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Summary

Monensin, at concentrations which depended on the multiplicity of infec-
tion, was found to prevent DNA replication of human cytomegalovirus
(HCMV) as well as production of viral progeny in human foreskin fibro-
blasts. The drug did not affect DNA replication of herpes simplex virus. Inhi-
bition of consecutive HCMV DNA synthesis was also observed following
delayed addition of the drug within 12—24 hours postinfection, but was fully
reversible upon its removal. Viral replication proceeded, however, without
impairment in cultures treated with monensin prior to infection. Induction of
viral DNA polymerase activity was not impeded by the inhibitor. Analysis of
protein- and glycoprotein synthesis revealed that monensin interfered with
the production of a number of HCMV-specific polypeptides. Furthermore,
evidence was obtained that the drug may hinder intracellular transport of a
135 kd glycopolypeptide.

Introduction

The ionophore monensin, an antibiotic from streptomyces cinna-
monensis, has found wide application recently for the study of the bio-
synthesis of viral glycoproteins (13, 14, 21, 38). Although there is evidence
for its multiple sites of action (33) this compound apparently does not
interfere, like e.g. tunicamycin, with the primary steps of glycosylation but
with glycoprotein transport within the golgi apparatus and thus with the
later stages of their processing (36). For enveloped viruses this mode of
action implicates a significant reduction of release of progeny virus from
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infected cells (14, 24). In addition, assembly may be affected of those viruses
which bud from the outer plasma membran (12, 15). With regard to the her-
pesviruses which receive their envelope at the nuclear and inner cytoplasmic
membranes (11) most authors agree that monensin mainly affects viral
egress whereas viral morphogenesis is hardly impaired (13, 14). Further-
more, the expression in the presence of monensin of herpes simplex virus-
induced surface membrane antigens as targets for immunolysis is either
reduced or abolished {22, 42) while it appears to be unimpaired in bovine
herpes virus-infected cells (38).

As compared with other members of the human herpesvirus group
human eytomegalovirus (HCMYV) presents several characteristic properties,
e.g. pronounced species specificity, a very long replication cycle (4, 5), and a
particular dependence on host cell functions (7, 20). Yet another property
which distinguishes the HCMV host cell system is the sensitivity of virus-
induced DNA replication to inhibitors of glycosylation, such as 2-deoxy-D-
glucose and tunicamycin (28, 39) which are ineffective, on the other hand, on
DNA replication in herpes simplex virus (HSV)-infected cells (28). Evidence
was forwarded in this context for the HCMV system for an “early” virus-
induced chromatin-associated glycoprotein as the target for the inhibitors
(39).

In this investigation these initial observations are verified and extended
by the use of monensin which was found also to prevent HCMV DNA replica-
tion. Furthermore, our experiments suggest that the drug may affect
intracellular transport of a virus-induced glycoprotein.

Materials and Methods

Cells and Viruses

Human foreskin fibroblasts (HFF; generously donated by Dr. B. Fleckenstein, Erlan-
gen, Federal Republic of Germany) were used between the 16th and 25th passage for all
experiments as well as for virus propagation (28). The monolayers were cultivated in
plastic flasks of various sizes (Nunc, Wiesbaden, Federal Republic of Germany; 25, 75,
and 175 cm? corresponding to 1.5 X108, 5 X 10% and 1.2 X 107 cells) in Eagle’s minimum
essential medium with Earle’s salt solution (MEM, Gibeo, Eggenstein, Federal Republic of
Germany) supplemented with 200 units penicillin plus 50 ug gentamycin/ml and 10 per
cent fetal call serum (FOS). All experiments were performed with cultures partially
arrested by serum deprivation (0.2 per cent FCS for 72 hours), beginning on average
3 days after the cultures reached confluency (3, 31). The Towne strain of HCMV (5) was
propagated on confluent HFF at a multiplicity of infection (MOI) of 0.1 using 2 per cent
FCS. The KOS strain of herpes simplex virus type 1 (HSV-1; 26) was propagated in the
same cells in serum-free medium. Virus stocks of HCMV and HSV-1 were prepared as
described previously (4, 26). For purification HCMV was collected from the cell-free
culture medium and subjected to centrifugation on gradients of 20—70 per cent sucrose (6).

Experimental infections of HFF were performed with stock virus at the desired MOL as
indicated in Results. Under the conditions used about 70—95 and 50 per cent of the
HCMYV- or HSV-infected cells, respectively, contained viral antigen (28). Virus titers were
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determined by the endpoint dilution method combined with indirect irmmunofluorescence
for viral antigen (4, 31).

Isotopic Labelling Procedures

For pulse labelling of DNA, 3H-thymidine (sp.act. 21 Ci/mmol) was used at 5 pCi/ml
culture medium. Protein and glycoprotein labelling was performed with ?5S-methionine
(sp.act. 1120 Ci/mmol) and *H-mannose (sp.act. 54 Ci/mmol) or 3H-glucoseamine {sp.act.
36 Ci/mmol), using 10 pCi and 5 uCi/ml of culture medium which was either depleted of
methionine or, in the case of tritiated sugars, in which glucose was replaced by sodium
pyruvate (18, 34). Labelling of glycoproteins of purified HCMV in vitro with *H-boro-
hydride (sp.act. 17 Ci/mmol) was carried out as described by Luvokonex ef al. (19). All
radiochemicals were purchased from Amersham Buchler (Frankfurt, Federal Republic of
Germany).

