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ABSTRACT: The kinetic mechanism and the structural bases of the fidelity of DNA polymerases are still
highly controversial. Here we report the use of three probes in the stopped-flow studiegsabRiitain

new, direct evidence for our previous interpretations: (a) Increasing the viscosity of the reaction buffer
by sucrose or glycerol is expected to slow down the conformational change differentially, and it was
shown to slow down the first (fast) fluorescence transition selectively. (b) Use of dNTi® place of

dNTP is expected to slow down the chemical step preferentially, and it was shown to slow down the
second (slow) fluorescence transition selectively. (c) The substitution-inert Rh(II)dNTP was used to show
for the first time that the slow fluorescence change occurs after mixing g8 PMNA-Rh(II)dNTP with

Mg(ll). These results, along with crystal structures, suggest that the subdomain-closing conformational
change occurbeforebinding of the catalytic Mg(ll) while the rate-limiting step occwafier binding of

the catalytic Mg(ll). These results provide new evidence to the mechanism we suggested previously, but
do not support the results of three recent papers of computational studies. The results were further supported
by a “sequential mixing” stopped-flow experiment that used no analogues, and thus ruled out the possibility
that the discrepancy between experimental and computational results is due to the use of analogues. The
methodologies can be used to examine other DNA polymerases to answer whether the properties of Pol
p are exceptional or general.

The kinetic and structural basis of high-fidelity DNA established for any polymerase, even for correct dNTP
replication by DNA polymerases has been a subject of incorporation, let alone incorrect dNTP incorporation. Our
extensive studies for several decades. As summarized in daboratory has been working toward this goal using DNA
review in 2000 ), these studies led to the generally accepted polymerasef (Pol ) as a model systeml( 5—-9), as
view that the major controlling factor of fidelity is a rate- summarized below.
limiting conformational change that involves major move- A series of crystal structures of binary and ternary
ments of subdomains. However, on the basis of pre-steady-complexes of Pofs indicates that, like most other DNA
state kinetics and structural studies, we recently suggestedbolymerases, P@# undergoes an “open-to-closed” confor-
that this may not be universally true and that the chemical mational change that is induced by dNTP bindiag-13).
step is likely to be the rate-limiting step and the main step In 1997 we first applied stopped-flow fluorescence assays
contributing to the fidelity of some DNA polymerases, as to monitor conformational changes associated with the
discussed in reB. Our results and recent results from other catalytic cycle of Pol3. The observed biphasic change in
labs with different viewpoints for different DNA polymerases fluorescence was initially interpreted to represent multiple
are summarized in a 2004 revied) (It is important to point conformational changes accruing before the phosphodiester
out that a thorough understanding of the basis of DNA bond formation step (chemistry steg),(in accordance with
polymerase fidelity will require establishment of the complete the widely accepted concept of a rate-limiting conformational
kinetic mechanism, microscopic rate constants, and structuralchange at that time. Later, using Cr(lll)dNTP exchange-inert
characterization of all intermediates, for both correct and complexes we showed that the crystal structure of the E
incorrect dNTP incorporations. Controversy in this field DNA-Cr(ll)dNTP ternary complex (in the absence of
persists because such a complete picture has not yet beenatalytic metal ion) already exists in the closed for@). (

These results, along with the observation that Cr(III)dNTP
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Scheme 1: Kinetic Scheme of Single-Nucleotide 1.0
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conformation; E= Pol $ in closed finger conformation; D= DNA,;

N = M-dNTP; M = catalytic metal ion; P= M-PR. In the text, the

binary complex refers to the 4B, state, while theternary complex

refers to the EDy°N state (after the conformational change).
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can induce only the faster phase of fluorescence transition
in the absence of the catalytic metal io8),(led us to ‘ ’ ’ ’ ‘ ‘
conclude that the subdomain-closing conformational change 0 2 e s &8 10
of Pol 5 is already complete before the step giving rise to '

. . . FIGURe 1. (A) Superimposition of stopped-flow tryptophan fluo-
the slow phase of fluorescence transition. This conclusion rescence®) and rapid chemical quenci) assays for incorporation

has also been supported by other repoftd—16). The of dCTP into the 18/36AP DNA substrate. The reaction was initiated
stopped-flow transient fluorescence results have been furtherby rapid mixing of solutions from two syringes: the first syringe
substantiated under a variety of condition}, @nd the rate  contained 600 nM 18/36AP with 900 nM P#j the other syringe
of the slow phase has been shown to be identical to the rategoma'”‘?d ZfQQ‘M dcT|F> and 10 ml\/ll Mg%l T.hﬁ rapid guench .
f dNTP incorporation. A simplified kinetic scheme has been ata points fit to a single exponential (eq 1) with a rate constant o
0 P y p O] 0.430 s. The stopped-flow data points fit to a double exponential
proposed as shown in Scheme 1, which involves a fast (eq 3) withk, = 64.4 s andk, = 0.457 s. (B) Stopped-flow
subdomain-closing conformational change, E toiiduced tryptophan fluorescence assays with dideoxy-terminated DNA

by b|nd|ng of MdNTP, and a slow, rate_"miting chemical substrate. One Syringe_ Contained_ Rbland 18dd/36AP DNA
substrate. The other syringe contained dCTP and MdQle data

step (_3)' o points fit to the single exponential (eq 2), with a rate constant of
While the above results represent significant advancement69.9 s

