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INTRODUCTION
Infection of cultured cells with lytic viruses produces.cytotoxic
effec~s.

These effects include inhibition bf host cell macromolecular

synthesis and cell rounding, apparent shrinkage, refractility, and
detachment of cells growing as monolayers.

Although the manifestations

of virus-induced cytotoxicity have long been studied, very little is
known about the precise mechanisms producing them.
It is difficult to determine whether or not a specific biochemical
alteration is the cause of virus-induced cytotoxic effects unless that
alteration precedes the toxic effects.
bioch~mical
virus~s

The only well-documented early

alteration which occurs in cells infected with different

is inhibition of host macromolecular synthesis, commonly known

as host shutoff.

Host shutoff may be the major cause of cell death.

However, shutoff alone cannot explain the morphological alterations'
associated with virus-cell killing or the rapidity of cell-killing by
certain viruses.

Therefore, additional mechanisms must be involved in

virus-induced cell death.
Many published reports sug·gest that infection with viruses alters
the structure and the functions_ of cellular plasma membranes.
are:

Examples

increased fluidity of the plasma membrane of virus-infected cells

(Levanon et al., 1977-; Levanon and Kahn, 1978; Lyles and Landsberger,
1977; Moore et al., 1979) passage of certain substances across the pla.sma.

membrane of virus-infected cells but not of normal cells (Gauri and
Albre cht, 1979; Contreras and Carrasco, 1979; Koch et al., 1982), reduced
1

transport of uridine (Genty, 1975), thymidine (Hand, 1976), and amino
acids (Koch et al., 1982) by infected cells and changes in· the concentrations of monovalent cations in virus-infected cells (Egberts et al.,
1

2

1977; Nair et al., 1979; Nair, 1981, 1984; Garry et al., 1979; Francoeur
and Stanners, 1978;. Ramabhadran and Thach, 1981; Norrie et al., 1982).
The· structura:l bases. of virus-induced membrane alterations remain
unknoWn.

It is important to understand the nature of ·membrane changes

in virus-infected cells since such changes may be fundamentally involved
in virus-cytotoxicity.

Phospholipids are major structural components of cellular membranes.

Alterations in phospholipid metabolism have been observed

following infection with many viruses.

For example, Rafelson et al. in

1949,iwhile studying the rate of incorporation into lipids of [

32

P]-

labeled inorganic phosphate in mouse brain cultures infected with a
strain of encephalomyocarditis virus, demonstrated, an increased turnover
of phospholipid phosphorus in infected cells.
effects of influenza virus on the

pho~phorus

Cohn ( 1952) ·, studying the
metabolism of

toic membrane found that this virus enhanced [
phospholipid fraction.

32

chorioallan~

Pi]-uptake into the

Similar findings were obtained by Miroff et al.,

studying .the effects of poliovirus on the phosphorus metabolism of HeLa
cells (1956), Todd et al. (1958) and Randall et al. (1960), studying the
hyperplastic_ lesion in chicken skin induced by infection with fowlpox
viru·s, and Cornatzer et al. (1953) studying phospholipid and proteinbound phosphorus synthesis in the rabbit·papilloma produced by infection
with Shope virus.
The finding of increased phospholipid metabolism, although incidental t,oI the overall study of phosphorus metabolism became in itself the
object of study by a number of investigators using different viruses.
The re~ult~ of these studies have been varied.

Pfeffercorn and Hunter

(1963) studying phospholipid metabolism of sindbis virus-infected

3

chicken embryo fibroblasts, found that the rate· of phospholipid synthesis in infected cells
·cells·.

~,.as

reduced to less than half that in' uninfected

Waite and Pfeffercorn (1970) investigating this further, con-

firmed the previous results that ih sindbis virus infected chick embryo
cells, [

32

Pi]-incorporation into all classes of phospholipids declined

at the same rate and to the same extent.
late in infection.

This inhibition was seen only

It was suggested that this reduction was probably

a secondary effect of infection resulting from viral inhibition of·
cellular RNA and protein synthesis and that some viral RNA synthesis
was required.

In an early study on adenovirus multiplication (Green,

1959) ·, it was observed that adenovirus infection of KB cells resulted

in stimulated incorporation of [

32

Pi] into the phospholipid fraction.

This ·finding was confirmed and extended by Mc'rntosh et al. (1971) using
.
a d enov1rus
type ·5 and t he h uman ce 11 1·1ne HEK.•

·Us1·ng [

32

P1..] and [

14

c]_-

acetate as precursors, they ·found increased uptake of these isotopes
into :cellular lipids of infected cells within the first 6 hours after
infection.

Since irradiated virus was found to induce almost the same

effect as unirradiated virus,. these authors suggested .that this stimulation was due to structural components of the virus.
Blair and. Brennan (1972) studied the lipid· metabolism of chick embryo:
fibroblasts during infection with sendai virus, a paramyxovirus.

This

study, undertaken to determine whether virus replication and production
I

of viral structural lipids affected host cell lipid metabolism, showed
that lsendai virus increased incorporation of [
I

and [

32

Pi], [

14

c]-glucose,

.

14

c]-glycerol into lipids of infected cells.

Their results also

allowed them to conclude that this effect begins before virus specific.
RNA synthesis is detectable.

