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In common with other herpesviruses, the human cytomegalovirus (HCMV) DNA polymerase contains a
catalytic subunit (Pol or UL54) and an accessory protein (UL44) that is thought to increase the processivity
of the enzyme. The observation that antisense inhibition of UL44 synthesis in HCMV-infected cells strongly
inhibits viral DNA replication, together with the structural similarity predicted for the herpesvirus processivity
subunits, highlights the importance of the accessory protein for virus growth and raises the possibility that the
UL54/UL44 interaction might be a valid target for antiviral drugs. To investigate this possibility, overlapping
peptides spanning residues 1161 to 1242 of UL54 were synthesized and tested for inhibition of the interaction
between purified UL54 and UL44 proteins. A peptide, LPRRLHLEPAFLPYSVKAHECC, corresponding to
residues 1221 to 1242 at the very C terminus of UL54, disrupted both the physical interaction between the two
proteins and specifically inhibited the stimulation of UL54 by UL44. A mutant peptide lacking the two
carboxy-terminal cysteines was markedly less inhibitory, suggesting a role for these residues in the UL54/UL44
interaction. Circular dichroism spectroscopy indicated that the UL54 C-terminal peptide can adopt a partially
�-helical structure. Taken together, these results indicate that the two subunits of HCMV DNA polymerase
most likely interact in a way which is analogous to that of the two subunits of herpes simplex virus DNA
polymerase, even though there is no sequence homology in the binding site, and suggest that the UL54 peptide,
or derivatives thereof, could form the basis for developing a new class of anti-HCMV inhibitors that act by
disrupting the UL54/UL44 interaction.

Human cytomegalovirus (HCMV) is a human pathogen re-
sponsible for a variety of severe diseases in immunocompro-
mised patients, including pneumonia, gastrointestinal disease,
and retinitis in transplant recipients and in patients with AIDS
(7). HCMV is also a major cause of congenital defects in
newborn children (51). Antiviral agents currently licensed for
the treatment of HCMV infections include ganciclovir, foscar-
net, and cidofovir, which all inhibit the HCMV DNA polymer-
ase (21). Ganciclovir and cidofovir are nucleoside analogs
which function as DNA chain terminators, whereas foscarnet
inhibits viral DNA polymerase through binding to its pyro-
phosphate binding site (12). There is renewed interest in the
search for new HCMV inhibitors because of the emergence of
drug-resistant viral strains, particularly in immunocompro-
mised patients (42), and because some of these antiviral
agents, e.g., ganciclovir and foscarnet, have toxic side effects.
Since the HCMV DNA polymerase represents a major target
for antiviral chemotherapy, further studies on this enzyme
could be important in developing novel drugs.

HCMV DNA replication has not been as fully characterized
as that of herpes simplex virus (HSV); however, HCMV ho-
mologs to six of the seven proteins essential for HSV type 1
(HSV-1) replication (53) have been identified (41). These ho-
mologs include the two subunits of the DNA polymerase,

which is composed of a catalytic subunit (Pol or UL54) (23, 28)
and an accessory protein (UL44 or infected-cell protein 36)
(17). The HCMV DNA polymerase has a number of charac-
teristics in common with the HSV-1 counterpart. The UL54
protein, which is the homolog of HSV-1 UL30, possesses
DNA-dependent DNA polymerase activity (33) as well as 3�-5�
exonuclease activity (38). Both these activities are dependent
on salt concentration (11), in a manner very similar to that
observed for the HSV-1 DNA polymerase (22). The UL44
accessory subunit is analogous to the HSV-1 UL42 protein,
which is the processivity subunit of HSV DNA polymerase.
Like HSV-1 UL42, HCMV UL44 has been shown to bind
double-stranded DNA with high affinity and to stimulate the
DNA polymerase activity, possibly by increasing the processiv-
ity of the enzyme (17, 52). Although the HCMV accessory
protein has little sequence homology to UL42 and to the ac-
cessory proteins of other herpesviruses, it has been predicted
to possess a similar “processivity fold” structure (54).

For the HSV-1 UL30/UL42 interaction, there is excellent
evidence that the interaction is essential for viral replication
and thus a valid target for antiviral drugs (13, 14, 48). More-
over, we recently showed that an oligopeptide corresponding
to the C-terminal 27 amino acids (aa) of UL30, when delivered
into HSV-1-infected cells by a protein carrier, is able to inhibit
viral replication by disruption of the UL30/UL42 interaction
(30). This study established proof of principle for blocking the
HSV-1 DNA polymerase subunit interaction as an antiviral
strategy. The observation that antisense inhibition of UL44
synthesis in HCMV-infected cells strongly inhibits viral DNA
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replication (43) highlights the importance of the accessory
protein for virus growth.

