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ABSTRACT. The recently discovered human DNA polymeraséDNA pol 1) has been implicated in
translesion DNA synthesis across abasic sites. One remarkable feature of this enzyme is its preference for
MnZt over M¢?+ as the activating metal ion, but the molecular basis for this preference is not known.
Here, we present a kinetic and thermodynamic analysis of the DNA polymerase reaction catalyzed by
full length human DNA pol4, showing that MA" favors specifically the catalytic step of nucleotide
incorporation. Besides acting as a poor coactivator for catalysis; kapeared to bind also to an allosteric

site, resulting in the inhibition of the synthetic activity of DNA pbland in an increased sensitivity to

end product (pyrophosphate) inhibition. Comparison with the closely related enzyme human DBIA pol

as well as with other DNA synthesising enzymes (mammalian DNAopahd DNA pold, Escherichia

coli DNA pol I, and HIV-1 reverse transcriptase) indicated that these features are unique to DNA pol

A deletion mutant of DNA poll, which contained the highly conserved catalytic core only representing
the C-terminal half of the protein, showed biochemical properties comparable to the full length enzyme
but clearly different from the close homologue DNA pal highlighting the existence of important
differences between DNA pdl and DNA polj, despite a high degree of sequence similarity.

The survival of a cell depends on its ability to faithfully assigned to family X based on sequence homology with DNA
replicate the genetic information stored in the DNA sequence. pol 5, DNA pol ¢, and terminal deoxynucleotidyltransferase
However, DNA is constantly subjected to various types of (Tdt). DNA poll has been suggested to play a role in meiotic
damages, and different DNA repair systems have evolvedrecombination and DNA repair, and the recent demonstration
to repair DNA lesions. Despite these mechanisms, someof an intrinsic 5-deoxyribose-5-phosphate lyase activity in
lesions can escape repair and thus block the progress of @NA pol A supports a function of this enzyme in base
growing replication fork because of the inability of replicative excision repair4, 5). Cloned and purified human DNA pol
DNA polymerases (DNA pold)o bypass damaged sitels (A inserts nucleotides in a DNA template-dependent manner
2). Recently, a novel class of enzymes specialized in and is processive in small gaps containing’gosphate
translesion DNA synthesis has been characterized in eu-group. These properties, together with its nucleotide insertion
karyotic cells 8). Among them is the recently discovered fidelity parameters and lack of proofreading activity, indicate
DNA pol 4. The gene encoding DNA pdlwas cloned and  that DNA pol/ is a novel DNA pols-like enzyme ). The
mapped to mouse chromosome 19 and to human chromo-ncorporation reaction is thermodynamically driven by the
some 104, 5). DNA pol A contains all the critical residues  establishment of favorable stacking and hydrogen bonding
involved in DNA binding, nucleotide binding, nucleotide interactions between the template and the incoming nucle-
selection, and catalysis of DNA polymerization and has been otide ©). An essential role is played by the twin divalent

cations present in the active site, which coordinate the
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across damaged DNAY. Under this respect, DNA pol

represents a remarkable exception. In fact, similarly to DNA
pol 3, it has been shown to efficiently bypass an abasic site

in the presence of M; however, its fidelity of DNA
synthesis was shown to be-6-fold higher than DNA pol
B even under mutagenic condition&0( 11). Moreover,
contrary to replicative DNA pols, DNA pal did not show
significant misincorporation ability in the presence of ¥n
as the metal activatorl{). Given the mutagenic potential
of Mn?* and the proposed role of DNA pélin translesion

synthesis, it was of interest to investigate in detail the effects

of Mg?™ and Mr?™ on the nucleotide incorporation reaction
catalyzed by DNA poll, in comparison with other DNA
pols.

MATERIALS AND METHODS
Chemicals [*H]dTTP (40 Ci/mmol) and ¢-3?P]dCTP

Blanca et al.
Scheme 1
PPi
Km[w,E:D:NT\{':M ke
E . /E:D:NT:A E+Du
kial - E:A Ku[D], KnpNr)  K'4lA] /
E:D:NT:A3 ¥«

E, enzyme

D, DNA substrate

NT, nucleotide substrate
A, metal activator (Mg++)

HIV-1 RT activity was assayed as follows: a final volume
of 25 uL contained reaction buffer (50 mM Tris-HCI pH
7.5, 1 mM DTT, 0.2 mg/mL BSA, 4% glycerol), 10 mM
MgCl,, 0.5 ug of DNA poly(rA)/oligo(dT)o1 (0.3 uM 3'-
OH ends), 1«M [3H]dTTP (1 Ci/mmol), and 24 nM RT.
Reactions were incubated at 3C for the indicated time.
For product analysis, aliquots (2Q) were then spotted on
glass fiber filters GF/C, which were immediately immersed

