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The human mitochondrial DNA polymerase (pol �) is nucle-
arly encoded and is solely responsible for the replication and
repair of themitochondrial genome. The progressive accumula-
tion of mutations within the mitochondrial genome is thought
to be related to aging, and mutations in the pol � gene are
responsible for numerous heritable disorders including pro-
gressive external opthalmoplegia,Alpers syndrome, andparkin-
sonism.Here we investigate the kinetic effect of H932Y, amuta-
tion associated with opthalmoplegia. Mutations H932Y and
H932A reduce the specificity constant governing correct nucle-
otide incorporation 150- and 70-fold, respectively, without sig-
nificantly affecting fidelity of incorporation or the maximum
rate of incorporation.However, this leads to only a 2-fold reduc-
tion in rate of incorporation at a physiological nucleotide con-
centration (�100�M). Surprisingly, incorporation of T:T orC:T
mismatches catalyzed by either H932Y or H932A mutants was
followed by slow pyrophosphate release (or fast pyrophosphate
rebinding). Also,H932Y readily catalyzed incorporation ofmul-
tiple mismatches, which may have a profound physiological
impact over time.His-932 is thought to contact the�-phosphate
of the incoming nucleotide, so it is perhaps surprising that
H932Y appears to slow rather than accelerate pyrophosphate
release.

Mutations in DNA polymerase � (pol �)2 have been linked to
several mitochondrial disorders that include progressive exter-
nal opthalmoplegia (PEO), Alpers syndrome, parkinsonism,
male infertility, and SANDO (sensory ataxic neuropathy, dys-
arthria, and opthalmoparesis) among others (1). The majority
of the mutations in pol � are associated with PEO, a mitochon-
drial disorder associated with accumulation of mitochondrial
DNA deletions andmutations. Themain clinical manifestation
of PEO is progressive weakness of the external eye muscles and
is often accompanied by dysphagia and variableweakness of the
limb and neck muscles. Neurological symptoms could include
depression or avoidant personality (2). Greater than 60 patho-

genic mutations in the pol �A gene are associated with PEO,
including about 14 dominant mutations, 36 recessive muta-
tions, and other mutations of sporadic or unknown origin (1).
Recently the crystal structure of the human pol � was solved

by Lee et al. (3) and has provided an insight into understanding
how processivity is achieved by the holoenzyme. The structure
provides a framework to examine the physiological basis of her-
itable mutations in pol �. Pol � is a heterotrimer in which one
molecule of the catalytic subunit (pol �A) binds to a dimeric pol
�B. Similar to most DNA polymerases, the structure of pol �A
resembles a human right hand with “palm,” “fingers,” and
“thumb” domains (4, 5). The palm domain is responsible for the
catalysis of the phosphoryl transfer reaction, and the fingers
domain is proposed to be involved in binding of the templating
base and the incoming nucleotide and governs the fidelity of the
DNA polymerase. The structures of the fingers domain differ
between enzymes from different families, but a functionally
conserved�-helix that binds the incoming nucleotide is located
at a similar positionwithin the fingers domain of differentDNA
polymerases. The thumb domain is mainly involved in the
binding and translocation of the duplex DNA, playing an
important role in replication processivity. Initial kinetic analy-
sis using pre-steady state methods demonstrated that the cata-
lytic subunit of the humanmitochondrialDNApolymerase (pol
�) alone was insufficient for processive replication of the mito-
chondrial genome, with a relative weak binding affinity for
DNA (�39 nM) and a kpol of 8.7s�1 (6). The presence of the
accessory subunit increased the affinity for the DNA as well as
the polymerization rate (Kd, DNA�10 nM, kpol�45 s�1) with-
out affecting the dissociation rate of the primer-template from
the holoenzyme (6). The increase in kpol is the largest determi-
nant of the increase in processivity defined as kpol/koff.

The crystal structure of the ternary complex of pol � (with
the DNA and nucleotide) is not yet known. Pol � belongs to the
Family A DNA polymerases represented by the extensively
studied T7 DNA polymerase and Escherichia coli DNA poly-
merase I. The available structures of pol A family DNA poly-
merases revealed a large conformational change of the enzyme
after nucleotide binding (7, 8). The open to closed conforma-
tional change suggests an induced-fit mechanism for nucleo-
tide selectivity analogous to that seen for other members of the
polA family (9, 10). The high resolution crystal structures of the
T7 DNA polymerase in a ternary complex with DNA and
ddNTP as well as that of E. coli DNA polymerase I provide
valuable insight to the probable functions of the pol � active site
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residues. The four autosomal dominant PEO mutations,
G923D, R943H, Y955C, and A957S in the active site of pol �A
have been partially characterized using steady state kinetic
measurements in an attempt to understand their role in enzyme
catalysis (11). The homologous residues in the T7 DNA poly-
merase are a part of the O helix forming the nucleotide binding
pocket within the finger domain, as illustrated in Fig. 1, which is
derived from the T7 DNA polymerase structure but labeled
with pol � residue numbers. All of the non-bridging phosphate
oxygen atoms interact either with a metal ion or with one or
more of the conserved residues of the O-helix. Two oxygen
atoms of the � phosphate are contacted by Arg-943, Tyr-951
(helix O) and His-932 (helix N), both, contact the � phosphate,
and Lys-947 contacts the �-phosphate.
The mutation of His-932 to a tyrosine is associated with

autosomal recessive form of PEO and SANDO (sensory ataxic
neuropathy, dysarthria, and opthalmoparesis). The H932Y
mutation is found as a compound with T251I/P587L and with
G1051R (12, 13). A preliminary pre-steady state kinetic study of
nucleotide incorporation on H932Y mutation of human pol �
has quantified the effect of the mutation of the kinetics of cor-
rect nucleotide incorporation (14), but the role of His-932 in
nucleotide selectivity has not been determined. Here we have
evaluated the mechanistic role of the His-932 residue in the
polymerase active site by systematically investigating H932Y
andH932Amutations. In this study incorporation of the nucle-
otide (correct as well as mismatch) and dideoxynucleotide was
examined by chemical quench assays, and the data were ana-
lyzed globally to obtain the pathway for the mutants. Our
results present a quantitative andmechanistic understanding of
the role of the His-932 residue in the catalysis of pol �.

