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Characterization of the DNA- and dNTP-binding activities of the human
cytomegalovirus DNA polymerase catalytic subunit UL54
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The catalytic subunit of the human cytomegalovirus DNA
polymerase is critical for the replication of the virus. In the present
study, we report the expression and purification of a recombinant
catalytic subunit of the human cytomegalovirus DNA polymerase
expressed in bacteria which retains polymerase activity. As a first
step towards elucidating the nature of the interaction between
the enzyme, DNA and dNTPs, we have utilized endogenous
tryptophan fluorescence to evaluate the binding of ligands to the
enzyme. Using this technique, we demonstrate that the minimal
DNA-binding site of the enzyme is 6 nt. We also report the
first detailed study of the binding kinetics and thermodynamic
parameters involved in the interaction between the enzyme, DNA
and dNTPs. Our thermodynamic analyses indicate that the initial
formation of the enzyme–DNA binary complex is driven by a
favourable entropy change, but is also clearly associated with an
unfavourable enthalpic contribution. In contrast, the interaction
of dNTPs to the binary complex was shown to depend on a

completely different mode of binding that is dominated by a
favourable enthalpy change and associated with an unfavourable
entropy change. In order to provide additional insights into the
structural modifications that occur during catalysis, we correlated
the effect of DNA and dNTP binding on protein structure
using CD. Our results indicate that the enzyme undergoes a
first conformational change upon the formation of the protein–
DNA binary complex, which is followed by a second structural
modification upon dNTP binding. The present study provides a
better understanding of the molecular basis of DNA and dNTP
recognition by the catalytic subunit of the human cytomegalovirus
DNA polymerase.
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INTRODUCTION

The human cytomegalovirus is a DNA virus that can cause a
variety of important diseases in immunocompromised patients
and in newborns [1]. These include gastrointestinal diseases,
pneumonia and retinitis, whereas newborns born with cytomegalic
inclusion disease can have symptoms such as microcephaly,
hearing loss, liver damage, pneumonitis and mental retardation
[2]. Although the incidence of cytomegalovirus infection has
significantly been reduced in recent years due to the use of
antiretroviral drugs, cytomegalovirus infections remain difficult
to manage [3–6].

Human cytomegalovirus is a member of the Herpesviridae
family, which includes an important number of human pathogens
[1]. The DNA polymerase activity of the human cytomegalovirus
has been shown to require two distinct polypeptides, a property
shared with other viruses from the Herpesviridae family. The
larger subunit, which is responsible for the catalytic DNA
polymerase activity, is encoded by the cytomegalovirus UL54
gene [7–9], which harbours the conserved domains (I–VII) that
are also found in other type-B DNA polymerases. The smaller
accessory subunit is encoded by the UL44 gene [10] and has
been shown to stimulate the polymerase activity of the catalytic
subunit by increasing its processivity [10,11]. Moreover, the
critical importance of this protein–protein interaction has been
demonstrated in a previous study using short peptides that disrupt
the physical interaction between the two subunits [12]. The
presence of these peptides results in the successful inhibition
of the polymerase activity, clearly highlighting the importance of

the UL54–UL44 interaction. Using an in vitro translation system,
a previous mutagenesis analysis has also identified a short region
located in motif III (amino acids 804–807) of the enzyme that is
important for the interaction between the enzyme and DNA [9].

As a critical component of the viral replication machinery,
the cytomegalovirus DNA polymerase is the specific target for
a number of antiviral drugs currently used to inhibit the replic-
ation of the virus [13]. These include ganciclovir, cidofovir and
foscarnet that are currently approved for the treatment of cyto-
megalovirus infections in immunocompromised patients. Both
ganciclovir and cidofovir are nucleoside analogues that act as
competitive inhibitors of the DNA polymerase and function
as DNA chain terminators [14,15], while foscarnet is an
analogue of PPi that acts non-competitively with respect to the
deoxynucleotides [16]. The precise mechanism of action of this
drug remains largely speculative although it has been proposed
that the PPi analogue could bind close to the active centre of
the enzyme, thereby inhibiting the PPi exchange reaction [17].
Although the use of ganciclovir, cidofovir and foscarnet can
reduce the viral burden, the antiviral therapy has been plagued
by the emergence of drug-resistant viral strains [3–6].

By comparison with other viral DNA polymerases, character-
ization studies of the cytomegalovirus enzyme have been very
limited. Based on clinical studies of drug-resistant isolates, most
studies have focused on the identification of specific residues
involved in the binding to the anti-cytomegalovirus drugs [4,6,19–
22]. Moreover, biochemical studies have been limited to the
identification of the kinetic parameters (Km, kcat) of the polymerase
reaction [13,22]. This lack of biochemical information on the
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enzymatic activity of the protein stems from the fact that pre-
vious studies have mostly used proteins synthesized by in vitro
translation systems or insect cells infected with baculoviruses.
Our understanding of the DNA synthesis by the cytomegalovirus
DNA polymerase remains largely incomplete. One area that
requires additional characterization concerns how the enzyme
interacts with DNA and dNTPs. In the present paper, we report
the expression and purification of a recombinant catalytic subunit
(UL54) of the human cytomegalovirus protein expressed in
bacteria which retains polymerase activity. Using fluorescence
spectroscopy and CD studies, we describe a detailed thermo-
dynamic study on the formation of the enzyme–DNA binary
complex, which provides insights into the relative enthalpic and
entropic contributions to the binding energy, as well as on the ef-
fects of DNA binding on both the structure and stability of the
protein. Moreover, we have also characterized the binding of DNA
molecules of various lengths and various sequences to determine
both the minimal length for stable binding and the specificity
of the DNA–enzyme interaction. Finally, we also monitored the
binding of dNTPs to the enzyme–DNA complex, and completed
a structural analysis of the protein in order to gain insights into the
structural modifications that occur during catalysis. Such analyses
are crucial in order to understand the molecular basis of the
interaction between the catalytic subunit of the cytomegalovirus
DNA polymerase and its ligands.

