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ABSTRACT. The catalytic reaction mediated by DNA polymerases is known to require two Mg(ll) ions,
one associated with dNTP binding and the other involved in metal ion catalysis of the chemical step.
Here we report a functional intermediate structure of a DNA polymerase with only one metal ion bound,
the DNA polymerasg@—DNA template-primer-chromium(lll)-2'-deoxythymidine 54,y-methylenetri-
phosphate [Cr(IIFdTMPPCP] complex, at 2.6 A resolution. The complex is distinct from the structures

of other polymeraseDNA—ddNTP complexes in that thé-Berminus of the primer has a free hydroxyl
group. Hence, this structure represents a fully functional intermediate state. Support for this contention is
provided by the observation of turnover in biochemical assays of crystallized protein as well as from the
determination that soaking Pglcrystals with Mn(ll) ions leads to formation of the product complex, Pol
B—DNA—Cr(IIl)-PCP, whose structure is also reported. An important feature of both structures is that
the fingers subdomain is closed, similar to structures of other ternary complexes in which both metal ion
sites are occupied. These results suggest that closing of the fingers subdomain is induced specifically by
binding of the metatdNTP complex prior to binding of the catalytic Migion. This has led us to reevaluate

our previous evidence regarding the existence of a rate-limiting conformational changegia Ralction
pathway. The results of stopped-flow studies suggest that there is no detectable rate-limiting conformational
change step.

DNA replication is a fundamental biological process  To decipher the microscopic events along the catalytic
required for cellular reproduction. The central feature of pathway of DNA polymerasg (Pol 5)! as part of a larger
DNA replication is the template-directed nucleotidyl transfer effort to understand how DNA polymerases enhance nucleo-
reaction mediated by DNA polymerases. In recent years, tide incorporation fidelity, we have used Cr(lll) ions to
significant progress has been made in elucidating the mech-experimentally distinguish the events associated with binding
anism of enzymatic polymerization, including the determi- of each of the two metal ions. Unlike Mg(thucleotide
nation of the structures of several DNA polymerases and complexes which are in rapid equilibrium in aqueous solution
their complexes with substrates or substrate analogites ( [the exchange rate for Mg(ll) is about %8s (5)], Cr(lll) -

4). These structures support a two metal ion mechanism ofnucleotide complexes are relatively inert, with ligand ex-
nucleotide incorporation, a feature thought to be shared bychange times under nonbasic conditions measured in days
all families of polynucleotide polymeraseS) ((Figure 1).
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Scheme 1 reevaluate our previous evidence regarding the existence of
N M a rate-limiting conformational change in Pgls reaction
- . o . pathway, a feature that has been proposed to be important
B-Dp === EDpN === E-DyN <= E"D-N-M to the fidelity mechanism of DNA polymerases0f. The
1 2 3 results of stopped-flow studies suggest that there is no
4 H detectable rate-limiting conformational change step.

EXPERIMENTAL PROCEDURES

E-Dn+1—7- E-Dn+1-P=6 E'-Dn+1-P—5- E'-Dj41-P-M
8 'a Purification of DNA Polymerasg. Recombinant rat DNA
P M polymerase was overexpressed iBEscherichia coliand
“E = Pol § in the open fingers conformation;’ & Pol B in the purified as described previousl¥1) with the exception that
ﬁi(éf;diggggf (,i,?,nggmat'on’ B DNA;N = M-dNTP; M = catalytic glycerol was omitted from the gel filtration column. After
’ " purification, the protein sample was washed three times in a
Centricon 10 filter (Amicon) with metal-free exchange buffer
[0.1 M Tris and 10 mM ammonium sulfate, pH 7.0, treated

change but does not proceed to the nucleotidyl transferWith Chelex 100 resin (Bio-Rad)], then concentrated to 30