Analysis of DNA

DNA was extracted from labelled cells following lysis with 1 per cent sodium dodecyl
sulphate (SDS) by phenol/chloroform/isoamyl alcohol treatment (10, 31). The DNA con-
tent of the samples was estimated by the method of GiLes and MyYE®rs (9). Separation of
viral and host cell DNA was achieved by isopyenic centrifugation in neutral CsCl (mean
density 1.71 g/ml) where HFF DNA bands at a density of 1.699 g/ml, HCMV DNA at1.717
g/ml and HSV-1 DNA at 1.725 g/ml (28).

Determination of DNA Polymerase Activity

To determine DNA polymerase activity HFF (5 X108 cells) were subjected to the
desired treatment, washed twice with cold phosphate buffered saline (PBS) and harvested
in PBS by scraping at 48 hours p.1i. prior to solubilization in 0.5 ml TNT buffer (20 mm Tris-
HCI, pH 7.5, 100 mm NaCl and 0.5 per cent Triton X-100) and sonication at maximum
setting for 2 X 10 seconds with a Branson sonifier. Following sedimentation of the insoluble
material at 2000 X ¢ the supernatant cellular extract was examined for DNA polymerase
activity. The basic assay contained in 200 pl (10, 27): 100 ug of bovine serum albumin
(BSA), 50 mm Tris-HOL, pH 8.0, 10 mm MgCly, 0.5 mwm dithiothreitol (DTT), 100 pg of acti-
vated calf thymus DNA (41), 0.1 mm of JATP, dCTP, dGTP, 10 um 3H-TTP as the labelled
substrate (sp.act. 1000 ct/min/pmol), and 20 pl of cellular extract corresponding to about
30 pg of protein. KCl and/or inhibitors were supplemented at the concentrations indicated
in Results. Incubations were performed in duplicate assays for 30 minutes at 37° C prior to
determination of acid insoluble radioactivity (see below).

Polyacrylamide Electrophoresis in the Presence of Sodium Dodecyl Sulphate (SDS-PAGE) and
Fluorography

SDS-PAGE for separation of polypeptides was performed according to LAmmr1 (16) as
described by GarLLwiTz et al. (8) using either total cellular or cytoplasmic and nuclear
extracts. For preparation of extracts HFF (1.2 X107 cells) were washed twice with eold
PBS, harvested by scraping in PBS and solubilized in 1 ml TNT supplemented with 0.5 per
cent sodium deoxycholate (DOC). Total extracts were obtained by subsequent sonication
and sedimentation of the insoluble material (see above). To prepare subeellular extracts
sedimentation of nuclei followed directly after treatment with TNT-DOC buffer prior to an
additional wash in 1 mi of the same buffer. The combined supernatants were pooled repre-
senting the cytoplasmic extract. The nuclear pellet was resuspended in 1 ml TNT-DOC
buffer and subjected to sonification followed by sedimentation of the insoluble material.
The supernatant was used as the nuclear extract. After electrophoresis the slab gels were
subjected to fixation, staining (39) and fluorography aecording to the procedure of
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BownNeR and Laskry (1) using Rotifluoreszint D (Roth, Karlsruhe, Federal Republic of
Germany) for impregnation. The latter steps were omitted when further analysis included
immunoblotting.
Imamunoblotting

For immunoblotting (29, 37), electrotransfer of polypeptides from slab gels after SDS-
PAGE to nitrocellulose sheets (BA 85, Schleicher & Schiill, Dassel, Federal Republic of
Germany) was performed at 35 V and 250 mA in a chamber constructed in our laboratory
{30). The transfer buffer consisted of 20 mm Tris-HCI, pH 8.3, 150 mm glycine and 20 per
cent methanol. Indirect immunostaining was carried out at dilutions between1: 20 to 1 : 50
of anti-HCMV hyperimmune serum (Biotest Pharma, Dreieich, Federal Republic of
Germany) or human reconvalescent sera, tested for the presence of HCMV-specific IgG by
standard enzyme-linked immunosorbent assays (ELISA), as the first antibody, and horse-
radish peroxidase-conjugated rabbit antihuman IgG (Dakopatts, Hamburg, Federal
Republic of Germany) as the second antibody at a dilution of 1:500. 3,3"-Diamino-
benzidine was used as the substrate.

Determination of Acid-precipitable Radioactivity

Trichloroacetic acid (TCA) precipitable radicactivity of labelled macromolecules was
determined after transfer of aliquots to glass fiber filters (GF/C, Schieicher & Schiill,
Dassel, Federal Republic of Germany) which were successively washed with 10, 5 per cent
TCA, ethanol and ether (30) followed by counting in a toluene-based scintillation cocktail
(Quickszint, Roth, Karlsruhe, Federal Republic of Germany).

Determination of Protein Content. Chemicals

Protein content in cellular extracts was estimated by the method of Lowry ef al. (17).
Phosphonoacetic acid (PAA) and monensin were purchased from Sigma, Deisenhofen,
Federal Republic of Germany, tunicamycin from Calbiochem, La Jolla, U.S.A.