(3000 Ci/mmol) were from Amersham Biosciences; unla- in 5% ice-cold TCA. Filters were washed twice in 5% ice-
beled dNTPs, DNA poly(dA), oligo(dT)-1s, and d24-mer  cold TCA and once in ethanol for 5 min and dried, and acid-
and d66-mer oligodeoxynucleotides were from Roche Mo- precipitable radioactivity was quantified by scintillation
lecular Biochemicals. Activated calf thymus DNA was counting.
prepared as described?). Whatman was the supplier of For incorporation studies with the singly primed d24:d66-
the GF/C filters. All other reagents were of analytical grade mer oligodeoxynucleotide as template, a final volume of 10
and were purchased from Merck or Fluka. ul contained 50 mM Tris-HCI (pH 7.6), 0.25 mg/mL bovine
Nucleic Acid Substrated he singly primed d24:d66-mer  serum albumin, 1 mM dithiothreitol, 20 nM ‘(®H ends)
was prepared as follows: the d66-mer template oligonucle- of d24:d66-mer DNA template, and®1 [a-*?P]dCTP (300
otide was mixed with the complementary labeled d24-mer Ci/mmol). Enzymes, proteins, Mgg£br MnCl,, and unla-

primer oligonucleotide in a 1:1 molar ratio in 20 mM Tris-
HCI (pH 8.0) containing 20 mM KCIl and 1 mM EDTA,
heated at 90C for 5 min, and then incubated at 86 for

2 h and slowly cooled at room temperature.

The sequence of the d66-mer oligonucleotide was 5
AGGATGTATGTTTAGTAGGTACATAACTATCTATT-
GATACAGACCTAAAACAAAAAATTTTCCGAG3'. The
sequence of the d24-mer oligonucleotide wa€TECG-
GAAAATTTTTTGTTTTAGGTS'.

Enzymes and Protein€alf thymus DNA pola. and DNA
pol 6 were purified as described?), and they had specific
activities of 25 000 units/mL (0.2 mg/mL) for DNA pal
and 50 000 units/mL (0.1 mg/mL) for DNA pdl. One unit
of DNA pol activity corresponds to the incorporation of 1
nmol of total dTMP into acid-precipitable material for 60
min at 37 °C in a standard assay containing Q.
(nucleotides) of DNA poly(dA)/oligo(dT).; and 20uM
dTTP. Recombinant human DNA p#lwas expressed and
purified as describedll). The DNA pol AAN mutant (aa

beled dNTPs were added as indicated in the figure legends.
All reactions were incubated for 15 min at 3C, samples
were mixed with denaturing gel loading buffer (95% v/v
formamide, 10 mM EDTA, 0.25 mg/mL bromophenol blue,
0.25 mg/mL xylene cyanol), heated at 95 for 5 min, and
then subjected to electrophoresis@ 7 Murea, 20% DNA
polyacrylamide gel. Quantification of the reaction products
on the gel was performed using a Molecular Dynamics
Phosphorlmager and ImageQuant software.

Inhibition Assay DNA pol activity was assayed as
described in a final volume of 2bL containing MgC} or
MnCl; in the presence of increasing fixed amounts of NaPPi
as indicated in the figure legends. All reactions were
incubated for 15 min at 37C unless otherwise stated, and
the DNA was precipitated with 5% trichloroacetic acid.
Insoluble radioactive material was determined by scintillation
counting as described.

Kinetic Parameters CalculatioriThe dependence of the
reaction velocities from Mg concentration was analyzed

244-575) was generated by PCR. The truncated product wasby fitting the data to the equation describing the binding of

then cloned and expressed as descrilid)l Human DNA
pol 5 was from Trevigen.Escherichia coliDNA pol |

(Klenow fragment) was from Roche Molecular Biochemicals.

Recombinant HIV-1 RT was isolated as describ&8) (
Enzymatic Assays. DNA Polymerase As&iyA pol a,

0, 4, andE. coli DNA pol | activities on DNA poly(dA)/

oligo(dTho.1 were assayed in a final volume of 24

containing 50 mM Tris-HCI (pH 7.6), 0.25 mg/mL bovine

serum albumin, 1 mM DTT, &M [®H]dTTP (5 Ci/mmol),

and MgC} or MnCl,, as indicated in the figure legends. DNA

a mixed activator/inhibitor 14):

VmaX
- Km Kd KmKd [A] (1)
it Tas K

whereVy, is the maximal velocity of the reactioi, is the
affinity constant for the substrate [S]; andy and Kj
represent the equilibrium dissociation constants for the

pol B activity was assayed in the same conditions on activatedbinding of the activator [A] to the first and second binding

DNA in the presence of 1@M unlabeled dATP, dGTP,

dCTP, and 100 mM KCI. All reactions were incubated for

15 min at 37°C unless otherwise stated.

site, according to the reaction pathway shown in Scheme 1.
The inhibition of the MA"-dependent nucleotide incor-
poration reaction by increasing concentration of’Mwas
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analyzed by fitting the experimental data to the equation for
a mixed inhibitor (4):
V,

max

Mg™]
1+ Ka

++ @)
Mg ]

Kn (l+ Ka)

1+
[Mn™"]

whereKq andKj, are as defined in Scheme 1, aljdl is the
apparent affinity constant for Mh, which is treated here as
the variable substrate of the reaction. The end-product
inhibition by PPi in dependence of the nucleotide substrate
concentrations was fitted to a fully competitive mechanism
of inhibition.

