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The methylenecyclopropane nucleoside (MCPN) analogs synguanol and its 6-alkoxy (MBX2168) and 6-alkylthio (MBX1616)
derivatives retained good in vitro activities against several common ganciclovir-resistant UL97 kinase variants of human cyto-
megalovirus. Foscarnet-MCPN cross-resistance was observed among UL54 polymerase variants. UL54 exonuclease domain gan-
ciclovir-cidofovir dual-resistant variants were remarkably more hypersensitive to these MCPNs than to cyclopropavir, with
some 50% effective concentration ratios that were <0.1� the wild type. Different categories of MCPNs may have therapeutically
exploitable mechanistic differences in viral DNA polymerase inhibition.

As long-standing antiviral therapies for human cytomegalovi-
rus (CMV) infection, ganciclovir and its oral prodrug, val-

ganciclovir, have been extensively studied for treatment out-
comes, including ganciclovir resistance, which develops in a
minority of treated individuals (1). In clinical practice, UL97 ki-
nase mutations that impair the initial phosphorylation of ganci-
clovir are by far the most frequent mechanism of resistance (2).
UL54 DNA polymerase mutations typically add to preexisting
UL97 mutations after prolonged ganciclovir therapy and increase
the overall level of drug resistance. Strategies for management of
drug-resistant CMV are limited, and new antiviral compounds
without limiting toxicity or cross-resistance are sought (1).

The CMV DNA polymerase continues to be targeted for anti-
viral drug development. Recent developments include brincido-
fovir (CMX001), an orally bioavailable hexadecyloxypropyl con-
jugate of cidofovir with improved in vitro potency and evidence of
efficacy in a phase II prophylaxis trial (3). The methylenecyclopro-
pane nucleoside (MCPN) analog cyclopropavir (Fig. 1), which
showed good anti-CMV activity in preclinical studies (4), has re-
cently entered early-stage clinical trials. A related MCPN com-
pound, synguanol, with one less hydroxymethyl group attached to
the cyclopropane ring (Fig. 1), also has anti-CMV activity in vitro
and in an animal model, but it was deferred for clinical develop-
ment in favor of cyclopropavir because of its lower antiviral po-
tency (5). However, synguanol was reported in an early study to
retain activity against ganciclovir-resistant mutants (6), while
more recent data have indicated cyclopropavir and ganciclovir
cross-resistance of some CMV UL97 variants, such as M460I and
H520Q (7). Additionally, 6-alkoxy and 6-alkylthio derivatives of
synguanol have been synthesized that showed improved in vitro
antiviral activities against CMV and other herpesviruses (8). As
with ganciclovir, the CMV UL97 kinase is involved in the initial
phosphorylation of these compounds, and drug-resistant UL97
mutants have been described (9). The aim of the present study was
to compare the activities of synguanol, a 6-ether derivative
(MBX2168), a 6-thioether derivative (MBX1616), and cyclo-
propavir (Fig. 1) against well-known CMV UL97 kinase and UL54
DNA polymerase mutants that confer resistance to one or more of
the currently licensed anti-CMV drugs. We also propagated a
CMV laboratory strain under selection pressure from the syn-

guanol derivatives to determine if other mutations were preferen-
tially selected in vitro.