in the field, they also lead to new questions and new

proposals. One is whether Bls an exception, as has been Two of the three probes, buffer viscosity and Rh(Ill)dNTP,
raised by us 3) and others4, 15, 17, 18). This question have not previously been used in stopped-flow studies of
remains to be addressed by applying our and other experi-DNA polymerases, and dNTES has been used only rarely.
mental approaches to other polymerases. In this paper weApplication of viscogens and dNTES led to new direct
address only the following issues related to Po{a) Even evidence that the rates of the fast and slow fluorescence
though we have suggested that the rates of the fast and théransitions correspond to the rates of the conformational
slow fluorescence transitions (see Figure 1 in the Resultschange and the chemical steps, respectively. The results of
section) correspond to the rates of the subdomain-closingexperiments with Rh(llIl)JdNTP allowed dissection of the
conformational change and the chemical step, respectivelynucleotide-bound metal ion and the catalytic metal ion, and
(6), there has been no direct evidence linking the fluorescenceprovide direct evidence that the rate-limiting step ocetter
transitions with the specific steps. Thus strictly we can only binding of Mg(ll) to the polymeras®NA-MdNTP ternary
state that the subdomain closing conformational change is acomplex. The possibility of the use of analogues (metal ions
fast step, and that the slow phase more likely represents gor dideoxy-terminated primers) as the reason for the dis-
step limited by chemistryl( 3). (b) It has been proposed on  crepancy of our experimental results with the results of
the basis of dynamic simulation studies that a subtle computational studies was further addressed by sequential
conformational change preceding chemistry, involving Arg258 stopped-flow experiments without using any analogue.
rotation induced by binding of the catalytic magnesium ion,

is fluorescence silent but is the rate-limiting step in the Pol MATERIALS AND METHODS

p catalytic cycle 19, 20). (c) Recent computational studies  vaterials Ultrapure dNTP’s and G-25 Microspin columns
suggest that Pg# subdomain closing requires the presence were purchased from Amersham Biosciences. Sp-aSTP
of both nucleotide-binding and catalytic metal ions. Since (>959 pure) was purchased from Biolog-Life Science
the crystal structure of the -BNA-Cr(lll)dNTP ternary  |nstitute. Radiolabeled/[32P]JATP was purchased from MP
complex exists in the closed form, the authors rationalized gjomedicals. T4 polynucleotide kinase was obtained from
their Contradictory flndlng by inVOking differences between New Eng|and BioLabs. Reverse phasﬁ chrtridges were

Cr(llr) and Mg(ll) (21). obtained from the Waters Corp. All other chemicals used
In this paper we report the combined use of viscogens were obtained from Sigma-Aldrich.
(sucrose and glycerol), AN®S, and rhodium(lll) as mecha- DNA Polymerasg Purification. Recombinant rat Pgf

nistic probes to further address the issues mentioned abovewas purified as previously described from an overexpressing
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Scheme 2: Sequences of DNA Substrates in this paper, to be differentiated from the newly identified

18/36AP “precomplex”. The same procedure was followed to syn-
thesize the Rh(llI)dCTP phosphate complex. Briefly, 10 mM
Rh(H,0)s®t (with CIO4~ as counterions) was reacted with
10 mM dCTP at pH 3.0 and 88C for 20 min. Rh(HO)s-

5'- GCC TCG CAG CCG TCC AAC
3' - CGG AGC GTC GGC AGG TTG GTA TCA GTG GAG TTA GGT

18dd/36AP (ClOg4)3 was prepared from rhodium(lll) chloride hydrate as
51 - GCC TCG CAG CCG TCC AAC 44 described by Ayres and Forrest&5). Product formation
B was monitored by'P NMR. The product was purified by
3'- CGGAGC GTC GGCAGG TTG GTA TCA GTC GAG TTA GGT running sequentially through Dowex-1 ion exchange and
G-10 gel filtration columns. The product was shown to
19/36AP consist of a mixture of bidentate and tridentate isomers
1 GOC TCG CAG CCG TCC AAC C showing®'P NMR properties similar to those described for
31- CGG AGC GTC GGC AGG TTG GTA TCA QTG GAG TTA GGT Rh(IINATP (24). Additional characterization was performed
by 'TH NMR and 3C NMR. The 3C NMR spectrum of
19dd/36AP Rh(I1)dCTP was very similar to that of free dCTP, which
ruled out the possibility of a deaminated product.
5'- GCCTCG CAG CCG TCC AAC Cag. The precomplex of Rh(II)dCTP was synthesized by
3!~ CGGAGC GIC GECAGG TTG GTA TCA GTC GAG TTA GCT heating 10 mM Rh(lll) chloride hydrate with 10 mM dCTP
at pH 3.0 and 8C°C for 20 min. Product formation was
18/35AP monitored by'H NMR and3!P NMR, which indicated that
51 - GCC TCG CAG CCG TCC AAC the Rh(lll) ion coordinates with the cytosine ring but not
3'- CGG AGC GTC GGC AGG TTG GAT CAG TGG AGT TAG GT with the phosphate. Further studies suggested that it is likely
an intermediate for the formation of the phosphate complex
18dd/35AP and it was thus designated as the “precomplex”. The
extensive details are described in the Supporting Information.
5'- GCCTCG CAG CCG TCCAAC qq Kinetic AssaysThe standard assay buffer consisted of 100

3'- CGG AGC GTC GGC AGG TTG GAT CAG TGG AGT TAG GT

a A represents 2-aminopurin€yq represents 'R -dideoxycytidine
5'-monophosphate.