EXPERIMENTAL PROCEDURES

Cloning Expression and Purification of Pol � B—The C-ter-
minal His-tagged pol �B lacking the first 25 amino acids from
the N terminus (the mitochondrial localization sequence) was
cloned into pET43.1a vector and transformed in E. coli Rosetta
2 (DE3) from Novagen. A transformant selected from a single

colony was used to inoculate a LB medium supplemented with
ampicillin (50 �g/ml) and chloramphenicol (34 �g/ml). This
starter culture was grown overnight at 37 °C and was subse-
quently used to inoculate a larger 1-liter LB medium. The
expression of pol �B was induced with isopropyl 1 thio-�-D-
galactopyranoside with a final concentration of 1 mM when the
optical density at 600 nm reached 0.6. After 6 h of induction at
25 °C, the cells were harvested by centrifugation at 3500 rpm in
a Beckman JLA8.1 rotor at 4 °C. The cell pellet was resuspended
in pH 8 lysis buffer (20 mM Tris-HCl, 500 mM NaCl, 5 mM

imidazole, 0.1% Triton X-100) supplemented with protease
inhibitors (Roche Applied Science). The suspension was soni-
cated on an ice bath after incubationwith lysozyme (0.3mg/ml)
for 20min at 4 °C. The cell lysate was centrifuged at 15,000 rpm
for 20 min, retaining the supernatant, and polyethyleneimine
(PEI)was added to achieve a final concentration of 0.1%PEI and
centrifuged for 30min at 40,000 rpm in a Beckman 45Ti. Pol �B
was purified further by loading the supernatant onto a nickel-
nitrilotriacetic acid column (Qiagen) followed by S200 Super-
dex gel filtration column (Amersham Biosciences) as described
previously (15). The purified fractionswere pooled anddialyzed
against a final storage buffer containing 50% glycerol, 50 mM

Tris, 100 mM NaCl, 1 mM DTT, 2.5 mM EDTA. The dialyzed
protein was then flash-frozen in liquid nitrogen and stored in
aliquots at �80 °C. The protein concentration was determined
by A280 using an extinction coefficient of 71,940 M�1cm�1 (16)
Cloning Expression and Purification of Pol �A—To observe

misincorporation of an incorrect nucleotide by pol �, it is nec-
essary to use enzyme that is exonuclease-deficient and lacks
proofreading activity (17, 18), so all experiments were per-
formed with an exonuclease deficient mutant (D198A, E200A).
The primary clone for the WT exonuclease-deficient C termi-
nus His-tagged pol �A was maintained in pUC 19.1 and lacked
the first 66 amino acids from the N terminus (including the
mitochondrial localization sequence and the poly-glutamine
tract). The mutations H932Y and H932A were made on the
exonuclease-deficient wt pol �A (del 66) in pUC19.1 by site-
directedmutagenesis. All the pol �A clones were transferred to
a shuttle vector pBacPak9 (Clontech) by restriction digestion of
the pUC 19.1 vector and subsequent ligation to pBacPak9. The
pol�Aclones in pBAcPak9were then transferred into the bacu-
lovirus genome by recombination between the shuttle vector
and the BacPak6 viral DNA (Clontech). Recombinant high viral
titers were optimized for protein expression and used to infect
SF9 cells at amultiplicity of infection greater than 10. Cells were
harvested at 72 h post-infection at 1500 � g for 20 min at 4 °C,
flash-frozen in liquid nitrogen, and stored at �80 °C until fur-
ther use. The cell pellet was resuspended by stirring for 1 h in 6
volumes (mass to volume) of the lysis buffer composed of 0.32M

sucrose, 10mMHEPES, pH7.5, 0.5%Nonidet P-40, 3mMCaCl2,
2 mM MgAc�4H2O, 0.1 mM EDTA, and protease inhibitor mix-
ture from A. G. Scientific Inc. All steps were carried out in 4 °C
unless otherwise specified. The nuclei were removed by centri-
fugation at 1500 � g for 10 min. The salt concentration of the
supernatant was increased to 500 mM KCl by slowly adding 3 M

KCl buffer (3 M KCl, 20 mM HEPES, pH 8, 5% glycerol). The
supernatant was then stirred for 20 min on ice followed by
centrifugation at 31,000 � g for 30 min in a Beckman 45-Ti

FIGURE 1. Catalytic residues on the fingers domain. Residues Lys-947, His-
932, and Arg-943 provide hydrogen bonds to the �-, �-, and �-phosphates of
the incoming dNTP. In this figure the structure of T7 DNA polymerase,
1T7P.pdb, (5) was used to model the locations of the homologous residues in
pol �. The template strand is blue, the primer strand is green, the incoming
dNTP is shown in magenta, and the catalytic residues are in yellow. Template
positions are labeled relative to the templating nucleotide (T0).
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rotor to remove the debris. The clear supernatant was removed
and loaded onto a nickel-nitrilotriacetic acid column (Qiagen)
followed by a Source S ion exchange column as described pre-
viously (3, 16). The Source S fractions containing pol �A were
pooled, concentrated, and dialyzed into 50% glycerol buffer (50
mMTris-HCl, pH7.5, 100mMNaCl, 1mMDTT, 2.5mMEDTA).
The dialysate was divided into aliquots, flash-frozen in liquid
nitrogen, and stored in �80 °C until further use. The protein
concentration was determined by A280 using an extinction
coefficient of 243,790 M�1 cm�1 (16). The yield of the protein
was typically�1–1.5mg from1 liter of culture. All experiments
were performed with a reconstituted enzyme formed with a 5:1
molar excess of pol �B over pol �A.All references to pol � are to
the reconstituted holoenzyme.
Preparation of DNA—DNA oligomers were synthesized by