Thermodynamic Parameters CalculatioNAG values
were calculated according to the equatioAG = RTIn(K),
where K is the ratio of the two kinetic constants to be
comparedT is the absolute temperature (in K), aRds the
gas constant.

AH and AS values were determined according to the
Eyring equation

In(k,/T) = —AH/T + In(k/h) + ASR

where k, is the Boltzmann’s constant) is the Planck’s
constantRis the gas constant, afddhe absolute temperature
(in K).

AG was calculated from the equation

AG=AH —TAS

RESULTS

DNA Polymerasel Preferentially Utilizes MAt as the
Activating Metal. Activation of DNA pol 4 and its close
relative DNA polg by either Mgt or Mn?* was tested in a
DNA polymerase assay. As shown in Figure 1A, both DNA
pol A and DNA polg displayed almost 4-fold better activity
in the presence of M than with Mg+. However, DNA
pol A showed the same optimal concentration (2 mM) for
both ions, whereas the best Rigconcentration for DNA
pol 5 was around 5 mM. Since the closely related enzyme
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Ficure 1: Comparative analysis of metal ion activation for various
eukaryotic DNA pols. (A) Dependence of DNA pdl (closed
symbols) or DNA polj3 (open symbols) activity from MY
(triangles), M@" (circles), or Cé* (squares). Reactions were carried
out as described in the Materials and Methods. (B) Dependence of
DNA pol 1 (closed symbols) or DNA pg (open symbols) activity
from Mn2*, Zn?*, Be**, and Fé". Note the log scale on both
axes. (C) Dependence from the Rnconcentration of the DNA
polymerase activity of DNA pal (triangles), DNA pokx (squares),
DNA pol ¢ (circles), or DNA polj (rombics). (D) Dependence
from the Mg?™ concentration of the DNA polymerase activity of

Terminal Transferase (Tdt) has been shown to have anpNA pol 1 (triangles), DNA pol (squares), DNA pod (circles),

unusual preference for €oas the activating metal, DNA
pol A and were tested also in the presence of increasing
Cc?t concentrations. As shown in Figure 1A, both enzymes
were able to utilize C8 as an activator with similar
efficiency to Mrft. This was in agreement with their
observed homology with Tdt. DNA pdl and/3 were tested
also in the presence of different divalent cations, namely,
Zn?t, Be**, and Fé". As shown in Figure 1B, both enzymes
had similar profiles of activation with the exception ofZZn
which showed optimal stimulation of DNA palat 0.5 mM
and of polB at 2 mM. Fé" and Zri#*, however, were 510-

fold less efficient than M# as activators of both DNA pols,
whereas B& was not utilized. In comparison, the replicative
DNA pols o andd had a MA* optimum at about 0:20.5
mM (Figure 1C, left panel), whereas the optimal activation
with Mg?" occurred at 10 mM (Figure 1C, right panel). As

or DNA pol 5 (rombics). Note the log scale on both axes.

expected, both DNA pak and DNA polo preferred Mg*

as the activating ion. By comparing the activation profiles
of the different DNA pols shown in Figure 1, it can be
observed that concentrations of RMrabove 1 mM strongly
inhibited both DNA pola. and DNA pold, whereas DNA
pol 2 andg still retained more than 50% of their activity at
10 mM Mr?t (Figure 1A,B). Conversely, DNA pab, a,
and ¢ showed significant activity at 3630 mM Mg**
(Figure 1C), whereas DNA pdl was completely inhibited
at 4 mM Mg*t. Since the auxiliary factor PCNA has been
shown to increase the processivity of poive tested whether

it influenced also the activation by metals. Increasing
concentrations of M# or Mg?" were titrated in a DNA pol

A assay in the absence or in the presence of increasing
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Table 1: Kinetic Parameters for the Interaction of Full Length DNA Polymeiaaed the N-Terminal Mutant DNA polAN with Their
Substrates in the Presence of 1 mM Mror Mg+

