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Abortive infection with Sindbis virus of a Chinese hamster ovary
cell mutant defective in phosphatidylserine
and phosphatidylethanolamine biosynthesis
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The effects of phosphatidylserine starvation on the infection with Sindbis virus (an enveloped RNA virus) have been
investigated in a Chinese hanster ovary (CHO) cell mutant (strain PSA-3) which requires exogenously added
phosphatidylserine for cell growth because it lacks the ability to symhesue Ihls phospholipid. When PSA-3 cells were
grown in the absence of phosphati the cellular of 1 and also ph i
amme d through d i of hosphatidylserine d Sindbis virus p ion in the mutant cells
d i i d as ¢id the of ph i ine and phosph
ethanolamine, whereas the cell growth, viability, and syntheses of protein, DNA and RNA remained normal for :lppr')‘(
40 h phosphatidylserine starvation. Although PSA-3 cells grown without phosphatidylserine for 24 h were able to bind
and internalize Sindbis virus almost normally, viral RNA synthesis was greatly reduced in the cells, suggesting that
nucleocapsids of internalized Sindbis virus are not leased into the cy Unlike fan cell
1 { in I acidification, PSA-3 cells grown without phosphatidylserine were not i to
diphtheria toxin. Furthermore, the yield of virions and viral RNA synthesis in PSA-3 cells were not completely restored

on brief exposure of the cells to low pH medium following virus adsorption, which is known te induce artifici
the viral envelope with the plasma membmne of normal Ilost cells and then
the

Our data &

fusion of

of viral into the

such as

of
phosphatidylethanolam]ne, in CHO cells for Sindbis virus infection, and we discuss their possible roles.

Introduction

The isolation and biochemical characterization of cell
mutants with specific defects in phospholipid metabo-
lism consututes a powerful means for und ding the

and /or

Analysis of one of the mutants (PSA-3) provided genetic
evidence that phosphatidylserine in CHO cells is bio-
synthesized by two different serine-exchange enzymes (1
and 1I) through the l'ollowmg sequential reactions:

hosphatidylcholine — phosphatidylserine — phospha-

biol of and bolic pathways for
membrane phospholipids {1]. Recently, we isolated
Chinese hamster ovary (CHO) cell mutants that require

2 ly added phosphatidylserine for cell growth,
using the replica technique with polyester cloths [2].

Abbreviations: CHO, Chinese hamster ovary; SFV, Semliki Forest
virus; VSV, vesicular slomnlms vmls. pfu, plaque forming unit;
Hepes, 4-(2 ic acid; PBS,
phosphate-buffered saline; PMSF phenylmethylsulfonyl fluoride:
SDS, sodium dodecyl sulfate.

C M. Nishijima, D of Chemistry, National
Institute of Health, Kamiosaki, Shinagawa-ku, Tokyo 141, Japan.

lamine — phusphaudylsenne [2.3). The three
reactions are catalyzed by serine-exchange enzyme I
phosphatidylserine decarboxylase and serine-exchange
enzyme [I, respectively.

In addition to studies on the mechanism of phospha-
tidylserine biogenesis, PSA-3 cells should also be useful
for determining the biological functions of cellular

hosphatidylserine and bolically related deriva-
uves, becauva the contents of phosphatidylserine and
phosphatidylethanolamine in the mutant cells can be
changed by growing the cells in the presence or absence
of exogenous phosphatidylserine. Such genetic alter-
ation of the of t holipids may
facilitate the elucidation of the roles of phosphohplds in
a variety of membrane-associated reactions.

0005-2736,/89,/$03.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division)
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inveloped animal viruses, such as the Sindbis virus,
Semliki Forest virus (SFV) and vesicular stomatitis virus
{VSV), constitute sunable experimental systems for
studying the bi i of cellular
componenls These viruses consist of a RNA-contammg
d and a sur di d of
a lipid bilayer and proteins [4]. In recent years, a great
deal of evidence has accumulated, indicating that host
cell membranes play lmponam reles in many viral
infection p ding internalization via adsorp-
tive endocylosns in coated ves:cles fusion of the vnral

t with end y the 1 i

enter the cytosol, and biosynthesis and assembly of the
viral envelope (for a review, see Ref. 5). Although our

knowledge of the t of these p has
been accumulating, only a few reporls have appeared on
the functi of cellular phospholipids in i i by

enveloped viruses [6,7].

In the present study, we examined the effects of the
niodification of membrane phospholipids on the pro-
liferation of tiie Sindbis virus in PSA-3 cells and found
that when PSA-3 cells are grown without phosphatidyl-
serine, the binding and internalization of the virus occur
normally but the yield of virions and viral RNA synthe-
sis greatly d d. These results indi that cellular
phosphatidylserine and/or phosphatidylethanolamine
participate in a certain step of Sindbis vims infection,
after the internalization of virus particles, but before

ion of the viral 1 into the cyto-
plasm The possible roles of these phospholipids in the
fusion of the Sindbis virus with the endosomal mem-
brane are discussed.