Integrated DNA Technologies, Inc. and purified using 15%
polyacrylamide/7 M urea denaturing gel electrophoresis. A
25-mer primer (5�-GCCTCGCAGCCGTCCAACCAACTC
A-3�) and a 45-mer template (5�-GGA CGG CAT TGG ATC
GAG GTT GAG TTG GTT GGA CGG CTG CGA GGC-3�)
were adopted from previous studies to allow comparison
between all the studies (6, 19). The dTMP-terminated primer
was used for single nucleotide incorporation experiments, and
it was 5�-32P-labeled using T4 polynucleotide kinase according
to the manufacturer’s instructions (Invitrogen). Heating at
95 °C for 5 min terminated the labeling reaction, and excess
[�-32P]ATP was removed using a Biospin 6 column (Bio-Rad).
The primer and template were mixed at a 1:1 molar ratio,
heated at 95 °C for 2 min, and allowed to cool slowly to room
temperature to form the duplex as shown in Fig. 4.
Nucleotide Incorporation Assays—Single nucleotide incor-

poration assays were performed with a RQF-3 rapid quench-
flow apparatus (KinTeK Corp.) at 37 °C in a reaction buffer
containing 50 mM Tris, pH 7.5, 100 mM NaCl, 12.5 mM MgCl2.
For studying the incorporation of dATP and ddATP, one sam-
ple loop was loaded with an enzyme-DNA complex (formed
with 300–350 nM enzyme, 1.2–1.4 �M small subunit, and 150–
200 nM 5�-32P-labeled 25-mer/45-mer DNA duplex) in the
reaction buffer without MgCl2. Another loop was loaded with
nucleotide in the reaction buffer with 25 mM MgCl2. The reac-
tions were started by rapidly mixing the two reactants (1:1) and
then were quenched by mixing with 0.5 M EDTA (final concen-
tration) after various time intervals. For the misincorporation
experiments, preformed enzyme-DNA complex (200–300 nM
enzyme, 0.8–1.2 �M small subunit, and 150 nM 5�-32P-labeled
25-mer/45-mer DNA duplex) in the reaction buffer without
MgCl2 was used. For longer timescale misincorporation exper-
iments (varying from 20min to 1.5 h), manual handmixing and
quenching was done instead of using the rapid quench flow
apparatus. In all assays a maximum of 5 mM dNTP (final con-
centration after mixing) was not exceeded to avoid complica-
tions due to nonspecific inhibition (17, 20).
The products from the assays described above were resolved

on a 15% denaturing polyacrylamide-sequencing gel, and then
the dried gel was exposed to a phosphor screen. The screen was
scanned using a Storm 860 scanner (GE Healthcare), and the
amount of product formation at each time point was analyzed
using the ImageQuant software (GE Healthcare). The concen-

tration of the product was calculated from the concentration of
the starting isotope labeled DNA primer times the fraction of
the materials in the product band.
Global Data Fitting—All of the data presented in this paper

have been fit globally using the KinTek Explorer program (Kin-
Tek Corp.) based upon numerical integration of rate equations
for the complete model. In fitting data to Schemes 1 or 2, we
also included previously estimated rates for DNA binding and
dissociation in constructing a comprehensive model. Concen-
trations of active enzyme were adjusted slightly (�10%) in
deriving the best fit.
In addition to S.E. values, we have also presented upper and

lower limits for each of our fitted parameters in the tables.
These limits are derived based upon a threshold in the confi-
dence contours equal to 10% increase in �2, as described (21).
This method of estimating errors is more robust than tradi-
tional S.E. analysis, which tends to underestimate errors and
often fails to reveal parameters in the model that are under-
constrained by the data.
In fitting data to Scheme 1 or Scheme 2, the equilibrium

constant for the initial complex formation was estimated by
assuming diffusion-limited nucleotide binding (k1 � 100 �M�1

s�1) and allowing the dissociation rate to vary during fitting to
afford calculation of the equilibrium constant (K1 � k1/k�1). In
some cases, during global fitting of data within a concentration
series, a small background correction (less than 10% of the sig-
nal) was applied to individual traces based upon optimal fitting
the data to the model.
Calculation of kcat and kcat/Km—Kinetic parameters kcat and

kcat/Km were derived for Scheme 1 by the simple relationship
kcat � kpol andKm �Kd,app. However, for the data fit to Scheme
2, the bulk parameters were calculated from the complete solu-
tion for the three-step model.

kcat �
k2k3

k2 � k�2 � k3
(Eq. 1)

Km �
k2k3 � k�1�k�2 � k3�

k1�k2 � k�2 � k3�
(Eq. 2)

kcat/Km � k1

k2k3

k2k3 � k�1�k�2 � k3�
(Eq. 3)

RESULTS

Kinetics of Single Nucleotide Incorporation Measured by
Quench-flow Experiments—The kinetics of correct nucleotide
incorporation were measured by rapid quench-flow methods.
An enzyme-DNA complex was rapidly mixed with a solution
containing the correct incoming nucleotide (dATP) at various
concentrations. The experiments were performed under single
turnover conditions in that the enzyme concentration
exceeded the concentration of DNA. The nucleotide concen-
tration dependence of the rate of polymerization provided esti-
mates of an apparent nucleotide dissociation constant (Kd,app)
and a maximum rate of nucleotide incorporation (kpol) accord-
ing to Scheme 1 as described previously (17, 22). Fig. 2,A and B,
show the time courses of the product (26-mer) formation at
several nucleotide concentrations observed for theWT and the
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H932Y mutant, respectively. The data defining nucleotide
incorporation were fit globally to the mechanism shown in
Scheme 1 to obtain the maximum nucleotide incorporation
rate (kpol) and the apparent nucleotide dissociation constant,
Kd,app (EDn refers to the enzyme-DNA complex where the
primer is n residues in length).