UL54 and UL44 have been expressed both in an in vitro-
coupled transcription-translation reticulocyte lysate system
(11) and in insect cells infected with recombinant baculoviruses
(16, 17). However, these approaches, due to low expression
level (11) and relatively low yields and activity of the products
(16), did not provide a reliable source of enzyme suitable for
detailed studies. A functional analysis of the accessory subunit
demonstrated that both the UL54- and the DNA-binding ac-
tivity reside within the N-terminal 309 residues of the UL44
sequence (52). However, the catalytic subunit has not been
subject to such a detailed analysis, nor has the UL44-binding
site been identified.

In this work, we report the recloning of UL54 into a recom-
binant baculovirus and a new purification scheme for baculo-
virus-expressed UL44. Both purified proteins were recovered
in yields sufficient for biochemical analysis. We also report the
characterization of the physical and functional interaction be-
tween the catalytic and accessory subunit of HCMV DNA
polymerase and the identification of peptides from the C ter-
minus of UL54 which can efficiently disrupt the physical inter-
action between UL44 and UL54 and specifically inhibit the
stimulation of UL54 by UL44. These findings could aid the
development of a new strategy for anti-HCMV chemotherapy
based on disruption of the UL54/UL44 interaction.

MATERIALS AND METHODS

Cells and viruses. Spodoptera frugiperda (Sf9) cells were maintained in TC100
medium (Invitrogen Life Technologies) supplemented with 5% (vol/vol) fetal
calf serum (FCS), penicillin (100 U/ml), streptomycin (100 �g/ml) and, neomycin
(50 �g/ml). The Autographa californica nuclear polyhedrosis virus recombinant
P9, expressing UL44 epitope-tagged at the C terminus with the 3-amino-acid
motif EEF, was a gift from P. F. Ertl (GlaxoSmithKline, Stevenage, United
Kingdom).

Recombinant baculovirus expressing HCMV gene UL54 under the control of
the polyhedrin promoter was generated as follows. A 3.7-kb fragment spanning
nucleotides 76863 to 80631 of HCMV DNA (9) and containing the HCMV UL54
open reading frame was amplified by PCR from a cloned copy of the HindIII F
fragment of HCMV strain AD169. The primers used were 5�-ATTATCTAGA
CCGCTATGTTTTTCAACCCG-3� and 5�-TATATCTAGACATCATCACCG
TCCCCAGTCA-3�, which contained XbaI sites (underlined). The PCR-gener-
ated fragment was cleaved with XbaI and initially cloned into the XbaI site of
pUC19. The XbaI fragment was then recloned into the XbaI site of the baculo-
virus transfer vector pAcYMX1 (47) downstream of the polyhedrin promoter to
generate plasmid PY54. The entire XbaI fragment was sequenced to confirm the
presence of the authentic UL54 gene. The transfer plasmid PY54 was cotrans-
fected with Bsu36I-cleaved DNA (Clontech) of the parental baculovirus
AcPAK6 (2) into Sf9 cells and resulting recombinant baculovirus AcUL54
was isolated as described by Kitts et al. (27). The presence of the desired
UL54 gene was confirmed by Southern blot analysis. Preparation and titration
of virus stocks have already been described (8, 35).

Purification of proteins. (i) UL54. UL54 was purified first by phosphocellulose
and then by DNA cellulose chromatography as described previously for the
HSV-1 homolog UL30 (19, 34).

(ii) UL44. For UL44, a new purification scheme was developed that did not
depend on the epitope tag affinity chromatography previously used (17). Sf9 cells
(2.5 � 109) were infected with recombinant baculovirus P9 at a multiplicity of
infection of 10 PFU per cell and harvested 48 h postinfection. Infected cells were
washed three times with cold phosphate-buffered saline (PBS), resuspended in
50 mM HEPES (pH 7.0)–0.25 M NaCl–1% Nonidet P-40 containing protease
inhibitors (Complete protease inhibitor cocktail tablets, Roche Applied Science),
and incubated on ice for 30 min. Insoluble material was removed by centrifuga-
tion for 1 h at 80,000 � g at 4°C. The cell extract was dialyzed extensively against
20 mM HEPES (pH 7.5)–10% glycerol–50 mM NaCl containing protease inhib-
itors (Complete protease inhibitor cocktail tablets; Roche Applied Science).