Materials and Methods

Materials. The sources of the materials used in this
work were as foliows; L-{U-"Clleucine, [S->H]uridine,
[mechyl->H]thy and L-[*S]methionine were from
the Radiochemical Centre, Amersham, U.K.; Ham’s
F-12 medium and newborn calf serum from Flow
Laboratories; trypsin (1:250) and agar (Special Agar-
Noble) from Difco Laboratories; phosphatidylserine
from Sigma; and proteinase K and neutral red from E.
Merck. Diphtheria toxin (0.35 Lf/pg) was a gift from
Drs. Akio Y: > and Tyoku N of our
institute. All other chemicals used were of analytical
grade.

Cell lines and cell cultures. Strains CHO-K1 (ATCC
CCL 61) and BHK-21 (ATCC CCL 10) were from the
American Type Culture Collection and maintained in
plastic tissue cuiture dishes in Ham's F-12 medium
supplemented with 10% (v/v) newborn calf serum,
penicillin G (100 units/ml), streptomycin sulfate (100
ng/ml) and NaHCO, (1.176 g/ml) (standard growth
medium) under a 5% CO, atmosphere at 100% humidity
and 37°C. Mutant PSA-3 was isolated as described

previously [2] and maintained under the same condi-
tions, except that the growth medium was supp]emenled
with 30 pM phosphatidylserine lip prepared as

described [8].

Virus. The Sindbis virus (strain HR) was provided by
Drs. A. Oya and K. Hashimoto of our institute. Stocks
of the virus were prepared by infecting BHK-21 cells
with 0.1 plaque forming units (pfu) per cell. After 24-h
incubation at 37°C, the medium, with a titer of about
10° pfu/ml, was harvested, clarified by centrifugation
at 1000 X g for 16 min and then stored at —70°C.

Viral titers were determined with confluent mono-
layers of BHK-21 cells [7). For this, cells were plated at
approx. 5-10° cells per 60-mm plastic tissue culture
dish containing 5 ml of the standard growth medium,
followed by incubation for 1 or 2 days. The diluted
virus (0.2 ml/dish) was allowed to adsorb to the result-
ing monolayers for 1 h at 37° C and lhen 5 ml of the

dard growth medi d with 1% agar
was added to the dishes. After 24 hat 37°C 5 ml of the
dard growth medi d with 1% agar

and 25 pg/ml of neutral red was added, and then the
plaques were counted 16 h later.

Sindbis virus labeled with [**S]methionine was pre-
pared by the method of Robbins et al. [9] with slight
modifications. BHK-21 cells were infected as above
with about 1 pfu/cell After 1 h adsorption and then 3
hi ion in the dard growth medium at 37°C,
the cells were rinsed three times with 3 ml of Ham’s
F-12 medium without methi and then incubated
for 16 h in the methionine-free Ham’s F-12 medium
supplemented with 0.2 mCi/ml [**S]methionine, 1.5
pg/ml nonradioactive methionine and 10% (v/v) new-
born calf serum. The medium was harvested as above,
and then the viruses were pelleted by centrifugation at
100000 X g for 90 min. The viruses were resuspended in
10 mM Tris, 0.1 M NaCl and 1 mM EDTA (pH 7.4),
and again pelleted at 100000 X g for 90 min. Analysis
of the labeled virus on SDS-polyacrylamide gels [10)
revealed that wlmost all of the radioactivity was in the
viral proteins.

Rates of muacromolecular synthesis. The rates of
synthesis were determined by briefly labeling cells with
specific precursors. Cells grown in 60-mm diameter
dishes were washed with 5 ml of PBS and then in-
cubated with 2 ml of Ham’s F-12 without leucine or
thymidine, supplemented with 10% (v/v) dialyzed new-
born calf serum and 0.1 £Ci/ml of L-[U-"*CJleucine
(340 mCi/mmol) or 1 pCi/ml of [methy!->H]thymidine
(25 Ci/mmol) for 1 h at 37°C to estimate the rate of
protein or DNA synthesis, respectively. The synthetic
rates for RNA were estimated by incubating cells with 2
mi of Ham’s F-12, supplemented with 10% (v/v) di-
alyzed newborn calf serum and 2 pCi/ml of [5->H]
uridine (29 Ci/mmol). After the incubation, the radio-
active medium was removed, and then 5% (wt./vol.)