EDn � dNTP L|;
Kd,app

EDndNTP

EDndNTP L|;
kpol

EDn	1PPiO¡
fast

EDn	1 � PPi

SCHEME 1

According to this simplified model, the polymerization rate is
presumed to be governed by a single rate-limiting step (kpol),
and the ground state binding occurs as a rapid equilibrium.
After the incorporation of a correct nucleotide, pyrophosphate
release and translocation appear to be fast (17, 22); therefore,
the measured ratio of kpol/Kd,app defines kcat/Km, the specificity
constant governing incorporation during processive polymeri-
zation. It should be noted that the apparent dissociation con-
stant (Kd,app) cannot be interpreted as a simple substrate disso-
ciation constant when binding occurs in multiple steps; rather,

Kd,app more accurately reflects a Michaelis constant reflecting
the relative rates of substrate binding and incorporation rather
than the ground state nucleotide binding (9, 10). Regardless,
kpol/Kd,app provides an accurate measurement of kcat/Km gov-
erning sequential nucleotide incorporation during processive
synthesis. Kinetic parameters for the WT enzyme determined
from the global fitting were in agreement with previously pub-
lished data (6, 19). Interestingly, the H932Y mutant showed a
maximum rate of polymerization similar to that of the WT
enzyme, but kcat/Kmwas severely affected, (�150-fold) as sum-
marized in Table 1.
Kinetics of Incorporation of Dideoxynucleotides—The incor-

poration of ddATP (the active metabolic product of the anti-
HIV nucleoside analog didanosine, didexoyinosine) was mea-
sured by rapid quench flow methods similar to the
measurements done for the incorporation of dATP. Fig. 2, C
and D, show the time courses of the product formation
observed for theWTand theH932Ymutation respectivelywith
ddATP. The data defining nucleotide incorporation kinetics
were then fit globally to the mechanism shown in Scheme 1 to
obtain the maximum incorporation rate and the apparent dis-
sociation constant, Kd,app (summarized in Table 1). It is impor-
tant to note that for the WT enzyme, the lower concentration
data do not reach the same end point because the nucleotide
concentration was less than the enzyme concentration; this is

FIGURE 2. Kinetics of incorporation of dATP and ddATP for the WT and H932Y mutant. For each concentration series, a preformed enzyme-DNA complex
([enzyme] 
 [DNA duplex]) was rapidly mixed with Mg2	 and various concentrations of dATP or ddATP. In each experiment the final concentrations of the
enzyme and DNA after mixing were 150 –175 and 75–100 nM, respectively. In globally fitting each data set, the concentration of active enzyme was adjusted to
fit the amplitude. A, incorporation of dATP for WT exo� pol � at various concentrations (0.2 (F), 0.5 (E), 1.5 (f), 3 (�), 5.5 (Œ), 8.5 (‚) �M) was globally fit to
Scheme 1 yielding a kpol of 30 � 2 s�1 and a Kd,app of 0.7 � 0.14 �M. B, incorporation of dATP for H932Y exo� pol � at various concentrations (2.5 (F), 7.5 (E), 20
(f), 40 (�), 100 (Œ), 500 (‚) �M from bottom to top) was globally fit to Scheme 1 yielding a kpol of 28.6 � 2.9 s�1 and a Kd,app of 103 � 15 �M. C, incorporation
of ddATP for WT exo� pol � at various concentrations (0.01 (F), 0.025 (E), 0.05 (f), 0.1 (�), and 5 (Œ) �M) was globally fit to Scheme 1 yielding a kpol of 1.8 � 0.2
s�1 and a Kd,app of 0.42 � 0.06 �M. D, incorporation of ddATP for H932Y exo� pol� at various concentrations (0.5 (F), 2 (E), 5 (f), 15 (�), and 500 (Œ) �M) was
globally fit to Scheme 1 yielding a kpol of 1 � 0.14 s�1 and a Kd,app of 61 � 10 �M.
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taken into account during global fitting based upon numerical
integration of the rate equations (23). The maximum rates of
incorporation of ddATP by the mutants were close to the WT,
but the kpol/Kd,app was reduced by 
200-fold. The discrimina-
tion, defined as the ratio of kcat/Km for the correct nucleotide
relative to that of the analog, was not significantly affected by
mutating the H932. The decrease in kcat/Km for ddATP is
mostly offset by a similar decrease in kcat/Km for dATP
incorporation.
Kinetics of Nucleotide Misincorporation—Misincorporation

experiments were performed to investigate the discrimination
against mismatches exhibited by the H932Y mutant as com-
pared with that of wild-type enzyme. We examined the misin-
corporation of TTP, dCTP, and dGTP opposite the template
TMP. In each experiment the time course of the product for-
mation (26-mer or greater) was quantified. In some cases mul-
tiple nucleotides were incorporated onto the primer strand
such that products of up to 35 nucleotides long were observed;
therefore, all of the extended primers were included in the total
concentration of product, which was then plotted versus time.
Misincorporation parameters for WT human pol � have been
published previously (18) and were used as a reference for our
experiments but were repeated and reanalyzed with our
updated global fitting methods. The kinetics of formation of a
T:T mismatch and C:T mismatch by wild-type pol � are shown
in Fig. 3, A and B, respectively (G:T mismatch results are sum-
marized in Tables 2 and 3). Each of these sets of data were
globally fit to Scheme 1. The results are consistent with those
previously reported and show that incorrect nucleotides have
decreased rates of nucleotide binding and incorporation.
Analysis of the misincorporation catalyzed by H932Y

showed some unexpected results. First, it was noted that mis-
incorporation of TTP onto a template T was followed by addi-
tional misincorporation events (Fig. 4). According to the
sequence of the template, the enzyme formed two sequential
T:G mismatches, a correct T:A base pair and then a T:G and

T:C mismatch. The sum of all products formed was used to
quantify the kinetics of incorporation of the first T:Tmismatch
as shown in Fig. 3C. The kinetics of formation of the C:T mis-
match are shown in Fig. 3D.
The data in Fig. 3C were initially fit to the model shown in

Scheme 1, but it was immediately clear that the minimal model
could not account for the trend observed in the data (Fig. 3C,
dashed lines). Particularly for the T:T and C:Tmismatches, it is
clearly evident that the amplitude of product formation is con-
centration-dependent, whereas the model requires that the
reaction goes to completion at each nucleotide concentration
because the release of pyrophosphate drives the reaction for-
ward even at subsaturating nucleotide concentrations. These
data required a model in which the chemistry step is reversible
and comes to an equilibrium that is linked to nucleotide bind-
ing. This interpretation requires that pyrophosphate release is
slow or readily reversible (24, 25).
The data were fit to themodel shown in Scheme 2, where k�2


 0, and k3 is slow, ranging from 0.0002 to 0.0005 s�1. In this
minimal model, the release of pyrophosphate is assumed to be
irreversible, but further experiments are needed to address
whether the release is slow or readily reversible.

