
JOURNAL OF VIROLOGY,
0022-538X/01/$04.00�0 DOI: 10.1128/JVI.75.19.9077–9086.2001

Oct. 2001, p. 9077–9086 Vol. 75, No. 19

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

A Novel Nonnucleoside Inhibitor Specifically Targets Cytomegalovirus
DNA Maturation via the UL89 and UL56 Gene Products

IRIS BUERGER,1 JUERGEN REEFSCHLAEGER,1 WOLFGANG BENDER,2 PETER ECKENBERG,2

ANDREAS POPP,3 OLAF WEBER,1† SASCHA GRAEPER,4‡ HANS-DIETER KLENK,5

HELGA RUEBSAMEN-WAIGMANN,1 AND SABINE HALLENBERGER1*

Antiinfective Research, Virology,1 Medicinal Chemistry,2 and Pharmacological Pathology,3 Business Group Pharma,
Bayer AG, D-42096 Wuppertal, Institute of Medical Microbiology and Immunology, University of Bonn,

D-53127 Bonn,4 and Institute of Virology, University of Marburg, D-35037 Marburg,5 Germany

Received 4 April 2001/Accepted 30 June 2001

3-Hydroxy-2,2-dimethyl-N-[4({[5-(dimethylamino)-1-naphthyl]sulfonyl}amino)-phenyl]propanamide (BAY
38-4766) is a novel selective nonnucleoside inhibitor of cytomegalovirus (CMV) replication with an excellent
safety profile. This compound and structural analogues inhibit neither viral DNA synthesis nor viral tran-
scription and translation. Accumulation of dense bodies and noninfectious enveloped particles coincides with
inhibition of both concatemer processing and functional cleavage at intergenomic transitions, pointing to
interference with viral DNA maturation and packaging of monomeric genome lengths. Resistant virus popu-
lations, including a murine CMV (MCMV) isolate with 566-fold-decreased drug sensitivity, were selected in
vitro. Sequencing of the six open reading frames (ORFs) known to be essentially involved in viral DNA cleavage
and packaging identified mutations in ORFs UL56, UL89, and UL104. Construction of MCMV recombinants
expressing different combinations of murine homologues of mutant UL56, UL89, and UL104 and analysis of
drug susceptibilities clearly demonstrated that mutant ORFs UL89 exon II (M360I) and M56 (P202A I208N)
individually confer resistance to BAY 38-4766. A combination of both mutant proteins exhibited a strong
synergistic effect on resistance, reconstituting the high-resistance phenotype of the in vitro mutant. These
findings are consistent with genetic mapping of resistance to TCRB (2,5,6-trichloro-1-�-D-ribofuranosyl benz-
imidazole) (P. M. Krosky et al., J. Virol. 72:4721–4728, 1998) and provide further indirect evidence that
proteins encoded by UL89 and UL56 function as two subunits of the CMV terminase. While these studies also
suggest that the molecular mechanism of BAY 38-4766 is distinct from that of benzimidazole ribonucleosides,
they also offer an explanation for the excellent specificity and tolerability of BAY 38-4766, since mammalian
DNA does not undergo comparable maturation steps.

Human cytomegalovirus (HCMV), a member of the Herpes-
viridae family, is of minimal consequence in immunocompetent
persons but causes significant morbidity and mortality in im-
munocompromised patients (1). HCMV is frequently transmit-
ted perinatally and is the leading cause of neurological disease
and hearing loss in congenitally infected newborns (3). Prior to
the advent of highly active retroviral therapy, retinitis and
life-threatening disease occurred in HCMV patients with late-
stage AIDS as a consequence of primary infection or reactiva-
tion of latent infection (29, 40). Approximately 15 to 70% of
kidney, liver, bone marrow, and heart/lung transplant recipi-
ents are affected by HCMV hepatitis and pneumonia, result-
ing in decreased graft and patient survival (21). Additionally,
HCMV infection might be involved in the development of ath-
erosclerosis (26, 45) and restenosis following angioplasty (58).

Current systemic chemotherapy of HCMV infection is lim-
ited to ganciclovir (GCV) (17), cidofovir (CDV) (34), and fos-
carnet (15). Despite strong antiviral potential, these drugs are

associated with poor oral bioavailability, multiple side effects
such as dose-limiting bone marrow and kidney toxicity, and
development of single- and double-drug resistance (22, 25, 50).
All of these drugs inhibit viral replication through interaction
with the virally encoded DNA polymerase (20, 28, 39), leading
to potential cross-resistance. The antisense phosphorothioate
deoxyoligonucleotide Fomivirsen, recently developed for the
treatment of HCMV retinitis (4), can only be applied intravit-
really, so that a high medical need for the discovery of novel
HCMV inhibitors with unique mechanisms of action still exists.

3-Hydroxy-2,2-dimethyl-N-[4({[5-(dimethylamino)-1-naph-
thyl]sulfonyl}amino)-phenyl]propanamide (BAY 38-4766) is
a novel selective nonnucleoside inhibitor of cytomegalovirus
(CMV) replication that specifically targets cleavage of viral
high-molecular-weight DNA concatemers and packaging of
monomeric genome lengths into procapsids.

The maturation of Herpesviridae is a multistep process that
has been only partially characterized (54). Current evidence
suggests that viral DNA is packaged into a procapsid consisting
of major capsid protein (UL86), minor capsid protein (UL85),
minor capsid protein-binding protein (UL46), smallest capsid
protein (UL47/48), assembly protein (UL80.5), and proteinase
precursor protein (UL80a) (23). The translocation of concat-
enated viral DNA into procapsids and its cleavage at packaging
sites is not understood. Recent studies with herpes simplex
virus type 1 (HSV-1) mutants defective in UL6, UL15, UL25,

* Corresponding author. Present address: Bayer Corporation,
Pharmaceutical Division, Cancer Research, West Haven, CT 06516-
4175. Phone: (203) 812-2922. Fax: (203) 812-5467. E-mail: Sabine
.Hallenberger.b@bayer.com.

† Present address: Bayer Corporation, Pharmaceutical Division,
Cancer Research, West Haven, CT 06516-4175.

‡ Present address: Aventis Pharma AG, D-60486 Frankfurt am
Main, Germany.

9077



UL28, UL32, or UL33 suggest that these genes are essentially
involved in viral DNA cleavage and packaging, since cells in-
fected with these mutants produce only B capsids (2, 5, 35, 36,
41, 46, 52, 56). The respective homologues of these genes in
HCMV are UL104, UL89, UL77, UL56, UL52, and UL51
(14). By analogy to gp17, a known ATP-dependent endonucle-
ase from bacteriophage T4 (7, 8), the HCMV UL89 gene may
encode an endonucleolytic subunit of a putative HCMV ter-
minase. Recent studies by Bogner et al. (12) suggest that the
gene product of HCMV open reading frame (ORF) UL56 has
specific nuclease activity that cleaves substrates bearing the a
sequence, as well as specific binding affinity to packaging ele-
ments.