reaction 7). Thus, it is possible to capture the stable MY/ML, and stored at-80 °C. _
intermediate E-D,—N (Scheme 1) using the exchange-inert  DNA Oligonucleotides and dTMPPCBNA oligonucleo-
Cr(Ill)-dTTP complex. tides were purchased from Integrated DNA Technologies,
; ; : : Inc. The DNA sequences utilized for the template and primer
Two major conformations of the fingers subdonidiave
been observed in the crystal structures of different DNA DNA were 8-AATAGGCGTCG-3 and 3-CGACGCC-3,
respectively. The oligonucleotides were purified via PAGE

complexes, the fingers subdomain was observed to adopt arPn 20% po_IyacryIami_de? M urea denaturing gels and
“sopen” conformation 2, 8), with the active site freely extracted with 0.1 M triethylammonium acetate, pH 7.0, and

accessible to solvent and several key catalytic residues helgt MM EDTA buffe_r. The gxtracted oligos were qesalted with
in salt bridges. In the corresponding enzyrNA—dNTP Sep-Pak G classic cartridges (Waters), dried in a vacuum

ternary complexes with two bound metal ions, the fingers centrifuge, and redissolved in TE buffer (10 mM Tris and

subdomain adopts a “closed” conformatidnZ) that covers 0.1 mM ED'I_'A, pH 8.0). The concentration of the nucleotide_s
the active site, due to a rotation along the “hinge” helix (helix Was determined by absorbance at 260 nm. The DNA solution

M) that lies between the palm and fingers subdomains. The used for c_:rystallizati.on was prepared by mixing Z@L50f
conformational change associated with the closing of the 8 MM primer solution with 10uL of 16 mM template

fingers subdomain has been suggested to play an importanflution and then heating at 8C for 5 min, followed by
role in the fidelity of Polg (2, 9). gradual cooling to allow the template and primer to anneal.

To avoid complications from hydrolysis of the nucleotide
triphosphate, the nucleotide analogue dTMPPCHRI¢Dxy-
thymidine 3-3,y-methylenetriphosphate) (Amersham) was

rather than fractions of a seconf).(In the absence of a
free M@" ion, Cr(Ill)-dTTP can induce a fast conformational

polymerases. In free enzyme and enzybdNA binary

The primary objective of this study is to determine the
“intermediate” structures of Pgl with only one metal ion

bound and to confirm the location of the Cr(lll) metal ion _ ;
blndlng site as well as to determine the overall protein substituted. A solution of the Cr(”'k)TMPPCP CompleX was

conformation-whether it exists in the open form, the closed prepared by mixing 225} of 6 mM dTMPPCP with 225
form, or a new conformation between the two. The crystal #L ©f 6 MM CrCls at 80°C for 10 min 6, 12).
structure of the PolS—DNA template-primerCr(lll)- Crystallization of the Polf—DNA—Cr(lll) -dTMPPCP
dTMPPCP is presented and shown to exist in the closed Intermediate Complexhe rat Pofi—DNA—Cr-dTMPPCP
conformation. Evidence that this “intermediate” structure is t€rnary complex was prepared by mixing 100 of Pol
indeed functional is provided by the structure of its product (30 mg/mL) protein solution and 26L of DNA solution
complex—produced by soaking of the PéDNA template- with 240uL of a (_Zr(III)-dTMPPCP solution. Cryst_als were
primer—Cr(I1) -dTMPPCP ternary complex with Mn(ll) ions. ~ 9rown by the sitting drop_ method from a reservoir solution
Importantly, the major implication of these results is that (8% PEG 3350, 70 mM lithium sulfate, and 100 mM MES,
closing of the fingers subdomain is induced by binding of PH 7.0) similar to conditions described previously.(
M-dNTP prior to binding of the catalytic metal ion. Previous ~ Soaking ExperimeniThe Pol3—DNA—Cr(lll)-PCP in-
results suggested that a slow conformational change inducedermediate complex was prepared by soaking the crystals of
by binding of the catalytic metal ion was the rate-limiting the Pol3—DNA—Cr(lll)-dTMPPCP ternary complex with
step in catalysis 9. The new crystallographic results, reservoir solutions containing 40% (v/v) glycerol and 5 mM
however, suggest that the enzyme’s major conformational MnCI, for 30 min at room temperature prior to flash freezing.
change (closing of the fingers subdomain) is completed prior Longer soaking times resulted in a significant loss in the
to binding of the catalytic metal ion. This has led us to diffraction quality and the resolution of the crystals.
Data Collection.Prior to data collection, crystals were