EDn � dNTP L|;
K1

EDndNTP

EDndNTP L|;
k2

k�2

EDn	1PPi O¡
k3

EDn	1 � PPi

SCHEME 2

Data defining the kinetics of formation of a G:T mismatch by
H932Y could be adequately fit to the simple model shown in
Scheme 1 in that the reaction appears to go to the same end
point at all dGTP concentrations. This could be due to faster
pyrophosphate release or a slower rate constant for the reverse
of chemistry (k�2) in forming the G:T mismatch. The kinetic
parameters governing misincorporation are summarized in
Tables 2 and 3.
Confidence Contour Analysis—Global data-fitting based

upon numerical integration of rate equations is a powerful
method in that parameters are derived by directly fitting to a
complete model without simplifying assumptions, and the fit-
ting requires that the model account for the concentration
dependence of both the rate and amplitude of the reaction (23).
However, fitting based upon computer simulation makes it too
easy to include parameters in a model that are not well con-
strained by the data. To address whether the data are sufficient
to define four kinetic parameters in fitting to Scheme 2, we
performed a confidence contour analysis on the data from Fig.
3C to get the results shown in Fig. 5 (21). In this analysis, the
extent to which each parameter can be varied is explored while
allowing all other parameters to float in fitting the data. The
results are then scored by the minimum �2 value attainable,
which is then plotted on a three-dimensional profile versus each
pairwise combination of kinetic parameters. The results shown
in Fig. 5 demonstrate that all four kinetic parameters are con-
strained by the data as indicated by the red central zone defin-

TABLE 1
Effect of H932Y/A mutations on the specificity constant for
incorporation of dATP and ddATP
Kinetic parameters governing correct (dATP) and dideoxynucleotide (ddATP) are
summarized as derived from the data shown in Figs. 2 and 5. The S.E. estimates (�)
were derived from the covariance matrix obtained by nonlinear regression. The
upper and lower limits shown in parentheses were derived by confidence contour
analysis (21).

Enzyme/
nucleotide kpol Kd,app kpol/Kd,app Discrimination

s�1 �M �M�1 s�1

WT
dATP 30 � 2 0.7 � 0.14 43 � 9 10

(29–33) (0.62–0.84)
ddATP 1.8 � 0.2 0.42 � 0.06 4.3 � 0.8

(1.6–2) (0.36–0.48)

H932Y
dATP 28.6 � 2.9 103 � 15 0.3 � 0.05 15

(27–30) (97–110)
ddATP 1 � 0.14 61 � 10 0.02 � 0.003

(0.87–1.3) (52–82)

H932A
dATP 23 � 2.8 39 � 6.4 0.6 � 0.1 30

(23–27) (39–49)
ddATP 0.7 � 0.04 38 � 2.6 0.02 � 0.002

(0.67–0.75) (35–42)
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ing the area of good fit. The margin shown by the yellow band
between the red and green zones defines a boundary represent-
ing a 10% increase in �2, which is used to estimate upper and
lower confidence intervals on each of the parameters. This
analysis demonstrates that the concentration dependence of
the rate and amplitude shown in Fig. 3C are sufficient to define
the four kinetic parameters in Scheme 2. Confidence contour
analysis was used to estimate confidence intervals for all of the
experiments as summarized in the tables.
Kinetic Analysis of the H932A Mutant—To further explore

the role of His-932 in catalysis, we examined the effect of an
H932A mutation to get the results summarized in Fig. 6 and
Tables 1–3. As shown in Fig. 6A, theH932Amutation showed a
72-fold reduction in the kcat/Km for correct incorporation (A:T)
with respect to the WT, indicating that the tyrosine substitu-
tion had amore severe effect than the alanine substitution. The
more severe effect of the H932Y substitution could be due to
the additional steric hindrance imposed on the interactions
important for nucleotide binding. The H932Amutant discrim-
inated against the incorporation of ddATP 30-fold relative to
dATP, which is only 2-fold greater than seen byH932Y (Fig. 6B,
Table 1). Like H932Y, the kinetics of incorporation of T:T and
C:Tmismatches (Fig. 6,C andD) showed an amplitude concen-

tration dependence and required fitting to the model invoking
slow pyrophosphate release (Scheme 2). In each case, data fit-
ting required a relatively slow rate of pyrophosphate release (k3)
and slow reversal of chemistry (k�2), less than the rate of the
forward chemistry step (k2) as summarized in Table 2. Reversal
of chemistry and slow pyrophosphate release reduced the
kcat/Km value governing net incorporation (Table 3). H932A
showed a 2–3-fold increase in fidelity compared with H932Y.

DISCUSSION

Role of His-932 in dNTP Binding and Incorporation—The
most conserved amino acid residue of the pre-motif B is an
invariantly positively charged amino acid, usually a Lys or an
Arg in family B DNA polymerases. In family A DNA poly-
merases, this residue is histidine with the only exception being
SpO2 DNA polymerase, which has a tyrosine in that position
(26). The active site structure of T7 DNA polymerase suggests
that His-932 in pol �A is within H-bonding distance of the �
phosphoryl oxygen of the incoming dNTP. Furthermore, the
His-932 residue lies between Arg-943 and Tyr-951 (His-506,
Arg-518, and Tyr-526 in T7 DNA polymerase, respectively),
which are important for nucleotide selectivity and dideoxy-
nucleotide discrimination, suggesting that mutation of His-932