mM MOPS, 50 mM KCI, 10% (v/v) glycerol, 1 mM DTT
at pH 7.0; and the typical assay was conducted at@5
The viscosity-dependence study was performed with varying
Escherichia colistrain BL21(DE3)(pLysS, pET17-P@#) concentrations of either sucrose or glycerol. Stopped-flow
(22). The Pol 3 concentration was determined by UV experiments with the dNT&S substrate analogue were
absorbance at 280 nm using extinction coefficient of 21200 performed at 37C in a buffer consisting of 100 mM BTP,
M~1cm L. The enzyme appeared to be homogeneous on the50 mM KCI, 10% (v/v) glycerol, and 1 mM DTT at pH 6.8.
basis of SDS/PAGE developed using the silver staining Chemical Quench Experimentsrapid quench instrument
method. (KinTek instrument Corp, State College, PA) was used for
DNA SubstratesThe sequences of primer/template DNA reaction times ranging from 5 ms to 100 s. Baind DNA
substrates used in this study are shown in Scheme 2. Customvere preincubated for at least for 5 min before the start of
synthesized oligomers were purchased from Integrated DNA the reaction. The typical reaction mixture consisted of 100
Technologies (Coralville, 1A). Each DNA oligomer was nM DNA, 300 nM Polj, 100uM dCTP, and 5 mM MgGl
further purified by 18% (w/v) polyacrylamide/7 M urea (all final concentrations) in the standard assay buffer
denaturing gels and extracted with 500 mM ammonium described above. Reaction was rapidly quenched by mixing
acetate and 1 mM EDTA. Extracted oligomers were subse- with EDTA (300 mM, final concentration). Reaction products
guently desalted on a Sep-PakCartridge and eluted using  were then mixed 1:1 with formamide and run on an 18%
methanol:water (60:40). After removing the solvent with (w/v) polyacrylamide/7 M urea denaturing gel. The disap-
vacuum, the oligomers were resuspended in TE buffer (10 pearance of substrate and the formation of product were
mM TrisHCI, 0.1 mM EDTA, pH 8.0) and the concentration analyzed with a STORM 840 Phosphorimager (Molecular
was determined by UV using a calculated molar absorption Dynamics).
coefficient 3). The oligomers were then stored-a20 °C. Stopped-Flow Fluorescence Assayxperiments were
DNA substrates used in the chemical quench experimentsperformed on an Applied Photophysics SX 18MV stopped-
were 3-end labeled using T4 polynucleotide kinase and flow apparatus. The excitation wavelengths were 285 and
[y-*2P]ATP (4500 Ci/mol) according to the manufacturer's 312 nm for tryptophan and 2-aminopurine, respectively, with
protocol. The T4 polynucleotide kinase was inactivated by a spectral bandpass of 4 nm. Emission was monitored using
heating at 65C for 20 min. The labeled 18-mer primer was a 340 nm bandpass filter (Corion, 10 nm) for tryptophan
separated from unreacted ATP and Mg(ll) using a G-25 and a 360 nm high pass filter (Corion) for 2-aminopurine.
microspin column with a small amount of Chelex 100 resin All buffers were filtered with a 0.4xm filter and degassed
added to it. The appropriate unlabeled DNA-template was prior to use. Primer and template oligomers were mixed at
added and allowed to anneal by heating to°80followed a 1.3:1 ratio and allowed to anneal by heating td80and
by gradual cooling to room temperature. then slow cooling to room temperature. Unless otherwise
Synthesis of Rh(II)dNTP Phosphate Complex and Pre- specified, the experiment involved rapid mixing of two
complex Previously, Rh(II)ATP was synthesized and well solutions (8Q«L each) in the standard assay buffer: (a) 600
characterized24). In this complex Rh(lll) coordinates with  nM annealed DNA substrate and 900 nM Bohlnd (b) 200
the phosphate moiety and is called the “phosphate complex”uM dCTP and 10 mM MgGl (or 200uM Rh(II)dCTP in
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the absence of Mg(ll)). Typically, a minimum of 10 runs 120

were performed and averaged. Profiles were typically col- 100 - il i

lected using a logarithmic time scale (10 s) with 1000 data M M
points. 80

Data Analysis.Data obtained from rapid quench kinetic
assays were fitted by nonlinear regression using Sigma Plot
software (Jandel Scientific) with eq 1: i I

% max rate
(=]
o

% turnover= A[1 — exp(—kt)] Q)

0 10 20 30

whereA andk represent the amplitude and the observable % (wiv) Sucrose

rate constants, respectively. % turnover is defined by the ratio Figure 2: Effects of reaction buffer viscosity in stopped-flow

(product formed)/(substrate remainedproduct formed). fluorescence assay. Bars show % change of fast fluorescence
Stopped-flow data were fitted using Applied Photophysics transition (black) and slow fluorescence transition (gray) vs %

; :~+a{(W/V) sucrose in the reaction buffer. For each reaction, one syringe
software. Equations 2 and 3 were used where approprlate.Comalined PoB with 18/35AP DNA substrate and 10 mM MgCl

. in assay buffer with varying concentration of sucrose at’€5
signal= A[1 — exp(—kt)] + C (2) The other syringe contained 2@ dCTP and 10 mM MgGlin
the same sucrose containing assay buffer. 2-Aminopurine fluores-
signal= A,[1 — exp(—kit)] + AJJ1 — exp(—k,t)] + C cence was monitored during the reaction course, and the data were
3) fit to a double exponential equation to obtigs; (fast phase) and
kobs2 (Slow phase) as presented in Table 1.

whereA is the amplitudek is observable rate constant, and
C is an offset constant.

Table 1: Effect of Reaction Buffer Viscosity on the Rates of the

RESULTS iast and Slow Phases of Fluorescence Change in Stopped-Flow
ssay$
DNA Substrates and Assay Conditions. (a) &ince Kobsz, 57 Kobsa 57
Rh(II)dNTP complexes are unstable above pH 24 (the fast phase slow phase
pH used in this study was 6-&.0. Our past work with no viscogen 82.3 0.80
Cr(lll)dNTP was also performed at pH 6.8 for the same 10% sucrose 62.5 0.83
reason, while most other Pgl kinetic analyses have been 20% sucrose 46.1 0.86
performed in the pH range 7-8.0. (b) Fluorophoreslt was 2802 ;:;Ccrgrsoel 6332;16 ooé%o
shown in our previous work that the amplitude and direction 15% glycerol 57.8 0.85
of the fluorescence changes during the course of single 20% glycerol 43.9 0.89
nucleotide incorporation depends on the excited fluorophore, ~ 25% glycerol 41.0 0.90
the DNA substrate, and the reaction conditiahjs This study 30% glycerol 36.2 101
’ 35% glycerol 30.4 1.04