MATERIALS AND METHODS

Protein expression and purification

A plasmid for the expression of the catalytic subunit of the cyto-
megalovirus DNA polymerase was generated by inserting a frag-
ment of the cytomegalovirus UL54 gene in the pET-28a expres-
sion plasmid (Novagen). This fragment encodes amino acids 293–
953 of the protein, and was cloned between the NdeI and
HindIII cloning sites of the pET-28a plasmid. In this context,
the protein is fused in frame with an N-terminal peptide contain-
ing six tandem histidine residues, and expression of the His6-
tagged protein is driven by a T7 RNA polymerase promoter.
The resulting recombinant plasmid (pET-UL54) was transformed
into Escherichia coli BL21(DE3) and a 1000 ml culture of
E. coli BL21(DE3)/pET-UL54 was grown at 37 ◦C in Luria–
Bertani medium containing 30 µg/ml kanamycin until the D600

(attenuance) reached 0.5. The culture was adjusted to 0.4 mM
IPTG (isopropyl β-D-thiogalactoside) and 2 % (v/v) ethanol,
and the incubation continued at 37 ◦C for 3 h. The cells were
then harvested by centrifugation at 5000 g for 5 min, and the
pellet was stored at −80 ◦C. All subsequent procedures were
performed at 4 ◦C. Thawed bacteria pellets were resuspended
in 50 ml of buffer A [50 mM Tris/HCl, pH 7.5, 150 mM NaCl
and 10% (w/v) sucrose] and cell lysis was achieved by the
addition of lysozyme and Triton X-100 to final concentrations
of 50 µg/ml and 0.1% respectively. The lysates were sonicated
to reduce viscosity, and any insoluble material was removed
by centrifugation at 13000 rev./min for 45 min using a Sorval
SS-34 rotor. The soluble extract was applied to a 5 ml column
of Ni-NTA (Ni2+-nitrilotriacetate)–agarose (Qiagen) that had
been equilibrated with buffer A containing 0.1% Triton X-
100. The column was washed with the same buffer and then
eluted stepwise with buffer B [50 mM Tris/HCl, pH 8.0, 0.1 M
NaCl and 10 % (v/v) glycerol] containing 50, 100, 200, 500
and 1000 mM imidazole. The polypeptide composition of the
column fractions was monitored by SDS/PAGE. The recombinant
protein was retained on the column and recovered in the 200 and
500 mM imidazole fractions. Following dialysis against buffer

C (50 mM Tris/HCl, pH 8.0, 50 mM NaCl, 2 mM dithiothreitol,
10% glycerol and 0.05% Triton X-100), the purified preparation
was stored at −80 ◦C. The protein concentration was determined
using the Bio-Rad dye binding method with BSA as the standard.

Polymerization assay

A DNA substrate (P20/T60) consisting of heteropolymeric oligo-
nucleotides was used to monitor the polymerase activity of
the enzyme. The substrate consisted of a primer (5′-TAATAC-
GACTCACTATAGGG-3′) and a template (5′-TTTTTTTTTT-
TTTTTTTTTTTTTTTTTTTTTTTTTCCGACCCGCCCTATA-
GTGAGTCGTA-3′). Equimolar concentrations of the oligo-
nucleotides were heated at 95 ◦C for 5 min and cooled at room
temperature (21 ◦C). Standard reaction mixtures (50 µl) con-
taining 25 mM Tris/HCl (pH 8.0), 10 mM MgCl2, 50 mM NaCl,
0.2 µM [α-32P]ATP, 500 mM of each dNTP, 5 µM of DNA tem-
plate and purified DNA polymerase (0.6 µM) were incubated for
30 min at 37 ◦C. The reaction products were analysed by elec-
trophoresis through a 10% (w/v) polyacrylamide gel containing
8 M urea. The radiolabelled DNA products were located by auto-
radiography.

Fluorescence measurements

Fluorescence was measured using a Hitachi F-2500 fluorescence
spectrophotometer. Excitation was performed at a wavelength of
290 nm. Background emission was eliminated by subtracting the
signal from either buffer alone or buffer containing the appropriate
quantity of substrate.

The extent to which ligands (DNA or dNTPs) bind to the
enzyme was determined by monitoring the fluorescence emission
of a fixed concentration of proteins and titrating with a given
ligand. The binding can be described by eqn (1),

Kd = ([UL54][ligand])/[UL54 · ligand] (1)

where Kd is the apparent dissociation constant, [UL54] is the
concentration of the protein, [UL54 · ligand] is the concentration
of complexed protein and [ligand] is the concentration of unbound
ligand.

The proportion of ligand-bound protein as described by eqn
(1) is related to the measured fluorescence emission intensity by
eqn (2),

�F/�Fmax = [UL54 · ligand]/[UL54]tot (2)

where �F is the magnitude of the difference between the observed
fluorescence intensity at a given concentration of ligand and
the fluorescence intensity in the absence of ligand, �Fmax is the
difference at infinite [ligand], and [UL54]tot is the total protein
concentration.

If the total ligand concentration, [ligand]tot, is in large molar
excess relative to [UL54]tot, then it can be assumed that [ligand]
is approximately equal to [ligand]tot. Eqns (1) and (2) can then be
combined to give eqn (3),

�F/�Fmax = [ligand]tot/(Kd + [ligand]tot) (3)

The Kd values were determined from a non-linear least-squares
regression analysis of titration data by using eqn (3).

CD spectroscopy measurements

CD measurements were performed with a Jasco J-810 spectro-
polarimeter. The samples were analysed in quartz cells with path
lengths of 1 mm. Far-UV and near-UV wavelength scans were
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Figure 1 Functional domains of the cytomegalovirus DNA polymerase

The conserved domains (I–VII) found in other type-B DNA polymerases are shown. These
domains, as initially determined by Wang et al. [43], have been defined as follows according
to the amino acid numbering of the enzyme: IV (379–421), II (696–742), VI (771–790), III
(805–845), I (905–919), VII (962–970) and V (978–988). The consensus region of the DNA
polymerase type-B family is also indicated (293–953). Additionally, the regions that have been
shown to be critical for drug resistance are also shown along with the specific amino acids that
have been shown to be associated with drug resistance.

recorded from 200 to 250 nm and from 250 to 340 nm respectively.
All the CD spectra were corrected by subtraction of the back-
ground for the spectrum obtained with either buffer alone or buffer
containing the ligand. The ellipticity results were expressed as
mean residue ellipticity, [θ ], in degrees · cm2 · dmol−1.

Equilibrium unfolding experiments

Thermal transitions were monitored by following the change in
CD ellipticity of the protein (1 µM) at 222 nm. The samples
were heated from 10 to 95 ◦C, at a heating rate of 1 ◦C/min. The
ellipticity results were expressed as mean residue ellipticity, [θ ],
in degrees · cm2 · dmol−1. The fraction of unfolded protein at each
temperature was determined by calculating the ratio [θ 222]/[θ 222]d,
where [θ 222]d is the molar ellipticity for the completely unfolded
enzyme.