FIGURE 3. Kinetics of misincorporation by WT enzyme and H932Y mutant. For each concentration dependence, a preformed enzyme-DNA complex
([enzyme] 
 [DNA duplex]) was rapidly mixed with Mg2	 and various concentrations of incorrect nucleotide. The time course of product formation was then
fit globally. In each experiment, the final concentrations of the enzyme and DNA after mixing were 100 –150 and 75 nM, respectively. In globally fitting each data
set, the concentration of active enzyme was adjusted to fit the amplitude. A, formation of a T:T mismatch by WT exo� pol � at each TTP concentration (1.5 (F),
5 (E), 15 (f), 50 (�), and 250 (Œ) �M) was globally fit to the mechanism shown in Scheme 1, yielding an apparent Kd of 81.8 � 10.9 �M and kpol of 0.01 � 0.004
s�1. B, formation of a C:T mismatch by WT exo� pol � at each dCTP concentration (15 (F), 50 (E), 250 (f), and 1000 (�) �M) was fit globally to the mechanism
shown in Scheme 1, yielding an apparent Kd of 1030 � 193 �M and kpol of 0.06 � 0.018 s�1. C, formation of a T:T mismatch by H932Y exo� mutant at each TTP
concentration (15 (F), 50 (E), 125 (f), 250 (�), 1000 (Œ), and 5000 (‚) �M) was fit globally (solid line) to the mechanism shown in Scheme 2, yielding an apparent
Kd of 1630 � 310 �M, k2 of 0.1 � 0.02 s�1, k�2 of 0.01 � 0.003 s�1, and k3 of 0.0004 � 0.0005 s�1. The dashed line indicates an attempt to fit the data with the
mechanism shown in Scheme 1, showing that it cannot account for the concentration dependence of the rate and amplitude. D, formation of a C:T mismatch
by H932Y exo� mutant at various dCTP concentrations (175 (F), 375 (E), 750 (f), 1500 (�), and 4000 (Œ) �M) were globally fit to the mechanism shown in
Scheme 2, yielding an apparent Kd of 22200 � 3420 �M, k2 of 0.02 � 0.005 s�1, k�2 of 0.0004 � 0.003 s�1, and k3 of 0.0003 � 0.002 s�1. Traces for the formation
of a G:T mismatch are not shown, but all time courses were fit to the mechanism shown in Scheme 1, and the resulting parameters are summarized in Table 2.
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would interfere with the interactions with the incoming nucle-
otide. Surprisingly, our data show that mutation of the His-932
does not significantly affect the kpol but severely affects kcat/Km,
the effective nucleotide binding rate and the Km value for
incoming nucleotide. Thus, His-932 is an important residue to
enhance nucleotide incorporation, although it does not affect
the rate of catalysis. In the absence of His-932, Tyr-951 could
still H-bond to the � phosphate and, thus, along with metal ion
B, contribute to stabilization of the transition state of the reac-
tion (Fig. 1). This may explain why mutations H932Y/A do not
significantly alter the maximum rate of polymerization, kpol.
However H-bonding interaction between the His-932 and �
phosphate appears to play a key role in the dynamics of nucle-
otide binding underlying the specificity constant (kcat/Km).
Overall, the substitution of His-932 with a tyrosine had a more
severe effect in slowing nucleotide binding than alanine, sug-
gesting that the presence of the tyrosine residue may create
additional steric effects or otherwise alter active site geometry.

One cannot simply interpret changes in the apparent Kd

derived from the rapid quench studies because the value prob-
ably does not represent a true Kd for nucleotide binding but,
rather, should be considered to represent a Km value governing
incorporation. In studies on other pol A family DNA poly-
merases, nucleotide binding induces a rapid change in enzyme
structure that governs the kinetics of correct base pair incorpo-
ration but comes to equilibrium preceding mismatch incorpo-
ration (9, 10, 27, 28). Therefore, calculations of the ratio of
apparent Kd values for correct versus incorrect base incorpora-
tion are difficult to interpret, and our discussion of mechanism
is focused on considering relative changes in kpol and kpol/Kd.

Residue Tyr-526 in T7 DNA polymerase (homologous to
Tyr-951 in pol �) has been shown to be essential for the incor-
poration of dideoxynucleoside triphosphates in that substitu-
tion with phenylalanine leads to significant discrimination
against dideoxynucleotides (29). Tyrosine 951 is highly con-
served in motif B of all the mitochondrial DNA polymerases

TABLE 2
Effect of H932Y/A mutations on kinetic parameters governing discrimination
Kinetic parameters governingmisincorporation opposite a template T catalyzed byH932Y andH932A are summarized as derived from the data shown in Figs. 3 and 5. The
S.E. estimates (�) were derived from the covariancematrix obtained by nonlinear regression. The upper and lower limits shown in parentheses were derived by confidence
contour analysis (21).

Enzyme/nucleotide 1/K1 k2 k�2 k3
�M s�1 s�1 s�1

WT
TTP 81.8 � 10.9 0.01 � 0.004 (0) Fast

(40–90) (0.006–0.01)
dCTP 1,030 � 193 0.06 � 0.018 (0) Fast

(810–1,300) (0.05–0.08)
dGTP 1,300 � 1,600 6.6 � 7.4 (0) Fast

(836–4,100) (4.5–20)

H932Y
TTP 1,630 � 310 0.1 � 0.02 0.01 � 0.003 0.0004 � 0.0005

(1,300–1,920) (0.08–0.1) (0.01–0.014) ( 0.0003–0.0006)
dCTP 22,200 � 3,420 0.02 � 0.005 0.0004 � 0.003 0.0003 � 0.002

(17,800–6.7 � 1011) (0.015–8.3 � 105) (0.0002–0.002) (2.8 � 10�8-0.001)
dGTP 24,000 � 9,600 1.2 � 0.4 (0) Fast

(18,300–1.5 � 105) (1–7)

H932A
TTP 9,400 � 2,700 0.47 � 0.15 0.013 � 0.0056 0.0003 � 0.0004

(6,600–26,500) (0.39–1.86) (0.01–0.02) (2 � 10�5-0.0007)
dCTP 40,900 � 9,470 0.038 � 0.012 0.0009 � 0.0006 0.0005 � 0.001

(26,000–1.9 � 105)a (0.02–0.18) (0.0005–0.0017) (0.0002–0.0008)
dGTP 5,150 � 1,500 0.27 � 0.06 (0) Fast

(4,100–10,000) (0.23–0.45)
a No upper limit was found up to the value reported.

TABLE 3
Effect of H932Y/A mutations on discrimination against mismatches
Kinetic parameters governingmisincorporation opposite a template T catalyzed byH932Y andH932A are summarized as derived from the data shown in Figs. 3 and 5. The
S.E. estimates (�) were derived by error propagation from the values shown in Table 2.