DNA polymeraset DNA polymerasel AN
Kin Keat (S°71) kealKm (M~157%) Km Keat(s71) KealKm (M71s7%)
substr M* Mg?*+ Mn2~  Mg?" Mn2+ Mg?*+ Mn?2*+ Mg?™  Mn?"  Mg?" Mn2*+ Mg?*™
3-OH 75nM 43 nM 0.02 0.004 2810 09x10° 15nM 42nM  0.018 0.007 1210 0.2x1C
TTP 3.2uM 4.7 uM 0.016 0.006 5« 1* 12x10° 6.9uM 11uM 0.016 0.005 2.%10° 0.4x 10
PPi 90uM?2 36.uM? 42uM2 8 uM?2
—PCNA +PCNA
Mg?" 0.4 mMWP 0.45 mMf 0.7 mMP
0.54 mM!
0.42 m\?
—PCNA +PCNA
MnZt 0.3 mMP 0.32 mMF 0.15 mw
0.35 mM!
0.33 miv¢

aK; value derived from inhibition studie8 Ky value for activation®-¢ K4 values for activation by Mt or Mg?* in the presence of 50, 15, and
300 ng of PCNA, respectively.

amounts of PCNA. As reported in Table 1, the calculated

Kq for Mn?*- or Mg?"-dependent activation did not change é\ E o3
significantly upon addition of PCNA. o 61 :w 1
Mg*t Is Both an Actiator and an Inhibitor of DNA 5 4 5 02
Polymerasel. The catalytic efficiency DNA poll was g } %‘E
investigated in dependence of increasing concentrations ofgE L g Ol
either Mr?* or Mg?*. All the calculated kinetic constants ;é ) * ;5 ol
are summarized in Table 1. Initial velocities of the reaction 0 02 04 o6 08 0 05 1 15 2

were measured in the presence of increasing concentrations

of substrate (either nucleotide or DNA). Measurements for [Mn*++] mM (Mn+] mM
each set of variable substrate concentrations were done in€

the presence of different metal ion concentrations (either = 061
Mg?" or M?*). From each curve, the kinetic parametes
and k. for the analyzed substrate were derived, and their
ratio (ka/Km) representing the efficiency of substrate utiliza-
tion was calculated. As shown in Figure 2A, in the presence
of Mn?" the catalytic efficiencyk..{Km for nucleotide o ! : : :
incorporation was increased. When similar experiments were o 1 2 3 0 05 1 15
repeated with Mg, both activation and inhibition occurred [Mg++] mM [Mg++] mM
since the catalytic efficiency for nucleotide incorporation was Fgure 2: Effects of Mg or Mn** on the substrate utilization
increased at Mg below 2 mM but was strongly reduced at by DNA pol A. Reactions were carried out as described in the
higher concentrations (Figure 2C). Similar results were Materials and Methods. Data sets shown in panels A and B were
obtained when the reaction velocities were measured over itted to the hyperbolic relationship:k&/Km)obs = (KealKm)mal

range of different concentrations of the DNA substrate, with %tez lt%’/ [eéq]),l \'(Vsheeéeﬁztgﬁ;?ssaert% S,\;'g;ﬁgd'g) F\),a?ee:;ag ?englalﬁev&/ere

Mn?* acting as a pure activator (Figure 2B) and ¥gs a by (KeatKm)obs @Nd Vinax by (KeafKim)maxe (A) Dependence from the
mixed activator/inhibitor (Figure 2D). Mn2* concentration of the efficiency of nucleotide substrate
Mg** Binds to DNA Polymerasewith Different Affinities utilization (kea/Km values) for DNA poli. (B) Dependence from
as an Actiator or an Inhibitor. The reaction velocities ~theé MrP" concentration of the efficiency of DNA substrate

. . .. _ utilization Km values) for DNA poli. (C) Dependence from
measured at different concentrations of the substrates (€itheihe pcp+ C%ﬁéeﬂtraﬁon z)f the eﬁic‘i’ency(m? nucFI)eotide substrate

nucleotide or DNA) were plotted in dependence of either uytilization (k..{Km values) for DNA poli. (D) Dependence from
Mn?t or Mg?" concentrations. In the case of & the the Mr?* concentration of the efficiency of DNA substrate
dependence from the metal activator fitted to a hyperbolic Utilization (kafKm values) for DNA poli.

relationship with both substrates (Figure 3A,C), from which

an apparent dissociation constak)(of 0.5 mM for the give products with a raté&. Whether such a mechanism
metal was estimated. On the contrary, dependence of thegives rise to activation or inhibition depends on the relative
reaction velocities from Mg followed a more complex  values of all the four constants. Assuming thaf < kea, if
pattern, consistent with a mixed activation/inhibition mech- Ky is very large, then the metal will act as an inhibitor, if
anism (Figure 3B,D). A possible reaction mechanism is converselyKj is very large, then the metal will behave as
summarized in Scheme 1 and is described by eq 1 (seean activator. In the intermediate cases, both constants will
Materials and Methods). According to this model, Mgan make a contribution giving a mixed activation/inhibition
bind to the [E:D:NT] complex with a dissociation constant pattern, as was observed here. Fitting the curves to eq 1
Kg. This complex will then give products with a breakdown yielded twoKgy values for M@": one of 0.5-0.6 mM, very
rate ke IN addition, Mg+ can bind to the [E:D:NT:A] close to thekq measured for M and corresponding to the
complex with a dissociation constakf, which will then activating part of the curve, and a secdfigvalue of 2.2-