Protein purification was conducted at room temperature with the assistance of an
AKTApurifier fast protein liquid chromatography system (Amersham Pharmacia
Biotech), and all fractions were collected at 0°C. For the first purification step,
the protein extract was applied to a 10-ml double-stranded DNA cellulose col-
umn (Sigma) equilibrated with 20 mM Tris-HCl (pH 8.0)–50 mM NaCl–0.5 mM
dithiothreitol–0.5 mM EDTA–10% glycerol. Proteins were eluted with a linear
salt gradient from 50 mM to 0.7 M NaCl. The presence of UL44 in column
fractions was determined by sodium dodecyl sulfate–10% polyacrylamide gel
electrophoresis (SDS–10% PAGE) analysis. After dialysis against 20 mM Tris-
HCl (pH 8.0) containing 0.5 mM dithiothreitol, 0.5 mM EDTA, 10% glycerol,
and 50 mM NaCl plus protease inhibitors (Complete protease inhibitor cocktail
tablets; Roche Applied Science), the sample was loaded onto a Mono Q (MQ)
column (HR 5/5; Amersham Pharmacia Biotech) equilibrated with 20 mM Tris-
HCl (pH 8.0)–50 mM NaCl and eluted with a gradient of 50 mM to 0.5 M NaCl
in 20 mM Tris-HCl (pH 8.0). Fractions containing UL44 were pooled and diluted
1 in 10 with 50 mM Tris-HCl (pH 7.0)–1 M ammonium sulfate. The last step of
purification utilized a phenyl-Sepharose hydrophobic interaction column
(RESOURCE PHE; Amersham Pharmacia Biotech). Proteins were eluted with
a 1 M to 50 mM ammonium sulfate gradient in 50 mM Tris-HCl (pH 7.0).
Fractions were analyzed by SDS–10% PAGE, and those containing purified
UL44 were pooled, aliquoted, and stored at �80°C until use.

Oligopeptides. Peptides were synthesized by continuous-flow 9-fluorenylme-
thoxy carbonyl chemistry using standard protocols as previously described (36).
Preparative reverse-phase high-pressure liquid chromatography was used to pu-
rify monomeric peptides (39). The molecular masses of the peptides were de-
termined by matrix-assisted laser desorption–time of flight mass spectrometry
and corresponded to the expected values. Peptides 6 and 19 of UL42 have been
described previously (39). The 27-mer peptide corresponding to residues 1209 to
1235 of HSV-1 UL30 has also been previously described (34). Peptide concen-
trations were confirmed by quantitative amino acid analysis.

UL54-UL44 interaction enzyme-linked immunosorbent assay (ELISA). Micro-
titer wells (Immulon 1; Dynatech) were coated with 0.2 �g of purified UL54 and
blocked with 2% bovine serum albumin (Sigma) in PBS for 1 h. After washing
with PBS containing 0.3% Tween 20, either different amounts of purified UL44
alone (dissolved in PBS) or 0.5 �g of UL44 mixed with peptides (dissolved in 100
mM Tris-HCl [pH 8.0] containing 0.1% Tween 20) was added and incubated for
1 h at 37°C. Following further washes, the wells were incubated with monoclonal
antibody (MAb) YL1/2 (diluted 1:50 in PBS containing 2% FCS) for 1 h at 37°C.
MAb YL1/2, which recognizes the EEF epitope inserted at the C terminus of
UL44 (46), was purchased from Serotec Ltd. Plates were then washed and
incubated with horseradish peroxidase (HRP)-conjugated anti-rat antibody (Sig-
ma) (diluted 1:500 in PBS containing 2% FCS). After the washes, the chromo-
genic substrate 2,2�-azino-bis(3-ethylbenzthiazinzoline-6-sulfonic acid (ABTS;
Dynatech) in citrate phosphate buffer (pH 4.0) containing 0.01% hydrogen
peroxide was added, and absorbance was read at 405 nm on a Multiskan plate
reader (Titertek, ICN Biomedicals).

DNA polymerase assays. Stimulation of UL54 activity by UL44 was measured
by incorporation of [3H]dTTP into either a poly(dA)-oligo(dT) or an activated
calf thymus DNA template. One hundred femtomoles of purified UL54 and 200
to 400 fmol of purified UL44 protein were mixed and preincubated at 37°C for
30 min. The reaction was initiated by addition of a reaction mixture containing
75 mM Tris-HCl (pH 8.0), 6.5 mM MgCl2, bovine serum albumin (400 �g/ml),
1.67 mM �-mercaptoethanol, 150 mM KCl, 1.6 �M [3H]dTTP, and either
poly(dA)-oligo(dT) (10 �g/ml; Amersham Pharmacia Biotech) or activated calf
thymus DNA (125 �g/ml; Amersham Pharmacia Biotech) plus a 40 �M concen-
tration (each) of dATP, dCTP, and dGTP. Samples were taken after 10, 20, and
30 min of incubation at 37°C and spotted onto DE81 filters (Whatman), previ-
ously soaked in 0.1 M EDTA and air dried. The filters were washed three times
in 5% Na2HPO4, two times in water, and two times in methanol and then were
dried. Radioactivity was measured with an LKB 1025 scintillation counter.

DNA precipitation assay. Activated calf thymus DNA (Sigma) was labeled
with 32P, incubated with peptide for 15 min, and then centrifuged to pellet any
DNA-peptide complexes as described (39).