Enzyme/nucleotide kcat Km kcat/Km Discrimination

s�1 �M �M�1 s�1

WT
TTP 0.01 � 0.004 81.8 � 10.9 0.0001 � 0.00005 430,000
dCTP 0.06 � 0.018 1030 � 193 0.00006 � 0.00002 717,000
dGTP 6.6 � 7.4 1300 � 1600 0.005 � 0.008 8,600

H932Y
TTP 0.0004 � 0.0005 154 � 60 0.000002 � 0.000003 150,000
dCTP 0.0003 � 0.002 750 � 3875 0.0000004 � 0.000003 750,000
dGTP 1.2 � 0.4 24000 � 9600 0.00005 � 0.00003 6,000

H932A
TTP 0.0003 � 0.0004 260 � 150 0.000001 � 0.000002 600,000
dCTP 0.0005 � 0.001 1450 � 1330 0.0000003 � 0.0000007 2,000,000
dGTP 0.27 � 0.06 5150 � 1500 0.00005 � 0.00002 12,000
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and appears to facilitate the incorporation of nucleoside ana-
logs. Because theHis-932 residue is positioned close to Tyr-951
and both of these amino acid residues can H-bond to the �
phosphate, we measured the incorporation of ddATP for the
H932Y and H932A mutants and compared it to the wild type
enzyme. Didanosine (dideoxyinosine) is used for the treatment
of HIV infections but has significant toxic side effects due to its
conversion to ddATP and subsequent incorporation in to
humanmitochondrial DNA (30, 31). Our results show thatHis-

932 only contributes marginally (1.5–3-fold) to discrimination
against ddA.
Mutations H932Y/A did not have any significant effect on

the overall enzyme fidelity of incorporation measured in single
turnover kinetic studies. The specificity constants for cognate
and non-cognate base incorporation were reduced by the
mutations by a similar fraction so the net effect on discrimina-
tion was minimal (Table 3). Interestingly for both mutations,
H932Y/A, we observed that during incorporation of a T:T or
C:T mismatch, the release of pyrophosphate was apparently
slow with an average rate of �0.0003 s�1. This slow release of
pyrophosphate and the reversible chemistry step was proposed
to account for the nucleotide concentration dependence of the
reaction amplitude (Figs. 3, C and D, and 5, C and D). Slow
product release and reversal of chemistry drastically decreases
the kcat/Km for the incorporation of a mismatch. This same
effect has previously been seen in pol � with the incorporation
of 8-oxo-dGTP (24) and AZT-triphosphate (25), where kinetic
studies demonstrated that pyrophosphate release was slow.
All of the data in this manuscript were fit globally based

upon computer simulation (23). Fitting data directly to the
model based upon numerical integration of rate equations
has several advantages over the conventional data fitting
(21). Conventional data fitting usually requires derivation of
equations that are based upon simplifying assumptions that
may not be valid. For example, pre-steady state burst data are
usually fit to the sum of an exponential and a linear term, but
the linear phase is not usually linear, and errors in the linear
fit lead to errors in the rate and amplitude of the exponential
phase. In contrast, we were able to fit a concentration series
to a single, complete model without simplifying assump-
tions. Global data-fitting directly to the model requires that
the concentration dependence of the rate and amplitude
of the reaction are accounted for, and this allows the kinetic
parameters to be better constrained by the data and elimi-
nates errors committed when reaction amplitudes are
ignored (32). Moreover, by using global fitting, more com-
plex data can be analyzed rigorously. Conventional fitting of
data to multiple exponential functions is unreliable, but fit-
ting data directly to a model constrains the fitting of a series
of experiments performed at multiple concentrations to
conform to the underlying function.
Much of the data presented in this manuscript would have

been difficult to interpret using conventional data fitting
methods. For example, in Fig. 2C, concentrations of nucleo-
tide covered a range below and above the enzyme concentra-
tion; therefore, conventional data fitting would yield confus-
ing results with the rate appearing to decrease and then
increase as a function of nucleotide concentration. Fitting by
computer simulation handles the data by taking into account
the concentrations of all reactants as the reaction proceeds
to completion. Finally, by fitting the data globally, we can
avoid fitting the data to multiple exponential functions,
which is often problematic (23). For example, the slow
release of pyrophosphate seen in the H932Y/A mutant mis-
incorporation studies shows complicated kinetics where
enzyme-bound product equilibrates with nucleotide binding
at the active site. This causes the observed rate to be nearly

FIGURE 4. Misincorporation of TTP by H932Y exo� pol �. Products from the
incorporation of TTP (at 1000 �M) were resolved on a 15% polyacrylamide
sequencing gel and revealed multiple incorporations past a T:T mismatch.
The left axis displays the mismatch formed according to the templating base
of the DNA substrate corresponding to each band. Above the figure we show
the DNA sequence used. The details of the experiment and the analysis and
fitting of these data are presented in Fig. 3B.

FIGURE 5. Confidence contours for the global fit to four rate constants
showing all six pairwise combinations of the four rate constants. The
results were derived by globally fitting the data collected as shown in Fig. 3B.
The central red zone shows the area of good fit, and the yellow band between
the red and green zones shows the threshold representing a 10% increase in
�2, which is used to set upper and lower confidence limits on each of the
kinetic parameters (21).
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constant or decrease as the amplitude increases as a function
of nucleotide concentration. This effect can be easily
resolved by fitting the data globally but is difficult to resolve
with conventional fitting methods, as illustrated by our ear-
lier work on the incorporation of 8-oxo-dGTP (24).
We used confidence contour analysis to establish that the

fitted parameters were well constrained by the data when
fitting to either Scheme 1 or 2. The confidence contour anal-
ysis does not prove the model but, rather, can only be used to
evaluate whether the model is adequately constrained by the
data. It does not eliminate a more complex model. In partic-
ular, it should be noted that the full time course of all sequen-
tial misincorporation events seen with the H932Y mutant
(Figs. 3, C and D, and 4) could also be fit to a model in which
pyrophosphate release was readily reversible. The model
also required explicitly including DNA translocation so that
pyrophosphate could immediately rebind after releasing
from the E-DNA complex, but after translocation only dNTP
could bind. Although this model could account for the data,
the parameters were not well constrained, requiring addi-
tional experiments to define the kinetics of pyrophosphate
release and rebinding.
It should also be noted that the kinetic constants for mis-

incorporation reported here were determined using the exo-

nuclease-deficient enzymes. Quantification of the full effect
of mutation on the fidelity requires analysis of the rates of
excision by the exonuclease versus extension by the addition
of the next correct nucleotide. These experiments are cur-
rently under way.
Previous kinetic analyses have shown that substrate-induced

conformational change plays a crucial role in the discrimina-
tion between the correct and incorrect base pairs by controlling
whether a nucleotidewill be incorporated or rapidly released (9,
27). Perhaps His-932 plays a critical role in the conformational
change presumed to occur after incorporation and preceding
product release and translocation. Generally the steps after
nucleotide incorporation, PPi release and translocation, are
assumed to be fast and to be limited by the rate of a conforma-
tional change from closed to open state after nucleotide incor-
poration (9). By making pyrophosphate release slow or readily
reversible, the enzyme can retain the product of the reaction,
ultimately favoring the reverse reaction and substrate release.
In the case of 8-oxo-dGTP and AZT incorporation it was sug-
gested that this phenomenon provided a mechanism used by
the enzyme to reduce the incorporation of these nucleotides
(24, 25). Because the His-932 H-bonds to the � phosphate, the
positive charge stabilizes the leaving group (pyrophosphate),
and one might expect that mutation of His-932 would lead to