0.08-
0.4 -

0.04-
0.2 1

keat/Km (iM71s71) &

keat/Kp (mM-1

N
w
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Ficure 3: Effects of Mg and M+ on the reaction velocity of DNA pol in dependence of different substrate concentrations. Reactions

were carried out as described in the Materials and Methods. Data sets shown in panels A and C were fitted to the hyperbolic relationship
v = Vma!(1 + Kg/[Mn2t]), and data sets shown in panels B and D where fitted to eq 1 (see Materials and Methods). (A) Variation of the

reaction velocity of DNA poll in dependence of increasing #n(0.05, 0.1, 0.2, 0.4, and 0.8 mM) in the presence of different nucleotide
substrate concentrations. Nucleotide (dTTP) concentrations used were 0.5, 1, 2.3NnB3 Variation of the reaction velocity of DNA

pol A in dependence of increasing k1g(0.02, 0.04, 0.06, 1, 2, 3, and 4 mM) in the presence of different nucleotide substrate concentrations.

Nucleotide (dTTP) concentrations used were 0.5, 1, 2.8, gad.§C)

Variation of the reaction velocity of DNA pdl in dependence of

increasing MA* (0.2, 0.4, 0.8, and 2 mM) with different DNA substrate (expressed as availaklel rimer ends) concentrations. DNA
concentrations used were 20, 40, 80, 200, and 400 nM. (D) Variation of the reaction velocity of DNAmdependence of increasing
Mg?* (0.01, 0.02, 0.03, 0.08, 1, and 2 mM) with different DNA substrate (expressed as avait@lte@imer ends) concentrations. DNA

concentrations used were 20, 40, 80, and 400 nM.

4.2 mM, corresponding to the inhibitory part. These results
suggested that Mg binds to the active site of DNA padl

like Mn?* as an activatorKqg = 0.5 mM) but also at a
different site with lower affinity Ky = 2.2—4.2 mM) as an
inhibitor.

DNA Polymerasé Has Two Binding Sites for Mg. To
determine the binding mode of Mg to DNA pol 4,
inhibition of the DNA polymerization reaction by increasing
amounts of Mg" was measured in dependence of varying
concentrations of MAT as the activator. As shown in Figure
4A, double-reciprocal plots of the data indicated a mixed-
type of inhibition. As shown in Figure 4B, Mg decreased
both the apparenfy for Mn?* and thek., of the reaction. A
mixed-inhibition system where, according to the proposed
mechanism of the reaction (Scheme 1),2Minds to the
active site with theKy binding costant and to the allosteric
with the K}, affinity constant is described by eq 2. The

(Figure 4C, inset). From this plot, l&; value of 2.8 mM
was calculated. These findings indicated that the competition
between M@" and Mr* cannot be described by a simple
linear model (either competitive or noncompetitive). The
values of theKy and K{; constants derived form these
inhibition studies were perfectly comparable with those
calculated from the activation studies shown in Figure 3,
further reinforcing the notion that Mg can bind to two
distinct sites of DNA pol.

Mg Increases the Distributity of DNA Polymerasd.
The effect of increasing concentrations of Mgn the DNA
synthesis catalyzed by DNA pdl on the heteropolymeric
DNA template d24:d66-mer in the presence of 1 mM2¥n
was analyzed by denaturing gel electrophoresis and auto-
radiography of the synthesized products. As shown in Figure
5A, lane 1, in the absence of Migmost of the synthesized
products were between 30 and 50 nt in size, as the result of

values of both constants can be derived from secondary plotsstrong termination at several pausing sites along the template,
of the intercepts and the slopes of the curves shown in Figurewith only a small amount of full length 66 nt products.

4A, against the Mg concentrations. As shown in Figure
4C, a replot of the slopes versus Rigconcentrations
revealed aKq value of 0.4 mM, whereas a replot of the
intercepts (shown as an inset of Figure 4C), yieldeld,a
value of 2.5 mM. To confirm the inhibition mechanism, a
broader range of Mg concentrations were tested in the
presence of different M concentrations as the activator.
Figure 4C shows the variation of the initial velocities of the
reaction in dependence of the kgconcentrations. Analysis
of the data by the method of Dixon again revealed a mixed-
inhibition pattern with the lines intersecting below thaxis