used two fluorophore probedSrp325 (the single tryptophan
of Pol ) and 2-aminopurineto monitor fluorescence
changes associated with different enzyrNA conforma-
tions during the reaction pathwafg) DNA SubstratesThis
study used three DNA substrates, 18/36AP, 19/36AP andconstant was smaller (0.457'w/s 12.2 s*) due to the lower
18/35AP, along with their dideoxy-terminated analogues, as temperature (25C vs 37°C) and lower pH (7.0 vs 8.0).
shown in Scheme 2. For tryptophan fluorescence, it was Increased Viscosity Differentially Slows the Fast Fluo-
found that the 18/36AP DNA substrate provides a good rescence PhaseSolvent viscosity as a probe of steps
signal-to-noise ratio. As it has been shown previously, the involving enzyme conformational changes has been success-
best signal-to-noise ratio in the 2-aminopurine fluorescence fully used before in steady-state experime28<30). If an
stopped-flow experiments can be obtained with 2-AP modi- enzyme reaction pathway includes a step involving spatial
fication in +1 position relative to the nascent base pa)r (  movements of segments of the enzyme, then by using an
Therefore 19/36AP and 18/35AP DNA substrates (Schemeassay buffer with higher viscosity this step can be selectively
2) were chosen for presented studies. perturbed 27, 31). Here we report the application of
Figure 1A shows the tryptophan fluorescence change for viscogens irpre-steady-statetopped-flow studies of Pgl.
the incorporation of dCTP into DNA substrate 18/36AP. The  We first used sucrose, a common viscogen, to probe the
observed biphasic curve fits well to a double exponential observed biphasic fluorescence change in stopped-flow
with k; = 64.4 s andk, = 0.457 s. The second rate isin  experiments. As can be seen in Figure 2 and Table 1, the
good agreement with the rate of single nucleotide incorpora- rate of the fast fluorescence transition decreased significantly
tion, obtained in the rapid quench experiment (0.439 s  with increasing sucrose concentration in the reaction buffer,
Figure 1A). This suggests that the rate of the slow phase ofwhile the rate of the slow transition remained little changed.
the fluorescence change and the rate of phosphodiester bonth order to make sure that the observed sucrose effect is
formation are determined by the same step in the reactioncaused by the increased buffer viscosity rather than by an
pathway. The “slow phase” is absent when using the dideoxy- interaction with sucrose, we performed analogous stopped-
terminated DNA substrate (Figure 1B). These results re- flow experiments with varied concentration of another
semble previously published datB (vith the exception that  viscogen, glycerol. As can be seen in Table 1, glycerol has
in the present experiments the observed “slow phase” ratesimilar effects on the rates of the fast fluorescence transition.

a2The % (w/v) viscogen is defined on the basida of viscogen in
1 mL of buffer being 100%.
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7.0 in this study for the slow phase), due to different

g 0.85 conditions used in the two studies (different pH and the use
%0_80 of pure Sp isomer in the present study). As mentioned in
o the introduction, we interpreted the two phases of fluores-
§ erory] cence incorrectly at that time. The data obtained in this work
© 070 - support our new interpretation that the second (slow)
= 065 & fluorescence transition reflects the rate of the chemistry step

- I since the slow phase is perturbed differentially by dBP

0.60 . . . It is important to point out that the slow fluorescence

0 2 4 6 8 10 transition is not likely caused by the phosphodiester bond

time, s formation directly. This is made evident by the fact that this

Ficure 3: Effects of dCTRS in 2-aminopurine fluorescence transition is observed in both 2-aminopurine and tryptophan
stopped-flow assay. One syringe contained 800 nM3Rwith 600 fluorescence assays, and that the tryptophan residue (Trp325)
nM 18/36AP DNA substrate. The other syringe contained 1 mM ¢ pg| B is remote from the site of the chemical reaction.

dCTP (black®) or dCTRxS (grayO). The assay was conducted at -
37°C in an assay buffer consisting of 100 mM BTP, 10 mM MgCl Instead, the fluorescence change is probably caused by

50 mM KCI, 10% (v/v) glycerol, 1 mM DTT, pH 6.8. The reaction ~another conformational change occurring after chemistry. Our
was initiated by mixing 8QuL solutions from each syringe, and  working hypothesis is that the second fluorescence transition
2-aminopurine fluorescence was monitored during the reaction js due to the “subdomain reopening”' (6 E, step 6 in

course. The fluorescence change fits well to a double exponentialscheme 1), but its detection is limited by the rate of

, with =139 5s! k, = 0.720 st f . : . - .
SEC?T%) a“ﬁ{}kl ri‘“igfg”;}a;}% K =30?l§3 §T‘¥oﬁdc$mso_ sttor chemistry step. This point will be further addressed in the

Discussion.
Properties of Rh(lII)dCTP as an Analogue of Mg(I)dCTP
Table 2: Thio Effects for the Fast and Slow Phases of Fluorescence in Pol 5 Catalysis.DNA polymerase structures suggest a

Change in Stopped-Flow Assays two-metal ion mechanism for ANTP incorporatid8(39).
Kobsz, 57 Kobsa 57 These two Mg(ll) ions are designated as the nucleotide-
fast phase slow phase binding Mg(ll) ion (as part of MgdNTP) and the catalytic
dcTP 13.9 0.720 Mg(ll) ion. In 1998 we first used Cr(Il)dTTP in a stopped-
dCTR:S 16.3 0.103 flow fluorescence assay to substitute for Mg(ll)dTTP,
thio effect, dCTP/dCT&S 0.85 7.0 allowing us to show that the fast phase of the fluorescence

change is induced by metdNTP binding in the absence of

These results support that the fast fluorescence transitionthe catalytic metal ion8). The goal of the present work is
corresponds to a conformational change step and that thisto take this previous study one step further and to perform
step involves considerable physical movement within the Pol kinetic analyses starting from the P@FDNA-MdINTP
B-DNA complex. This provides new evidence to our previous (E'*Dy,'N in Scheme 1) ternary complex. Since we were
suggestion that the fast fluorescent transition corresponds tounable to accomplish this with Cr(lI)dNTP, possibly because
the subdomain-closing conformational change. The previousCr(I1I)dNTP is not stable enough, we pursued the use of
suggestion was based on the observation that thg-BOA- Rh(II)dNTP.