trichloroacetic acid was added. The trichloroacetic
acid-treated cells were scraped off with a rubber police-
man onto glass microfibre filters (Whatman, GF.C) and
then assayed for it ivity by liquid
spectrometry using a toluene scintillator.
Association and degradation of [’S]methi labeled
Sindbis virus in cells. After confluent cells on 60-mm
diameter dishes had beer. washed three times with F-
medium (Ham’s F-12 containing 10 mM Hepes (pH 7.4)
and 0.1% BSA), 1 ml of [*S]methionine-labeled Sindbis
virus in F-medium was added to each dish either at
room temperature or on ice. The cells were then in-
cubated at 37°C or on ice for different periods of time.
The medium was removed and the cells were washed
three times with 1 mi of cold F-medium. 1 ml of the
combined medium was mixed with 0.4 ml of 50% TCA.
After 1 h at 0°C, the medium was centrifuged (10 min,
2000 rpm, 4°C), and 1 ml of the supernatant was
assayed for radioactivity by liquid scintillation spec-
trometry using ACS II (Amersham) scintillation fluid.
The cells were scraped off with a rubber policeman into
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Fig. 1. Effect of i ion on the pt i
serine and nhmnh.\udylelhanol.\mme contents of mutant PSA-3 cells.
Cells were seeded at 5-10° cells per 100-mm diameter dish in growth
medium containing 30 ;M phosphatidylserin= at 37°C. After 2 days
(zero time), the medium was replaced with fresh growth medium
without phosphatidylserine. At the times indicated, th cells were
washed with phosphate-buffeied saline and then harvested with a

1 ml of PBS 1 mM phenylmethylsulfonyl
fluoride (PMSF), and then the dnshes were washed twice
with 1 ml of cold 10% TCA. After 1 h on ice, the
combined cells and washes were centrifuged, and the
precipitates were collected and assayed for radioactivity
as above.

Other methods. Internalization of the Sinbis virus,
production of virus RNA and the effect of low-pH
treatment on the virus RNA synthesis were investigated
according to Helenius et al. [11], Robbins et al. [12] and
Robbins et al. [9], respectively, with the modifications
indicated in the legends. Analysis of phospholipids was
performed as described in our previous report [8).

Results

Phosphahpld composition, cell growth and rates of macro-
hesis during phosphatidyls deprivation

The effect of phosphaudylsenne starvation on the
of individ holipids in PSA-3 cells was

d by analyzing the phospholipids in cells grown
without phosphatidylserine for various times. As shown
in Fig. 1, the contents of phosphatidylserine and phos-
phatidylethanolamine in PSA-3 cells immediately de-
cxeased upon deprivation of supplemental phospha-
ine. After 48 h cultivation in the ab: of
phosphatidylserine, the mutant cells contained about 67
and 57% less phosphatidylserine and phosphatidyl

rubber The cellular were extracted and
analyzed by i thin-layer as described
[8]. To i the indivil lipids. the in each
spot on a ch was di ined At zero nme the
amounts of i iac and i of

strain PSA-3 (12.2 and 29.3 nmo! per mg protein, respectively) were
almost the same as those in the case of parental strain CHO-KI o.
ine; @,

phatidylserine starvation for at least 48 h (data not
shown).

We had previously shown that the growth rate of
PSA-3 cells was quite su'mlar to that of CHO Kl cells m
a growth di d with phosp
serine [2). Fig 2A shows the growth curvcs for PAS—3
and CHO-K1 cells in the medium without exogenous
phosphatidylserine. PSA-3 cells grew normally for at
least 40 h in the absence of phosphatidylserine. More
than 80% viability was retained during that period of
phosphatidylserine starvation (Fig. 3). After 40 h de-
privation, however, PSA-3 cells stopped growing and
their viability gradually decreased (Figs. 2A and 3).

To examine the effect of phosphatidylserine starva-
tion on macromolecular synthesis, the rates of protein,
DNA and RNA synthesis were estimated by briefly
labeling cells with [“*C]leucine, [*H]thymidine or
[*H]uridine, respectively, at various times after depriva-
tion of phosphatidylserine. As in the case of cell growth,
the biosyntheses of protein, DNA and RNA in PSA-3
cells occurred normally for 40 h, after which the protein

ethanolamine (4.0 and 12.6 nmol per mg protein, re-
spectively) than those grown in its presence (12.2 and
29.3 nmol per mg protein, respectively), in agreement
with our prekus data [2] ‘l'he levels of other phospho-
lipids such as phospt

and i

d almost

on phos-

ynthetic rate slowed down, and the rates of DNA and
RNA synthesis significantly d 4

Effect of phosphatidylserine starvation on Sindbis virus
production

The yields of Sindbis virus in PSA-3 and CHO-K1
celis grown for various times in the medium without
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Fig. 2. Cell growth and synthesis of
serine-deprived cultures of PSA-3 and CHO-K1 cells. Cells were
seeded at approximately 5-10% cells per 60-mm diameter dish in
growth medium without ine followed by i ion at
37°C. At the times indicated, cell growth (A) was determined by
dispersing the cells with trypsin and then counting with a Coulter
model ZB1 Counter, and the synthetic rates for protein (B), DNA (C)
and RNA (B) were estimated by labeling cells for 1 h at 37°C with
["Clleucine, [ (*Hluridine, ively, as described
under Materials and Methods ©, CHO-K1; @, PSA-3.