Quantification of the synthesized products revealed that
addition of Mg showed different effects depending on its
concentration. Between 1 and 5 mM, Rignostly abolished
the ability of DNA pol 4 to overcome the first pausing site,
causing the disappearance of the products longer than 30
35 nt (compare lanes-24 with lane 1), whereas at higher
concentrations it completely suppressed DNA synthesis
(lanes 5-7). Thus, the observed increase in distributivity of
DNA pol 1 was interpreted as a result of the lower nucleotide
incorporation efficiency when Mg is the activating ion
(Table 1). At higher concentrations, Mgbehaved as an
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Ficure 4: Inhibition by Mg of the Mnm"-dependent DNA DNA polymerase activity of DNA pdl Reactions were carried out as
described in the Materials and Methods. (A) Effects of increasing™\gncentrations on the Mh-dependent DNA polymerase activity

of DNA pol 1. Mn?* concentrations tested were 0.04, 0.2, 0.4, and 0.8 mM. Data were analyzed by the double-reciprocal (Lireweaver
Burk) plot. (B) Variation of the apparent affinity for Mh (Kg) and of the reaction ratekg) of DNA pol 4 in dependence of the Mg
concentrationKy andk.,; Values at each Mg concentration were calculated from the experiments shown in panel A according to eq 2 (see
Materials and Methods). (C) Secondary plot of the variation of the slopes of the curves shown in panel A in dependence &f the Mg
concentrations. Inset: secondary plot of the variation ofytlaais intercepts (INT) of the curves shown in panel A in dependence of the
Mg?t concentrations. (D) Variation of the initial velocity values of the reaction catalyzed by DNAL poeasured at different Mn
concentrations (0.08, 0.2, 0.4, and 0.8 mM) in dependence of increasifig(f4d2, 3, 4, 6, 8, and 10 mM). Inset: Dixon plot of the data,
showing a mixed-type inhibition mechanism.

inhibitor, abolishing the activity of DNA pol. To verify ological conditions. Recently, it has been found that HIV-1
whether the decrease in processivity was an intrinsinc RT has a low equilibrium constant for PPi binding and
property of Mg when acting as the metal activator of DNA  effectively reverses the DNA polymerization reaction through
pol 4, DNA synthesis was measured in the presence of eitherpyrophosphorolytic removal of the last incorporated nucle-
1 mM Mn?t or 1 mM Mg?" on the d24:d66-mer template, otide. End-product inhibition studies were performed with
under limited incorporation conditions. As shown in Figure DNA pol 4, DNA pol o, DNA pol 3, HIV-1 RT, andE. coli
5B, addition of the first encoded nucleotide only resulted in DNA pol | (Kleenow fragment) in the presence of Rgas
similar accumulation of the expectell product (compare  the activating ion, and the inhibition profiles are shown in
lane 3 with lane 6). However, when synthesis was allowed Figure 5C, left panel. As expected, HIV-1 RT was the most
to proceed up to position$2 and+4, by addition of the sensitive to PPi inhibition, whereas DNA pB] DNA pol
appropriate nucleotide combinations, DNA pblshowed o, and E. coli DNA pol | were much less inhibited.
higher distributivity in the presence of Migthan with Mr#* Unexpectedly, DNA poli showed a sensitivity to PPi
(compare lane 2 with lane 5 and lane 1 with lane 4), as inhibition very close to the one of HIV-1 RT. When the
revealed by the accumulation of intermediate products. inhibition by PPi was measured in the presence of Vas
Together, these results indicated that?¥@s an activator ~ the activating ion, DNA poll was less sensitive to PPi
increased the distributivity of DNA pol. inhibition than with Mg" (Figure 5C, right panel), whereas
DNA Polymerasel Shows an Unusual Sensity to DNA pol g showed an opposite behavior, with a much higher
Pyrophosphate InhibitionrAccording to the reaction pathway  sensitivity to PPi inhibition in the presence of Kinthan
in Scheme 1 (see Materials and Methods), the end productsMg?'. The mechanism of inhibition was found to be
of the DNA polymerization reaction are an elongated DNA competitive with the nucleotide substrate for all the enzyme
polynucleotide chain and inorganic PPi. Usually, the large tested (as shown for pol in Figure 5D). The derived
equilibrium dissociation constant for PPi renders the DNA equilibrium dissociation constant&;j of PPi for DNA pol
polymerization reaction practically irreversible under physi- 1 are reported in Table 1.
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Ficure 5: Mg*™* decreases the nucleotide incorporation rate and increases the sensitivity to PPi inhibition of DNA&Rpattions were

carried out as described in the Materials and Methods. (A) Effects of increasifg ddgcentrations on the products of the nucleotide
incorporation reaction catalyzed by DNA pblwith the d24:d66-mer primer/template oligonucleotide substrate in the presenz&4f [

dCTP and unlabeled dATP, dGTP, and dTTP (see Materials and Methods). Size markers (in nucleotides) are shown on the right side of the
panel. Arrows indicate the sites of DNA synthesis termination. Products were quantified, normalized to the total intensity of each lane, and
expressed as relative values with respect to the reaction in the absencéqidnig 1). Two quantifications were performed independently