Circular dichroism (CD) spectroscopy. Lyophilized peptides were resus-
pended in water and then diluted in 50 mM phosphate buffer (pH 8.0) or in 20
or 95% (vol/vol) 2,2,2-trifluoroethanol (TFE) (Fluka)–H2O solution at a peptide
concentration of 50 �M. Wavelength scans were recorded with a Jasco J-715
spectropolarimeter at 20°C in a 0.1-cm-path-length cuvette. All spectra were
recorded in the wavelength range 195 to 255 nm using 2-nm bandwidth and 1 s
of time constant at a scan speed of 50 nm/min. The signal-to-noise ratio was
improved by accumulation of at least 10 scans. All spectra are reported in terms
of mean residue molar ellipticity [�]R (degrees � centimeter2 � decimole�1). Data
processing was carried out using a J-700 software package.
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To analyze secondary structure content in peptides, three different methods (3,
10, 20) have been used. The results provided by all the methods were consistent
with each other in the limit of experimental errors.

RESULTS

UL54-UL44 physical interaction. In order to detect the
physical interaction between UL54 and UL44, an interaction
ELISA was developed using proteins purified from insect cells
infected with recombinant baculoviruses. UL54 was purified
according to the procedure previously used for the HSV-1
homolog UL30 (19, 34), which yielded a stable and active
protein. SDS-PAGE analysis of the purified protein demon-
strated the presence of a protein band of the expected molec-
ular mass (Fig. 1A). To provide additional evidence for the
authenticity of the expressed UL54 protein, an antiserum (des-
ignated 144) was raised in rabbits against the C-proximal 15 aa
(residues 1226 to 1240) of the predicted UL54 sequence (9).
The peptide was made as a multiply antigenic peptide (49) with
the structure (HLEPAFLPYSVKAHE)4K3A, as such peptides
have been shown to generate sera with higher antiprotein titers
(36). The antiserum, but not the preimmune serum, reacted
with the expressed protein (data not shown).

For UL44, a new purification scheme was developed that did
not depend on the epitope-tag affinity chromatography pre-
viously used (17). The new procedure involved (i) double-
stranded DNA cellulose, (ii) MQ ion-exchange, and (iii) phe-
nyl-Sepharose hydrophobic interaction chromatography. This
approach for purification of UL44, which is less expensive than
that previously reported (17) but still allows rapid and efficient
isolation of baculovirus-expressed UL44 protein, yielded a
highly pure and stable protein. SDS-PAGE analysis of the
product after each purification step is shown in Fig. 1B.

In the interaction ELISA we developed, UL44 binding to
UL54-coated microtiter wells was detected using MAb YL1/2,

which recognizes the EEF epitope inserted at the C terminus
of UL44 (46). In preliminary experiments, the amount of
UL54, UL44, YL1/2, and anti-rat HRP-conjugated antibody
were optimized. Figure 2 shows that the amount of YL1/2
bound was dependent on both the presence of UL54 and
UL44, since no signal was detected in UL54-uncoated wells
after addition of UL44. The figure also shows that, for amounts
of UL44 up to approximately 1 �g/well, an increase in the
amount of UL44 produced an increase in absorbance and that
the relation between the absorbance and the amount of UL44
added was linear up to 0.8 �g. These results confirm that UL54
and UL44 can form a stable complex and demonstrate that no
other HCMV protein is required for the UL54/UL44 complex
formation.

FIG. 1. Purified UL44 and UL54 preparations. Proteins were expressed in insect cells infected with recombinant baculoviruses and purified by
column chromatography as described in Materials and Methods. Samples after the final step of UL54 purification (A) and after each step of UL44
purification (B) were analyzed on a 5% or 10% polyacrylamide SDS-PAGE gel, respectively. Abbreviations: Mr, marker; Ext, protein extract from
Sf9 cells infected with recombinant baculovirus P9; DC, after double-stranded DNA cellulose column; MQ, after MQ column; PS, after phenyl-
Sepharose column. The position of the proteins (UL54 and UL44) and the molecular masses (in kilodaltons) of the markers are indicated on the
right and left, respectively.

FIG. 2. UL54/UL44 interaction assay. The UL44 protein was added
to microtiter wells precoated with UL54 (0.2 �g) (F) or uncoated wells
(E). Bound UL44 was detected with MAb YL1/2, which was in turn
detected with an HRP-conjugated anti-rat antibody.
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The physical interaction between UL54 and UL44 can be
blocked by peptides from the C terminus of UL54. To inves-
tigate whether the C terminus of UL54 plays a role in the
interaction with UL44, as previously reported for the interac-
tion of HSV-1 homolog UL30 with UL42 (5, 6, 13, 15, 34, 48,
50, 54), overlapping peptides spanning residues 1161 to 1242 of
UL54 (Table 1) were synthesized and tested for inhibition of
the physical interaction between UL54 and UL44 using the
interaction ELISA described above.

Our results indicated that peptide 1, corresponding to the
C-terminal 22 aa of UL54, was the most potent inhibitory
peptide, with a 50% inhibitory concentration (IC50) for inhi-
bition of the UL54/UL44 interaction of 11 �M (Fig. 3A). Of
the other peptides, only peptide 3 showed some degree of
inhibition, even though it was markedly less potent than pep-
tide 1. A peptide slightly shorter than peptide 1 (peptide 6) had
an inhibitory effect similar to that of peptide 1 (Fig. 3B). All
the other peptides did not significantly inhibit the UL54/UL44
interaction (Fig. 3A and data not shown). These results indi-
cate that the C terminus of UL54 plays a role in its physical
interaction with the accessory protein UL44.