FIGURE 6. Kinetics of incorporation of for the H932A mutant. For each concentration series, a preformed enzyme-DNA complex ([enzyme] 
 [DNA duplex])
was rapidly mixed with Mg2	 and various concentrations of nucleotide. The time course of product formation was then fit globally (solid lines). In each
experiment the final concentrations of the enzyme and DNA after mixing were 100 –175 and 75–100 nM, respectively. In globally fitting each data set, the
concentration of active enzyme was adjusted to fit the amplitude. A, incorporation of dATP for H932A exo� pol � at various concentrations (0.2 (F), 0.5 (E), 2
(f), 4 (�), 7 (Œ), 11 (‚), 20 (�), 30 (ƒ), and 55 (�) �M) was globally fit to Scheme 1 yielding a kpol of 23 � 2.8 s�1 and a Kd,app of 39 � 6.4 �M. B, incorporation of
ddATP for H932A exo� pol � at various concentrations (0.5 (F), 2 (E), 5 (f), 15 (�), and 500 (Œ) �M) was globally fit to Scheme 1 yielding a kpol of 0.7 � 0.04 s�1

and a Kd,app of 38 � 2.6 �M. C, formation of a T:T mismatch by H932A exo� pol � at each TTP concentration (15 (F), 50 (E), 125 (f), 250 (�), and 5000 (Œ) �M)
was globally fit to the mechanism shown in Scheme 2, yielding an apparent Kd of 9400 � 2700 �M, k2 of 0.47 � 0.15 s�1, a k�2 of 0.013 � 0.0056 s�1, and a k3
of 0.0003 � 0.0004 s�1. D, formation of a C:T mismatch by H932A exo� pol � at each dCTP concentration (175 (F), 375 (E), 750 (f), 1500 (�), and 5000 (Œ) �M)
was also globally fit to the mechanism shown in Scheme 2, yielding an apparent Kd of 40900 � 9470 �M, k2 of 0.038 � 0.012 s�1, k�2 of 0.0009 � 0.0006 s�1,
and k3 of 0.0005 � 0.001. Traces for the formation of a G:T mismatch are not shown, but all time courses were fit to the mechanism shown in Scheme 1, and the
resulting parameters are summarized in Tables 2 and 3.
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increased rates of pyrophosphate release. However, in the
absence of this interaction, the rate of pyrophosphate release
appears slower. It is possible that there is a conformational
change after chemistry that misaligns residues to slow catalysis
and promotes product release (27). According to this model,
one might predict that His-932 is involved in this conforma-
tional change step. However, it is not easy to explain why this
effect is observed for the misincorporation events only and not
in the incorporation of the correct dNTP or the ddNTP. It is
also important to note that we observed multiple misincorpo-
ration events after formation of the T:T mismatch by H932Y
(Fig. 3C). This observation implies a model in which pyrophos-
phate release is faster but readily reversible, which requires
additional testing.
The physiological consequences of the H932Ymutationmay

be attributable to the reduction in kcat/Km, which would slow
the rate of mitochondrial DNA replication. However, kpol is
unaffected by the mutation, whereas the Km is increased to a
value of 100 �M, which is comparable with the physiological
nucleotide concentration; therefore, the mutation should slow
the rate of replication by only 2-fold. Although a 150-fold
reduction in replication ratemay be lethal, a 2-fold reduction in
rate may be tolerated well enough for survival but could lead
to slow onset effects. Thus, for a mitochondrial mutation to
appear in the human population, it must not be so severe as to
prevent growth and development. On the other hand, more
subtle effects of the mutation must lead to cumulative dam-
age that over time cause reduced mitochondrial function.
Accordingly, quantification of the effects of disease related
mutations in Pol � require careful measurement. Physiolog-
ical effects are probably not attributable to changes in fidel-
ity of incorporation. However, it is significant that the
H932Y mutant rapidly extended mismatches, which would
decrease the fidelity contribution of the proofreading exo-
nuclease, and this could have significant physiological effects
over time, leading to PEO.
Correlation of a POLG mutation with its induced clinical

phenotype and the biochemical defects is complex. In gen-
eral, most mutations following a dominant mode of inherit-
ance tend to show dominant negative biochemical behavior.
Because human cells express both copies of POLG, expres-
sion of a single WT copy of POLG is sufficient to avoid dis-
ease (33). Recessive mutations in POLG produce defective
polymerases that minimally interfere with themitochondrial
DNA replication by the WT enzyme as opposed to the
enzyme produced by a PEO allele. This is supported by the
fact that a number of mitochondrial disorders result when a
recessive mutation is heterozygous with other POLG muta-
tions and the clinical severity and phenotype is determined
by the nature of the mutation in the other POLG allele. For
example, the recessive mutation A467T is involved in a large
number of mitochondrial disorders and is heterozygous with
other mutations, which could determine the clinical severity
and the phenotype (34, 35). H932Y is found as a compound
with T251I/P587L and G1051R, and thus, the clinical phe-
notype and severity of H932Y mutation would be largely
modulated by these mutations on the other allele. Although
the defective polymerase from recessive mutation may not

directly compete with the WT enzyme, it may compete indi-
rectly through interaction with other protein in the replica-
tion fork. Knowledge of the complex interactions of all the
proteins in the mitochondrial replisome may be needed to
refine the model to address this more difficult question.
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