phosphatidylserine were determined by means of a
plaque assay, as described under ‘Materials and Meth-
ods’. Although there was no significant difference in
Sindbis virus production between the two strains when
grown in the presence of phosphatidylserine, the virus
production in PSA-3 cells after 24 and 34 h phospha-
tidylserine deprivation strikingly decreased, by approx.
100- and 1000-fold, respectively, in comparison with in
CHO-K1 cells (Fig, 4). These results, together with the
results in Fig. 1, suggest that a supply of phosphatidyl-
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Fig. 3. Colony-forming ability of mutant PSA-3 cells incubated without
phosphatidylserine for various times. Cells were seeded at approx. 300
cells per 100-mm diameter dish in growth medium containing 30 pM
phosphatidylserine. After incubation for 1 day at 37°C, the medium
in all of the cultures except two was replaced with fresh growth
medium without phosphatidylserine. At the indicated times, the
medium in a pair of cultures was again replaced with fresh medium
I with 30 oM ph ine. After 4 days, from zeso
time, the cells were overlayed with Whatman filter paper [13) and then
incubated for an additional 6 days at 37°C. At the end of the
experiment the plates were stained as described [13]. All of the data
are expressed relative to cultures which were continuously incubated
in the presence of phosphatidylserine.
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Fig. 4. Effect of phosphatidylserine starvation on Sindbis virus pro-
duction in CHO-K1 and PSA-3 cells. Cells were seeded at 2.5-10°
cells per 60-mm diameter dish in growth medium containing 30 gM
phosphatidylserine. After 2 days (zero time), the medium was replaced
with fresh medium without phosphatidylserine. At the indicated times,
the cells were washed with Ham's F-12 medium and then infected
with Sindbis virus at a moi of approx. 10 in 0.5 m! of the medium.
After incubation for 1 h at 37°C, the cells were washed and then
incubated for an additional 12 h in growth medium without phospha-
tidylserine. The viral titers in the medium were determined as de-
scribed under Materials and Methods. Data are expressed as the ratio
of the virus yield in PSA-3 to that in CHO-K1 cells.



serine and /or phosphatidylethanolamine is required for
Sindbis virus proliferation. In addition. the fact that cell
growth, cell viability and macromolecular synthesis re-
mained almost normal for 40 h phosphatidylserine de-
privation (Fig. 2) suggests that the immediate cessation
of Sindbis virus production does not reflect general
defects in cellular activities of PSA-3 cells.

Binding and i li

of [S)methi
Sindbis virus

To determine which step(s) of virus production is
defective in PSA-3 ceils grown without phosphatidyl-
serine, we first examined the binding and internaliza-
tion of Smdbls virus in PSA 3 and CHO- Kl cells grown
in the not d with phatidyl-
serine for 24 h, by using [”S]melhlomne labeled virus.
As shown in Fig. 5, the kinetics of virus association with
cells at 0 or 37°C were similar in the two strains. At
0°C, virtually no acid-soluble radioactivity was found
in the medium. At 37°C, degraded viral protein became
detectable after 30 min incubation, and the acid-soluble
radioactivity in the medium of PSA-3 cells was about
2-fold less than that in the case of CHO-K1 cells.
Internalization of viral protein was determined by treat-
ing cells with proteinase K to remove surfﬂce-bound
virions [11}, followed by of the
cell-associated radioactivity. The rate of Sindbis virus
internalization in PSA-3 celis was a little slower, 30%,
than that in CHO-K1 cells but the difference was not

labeled
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P
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Fig. 5. iation and ion of [ labeled Sind-
bis virus at 0°C and 37°C in PSA-3 and CHO-K1 cells grown
without phosphaudylsenne Cells were seeded at 2.5-10° cells per
60-mm diameter dish in growth medium containing 30 pM phospha-
tidylserine at 37°C. After 2 days, the medium was replaced with fresh
growth medium without phosph ine. After an additi 23h,
l|l= cells (1.2¢ 10° PSA! cells and 1.8-10° CHO-K1 cells) were

with [ ine-labeled Sindbis virus (9200 cpm, 17
¢pm/1000 pfu) in F-medium as described under Materials and Meth-
ods. The acid-precipitable radioactivities in the cells (0. 0) and
acid-soluble radioactivities in th¢ medium (W, @) were determined
after incubation at 0°C or 37°C for different periods of time, as
described under Materials and Methods. PSA-3: O, 8 CHO-K1: o,
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iation and internalization of Sindbis virus by PSA-3 and

