reactionsserved with other polymerases, including T7 DNA poly-
(PCRs) to engineer random mutations since the fidelity of merase (1#34) (24) and E. coli DNA polymerase | (65)
Dpo4 is low (8, 20, 50). The biological implication of the  (35). Thus, the assignment of the rate-limiting chemistry step
potential interactions between Dpo4 and the PCNA hetero- for the incorporation of mismatched nucleotides based on
trimer requires additional studies. the elemental effect seems to be a general trend for all DNA
DNA Binding Affinity The affinity of Dpo4 for a synthetic ~ polymerases. However, a smaller elemental effect (1.9) is
DNA substrate, D-1, was measured to be 10.6 nM using the observed in the mismatched nucleotide incorporation cata-
active site titration assay (Figure 2). This indicates Dpo4 lyzed by yPok (17). This exception is not clearly understood.
binds DNA with the same affinity as replicative polymerases Additional mechanistic evidence other than the elemental
such as T7 DNA polymerase (18 nM23), human mito- effect is needed to evaluate whether the chemistry step limits
chondrial DNA polymerasg (9.9 nM) @3), HIV-1 reverse the incorrect nucleotide incorporation by Dpo4 and yPol
transcriptase (4.7 nM)26), and the repair enzyme. coli
DNA polymerase | (5 nM)36). This is not surprising since, REFERENCES
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