Results

Inhibition by Monensin of Infected Cell DNA Synithests

In a typical experiment for the determination of infected cell DNA syn-
thesis in the presence of monensin, parallel cultures of HFF (5 X 105 cells)
were infected by HCMV (MOI of 1) and pulse labelled with *H-thymidine
(6 uCi/ml) during the late phase of the consecutive infectious cycle (28).
Prior to infection HFF were subjected to serum starvation (3, 31) to avoid
cellular stimulation in addition to that by HCMV. Under these conditions
concentrations above 1.5 um effectively abolished virus-mediated induction
of precursor incorporation (Table 1, Exp. 1). When a higher MOI was used,
the drug concentration had to be raised (Table 1, Exps. 2 and 3) to obtain a
comparable suppression of 3H-thymidine uptake. For all subsequent experi-
ments an MOI of 1 was chosen.

In contrast to this, herpes simplex virus (HSV)-induced DNA synthesis
proved to be resistant to monensin even at relatively high concentrations
(Table 1, Exp. 4). This differential effect of monensin on the two herpes virus-
host systems compares well with that of tunicamycin (Table 1, Exps. 1 and 4)
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Table 1. Effect of monensin on induction of DNA synthesis by HCMV, HSV or serum

Precursor
incorporation

Induction {cpm/pg DNA
by MOI Drug treatment in % of control®)
Exp. 1*
0.2% FCS8 - - 23
HCMV 1 - 1000
HCMV 1 1.5 pm monensin 16
HCMV 1 6 um tunicamyein 13
Exp. 2%
HCMV 3 - 100b
HCMV 3 1.5 pM monensin 91
HCMV 3 4.5 pM monensin 39
HCMYVY 3 15 uM monensin 9.7
Eaxp. 3¢
HCMV 10 - 100v
HCMV 10 1.5 uM monensin 112
HCMV 10 4.5 uyM monensin 41
HCMV 10 15 pM monensin 8.3
Exp. 4*
HSV - 100>
HSV 0.5 7.5 yM monensin 111
HS8V 0.5 6 uM tunicamyein 117
Exp. 5*

0.2 % FCS - - 39
10 % FCS - - 100"
10 % FCS - 7.5 UM monensin 12

* Pulse labelling with 3H-thymidine (5 pCi/ml) was from 48—60 hours p.i. in Bzp. Tand §,
from 60~72 hours p.i. in Bxp. 2 and 3, and from 12—24 hours p.i. in Bxp. 4. Culture
medium p.i. contained 0.2 per cent FCS

® 100 per cent corresponded to 20,200, 19,800, 12,700, 24,500, and 18,800 ct/min/ pg of
DNA in Bxp. 1-5, respectively

which also prevents HCMV-mediated induction of *H-thymidine incorpora-
tion but fails to inhibit that triggered by HSV (28).

Serum-mediated induction of precursor uptake, on the other hand, was
again sensitive to the action of monensin (Table 1, Exp. 5), whereas arrested
HFT were not inhibited (not shown). Subsequent analysis of infected cell
DNA by isopycnic centrifugation in neutral CsCl revealed that inhibition of
the HCMV-host cell system in the presence of monensin was indeed due to
prevention of thymidine incorporation into viral DNA (Fig. 1A and B).
Labelling of HSV DNA, on the other hand, was not affected by the drug
(Fig. 1C and D).
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Fig. 1. Isopycnic centrifugation in neutral CsCl (mean density 1.71 g/ml) of DNA extracted
from untreated (4 and C) and monensin-treated (B and D) HCMV- (4 and B) or HSV-
infected (€ and D) HFF pulse labelled with H-thymidine (5 uCi/ml) from 60-72 or 12—
24 hours p.i., respectively. The monensin treatment (4.5 pm for HCMV-infected and 7.5 pv
for HSV-infected cultures) was initiated 1 hour p.i. and extended until harvest of the cells.
7 and 4 pg DNA from HCMV- and HSV-infected cells, respectively, were analyzed per
gradient. The arrows indicate the position of #C-labelled marker DNA from HFF which
was included in each gradient

As expected from these observations, the drug also prevented the pro-
duction of intra- as well as extracellular ICMV progeny (not shown).

Viral DNA Synthesis in Pretreated HFF and Reversibility of the Drug Effect

To examine whether pretreated cells support viral replication, confluent
serum-starved HFF were exposed to various concentrations of monensin
prior to virus infection and subsequently pulse labelled with sH-thymidine
during the interval of expected viral DNA synthesis (28; Fig. 2 A). Pretreat-
ment with drug concentrations up to 7.5 um had no inhibitory effect on con-
secutive precursor uptake under our conditions. Likewise, analysis of the
DNA showed that synthesis of viral DNA was essentially unimpaired, as
compared with the control (Fig. 2 A, w/o and monpre). Pretreatment with
higher drug concentrations (e.g. 15 um) which induced signs of beginning

cytotoxicity, led to a reduced 3H-thymidine incorporation into viral DNA
(not shown).
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In a further experimental setup cultures were infected and subsequently
kept in the presence of monensin (4.5 pm) for 48 hours. At this time the drug
was removed the cultures refed with fresh medium without inhibitor and
subjected to three sequential pulses with tritiated thymidine for 24 hour
intervals each, to monitor DNA synthesis (Fig. 2 B). This protocol again did
not prevent subsequent recovery of viral DNA replication within 48—
72 hours after removal, an observation which was based on the comparative
analysis by isopycnic centrifugation in CsCl of DNA samples from untreated

and drug-treated infected cultures labelled during corresponding pulse
intervals (Fig. 2 B, w/0 and monint).