2The designation of thumb and fingers subdomains for DNA fsequen.tially transferrgd to reservoir solutions contgining
polymerasgs are reversed in the nomenclatures of Pelletier et al. relative increasing concentrations of glycerol up to a maximum
to those of Steitz et al. In our previous publications, we have followed concentration of 40% (v/v). Crystals were mounted on a
the designation of Pelletier et al. In the present report we have SWItChedny|0n loop and then cooled in liquid nitrogefihe 2.5 and
to that of Steitz et al. because it appears to facilitate a more accurate . . . .
comparison of the functionally similar structural elements infPwith 2.6 A resolution diffraction data sets were collected using
those of other polymerases. synchrotron radiation on CCD detectors located at the
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Table 1: Summary of Crystallographic Results

Pol 3—DNA—
cr(lll)-dTMPPCP

Pol S—DNA—

crystal Cr(lll)-PCP

unit cell dimensions

ab,cA 86.1,56.2, 105.9 85.4,56.1, 105.8
B, deg 107.2 106.9
total/unique reflections 172244/27893 164712/33654

completeness, % 88.9 (82.4) 96.6 (91.2)
2.6 2.5

Ciny A . .
Raym, %P 5.6 (22.4) 4.7 (30.5)
resolution range, A 202.6 20-2.6
no. of non-hydrogen 5198 5198
protein atoms
no. of non-hydrogen 616 656
DNA atoms
no. of metal ions 2 2
no. of ligand atoms 58 18
no. of water molecules 119 123
RMS bond length dev, A 0.015 0.020
RMS bond angle dev, deg  1.947 2.207
B overall, &2 41.91 46.86
R/Rsree® 22.6/28.8 22.4/28.6
a2The numbers in parentheses are for the highest resolution shell.
PRym(l) = 3illi — OIVIOC where |; is the intensity of the

measurements for a reflection antfilis the mean value for the
reflection.¢ Ryee Was calculated on 8% of the reflections randomly
omitted from the refinement.

Arndt et al.

stopped-flow apparatus at 2C. The excitation wavelength
was 285 nm, and the emission was monitored with a 320
nm cutoff filter (Corion) and a 0.5 mm slit width. Typical
assay conditions were as follows. In one syringeM rat
DNA polymerases was incubated with 5 mM MgGland

0.6 uM DNA substrate 20/36(AP)note that AP refers to
2-aminopurine in the template strandrepared as described
previously ). The second syringe contained 20d dTTP

and 5 mM MgC}. The reaction was initiated by mixing 65
uL of the solution from each syringe, followed by fluores-
cence excitation and observation of fluorescence emission
intensity as a function of time. To assign phases of emission
intensity change as being associated with the chemical step
or a preceding step [a conformational char@®é & stopped-
flow fluorescence experiment was performed in which
ddAMP had been incorporated at thét8rminus, thus
preventing the chemical step from occurring. The experiment
was carried out by preincubatingi2/ Pol 8, 0.6 uM 19/
36(AP), 2uM ddATP, and 5uM Mg?* in one syringe in
order to allow ddAMP incorporation into the primer strand.
The stopped-flow reaction was then initiated by mixing the
dTTP and Mg" from the other syringe. Multiple experiments
were performed, and the results were averaged-fdid6runs

to maximize the signal-to-noise ratio.

Turnover Assay of Intermediate Polymera8eComplex

Brookhaven National Laboratory beamline X4A and the crystals. To determine whether the crystals were of the

Stanford Synchrotron Radiation Laboratory beamline 9-1. yesijred intermediate, an assay was conducted as described
The diffraction data were processed using the programspelow. Ternary complex crystals were first collected in a

DENZO and SCALEPACK 13).