Shibuta et al. (1971) also studying the

4
effect of sendai. virus on the lipid metabolism of cultured ce_lls found
that UV-irradiated· virus- did not produce this effect.

In 1980,

Suzuki et al. demonstrated thatmeasles virus (also a paramyxovirus)
stimulated phospholipid ;metabolism in infected cells during a late stage
of infection.

3

They found increased incorporation of [ H)-methyl-choline

into the lipid fraction and. that the activities of several enzymes in
the pathway of

de~

choline biosynthesis were stimulated.

Diringer

and Rott. (1977) observed accelerated breakdown of phosphatidylinos~tol
in chicken fibroblasts infected with Newcastle disease virus (also a
paramyxovirus) late in infection.

These authors also concluded that

chicken cells contain inositol in more than one pool, -that only the
smaller one of these pools {which is entered first by exogenous
inositol) isused for the biosynthesis of phosphatidylinositol, and that
transport of inosi tpl from this first_ pool into subsequent pools and
possibly exchange between the pools are blocked-by virus infection.
:Ben-Porat et al. (197 1) studied phospholipid metabolism of rabbit
kidney ·cells infected with pseudorabie_s virus which belongs to the_
herpes virus family.
[

32

The authors found increased incorporation of

3
3
Pi], [H)-choline, and [H)-inositol into phospholipids of infected

cells, with 2-3 times as much label appearing in sphingomyelin of
infected cells as in that of control cells.

This showed that the virus

changed not only the rate of incorporation,but also the distribution of
label into lipids.

Steinhart .et al. (1981)' used herpes simplex virus

type) to study [ 32 Pi]-incorporation into membrane phospholipids during
infection of cultured human cells.

They found that herpes simplex virus

32
.
.
.
.
type 1 h a d no e ff ect on ~ncorporat~on
of [ p.]
~
~nto
t h e maJor
memb rane
phospholipids, phosphatidylethanolamine, phosphatidylinositol, and

5
phosp~atidylserine.

[

However, there was increased incorporation of

32 ·] ·
·
lin of 1n
. f ecte d ce 11 s.
P1 1nto .sph 1ngomye

Th
. e enh arice d sp h.1ngomye 1·1n

turnover was said to lead to the mobilization of sphingomyelin fc;>r the
production of ceramides which are precursors of glycerosphingolipids,
the production of which increases in

herp~s

virus infection.

In 1984,

Steinhart et al. established a connection between sphingomyelin turnover
and glycerosphingolipid synthesis, supporting the view that these
compounds play a role in herpes simplex virus infections.

In contrast,

Daniel et al. (1981) using herpes simplex virus type 2 to study lipid
metabolism of infected human fibroblasts, found a decline in [

[ 3 H]-~thanolamine

32

Pi] and

incorporation into lipids of infected cells after

6 hours of infection and nothing exceptional in the case of sphingomyelin.

It was suggested that. these results ·reflect a difference

between herpes simplex virus types 1 and 2.
~ozawa

et al. (1982) studying the effect of Sindbis virus on cell

leakiness and on the fatty acids in Vera cells and chick embryo fibroblasts foun4 that the appearance of the cytopathic effect in both cell
types coincided with virus replication, incre.ased cell leakiness and
relative increases in saturated eighteen carbon. fatty acids (C18:0,
stearic acid) compared to the eighteen carbon unsaturated fatty acids.
The authors postulated that the increase in the saturation of the
eighteen carbon fatty acids could bring about a physical change in the
cell membrane, resulting in the increase in cell leakiness and the
appearance of cytopathic effects.
Picornavirus infection of human cultured cells has been shown to
cause an increase in the development of numerous membranous cisternae.
This has been shown in cells infected with poliovirus (Kallman et al.,

6

1958), ECHO virus (Nunez-Montiel, et al., 1961), Mengo virus and
encephalomyocarditis virus (Dales and Franklin, 1962),·and Coxsackie
virus· (Jezequel and Steiner, 1966) •

In 1961, Co rna tzer et al. studied

the effect of.poliovirus on the.phospholipid metabolism of HeLa cells.
The authors showed that there was a progressive increase in lipid
phosphorylation in lecithin, sphingomyelin, phosphatidylethanolamine,
and phosphatidylinositol of

infec~ed

cells starting at 2 hours after

infection,. with the highest specific activity occurring in phosphatidylinositol.

Penman in 1965, described an enhanced capacity of poliovirus-

infected HeLa cells to incorporate choline into acid precipitable
material.

In both of these reports, the authors postulated a correla-

tion·between . the increased uptake of label into lipids and the development of the membran<?uS cisternae, which in poliovirus-infected HeLa
cells·, occurs approximately 3-4 hours 'post-infection (Dales et al. ,
1965) :.

Vance et· al •. (1979) investigated the mechanism by ,which polio-.

3
virus: stimulated the incorporation of [ H]-methyl-choline .·into phosphat:f ;~:ylcholine by HeLa cells.
~est-infection,

The authors found that from 3. 5 hours

3
poliovirus accelerated the incorporation of [ H] from

phosphocholine into phosphatidylcholine more than two-fold, and that
at 5 hours, the concentration of CTP was elevated 3-fold in infected
cel1s.