MATERIALS AND METHODS

Viruses, cells, and drugs. The HCMV laboratory strain AD169 (ATCC catalog
no. VR 538; American Type Culture Collection, Manassas, Va.) and the clinical
isolate Hellebrand (He) (A. Eis, Department of Microbiology, University of
Bonn, Bonn, Germany) were propagated on human embryonic lung fibroblasts
(HELF), normal human dermal fibroblasts (NHDF; CellSystems, St. Katharinen,
Germany), or human newborn embryonic foreskin fibroblasts (HS68 cells;
ATCC no. CRL 1635), passages 5 to 30. HELF and NHDF were cultivated in
Eagle’s minimal essential medium (EMEM) supplemented with 1% (vol/vol)
L-glutamine (200 mM; 29.2 mg/ml), 1% (vol/vol) penicillin-streptomycin (10.000
U of penicillin and 10,000 �g of streptomycin/ml in physiological saline), and
10% (vol/vol) fetal calf serum (FCS), referred to below as EMEM/10. HS68 cells
were cultivated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% (vol/vol) FCS (DMEM/10). Murine CMV (MCMV) strain Smith
(ATCC no. VR 194) was propagated on NIH 3T3 cells (ATCC no. CRL 1658)
maintained in EMEM/10. The following reference drugs were used: intravenous
formulations of Cymevene (GCV) from Syntex, Foscavir (foscarnet) from Astra,
and Vistide (CDV) from Gilead as 50 mM solutions in 0.9% saline. (1R-1�, 2�,
3�)-9-(2,3-bis-hydroxymethylcyclobutyl)guanine (lobucavir [LBV]) was a gift
from Bristol-Myers-Squibb (BMS 180194); 5,6-dichloro-2-isopropylamino-1-�-L-
ribofuranosyl-1H-benzimidazole (benzimidavir) was provided by U. Groth (Kon-
stanz, Germany); and 2-bromo-5,6-dichloro-1-�-D-ribofuranosyl benzimidazole
(BDCRB), BAY 38-4766, and its close structural analogues were synthesized at
Medicinal Chemistry (Bayer AG, Wuppertal, Germany). The last four com-
pounds were used as 50 mM solutions in dimethyl sulfoxide.

RNA isolation and Northern blot analyses. Confluent monolayers of HELF
were infected with HCMV AD169 at a multiplicity of infection (MOI) of 1. After
removal of the viral inoculum, cells were washed twice with EMEM/10 and once
with medium containing Cytoglobin (1:100) to inactivate nonadsorbed viruses
(Bayer AG). At 24 and 72 h postinfection (p.i.), total cellular RNAs were isolated
using the RNeasy kit (Qiagen, Hilden, Germany) as instructed by the manufac-
turer. Total RNA (2.5 �g per lane) was size fractionated under denaturing
conditions, transferred to a nylon membrane, and hybridized as described pre-
viously (24). An RNA probe specific for UL99 was generated as described under
“Hybridization probes” below, and luminescence was detected as described pre-
viously (24).

Electron microscopy and ultrastructural investigation. HS68 cells were
seeded on 4-well Lab-Tec chamber slides and grown to confluency. Following
infection with HCMV AD169 at an MOI of 1, untreated control cells and cells
treated with 0.67 �M BAY 36-8888 were cultivated for 3 to 4 days. In order to
harvest cells, culture medium was replaced by 2% glutaraldehyde fixative in
phosphate-buffered saline. Samples were stored at 4°C until further preparation.
Primary fixation was followed by secondary fixation in a 2% osmium tetroxide-
buffer mixture, followed by dehydration and subsequent embedding in Epon. For
orientation within the cells, 1-�m semithin sections were prepared and stained by
Richardson’s method (methylene blue). Additionally, blocks were trimmed for
ultrathin sections and contrasted with uranyl acetate and lead citrate. Examina-
tion was performed with a Philips electron microscope.

Pulsed-field gel electrophoresis and Southern blot analyses. HELF were in-
fected with HCMV AD169 at an MOI of 1 and cultivated in the presence of
either BAY 38-4766 at 0.5, 1, 5, or 25 �M or BDCRB at 25 �M. At 3 to 4 days
p.i., cells were washed twice in phosphate-buffered saline buffer and embedded
in agarose plugs. Blocks were incubated twice for 24 h at 50°C in 1 ml of ESP
buffer (0.5 M EDTA [pH 9.5], 1% sodium lauryl sarcosine, 0.1% proteinase K),
washed three times for 2 h in 15 ml of TE buffer (0.1 M Tris-Cl [pH 8], 1 mM

EDTA), and stored at 4°C until use. Fractions of agarose plugs were loaded onto
a 1% agarose gel. Lambda phage DNA concatemers (New England Biolabs,
Frankfurt am Main, Germany) were used as molecular size standards. Electro-
phoretic separation was performed on a CHEF-DRII system (Bio-Rad, Munich,
Germany) at a constant voltage of 200 V for 22 h at 14°C in 0.5� Tris-borate-
EDTA buffer (pH 8.2) with pulse times increasing linearly from 5 to 70 s.
Subsequently, DNA was immobilized on nylon membranes and probed with
HindIII-digested genomic HCMV DNA entirely labeled with digoxigenin (DIG).
Blot propagation and detection were performed according to the user’s guide for
the DIG system for filter hybridization (Roche, Mannheim, Germany).

Functional viral DNA cleavage assay. NIH 3T3 cells were infected with
MCMV strain Smith at an MOI of 0.05 and maintained at 0, 0.03, 0.06, or 0.5 �M
BAY 38-4766, or 100 �M GCV, for 3 to 4 days. After three cycles of freeze-
thawing of infected cells, the supernatant was harvested and cell debris was
removed by low-speed centrifugation (1,000 � g, 10 min, 4°C). High-molecular-
weight protein-DNA-complexes were collected by ultracentrifugation for 1 h at
45,000 � g and 4°C. Pellets were resuspended using a Potter-Elvehjem homog-
enizer and further purified by a centrifugation step through a discontinuous
gradient of 15 and 40% sucrose for 1 h at 150,000 � g and 4°C. To extract viral
DNA, the Qiagen Blood and Cell Culture DNA kit was used according to the
manufacturer’s instructions. DNA was quantified by dot blot hybridization using
a DIG-labeled DNA probe of the MCMV HindIII M subfragment. Viral DNA
(0.5 �g per lane) was digested with 20 U of BglII overnight, size fractionated on
a 0.6% agarose gel by electrophoresis, and analyzed by Southern blotting.
Cleaved and uncleaved terminal DNA fragments were visualized by a DIG-
labeled MCMV HindIII N subfragment.