Structure Determination and Refinemefithe crystals
belong to the space grol?; (Table 1) and are similar to
that of the Polj ternary complex 1) (PDB ID: 2bpg).
Hence, the structures of the Fb+DNA—Cr(lll) -dTMPPCP
and Pols—DNA—Cir(lll) -PCP intermediate complexes could
be determined by molecular replacement. Rigid body refine-
ment confirmed the isomorphism since bdthand Ryee
factors were approximately 0.40.

Model building was performed using the program@)(
and the refinement was carried out using X-PLOR 3.85%) (
without the use ofr cutoffs. Eight percent of the data were
set for the Ry factor calculation 16). A bulk solvent
correction and overall anisotropiB-factor scaling were
applied to the diffraction data. Strict noncrystallographic
restraints were used in the early rounds of the refinement,

0.2 um microfilter and then washed three times with20

of reservoir solution. The crystals were then redissolved in
60 uL of 0.5 M MOPS, pH 7.5. Half of the sample (3Q)

was directly heated to 90C for 30 min to inactivate the
Pol 5 protein. Another half was treated with Q.4 of 0.5

M Mg?* for 15 min prior to heat inactivation. The two
samples were then labeled wittP at the 5terminus with
[y-*2P]ATP using T4 polynucleotide kinase. The labeled
samples were electrophoresed on a 20% polyacrylamide
denaturing gel, and the radioactivity was quantitated using
a Storm phosphorimager. The gel (provided in Supporting
Information) revealed that when the crystallized Ptérnary
complex was treated with Mg, a DNA strand was obtained
which was one base longer than when the complex was not
treated with M@". This confirmed that the crystallized Pol
B—DNA—Cr(lll)-dTMPPCP complex represents an inter-

but these restraints were gradually relaxed and, later, entirelymegiate that precedes the chemical step.

removed. The Cr(lIldTMPPCP and the Cr(IlPCP plus

the extended primer strand were modeled to the active sittRESULTS AND DISCUSSION

after removal of the restraints usig — F. omit maps at
3o0. The finalR values Ryee) Were 22.6% (28.8%) and 22.4%
(28.6%) for the pre- and postnucleotidyl transfer intermedi-
ates, respectively.

The average DebyeWaller factors were rather high,
averaging 42 A in the Pol S—DNA—Cr(lll)-dTMPPCP
complex and 47 A in the Pol S—DNA—Cr(lll)-PCP
complex. These values, however, were similar to other

Structure of Poj3—DNA-Cr(lll) -dTMPPCP Two Polj
molecules are contained in the asymmetric unit of P2e
crystal. The overall fold of the Pof—DNA—Cr(lll)-
dTMPPCP structure is similar to that of the rat BeiIDNA—
Mg.-ddCTP ternary complex (PDB ID: 2bpg))((RMSD
of C, atoms, 0.88 A) and the human P&+DNA—Mg,-
ddCTP ternary complex (PDB ID: 2bpyp)( structures

published Pop structures and have been suggested to resultdetermined previously. The protein can be divided into two

from inherent static disorder of the protein complgx The
geometry was checked by PROCHECHKT7), and all

basic domains. The smaller 8 kDa N-terminal domain
(residues 187) is comprised of fiver-helices and has been

parameters were in the acceptable ranges with the majorityshown to bind single-stranded DNA and exhibit lyase

being better than acceptable.
Stopped-Flow Fluorescence Assdg§inetic experiments
were performed with an Applied Photophysics SX.18MV

activity. The larger 31 kDa catalytic domain (residues-88
335) consists of three subdomains termed the fingers, thumb,
and palm {, 18) which together form the DNA binding
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Ficure 2: Stereoview of, — F. electron density maps ¢3blue; G, red) with the Cr ion and ligand omitted, superimposed on active site
models. Carbon atoms are colored yellow; nitrogen, cyan; oxygen, red; phosphorus, green; and chromium, pink3 @gRainover
intermediate showing the presence of one Cr(lll) ion and the absence of a catalytic metal ion. gBplRoting Mn?* incubation. These

figures were prepared using XtalVie®7) and Raster-3D29).