In a companion paper (Choy et al., 1979), evidence was presented

that poliovirus increased phosphatidylcholine biosynthesis by ·stimulation pf the reaction catalyzed by CTP choline:phosphocholine cytidylyltrans~erase •.

A two-fold increase in the activity. of this enzyme at 4

and 5 hours after infection was attributed to a higher level of CTP in
the cytoplasm of poliovirus infected cells.

CTP levels were found to be

7

higher in infected cells than in control cells within 0.5 hour postinfection.
The following conclusions can be-drawn from the above reports:
1) The phospholipid changes occur in cells infected with not only

lipid containing viruses but also naked virus.
induce similar phospholipid changes.

2) Not all viruses

3) At least in some

changes appear during the early period after infection.

cases~

these

However, for

,the most part, the above studies did not.address the nature of virusinduced pho.spho1ipid changes or their effect on plasma membrane mediated
functions.
Poliovirus, a picornavirus, has been used as a prototype in various
studi.es concerning virus-host interactions.

Its structure is simple:

.the genome is a molecule of single-stranded RNA that constitutes about
30% of the virion, the remaf:nder of_ the structure consists of a naked
icosahedral capsid.

The virion RNA is infectious, serves as its own

mRNA (positive strand) and can be translated in vitro.
terminus of the genome is a poly

At the 3'

rAJ track 90 nucleotides in length,

which is necessary for infectivity.

The 5' terminus does not have a

cap, but instead carries a covalently attached protein (VPg) which
seems· to be essential for initiation of RNA replication.

Poliovirus

replicates in the cytoplasm and rapidly induces cytotoxic effects and
host-icell killing.

The latter fact, along with its simple structure,

has m~de it ideal for studies of this nature.
t

hs
;

already mentioned, previous work has indicated that poliovirus

induces proliferation of smooth membranes (Kallman et al., 1958; Dales
et al., 1965) and alterations in membrane mediated functions (Nair et
al., 1979; Schaefer et al., 1982) during the later stages of infection.

8

Preliminary experiments suggested that in poliovirus-infected HeLa
cells, 'the stimulation of phospholipid metabolism was an early event
preceding the above mentioned effects and involved phospha.tidylinositol
and its precursors.

This was reminiscent of the 'phosphoinositide

effect' (PI effect) which brings about cyclical changes in the phosphoinositides and their precursors (see Fig. 1 for the reactions involved
in the phosphoinositide cycle).

The PI effect. was originally described

by Hokin and Hokin in 1953 when they.discovered that acetylcholine
stimulated the release of digestive enzymes from the pancreas and. that
at the same time there was an increased incorporation of [
phospholipids.

32

Pi] into

These same investigators later described a similar

effect. in brain slices and showed. this phenomenon to be la;rgely attributable t'o an increase in [
phatidic acid (PA).

32

Pi]

labelin~

of PI and its precursor phos-

Since then, it has become apparent that a number of

different agonists in several tissues can activate their membrane
receptors to cause an increase in the metabolism of phosphatidyinositol
·and the polyphosphoinositides, namely phosphatidylinositol 4-phoE:phate
(PI-P) and phosphatidylinositol 4,5-bisphosphate (PI-P

).
2

More

recently, the breakdown products of PIP , namely IP and 1,2-diac~l
2
3
glycerol, have been shown to function as second messengers within the
cell (Berridge, 1984).

To date, the PI effect has not been shown to

occur in association with a lytic virus infection.

The objective of the

present study was to characterize early phospholipid changes in
poliov;irus-infected HeLa cells with a view to determining whether a
phosphoinositide effect is induced as an early event in this virus-cell
system.

FIGURE 1.

Pathways of receptor-mediated phosphoinositide metabolism.
Numbers in the Figure refer to the following enzymes:
1) PI kinase; 2) PI-P phosphomonoesterase; 3) PI-P kinase;
4) PI-P phosphomonoesterase; 5) PI-P · phosphodiesterase;
6) PI-P 2phosphodiesterase; 7) PI· phos~hodiesterase (PIspecific phospholipase C); 8) IP phosphatase; 9) IP
2
phosphatase; 10) IP phosphatase~ 11) diacylglycerol kinase;
1
12) CTP-PA cytidyl transferase; 13) CUP-diacylglycerol:
inositol transferase.
R=receptor on the surface of the plasma membrane

9
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MATERIALS AND METHODS
Materials
Eagle's minimal essential medium, with or without phosphate, calf
serum andantibiotics were purchased from Grand Island Biological Co.;
Carrier-free [

32

3
Pi] and myo-[ H]-inositol from New England Nuclear and

Amersham Chemical Co., respectively; y-prep-A from Promega Biotec;
Silica Gel H from Brinkman- Chemical Co.; .Linear K silica gel thin layer·
plates from Wha.tman Chemical Co. , 2, 5-diphenyloxazole and 2, 2 '-pphenylbis (4-methyl-5-phenyl)-oxazole from Mallinckrodt Chemicals;
AG 1X-4 anion exchange resin (Formate Form) from Bio-Rad Laboratories;
i

Myo-in~sitol,

Tris (h.ydroxy methyl amino methane)

an~

Triton X-100 from

Sigma.Chemical Co.; Adenosine triphosphate from Schwartz/Mann Chemical
Co.,

a~d

tissue culture plates, flasks and disposable pipets from

Corning Plastics and Falcon Plastics.