for products with size>30 nt (corresponding to the first strong pausing site) &80 nt. Relative values are indicated at the bottom of each

lane. (B) Comparison of Mg- or Mn?*-dependent DNA synthesis catalyzed by DNA golwith the d24:d66-mer primer/template
oligonucleotide substrate, under limited nucleotide incorporation conditions in the presencé®f iCTP alone (lanes 3 and 6) or in
combination with unlabeled dTTP (lanes 2 and 5) or dTTP plus dGTP (lanes 1 and 4). The first four positions of the template sequence are
indicated on the right side of the panel. (C) Left panel: inhibition by PPi of the nucleotide incorporation reaction catalyzed by HIV-1 RT
(circles), DNA pola (triangles), DNA pols (crossed squares), DNA pal(rombics), ancE. coli DNA pol | (squares); right panel: effects

of Mg?" (triangles) or MA* (circles) on the inhibition by PPi of the nucleotide incorporation reaction catalyzed by DNA fapen

symbols) or DNA pols (closed symbols). (D) Dixon plot of the variation of the initial velocities of the reaction catalyzed by DNA pol
measured at increasing dTTP concentrations (0.5, 1, 2.5, ai),8n dependence of different PPi concentrations (0.02, 0.04, 0.1, and 0.2
mM). The lines intersect above theaxis, indicating a competitive mechanism of inhibition.

Effect of Mg+ and Mnf* on the Thermodynamics of the Polymerasel. The kinetic constants listed in Table 1 were
Forward (DNA Polymerization) Reaction Catalyzed by DNA used to estimate the relative free energy chargkQ) in
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17= poltAN) comprising the DNA polymerase domain but
] % lacking both the BRCT-like and the Proline-rich domains
18 has been produced and purified. The results of the complete
1E kinetic characterization of DNA pdAN are summarized in
Table 1. The enzymatic properties of the truncated enzyme

.14
¢ ] were very similar to the one of the full length protein.
Remarkably, the affinity of DNA pol for the DNA substrate
in the presence of Mt was enhanced by deletion of the
N-terminal part of the protein. As a result, DNA AaIN
0.014 showed a 10-fold higher efficienckd/Km value) in DNA

] substrate binding than the full length protein. Nucleotide
binding was favored by Mii, with respect to Mg", similarly
to the full length protein. The equilibrium dissociation
- constants for Mg~ and Mr?™ were not significantly different
285 290 295 300 305 310 315 320 between the two enzymes; however, the sensitivity to PPi
T (K) inhibition with respect to the full length protein was 2-fold
Ficure 6: Thermodynamic analysis of the Mifr or Mg+ higher for the truncated enzyme in the presence of‘Mn

dependent activation of the DNA polymerase activity of DNA pol and almost 5-fold higher in the presence of #gwith
). Variation of thek.q values for nucleotide incorporation of DNA  equilibrium dissociation constants for PPi binding of 42 and

pol A in dependence of the absolute temperature (in K) of the 8 4M, respectively. These results clearly indicated that the
reaction, in the presence of 1 mM Fin(squares) or 1 mM Mg sensitivity to PPi inhibition was not due to the N-terminal

(circles). Inset: Eyring plot of the data (see Materials and Methods). d . hich rath | dad lati le. but
Thekey values were calculated by fitting the variation of the initial  90MaiN, Which rathér piayed a down-reguiation role, but was

velocities of the reaction in dependence of increasing dTTP an intrinsic property of the catalytic core domain of DNA
concentrations (0.5, 1, 2, 4, 6, and/A) to the Michaelis-Menten pol 4, suggesting a different architecture of the active sites
equationv = Vima/(1 + Kn/[S]), where [S] is dTTPVmax= KeaE]o, of DNA pol 1 and 3, despite their high sequence identity.
and [E} is the input enzyme concentration. TA& values were
calculated from the data as described in the Materials and Methods.

DISCUSSION

kcat (s-1)