Hybridization probes. Full-length UL99 cDNA amplified by PCR was purified
and cloned into the pGEM9Zf(�) vector (Promega, Mannheim, Germany). An
RNA hybridization probe was generated in vitro as a runoff transcript from
template UL99 using the DIG-RNA labeling kit (Roche). For synthesis of a
random-labeled HCMV AD169 probe, DNA was purified from extracellular
virus particles as described under “Preparation of viral DNA and sequencing
analyses” below and disintegrated by HindIII treatment, followed by phenol-
chloroform extraction (49). Template subfragments of the MCMV HindIII M
fragment and the HindIII N fragment cloned into pGEM7Zf(�) (19) were
obtained by digestion of constructs with HindIII/BamHI and HindIII/AflII, re-
spectively, and gel extraction (QiaQuick gel extraction kit; Qiagen). Random-
labeling of DNA probes was performed with the DIG High Prime kit (Roche).
All probes were diluted in hybridization buffer to a final concentration of 10
ng/ml.

Selection of BAY 35-5014-resistant HCMV AD169, BAY 38-4766-resistant
HCMV He, and BAY 38-4766-resistant MCMV Smith. A modification of a
previously described procedure was used (53). Drug-resistant HCMV strains
were selected by infecting confluent HELF monolayers with HCMV strains
AD169 and He at an MOI of �0.05. Selection was initiated in the presence of
BAY 35-5014 and BAY 38-4766, respectively, starting at 50% effective concen-
trations (EC50). Two populations of resistant viruses (termed AD169-rt and
He-rt) were isolated by serial passages of progeny virus from the culture overlay
medium in the presence of increasing compound concentrations (twofold steps)
to a final concentration of 15 �M. In addition, a BAY 38-4766-resistant MCMV
strain Smith (termed MCMV-rt) was serially passaged on NIH 3T3 cells (MOI,
�0.005) to a final inhibitor concentration of 25 �M. The resistant populations of
HCMV and MCMV grew at concentrations �50- and �500-fold above the EC50,
respectively. Derived progeny viruses were plaque purified three times by limit-
ing dilution in the presence of the respective compounds. The stability of resis-
tance was tested by serial passages of plaque-purified viruses without selective
pressure (10 to 12 times).

Preparation of viral DNA and sequencing analyses. AD169-rt, He-rt, and
MCMV-rt were propagated on confluent monolayers of NHDF (MOI, �0.01)
and NIH 3T3 cells (MOI, �0.001), respectively. After 100% cytopathic effect was
reached, released virions were collected by differential centrifugation, and viral
DNA was extracted from ultracentrifugation pellets according to the protocol for
the functional viral DNA cleavage assay described above. ORFs UL51, UL52,
UL56, UL77, UL89, and UL104, and the respective MCMV homologues, were
amplified by PCR from DNA of resistant and wild-type strains using PfuTurbo
DNA polymerase (Stratagene, Amsterdam, The Netherlands) according to stan-
dard protocols. PCR products were purified using the QiaQuick PCR purifica-
tion kit (Qiagen). Double-stranded sequencing was performed by Qiagen, and
data were evaluated with Align Manager (Scientific and Educational Software,
Durham, N.C.). A complete list of primers, PCR constituents, and cycles is
available on request. Nucleotide and amino acid sequences were obtained from
GenBank, National Center for Biotechnology Information, Bethesda, Md.

9078 BUERGER ET AL. J. VIROL.



Generation of lacZ-tagged MCMV recombinants expressing mutant M89
and/or mutant M104. A cosmid library was constructed as described previously
(30). MCMV Smith DNA was extracted from extracellular virions, partially
digested with Sau3A and was ligated to prepared arms of cosmid vector Super-
Cos A1 (Stratagene), which had been modified by insertion of an oligonucleotide
linker incorporating PmeI recognition sequences (italicized) flanking a unique
BamHI site (boldfaced) (5�-GATCGTTTAAACGGATCCGTTTAAAC-3�) into
the original BamHI site. For cloning of intergenomic transitions, circular virus
DNA was separated from nuclei of infected NIH 3T3 cells by high-salt precip-
itation (27). Cosmid clones comprising genome transitions were identified in a
colony screen using a DIG-labeled MCMV HindIII N subfragment. From a
library of 37 characterized clones, a set of seven cosmids reconstituting the
complete genome was chosen (C15, nucleotides [nt] 2950 to 44019; B41, nt 28710
to 72510; D44, nt 45430 to 87370; D17, nt 84330 to 123860; C41, nt 117260 to
160770; B47, nt 158980 to 202330; and E39, nt 199060 to 6300).

To construct the mutagenesis plasmid, the tetracycline gene was excised from
vector pBR322 (New England Biolabs) by StyI/EcoRI digestion and cloned into
the FspI site of the shuttle plasmid pST76K-SR, a derivative of pST76K (47),
thereby disrupting the kanamycin resistance gene and resulting in pST76K-SR-T.
A complete reporter gene recombination cassette comprising the lacZ gene of
control vector pSV-�-galactosidase (Promega) flanked with MCMV DNA se-
quences homologous to the intended integration site on the target cosmid (nt
186748 to 189836 and nt 189836 to 191947) was transferred to the I-SceI site of
pST76K-SR-T.

Mutagenesis of cosmid B47 was performed by a two-step replacement proce-
dure in Escherichia coli as described previously (13, 42). E. coli bacteria that
already contained cosmid clone B47 were transformed with the mutagenesis
plasmid, and selection steps for formation of cointegrates were performed at
43°C on Luria-Bertani agar plates containing tetracycline and ampicillin at 10
�g/ml each. Mutant cosmids were selected at 30°C on fresh Luria-Bertani agar
plates supplemented with ampicillin at 25 �g/ml, 5% sucrose, and 5-bromo-4-
chloro-3-indolyl-�-D-galactopyranoside (X-Gal) (80 �g/ml).