Cr(lII)dNTP complex already exists in the closed for6);( Unlike Mg(ll)-nucleotide complexes, which are in rapid
therefore the fluorescence change preceding this form wasequilibrium in aqueous solution (with exchange rates of 5000
assigned to the subdomain-closing conformational changes™ (40)), exchange-inert nucleotide complexes have ligand
(8). The current evidence links the fast fluorescence changeexchange rates measured in days, under nonbasic conditions
to a major conformational change, most likely the sub- (41). Exchange-inert metalucleotide complexes have been
domain-closing step. reported for Cr(lll), Co(lll) @1), and Rh(lll) @4). Of these,

On the other hand, since the slow phase of the fluorescenceRh(lll) has been used least frequently in enzymatic studies
change was not sensitive to viscosity, it more likely reflects (24, 42—45), and has never been used to study polymerases.
the rate of the chemistry step, as further corroborated by theOf the three metal nucleotide complexes studied, Rh(lll)-
results in the next section. NTP has been shown to be structurally most similar to Mg-

dNTRuS Differentially Slows Down the Slow Fluorescence (II)NTP. For example, the Rh--O bond lengths are very
Phase.The dNTRLS substrate analogues have been used similar to Mg- -O bond lengths (2.02 and 2.08 A, respec-
extensively in polymerase studies as a mechanistic probe oftively), as determined by X-ray structures with pyrophosphate
the chemical step7( 17, 32—36), but this probe has rarely (46, 47).
been used with the stopped-flow techniq@e37). Since it In using substitution-inert complexes, it is important to
is generally accepted that this substrate analogue will perturbkeep in mind that their “inertness”, or stability, differs from
mainly the chemical step rather than the conformational step,one another and is also very sensitive to a number of factors
we used dCTRS to explore the thio effect in fluorescence including pH and the other ligands at the coordination sphere.
transitions in the stopped-flow assay. The results in Figure Furthermore, each complex, when formed, consists of a
3 and Table 2 show that, while the rate of the fast phase is mixture of >10 positional isomers and stereoisomet$)(
similar for both the natural substrate and its thio analogue, For the more stable complexes each isomer can be isolated
the rate of the slow fluorescence transition was significantly and tested for enzymatic activity. This is how the inert
slower in the reaction with dNTdS. These results agree with  complexes have been used conventionally. Though not
the data reported in our 1997 papé@),(except that the  usually specified, the noninert complex Mg(Il)dNTP consists
magnitudes of thio effect differ (4.3 in previous study and of a similar set of isomers (but with different distributions).
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When Mg(Il)dNTP binds to the enzyme, the enzyme is likely 04
to accept more than one isomer (or even all isomers) at the
ground state (step 1 in Scheme 1), but only one specific
isomer can exist at the transition state. On the basis of our
early study with adenylate kinasdg), we believe that in

the process from ground state to transition state the enzyme

Relative Fluorescence
o
=

is able to convert the incorrect isomer to the correct isomer y N
for noninert complexes. R
Our recent study with Pg#-Cr(llI)dNTP and the present 021
work with Rh(III)dNTP take advantage of these complicated 021B
and subtle properties described above. In the work with g 0.1

Cr(llI)dNTP a mixture of stereoisomers was used directly.

[9]
It was assumed that stereochemically incorrect isomers were § 00 °.
converted to the correct stereoisomer in the process of 801
catalysis, though it cannot be ruled out that some of the 002 %
isomers were excluded from binding or released after binding ERER
(and it makes no difference to our result as long as all 04

processes are fast). One single isomer was observed in the :
crystal structure of the intermedia®) (When Rh(II)dNTP 061C
(also as a mixture of isomers) was used for rapid quench

[0]
(]
experiments, the rate of incorporation was slower by a factor %
of 7 than when Mg(ll)dCTP was used. While this could S 08
suggest that Rh(lll) is not a good analogue of Mg(ll), it could 509 '
%
&

also be because Rh(II)dNTP isomers are more inert and the

interconversion of different isomers becomes rate-limiting. 0

This problem was overcome by using a “precomplex” of 419 . . ‘
Rh(IINDdCTP, which is a possible intermediate of the 0.0 05 10 15 20
Rh(IINdCTP complex. As described in the Supporting time, s

Information, in the precomplex Rh(1ll) coordinates with the g yre 4: Rh(IICTP stopped-flow tryptophan fluorescence
cytosine ring possibly through a nitrogen ligand, but not with assays. (A) Syringe 1 contained Bolith 18/36AP DNA substrate
the phosphates. This is not unreasonable, as Rh(lll) has beefin assay buffer at 23C. Syringe 2 contained 200M Rh(lll)-
shown to coordinate with the adenine ring but not the dCTP in assay buffer. The fluorescence change fits well to a single

. exponential (eq 2), with a rate constant of 75:3. §B) Negative
phosphate of AMP (phosphate in the outersphet8). or control for 1 mM dCTP alone in assay buffer in syringe 2, in the

clarity, the Rh(Il)dCTP complex with phosphate coordina- apsence of Rh(Ill). (C) Negative control for 1 mM Rh(lil) chloride
tion was termed the “phosphate complex”. All of the studies hydrate alone in assay buffer in the absence of dCTP.