channel. Using the nomenclature of Steitz et. &8)(the 8
kDa domain leads into the thumb subdomain (residues 88
151) which is primarilya-helical, being comprised of four
a-helices. The palm subdomain (residues-1382) adopts
a two-layeredw/p sandwich formed from tweo-helices and
five antiparallel-strands. The fingers subdomain (residues
263-335) consists of an/ motif.

Relatively strond-, — F. electron density (@) was found
at metal site A in both NCS-related molecules (Figure 2A),
consistent with binding of the Cr(lll) ion. The metal is
coordinated by the carboxylate side chains of Aspl190,
Aspl192, and thex-, -, and y-phosphates of dTMPPCP.
Confirming the absence of the catalytic metal ion, no electron

binding of M-dNTP, binding of catalytic metal ion, or
progressively by both of these events. The critical feature
of the new Po3—DNA—Cr(lll)-dTMPPCP structure is that

it adopts a closed conformation having an conformation
essentially identical to that of the Pe+-DNA—Mg,-ddCTP
complex with two metal ions bound (RSMD of main chain
atoms of the 31 kDa domain, 0.87-A feature distinct from
the open conformation observed for P&+-DNA binary
complexes (Figure 4). This provides strong evidence that the
conformational change is induced by binding of the metal
nucleotide complex and not by the binding of the catalytic
metal ion.

Structure of Po—DNA—Cr(lll) -PCP. The Pol3—DNA—

density was observed at metal site B. The active site of the Cr(lIl)-dTMPPCP intermediate complex was soaked with

Pol 5S—DNA—Cir(lll) -dTMPPCP structure with the electron
density omitted is depicted in Figure 3B.
Previously, all ternary complex structures of DNA po-

Mn(Il) for about 30 min in the hope that the divalent metal
would activate the crystallized enzyme, resulting in catalysis
and allowing observation of a postchemistry intermediate

lymerases were obtained with a dideoxynucleotide at the endstructure. Mn(ll) rather than Mg(ll) was used in this study

of the primer to prevent the chemical reaction. In our crystal,
grown in the absence of a catalytic metal ion, it is clear that
the Polf—DNA—Cr(lll)-dTMPPCP intermediate is stable
with a 3-OH at the primer terminus. Comparison of the
crystal structures of Pgb complexed to DNA and Pqgf
complexed to DNA, MegddCTP, and catalytic Mg has

because, while both ions are capable of activating the enzyme
for catalysis, the larger electron density of Mn(ll) is more
easily detectabteparticularly in the case of partial oc-
cupancy- and thus allows a more confident determination
of the absence or presence of an ion at the catalytic metal
site. It is well-known that Mn(lIl) can substitute for Mg(ll)

previously shown that a substantial conformational change as a catalytic activator of P@l (11). The active site of the

occurs after DNA binding but prior to formation of the
complete Michaelis complex. It has not been known,

resulting complex structure is depicted in Figure 2B. Positive
Fo, — F¢ electron density (@) is found between the incoming

however, whether this conformational change is induced by nucleotide’sa-phosphate and the-8xygen of the primer
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Ficure 3: Structures of the active sites of stepwise Pahtermediates in stereoview. (A) Structure of the human/PeDNA substrate
binary complex(2, 10). (B) Rat Pol3—DNA—Cr(Ill)-dTMPPCP intermediate complex. (C) Human BetDNA—Mg-ddCTP ternary
complex with two Md@" ions bound {). (D) Rat Pol3—DNA—Cr(lll) -PCP intermediate complex. (E) Human BetDNA product (nicked)
binary complex 2). These figures were prepared using the programs MOLSCR2BTahd Raster-3D29).