Gaps around nt 132582 and nt 149399 to 149404 were created by subcloning of
cosmid clones as follows. A C41 FspI fragment (nt 122542 to 132026), a C41
BsmI fragment (nt 134533 to 139709), an A2 RsrII fragment (nt 138944 to
148510), and a C21 PmeI/AvrII fragment (nt 151030 to 161414) were excised
from parental cosmids and cloned into the pCR-blunt vector (Invitrogen, Gro-
ningen, The Netherlands). MCMV sequences with homology to the gene regions
nt 129987 to 135128 and nt 146796 to 151914 were synthesized via PCR from
wild-type and BAY 38-4766-resistant MCMV templates, respectively, in a vol-
ume of 50 �l including 25 ng of DNA, deoxynucleoside triphosphates at 500 �M
each, primers at 30 pmol each, 10% dimethyl sulfoxide, and 5 U of NativePfu
DNA polymerase (Stratagene) in a 30-cycle program (94°C for 10 s, 59°C for 20 s,
and 72°C for 13 min). Sequences of PCR products were verified by sequencing
analysis. Constructs were digested with restriction enzymes to release intact
inserts from pCR-blunt vector backbones, and the digested constructs were
combined with PmeI-digested cosmid clones C15, B41, D44, D17, B47-lacZ, and
E39 in equimolar amounts. Following phenol-chloroform extraction and ethanol
precipitation, 5 � 105 NIH 3T3 cells/6 wells seeded 1 day earlier were transfected
with 4 �g of the DNA mixtures using a 2:1 ratio of TransFast reagent to DNA
according to the manufacturer’s instructions (Promega). Transfected cultures
were refed every 3 to 4 days, and virus plaques were observed approximately 12
days posttransfection. Virus stocks were prepared from infected cells and stored
at �140°C until characterization. Desired mutations in ORFs M89 exon II and
M104 were verified by sequencing of PCR products amplified from cell-free
virion supernatant (53). Virus stocks were quantified by measuring the number
of reporter molecules expressed in infected NIH 3T3 cells. For this purpose,
96-well plates were prepared with 50 �l of serial twofold virus dilutions in
quadruplicate, and 150 �l of EMEM/10 containing 3 � 104 cells was added to
each well. After incubation of the plates for 5 days, �-galactosidase activity in cell
extracts was determined by using the �-galactosidase enzyme assay system as
instructed by the manufacturer (Promega). The virus inoculum representing the
50% tissue culture infective dose (TCID50; referring to an MOI of 0.002) was
determined graphically by plotting relative absorption units against the logarithm
of virus dilutions.

EC50 for each recombinant virus were determined at least three times with
infectious progeny obtained from two independent virus reconstitutions by per-
forming �-galactosidase-based antiviral assays as described below.

Generation of lacZ-tagged MCMV recombinants expressing mutant M56. A
modification of a previously described transient-transfection-plus-infection assay
was used (16). A PCR fragment (nt 85995 to 92028) comprising the major part
of the M56 coding region was synthesized from wild-type MCMV (MCMV-wt)
and MCMV-rt templates and cloned into the pCR-blunt vector. The sequences

of the PCR products were verified by sequencing analyses. The 6-kb inserts were
released from the vector backbone by restriction enzyme digestion prior to
transfection. NIH 3T3 cells (5 � 105/6-well plate) were transfected with 4 �g of
phenol-chloroform-extracted and ethanol-precipitated DNA using the TransFast
reagent as described above. Immediately posttransfection, cells were washed
with 5 ml of EMEM and infected with either lacZ-tagged MCMV with wild-type
M89 and M104 (MCMV-M89/M104-wt), MCMV with mutant M89 (MCMV-
M89-mt), MCMV-M104-mt, or MCMV-M89/M104-mt at 0.1 PFU per cell for
1 h at 37°C. Cells were washed twice with EMEM and incubated with 3 ml of
EMEM/10. Maximum cytopathic effect was usually observed 2 days p.i. Heter-
ogeneous virus populations were harvested from supernatants of cells at day
3 p.i., clarified by centrifugation (1,000 � g, 10 min, 4°C), and stored at �140°C.
For selection of recombinant virus progeny expressing mutant M56, NIH 3T3
cells were grown to confluency in 10-mm dishes and infected with 10,000 to
60,000 infectious virions (MOI, 0.001 to 0.006). Subsequently, cultures were
overlaid with EMEM/10–0.5% methylcellulose containing BAY 38-4766 at an
EC100 of 0.4 �M for MCMV-M89/M104-wt and MCMV-M104-mt and an EC100

of 4 �M for MCMV-M89-mt and MCMV-M89/M104-mt. In parallel, NIH 3T3
cells were infected with progeny harvested from cells transfected with the wild-
type M56 DNA fragment. Selection was performed for 7 days, with one medium
change after 4 days. Control dishes were observed for the absence of plaques. For
each virus mutant, two individual plaques were isolated from the cell monolayer
by trypsin treatment, amplified on fresh monolayers in the presence of drug, and
further plaque purified twice in the absence of drug. The desired mutations in
ORFs M56, M89 exon II, and M104 were verified by sequencing of PCR prod-
ucts amplified from virus stocks as described above. Drug susceptibilities of M56
mutants were determined by �-galactosidase-based antiviral assays (see below)
with progenies from 2 � 2 plaques selected from independent transient-trans-
fection-plus-infection assays.

Drug susceptibility assays. We used both conventional plaque reduction as-
says and �-galactosidase enzyme assays to determine drug susceptibility profiles
of viruses. Plaque reduction assays have been described elsewhere (16). HCMV-
infected cell cultures were stained after 10 days, with an overlay change after 5
days, and MCMV assay cultures were stained after 5 days, using neutral red dye
or Giemsa’s solution, respectively. Drug concentrations producing a 50% reduc-
tion in plaque formation (EC50) were determined from three assays using Senso-
vir ’98 software (Tobias Haller, Institute of Virology, University of Ulm, Ulm,
Germany). The sensitivities of lacZ-tagged MCMV recombinants were deter-
mined by �-galactosidase enzyme assays. Fifty microliters of serial twofold drug
dilutions or EMEM without inhibitor was added to wells of a 96-well plate.
Quadruplicate wells were maintained for each drug concentration and for the
untreated virus control. Following addition of a 50-�l viral inoculum, corre-
sponding to the TCID50, to each well (MOI, 0.002), NIH 3T3 cells were
trypsinized and diluted to a concentration of 3 � 105/ml. One hundred microli-
ters of the cell suspension was dispensed to each well, and the plates were
incubated for 5 days at 37°C. �-Galactosidase activity was assayed, and EC50

were determined from semilogarithmic plots as described above.