Organic solvents and other

chemicals (reagent grade) were purchased from the Fisher Chemical Co.
32
.
·
[Y-· P]-ATP was prepared according to. the instructions provided by
I

Promega Biotec,. using Y-prep-A and [

32

Pi].

Methods

)

Cells ·and Virus
A line of· ·HeLa cells (HeLa-Ohio) and poliovirus· type-2 were used
throug~out

this study.

The cells were grown·in monolayer cultures at

37°C i~ Eagle's minimal essential medium (MEM) containing 10% calf
I

serum, !and 100 units penicillin, .25 ug fungizone and 100 units streptb~,
mycin per ml (growth medium).
10

11

Virus

~rowth

and Purification.

Confluent monolayers of HeLa cells were infected wtih virus at a
multiplicity of infection (MOI) of 0.01 plaque forming units (PFU) per
cell, and incubation at 37°C with MEM containing 5% calf se-rum and ant.ibiotics.

After overnight incubation when infection was complete, virus

was harvested and partially purified according to a modification of
the procedure described by Nair and Owens (1973).

Briefly,
virus was
,.

released from the cells by three rounds of freeze-thawing followed by
I

forcing the lysate through a 26 gauge needle.

The supernatant was

distributed into small volumes· and frozen at -70°C for use as

s~ed

virus. : .To concentrate the virus preparation, the supernatant was cen-trifuged at 90,000 x g for 3.5 h at 4°C.

The virus, pellet was suspended-

in an appropriate volume of growth medium and stored at -70°C until used
in experi-ments.

Before use, each batch of virus preparation was

assayeq by plaque titration (Nair and Lonberg-Holm, 1971) and tested for
purity by neutralization with specific antiviral serum).
Inactivation of Poliovirus with

Ultraviole~

(UV) Light

A well dispersed suspension of poliovirus was placed in a 100 mm
tissue culture dish which was then placed under a germicidal lamp and
exposed to short wave ultraviolet light at 400 ~w/cm 2 for 15 min.

An

equal volume of virus was simultaneously placed at room temperature for
the same length of time (active virus).

Infectivity of both batches

i

of

I

vir~s

was determined by plaque titration.

It was determined that

I

irradiJtion with UV-light abolished infective capacity of the virus by
>99.9%.

12
Infection of Cells and Labelling of Cellular Lipids
Confluent 100 nnn dish cultures or 32 oz glass bottle cultures of
HeLa cells were washed with phosphate buffered saline without Ca
Mg

++

(PBS).

++

or

The cultures were infected with a suspension of high titer,
\

partially purified poliovirus type-2 in growth medium, at a MOl of
200 PFU/cell (unless otherwise mentioned).
infected with growth medium.

100~

Control cultures were mock-

The virus was allowed to attach to cells

at room temperature for 0.5 h.
monolayers washed once with PBS.

Unadsorbed virus was removed and the
Next, the cultures were incubated at

32
37°C with either phosphate-less MEM containing 50-100 ~ci/ml of [ Pi]
3
or with MEM containing 5 ~ci/ml of myo-[ H]-inositol for 60-90 minutes.
The cultures were then harvested by gentle scraping with a rubber
policeman and the cells were suspended in PBS for lipid extraction.

Some

experiments were carried out with HeLa cells which had been labeled with
[

32

3
Pi] or.myo-[ H]-inositol prior to infection with virus.

Confluent

monolayers of HeLa cells were incubated either for 4 h in phosphate-less
32
.
. .
[ pl.·] an d chased wit h MEM containing So% ca lf serum
me d l.um
conta1.n1.ng
for Oo5 h, or for 2 h in medium containing 5
and chased with
1 h.

ME~1

~ci/ml

3
of myo-[ H]-inositol

containing 5% calf serum and 10 mM myo-inositol for

Virus attachment was carried out as described above.

The start of

incubation with medium immediately following viral attachment was considered zero time.

At various. intervals during incubation the cells

were harvested by scraping with a rubber policeman and suspended in PBS
for lipid extraction.

13
Cell-Free Synthesis of Lipids In Vitro
Cell-free extracts derived from poliovirus-infected or control HeLa
cells were obtained as follows.

Confluent monolayers of HeLa cells were

infected with virus or mock-infected with MEM containing 5% calf serum
for 0.5 h.

Following viral attachment, the cultures were incubated at

37°C with MEM containing 5% calf serum.

At various intervals the cells

were harvested, suspended in hypotonic buffer containing 10 mM Tris-HCl
pH 7.2; 10 mM NaCl and 5 mM MgC1 , and allowed to swell in an ice bath
2
for 10 min.

Cell-free

extracts were then prepared from the ,cells by

disruption in a Dounce homogenizer.

The homogenate was centrifuged at

low speed to remove nuclei and any remaining whole cells.
32
lysates were placed in chilled tubes and [Y- .P]-ATP (300

Cell-free
~ci/ml)

was

added and the reaction mixture was incubated at 25°C for 10 min (the
reaction mix was 10 mM in Tris-HCl pH 7. 2; 10 mM in NaCl; 5 mM in MgC1 ,
2
and .2 mM in ATP) in a total volume of 0.6 ml.