Ganciclovir, cidofovir, and foscarnet were obtained as the li-
censed pharmaceuticals. The MCPN analogs cyclopropavir and
synguanol, and derivatives, were synthesized at Microbiotix
(Worcester, MA) as described previously (8, 10) and prepared as
10 mM stock solutions in dimethyl sulfoxide. CMV strain variants
were derived from bacterial artificial chromosome (BAC) clones
BA1, BA9, and BA33 (11, 12), modified from laboratory strain
AD169 by introduction of a secreted alkaline phosphatase (SEAP)
reporter gene and BAC vector BeloBAC11 at gene locus US6. Most
existing CMV UL97 and UL54 mutants were constructed by re-
combineering of BAC clones BA9 and BA33, respectively, in Esch-
erichia coli strain SW105 as described previously (7, 11–13). BA9
and BA33 contain deletions of their respective wild-type gene se-
quences from BA1 that prevent inadvertent incorporation into
mutant recombinant progeny. Cell-free live virus stock was ob-
tained after transfection of BAC DNA into human foreskin fibro-
blast (HFF) cell cultures (11). Additional UL54 variants were con-
structed for this study by using the same methods as for BA33:
T4066 (D301N), T4053 (T700A), T4059 (A719V), and T4063
(K853R). Other variants contained UL97 amino acid substitu-
tions M460V and L595S, derived from the strain AD169 derivative
T2211 before it was cloned as BAC BA1 (14).

To facilitate the selection of drug resistance mutations, error-
prone exonuclease variant T2294 (UL54 D413A) (15) or the newly
constructed T3720 (in-frame deletion of UL54 codon 413) was
propagated in HFF cultures under ascending concentrations of
MBX1616 or MBX2168, starting at less than the 50% effective
concentration (EC50) for wild-type virus, and passed weekly at
least 15 times from infected cells to fresh subconfluent HFF cul-
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tures under gradually increasing drug concentrations that allowed
for a similar extent of viral cytopathic effect 1 week later. Every 5
passages, DNA extracts of infected cell cultures were PCR ampli-
fied and sequenced to screen for mutations in the UL97 kinase

(codons 335 to 615) and UL54 (codons 300 to 600 and 698 to
1000) polymerase genes.

Standardized reporter-based yield reduction drug susceptibil-
ity assays were performed as described previously (11, 13). Briefly,
24-well cluster plates of confluent HFF monolayers were inocu-
lated with calibrated low-multiplicity viral inocula and incubated
under various drug concentrations, and the SEAP activities in cul-
ture supernatants collected at 5 to 7 days, as assayed using a chemi-
luminescent substrate, were used to determine the EC50 for SEAP
activity reduction. EC50 changes of 2-fold or greater are statisti-
cally significant in this phenotyping system (11).

Table 1 shows the susceptibilities of CMV variants to syn-
guanol, MBX1616, and MBX2168. The UL97 mutants included
the 7 most common ones encountered among ganciclovir-resis-
tant clinical isolates (2) and the uncommon M460T. Variants
M460V/I/T and H520Q showed moderate (5� to 7� EC50) resis-
tance to these compounds but less so to MBX2168. Typical foscar-
net-resistant UL54 pol variants T700A, E756D, and A809V (2)
showed a 3- to 5-fold EC50 increase to the MCPNs, while M844V,
which was selected in vitro under cyclopropavir pressure (13), was
more resistant. In contrast, remarkable hypersensitivity of ganci-
clovir-cidofovir-resistant UL54 exonuclease domain (exo) mu-

FIG 1 Structures of methylenecyclopropane nucleoside analogs.

TABLE 1 Genotypes and drug susceptibility phenotypes of recombinant CMV strains evaluated in HFF cells

Strain type and
numbera Variantb

Synguanol MBX1616 MBX2168

EC50
c (�M; mean � SD) nd Ratioe EC50 (�M; mean � SD) n Ratio EC50 (�M; mean � SD) n Ratio

Baseline AD169-derived
strains

T3261 Wild type 0.95 � 0.20 12 0.81 � 0.22 58 0.46 � 0.13 61
T3265 Wild type 1.05 � 0.31 32 1.01 � 0.26 40 0.46 � 0.15 46