while no density is observed between ttre and S-phos- catalytic metal site for Mn(ll). In addition, the Asp256
phates, consistent with nucleotidyl transfer of the nucleotide Arg254 salt bridge, which is absent in the structure of the
substrate to the primer strand. Thus this structure representgpre-turnover intermediate [PB-DNA—Cr(lll)-dTMPCPP],

a postchemistry intermediate, FotDNA—Cr(lll) -PCP. The is present in this structure, which follows the chemical step.
nucleotide metal, Cr(lll), retains coordination to tine -, The overall fold of the Pgb—DNA—Cr(ll1) -PCP intermedi-
andy-phosphates of the PBnalogue (PCP) as well as to ate structure is identical to that of the ot DNA—Cr(lll) -
Asp190 and Asp192. No electron density is observed at thedTMPPCP structure.
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Ficure 4: Conformational changes induced by MY TP binding preceding chemistry: (blue) open conformation of/Pbased on the

Pol 5/—DNA binary complex (1bpx); (green) closed conformation of Pdlased on the P@i—DNA—Mg,-ddCTP ternary complex with

two metal ions bound (1bpy); (red) closed conformation of the fFfFeDNA—Cr(Ill)-dTMPPCP intermediate complex. This figure was
prepared by superposition of the palm and thumb subdomains using,ta®i@ of amino acids 92273. The RMSD of the main chain

atoms of helix N (amino acids 27289) for the open Pg#—DNA binary complex (blue) and the closed RbtDNA—Cr(lll) -dTMPPCP
intermediate complex (red) is 7.06 A; the RMSD for the two closed complexes (red and green) is 0.87 A. These figures were prepared
using the programs MOLSCRIPRY) and Raster-3D29).

Turnover in polymerase crystals has also been observedM-dNTP binding and a slow “completion” of the closing
for BacillusDNA polymerase4). However, in that structure  process which is induced by the catalytic metal. The structure
the PR product is released and the enzyme has translocatedof the Pol—DNA—Cr(lll)-dTMPPCP complex indicates
to then + 1 position on the DNA. Turnover of Pglternary that this is unlikely, however, since there is virtually no
complexes containing blunt-ended DNA has also been difference in conformation between the structures prior to
observed in other crystals of P8I(8). These structures are  (Figure 3B) and after (Figure 3C) catalytic metal binding,
less biologically relevant, however, since they lack the other than rotation of thg, bond in the Asp256 side chain.
template base. Further structural and functional analyses are required to

The point of release of the catalytic metal ion in the re_zsolve this dilemma, but two possible explanations are
polymerase reaction sequence has been previously unknowliscussed below.
as has its association with the fingers subdomain reopening. The first possibility is that the sequence of events
The lack of electron density at the catalytic metal site in the suggested by crystal structures does not correspond to that
Pol 3—DNA—Cr(lll)-PCP structure (Figure 2B) indicates suggested by kinetic analyses. One can envision that perhaps
that release of the catalytic metal ion occurs immediately in solution the Pol3—DNA—Cr(lll)-dTMPPCP complex
after the chemical step. Furthermore, the fact that the fingersexists in a transient conformation between the open form
subdomain reopening (a process which must occur in orderand the closed form but that crystal packing forces induce it
to regenerate the catalyst) has not occurred in the Polto crystallize in the closed form.

B—DNA—Cr(lll)-PCP structure suggests that this postchem-  If crystal packing forces are truly a concern, however, then
istry conformational change is not induced by release of the this issue would be relevant to all P®ktructures published
catalytic metal. Comparison of this structure (Figure 3D) to previously, since the open and closed conformations them-
the Polf—nicked DNA product structure (PDB ID: 1bpz; selves have been assigned on the basis of the assumption
Figure 3E), in which the fingers subdomain has reopened that the Pol3 structures determined reflect their functional
(2), would suggest that opening of the fingers subdomain is states. Nevertheless, our further discussion should be quali-