In all experiments,

mock-infected control ·cultures were processed in parallel with infected
cultures.
Extraction and Analysis of Cellular Lipids
Cellular macromolecules and membranes were precipitated by the
addition of trichloroacetic acid to suspensions of infected and control
cells or to cell-free extracts derived from infected and control cells,
to a final concentration of 10% (w/.v), and chilling in an ice bath for
20 min'.

The precipitates were pelleted by low speed centrifugation,

washed' once with 5% trichloroacetic acid and once with water.

Cellular

lipids were extracted from the pellet using a modification of
Hawthorne's procedure (1975).

3
Where_myo-[ H]-inositol was used as label,

14
the trichloroacetic acid-soluble supernatants were saved for extraction
and separation of water-soluble inositol phosphates.
derived from approximately. 30 to 40 x 10
methanol:HCl (400:200:1.5) were added.
one minute and centrifuged at low speed.

6

To the precipitate

cells, 4 m1 of chloroform:

The tubes were vortexed for
The chloroform extract was

)

removed and saved, and the residue was reextracted twice with 2 ml of
chloroform:methanol:HCl (200:200:1.5) by vortexiilg followed by low speed
centrifugation.

The three extracts were combined and evaporated under

nitrogen gas, and the lipid residue was dissolved in 2 ml of chloroform.
This solution was then washed twice with methanol:HCl (methanol:0.1 N
HCl:

1~1.5),

and the lower phase from the two washes was combined and

evaporated under nitogen gas.
chloroform.

The lipid residue was then dissolved in

The phosphorus content of lipid samples was estimated using

Bartlett's procedure (1959).

The protein· content of cell-free extracts

was estimated by the Lowry procedure (1951).
extracts were counted to determine total
into lipid.

Aliquots of the chloroform

r~dioactive

label incorporation

Phospholipids were analyzed by 2-diinensional thin layer

I

chromatography (TLC) on Silica Gel H plates (Abdel-Latif et al., 1977).
The silica gel slurry was prepared by mixing 40 g of silica-gel H with
3 g of magnesium acetate in 95 ml of water (Abdel-Latif et al., 1977).
Glass plates 20 x 20 em) were coated with this slurry to a depth of
0.3 mm.

The

pla~es

just before use.

were air-dried and activated for 1 hour at 110°C

.The first solvent system consis·ted of chloroform-

I

methanol-ammonium hydroxide (65:24:4, v/v) and the second solvent system
was butanol-acetic acid-water (6:1:1, v/v) (Abdel-Latif et al., 1974).
The phosphoinositides (phosphatidylinositol ['PI], phosphatidylinositol
4-phosphate [PIP],' arid phosphatidylinositol 4,5-bisphosphate [PIP ])
2

15
were analyzed by !-dimensional TLC using Linear K silica gel plates.
Before·use, the plates were impregnated with 1%

potassium~oxalate.

solvent system consisted of chloroform-methanol-4 N ammonium
(9:7:2.1; v/v) (Akhtar et al., 1983).

The

hyd~oxide

The· lipids were visualized by

exposure to I

vapor or by au,toradiography. Individual phospholipids
2
were identified (Abdel-Latif et al., 1977; Akhtar et al., 1983), and
the silica gel containing each lipid was scraped into a scintillation
vial for counting radioactivity.
Extraction and Separation of Inositol Phosphates
3

For extraction and separation of myo-[ H)-inositol phosphates, the
anion

~xchange

method described by Berridge (1983) was used.

Super-

natants (derived as mentioned above) were extracted 5 times with equal
volume$ of diethylether to remove trichloroacetic acid.

At the end of

I

the last extraction, traces of ether ·were removed by flushing air over
the extract, which was then neutralized by 9.1 N NaOH and diluted 1:1
with water to dilute salts.

The neutralized extracts were applied to a

Bio-Rad AG lX 4, formate form, column (0. 7 em x 8 em).

The r:esin was

washed:with water containing 5 mM myo-inositol until no radioactivity
3
due to.free myo-[ H]-inositol was detected in the eluate.

The myo-

inositol !-phosphate was eluted with 15 ml of 0.2 M ammonium formate
in 0.1 N formic acid.

The myo-inositol 1,4-phosphate was eluted with

12 ml of 0.5 M ammonium formate in 0.1 N formic acid.

The myoinositol

I

1,4,5-phosphate was eluted with 15 ml of 1M ammonium formate in 0.1 N
.

I

formicjacid.

Aliquots of each of the inositol phosphate fractions were

placed in scintillation vials and assayed for radioactivity.
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Liquid Scintillation Counting
Radioactivity in aqueous samples and

nonaqe~ous

samples was counted

using a liquid scintillation counting fluid containing 16.5 g
2.5-di~henyloxazole (PPO) and 0.5 g 2,2'-p-phenylbis (4-methyl-5-

phenyl)-oxazole (POPOP) in· 2 L of toluene and 1 L of Triton X-100.
Plastic.scintillation vials were used and counts were obtained from a
Beckman LS700 Scintillation Spectrometer which was programmed to auto3
matically corre.ct for quenching in [ H]-samples.
Statistical

Analys~s

of Data

Where data were statistically analyzed, Student's t test was used.
Infec.ted values were considered significantly different from control
values_where

~0.05.