UL97 mutants
T3362 M460I 4.92 � 1.25 23 5.2 5.28 � 1.45 39 6.5 1.78 � 0.44 39 3.9
T3346 M460T 4.76 � 1.60 11 5.0 4.91 � 1.42 8 6.1 1.84 � 0.43 8 4.0
T2259 M460V 4.76 � 1.27 12 5.0 4.45 � 0.69 7 5.5 1.08 � 0.23 8 2.3
T3324 H520Q 5.30 � 1.30 11 5.6 5.57 � 1.19 10 6.9 1.69 � 0.32 12 3.7
T3259 C592G 1.84 � 0.56 11 1.9 2.84 � 0.87 12 3.5 0.93 � 0.18 10 2.0
T3252 A594V 1.64 � 0.45 7 1.7 2.19 � 0.40 9 2.7 0.67 � 0.19 10 1.5
T2260 L595S 1.04 � 0.24 12 1.1 2.41 � 0.55 8 3.0 0.90 � 0.29 10 2.0
T3329 C603W 2.00 � 0.48 9 2.1 2.57 � 0.37 11 3.2 1.01 � 0.14 11 2.2

UL54 pol mutants
T4053 T700A 3.83 � 0.80 8 3.6 3.87 � 1.36 12 3.8 2.10 � 0.69 9 4.6
T4059 A719V 5.66 � 1.78 13 5.4 4.29 � 1.93 8 4.2 2.45 � 0.72 6 5.3
T3658 E756D 2.59 � 0.48 7 2.5 3.48 � 0.70 16 3.4 1.74 � 0.37 12 3.8
T3271 A809V 2.56 � 0.69 7 2.4 3.23 � 0.77 10 3.2 1.86 � 0.41 10 4.0
T3652 M844V 6.50 � 1.65 6 6.2 6.31 � 0.45 12 6.2 3.19 � 0.70 14 6.9
T4063 K853R 1.10 � 0.20 12 1.0 1.09 � 0.24 7 1.1 0.47 � 0.13 8 1.0
T3429 A987G 0.55 � 0.17 10 0.5 0.52 � 0.10 8 0.5 0.18 � 0.06 8 0.4

UL54 exo mutants
T4066 D301N 0.12 � 0.03 11 0.12 0.14 � 0.04 7 0.13 0.06 � 0.02 7 0.12
T3313 N408K 0.04 � 0.01 7 0.04 0.04 � 0.01 7 0.04 0.03 � 0.01 9 0.06
T3267 F412L 0.10 � 0.03 9 0.09 0.18 � 0.07 8 0.18 0.05 � 0.01 10 0.10
T3005 P522A 0.26 � 0.08 8 0.24 0.29 � 0.05 8 0.29 0.09 � 0.03 16 0.20

a Recombinant virus serial numbers used as identifiers.
b Amino acid substitution in the indicated gene.
c The mean drug concentration required to reduce supernatant SEAP reporter activity by 50% at 1 week.
d Number of assay replicates.
e Ratio of the mean EC50 to that of the matching baseline strain (T3261 for UL97 mutants and T3265 for UL54 mutants). Values in bold indicate a �5-fold change from the
baseline strain.
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tants was observed, especially for N408K, with EC50 ratios of
�0.1�. Variants T4053 (pol T700A) and T4066 (exo D301N) were
also tested against cyclopropavir, with EC50s of 1.3 � 0.4 �M
(mean � standard deviation; 5.6� wild type) and 0.11 � 0.04 �M
(0.5� wild type), respectively.