ANS (8-anilinonaphthalene-l-sulfonic acid)-binding measurements

Binding of ANS was evaluated by measuring the fluorescence
enhancement of ANS (50 µM) upon excitation at a wavelength
of 380 nm. The emission spectra were integrated from 400 to
600 nm.

RESULTS

Expression, purification and DNA polymerase activity of the protein

In order to investigate the initial binding of deoxynucleotides to
the catalytic subunit of the human cytomegalovirus DNA poly-
merase (UL54), we intended to purify a large quantity of the
enzyme. Previous biochemical studies performed with the enzyme
have either used a coupled in vitro transcription/translation system
[22,23] or insect cells infected with recombinant baculoviruses
[18,24] to generate the full-length protein (1242 amino acids).
Since a limited amount of protein is obtained from these systems,
an expression plasmid was created to express the recombinant
protein in E. coli. Because of the large size of the enzyme, we
focused on the region encompassing amino acids 293–953 of
the protein. This domain contains the consensus sequences of the
DNA polymerase type-B family [25] as well as most of the resi-
dues [16,17] that have been associated with drug resistance in
UL54 (Figure 1). The truncated enzyme was therefore expressed
in E. coli with an N-terminal His6-tagged epitope and purified
from soluble bacterial extracts by Ni-NTA–agarose chromato-
graphy. The purified protein was located mainly in the 200 and
500 mM imidazole eluates (Figure 2A). All subsequent experi-
ments were performed with the protein found in the 500 mM

fraction, as it displayed the highest level of purity. The concen-
tration of protein in this fraction was estimated to be 130 ng/ml.
Immunoblotting analysis using a monospecific anti-His antibody
also confirmed the identity of the protein (Figure 2B).

The ability of the purified enzyme to catalyse the synthesis
of DNA was initially analysed in a gel-based assay using a
defined heteropolymeric primer/template (P20/T60) substrate. As
shown in Figure 2(C), the purified enzyme had the ability to
perform multiple deoxynucleotide incorporation events. However,
as reported previously with the native enzyme [22], the recombi-
nant protein was not highly processive as evidenced by the num-
erous shorter elongation products that were also synthesized.
Additionally, we also used a coupled in vitro transcription/trans-
lation system to generate the full-length protein and compare
its activity with the recombinant truncated enzyme. As shown
in Figure 2(C), both proteins displayed similar polymerization
patterns upon incubation with dNTPs.

A second polymerization assay was used to quantify the specific
activity of the recombinant enzyme. In this assay, the purified
protein was added to the same primer/template combination, but
the incorporation of radiolabelled dATP was monitored by liquid-
scintillation counting following the precipitation of the DNA
reaction products. As can be seen in Figure 2(D), the extent
of dATP incorporation during a 30 min reaction was propor-
tional to the amount of input UL54 protein. A specific activity
of 120 nmol · min−1 · µg−1 was evaluated from this experiment.
Foscarnet, an antiviral used for the treatment of human cyto-
megalovirus infections and a potent inhibitor of the cytomega-
lovirus DNA polymerase activity [3,13,19], was shown to inhibit
the polymerization activity of the purified protein. As shown in
Figure 2(E), the addition of 2.7 µM of foscarnet resulted in 50 %
inhibition of the polymerase reaction.

Intrinsic fluorescence properties of the cytomegalovirus DNA
polymerase

We and others have previously shown that the binding of DNA
to free enzymes can result in a significant decrease in protein
emission fluorescence [26–32]. We therefore intended to use
fluorescence spectroscopy to characterize the binding of DNA to
the cytomegalovirus DNA polymerase. The fluorescence emission
spectrum of the purified enzyme in standard buffer at 22 ◦C is
shown in Figure 3(A). The purified protein used in our assays
harbours a single tryptophan residue (Trp-780), which provided
a significant fluorescence signal upon excitation at 290 nm.
The emission maximum of the enzyme (338 nm) is blue-shifted
relative to that of free L-tryptophan, which under the same condi-
tions is observed to be at 350 nm. The λmax of tryptophan is highly
sensitive to the polarity of the microenvironment in which its
indole side chain is located. Blue shifts of protein emission spectra
have been ascribed to shielding of the tryptophan residues from
the aqueous phase [33]. This shielding is the result of the protein’s
three-dimensional structure. Accordingly, denaturation of the
enzyme with 8 M urea results in a red shift of λmax towards 350 nm
(Figure 3A). The molar intensity of the fluorescence emission
spectrum of the purified cytomegalovirus DNA polymerase was
also evaluated to determine whether significant protein aggreg-
ation, or the loss of protein from solution through adhesion, could
influence the binding parameters. As shown in Figure 3(A), an
increase in fluorescence was observed with increasing concen-
trations of the enzyme. A linear change of 0.03 fluorescence
intensity units/nM of protein was observed over the range
examined. This relatively small change can be attributed to
minor losses of proteins from solution through adhesion. All
subsequent binding experiments were therefore performed at a
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Figure 2 Purification and enzymatic activity of the purified cytomegalovirus DNA polymerase

(A) The peptide compositions of various purification fractions were analysed by SDS/PAGE. The gels were fixed and stained with Coomassie Blue dye. Lane 1, Ni-NTA–agarose flow-through;
lane 2, Ni-NTA–agarose wash; lane 3, 50 mM imidazole eluate; lane 4, 100 mM imidazole eluate; lane 5, 200 mM imidazole eluate; lane 6, 500 mM imidazole eluate; lane 7, 1000 mM imidazole
eluate. The positions and sizes (in kDa) of the size markers are indicated on the left. (B) The purified cytomegalovirus protein (500 mM imidazole fraction) was analysed by immunoblotting using a
monospecific anti-His antibody. (C) Polymerization assays performed with a heteropolymeric primer/template DNA substrate (P20/T60). The reaction mixtures (50 µl) containing 20 mM Tris/HCl
(pH 7.5), 10 mM MgCl2, 50 mM NaCl, 5 µM of primer/template DNA substrate, 0.2 mM [α-32P]ATP and 500 mM of dGTP, dCTP and dTTP were incubated for 30 min at 37◦C in the presence
of 0.6 µM of either the full-length protein expressed in a coupled transcription/translation system (lane 2) or recombinant enzyme (lane 3). A negative control (vector alone) synthesized with the
coupled transcription/translation system was also used in the assay (lane 1). The reaction products were analysed by electrophoresis through a 10 % polyacrylamide gel containing 8 M urea. An
autoradiogram of the gel is shown, and the positions of the size markers are also indicated. (D) Increasing amounts of enzyme were added to the heteropolymeric primer/template DNA substrate
(P20/T60). The reaction mixtures containing 5 µM of primer/template DNA substrate, 0.6 µM of enzyme, 1 mM [α-32P]ATP and 1 mM of dGTP, dCTP and dTTP were incubated for 30 min at 37◦C.
The reaction products were analysed by liquid-scintillation counting following the precipitation of the DNA reaction products. (E) Polymerization assays were performed in the presence of increasing
concentrations of foscarnet, and the incorporation of radiolabelled ATP was quantified by liquid-scintillation counting.

protein concentration of 1 µM, with the assumption that the
DNA-binding assays were not complicated by the presence of
an aggregation equilibrium.