¢lis, Cefls were grown and then infected with
[‘SS]melhnon e-labeled Sindbis virus as described in the legend to
Fig. 5. After incubation at 37°C for different periods of time. the
cells were washed three times with 1 ml of cold F-medium and then
incubated at 0°C with 1 ml of PBS containing 0.5 mg/ml bovine
serum albumin or 0.5 mg/ml proteinase K, for determination of total
cell-associated virions (O, ©O) or internalized virions (M, @), respec-
tively [11]. After 45 min a1 0°C. 1 ml of PBS containing 30 mg bovine
serum albumin and 1 mM PMSF was added to eack dish The cells
were harvested with a rubber policeman and then each dish was
waghed wwice with 1 ml of PBS containing 0.2% bovine serum al-
bumin. After centrifugation (5 min. 1000 rpm. 4° C). the precipitated
cells were solubilized with 1 ml of 0.5 M NaOH, neutralized with 5 M
HC! and then assayud for licactivity using ACS 11 scil

fluid. PSA-3: O, KHO-K1: . ®.

very significant (Fig. 6). Thus, the striking decrease in
Sindbis virus production in PSA-2 cells appeared not to
be caused by a defect in virus binding or internalization.

Production of Sindbis virus RNA
We next examined whether penetration of the inter-
nalized virus into the cytoplasm was normal or not, by
measunng the synthesis of Sindbis virus RNA, which
was d as the i ion of [*Hluridine in
the presence of actinomycin D. As shown in Fig. 7. the
production of viral RNA in PSA-3 cells grown in the
presence of phosphatidylserine was similar to that in
CHO-KI1 cells grown in both its absence and presence.
However, when PSA-3 cells were grown without phos-
phatidylserine for 24 h, viral RNA synthesis greatly
decreased in the mutant cells, compared with in the
parental cells. These results suggcst that m PSA-3 cells
grown without phosp the ids of
internalized Smdbls virus are not normally released into
lhe cytoplasm Alternatively, phosphatidylserine and /or
idylethanol might be ired for Smd-
bis virus RNA synthesis; b itis b d that
phospholipids hardly exist in cytoplasm where viral
RNA is synthesized.
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Fig. 7. Production of Sinbis virus RNA by PSA-3 and CHO-K1 cells.
Cells were seeded at 5-10° cells per 60-mm diameter dish and thcn
grown in growth medium with 30 pM

serine. After 2 days, the medium in half of the dlshes of each strain
(m, ®) was replaced with growth medium without exogenous phospha-
tidylserine. After 24 h, the cells were exposed to the virus at a moi of
approx. 10 for 1 h at 37°C, and then the medium was replaced with
growth medium ining 2 pg/ml in D. After additi
incubation for 30 min at 37°C, the latter was replaced with growth
medium containing 2 pg/ml actinomycin D, 15 mM NH,Cl and
[Hluridine (2 p:Ci/ml). After the indicated times the dishes were put
on ice, and then the cells were rinsed twice with 2 mi of PBS plus 10
mM uridine and scraped off with a rubber policeman. The released
cells were collected on strips of Whatman GF/C filter, and then
washed twice with 5 m! of cold 5% TCA and then with 2 mi of cold
ethanol. The strips were dried and counted. The values were corrected
for the incorporation in uninfected cells. PSA-3: 0, M; CHO-K1: o,

.

Sensitivity to toxins
Recently, several cell

to both diphtheria toxin and enveloped RNA viruses
have been shown to be defective in acidification of
endosomes [9,12,14,15], which, together with other find-
ings (for a review, see Ref. 16), provides strong evidence
that acidification of endosomes is required for the re-
lease of the active subunit of diphtheria toxin and viral
nucleocapsids from endosomes into the cytoplasm. We
thus examined the sensitivity of PSA-3 cells to the
diphth toxin, by g the inhibition of protein
synthesis in the mutant and parental cells by various
concentrations of the toxin. As shown in Fig. 8, there
was no significant difference in the sensitivity to the
toxin between PSA-3 and CHO-K1 cells grown in the
presence or absence of phosphatidylserine. These results
suggest that the functioning of apparatuses for the
adsorptive endocytosis of diphtheria toxin, including
acidification of endosomes, is normal even in PSA-3
cells grown without phosphatidylserine; therefore, the
decreased production of Sindbis virus in the mutant is

PROTEIN SYNTHESIS
(% control)
2 o @ 3
s & 8 8

»
S

N

YTy T
DIPHTHERIA TOXIN (ug/ml)
Fig. 8. Effect of diphtheria toxin on protein synthesis in PSA-3 and
‘CHO-KI1 cells. Cells were seeded at 1.5-10° cells per 60-mm diameter
dish in growth medium 30 M ph at
37°C. After 3 days, the medium in half of the dishes of each strain
(m, ®) was replaced with growth medium without phosphatidylserine.
After 24 h, the indicated amounts of diphtheria toxin were added to
the dishes and then the cells were incubated for 3 h at 37°C. Protein
synthesis during 1 h was measured, as described under Materials and
Methods. PSA-3: 0, @; CHO-K1: o, ®.

probably not caused by defective acidification of endo-
somes.