reported here used the precomplex, and the results indicate
that it is a good analogue of the Mg(Il)dCTP complex. We  Second, 2-aminopurine fluorescence was used to monitor
believe and hypothesize that the precomplex is more labile change in the enzymBNA conformation. Figure 5A shows
than the phosphate complex and that it is converted rapidly the fluorescence change associated with incorporation of
to the correct isomer of the phosphate complex after binding dCTP to 18/35AP by Pg#. Again, the fluorescence change
to the active site of Pqg8. has biphasic character; and the “slow phase” was abolished
Use of Rh(IIdCTP To Dissect Roles of Two Metal lons. when chemistry was precluded by using dideoxy-terminated
In this section, we describe reproduction of Cr(lI)dNTP primer (not shown). As can be seen in Figure 5B, use of
results using the Rh(II)dCTP precomplex. In addition, the Rh(II)dCTP in the absence of Mg(ll) resulted in the fast
conditions used in the previous Cr(llI)dNTP studies allowed phase of fluorescence change only.
us to monitor only the reaction when the incoming nucleotide  These results have reconfirmed the results we previously
formed a non-natural pair with 2-aminopurine. Use of obtained with Cr(Ill)JdNTP in that metadNTP alone (in the
optimized stopped-flow assay conditiorl§ @llowed us to absence of the second catalytic metal ion) can induce the
study the incorporation of the correct nucleotide to form the subdomain-closing conformational change. Furthermore, the
natural base pair C:G. use of Rh(IINNTP analogues and optimized conditions
First, the Trp fluorescence was utilized to monitor changes allowed us to examine the reaction starting with the Pol
in enzyme conformation during the reaction pathway. Figure 5-DNA-Rh(III)dNTP ternary complex (the original goal of
4A shows the Trp fluorescence change upon mixing pre- pursuing the use of rhodium in place of chromium ions),
formed Pol3-DNA complex with Rh(II)dCTP complex in  which led to new information as described in the next section.
the absence of Mg(ll). The observed fluorescence change Use of Rh(lI)dCTP To Show That the Slow Step Occurs
fits well to single-exponential equation wikgys= 75.3 s*. after Addition of Catalytic Mg(ll)We next used stopped-
In order to rule out the possibility that the observed flow experiments to directly observe the fluorescence change
fluorescence decay was a result of fluorescence quenchingnduced by binding of the second Mg(ll) ion to the ternary
by RhCEk or dCTP, we performed a series of control stopped- complex. When P@8 was preincubated with DNA substrate
flow experiments. The results indicated that neither dCTP and Rh(Ill)dCTP and the reaction was initiated by Mg(ll),
nor RhCE alone could induce noticeable fluorescence the “faster phase” of tryptophan fluorescence disappeared,
changes (Figure 4B,C). and only the slow phase was observed (Figure 6A). The
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Ficure 5: Stopped-flow 2-aminopurine fluorescence assays. (A) One syringe containgavifiol18/35AP DNA substrate in assay buffer

at 25°C. The other syringe contained 20 dCTP and 10 mM MgGlin assay buffer. The fluorescence change has biphasic character

with distinct fast and slow phases. (B) One syringe containedsPaith 18/35AP DNA substrate in assay buffer at Z5. The other
syringe contained Rh(III)dCTP in assay buffer. The slow fluorescence transition disappeared.

-0.1 Table 3: Calculated Concentrations of Mg(ll) Species in the
@ 02 Presence of 1 mM dATP and 1 mM EDTA
s Mgl Mg(D]wee  [MgdATP]  [MgEDTA]
2-03 (m (uM) (uM) (uM)
S 04 0.030 0.10 1.3 28.7
i 0.070 0.25 31 66.8
205 0.20 0.81 9.8 190
2 0.40 2.0 25 373
x -06 0.70 5.8 67 627
07 0.90 11 122 767
o 1.2 31 270 899
aThe concentration of Mg(Il)dATP was estimated using
8 MaxChelator program available at Web page
s http://lwww.stanford.edu/cpatton/maxc.html.
§ in Figure 1), occursipon addition of M{I) to the enzyme
[ DNA-MdNTP ternary complex (step 3 of Scheme 1).
g When Figure 6A was repeated with dideoxy-terminated
© primers, no signal was observed (Figure 6C). This result
05 suggests that the slow phase of fluorescence change is not
Bl caused by binding of the catalytic Mg(ll) ion (step 3 or after
011C of Scheme 1); instead, it occuadter addition of Mdll) to
8 00 the enzymeDNA-MdANTP ternary complex (i.eafter step
8 3).
(7]
g Confirmation of Results from Rh(lII)dNTP without Using
5-0.1 . . .
i L—r AnaloguesWhile use of various analogues (e.g., dideoxy-
2 0.2 terminated primers, dNTd&S, and different metal ions) has
s made it possible to dissect microscopic steps and characterize
& structures of intermediates, it is also likely that the analogues
0.3 - . ; ;
. , , l , introduce unexpected perturbations. Thus, when the experi-
0 ) 4 6 8 10 mental properties of P@ are shown to be different from

time, s those of other polymerases, or different from the computa-
FiGURE 6: Stopped-flow fluorescence assays starting with the E tional results of the same polymerase, the use of analogues
DNA-Rh(IIIdNTP ternary complex. The reaction conditions for is often cited as the cause of the discrepancy. One way to
panels A and B are the same as those for Figure 4A and Figureaddress this issue is to perform different experiments by use
?B' rfSpSCt}"e'y: excgpt thgtlgh(':\'/)ldMCTP is ”?"‘C’ii”;'.‘lded in Syrzinge of different analogues. If the results and interpretations from
4 nstead ofsyinge 2 and 10 m Mot ncluded i syinge 2 dierent experimental approaches are all consisent,then the
primer. likelihood of misinterpretation is minimized.