induced instead by the release ofRR. fied with an awareness of this alternative interpretation of
Possible Implications Presented by the Intermediate the structural results.
StructuresOn the basis of a relatively small thio effedtlj This leads us to the other possibility, that the kinetic model

as well as stopped-flow kinetic experimen®, (it has been proposed previously, involving a rapid conformational
suggested that a conformational change step is rate-limitingchange induced by MINTP and a rate-limiting conforma-

in Pol B’s reaction pathway, under processive or pre-steady- tional change induced by catalytic Mg(ll), is incorrect.
state conditions. This rate-limiting conformational change Instead, the structural results presented in this paper suggest
has been suggested to correspond to closing of the fingersa modified catalytic model for P¢l as shown in Scheme 1.
subdomainZ). On the basis of stopped-flow kinetic evidence In this scheme, step 1 is {dNTP binding; step 2 is closing
which suggested a MNTP-induced conformational change of the fingers subdomain induced by-8INTP binding; step

to be rapid relative to chemistry with a slower conformational 3 is catalytic metal ion binding; step 4 is the chemical
change induced by binding of catalytic Mg(ll), we previously conversion; step 5 is the catalytic metal ion release; step 6
proposed that a rapid conformational change is induced byis opening of the fingers subdomain; and step 7 is release of
binding of M-dNTP while a slower rate-limiting conforma- M-PR. The structures of €D, (8), E—D,—N—M (1, 2),
tional change is initiated by subsequent binding of the and E-Dn:1 (8) have been solved previously. The structures
catalytic metal ion. This would presumably involve a scenario reported here represent the intermediatesz—N (Pol

in which the observed closing of the fingers subdomain f—DNA—Cr(lll)-dTMPPCP) and E-Dp;—P [PolS—DNA—
occurs in two stagesa rapid “partial” closing that follows  Cr(lll)-PR]. The specific difference between this revised
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model and the model proposed previousd)y {s that the
“rate-limiting conformational change”,'Ho E’, does not 02 4 A

exist. To test the validity of this possibility, we have revisited i
the stopped-flow kinetic experiments that provided evidence 04 4 P
for a rate-limiting conformational change that is induced by

catalytic metal binding. The results are described in the next 06 /
section.

Reezaluation of the Rate-Limiting Conformational Change 08 4
of Pol § by Stopped-Flow AnalysisThe stopped-flow
experiments referred to above involve incorporation of dTTP
opposite template 2-aminopurine and monitoring of fluores-
cence emission9], as has been used to study KF T4
polymerases](9). Two phases of fluorescence changes were Y00 01 02z 03 ¢ 05 o085 07 ds us 1o
observed, a fast phase (70%and a slow phase (6°8. Time (sec)

The rate constant of the slow phase was comparalig,to
(the pre-steady-state turnover rate constant) and could 20
therefore reflect the chemical step or a rate-limiting confor- e B
mational change. We then used a dideoxy nucleotide 154
(ddAMP) “terminated” primer, which cannot undergo the
chemical step, to differentiate between these two possibilities.
Since both fast and slow phases of fluorescence change (87
and 7 s*) were still observed, we concluded that the second,
slower phase reflects a rate-limiting conformational change
prior to chemistry. However, the second phase in the ddAMP
experiment was very weak. The weak signal on the instru-
ment used to perform the original experiments prompted the
necessity to usa 5 mmslit width on the excitation source,
a condition likely to lead to photobleaching. After acquisition 00 - I e — . — .

. . . . 0o 01 0.2 a3 0.4 05 06 07 08 09 10
of a new instrument that yielded a stronger signal, it proved
possible to change to a 0.5 mm slit width. Under these
conditions, both experiments were repeated, and it was foundF'GURE 5: Stopped-flow fluorescence assays of Rl (A)

u " ; ; i« Incorporation of dTTP opposite the template 2-aminopurine. In one
that the “slow phase” in the previous ddAMP experiment is syringe, 2uM Pol 5 was incubated with 0.6M 20/36(AP) substrate

clearly absent, as shown in Figure 5. The “fast phase” is ang 5 mM Mg*. The other syringe contained 2@M dTTP and
now better resolved and can be fitted by two exponentials; 5 mM Mg2*. The reaction was initiated by mixing (. solutions
both are substantially more rapid than the turnover number. from each syringe, and the fluorescence signal was monitored during
The result shown in Figure 5 has now been reproducedtlh(;e reac)tion._MuItipIe ?lxpe_rimelnts were CO”‘?CteT(ﬂla”dd averagecfi_ ©