The inhibitory UL54 C-terminal peptide possesses two car-
boxy-terminal cysteines that are unusual among the C termini
of herpesvirus DNA polymerases. In order to investigate
whether the two carboxy-terminal cysteines are important for

the disrupting activity of the C-terminal peptide, peptides 7
and 8 were also synthesized, which lack the last one or both the
C-terminal cysteines, respectively. As shown in Fig. 3B, peptide
7 was still inhibitory, but its IC50 was higher than that of
peptide 1. Peptide 8 was still less inhibitory and the highest
concentration of peptide used still left more than half the
activity. Therefore, the C-terminal cysteines are important for
the inhibitory activity of the UL54 peptide, suggesting a role
for these residues in the UL54/UL44 interaction.

Peptides from the C terminus of UL54 specifically inhibit
the stimulation of UL54 activity by UL44. The peptides corre-
sponding to the C-terminal region of UL54 were also tested for
their ability to interfere with the functional interaction of
UL54/UL44. The functional interaction was measured by the
incorporation of [3H]dTTP into a poly(dA)-oligo(dT) or into
an activated calf thymus DNA template. Based on several
experiments, the UL44 protein stimulated the incorporation
activity of UL54 by between 2- and 10-fold with poly(dA)-
oligo(dT) as a template and by between 3- and 10-fold with calf
thymus DNA as a template. One such experiment is shown in
Fig. 4. Peptide 1, corresponding to the C-terminal residues
1221 to 1242 of UL54, inhibited the activity of the UL54/UL44
complex with an IC50 of approximately 20 �M (Fig. 5). At a
concentration of 400 �M, this peptide completely inhibited the
holoenzyme. Similar inhibition was observed using activated

FIG. 3. Inhibition of the physical interaction between UL54 and UL44 by C-proximal and C-terminal UL54 peptides as measured by an
interaction ELISA. (A) Inhibitory activity of peptides corresponding to residues 1221 to 1242 (peptide 1 [F]), 1191 to 1210 (peptide 3 [Œ]), and
1161 to 1180 (peptide 5 [■ ]) of UL54. (B) Inhibitory activity of peptides corresponding to residues 1221 to 1242 (peptide 1 [F]), 1223 to 1242
(peptide 6 [E]), 1221 to 1241 (peptide 7 [}]), and 1221 to 1240 (peptide 8 [�]) of UL54.

TABLE 1. Peptides used in this study

Peptide
no.

Corresponding
residues in UL54 Sequence IC50

a

(�M)

1 1221–1242 LPRRLHLEPAFLPYSVKAHECC 11
2 1206–1225 PGGETARKDKFLHMVLPRRL �500
3 1191–1210 EQVLKAVTNVLSPVFPGGET 280
4 1176–1195 YVREHGVPIHADKYFEQVLK �500
5 1161–1180 PPSAVCNYEVAEDPSYVREH �500
6 1223–1242 RRLHLEPAFLPYSVKAHECC 20
7 1221–1241 LPRRLHLEPAFLPYSVKAHEC 75
8 1221–1240 LPRRLHLEPAFLPYSVKAHE �500

a Concentration of peptide required to reduce UL44 binding by 50%.
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calf thymus DNA as a template (data not shown). The inhib-
itory effect was peptide-specific, since a control peptide corre-
sponding to the C-terminal residues 1209 to 1235 of HSV-1
UL30 had no effect on the HCMV enzyme (Fig. 5). In addi-
tion, HCMV peptide 1 did not inhibit DNA synthesis activity
of HSV-1 UL30/UL42 complex (data not shown). Surprisingly,
peptide 5, which was inactive in the physical interaction assay
(Fig. 3), was strongly inhibitory in the functional assay (IC50 of
approximately 15 �M, Fig. 5). All the other peptides showed
no significant inhibitory activity (IC50 � 500 �M; data not
shown).

To investigate whether the HCMV peptides might inhibit
the HCMV polymerase by inhibiting the activity of the catalytic
subunit rather than its interaction with UL44, we tested the
effect of the peptides on incorporation of [3H]dTTP into the
poly(dA)-oligo(dT) template by UL54 alone. Peptide 1 only
weakly inhibited the catalytic subunit with an IC50 of approx-
imately 400 �M (Fig. 6), a value 20-fold higher than that
observed for the holoenzyme (Fig. 5). Peptide 5 also showed
no significant inhibitory activity on UL54 alone (data not
shown). We conclude that inhibition of the UL54/UL44 activ-
ity is not due to inhibition of the catalytic subunit.