RESULTS
Effect of Poliovirus-Infection on the Incorporation of [

32

Pi] into the

Phospholipid Fraction.of HeLa Cells
1)

Effect of Multiplicity of Infection
To determine whether the labeling of phospholipids in

poliovirus-infected HeLa cells was influenced by virus:cell ratio, HeLa
cells were infected with poliovirus at varying multiplicities of infection,· or mock-infected with medium, and incubated for one hour -in medium .
containing [

32

Pi].

'

The cells were harvested and lipids extracted as

described under·Methods.

Incorporation of [

32

Pi] into the lipid frac-

tion after one hour of infection is shown in Table 1.
enhanced incorporation of [

32

There was

Pi] into infected cell lipids·.

Varying

the multiplicity of infection (MOl) in the range of 20-500 infectious
virio~s/cell did not appreciably alter the results.

However, the

difference between the control and infected values was statistically
significan.t (p~0.05) only when the MOI was 100 PFU/cell.

Values

obtained with the other virus to cell ratios, showing a similar mathematical increase, were not significantly different than the control
value ·probably because of the large· standard err.ors resulting from small
sample
2)

si~es.

[

32

Pi]-Incorporation into Individual

Phosphol~pids

In order to ascertain which lipids were most affected by_

yi.r~l

infection, the above experiment was repeated (at NOI=100) and individual
lipidJ were separated by one- and two-dimerlsional TLC.

found that there was increased [

32

It was generally

Pi]-incorporation into PI and its pre-

cursors (phosphatidic ·acid [PA] and cytidinediphosphodiacylglycerol [CDPdiacylglycerol]) and decreased incorporation into polyphosphoinositides

17
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Table 1
Poliovirus-induced Early Stimulation of
[

32

·
a
P]-Incorporation into HeLa Cell Lipids
Effect of Multiplicity of Infection

PFU/Cell

[ 32 P]-CPMb/~mole of Lipid Pi

Control

0

134,002 ± 19,161

Infected

20

204,326 ±

Infec~ed

100

217,784 ±

Infected

500

227,674 ± 16,264

Treatment

7,453
20c

a Labe~ing with [ 32P.]
1
was f'or 1 h our from the start of infection.
PFU:: plaque forming units
b

c

:

Values are averages of duplicate counts ± standard error
:

.

· The value was significantly different from the control value
I'

'!

(~.05)
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(PIP ·and PIP ) of infected cells (Table 2; Fig. 2). However, in some
2
experiments, by 60-90 minutes after infection there was· increased label
incorporation whereas in others there was decreased label incorporation
into all phosphoinositides.. The important point is that in all experiments by 60-90 minutes after infection the virus significantly altered
the metabolism of HeLa cell phosphoinositides.

The increase in labeling

of phosphatidylserine (PS) and lysophosphatidylethanolamine (LPE)
(Table 2), was not consistently observed and is believed to be due to
their location on the two-dimensional TLC plate close to that of PI,
which migrates between these two lipids (Fig. 3).

The poor resolution

of these three lipids probably caused the highly radioactive PI to
contaminate PS and LPE.
Effect of Poliovirus-Infection on HeLa Cell Lipids Prelaheled with
[32Pi]
To examine ·whether the reduced. label content of polyphosphoinositides· from infected cells (Table 2) resulted from increased degradat.ion
of these molecules, HeLa cells prelabeled with [

32

pi] and chased with

unlabeled medium containing Pi were infected with virus or mock-infected.
Lipids were extracted at intervals during the next 90 minutes, and
analyzed by one- and two-dimensional TLC.

Under these conditions, it

was presumed that as lipid metabolism was enhanced by virus, a greater
loss of label from phospholipids of infected cells· than from those of
contrpl cells would be observed as a function of time.

Instead, label

i

incorporation into phosphoinositides of infected cells was found to
increase initially.

This increase, evident immediately after infection

and for at least 30 minutes thereafter, was followed by a decline in

. Table 2
Analysis of

r32 Pi]-Labeled

Phospholipids a from Poliovirus·-Infected

or Control HeLa Cells by Thin Layer Chromatography
32 P

..- 1e of Tota 1 Lipid Pi
CPMc/'\.liDO

Lipidb

Control

Infected

% Change

Phosphatidylinositol4,5 bisphosphate

,2, 154,829

874,341

-59

Phosphatidylinositol4-phosphate

404,683'

228,393

-44

Phospha_tidylinositol

27,971

60,161

115

Phosphatidic Acid

12,833

29,930

133

CDP-Diacylglycerol

2,408

3,080

28

Phosphatidylserine

3,405

5,559

63

Lysophosphatidylethanolamine

6,510

8,615

32

Phosphatidylethanolamine

10' 15 7

11,120

9

Lysophosphatidylcholine

2,381

2,656

11 '

Phosphatidylcholine

3,811

3,590

-5

aLabe.ling with [

32

Pi] was for 1 hour from the start of infection

bLipids ·were analyzed by 1- and 2-dimensional TLC
c

The values are averages from two separate experiments.