RESULTS

Inhibitory effect of BAY 38-4766 compared to those of ref-
erence drugs. BAY 38-4766 (Fig. 1) exhibits potent anti-
HCMV activity in vitro and in vivo, with an attractive selectiv-
ity index up to 300 �M for human cells (P. Eckenberg, J.
Reefschlaeger, W. Bender, S. Goldmann, M. Haerter, S. Hal-
lenberger, J. Trappe, and O. Weber, Abstr. 39th Intersci. Conf.
Antimicrob. Agents Chemother., abstr. 940, p. 321, 1999; J.
Reefschlaeger, W. Bender, O. Weber, S. Hallenberger, I.
Buerger, P. Eckenberg, S. Goldmann, M. Haerter, A. Paes-
sens, and J. Trappe, Abstr. 39th Intersci. Conf. Antimicrob.
Agents Chemother., abstr. 942, p. 321, 1999). It also exhibits
antiviral activity against various monkey CMV strains (data not
shown). The most pronounced inhibitory effects have been
found against rodent CMV strains, with a 	10-fold-decreased
EC50 for MCMV. Resistant CMV strains were selected in vitro
by growth in the presence of increasing concentrations of BAY
38-4766. Resistance indices (RI) determined by plaque reduc-
tion assays revealed that HCMV He-rt and MCMV Smith-rt,
both resistant to BAY 38-4766, exhibited drug susceptibilities
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comparable to those of the respective wild-type strains to all
CMV inhibitors tested: the nucleoside drugs GCV, CDV, and
LBV, the pyrophosphate analogue foscarnet, and the benzimi-
dazoles benzimidavir and BDCRB (Table 1). Similar results
were obtained with HCMV AD169 resistant to BAY 35-5014
(data not shown). Cross-resistance was demonstrated only for
members of the nonnucleoside compound class, including
BAY 35-5014 and BAY 36-8888 (data not shown). These data
suggest that BAY 38-4766 exerts its inhibitory effect within the
replicative cycle of CMV, in distinction from all reference
drugs tested. In contrast to the highly resistant MCMV-rt
(RI 
 566) which was selected over multiple passages for only
2.5 months, the He-rt isolate was selected for more than 6
months and reached an RI of only 30.

Viral transcription and protein synthesis in the presence of
BAY 38-4766. To investigate the time point of the inhibitory
effect of BAY 38-4766 during the replicative cycle of HCMV,
time-of-addition experiments under one-step conditions were
performed. After addition of BAY 38-4766 at 0, 6, 12, or 24 h
p.i., no infectious virus could be recovered from infected host
cells. Addition of BAY 38-4766 at 36, 48, 60, or 72 h p.i.
allowed the production of increasing amounts of progeny virus,

as determined by retitration (data not shown). Thus, the time
frame of maximal antiviral activity was found to be between 0
and �36 h p.i., indicating that viral DNA synthesis (12 to 16 h
p.i.) is not affected. Northern blot analysis of late transcription
confirmed these results (Fig. 2). A family of 3�-coterminal
transcripts containing coding sequences for HCMV ORFs
UL93 through UL99 is transcribed with early/early-late and
late/true-late kinetics (55). Consistent with the previous obser-
vations, the transcriptional patterns of UL99 at 72 h p.i. in the
presence and absence of our compound were identical., while
late/true-late transcripts with sizes of 10.5, 9.1, 1.6, and 1.3 kb
were absent from HCMV-infected cells grown in the presence
of GCV. These findings strongly suggest that BAY 38-4766
does not inhibit viral DNA replication but that antiviral activity
extends to late gene expression. De novo synthesis of viral
mRNAs (TRL4, UL7, US9, US10, US11, and UL18) coding
for different � and � genes was not affected by BAY 38-4766,
demonstrating that viral mRNA synthesis is not inhibited per
se (data not shown). In addition, metabolic labeling of released
virions demonstrated that, in contrast to the effects of GCV,
HCMV-infected cells treated with and without our inhibitor
produced abundant virus particles with nearly identical protein
patterns (data not shown). Thus, neither overall transcription
nor translation is affected by BAY 38-4766.

Ultrastructural investigation of infected cells. Ultrathin sec-
tions of HS68 cells infected with HCMV were examined by
electron microscopy. Cells grown without inhibitor released
three types of virus particles from the cell surface: mature
infectious viral particles (VPs), noninfectious enveloped parti-
cles (NIEPs), and dense bodies (DBs) (Fig. 3a). VPs charac-
teristically contain inner electron-dense DNA cores, whereas
NIEPs contain electron-translucent cores due to the lack of
DNA. DBs lack a nucleocapsid and are composed of an enve-
lope containing glycoproteins and abundant tegument protein
pp65 (1). In contrast to untreated cells, cells treated with BAY
36-8888 at an EC100 of 0.67 �M produced large numbers of
DBs and NIEPs (Fig. 3b). VPs were not observed within these
cells or at the cell surface. HCMV-infected cells treated with
GCV as a control showed none of the stages in virion mor-
phogenesis or DBs (data not shown).

Inhibition of viral DNA maturation. Because neither viral
DNA synthesis nor transcription and translation were affected
by BAY 38-4766, essential maturation steps following de novo

FIG. 1. Structure of BAY 38-4766 and related compounds.

TABLE 1. Antiviral activities of BAY 38-4766 and reference drugs against HCMV He and MCMV Smitha

Drug

Activity against HCMV Activity against MCMV

EC50 (�M)b  SD
RIc

EC50 (�M)b  SD
RIc

He-wt He-rt Smith-wt Smith-rt

BAY 38-4766 1.21  0.08 36.32  0.39 30 0.05  0.02 28.3  1.93 566
GCV 6.91  0.91 2.93  0.31 0.4 27.8  11.3 27.5  2.5 1
Foscarnet 94.77  9.38 94.01  9.98 1 195  5 230  50 1.2
CDV 0.81  0.39 0.6  0.14 0.7 0.38  0.1 0.31  0.12 0.8
LBV 6.24  0.7 3.36  0.42 0.5 1.9  0.37 2.45  1.45 1.3
Benzimidavir 0.33  0.07 0.22  0.04 0.7 28.5d 30d 1.1
BDCRB 1.22  0.27 2.03  0.85 1.7 31d 34d 1.1

a Determined by plaque reduction assay.
b Average values determined from three assays in duplicate with each drug.
c Calculated as the EC50 of the resistant strain divided by the EC50 of the wild-type strain.
d Average values determined from one assay in duplicate because benzimidazole ribonucleosides are not active against MCMV.
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DNA synthesis were analyzed within the replicative cycle of
CMV. HELF infected with both AD169-wt and AD169-rt were
maintained in the presence of selected drug concentrations.
Intact nuclear high-molecular-weight DNA was separated by
pulsed-field gel electrophoresis and analyzed by Southern blot-
ting (Fig. 4). Processing of wild-type replicative concatemers to
monomeric genome lengths decreased with increasing dosages
of BAY 38-4766. Interestingly, the monomer� form, also ob-
served by Underwood et al. (53), was produced in the presence
of 25 �M BDCRB but not in the presence of the EC100 of our
compound. As expected, high-molecular-weight DNA of AD169-

rt was almost properly processed in the presence of 5 �M BAY
38-4766, whereas negligible amounts of the monomer� form
were obtained with this virus isolate. To further explore the mat-
uration of viral genome termini, a functional viral DNA cleavage
assay was used (Fig. 5). Newly synthesized concatemeric MCMV
DNA, which has been cleaved to unit length molecules, exhibits