In order to determine whether the peptides interfered with
the functional interaction of UL54 and UL44 by binding to and

sequestering DNA template, their ability to precipitate DNA
was tested using peptide concentrations of 100 �M. The results
are shown in Table 2. Peptides 6 and 19 from UL42 were used
as controls and, as previously reported (39), peptide 19 pre-
cipitated DNA, whereas peptide 6 did not. Neither peptide 1
nor peptide 5 from C terminus of HCMV UL54 precipitated
DNA at the concentration tested. We conclude that these
UL54 C-terminal and -proximal peptides do not interact with
DNA and thus their inhibitory effect on HCMV DNA poly-
merase activity is not mediated by sequestering the template.

Analysis of the secondary structure of the UL54 C-terminal
peptide. CD and nuclear magnetic resonance studies on UL30
C-terminal peptides indicated that these peptides are partially
helical and suggested that C terminus of HSV-1 Pol could fold
into a helix-loop-helix structure (5, 15). We therefore investi-

FIG. 4. Stimulation of the activity of the catalytic subunit UL54 by
the polymerase accessory protein UL44. The effect of UL44 on UL54
activity was examined by measuring incorporation of [3H]dTTP into
two different templates: poly(dA)-oligo(dT) (A) and activated calf
thymus DNA (B). Symbols: ■ , no protein; F, UL54; Œ, UL54 � UL44.
Error bars show standard deviations.

FIG. 5. Inhibition of the UL54-UL44 functional interaction by C-
terminal UL54 peptides. Effect of synthetic peptides on incorporation
of [3H]dTTP into a poly(dA)-oligo(dT) by UL54/UL44 complex was
tested. The peptides correspond to residues 1221 to 1242 (■ ) and
residues 1161 to 1180 (F) of HCMV UL54. A peptide corresponding
to C-terminal 27 residues of HSV-1 UL30 (aa 1209 to 1235 [Œ]) was
used as a control. The graph shows the average of data from three
independent experiments together with the standard deviation (error
bars).

FIG. 6. Effect of the UL54 C-terminal peptide on activity of the
catalytic subunit of HCMV DNA polymerase. The incorporation of
[3H]dTTP into a poly(dA)-oligo(dT) template by UL54 alone was
measured in the presence of different concentrations of peptide 1,
corresponding to residues 1221 to 1242 of UL54. Symbols: Œ, no
peptide; ■ , 12.5 �M; ‚, 25 �M; F, 50 �M; E, 100 �M; �, 200 �M; ƒ,
400 �M.
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gated whether the UL54 C-terminal peptide possesses a similar
secondary structure.

The CD spectrum of peptide 1 in aqueous solution showed
a profile characteristic of a mostly random coil conformation
(26), with a weak maximum at 218 nm and an intense minimum
at 195 nm (Fig. 7A, dotted line). However, on the basis of the
Chou-Fasman theoretical methods for secondary structure
prediction, a few residues of both the N and C terminus of

UL54 peptide were expected to be helical, while the central
part of the sequence had higher probability to give turn rather
than helix as a consequence of the presence of two proline
residues in this region. Therefore, in an attempt to determine
whether the UL54 C-terminal peptide could adopt an ordered
structure, we investigated the conformational properties of
peptide 1 in TFE, a secondary structure-inducing solvent. TFE
is the most commonly used agent for stabilizing 	-helical struc-
ture in peptides (29, 44). This solvent does not induce second-
ary structure indiscriminately, but regions of the polypeptide
chain that are helical in the native state are stabilized prefer-
entially (25, 37, 45). In light of these issues, we studied the
effect of increasing amount of TFE on the chiroptical proper-
ties of peptide 1.

The CD spectrum of peptide 1 in 20% (vol/vol) TFE–water
showed a partially ordered structure (Fig. 7A, dashed line),
with a helical content of 
14%. The helicity of the peptide
increased upon further addition of TFE, reaching a maximum
in 95% (vol/vol) TFE–water (Fig. 7A, solid line). Under this
condition, a helical content of 
38% was estimated, which
approximately corresponds to 8 residues being involved in such

FIG. 7. Analysis of the structure of UL54 inhibitory peptide. CD spectra of peptide 1 (A), corresponding to residues 1221 to 1242 of HCMV
UL54, of a 27-mer peptide corresponding to residues 1209 to 1235 of HSV-1 UL30 (B) and of peptide 7 (C) and peptide 8 (D), corresponding
to residues 1221 to 1241 and 1221 to 1240 of HCMV UL54, respectively. CD spectra of peptides in 50 mM phosphate buffer (pH 8.0) (dotted line),
in 20% (vol/vol) TFE–water (dashed line), and in 95% (vol/vol) TFE–water (solid line) are reported. Double minima at 222 and 208 nm and a
maximum at 192 nm are characteristic of 	-helix spectra, while a weak maximum at 215 nm and an intense minimum at 195 nm are characteristic
of random coils (26).