Lffect of Monensin During the Infectious Cycle

The following experiments served to determine differences in sensitivity
of HCMV-induced DNA synthesis to the drug during the infectious cycle. For
this purpose serum-starved HFF were infected as described above, drug
addition (4.5 um), however, followed only delayed at 12, 24, 36, 48 and
60 hours p.i. prior to pulse labelling from 60—72 hours p.i. (Fig. 3).
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Fig. 2. Isopyenic centrifugation in neutral CsCl (mean density 1.71 g/ml) of pulse labelled
DNA extracted from 4 HCMV-infected HFF which were left untreated (w/o} or exposed
to monensin (monpre; 7.5 uM) prior to infection and pulse labelled (5 pCi 3H-thymidine/ml)
from 60—72 hours p.i.; and from B IICMV-infected HFF which were left untreated (w/0)
or exposed to monensin (monint; 4.5 um) from 148 hours p.i. Pulse labelling with tritiated
thymidine (5 pCi/ml) was from 4872 hours (w/0) and 96—120 hours p.i. fmonint). 8 and
3 ug of DNA were analyzed per gradient in A and B, respectively. The arrows indicate
the position of “C-labelled marker DNA from HFF which was included in each gradient
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Fig. 3. Isopycnic centrifugation in neutral CsCl {mean density 1.71 g/ml) of DNA extrac-

ted from pulse labelled (5 pCi SH-thymidine/ml from 6072 hours p.i.) HCMV-infected

HFF which were left untreated (1/0) or exposed to 4.5 um of monensin starting at 12 hours

(@), 24 hours (b), 36 hours (¢}, 48 hours (d) and 60 hours (¢) p.i., respectively, until harvest

of the cultures at the end of the pulse interval. 6 pg of DNA were analyzed per gradient.

The arrow indicates the position of #C-labelled marker DNA from HFF which was included
in each gradient

Untreated infected parallel cultures were labelled during the same interval
as a control (Fig. 3 w/0). This experimental approach showed that drug
addition until 12 hours p.i. was effective in complete abolishment of con-
secutive viral DNA synthesis (Fig. 3 a). When added before 36 hours p.i.
monensin reduced (Fig. 3b and ¢}, drug addition at later times did not
impair precursor incorporation into viral DNA (Fig. 3d and e).
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Induction of Viral DNA Polymerase Activity in the Presence of Monensin

To exclude the obvious possibility of suppression by monensin of induc-
tion of the viral DNA polymerase, cell extracts were prepared from drug-
treated infected HFE at 48 hours p.i. and their activities compared with
those of appropriate control extracts (Table 2). Under the conditions used
monensin did not impede induction of enzyme activity showing the charac-
teristic properties with regard to in vitro PAA-sensitivity and salt stimula-
tion. In addition, the drug did not inhibit DNA polymerase activity in the in
vitro assay (Table 2).

Table 2. DNA polymerase activity in extracts from monensin-treated HCMV-infected HEF

Units® of DNA polymerase activity /
100 pg protein of cell extract

Inhibitor treatment KCl+
Induction by of cell cultures® w/o KC1  +PAA° +KCl° monensin®
0.2% FCS - 0.42 0.52 032 -
HCMV +0.2% FCS -~ 42.9 13.2 72.6 792
HCMV +0.2% FCS  0.7mMPAA 25.7 8.06 445 -
HCMV +0.2% FCS 4.5 um monensin 39.9 13.5 64.9 63.8
HCMV+0.2% FCS 6 upm tunicamycin 42.5 234 1177 —

* Infected cultures were treated with the inhibitors from 1—48 hours p.i.

b One unit of DNA polymerase is defined as the activity that catalyzes the incorporation of
1 pmol of SH-TTP into an acid-insoluble form in 30 minutes

¢ The concentration used in the DNA polymerase assay were 70 pm PAA, 100 mwm KCl and
1.5 pm monensin, respectively