FIG. 2. Northern blot analysis of UL99 transcription pattern. (a)
Map of a family of 3�-coterminal transcripts containing ORFs UL93 to
UL99 of HCMV. Synthesis of UL93 (10.5 kb), UL94 (9.1 kb), UL99A
(1.6 kb), and UL99 (1.3 kb) transcripts proceeds during the late/true-
late stage of the replicative cycle, whereas UL95, UL96, UL97, and
UL98 are transcribed with early/early-late kinetics, resulting in 7.3-,
5.6-, 4.7-, and 2.6-kb mRNAs, respectively. (b) HELF were infected
with HCMV AD169 and maintained either without inhibitor (�) or in
the presence of the EC100 of BAY 36-8888 (0.67 �M) or of GCV (50
�M). At 24 and 72 h p.i., total RNA was harvested from infected cells
and size fractionated under denaturing conditions using formaldehyde.
Following transfer of RNA to nylon membranes, virus-specific tran-
scripts (indicated by arrows) were visualized using a DIG-labeled,
full-length antisense UL99 RNA probe and subsequent detection of
luminescence. MW, molecular weight.

FIG. 3. Electron micrographs of AD169-infected HS68 cells incu-
bated without inhibitor (a) or with the EC100 of BAY 36-8888 (0.67
�M) (b). After 3 to 4 days, cells were fixed in glutaraldehyde and pre-
pared for electron microscopy. cy, cytoplasmic; ec, extracellular space.
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free termini that carry 1.9-kb BglII fragments on either side. Thus,
the presence of one of these fragments shows that cleavage of
concatemeric molecules to genome lengths has occurred. Func-
tional processing of viral concatemers was visualized by Southern
hybridization using a DIG-labeled terminal HindIII N subfrag-
ment probe which detects cleaved 1.9-kb BglII fragments, as well
as 3.8-kb BglII fragments, representing genomic transitions of
unprocessed viral DNA (Fig. 5a). In contrast to GCV, BAY 38-
4766 did not inhibit de novo DNA synthesis of MCMV but de-
creased the amount of processed wild-type DNA in a dose-de-
pendent manner (Fig. 5b). MCMV-rt, however, was not sensitive
to inhibition by BAY 38-4766, as evidenced by cleavage of con-
catemeric DNA intermediates in the presence of the compound
(Fig. 5c). In conclusion, BAY 38-4766 inhibits replication of
CMV by interfering with the processing of concatemeric viral
DNA.

Genetic mapping of resistance to BAY 38-4766. To further
evaluate the concept that the novel nonnucleoside inhibitor
class prevents viral DNA maturation, PCR products of genes
essentially involved in viral DNA cleavage and packaging were
amplified from resistant and parental CMV strains and directly
sequenced. Confirming our previous observations, multiple
mutations were detected in ORFs UL56, UL89, and UL104 of
drug-resistant isolates (Table 2), whereas no sequence alter-
ations were found in ORFs UL51, UL52, and UL77. In order
to explore the significance of these mutations for the develop-
ment of resistance, mutations identified in the murine homo-
logues of UL56, UL89, and UL104 were transferred to the
wild-type genome of MCMV. The BAY 38-4766-resistant
MCMV isolate was the most resistant strain (RI 
 566) and
therefore is expected to contain mutations in all target pro-
teins potentially inhibited by our compound. The genome of

MCMV Smith was cloned into cosmid vectors, and the original
fragment containing the M89 and M104 genes was replaced by
cosmid subfragments and PCR fragments of the resistant and
wild-type strains (16), allowing for the combinatorial introduc-
tion of mutations identified in ORFs M89 exon II and M104
(Fig. 6). Cotransfection of 12 fragments into NIH 3T3 cells
resulted in the generation of homogeneous populations of
infectious recombinants, with plaques usually detectable within
12 days p.i. Additionally, we inserted a lacZ reporter gene into
the HindIII J fragment of cosmid B47 by a two-step replace-
ment strategy in E. coli (13, 42). Viral growth kinetics demon-
strated that the introduction of lacZ had no deleterious effect
on viral growth in cultured cells (data not shown). Transient-
transfection-plus-infection-assays were used to introduce the
mutations identified in the M56 ORF into genomes of recon-
stituted lacZ-tagged virus progeny. In order to simplify drug
susceptibility assays for the MCMV mutants constructed, we
have established an easy virus assay, directly comparable to the
conventional plaque reduction assay, based on the quantifica-
tion of �-galactosidase activity in extracts prepared from in-
fected cells (data not shown). In total, seven mutants express-
ing various mutations in the M56, M89, and M104 genes were
tested for resistance to BAY 38-4766 in �-galactosidase en-
zyme assays (Table 3). Drug susceptibilities clearly demon-
strated that each of the mutant ORFs M89 exon II (M360I)
and M56 (P202A I208N) individually conferred significant re-
sistance to wild-type MCMV, as indicated by the RIs of 15.3
and 56.6, respectively. A recombinant expressing a combina-
tion of mutant M89 and mutant M56 exhibited a strong syn-
ergistic effect, resulting in a final drug resistance profile com-
parable to that of the highly resistant MCMV isolate selected
over a period of 2.5 months in vitro. In contrast, the deletion in
M104 (T609 and A610 deleted), alone or in context with mu-
tant M89 and/or mutant M56, had no effect on the develop-
ment of resistance.

DISCUSSION

BAY 38-4766 is a member of a novel nonnucleoside inhib-
itor class with attractive antiviral activity and selectivity against
CMV (Eckenberg et al., 39th ICAAC; Reefschlaeger et al.,
39th ICAAC) and a molecular mechanism of action distinct
from those of established drugs currently used for HCMV
therapy. BAY 38-4766 and structural analogues inhibit neither
viral DNA synthesis nor viral transcription and translation.
DBs and NIEPs lacking a DNA core accumulate within in-
fected cells in the presence of the compound. These findings
coincide with detection of unprocessed high-molecular-weight
DNA and inhibition of functional cleavage at viral intergeno-
mic transitions in inhibitor-treated cells, pointing to interfer-
ence with viral DNA cleavage and packaging.