TABLE 2. Precipitation of DNA by peptides

Peptide Description
% DNA remaining

in solution
(mean � SD)

None 100a

19b Residues 89–102 of HSV-1 UL42 4 � 1
6b Residues 23–28 of HSV-1 UL42 109 � 10
1 Residues 1221–1242 of HCMV UL54 98 � 9
5 Residues 1161–1180 of HCMV UL54 102 � 9

a The radioactivity remaining in solution in the absence of peptide was 42,098
cpm/10 �l.

b Peptides previously described by Owsianka et al. (39).
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conformation. The degree of helicity of peptide 1 did not vary
substantially over the concentration range of 10 to 100 �M
(data not shown), suggesting that the peptide does not aggre-
gate in solution. CD spectra of peptide 7 and peptide 8 (Fig. 7C
and D), which lack the last or both the two C-terminal cys-
teines, respectively, showed levels of 	-helix substantially sim-
ilar to those of peptide 1, suggesting that the deletion of the
C-terminal cysteines does not cause a significant structural
change in peptide 1 structure.

For a comparison, CD spectra of a peptide corresponding to
the C-terminal 27 residues of UL30 were recorded under the
same conditions. In aqueous solution, such a peptide is not
completely random, showing a helical content of 11% (Fig. 7B,
dotted line). As observed for the UL54 C-terminal peptide, the
helicity of UL30 peptide increases upon addition of TFE, with
33 and 70% of 	-helical content in 20% and 95% TFE–water,
respectively (Fig. 7B, dashed and solid line).

DISCUSSION

In this work we show the inhibition of HCMV DNA poly-
merase by peptides that mimic the binding site of the catalytic
subunit, UL54, to the accessory protein, UL44. To our knowl-
edge, this is the first report demonstrating successful inhibition
of HCMV DNA polymerase by disruption of the interaction
between the two enzyme subunits. Although this new antiviral
strategy has been already proposed for inhibition of HSV-1
DNA polymerase by Marsden and coworkers (30, 32, 34) and
others (5, 6, 15), no evidence existed that a similar strategy
could be feasible also for the HCMV DNA polymerase. There-
fore, we decided to investigate the HCMV Pol-UL44 interac-
tion both for mechanistic information and because we believe
that it could be an attractive target for antiviral drugs.

In order to localize the UL44-binding site on HCMV Pol,
overlapping peptides spanning C-terminal region of UL54
were synthesized and tested for inhibition of the interaction
between UL54 and UL44 by two independent methods. First,
we investigated the importance of sequences within the ex-
treme C terminus of UL54 in its physical interaction with UL44
by means of an interaction ELISA. We found that a peptide
corresponding to the C-terminal 22 aa of UL54 (residues 1221
to 1242) blocked the physical interaction between the two
proteins. The concentration of peptide required to inhibit the
UL54/UL44 physical interaction by 50% was approximately 11
�M, a value comparable to that observed, 2 to 30 �M, for
inhibition of the HSV-1 UL30/UL42 interaction by UL30 C-
terminal peptides (15, 34). Interestingly, the UL54 C terminus
presents two carboxy-terminal cysteines which are unusual
among herpesvirus DNA polymerases and are important for
the inhibitory activity of the peptide. Removal of one cysteine
from the extreme C terminus of peptide 1 diminished the
capability of the peptide to interfere with the physical interac-
tion between HCMV Pol and UL44, while deletion of the two
cysteines substantially impaired the inhibitory activity of the
peptide, while having no effect on peptide structure as evi-
denced by CD spectroscopy. These results strongly suggest that
these residues of UL54 are directly involved in the interaction
with UL44, whether by binding to UL44 directly, or by inter-
action with some other region of UL54 to stabilize a structure
within UL54 itself that can then bind to UL44. Nevertheless,

although the extreme C terminus of UL54 seems to be highly
important for binding to UL44, upstream residues may still
play a role.

Next, we analyzed the ability of the peptides spanning the
UL54 C-terminal region to inhibit enzyme activity in vitro. The
results demonstrated that the C-terminal 22-mer also efficiently
inhibits the UL54/UL44 functional interaction. The concentra-
tion of C-terminal peptide required to inhibit HCMV Pol/
UL44 activity by 50% was very similar to the IC50 for inhibition
of the physical interaction (20 versus 11 �M). Inhibition of the
HCMV Pol/UL44 activity by C-terminal peptide appeared to
be specific since at concentration as high as 1 mM, the HCMV
peptide did not inhibit the HSV-1 Pol/UL42 interaction (data
not shown), and a peptide corresponding to the 27 C-terminal
residues of HSV-1 Pol (aa 1209 to 1235) did not inhibit the
HCMV Pol/UL44 interaction. The observation that the HCMV
peptide 1 inhibited the functional UL54/UL44 interaction is
most simply interpreted by the direct involvement of the cor-
responding regions of UL54 in UL44 binding. Our data indi-
cate that inhibition of the functional interaction was not due to
the peptide binding to the DNA template, nor was it a conse-
quence of the peptide inhibiting HCMV Pol in the absence of
UL44.