Viral Protein and Glycoprotein Synthesis in Drug-treated HFF

From the observed suppression of HCMV DNA synthesis one should also
expect an impairment in the presence of monensin of expression of (late)
viral polypeptides. To prove this conjecture parallel cultures (5 X 10¢ cells) of
infected HFF were subjected to drug treatment and pulse labelled with 33S-
methionine (Fig. 4 A) or with tritiated sugars (Fig. 5) from 60~72 hours p.i,
At the concentrations used monensin prevented the virus-mediated increase
in precursor uptake, i.e. the specific radioactivities of the protein samples
from drug-treated infected cells equaled those from uninfected cells in the
case of ?5S-methionine-labelled extracts (approximately 1500 cpm 358/pg
protein), and were decreased to about 50 and 20 per cent, respectively, of
those of the control cells following labelling with tritiated sugars (390 and
830 cpm *H/pg protein for 3H-mannose- and 3H-glucosamine-labelled
extracts, respectively). Analysis by SDS-PAGE and fluorography revealed
for the methionine-labelled extracts that monensin inhibited synthesis of the
most prominent polypeptides (Fig. 4 A, lanes b and e) of 135 and 67 kilo-
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daltons (kd) which are assumed to represent known major viral proteins (23,
35, 40). As compared to the cultures exposed to PAA (Fig. 4 A, lane c; 30)
monensin treatment also prevented labelling of polypeptides of about 100
and 50 kd (Fig. 4 A, lanes ¢ and e). These observations were essentially
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Fig. 4. 4 Fluorogram of SDS-PAGE of extracts from pulse labelled (10 uCi 8-
methionine/ml from 60—72 hours p.i.) uninfected () and HCMV-infected (b—e) HFF which
were left untreated (o, 5} or exposed to 0.7 mm PAA (¢}, 6 um tunicamycin (d) and various
concentrations of monensin (¢; 0.75, 1.5, 4.5 or 15 um), respectively. Drug treatment was
from I hour p.i. until harvest of the cells at the end of the pulse interval. Care was taken to
analyze comparable amounts of protein (50 pg) in each track. The circles indicate the posi-
tions of virus-induced polypeptides, the arrows on the right-hand side the positions of
several suppressed by monensin. The molecular weights (M) on the left-hand side indicate
electrophoretic mobilities of reduced alpha-2-macroglobulin (170 kd), phosphorylase b
(97 kd) and bovine serum albumin (67 kd). B Immunoblot with HCMV-specific antiserum
of SDS-PAGE of extracts from uninfected (o), HCM V-infected untreated (b), PAA-treated
{c}, tunicamyein- (d), or monensin-treated (e; 4.5 pm) infected HFF and of a partially puri-
fied HCMV preparation (CMV). Drug treatment was from 1 hour p.i. until harvest of the
cells at 72 hours p.i. 50 ug of protein were analyzed in each track, except in track (CMV)
where 10 pg were loaded. The circles indicate the positions of major virus-induced polypep-
tides also recognized during biosynthetic labelling in 4, the arrows on the right-hand side
several suppressed by monensin, the open triangles label the positions of assumed late
polypeptides affected by the drug. The molecular weights (M) indicate the positions of the
blotted marker proteins used in 4
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Fig. 5. A4 and BTFluorograms of parallel SDS-PAGE of extracts from pulse labelled (5 uCi
3H-mannose/ml (4) or 5 uCi 3H-glucosamine/ml (B) from 6072 hours p.i.) uninfected ()
and HCMV-infected (b~¢) HFF which were left untreated (a, b) or exposed to 0.7 mm PAA
(¢}, 4.5 um monensin (d) or 6 pM tunicamycin (¢). Drug treatment was from 1 hour p.i. until
harvest of the cells at the end of the pulse interval. Approximately 50 ug of protein was
loaded in each track. The arrows on the right-hand side indicate the positions of poly-
peptides that were affected by the presence of monensin or tunicamyecin. The molecular
weight markers (M) indicated on the left-hand side correspond to those listed in the legend
of Fig. 4 A. C Fluorogram of parallel SDS-PAGE of extracts from untreated HCMV-
infected 35S-methionine-labelled (o) or *H-mannose-labelled HFF (b, see Figs. 4 A and 5 A)
and of a partially purified HCMV preparation labelled in vitro with 3H-borohydride ().
50 ug of protein were loaded in @ and b each, 10 pg in ¢. The arrow on the right-hand side
indicates the position of a virus-induced 140 kd polypeptide. The molecular weights (M) on
the left-hand side indicate the positions of the marker proteins used in 4 and B

verified and extended by immunoblotting of the samples with human
HCMV- specific reconvalescent sera (Fig. 4 B). The latter technique showed
in addition suppression by the drug of two polypeptides in the range of
200 kd and a further two of about 115 and 85 kd, respectively (Fig. 4 B,
lane e). Of the three viral polypeptides recognized in the molecular weight
range of approximately 130/140 kd (130, 135 and 140 kd; Fig. 4 B, lane b),
the amounts of the 130 and 140 kd products appeared to be particularly
reduced in the presence of monensin (Fig. 4 B, lane e). Comparison with the
polypeptides stained in a parallel blot of a preparation of partially purified
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virus suggested that the drug apparently lowered synthesis of several viral
structural proteins (Fig. 4 B, lanes e, open triangles and CMV), e.g. those of
200, 140, 80 and about 60 kd.