: .16 runs) to improve the signal-to-noise ratio. The data were fit to
Se"e“'?" 'tlmes. We therefore conclude that the slow phase Ny triple exponential to yield the observed rate constants a£97
the original ddAMP experiment was an artifact. The same 3.8 29+ 0.56, and 2.2t 0.0087 s®. (B) Incorporation of dTTP
experiments performed with Mn(ll) rather than Mg(ll) show opposite the template 2-aminopurine with ddAMP at thergl of
comparable results (data not shown). This result supportsthe primer. In one syringe, 2/0M Pol 8 was preincubated with

the second interpretation in the previous section. It cannot 9-64M 19/36(AP), 5QuM ddATP, and 5 mM Mg" for 10 min to

. L incorporate ddAMP. The reaction was initiated by mixing an equal
be completely ruled out that there is a rate-limiting confor- q1ime of solution from another syringe containing 200 dTTP

mational change undetectable by fluorescence. However, ifand 5 mM Mg*. The data were best fit to a double exponential
this is the case, the rate-limiting conformational change which gave the observed rate constants (26@.8 and 44+ 1.4
should involve only minor, local structural adjustments. ). A similar result has been reporte80j while this paper was
Feasibility and Implication of the Résed Catalytic Model. ~ P€ing accepted for publication.
Unequivocal support for the revised catalytic model described polymerase if the conformational change step is shown to
above will require extensive and detailed kinetic analyses. be rate-limiting (0). Our structural and kinetic studies of
However, since it is often thought that a rate-limiting Pol 3 suggest, however, that the conformational change is
conformational change is an important factor in controlling not rate-limiting.
the fidelity of DNA polymerases 20), we present an If a conformational change step is not rate-limiting, we
argument to suggest that the fidelity can be controlled by believe that the fidelity of Pgb could be accounted for by
factors other than a rate-limiting conformational change. the selectivity of the transition state. It has been suggested
An induced-fit fidelity mechanism has often been invoked that the geometry of the nascent base pair is a critical factor
to explain the very low error rates of DNA polymeras#8, ( in determining polymerase substrate specificity, and numer-
20), and such an argument has been applied tg3Ra| 9). ous studies have supported thg 23). Geometry, in this
While Fersht has shown that a conformational change cannotsense, refers to a selection in which the size and shape of
enhance substrate specificity relative to what is mandated atthe nascent base pair are the critical properties by which the
the transition state2(l, 22), it has recently been suggested enzyme distinguishes correct from incorrect pairings. Such
that Fersht's arguments are based on the assumption that tha selection can be realized at the transition state if the
chemical step is rate-limiting, and hence the concept of geometry of the nascent base pair must be complementary
induced-fit fidelity enhancement can be applied to a DNA to the geometry of the active site at the transition state in
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order for efficient catalysis to occur. This could be described simply allows two distinct structures, one which rapidly binds
succinctly as a difference in the transition state stabilization substrate and one which efficiently and with high specificity
for different base pairs. It has been noted that Watgorick catalyzes the chemical step, to coexist.

base pairs have a common size and shape as well as

commonly positioned H-bond participators, all features that SUPPORTING INFORMATION AVAILABLE
would be used for selection at the transition state. We feel One figure showing the polyacrylamide gel assay of
that selection of this sort at the transition state may be radioactively labeled DNAs. This material is available free
sufficient to explain the high fidelity of Pg8 (relative to of charge via the Internet at http://pubs.acs.org.

that which is mandated by thermodynamic differences in the
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