Furthermore, the information obtained from the use of
fluorescence transition has single-exponential character withanalogues has led us to design new experiments without the
the absence of any noticeable lag-phase. Similar results werause of any analogue. Taking into account thatfquires
also obtained in stopped-flow experiments by monitoring the a relatively high concentration of Mg(ll) for optimal activity,
change in 2-aminopurine fluorescence during the course ofwhereas it binds Mg(I)dNTP tightlyKgmg = 1.0 mM and
dCTP incorporation from ternary complex Rdl18/35AP Kamgaate = 46 uM (1)), it is possible to “dissect” two metal
Rh(IINACTP (Figure 6B). The results in Figure 6 unequivo- ions merely by limiting the amount of Mg(ll) in the reaction
cally demonstrate that the slow fluorescence change, whichbuffer. As shown in Table 3, in a solution of 1 mM dATP,
has the same rate as that of dNTP incorporation (as shownl mM EDTA, and 1.2 mM MgCJ, the calculated concentra-
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Ficure 7: Stopped-flow 2-AP fluorescence assay of Mg(ll)dATP §
binding to Pol5-DNA binary complex. For each reaction, one S 1041
syringe contained Pg} with 19/36AP DNA substrate and 1 mM T
EDTA in assay buffer. The other syringe contained varying E 05 A
concentration of MgGlwith 2 mM dATP (final concentration after g
mixing is 1 mM) and 1 mM EDTA in assay buffer. The reactions 12
were initiated by mixing 8QiL solutions from each syringe, and 0.0 -
2-aminopurine fluorescence was monitored during the reaction ‘ . ‘ : : : .
course. The final calculated concentrations of Mg(Il)dATP are, o 1 2 3 4 5 6 7
according to Table 3 and from bottom to top, 1.3, 3.1, 9.8, 25, 67, time, s
122, and 27Q«M (note that the top three curves overlap). FiGURE 8: Three-syringe sequential mixing stopped-flow experi-

ments for addition of catalytic Mg(ll) to the-BNA-Mg(I)dATP
tion of free Mg(ll) is 31uM, well below theKgmg and thus ternary complex. The reaction was designed to be analogous to

insufficient to support the catalysis, whereas that of Mg(ll)- Figure 6B but with Mg(ll) instead of Rh(lll). (A) One solution,

: . containing Pof3, 19/36AP DNA substrate and 1 mM EDTA in the
OATP is 270uM, well above theKumgasreand thus sufficient assay buffer, was first mixed with the second solution, containing

to saturate the Mg(Il)dATP binding site. This prediction is g MgCh, 2 mM dATP and 1 mM EDTA in assay buffer. After a
well demonstrated by Figure 7, which shows results of delay of 150 ms, the reaction was initiated by mixing with the third
stopped-flow 2-AP fluorescence assay at different calculatedsolution containing 22 mM MgGlin assay buffer; and 2-aminopu-
Mg(I)dATP concentrations. As can be seen, at these fne fluorescence was monitored during t.he reaction course. (B)
conditions, the binding of Mg(INdATP induced the fast phase Control experiment in which Mg@was omitted from the second

solution.
of fluorescence change only. These results resemble the data

obtained with Cr(ll)dTTP and Rh(II)dCTP, supporting the  peqyeen the fast and the slow fluorescence transitions exists
validity of using these metal ion complexes in our studies. in the closed form, the present study provides evidence
In order to reproduce results of single nucleotide incor- g 5hnrting that the fast phase reflects a major conformational
poration from EDNA-Rh(II)dNTP ternary complex with  cpange and that the rate of the slow phase reflects the rate
Mg(ll), we utilized the sequential mixing mode of the 4 the chemical step. In addition, our stopped-flow data

stoppled-flow instrgm((ajnt._ EFK/?CHTICS%_’PP&DNQ 'F"”afy. h obtained under a variety of conditions clearly indicate that
complex was premixed with Mg(ll) atconditions With 0 16 fluorescence transition occurs after binding of the

a limiting amount of magnesium to form P@-:-DNA- . . . :

Mg(Il)dATP complex; then, after 150 ms of delay, the catalytic Mg(ll) fon (i.e., after Step _3 n Sch.eme L. o
reaction was initiated by addition of excess Mg(ll). In  For the fast fluorescence transition, our interpretation is
agreement with the Rh(lll) results, the fast fluorescence Pased on the observation that it is differentially slowed by
transition was absent, presumably having occurred during@n increasing viscosity of the reaction buffer. In addition, it
the 150 ms delay before addition of excess Mg(ll). Only is further supported by its detection by both fluorophores.
the slow phase was observed, which fits well to a single Since there is only one tryptophan residue in Pdbcated
exponential withk = 1.09 s (Figure 8A). In a control away from the active site, it can act as a reporter of
experiment, when Pg8-DNA and dATP was premixed in ~ conformational changes in PG| while 2-AP fluorescence
the absence of magnesium for 150 ms, subsequent mixingreflects changes in the microenvironment of DNA conforma-
with excess of Mg(ll) resulted in biphasic fluorescence tions.

change (Figure 8B). For the slow fluorescence transition, it is important to
indicate that we do not suggest that it is caused by the
DISCUSSION chemical reaction, only that its rate is limited by chemistry,

Updated Explanation of the Mechanism in SchemEhe. presumably because it occurs at a faster rate after the
results described in this paper provide new direct evidence chemical step. Since the slow fluorescence change occurs
supporting our previous interpretations that the fast fluores- in the opposite direction as the fast one with comparable
cence change observed in stopped-flow is due to theamplitudes, and is observed for both tryptophan and 2-ami-
subdomain-closing conformational change observed in crystalnopurine fluorescence, it most likely reflects the reverse of
structures (step 2 in Scheme 1), and that the rate of the slowthe E to E step, i.e., Eto E (step 6 in Scheme 1), the
phase reflects the rate-limiting chemical step (step 4 in reopening of the closed form. This is our current working
Scheme 1). While the previous assignments were basedhypothesis. The chemical step (step 4) itself is unlikely to
primarily on the observations that the intermediate structure cause such fluorescence changes.
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Further studies are necessary to measure the rates (anénces between the computational results and our experimental
equilibrium constants) of the other steps in Scheme 1 (stepsresults.