DNA-binding activity

In order to monitor the formation of the enzyme–DNA binary
complex, increasing concentrations of DNA were added to the
purified cytomegalovirus DNA polymerase, and the fluorescence
intensity was monitored. We initially monitored the binding of
a DNA substrate of 30 nt encompassing the cytomegalovirus
immediate-early promoter sequence. We observed that the binding
of DNA to a fixed concentration of the enzyme resulted in a
modification of the intensity of the intrinsic fluorescence of the
protein. Typical emission spectra are shown in Figure 3(B). The
addition of increasing amounts of DNA produced a decrease in
the fluorescence intensity. Approx. 80 % of the intrinsic protein
fluorescence was accessible to the quencher DNA substrate
(Figure 3C). A double-reciprocal plot of the saturation isotherm,
generated by plotting the change of fluorescence intensity as
a function of added DNA, indicated a Kd value of 47.5 µM
(Figure 3C).

Fluorescence spectroscopy was also used to evaluate the Gibbs
free energy of binding (�G), as well as both the enthalpy

(�H) and the entropy changes (�S) associated with the binding
of DNA to the enzyme. Evaluation of these thermodynamic
parameters yields important insights into the nature of the DNA-
binding reaction. Our binding studies indicate that the �G for
the interaction of DNA with the enzyme was −24.8 kJ/mol. The
precise enthalpic and entropic contributions to the free energy of
binding were then determined by measuring the initial binding
of DNA to the enzyme as a function of temperature. Analysis
of a van’t Hoff plot for the interaction between DNA and the
enzyme (Figure 3D) revealed that binding of the DNA sub-
strate is entropically favoured (T�S = 32.7 kJ/mol), with a minor
contribution coming from an unfavourable enthalpy change
(�H = 7.9 kJ/mol). The implications of these thermodynamic
findings will be further discussed in the Discussion section.

The use of fluorescence spectroscopy also allowed us to monitor
the kinetics of the DNA binding to the cytomegalovirus DNA
polymerase (Figure 3E). The progress of the binding reaction was
followed for 30 s upon addition of a saturating concentration of
DNA. The results show that there is a rapid exponential decrease
in fluorescence intensity following the addition of DNA substrate.
An apparent association rate of 3.6 µM−1 · s−1 was estimated from
the data. Half-maximal quenching was observed at approx. 0.1 s,
while maximal quenching was achieved after 0.3 s of incubation
with DNA, and remained constant thereafter. The exponential
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Figure 3 Titration of the cytomegalovirus DNA polymerase with DNA

(A) Background-corrected fluorescence emission spectra of the enzyme. 1, Purified protein in 50 mM Tris/HCl and 50 mM potassium acetate (pH 7.5); 2, Purified protein after a 2 h exposure to
an 8 M solution of urea at 25◦C. Fluorescence spectra were recorded at an excitation wavelength of 290 nm. The molar fluorescence of the protein is also displayed in the right-hand corner.
Various concentrations of the purified protein were assayed in 50 mM Tris/HCl and 50 mM potassium acetate (pH 7.5). Excitation was performed at 290 nm, and emission was monitored at 338 nm.
(B) Increasing concentrations of a DNA substrate of 30 nt encompassing the cytomegalovirus immediate-early promoter sequence were added to a 1 µM solution of the enzyme in binding buffer (20 mM
Tris/HCl, pH 7.5, 50 mM NaCl and 10 mM MgCl2) and the emission spectrum was scanned from 310 to 440 nm. (C) A saturation isotherm can be generated from these results by plotting the change
in fluorescence intensity at 338 nm as a function of added DNA. A double-reciprocal plot of the saturation isotherm is shown in the right-hand corner. (D) Thermodynamic parameters of the interaction
between DNA and the cytomegalovirus DNA polymerase. Binding reactions were performed at various temperatures, and the respective association constants were evaluated. A van’t Hoff plot for the
interaction between DNA and the protein is shown. The effect of temperature on the association constant was evaluated at pH 7.5. (E) Kinetic analysis of real-time binding of DNA to the protein. A
1 µM solution of the enzyme was incubated with 100 µM DNA. Emission was monitored for 40 s at 338 nm, and excitation was performed at 290 nm.

decrease in fluorescence observed following the addition of DNA
was not due to photobleaching, as similar results were obtained
when the protein was incubated away from the light source (results
not shown).

Minimal DNA length for stable binding

We next sought to determine the minimal length of DNA required
for stable binding of the cytomegalovirus DNA polymerase.
Fluorescence spectroscopy assays were therefore performed with
DNA substrates ranging from 30 to 5 nt (Figure 4A). Our results
indicate that the enzyme could bind efficiently to DNA substrates
of 20, 15, 12, 10, 9, 8, 7 and 6 nt in length (Table 1). However, we
could not detect the binding of the enzyme to the DNA substrate
of 5 nt, and no accurate binding constants could be efficiently and
repeatedly determined for this DNA substrate. Based on these
results, we conclude that the minimal DNA-binding site size of
the cytomegalovirus is 6 nt.

Assuming that each nucleotide within the minimal DNA-
binding site makes the same number of contacts with the enzyme,
the apparent Kd should in theory display a small hyperbolic
decrease, since each additional nucleotide can provide a new bind-
ing position. This is precisely what was observed (Figure 4B), as
the �G for substrates ranging from 10 to 20 nt changed linearly
with a slope of 157 J · mol−1 · nt−1. Beyond that length, the ��G
was smaller. Moreover, we observed that the specific constant of
binding (Bmax/Kd), which takes into account both the strength and
the maximal level of binding, showed that the binding efficiency
increased dramatically up to a length of 20 nt, and levelled off
thereafter (Figure 4C).