FIGURE 2.

Separation- of
!~dimensional

32

[Pi]-labeled polyphosphoinositides by
TLC

Monolayer cultures of HeLa cells we52 infected with virus,
or mock-infected and labeled with [ Pi] for 1 h. The lipids
were extracted, analyzed by !~dimensional TLC, and visualized
by autoradiography as described under Methods. Abbreviations: !=infected cell lipids; C=control cell lipids;
PI-P=phosphatidylinositol 4-phosphate; PI-P =phosphatidyl2
inositol 4,5-bisphosphate.

21

PI-P

I

FIGURE 3.

Separation of HeLa cell phospholipids by 2-dimensional TLC
Monolayer cultures 2f HeLa cells were infected with virus
3
and labeled with [ Pi] for 90 min. The lipids were
. extracted and analyzed by 2-dimensional TLC. See Methods
·.for details of procedure. The diagram represents an approximate representation of individual lipids visualized by
exposure of the TLC plates to Iodine. Numbers in the Figure
refer to the following lipids: 1) PI-P ; 2) PI-P; 3) CDP~
2
diacylglycerol; 4) .PS; 5) PA; 6) PI; 7) LPE; 8) LPC;
9) sphingomyelin; 10) PC; 11) PE; 12) cardiolipin.
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label. incorporation
4b).

As opposed

~to

phosphoinositides by go-minutes (Figs. 4a and

to· this,, label

_incorporation into PC by infected cells

was higher than that by control cells throughout this interval (Fig. 4b).
.

Evidently the chase for 0.5 h after labeling did not deplete [
labeled pools of lipid precursors in HeLa cells.
.

J

32

Pi]-

A similar et"fect was

observed by Amako and Dales (1967) who reported ·that radioactive choline
could not be chased from acid soluble pools in L-cells infected with
mengovirus (a picornavirus), and that the label continued to be incorporat~d

into phospholipid.

Effect of Poliovirus-Infection on
3

H~La

Cell Phosphoinositides. Prelabeled

.

with Myo-[ H)-Inositol
~o

confirm the above findings, the prelabeling experiment was

3
repeated using myo-[ H]-inositol as .the label.
compound as a labeled precursor include:

Advantages of using this

1) that it is incorporated

directly into inositol containing lipid~ without ·prior.modification; and
2) that it allows for the measurement· -of 11:ot only lipid labeling, but
also-. of the removal of the inositol ring· from these lipids (which occurs
during the degradation of phosphoinositides) ·in the form of water-soluble
inositol phosphates.
.

HeLa· cells }?relabeled with myo-[3.H]-inos·itol and
.

chased with medium containing myo-inositol, were-:irifected with virus or
mock-infected.

Lipids were extracted and aanalyzed by 1-dimensional

TLC, and their water-soluble derivatives were analyzed-by anion exchange.
chrom~tography.

The results (Table 3) show that there was a- significant

enhancement of phosphoinositide synthesis in infected cells soon after
infection and an· apparent decrease in their synthesis by 90 minutes.
In addition, there was a parallel. increase in the label

conten~

of

FIGURE 4.

Effect of poliovirus-infection on HeLa cell phospholipids
prelabeled with [32pi]

~1onolayer cultures of HeLa cells were prelabeled with [ 32 Pi],
chased with unlabeled medium and infected with virus or .mockinfected. At various intervals thereafter, the lipids were
extracted from the cells, individual phospholipids separated
by 2-dimensional TLC and visualized by exposure to Iodine
vapor. Bolyphosphoinositides were separated by !-dimensional
TLC and visualized by autoradiography. Radioactivity in each
lipid was assayed by scintillation counting. See Methods for
details of procedures. Symbols (Fig. 4a): e---e=control
PI-P · c-·-O=infected PI-P · ~---•=control PI-P,·
?'
2'
.6.- -~=infected PI-P; ____.=control PA; o- ·- D=infected PA.
Symbols (Fig. 4b): ~=control PI; o- -o=infected PI;
~---•=control PC;· .6.- -.6.~infected PC; ____.=control PE;
o- -o=infected PE.
Infected and control values were ~ignificantly different at
all time points .with. the·'·ei~·~ption of the values for PI-P
2
at 0 time; PC at 90 min; and PE at all time points.
:.

•:'"

,.
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Table 3

.
.
3
.
-Effect of -Poliovirus-Infection -on -HeLa Cell -Fhosphoinositides Prelabeled with Myo-[ H)-Inositol
b .

CP~f

.

.

Lipid/Inositol Phosphate

a -

Ph~sphatidylinositol

Time After
Infection
(min)
0
. 90

(PI)

/JJmole of Total Lipid Pi

Control

788,007 ± 6,427
826 '083 ± 15-,897

c

.LlCPMc

Infected

Z\CPM

38,076

886,660 ± 4,069
681,151 ± 10,782

-105,509

Inositol monophosphate
(IP )

0
90

26,636 ±
34,285 ±

68
2.48

7,649

38,?28 ±
30,438 ±

484
225

-7,790

Phosphatidylinositol
4-phosphate (PI~P)

0
90

34,673 ±
31,156 ±

329
120.