Effects of low pH treatment on production of Sindbis virus
and its RNA synthesis

It is known that the production of Sindbis virus from
CHO-K1 cells proceeds almost normally even in the
presence of chloroquine, which raises the endosomal
pH, if, following incubation with the virus, the cells are
briefly shifted to medium of pH 5.5 (Ref. 11 and Table
I). Brief exposure to low pH is known to induce the
penetration of nucleocapsids into the cytoplasm through
fusion of the viruses with the plasma membranes of host
cells [11]. We examined whether or not the decreased

TABLE 1

Effects of chloroguine and low-pH treatment on the production of mature
Sindbis virus virions
Cells were seeded at 2.5-10 cells per 60-mm diameter dish in growth
medium containing 30 #M phosphatidylserine at 37° C. After 2 days,
the medium was replaced with growth medium without phosphatidyl-
serine. After additional incubation for 24 h, the cells (6-10° cells per
60-mm diameter dish) were adsorbed with Sindbis virus for 15 min at
0°C and then washed twice with Han.'s F-12. The cells were then
incubated for 3 min in medium containing 10 mM 2-morpholino-
ethanesulfonic acid and 2 mg/ml BSA, at pH 7.5 or pH 5.5 [9). The
medium was replaced with growth medium with or without 0.1 mM
ine and then the i ion was at 37°C over-
night. The Sindbis virus titer in the medium was measured as de-
scribed under Materials and Methods,

pH Chloroquine PFU per cell

(0.1 mM) CHOK1 PSA3
75 - 10-10 28-1072
75 + 731072 1.7-1072
5.5 - 12-10 33.107!
55 + 68 26-107"
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Fig. 9. Effect of low-pH treatment on the production of Sindbis virus
RNA. Cells were sceded at 2.5-10° cells per 60-mm diameter dish in
growth medium containing 30 xM phosphatidylserine at 37° C. After
2 days, the medium was replaced with growth medium without
ine. After it ion for 24 h, the cells
were washed twice with 2 ml of cold Ham’s F-12 medium and then
incubated with Sindbis virus at approx. 10 pfu/cell for 15 min at
0°C. The cells were washed twice with 2 ml of cold Ham’s F-12
medium and then incubated for 3 min at 37°Cin 1 ml of Ham's F-12
medium 10 mM 2. ic acid and 2
mg/ml BSA, at pH 7.5 or pH 5.5 [9]. Viral RNA synthesis was
assayed as described in the legend to Fig. 7. PSA-3: % CHO-K1: @.

production and RNA synthesis of Sindbis virus in PSA-3
cells grown for 24 h without phosphatidylserine are
restored on brief exposure to low pH (Table I). There
was no significant difference in production of the Sindbis
virus between CHO-K1 cells exposed to pH 5.5 and pH
7.5. On the other hand, the low pH treatment increased
the yield of the virus 10-fold in PSA-3 cells. However,
the level of virus production in PSA-3 cells treated at
pH 5.5 was still 50-fold lower than that in parental cells.
Viral RNA synthesis in PSA-3 cells was also sti;
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phosphatidylserine for cell growth {2]. This phospha-
tidylserine-requiring mutant is defective in serine-ex-
change enzyme 1 and lacks the ability to synthesize
phosphatidylserine. The objective of the present study
was o determine the roles of specific membrane phos-
pholipids in host cells as to infection by enveloped
animal viruses, employing mutant cells defective in
phosphatidylserine biogenesis. We reported here that
the maturation of the Sindbis virus, an enveloped RNA
virus, was greatly lmpalred m PSA-3 cells when the
cellular of p ylserine and also phos-
phaudylethanolamme produced through decarboxyla-
tion of phosphatidylserine were reduced by growing the
mutant cells in medium not supplemented with
phosphatldylsenne This |s the first demonstration of
the req of hospholipids, such as
phosphatidylserine and/or phosphaudylethanolamme,
in host cells membranes for animal virus infection.