The specificity of the protein–DNA interaction was also
monitored by using various nucleic acids substrates. Binding of
the enzyme to the DNA substrate was not sequence-specific as
similar dissociation constants were obtained for DNA substrates
(30 nt) of various sequences (Figure 4D and Table 1). Moreover,
similar binding parameters were determined when a double-
stranded DNA substrate was used in the binding assays. Sur-
prisingly, similar binding parameters were also obtained for an
RNA substrate of 30 nt, indicating that the enzyme did not
efficiently discriminate between RNA and DNA (Figure 4D and
Table 1).

Binding of dNTPs

Fluorescence spectroscopy has been shown to be a powerful
technique to monitor the binding of nucleotides/deoxynucleotides
to enzymes [6,31,32]. Therefore we intended to use fluorescence
spectroscopy to characterize the binding of deoxynucleotides to
the binary complex of the cytomegalovirus DNA polymerase
bound to DNA. In order to monitor the binding of deoxynuc-
leotides to the enzyme–DNA complex, increasing concentrations
of dATP were added to the purified cytomegalovirus DNA poly-
merase bound to DNA, and the fluorescence intensity was
monitored. We observed that the binding of dATP to a fixed
concentration of the enzyme–DNA complex resulted in a
modification of the intensity of the intrinsic fluorescence of the
protein. Typical emission spectra are shown in Figure 5(A). The
addition of increasing amounts of dATP produced a decrease in
the fluorescence intensity. Approx. 30 % of the intrinsic protein
fluorescence was accessible to the quencher dATP substrate. A
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Figure 4 Characterization of the interaction between DNA and the catalytic subunit of the cytomegalovirus DNA polymerase

(A) Affinity of the enzyme for DNA of 30 nt (�), 20 nt (�), 15 nt (�), 12 nt (♦), 10 nt (�), 9 nt (X), 8 nt (*), 7 nt (�) and 6 nt (�). Increasing concentrations of DNA were added to a 1 µM
solution of the enzyme and the emission spectrum was scanned from 310 to 440 nm upon excitation at 290 nm. Saturation isotherms can be generated from these results by plotting the change in
fluorescence intensity at 338 nm as a function of added DNA. (B) Interaction of the enzyme with DNA of various lengths. The apparent K d values were plotted as a function of substrate length. (C) The
specificity of binding was also monitored as a function of the length of the various DNA molecules used in the binding assays. (D) The binding of various substrates was monitored by fluorescence
spectroscopy. Increasing concentrations of a DNA substrate of 30 nt encompassing the cytomegalovirus immediate-early promoter sequence (�), a DNA substrate corresponding to the complement
of the cytomegalovirus immediate-early promoter sequence (�), a DNA substrate of 30 nt of random sequence (�), and an RNA substrate of 30 nt corresponding to cytomegalovirus immediate-early
promoter sequence (♦) were used in the binding assays.

Table 1 Dissociation constants (K d), association constants (K a) and free energies of binding (�G) for the interaction of UL54 with DNA

Ligand Length (nt) K d (mM) K a (M−1) �G (J/mol) Ligand structure

Promoter-30 30 48 21 050 −24660 5′-GGGAGCTCGTTTAGTGAACCGTCAGATCTC-3′

Promoter-20 20 61 16 420 −24050 5′-GGGAGCTCGTTTAGTGAACC-3′

Promoter-15 15 93 10 720 −22990 5′-GGGAGCTCGTTTAGT-3′

Promoter-12 12 130 7681 −22170 5′-GGGAGCTCGTTT-3′

Promoter-10 10 115 8719 −22480 5′-GGGAGCTCGT-3′

Promoter-9 9 97 10 320 −22900 5′-GGGAGCTCG-3′

Promoter-8 8 99 10 070 −22840 5′-GGGAGCTC-3′

Promoter-7 7 95 10 500 −22940 5′-GGGAGCT-3′

Promoter-6 6 94 10 680 −22980 5′-GGGAGC-3′

Promoter-5 5 No binding detected 5′-GGGAG-3′

Rv-Promoter-30 30 49 20 450 −24590 5′-GAGATCTGACGGTTCACTAAACGAGCTCCC-3′

ds-Promoter-30 30 42 23 580 −24950 5′-GGGAGCTCGTTTAGTGAACCGTCAGATCTC-3′

3′- CCCTCGAGCAAATCACTTGGCAGTCTAGAG-5′

Random-30 30 61 16 390 −24040 5′-TCAGTAACTTAGCCTTGTCTTGAATCATCC-3′

RNA-30 30 59 17 010 −24130 5′-GGGAGCUCGUUUAGUGAACCGUCAGAUCUC-3′

double-reciprocal plot of the saturation isotherm, generated by
plotting the change of fluorescence intensity as a function of
added dATP, indicated a Kd value of 15 µM (Figure 5A). The
binding of the three other deoxynucleotides was also evaluated.
As shown in Table 2, the protein displayed similar binding activity
for all four dNTPs, although dTTP appeared as a slightly better
substrate as judged by the �G. It should be noted that the dNTP

binding activity was absolutely dependent on the presence of a
bivalent cation. No binding could be detected in the absence of
metal ions (results not shown).

Fluorescence spectroscopy was also used to evaluate a number
of different parameters involved in the interaction between dNTPs
and the enzyme–DNA complex. A critical component of the
energetics of protein–ligand binding is the interaction of protein
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Figure 5 Titration of the cytomegalovirus DNA polymerase with dATP

(A) Increasing concentrations of dATP were added to a 1 µM solution of the enzyme in binding buffer (20 mM Tris/HCl, pH 7.5, 50 mM NaCl and 10 mM MgCl2) and the emission spectrum was
scanned from 310 to 440 nm. A double-reciprocal plot of the saturation isotherm is shown in the right-hand corner. (B) The effect of increasing ionic strength on the apparent dissociation constant of
the enzyme for dATP was investigated. Increasing concentrations of KCl were added to the binding reactions to generate the desired ionic strengths. (C) Thermodynamic parameters of the interaction
between dATP and the cytomegalovirus DNA polymerase. Binding reactions were performed at various temperatures, and the respective association constants were evaluated. A van’t Hoff plot for the
interaction between dATP and the protein is shown. The effect of temperature on the association constant was evaluated at pH 7.5. (D) Kinetic analysis of real-time binding of dATP to the protein. A
1 µM solution of the enzyme was incubated with 1 mM dATP. Emission was monitored for 30 s at 338 nm, and excitation was performed at 290 nm.