Analysis of the extracts after labelling with tritiated sugars (Fig. 5)
showed that monensin interfered with glucosamine- but not mannose
incorporation into a 140 kd product (Fig. 5 A and B, lanes b—d). Uptake was
largely reduced, on the other hand, with both precursors into a 130 kd glyco-
polypeptide (Fig. 5 A and B, lanes b and d). Interestingly, the main glyco-
protein of the *H-borohydride labelled purified virus preparation migrated
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Fig. 6. A Fluorogram of SDS-PAGE of eytoplasmic (cy) and nuclear (nu) extracts from
uninfected (@, b} and HCMV-infected (¢—e) HFF pulse labelled with *H-mannose plus 3H-
glucosamine (2.5 uCi/ml of each precursor) from 2—24 hours p.i. (a—e) and subsequently
chased without (band d) or in the presence of monensin (¢; 4.5 pum) until 48 hours p.i. 50 pg
of protein of cytoplasmic extracts and 30 ug of nuclear extracts were analyzed in the
respective tracks. Circle and arrow in e indicate the position of a virus-induced 135 kd
polypeptide. The molecular weight markers (M) used were those listed in Fig. 4 A.
B Immunoblot with HCMV-specific antiserum of SDS-PAGE of the identical cytoplasmic
(cy) and nuclear fru) extracts (b, d, and ¢) as in 4 from chased cells. The amounts of protein
loaded in b, d and ¢ corresponded to those given in 4. The arrows in eindicate the positions
of polypeptides which were affected in the presence of monensin. The molecular weight
indications (M) correspond to the positions of the blotted marker proteins
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slightly faster than 140 kd (Fig. 5 C, lane ¢). Furthermore, drug treatment
abolished precursor uptake into the 100kd glycoprotein but resulted in
induction of a glycosylated polypeptide of about 85/90 kd (Fig. 5 A and B,
lane d). Tunicamycin-resistant incorporation was obvious only in the very
high molecular weight range after labelling with 3H-glucosamine (Fig. 5 B,
lane e).

Effect of Monensin on Intracellular Distribution of a Virus-induced Polypeptide

The observation that sensitivity of HCMV DNA synthesis to delayed
addition of monensin is restricted to the initial phase of the infectious cycle
supports the speculation that intracellular transport of a glycopolypeptide
may be involved. It was thus attempted to prove this assumption by the
following experimental approach: HCMV-infected HFF were labelled with
tritiated sugars for 24 hours p.i. (Fig. 6 A, lane ¢) and subsequently sub-
jected to a chase in the presence of monensin until 48 hours p.i. prior to cell
fractionation (Fig. 6, lane d}. Uninfected as well as infected cultures chased
without the inhibitor were included as controls (Fig. 6 A, lanes b and d).
Analysis of the eytoplasmic and nuclear extracts by SDS-PAGE and fluoro-
graphy (Fig. 6 A) showed that eytoplasmic extracts from HCMV-infected
cells chased in the presence of the drug retained a glycopolypeptide in the
range of 135 kd (Fig. 6 A, lane e, cy) which was apparently chased into the
nuclear fraction in the absence of the inhibitor (Fig. 6 A, lane d, nu).
Immunoblotting (Fig. 6 B) with HCMV-specific antisera of the extracts from
chased cultures again revealed decreased amounts in the presence of
monensin of viral polypeptides of 130 and 140 kd (see above), but did not
support the assumption from the parallel fluorogram (Fig. 6 A) that
monensin affected the intracellular transport of a 135kd virus-specific
product.

Discussion

The use of inhibitors for the analysis of complex biological systems is
often hampered by adverse side effects. This possibility has to be considered
allthemore when results are obtained which do not feature an immediate
consequence of the known mechanism of the inhibitor action. In the case of
the drug used here several observations argue against its toxicity at the con-
centrations used, e.g. by irreversible damage of cellular polypeptide syn-
thesis: i} Neither treatment of cultures prior to infection, intermediary
exposure of infected cells nor addition of monensin during the infectious
cycle prevented resumption or progress of consecutive HCMV DNA synthe-
sis. In addition, monensin showed no inhibitory effect on viral DNA syn-
thesis in HSV-infected HFF. ii) Analysis of the influence of monensin on
viral polypeptide synthesis as determined by precursor incorporation and
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immunblotting favors a relatively selective effect which is particularly
obvious when a protocol of delayed drug addition was used (e.g. Fig. 6 B).
Furthermore, monensin effected specific and consistent changes of glyco-
protein synthesis in infected cells which indeed reflected its action on post-
translational protein modification, e.g. relative resistance of 3H-mannose
incorporation as compared to that of 3H-glucosamine.

Of the main virus-induced glycoproteins (gp) labelled by *H-mannose,
i.e. gp 140, 130 and 100, monensin allowed incorporation only into gp 140
whereas labelling of gp 130 and 100 is abolished, and a new strongly labelled
polypeptide of about 85/90 kd is induced. (Minor bands of lower molecular
weight appearing after sugar labelling are not considered here). By 3H-
glucosamine incorporation additional gp were revealed in the range of 150—
160 kd. Monensin prevented appearance of radioactive bands at the high
molecular weight position (150160 kd) as well as in the 130 and 100 kd posi-
tion, but again allowed some uptake into a glycopolypeptide of 85/90 kd. In
view of Pereira’s elaborate analysis of the polymorphism of HCMV-specific
glycoproteins (25) which was performed also using reducing conditions for
electrophoretic analysis, gp 140 and 85/90 whose synthesis appears un-
impaired in the presence of monensin, may represent partially processed
immature forms of gpA (A,, A;) and gpB (B,), respectively. The recent
reports of RasMUSSEN ef al. (32) and BrrirT and Aucer (2) support the
view that maturation of the gpA complex involves cleavage of complexed
precursors. Monensin may be an experimental aid to define the influence of
posttranslational protein modification on final gpA processing.