The binding of animal viruses to the host cell surface
is mediated by the interaction of viral surface proteins
with specific receptors on the host cell membranes.
However, few virus receptors have been purified or
identified. Recently. Schlegel et al. [17] found that phos-
phatidylserine directly binds to the vesicular stomatitus
virus (VSV) and inhibits VSV attachment and infectiv-
ity, and suggested that phosphatidylserine could func-
tion as a binding site or a portion of a binding site for
VSV. In this study, we found that the binding and
internalization of Sindbis virus in PSA-3 cells grown
without phosphatidylserine was almost normal. These
results suggest that phosphatidylserine is not a cell
surface binding site for Sindbis virus, though the possi-
bility that residual phosphatidylserine in the plasma
membrane of PCA-3 cells grown in the absence of
phosphatidylserine may be enough to serve as the virus
binding siie cannot be completely ruled out. With re-
spect to the receptor for the Semliki Forest virus (SFV),
which is an a-virus like the Sindbis virus, Helenius et al.
[18] reported that the recepror apparently includes

about 7-fold by low pH treatment (Fig. 9). Again,
however, the level of RNA syntiiesis in PSA-3 cells
treated at pH 5.5 was 1/4-1/3 of that in parental cells.
These results, taken together, suggest that the release of
viral )| ids into the cytopl: through the
plasma membrane induced by acid-treatment is im-
paired in PSA-3 cells. The incumplete restoration of
virus production and RNA synthesis could be due to
the incfficient fuston of the Sindbis virus with the
plasma b in phosphatidyiserine and
idylethanol, (see Discussion).

Discussion

We previously described the isolation of a CHO cell
mutant, called PSA-3, that required exogenously added

ibility anti whereas Oldstone et aI 19}
argued that major hi ibility I
are not specific receptors for this virus.

Although PSA-3 cells grown without phosphatidyl-
serine for 24 h were able to bind and internalize Sindbis
virus, viral RNA synthesis was greatly reduced in the
cells. These results indicate that nucleocapsids of the
internalized Sindbis virus are not normally released into
the cytoplasm. Acidification of endocytic vesicles is
known to be essential for the release of ligands, such as
toxins and viruses, into the cytoplasm [16}. One of the
facts suppomng this idea is that several mammalian cell

to diphtheria toxin have been shown
to be cross-resistant to the virus and to have a defect in
endosomal acidification [9,12,14,15,20]. Unlike these
mutants defective in endosomal acidification, PSA-3
cells grown without phosphatidylserine were not re-
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sistant to the diphtheria toxin. These findings suggest
that the reduced production of Sindbis virus in PSA-3
cells is unrelated to the defect in the acidification of
endocytic vesicles. However, to demonstrate the normat
acidification of endosomes in PSA-3 cells, the direct
measurement of endosomal pH both in vivo and in vitro
is needed.

Ouo et al. [21] reported that a monensin-resistant
mouse Balb/3T3 cell mutant is cross-resistant to VSV
and that its endosomal acidification is normal, as in the
case of PSA-3 celis; however, the bicchemical defect in
the mutant remains to be identified.

The rate of degradation of viral protein in PSA-3
cells grown without phosphatidylserine was found to be
about 50% of that in the case of CHO-K1 cells (Fig. 5),
when cells were incubated with {**S]methionine-labeled
Sindbis virus at 37°C. This may be due to either that
viral proteins reach the lysosomes at a slower rate in
phosphatidylserine-starved cells than in the parent cells,
or that the lysosomal function is impaired in the mutant
cells. it appears unlikely, however, that the Sindbis
virus, which is internalized into PSA-3 cells but not
released into the cytopl is to d
enzyme(s), because Helenius et al. [11] have shown that
chloroquine-treated cells internalize and degrade SFV
normally.

Finally, on the basis of our finding that the abortive
production of Smdbls virus and reduced RNA synthesis
were not letely o on low-pH t of
PSA-3 cells, we speculate that membrane fusion of the
Sindbis virus with the plasma membrane may be im-
paired in the mutant cells deficient in phosphatidyl-
serine and phosphatidylethanolamine. If this is true,
fusion of the viral membrane with the endosomal mem-
brane should be impaired as well, because the phospho-
lipid composition of the is similar
to those of the plasma membrane [22]. Cullis and de
Krul_‘ff [23] argued that certain phospholipids, such as

ine or.d cardioli which pref-
erentially adopt the non-bilayer hexagonal (H;;) phase
under certain conditions, may be directly involved in
fusion events. In mixed lipid systems, phosphatidyl-
serine can stabilize the bilayer structure in the same
manner as phosphatidylcholi ind a bilayer
structure of egg phosphatidylethanolamine at about 20
mol% {24], the subsequent addition of Ca®*, however,
results in tnggenng of Hy, phase formation of phospha-
idyletk and ly induces fu-
sion [25,26]. Envelope protein El of the Sindbis virus,
like Ca*, may bind to phosphatidylserine in the endo-
somal membrane of host cells and tngger lhe formauon
of a non-bilayer of p
resulting in membrane fusion of the virus with endo-
somes. Conversely, the deficiency of phosphatidylserine
and/or phosphatidylethanolamine in host cells may
suppress the fusion of the viral membrane with the

endosomal membrane. As in the case of endosomal
acidification, however, definite proof of this possibility
will depend upon the successful direct measurement of
the membrane fusion in mutant cells.