Table 2 Dissociation constants (K d), association constants (K a) and free
energies of binding (�G) for the interaction of UL54 with dNTPs

Ligand K d (mM) K a (M−1) �G (J/mol)

dATP 15 66 667 −27 519
dGTP 14 71 429 −27 690
dCTP 16 62 500 −27 360
dTTP 7 42 857 −29 408

residues with the electrostatic field of the ligand. In order to
evaluate the contribution of electrostatic interactions to the dNTP-
binding activity, binding assays were performed in the presence of
increasing ionic strength. The contribution of specific electrostatic
interactions to the binding of dATP to the cytomegalovirus
DNA polymerase–DNA complex was investigated by monitoring
the salt dependence of the binding process. As shown in Fig-
ure 5(B), the dATP–enzyme interaction was attenuated at elevated
KCl concentrations. The experimentally observed equilibrium
constant was clearly dependent on the ionic strength of the solu-
tion. The equilibrium binding experiments showed that the
apparent Kd at 500 mM KCl was 63 µM, more than 4-fold higher
than at 10 mM KCl. This change in binding affinity corresponds

to a ��G of 3.6 kJ/mol. Evaluation of the Gibbs energy due
to electrostatic interactions (��GES) by extrapolation of the
binding reaction to an ionic strength of 1.0 M, the standard
state where electrostatic interactions are effectively eliminated,
revealed that 12.9% of the binding energy is derived from
electrostatic interactions. These findings indicate that hydrogen-
bonding and/or electrostatic interactions with the triphosphate
moiety contribute to the binding of dNTPs to the enzyme–DNA
complex.

Fluorescence spectroscopy was also used to evaluate the �G,
as well as both the �H and the �S associated with the binding
of dATP to the enzyme. Evaluation of these thermodynamic
parameters yields important insights into the nature of the dATP
binding reaction. Our binding studies indicate that the �G for
the interaction of dATP with the enzyme was −28.6 kJ/mol.
The precise enthalpic and entropic contributions to the free
energy of binding were then determined by measuring the initial
binding of dATP to the enzyme as a function of temperature.
The binding reaction was shown to be connected with a high
enthalpy of association, �H = −56.5 kJ/mol. Analysis of a van’t
Hoff plot for the interaction between dATP and the enzyme
(Figure 5C) revealed that the T�S value for the binding reaction
was −27.9 kJ/mol, clearly indicating that the initial binding step
is primarily driven by enthalpy, with an unfavourable entropic
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Figure 6 Structural consequences of ligand binding to the cytomegalovirus DNA polymerase

(A) Near-UV CD spectra were recorded for the unliganded protein (black line), the protein–DNA binary complex (thick line), and the transition state of the enzyme (protein–DNA–dATPαS) (dotted
line). Formation of the protein–DNA binary complex was induced by incubating the enzyme (1 µM) with 100 µM DNA (primer template P20/T60). The transition state was generated by adding 1 mM
of dATPαS to the binary complex. The spectra were recorded from 250 to 400 nm, and the average of three wavelength scans is presented. (B) Binding of ANS to the cytomegalovirus DNA polymerase
during urea denaturation. The unliganded protein (1 µM) (�), binary complex (�) and transition state (�) were unfolded with various concentrations of urea at 22◦C for 1 h. Fluorescence emission
was monitored after ANS addition (50 µM) at an excitation wavelength of 380 nm. The integrated fluorescence area between 400 and 600 nm was evaluated. (C) Thermal denaturation of the enzyme.
Thermal denaturation was recorded for the unliganded protein (♦), the protein–DNA binary complex (�) or the transition state (�). CD spectra were recorded at a constant wavelength of 222 nm
from 10 to 90◦C at a protein concentration of 1 µM. (D) The affinity of the enzyme for the substrate of 30 nt encompassing the cytomegalovirus immediate-early promoter sequence was also
monitored in the absence (�) or presence of 1 mM foscarnet (�).

contribution. Moreover, these results indicate that the reaction is
spontaneous at low temperatures but tends to reverse at higher
temperatures. Accordingly, the binding of dATP could not be
observed repeatedly at temperatures higher than 70 ◦C (results
not shown). This can most probably be attributed to the denatur-
ation of the protein that occurs at higher temperatures, and the
concomitant destabilization of the architecture of the enzyme.
The implications of these thermodynamic findings will be further
discussed in the Discussion section.

Fluorescence spectroscopy was also used to monitor the kine-
tics involved in the binding of deoxynucleotides to the enzyme–
DNA binary complex (Figure 5D). The binding reaction was
followed for 30 s upon addition of a saturating concentration
of dATP. Our results indicate that there is a rapid exponential
decrease in fluorescence intensity following the addition of dATP
corresponding to an apparent association rate of 0.4 µM−1 · s−1.
Half of the binding reaction was observed at approx. 0.5 s, while
maximal binding was attained after 1.5 s of incubation with dATP,
and remained constant thereafter. As was the case with the DNA-
binding assays, the exponential decrease in fluorescence observed
following the addition of dATP was not due to photobleaching,
as similar results were obtained when the protein was incubated
away from the light source (results not shown).

Effect of DNA binding on the structure of the enzyme

Limited information is available on the structure of the human
cytomegalovirus DNA polymerase. Structural studies have been
hindered by the absence of a defined crystal structure. Therefore

structural information has been obtained through the use of
modelling studies [34] based on other solved polymerases for
which crystallographic information is available. As a conse-
quence, we next sought to investigate whether the binding of DNA
to the cytomegalovirus DNA polymerase results in a modification
of the protein architecture. Near-UV CD spectra can provide
useful information on the structural features of a protein, reflecting
the environments of the aromatic amino acid side chains and
giving information about the tertiary structure of a protein. In an
effort to determine whether the binding of DNA results in the
modification of the cytomegalovirus DNA polymerase structure,
near-UV CD spectra were recorded both in the presence and the
absence of DNA. Analysis of the near-UV CD spectra of the pro-
tein in both the absence and presence of DNA was performed
from 250 to 400 nm. As can be seen in Figure 6(A), a significant
reduction of the amplitude of the signal is observed over the 250–
300 nm region when the protein is incubated with DNA. Overall,
the CD spectra suggest that the protein undergoes conformational
changes upon the formation of the enzyme–DNA binary complex.