Herpesviruses share common features with double-stranded
DNA bacteriophages with regard to DNA maturation
events. Initiation of packaging of phage DNA involves a spe-
cific interaction with the prohead in a process mediated by a
phage-encoded terminase protein (48). Two general principles
for packaging of concatemeric DNA into a virus head have
been proposed: The first suggests a site-specific packaging in
which the cos sequence of lambdoid phages plays an important
role in initiation and termination of packaging (44). The sec-

FIG. 4. Effect of BAY 38-4766 on concatemer processing of
HCMV DNA. HELF were infected with AD169-wt and AD169-rt at
an MOI of 1 and were cultivated in the absence (�) or presence of
selected inhibitor concentrations. At 3 to 4 days p.i., cells were em-
bedded in agarose plugs and digested with proteinase K. After elec-
trophoretic separation, genomic DNA was subjected to Southern blot
analysis using a DIG-labeled DNA probe synthesized with HindIII-
digested AD169 DNA template fragments. MW, molecular weights
derived from concatemeric phage lambda genomic DNA; polymer,
wild-type replicative concatemers; monomer, monomeric genome
lengths; �, monomer� form of HCMV DNA (270 kb).
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ond principle implies poorly characterized headful packaging
initiating at specific pac sites (e.g., phage T4), but with volume
measurement of the prohead followed by a termination step at
a random DNA sequence (10). In a similar way, herpesvirus
DNA replication results in the formation of large head-to-tail
DNA concatemers (6), and maturation into unit length mole-
cules involves site-specific cleavage at pac motifs localized to
the a sequence (51). Current evidence suggests that cleavage
and packaging of viral DNA are linked processes (33). Since
the formation and processing of DNA concatemers are highly
specific for the replication of herpesviruses lacking a mamma-
lian counterpart, inhibition of these steps offers an alternative
selective principle for antiviral therapy with potential broad-
spectrum activity (J. Reefschlaeger, W. Bender, S. Hallen-
berger, O. Weber, P. Eckenberg, S. Goldmann, M. Haerter, I.
Buerger, J. Trappe, J. A. Herrington, D. Haebich, and H.
Ruebsamen-Waigmann, submitted for publication). In 1998,
Underwood et al. reported on BDCRB, a benzimidazole ribo-
nucleoside which inhibits maturation of polygenomic concate-
meric HCMV DNA to unit genome length (53). Moreover,
Krosky and collaborators have shown that emergence of the
2,5,6-trichloro-1-�-D-ribofuranosyl benzimidazole (TCRB)-re-
sistant HCMV strain Towne was synergistically caused by
amino acid substitutions residing in UL89 exon II and UL56,
indicating that these gene products are potential antiviral-drug
targets (32). During our mechanistic studies investigating the
mode of action of BAY 38-4766 and derivatives, we made the
intriguing observation that our drugs exert a virus-specific in-
tervention similar to that of benzimidazole ribonucleosides,
although they belong to different chemical-structure classes.
Not only is the maturation of viral DNA inhibited by BAY
38-4766, but also drug resistance maps to murine homologues
of both ORF UL89 exon II and ORF UL56.

From HSV-1 mutants it is known that six ORFs (UL6,
UL15, UL25, UL28, UL32, and UL33) are essentially involved
in viral DNA maturation (2, 5, 35, 36, 41, 46, 52, 56). The
functional roles of the respective HCMV cleavage and pack-
aging homologues have not been identified in detail, except for
UL56, the HCMV homologue of HSV UL28 (11), which pos-
sibly binds the pac motif and has specific nuclease activity (12).

FIG. 5. Functional viral DNA cleavage of MCMV-wt and MCMV-
rt grown with increasing concentrations of BAY 38–4766. At 3 to 4
days p.i., MCMV-infected NIH 3T3 cells were lysed by three freeze-
thaw cycles, and nuclear high-molecular-weight protein-DNA-com-
plexes comprising viral DNA were sedimented by differential centrif-
ugation followed by a sucrose step gradient. Subsequently, DNA was
extracted and quantified by dot blot hybridization using a DIG-labeled
MCMV HindIII M fragment. Equal amounts of viral DNA were di-
gested with BglII, size fractionated on an agarose gel, and analyzed by
Southern blotting. Extracellular viral DNA served as a control for ma-
ture linear virus genomes. (a) Model of rolling circle and location of
BglII restriction sites at genomic transitions. Following restriction di-
gestion, concatemeric viral DNA yields a 3.8-kb BglII fragment, where-
as previous processing at the genome terminus results in a shortened
1.9-kb fragment. Both fragments were visualized by using a DIG-la-
beled DNA probe of the terminal HindIII N subfragment (hatched
rectangle; genome position, nt 543 to 802). (b and c) LumiImager scans
of wild-type (b) and resistant (c) MCMV. Selected drug concentrations
and BglII fragments are indicated. ec., extracellular DNA extracted from

TABLE 2. Mutations identified within genomes of
drug-resistant virus isolates

ORF

Mutation(s) in:

HCMV MCMV
Smith-rtb

AD169-rta He-rtb

UL56 A662V P202A I208N
UL89 exon I F142T S143E T144A

S237R
UL89 exon II D358N N353S Y386H M360I
UL104 F602I �T609 �A610

a AD169 resistant to BAY 35-5014 was obtained by in vitro selection in the
presence of increasing inhibitor concentrations.

b Virus strain resistant to BAY 38-4766.

released virions, representing the processed monomeric form of MCMV
DNA; M, molecular size standard (phage lambda DNA cleaved with
EcoRI and HindIII).
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UL89, the HCMV homologue of HSV UL15, is highly con-
served among the Herpesviridae, and its potential in vivo func-
tion has been deduced from significant amino acid sequence
similarities between corresponding herpesvirus proteins and
the gp17 large subunit of the bacteriophage T4 terminase com-
plex (18). The fact that mutations in murine homologues of
ORFs UL89 exon II and UL56 synergistically confer resistance
to BAY 38-4766 is consistent with the proposed role of each of
these proteins in viral DNA maturation and suggests an inter-
action between them. This conclusion is supported by colocal-
ization studies with the HSV homologues of UL56 (UL28) and
UL89 (UL15) demonstrating that UL28 is localized to the
cytoplasm of transfected cells and enters the nucleus when
coexpressed with UL15 (31).

HSV-1 null mutants defective in one of the six cleavage and
packaging proteins, including the HSV homologues of UL89
and UL56, exhibit the same phenotype as that induced by BAY
38-4766 (52, 56). Therefore, we hypothesize that our com-
pound either inhibits these gene products independently or
interferes with formation of a putative complex. The codon
alteration M360I of the murine UL89 exon II homologue,
manifesting decreased drug sensitivity of MCMV, is located
close to substitutions identified in UL89 exon II of HCMV
He-rt and HCMV AD169-rt. Hence, this region of the UL89
gene product seems to play a predominant role in the devel-
opment of CMV drug resistance. In contrast to ORF UL89

exon II, no mutations analogous to P202A and I208N have
been found in ORF UL56 of the resistant HCMV isolates.
These findings indicate that codon alterations in this region of
the murine homologue of the UL56 gene product have arisen
as a consequence of the stringent conditions applied to MCMV
during in vitro selection, resulting in a highly resistant strain.