In vitro propagation of exo mutant T2294 under exposure to
MBX1616 (2 experiments) or MBX2168 (2 experiments) and
T4072 under exposure to MBX2168 (4 experiments) all eventually
resulted in the selection of UL97 mutants: M460I in all except one
instance, where M460T (Table 1) was selected instead. These vari-
ants were detected by passage 10 in 5 experiments and by passage
15 in the remainder, at drug concentrations ranging from 3 to 6
�M for MBX1616 and 0.8 to 2 �M for MBX2168. In one experi-
ment (T2294/MBX1616), pol substitutions A719V and K853R,
adding to UL97 M460I, were detected at passage 20 under 20 �M,
and in another experiment, (T4072/MBX2168) pol substitution
V812L added to UL97 M460T by passage 15 under 6 �M. UL54
V812L is known to confer low-grade foscarnet, ganciclovir, and
cidofovir resistance (16). Variants A719V and K853R have not
been reported in connection with CMV drug resistance, although
A719V was described in early literature regarding drug-resistant
herpes simplex virus (17). Therefore, CMV recombinants repre-
senting A719V (T4059) and K853R (T4063) were constructed
from BA33, and the resulting phenotypes were compared with
that of the wild-type baseline T3265, as summarized in Table 1.
Mutant T4059 also showed increased EC50s for cyclopropavir
(1.37 � 0.34 �M; 6� wild type) and foscarnet (138 � 34 �M;
3.5� wild type). K853R conferred no drug resistance and was
presumably coselected with A719V in an error-prone strain.

This study shows similarities and important differences in
cross-resistance of CMV mutants to synguanol MCPNs, cyclo-
propavir, and currently licensed antivirals. The 7 canonical UL97
resistance substitutions and M460T (Table 1) conferred 7- to 10-
fold ganciclovir EC50 increases, except for C592G, which showed a
3-fold increase (11). As with cyclopropavir, UL97 M460I is pref-
erentially selected in vitro by synguanol derivative MCPNs, but the
relative levels of resistance conferred by M460I and H520Q are 4-
to 7-fold above the baseline EC50 instead of 12- to 20-fold as re-
ported for cyclopropavir (7). Several other ganciclovir-associated
mutations confer little MCPN resistance, adding to an early report
of no cross-resistance between synguanol and ganciclovir among a
different selection of UL97 variants (6). Unlike cyclopropavir,
MBX2168 is active against herpes simplex virus (8). Related syn-
guanol 6-ether or -thioether derivatives retain activity against thy-
midine kinase-deficient strains highly resistant to acyclovir (8,

18), suggesting that cellular kinases contribute to significant initial
phosphorylation of these compounds. This may also explain the
relatively lesser resistance of UL97 knockout mutants (9) and gan-
ciclovir-resistant CMV UL97 mutants (Table 1) to MBX2168.

The distinct cross-resistance phenotypes of UL54 exo and pol
mutants are compared in Table 2, which summarizes current and
published data (12, 13, 19–21). Mutations conferring foscarnet
resistance that map to the Palm and Finger structural domains,
which are involved in pyrophosphate exchange and recognition of
the incoming base, conferred cross-resistance to MCPNs, includ-
ing cyclopropavir (13). The selection of E756D under cyclopropa-
vir pressure (13), and of additional substitutions in this study that
conferred foscarnet cross-resistance (A719V and V812L) rein-
forced this association. The striking hypersensitivity of exo mu-
tants such as N408K to the synguanol MCPNs, as opposed to their
significant ganciclovir and cidofovir resistance, implies a major
difference in drug resistance mechanisms that remains poorly un-
derstood. While it has been hypothesized that exo mutations facil-
itate the excision of misincorporated nucleoside analogs (19),
recent data suggest that exo mutations may instead permit contin-
ued DNA chain elongation despite the misincorporation of gan-
ciclovir (22), a mechanism that could not apply to obligate chain
terminators such as synguanol. Cyclopropavir, while not an obli-
gate chain terminator, may have structural features that prevent
ganciclovir-resistant exo mutants from effectively exercising the
same resistance mechanism, resulting in a lesser degree of hyper-
sensitivity than that seen with synguanol (Table 2). Mechanistic
differences in ganciclovir and MCPN resistance may support a
therapeutic role for synguanol MCPNs against exo mutants, par-
ticularly compounds such as MBX2168, which has a low baseline
EC50 for CMV, low cellular cytotoxicity (8), and likely a lesser
dependence on a viral kinase for initial phosphorylation, thus mit-
igating the drug resistance of UL97 mutants.
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