In order to gain additional insights into the structural modific-
ations that occur upon DNA binding, we investigated the bind-
ing of a structural fluorescent reporter to the enzyme. The expo-
sure of the hydrophobic area of the cytomegalovirus DNA
polymerase was evaluated by measuring the binding of ANS to
the protein. ANS is a reporter of exposed hydrophobic surfaces
on proteins that binds with high affinity to hydrophobic patches,
which results in an enhancement of ANS intrinsic fluorescence
[35]. Our results revealed that the unliganded protein binds
very weakly to ANS, probably reflecting limited hydrophobic
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Table 3 Thermodynamic unfolding parameters measured by thermal
denaturation

The thermodynamic parameters of unfolding �HVH (van’t Hoff enthalpy of denaturation) and
�S (entropy of denaturation) were determined by thermal denaturation of the unliganded
cytomegalovirus DNA polymerase and the protein bound to various ligands. Temperature-
induced denaturations were monitored by CD spectroscopy at 222 nm. 1 kcal = 4.184 kJ.

Protein T m (◦C) �HVH (kcal/mol) �S (kcal · mol−1 · K−1)

UL54 56.2 −82.0 −0.25
UL54 · DNA 56.8 −56.4 −0.17
UL54 · DNA · dATPαS · Mg2+ 54.6 −86.3 −0.26

regions at the surface of the protein (Figure 6B). A very modest
modification of the ANS fluorescence is observed when the
protein is incubated in the presence of saturating concentrations
of DNA (Figure 6B). Increasing the urea concentrations did not
modify the emission intensity. Overall, these results indicate that
the conformational change that is observed upon DNA binding
does not involve significant hydrophobic exposure on the surface
of the enzyme.

Structural and mechanistic implications

Because our CD assays indicated conformational changes upon
DNA binding to the cytomegalovirus DNA polymerase, this
raises the possibility that the formation of the catalytic active
site of the enzyme involves additional structural rearrangements.
We therefore intended to use spectroscopic approaches to gain
insights into the structural modifications that occur during cata-
lysis. A heteropolymeric DNA substrate (P20/T60) and a non-
hydrolysable dATP analogue, dATPαS (deoxyadenosine 5′-[α-
thio]triphosphate), were used to mimic the transition state
(enzyme–DNA–dATP–Mg2+). The non-hydrolysable dATPαS
analogue was used since the presence of Mg2+, DNA and the
classic dATP substrate would result in catalysis and incorporation
of nucleotides to the DNA chain. Prior control experiments
demonstrated that dATPαS is not efficiently used by the cyto-
megalovirus DNA polymerase in the presence of Mg2+ ions
(results not shown). As can be seen in Figure 6(A), analysis of
the near-UV CD spectra revealed that structural changes occur
when both dATP and Mg2+ ions were added to the enzyme–DNA
complex, indicating that the catalytic centre of the enzyme under-
goes structural rearrangements upon formation of the transition
state.

In an effort to gain insights into the reaction chemistry, the
stability of the enzyme bound to various ligands was assessed by
CD spectroscopy. Thermal denaturation assays were performed
both in the presence and absence of ligands, and unfolding of
the enzyme was evaluated by monitoring the changes in the α-
helix content of the protein (222 nm). Thermal denaturation of
the unliganded protein initially revealed a midpoint of thermal
transition (Tm) of 56.2 ◦C (Figure 6C). Formation of the enzyme–
DNA binary complex had no significant effect on the midpoint
of thermal transition (Figure 6C and Table 3), and evaluation of
the thermodynamic parameters of unfolding revealed similar
values for the unliganded protein or the protein bound to DNA
(Table 3). However, denaturation studies performed on the trans-
ition state (enzyme–DNA–dATP–Mg2+) indicated a reduced
stability, reflecting the transient nature of the intermediate
(Figure 6C and Table 3). Note that all of the denaturation assays
revealed monophasic unfolding curves, suggestive of a two-state
unfolding model. No intermediate state could be detected during
the unfolding process.

Finally, we sought to investigate whether the DNA binding
activity of the UL54 could be influenced by the presence of
foscarnet. Foscarnet is an analogue of PPi that is used for the
treatment of cytomegalovirus infections. This antiviral acts non-
competitively with respect to dNTPs but the precise mechanism
of action of this drug remains elusive. However, it has previously
been proposed that the PPi analogue could bind close to the
active centre of the enzyme, thereby inhibiting the PPi exchange
reaction. We therefore intended to monitor whether the binding of
foscarnet could influence the binding of DNA to the UL54 protein.
Fluorescence spectroscopy was used to measure the binding of
DNA in the presence of foscarnet because initial experiments
revealed that foscarnet had no influence on the intrinsic fluo-
rescence properties of the UL54 protein (results not shown). The
enzyme was therefore incubated with increasing concentrations
of DNA in the presence or absence of 1 mM foscarnet. As shown
in Figure 6(D), the presence of foscarnet had no influence on the
DNA binding activity of the enzyme, as similar Kd values were
determined in the absence (47.5 µM) or presence (45.8 µM) of
foscarnet. This result clearly indicates that the binding of the
enzyme to the DNA substrate is not influenced by the presence
of foscarnet. Note that a similar conclusion was obtained using
EMSAs (electrophoretic mobility-shift assays) performed with a
radiolabelled DNA substrate (results not shown).

DISCUSSION

The human cytomegalovirus DNA polymerase is a critical enzyme
for the replication of the virus [7–9,13]. As a specific target for
antiviral chemotherapy, it plays a key role in the treatment of
infected individuals [14–17]. However, characterization of the
cytomegalovirus DNA polymerase has been very limited, and a
number of critical questions about the reaction chemistry remain
to be addressed. These include (i) what are the thermodynamic
parameters that are involved in the formation of the enzyme–
DNA binary complex of DNA? (ii) What are the conformational
changes that occur during the binding of DNA to the enzyme?
(iii) What is the minimal length of the DNA substrate required
for stable binding? (iv) Is the binding sequence-specific? and
(v) what are the thermodynamic and structural implications of
dNTP binding? In this regard, the multidimensional properties
of fluorescence spectroscopy and CD provide accurate sensitivity
to monitor numerous aspects of protein–ligand interactions.