Acknowledgements

We wish to thank Takae Tanaka and Kayoko
Kakishima of Kyoritsu College of Pharmacy, and Keiko
Yoshida for their technical assistance. We are also
grateful to Drs. K i Hashi M
Maeda and Aklh]ko Nakano, and to Mr. Kazuhide
H. of our i for the valuable di i
This work was supported in pari by a Grani-in-Aid
from the Ministry of Education, Science and Culture of
Japan, Special Coordi Funds for Pi ing Sci-
ence and Technology from the Science and Technology
Agency of Japan, the Envu'onmenta] Agency of Japan,

the Mitsubishi F the Mochida Memorial
Foundation for Medical and Phar 1 R h

and the Uenara Memorial Foundation.

References

1 Raetz, CRH. (1982) in Phospholipids (Hawthorne, J.N. and
Ansell, G.B., eds.), pp. 435-477, Elsevier, " - ->rdam.

2 Kuge, O., Nishijima, M, and Akamatsu, Y. .986) J. Biol. Chem.
261, 5790-5794.

3 Kuge, O., Nishijima, M. and Akamatsu, Y. (1986) J. Biol. Chem.
261, 5795-5798.

4 Rott, R. and Klenk, H.D. (1977) in Cell Surface Reviews (George,
P. and Nicolson, G.L., eds.), Vol. 2, pp. 47-81, North-Holland,
Amsterdam.

5 Simons, K., Garoff, H. and Helenius, A, (1982) Sci. Am. 246,
46-54.

6 Leonard, J. (1978) Annu. Rev. Biophys. Bioeng. 7, 139-174.

7 Maeda, M., Doi, O. and Akamatsu, Y. (1980) Biochim. Biophys.
Acta 597, 552-563.

8 Nishijima, M., Kuge, O. and Akamatsu, Y. (1986) J. Biol. Chem.
261, 5784-5789.

9 Robbins, A.R., Peng, S.S. and Marshall, 1. (1983) J. Cell Biol. 96,
1064-1071.

10 Laemmli, LK. (1970) Nature 227, 680-685.

11 Helenius, A., Kartenbeck, J., Simons, K. and Fries, E. (1980) J.
Cell Biol. 84, 404-420.

12 Robbins, A.P,, Oliver, C., Bateman, J.L., Krag, S5S., Galloway,
C.J. and Mellman, 1. (1984) J. Cell Biol. ¢ . 1296-1308.

13 Esko, J.D. and Raetz, C.R.H. (1978) Proc. latl. Acad. 3ci. USA
75, 1190-1193.

14 Moehring, J.M. and Mochring, T.J. (1983) Infect. Immun. 41,
998-1009.

15 Merion, M., Schlesinger, P., Brooks, R.M., Moehring, J.M.,
Moehring, T.J. and Sly, W.S. (1983) Proc. Natl. Acad. Sci. USA
80, 5315-5319.

16 Mellman, I, Fuchs, R. and Helenius, A. (1986) Annu. Rev.
Biochem. 55, 663~700.

17 Schlegel, R., Tralka, T.S., Willingham, M.C. and Pastan. §. (1983)
Cell 32, 639-646.

18 Helenius, A., Morein, B., Fries, E., Simons, K., Robinson, P.,
Schirrmacher, V., Terhorst, C. and Strominger, J.L. (1978) Proc.
Natl. Acad. Sci. USA 75, 3846-3850.




19 Oldstone, M.B.A., Tishon. A., Dutko, F.1. Kenncdy, S.I.
land. J.J. and Lampert, P.W, (1980} J. Virnl. 34, 256-265.

20 Marnell, M.H., Mathis, L.S., Stookey, M., Shia. S.. Stone. D.K.
and Draper, R.K. (1984} J. Cell Biol. 9, 190" -1916.

21 Ono, M., Mifune, K., Yoshimura, A., Chaish, S. and Kuwano, M.
(1985) J. Cell Biol. 101, 60-65.

22 Evans, W.H. and Hardison. W.G.M. (1985) Biochem. J. 232,
33-36.

69

23 Cullis. P.R. and De Kruijfi. B. (1979) Biochim. Biophys, Acta 559.
399-42¢.

24 Cullis, PR and Verkleip, A.J. (1979) Biochim. Biophys. Acta 552.
545-550.

25 Ohnishi, S. and Tto, T. (1974) Biochemistry 13. 881-887.

26 Papahadjopoulos. D.. Vail, W.J.. Newton, C.. Nir. S.. Jacobson,
K.. Poste, G. and Lazo. R. (1977) Biochim. Biophys. Acta 465,
579-598.