Our observations (Figs. 4 and 5) suggest that a major gp of 140 kd is
made “early” after infection in the absence of viral DNA synthesis. Its rela-
tionship to the main viral envelope gp which migrates slightly faster under
our conditions remains to be determined.

Taken together, the interference by monensin with HCMV-induced
glycopolypeptide—as well as polypeptide synthesis (Fig. 4) appears to be
much more pronounced than those described for HSV-infected cultures (13).
As for the particular inhibitory effect of monensin on viral DNA synthesis
which distinguishes HCMV from HSV, the underlying mechanism is difficult
to assess. Previous observations on prevention of HCMV DNA synthesis by
glycosylation inhibitors (28, 39), as well as the findings described here
suggest that glycosylated products participate in the control of viral DNA
synthesis. Our observation that monensin impedes synthesis of several
virus-specific polypeptides including structural proteins may thus reflect a
secondary effect of the drug. It appears pertinent in this context to define
the specificity (host- or virus-specific) of the 135 kd gp whose intracellular
distribution is affected by monensin. Analysis of glyeoprotein processing in
serum-stimulated HFF whose DNA synthesis is equally sensitive to the
action of monensin is hoped to shed light on this question.



Inhibition of HCMV by Monensin 243

Acknowledgements

This investigation was supported by the Deutsche Forschungsgemeinschaft (Ra 163/

10-3). The authors are indebted to Mrs. E. Kotte and Mr. B. Becker for excellent technical
assistance.

|84

10.

11.

12.

13.

14.

15.

16.

17.

18.

References

. Boxner WM, Laskey RA (1974) A film detection method for tritium-labeled proteins

and nucleic acids in polyacrylamide gels. Eur J Biochem 46: 83—88

. Brrirr WJ, Auger D (1986) Synthesis and processing of the envelope gp 55~116

complex of human cytomegalovirus. J Virol 58: 185-191

. DEmarcHI J, Karran AS (1977) Physiological state of embryonic human lung cells

affect their response to human cytomegalovirus. J Virol 23: 126132

. FroreTTI A, FURUKAWA T, SANTOLI D, ProTkIN 8 (1973) Nonproductive infection of

guinea pig cells with human cytomegalovirus. J Virol 11: 998-1003

. Fururawa T, F1orETTI A, PLoTRIN S (1973} Growth characteristics of cytomegalo-

virus in human fibroblasts with the demonstration of protein synthesis early in viral
replication. J Virol 11: 991997

. Forurawa T, GonezoL E, Starz 8, Torein MD, ArBrTER A, ProTrIiN S (1984)

HCMYV envelope antigens induce both humoral and cellular immunity in guinea pig.
Proc Soc Exp Biol Med 175: 243—250

. Fururawa T, Tanaka S, ProTrin S (1975) Restricted growth of human cytomegalo-

virus in UV-irradiated WI-38 human fibroblasts. Proc Soc Exp Biol Med 148: 1249~
1251

. Gariwrrz D, Bos E, Stagr H (1978) Translation of HeLa cell histone messenger

RNA in cell-free protein synthesizing systems from rabbit reticulocytes, HeLa cells
and wheat germ. Methods Cell Biol 19: 197—213

. Griues KW, Myers A (1965) An improved diphenylamine method for the estimation of

deoxyribonucleic acid. Nature 206: 93

Hirar K, Warawass Y (1976) Induction of alpha-type DNA polymerases in human
cytomegalovirus-infected Wi-38 cells. Biochim Biophys Acta 447: 328—339
Iwasax1 Y, Forukawa T, ProTkin 8, Koprowski H (1973) Ultrastructural study
on the sequence of human cytomegalovirus infection in human diploid cells. Arch Virol
40: 311-324

Jorwsox DC, ScaLesinerr MJ (1980) Vesicular stomatitis virus and sindbis virus
glycoprotein transport to the cell surface is inhibited by ionophores. Virology 103:
407—424

Jornson DC, SpeEar PG (1982) Monensin inhibits the processing of herpes simplex
virus glycoproteins, their transport to the cell surface, and the egress of virions from
infected cells. J Virol 43: 1102—1112

Kerr CL, PENNiNgTON TH (1984) The effect of monensin on virion production and
protein secretion in pseudorabies virus-infected cells. J Gen Virol 65: 1033—1041
Kiiriiinen L, Hasgmmoro K, Saraste J, VirTanex I, PEntrinen K (1980)
Monensin and FCCP inhibit the intracellular transport of alphaviras membrane glyco-
proteins. J Cell Biol 87: 783-791

LAivmrr UK (1970) Cleavage of structural proteins during the assembly of the head
of bacteriophage T 4. Nature 227: 680—685

Lowry OH, Rosesrougr NJ, Farr AL, Ranpary RJ (1951) Protein measurement
with the Folin phenol reagent. J Biol Chem 193: 265—275

Lupwie H, RorT R (1975) Effect of 2-deoxy-D-glucose on herpesvirus-induced inhibi-
tion of cellular DNA synthesis. J Virol 26: 281—290



244

19.

20.

21.

22.

23.

24.

26.