In the present study, spectroscopic approaches were used to
allow, for the first time, a precise quantification of the kinetic
and thermodynamic parameters associated with the binding of
DNA to the cytomegalovirus DNA polymerase. Although these
binding parameters do not provide a complete picture of the
binding activity, they can suggest which features are likely to be
important for the interaction, and provide a framework to construct
an accurate model of the complex. For instance, changes in both
the magnitude and the sign of �H and �S, in conjunction with
structural data generated by spectroscopy, can provide crucial
information about the structural alterations that accompany ligand
binding in terms of (i) changes in salvation state; (ii) interactions
between ligand and protein, such as electrostatic and hydrophobic
interactions; and (iii) changes in conformation/dynamics induced
by ligand binding. Our thermodynamic analyses indicate that the
formation of the protein–DNA binary complex is an entropy-
driven process (T�S = 32.7 kJ/mol). Such entropic contributions,
which have been observed in other enzymes involved in
DNA binding, are generally associated with conformational
changes and/or from the release of water molecules to the
bulk solvent upon DNA binding [36]. Our CD assays clearly
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demonstrated the existence of conformational changes in the
cytomegalovirus DNA polymerase following the binding of DNA.
Interestingly, hydrophobic interactions are also associated with
a relatively small �H (as compared with �G) and a positive
�S. Since the parameters for the UL54–DNA interaction fit
these characteristics, it is tempting to speculate that hydrophobic
interactions are also an important determinant for the formation
of the complex. In accordance with this hypothesis, examination
of the ionic strength dependence for the interaction between DNA
and the protein reveals that the affinity of the enzyme for RNA
is only slightly affected by an increased ionic strength (results
not shown). Taken together with the thermodynamic parameters,
these results suggest that hydrophobic and stacking interactions
probably play a more significant role in the formation of the
enzyme–DNA complex than ionic contacts, which would be
expected to be completely disrupted upon an increase in ionic
strength of the solvent.

In comparison with the DNA-binding analyses, our thermo-
dynamic studies of the interaction between the enzyme and dNTPs
revealed a completely different mode of binding. Binding of
dNTPs to the enzyme–DNA binary complex was dominated by a
favourable �H, but is also clearly associated with an unfavourable
�H. Favourable negative �S are generally associated with
contributions from hydrogen bonds, van der Waal’s interactions
or ionic interactions [36], while the unfavourable negative �S
are associated with the exposure of hydrophobic surfaces to the
surface of the protein, and/or to a decrease in conformational
flexibility [37]. Although our salt-dependence assays clearly
established the importance of electrostatic interactions for the
binding of dATP to the protein–DNA binary complex, both our
fluorescence spectroscopy and CD studies indicate that aromatic
residues move to a more hydrophobic environment upon binding,
suggesting that a decrease in conformational flexibility is probably
encountered upon dATP binding.

The absence of a crystal structure of the cytomegalovirus
DNA polymerase makes it difficult to precisely locate the
conformational changes that occur upon DNA and dNTP binding.
However, based on the crystal structure of the closely related
bacteriophage RB69 DNA polymerase [38], a three-dimensional
modelling of the cytomegalovirus DNA polymerase has recently
been proposed, which can provide useful information on the
location of specific residues of the cytomegalovirus DNA
polymerase [34]. Interestingly, crystallographic studies of many
DNA polymerases have revealed similar structural features that
are similar to a partially opened right hand with thumb, palm
and finger domain [39–42]. The thumb domain associates with
the DNA template, the palm harbours the essential carboxylate
residues that are involved in catalysis, and the fingers domain is
involved in the interaction with the incoming nucleotide [39–42].
Moreover, the crystal structures of various conformations of the
RB69 DNA polymerase have been elucidated, and have provided
crucial information on the structural rearrangements that occur
during catalysis. For instance, a comparison of the RB69 DNA
polymerase crystals with and without DNA indicated structural
modifications upon DNA binding. These DNA-induced changes
are mainly confined to the thumb domain of the enzyme. Upon
DNA binding, the entire thumb domain is translocated relative to
its position in the unliganded enzyme, closing down around the
DNA, and conferring a more ‘open’ conformation on the protein.
Analysis of the RB69 polymerase crystal structure also indicated
that the thumb domain predominantly contacts the phosphodiester
backbone of the DNA. Based on our nucleic acid binding assays,
we demonstrated that the cytomegalovirus UL54 protein does not
discriminate between DNA and RNA, consistent with the binding
of the enzyme to the phosphodiester backbone of nucleic acids.

It is therefore tempting to speculate that the UL44 accessory
subunit, which associates with UL54, is critical for the specificity
of the DNA polymerase for the DNA substrate/template. Such an
interaction between UL54 and UL44 might also be crucial for
sequence-specific binding, since the binding of the UL54 protein
to DNA is clearly not sequence-specific.

Interestingly, the Kd values that were determined in the present
study for the various dNTPs (Table 1) are significantly higher
than the Km values that were previously evaluated [14,22,34] from
polymerization assays (ranging from 0.16 to 0.8 µM). Similar Km

values were also obtained with the purified protein used in the
present study (results not shown). A likely explanation for the
observation that the Km values are smaller than the respective Kd

values is that the uptake of the occupied binding site for dNTPs
is probably fast relative to the reappearance of the unoccupied
binding site during catalysis. Moreover, it is interesting to note
that substrate-independent Vmax has previously been observed for
the UL54 subunit [22]. This suggests that a substrate-independent
step in catalysis is rate-limiting. We envision that this is probably
the reappearance of the unoccupied binding site for dNTPs during
catalysis, which is consistent with a small Km/Kd ratio.

Crystal structures have now been elucidated for a number of
DNA polymerases bound to various ligands (DNA, dNTPs and
metal ions). A general model for DNA polymerization has been
generated by comparison of these different structures [39–42].
The initial step involves the binding of the DNA polymerase
to the DNA substrate, which causes the thumb domain of the
enzyme to close around the DNA, leading to a more ‘open’
conformation to the protein. The next step involves the binding of
the dNTP to this complex. This causes a conformational change in
the fingers domain of the enzyme, which rotates towards the
catalytic centre of the enzyme, conferring a more ‘closed’ catalyti-
cally competent conformation on the protein [39–42]. It is inter-
esting to notice that such conformational changes have now been
observed for the UL54 catalytic subunit of the cytomegalovirus
DNA polymerase. Using spectroscopic approaches, the present
study demonstrated that the protein undergoes structural modific-
ations upon formation of the enzyme–DNA complex, which is
followed by another conformational change upon dNTP binding.
Although the complete understanding of the mechanisms under-
lying the replication of cytomegalovirus is still largely incomplete,
characterization of the individual biochemical steps involved in
catalysis should provide the basis for further studies in this dir-
ection. We believe that structural measurements performed on
purified proteins should enable us to correlate conformation
and kinetic parameters of ligand recognition, and add another
dimension to investigate the individual biochemical steps involved
in the replication of cytomegalovirus.

We thank Dr Jay A. Nelson (Oregon Health and Sciences University, Portland, OR,
U.S.A.) for generously providing the initial plasmid harbouring the UL54 gene. We
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