the forward DNA polymerization reaction associated with ~ The kinetic analysis presented here indicated that the
the replacement of Mri with Mg?*. Direct comparison of  observed preference of DNA pélfor Mn?* as an activator
the k.t Values obtained in dependence of both DNA and was due to a higher nucleotide incorporation efficiency with
dNTP substrates showed that catalysis was clearly favoredrespect to Mg" (Table 1). These results, together with the
in the presence of M, with a AAG between 0.7 and 0.9  observation of a more favorable thermodynamic profile for
kcal mol™. To better understand the molecular basis for the the nucleotide incorporation reaction catalyzed by DNA pol
preference of M over Mg?™ by DNA pol 1, thek., values A in the presence of Mt over Mg, (Figure 6) seem to
for the nucleotide incorporation reaction were measured asindicate that DNA poll evolved as a Mff-specific enzyme.
a function of the reaction temperature (Figure 6). From the This might be related to its ability to bypass an abasic site.
observed variations, it was possible to estimateAksefor In fact, detailed kinetic analysis of the abasic site bypass
the overall reaction (see Materials and Methods). As sum- reaction catalyzed by T4 DNA pol showed that substitution
marized in Figure 6, the forward reaction was favored in of Mn?* for Mg?t significantly enhanced the rate of the
the presence of M with respect to Mg" (AG values were  conformational change preceding chemistry without a sub-
of — 0.8 kcal mof!t and— 0.39 kcal mot? in the presence  stantial effect on the intrinsic ground-state binding of ANTP
of Mn%*t or Mg?*, respectively) with an overall difference opposite an abasic sitd%). Thus, apparently Mit is the
of about 0.4 kcal mott. Thus, Mri#" as the activating metal  optimal ion to stabilize unconventional intrahelical confor-
renders the catalytic step thermodynamically favored. mations of the incoming dNTPs, such as the ones occurring
Metal lon Preference and Sensity to Pyrophosphate  in front of damaged templates. In light of these observations,
Inhibition Is an Intrinsic Property of the Catalytic Core  DNA pol A apparently optimized its interaction with ¥th
Domain of DNA Polymerasg. The closest homologue of (and thus its ability to bypass an abasic site) by reducing
DNA pol 1 in eukaryotic cells is the repair enzyme DNA the mutagenic effects usually associated with this cation.
pol 5. On the basis of sequence similarity, both enzymes The high homology of DNA poll with DNA pol S is
have been grouped into the family X of nucleotidyltrans- confined to the C-terminal half of the protein (aa 246¥5)
ferases. However, the strong homology between the two containing the catalytic site, whereas the N-terminal part
proteins is confined to the catalytic domain, which represents bears a BRCT and a Pro-rich domain, which are specific to
the C-terminal half of DNA poli (aa 244-575). The DNA pol 1 (16). The comparison between intact DNA pol
N-terminal portion of the protein contains a BRCT-like 1 and a N-terminal deletion mutant presented here showed
domain (aa £132) and a Proline-rich domain (aa 13244) that the preference for Mh over Mg was intrinsic to the
that are not present in DNA pg@. The unique behavior  catalytic core domain of DNA pdl, which displayed kinetic
showed by DNA pok with respect to its metal ion preference properties comparable to the full length enzyme (Table 1).
and sensitivity to end-product inhibition in comparison with Remarkably, the affinity for DNA of the N-terminal deletion
the closely related DNA poB might suggest a specific mutant was higher than the full length protein, and DNA
contribution of the N-terminal part of DNA pdl. To verify binding was more favorable in the presence of?Mthan
this hypothesis, a truncated form of DNA po{named DNA with Mg?*. Thus, the extra domains present at the N-terminus
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of DNA pol 1 with respect to DNA pop5 appear to play no
role in the specificity for MA™ activation, but rather they
seem to be even decreasing the enzyme efficiency.

and/or high MA", which is under unfavorable or even
potentially mutagenic conditions for replicative DNA pols,
DNA pol 4 can nevertheless synthesize DNA with high
Another interesting feature of DNA pdlrevealed in this  efficiency and fidelity. The metal ion M is considered a
study was its sensitivity to end-product (PPi) inhibition. potential mutagen, particularly based on its effects on the
Inorganic pyrophosphate (PPi) is released from the enzymeactivity of DNA pols. Although the concentrations used in
upon phosphodiester bond formation and nucleotide incor- the present study (0-51 mM) cannot be considered physi-
poration. Albeit condensation of PPi with the last incorpo- ological in absolute terms, it should be noted that free metal
rated nucleotide to give a free nucleoside triphosphate andion concentrations are tightly regulated in vivo by special
a —1 DNA chain (pyrophosphorolysis, the reverse of the metal ion binding proteins, and their concentrations may vary

DNA polymerization reaction) is theoretically possible, the considerably, even within the nucleus of a ceBd4
large equilibrium dissociation constant of free PPi for the Moreover, in our study we show that DNA pdl is
enzyme renders the DNA polymerization reaction practically nevertheless capable of carrying on its functions also in the
not reversible. The only known exceptions are viral DNA presence of physiological concentrations ofa¥glbeit with

pols, such as HIV-1 RT and HBV DNA pol, whose ability
to phosphorolytically remove the last incorporated nucleotide
plays an important role in antiviral drug resistant@-19).

We compared the sensitivity of DNA pdl, DNA pol g,
DNA pol a, E. coli DNA pol I, and HIV-1 RT to PPi
inhibition, and we found that, in the presence of MidDNA

pol 4 was almost 10-fold more inhibited than DNA p6l
with an inhibition profile close to the one of HIV-1 RT
(Figure 5C). When M#" was the metal activator, however,

lower efficiency.
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