21.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

C.-J. Kaiser and K. Rapsax:

LuvokoNeEN A, GaamBere CG, RexgoNeEN O (1977) Surface labelling of Semliki
forest virus glycoproteins using galactose oxidase. Virology 76: 55—59

Musrant M, ZerriNt M (1984) Influence of cell cyele on the efficiency of transfection
with purified human cytomegalovirus DNA. Arch Virol 78: 287-292

Nieman~ H, Boscaex B, Evans E, Rosivg M, Tamura T, Kreng HD (1982) Post-
translational glycosylation of corona-virus glycoprotein E 1: inhibition by monensin.
EMBO J 1: 14991504

Norrirp B, VirTaNEN I, PEDERSEN B, PEREIRA L (1983) Requirements for trans-
port of HSV-1 glycoproteins to the cell surface membrane of human fibroblasts and
vero cells. Arch Virol 77: 155—166

Nowaxk B, Surrivax C, Sarvow P, Tromas R, BrrcovT F, Nicoras JC, FLECKEN-
sTteIN B, LEviNng AJ (1984) Characterisation of monoclonal antibodies and polyclonal
immune sera directed against human cytomegalovirus virion proteins. Virology 132:
325--338

Payne LG, Kristensson K (1982) The effect of cytochalasin D and monensin on
enveloped vaccinia virus release. Arch Virol 74: 11-20

. PerEIRA L, HoFrvanx M, Tarsuno M, DoxpEro D (1984) Polymorphism of human

cytomegalovirus glycoproteins characterized by monoclonal antibodies. Virology 139:
7386

Rapsax K (1978) Effect of herpes simplex virus type 1 infection on the cellular DNA
polymerase activities of mouse cell cultures. J Gen Virol 41: 479491

Rapsax K, Fururkawa T, ProTtrin S (1980) DNA synthesis in chromatin pre-
parations from human fibroblasts infected by eytomegalovirus. Arch Virol 85: 45—
54

Rapsax K, Weper D (1981) Effect of 2-deoxy-D-glucose on cytomegalovirus-induced
DNA synthesis in human fibroblasts. J Gen Virol 57: 33—42

Rapsax K, MerrevsMeIier [, Kaser C, Wagwer C (1985 a) Distinction of viral and
host-derived glycopolypeptides induced by “early” functions of human cytomegalo-
virus. Arch Virol 85: 217-230

Rapsax K, WiegaNpT H, UNTERDORFER U, WacNeER C, Karsgr CJ (1985 Db)
Sodium butyrate selectivly inhibits host cell glycoprotein synthesis in human fibro-
blasts infected with cytomegalovirus. Biosci Rep 5: 589—599

Rapsar K, Scamirz B (1980) Unimpaired histon synthesis in human fibroblasts
infected by human cytomegalovirus. Med Microbiol Immunol (Berl) 168: 63—
72

RasmusseN L, Murpenax J, NEuson R, Mericax TC (1985) Viral polypeptides
detected by a complement-dependent neutralizing murine monoclonal antibody to
bhuman cytomegalovirus, J Virol 55: 274280

Sarro M, Sarro M, RosexBeERG A (1984) Action of monensin, a monovalent cationo-
phore, on cultured human fibroblasts: evidence that it induces high cellular accumula-
tion of glucosyl- and lactosylceramide (gluco- and lactocerebroside). Biochemistry 23:
10431046

ScaorTissEk C (1975) Inhibition of multiplication of enveloped viruses by glucose
derivatives. Curr Top Microbiol Immunol 70: 101119

Stinski M (1977) Synthesis of proteins and glycoproteins in cells infected with human
eytomegalovirus. J Virol 23: 10231034

TARTAROFF AM (1983) Pertubation of vesicular traffic with the carboxylic ionophore
monensin. Cell 32: 1026—-1028

Towsiny H, StasgerLin T, Gorpon J (1979) Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proc
Natl Acad Sei USA 76: 4350-4354



38.

39.

40.

41.

42.

Inhibition of HCMV by Monensin 245

Vax DrunEN LiTTLE - VAN DEN HURK S, BaBIUK LA (1985) Effect of tunicamycin
and monensin on biosynthesis, transport and maturation of bovine herpesvirus type 1
glycoproteins. Virology 143: 104118

WepeR D, Rapsax K (1983) Induction of a host-specific chromatin-associated glyco-
polypeptide by human cytomegalovirus. J Gen Virol 64: 27492761

Weixer D, Gigson W, Firrps KL (1985) Anti-complement immunofluorescence
establishes nuclear localisation of human cytomegalovirus matrix protein. Virology
147: 19-28

WEeissBacH A, Howe 8, Aucker J, Murrer R (1973) Characterization of herpes
simplex virus induced deoxyribonucleic acid polymerase. J Biol Chem 248: 6270—
6277

Wenske EA, Bratron MW, CourtNEY RJ (1982) Endo-§-N-acetylglucosaminidase
H sensitivity of precursor to herpes simplex virus type 1 glycoproteins gB and gC. J
Virol 44: 241248

Authors’ address: Dr. K. Rapsaxk, Zentrum fiir Hygiene, Pilgrimstein 2, D-3550 Mar-

burg, Federal Republic of Germany.