1, 3,5, 6, and 7). With such new information, we will be The suggestion that the rearrangement of Arg258 may be
able to compare the rates of conformational change andne rate-limiting step is not supported by our data, though it
chemistry under a variety of conditions including the cannot be ruled out completely. While there is almost
incorporation of mismatched dNTP, dNTP analogues, and ¢gtainly some movement of side chains induced by binding
Pol # mutants, which will likely lead to unambiguous o e catalytic metal ion, unless this results in a detectable
understanding of the mechanism of Pofidelity. intermediate species, it could not be considered to be a
Our View on the Factors Contributing to the Fidelity of distinct step experimentally. Thus, even if binding of catalytic
dNTP Incorporations.The mechanism of fidelity can be  metal ion induces a slow isomerization, which is immediately
understood only by comparing the microscopic rates and followed by nucleotidy! transfer, this isomerization would
structural intermediates for correct dNTP with those of not be kinetically distinct from nucleotidyl transfer and thus
mismatches. The kinetic scheme for correct dNTP incorpora-\would have to be considered part of the chemical step. As
tion, once completed, will serve to establish the framework shown in Scheme 1, we define the chemical step (step 4) as
for subsequent studies of misincorporations. While we are the step between the identifiable intermediate structure closest
still at the early stage of such complete analyses, our presentg the chemical transition state (PBIDNA-Mg(Il)dNTP-
results provide further support that the chemical step, steng1 which on the basis of crystal structures is essentially
4, is _t_he slowegt step under single turnover experi_mer_"["’lI identical to Po|3-DNA-Cr(III)dNTP except for the orienta-
conditions monitored both by the dNTP incorporation in o of some side chains of residues involved in the binding
rapid quench experiments and by the fluorescence chang&y the catalytic Mg(ll)), and the identifiable intermediate
in stopped-flow expenments_. Since it is generally ac_cepted structure immediately after the transition state (P@NA-
_that the qhem|cql step is likely the slowest step in the Mg(Il)PP.-Mg(ll), whose structure is not yet available but
incorporation of mismatched dNTBGQ), the results presented is likely to be nearly identical to the structure of FeDNA-
here support our F’Fe"‘ous theory that the ﬁd?'.ity of pas Cr(llPCP) 6, 13). Like any steps, the chemical step can
determmgd p“”?ar."y by the chemical transition sta, ( . be further dissected into multiple microscopic steps by use
though differentiations between correct matches and mis- of different experimental or computational techniques at
matches can also occur at other steps. different time scales. It cannot be ruled out that reorientation
Since our results for Po differ from the previously — of Arg258 is the slowest microscopic step within the
accepted concept that the subdomain-closing conformationalchemical step, if the chemical step is further dissected.

change of DNA polymerases is the rate-limiting step and However, such a possibility remains to be demonstrated
also the major fidelity-determining ste@)( it has been  experimentally.

suggested that Pgt is likely an exception among DNA
polymerases. This issue can be addressed in the future b)b
applying the three methods in this paper to other poly-
merases. In our view, it is not unlikely that different
polymerases could have different rate-limiting steps for ! )
correct dNTP incorporation. The results of Fbindicate gesting that the d|fference_ results from the use of Cr(lll)
that the chemical step is slower than the conformational rather than Mg(ll) 21)_’ which we take to mean that our
change by less than a factor of 10 at pH 8.0 (though crystal structure o.fthe intermediate, IB@DNA-Cr(III)dNTP
increasing to a factor of 100 at pH 7.0). The most important €rnary complex in the absence of the catalytic Mg (@), (
steps in understanding the mechanism of fidelity are to exists in the glosed form instead of the open form 'because
establish a complete and rigorous “kinetic and structural CT(INANTP instead of Mg(I)dNTP was used in the
course of reaction” for correct base pairing, and then to use Structure. If this were true, the stopped-flow result with

this platform to compare the mismatches with the correct M9(ll) should be very different. Since we showed that the
base pairs. stopped-flow results with Mg(ll) can be dissected by use of

different metal ions, and the results of the latter in turn led
ps to design experiments to dissect the stopped-flow results
without using metal analogues, our results allow us to rule

in the introduction 19—21). Two of the key points in these out the possibility that use of metal analogues causes the

studies are that “the binding of the catalytic Mg(ll) and the experimental result to be non-natural or erroneous.
rearrangement of Arg258 may be Coup|ed and represent a Conclusion.We have performed further in-depth studies
slow step in Pop’s closing before chemistry”, and that “Pol  on the mechanism of Pg}, by use of new probes and

B subdomain closing requires presence of both nucleotide-analogues. The results provide new and additional evidence
binding and catalytic metal ions”. Both points contradict our for the mechanism proposed in our previous studies, which
results since our data suggest that the subdomain-closingdiffered from the mechanism suggested for other polymerases
conformational change occubgeforebinding of the catalytic ~ and was considered exceptional if believable by some critics.
Mg(ll) while the rate-limiting step occurafter binding of The results also allow us to address different mechanisms
the catalytic Mg(ll). While we acknowledge that all meth- of Pol 8 concluded by the computational studies. Further-
odologies have limitations, our kinetic results have been self- more, the results set a good stage to study the mechanism
consistent after applying additional, independent probes asof Pol § in further depth, and to study the mechanism of
described in this paper. Here we further discuss the differ- other DNA polymerases in a rigorous way.

The second point of computational result, that binding of
oth Mg(ll) ions are required for subdomain closing,

contradicts our experimental data. The authors of the
computational study rationalized the second point by sug-

Contradiction with Computational ResultEinally, we
address the three recent reports on computational studies o
the mechanism and reaction pathways of fPak mentioned
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SUPPORTING INFORMATION AVAILABLE

Experimental details of preparation and characterization
of Rh(II)dCTP precomplex. This material is available free
of charge via the Internet at http://pubs.acs.org.
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