A surprising finding was that a peptide comprising residues
1161 to 1180 of UL54 (peptide 5) also inhibited the activity of
the HCMV Pol/UL44 complex (IC50 15 �M), having no sig-
nificant effect on the physical interaction. The mechanism of
inhibition of HCMV DNA polymerase by peptide 5 remains to
be explained, since we found no evidence that the inhibitory
effect was due to dissociation of the UL54/UL44 interaction,
binding to DNA, or inhibition of UL54 catalytic activity. We
speculate that following interaction with UL44, UL54 under-
goes some conformational change that cannot occur in the
presence of peptide 5. Peptide 5 corresponds to a C-proximal
region of UL54 which not only shares considerable sequence
homology with corresponding regions of other herpesvirus
DNA polymerases (1), but also contains a highly conserved
motif, (N/-)(Y/-)(E/D/Q)X(A/S)EDPX(Y/H/F)(V/A)XX
(H/N/L), corresponding to residues 1167 to 1180 (in which X is
any amino acid and a dash indicates the absence of an amino
acid), found also in eukaryotic DNA polymerase � (4, 24). Such
conserved features make very unlikely that such a peptide or
peptidomimetic derivatives could represent the basis for clin-
ically useful compounds, since they are unlikely to be specific
for the viral enzyme.

Our findings on the interaction between HCMV Pol and
UL44 highlight several features that are reminiscent of the
interaction between HSV-1 Pol and UL42. First, the extreme C
terminus of HCMV Pol is crucial for interacting with UL44, as
is the C terminus of HSV-1 for its interaction with UL42.
Remarkably, despite this functional analogy of the carboxy
terminus of HCMV Pol to that of HSV-1 Pol, there is almost
no sequence homology, and neither the HSV-1 nor the HCMV
catalytic subunits are stimulated by the noncognate accessory
protein (data not shown). This provides an interesting example
of evolution of protein-protein interactions. Noteworthy, the
extreme C-terminal region of HCMV Pol is not highly con-
served among any other herpesvirus or cellular DNA polymer-
ase, making it particularly attractive as a starting point for the
de novo design of new specific anti-HCMV drugs. Second, the
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C-terminal region of UL54 can fold into a helical structure, as
already reported for the C terminus of HSV-1 UL30 (5, 54). In
fact, CD spectroscopy of peptide 1 in TFE-water indicated that
it has some propensity to adopt a partially 	-helical structure.
The helicity of the peptide was apparently independent of
peptide concentration suggesting that it is monomeric, as was
found for the C-terminal UL30 peptides (15). Although we
cannot exclude the possibility that the C-terminal 22 residues
of HCMV Pol fold into a different conformation in the intact
protein, it would be surprising if the 	-helical character of the
region was not preserved. In fact, a comparison of the nuclear
magnetic resonance results on the UL30 C-terminal peptides
(5) with the crystal structure of an UL30 C-terminal peptide
bound to UL42 (54), indicates that also this peptide is less well
ordered in solution and becomes better ordered upon binding
with UL42. Third, we recently demonstrated the presence of a
functional nuclear localization signal, RRLHL, corresponding
to residues 1223 to 1227 of HCMV UL54, within the C-termi-
nal inhibitory peptide, and a functionally equivalent sequence,
corresponding to residues RRMLHR, was found also in the C
terminus of the catalytic subunit UL30 of HSV-1 (31). Fourth,
like HSV-1 UL42, HCMV UL44 is a DNA-binding protein
(18) that is essential for viral replication (40, 43), specifically
associates with Pol, and stimulates long-chain DNA synthesis
(17, 52). The Pol- and DNA-binding activities of UL44 reside
within the N-terminal two-thirds; as well as for UL42, the C
terminus is dispensable (52). Fold recognition programs pre-
dict that the overall structure of HCMV UL44 resembles that
of UL42, again despite a lack of sequence homology (54).

Taken together, these observations indicate that HCMV Pol
and UL44 most likely interact in a way which is analogous to
that of HSV-1 Pol and UL42, suggesting that the UL54/UL44
interaction could be an excellent target for the development of
new drugs as well as the UL30/UL42 interaction. A route to
rational drug design stems from our identification of a peptide
that specifically inhibits DNA synthesis by HCMV DNA poly-
merase. This finding heralds the prospect that such a peptide,
or shorter derivatives, could form the basis for the synthesis of
peptidomimetics that inhibit HCMV replication. Encourage-
ment for this approach has come from recent studies based on
mutational and calorimetric analysis of UL30/UL42 interac-
tion (5, 6), suggesting that disruption of one or a few hydrogen
bonds, which could be accomplished by a small molecule, is
sufficient to disrupt the interaction. This suggestion found re-
cent support with the identification of small inhibitory mole-
cules able to block this functional interaction in vitro as well as
virus replication (B. D. Pilger, C. Cui, and D. M. Coen, per-
sonal communication). It is our hope that this route will lead to
the discovery of clinically useful anti-HCMV drugs and will
suggest similar strategies for inhibiting other herpesvirus DNA
polymerases or, more in general, other viral targets (32).
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