FIG. 6. Generation of MCMV recombinants expressing mutant M89 and/or mutant M104 by homologous recombination of 12 overlapping
DNA fragments. A detailed view of the regions around M89 exon II and M104 is given. Subfragments of cosmids from a library generated from
wild-type DNA are named according to terminal restriction sites. Rectangles represent coding regions of M89 and M104, with orientations
indicated by horizontal arrows and positions of mutations indicated by vertical arrows. Nucleotide numbers of fragment termini correspond to
nucleotides of the MCMV Smith genome. Gaps created by cosmid subcloning were spanned by respective PCR fragments of resistant and wild-type
MCMV which were cotransfected with the remaining DNA fragments, providing different combinations of M89 exon II and M104 sequences.

TABLE 3. Resistance of lacZ-tagged MCMV
recombinants to BAY 38-4766

MCMV strain EC50 (�M)a RIb SD (�M)

M89/M104-wtc 0.03 0.01
M104-mtd 0.03 1 0.01
M89-mt 0.46 15.3 0.03
M89/M104-mt 0.59 19.8 0.12
M56-mt 1.7 56.6 0.28
M56/M104-mt 1.69 56.5 0.47
M56/M89-mt 17.18 572.5 0.85
M56/M89/M104-mt 18.35 611.8 0.68
rte 28.3 566f 1.93

a Average values determined from �-galactosidase-based assays.
b Calculated as the EC50 of the mutant strain divided by the EC50 of the

wild-type strain.
c MCMV recombinant expressing wild-type proteins.
d MCMV recombinant expressing mutant protein.
e Highly resistant MCMV isolate selected in vitro in the presence of increasing

concentrations of BAY 38-4766.
f RI calculated from plaque reduction assay data.
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Therefore, we propose for the mode of action of BAY 38-4766
that the gene product of UL89 is directly targeted and that
mutations in UL56 compensate for restricted activities of
UL89.

With respect to interference with UL89 and UL56 viral
DNA cleavage and packaging proteins, BAY 38-4766 displays
a mechanistic phenotype which is identical to that induced by
benzimidazole ribonucleosides (32, 53). However, despite the
fact that mutations actually conferring resistance to BAY 38-
4766 and TCRB are clustered in the UL89 and UL56 gene
products, the molecular mode of action of our nonnucleoside
inhibitor is distinct from that of benzimidazole ribonuncleo-
sides: First, HCMV strains resistant to BAY 38-4766 and a
related analogue demonstrated no cross-resistance to BDCRB.
Second, MCMV is very susceptible to BAY 38-4766, whereas
BDCRB is not active against MCMV, suggesting that no target
binding pocket exists for BDCRB. In addition, differences have
been detected in the processing of viral concatemeric DNA to
monomeric genome lengths. BAY 38-4766 added at the EC100

to cells infected with wild-type AD169 did not result in the
production of the monomer� form observed at the EC100 of
BDCRB. Studies by Krosky et al. have shown that this appar-
ently higher-molecular-weight DNA species first appeared at
drug concentrations around the EC50 and increased with in-
creasing drug concentrations (32). Interestingly, we detected
only negligible amounts of the monomer� form in cells in-
fected with AD169-rt and treated with BAY 38-4766 at the
EC100. Again, these data demonstrate the similar mechanistic
phenotypes of the two drugs but substantiate our hypothesis
that the two inhibitors act with different molecular mecha-
nisms. Due to the fact that the monomer� form migrates
slightly more slowly than the monomer form, it is possible that
it represents a maturation intermediate which has been pro-
cessed incorrectly. Although the structure and identity of the
monomer� form are unknown, it might represent dead-end
products resulting from inexact maturation events taking place
preferentially in the presence of BDCRB.

Transfer of the murine UL104 mutant protein to the wild-
type genome has shown that the deletion of T609 and A610 is
not related to the resistance of MCMV to BAY 38-4766. How-
ever, the fact that a substitution in the UL104 carboxy portion
is also found in HCMV AD169 resistant to a close structural
analogue of BAY 38-4766 attracts further attention to this
region. Although they have no effect on the resistance pheno-
type, these additional mutations may compensate for the con-
formational changes in mutant UL89 and UL56 DNA cleavage
and packaging proteins. The precise role of UL104 in the
cleavage and encapsidation of replicated viral DNA is not
understood. In cells infected with mutants lacking the HSV
homologue of UL104 (UL6), specific capsid association of the
HSV homologue of UL89 (UL15) is not observed, indicating
that UL6 is required for docking of the putative terminase
complex (57).

Additional considerations with regard to the potential func-
tions of HCMV UL56, UL89, and UL104 arise from the DNA
packaging pathway of T4 bacteriophages. Encapsidation of
concatemeric DNA into bacteriophage proheads results from
an ATP-driven process mediated by a multicomponent pro-
tein-machine consisting of terminase protein, portal vertex do-
decamer, and accessory proteins (48). Portal-bound terminase,

composed of the gp17 large subunit and the gp16 small sub-
unit, appears to be essential for DNA translocation and pro-
cessing of the concatemer (43). The gp17 subunit exhibits non-
specific endonucleolytic activity (7, 8), as well as in vitro
packaging activity (37, 48) and ATPase activity (38). The small
subunit gp16 enhances gp17 activities (38) and specifically
forms a nucleoprotein structure at the packaging initiation site
that helps to direct the terminase large subunit initiating its
activities (9). By analogy with bacteriophages, genetic mapping
of resistance to BAY 38-4766 provides further indirect evi-
dence for the hypothesis that UL89 and UL56 function as a
two-subunit cytomegalovirusl terminase. Furthermore, UL104
could serve the function of a gp20 portal vertex equivalent in
HCMV capsids.

To summarize, our newly discovered compound class points
the way toward a switch in strategy for developing HCMV
inhibitors, with the aim of achieving a quality different from
that of established DNA polymerase inhibitors. Intervention
with viral DNA maturation arrests the replicative cycle at the
DNA cleavage and packaging step, leading to an accumulation
of empty procapsids and unprocessed concatemeric DNA. The
fact that the compound class described in this report addresses
a DNA maturation step which does not occur in eukaryotic
cells may facilitate the development of alternative highly spe-
cific and well-tolerated therapeutic strategies. In addition,
members of this class can be used to improve understanding of
the still uncharacterized process of HCMV DNA maturation.
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