-3,517

39,180 ±
27,572 ±'

157
495

-11,608 .

Inositol bisphosphate
{IP )

0
90

16
2.5

351

1,611 ±
569 ±

30
. 13

-1,042·

83,140 ± 1' 189
64,795 ± 1',001

-18,345

82,667 ±
61,315 ±

1,027
1 ,5~62

-21 ,352·

6,360 ±
. 13,875 ±

75
571

7,518

1

2

Phosphatidylinositbl
· 4,5-bi~phosphate (PI-P )
2
Inositol

0
90

tris~hosphate

(IP )

.

a

0
·go

3

404 ±
'733 ± ·.;

6,776 ±
14,391 ±

Lipids were analyzed by !-dimensional TLC, and inositol

29
646

' 7 ,615..

phosphate~

by anion exchange chromatography

b

· Mean value ± standard error
c

Change in

,rad~oactivity

from the corresponding 0 time value.

The differencesbetween control and infected values are.significant (~0~05) except for phosphatidylinositol 4,5~bisph~sphate and inositol trisphosphate-at 90 minutes after infection ..

N
0\

\ !
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water:-soluble <i.n::ositoi phosphates imm.eidate~y _af:ter infection and a.
decrease in their label content at 90 minutes after infection;. ·Inositol
trisphosphate was the-exception, showing a lower label content in
infected cells than' in_ control. cells immediately after infection.
It must be mentioned. that the differences between.PIP
infected and control cells at 90 minutes are not
cant.

2

or IP

stat~stically'

of
3
signifi-

However, from 0 time to 90 minutes there-was a greater decline in

the label content of PIP and PIP

2

from·infected cells than in that of

PIP and PIP

from control cells._ Label in PI from· infected cells but
2
not from control cells also dropped between 0 time and 90 minutes.
'

'

These result·s. corroborated those from the [

32

(Figs;. 4 a and 4b) in the following respect.s:

Pi]-prelabel experiment
1)

~ontinue.d

incorporation

of label into lipids occurred during -th~ chase period; 2) label incorpo!

i

ratio.n into lipids was enhanced soon after infection but was depressed by
90 mfnutes.
!

-

.

3

Effect of Poliovirus-Infect.ion on the Incorporation of Myo-[ H)-Inositol
into

~hosphoinositides

by HeLa Cells

The above experiments did not definitely show that .virus-infect~ort

1

.caus~d

increased degradation_of inositol phospholipids.

To find out

whether there was increased degradation as well as synthesis,

HeL~

cells

were 'infected with virus or mock-infected, and incubated with medium·
containing

~yo-[ 3 H]-inositol for 90 minutes.

Inos1tol phospholipids

were iSeparated and analyzed by 1-dimensional TLC and their water-soluble

deri~atives were separated by anion exchange chromatography.
'.

results (Table 4) show that there was an increase in
of PI, PIP, and PTP

2

th~

The

label content

from infected cells as compared to the

corresp~nding

28

.Table 4
Increased Synthesi.s and Degradation. of Inositol
Phospholipids in Poliovirus-Infected HeLa Cells

CPMb /l.i·mole of Total Lipid Pi
Lipid/Inositol Phosphatea
Phosphatidylinositol (PI)
Inositol-1-phosphate (IP )
1
Phosphatidylinositol
4-p:ttosph~te (PIP)
Inos~to1

bisphospbate (IP )
2
.Phosphatidylinositol 4,5bis.phospha-te (PIP )
2
Inositol trisphosl?hate ('IP )
3
Labe~i~g

a

b

.

Control·

InfeGted

550,167 ± 21,666

642,340 ± 5,100

26,063 ±

1,157

36,952 ± 1,748

61,875 ±

. 792

75,540 ± 2,,820

925 ±

125

2,094 ±

6.

4,167 ±

41

5,880 ±

240

8,797 ±.

.. 16

11,512 ±

. 83

3

was with myo-[ H)-inositol for 90 minutes after infection

Inositol phospholipids were analyzed by !--dimensional TLC, chromatograp~y, and inositol phosphates by anion exchange chromatography.
The
differences between control and infected lipids are significant (p~0.05)
except for phosphatidylinositol (p=.054). ·
Meari value ± standard error

,-

lipids from control cells •.

2.9

There was also an increase in the labei. con)

tent of their degradatio~ products,· namely·· IP , IP , arid IP- (Table 4).
.
3
.
1 . 2
.

.

.

·-.

.

. -

These results provide evidence for, increased phosphoinositide turnover
in infected cells.

Synthesis of Phosphoinositides by Cell-Free Lysates. -Prepared from
Poliovirus-Infected and Control .HeLa Cells
The results. presented in Figs. 4a and 4b and Table- 3 gave evidence
I

for a virus-induced early stimulation and a later _inhibition of phospho~·
)
.
32
3
inositide metabolism in fntact HeLa cells when [ Pi] and myo-f H]inositol were used as radioactive lipid precursors.

Under these

conditions of labeling, the label must first -be transported iJ1.t'o the
1

. cell,: and then incorporated into lipids.
,

.

. '

3

Myo-[ H]-inositol is incor-

32

porat·ed directly into lipid, whereas [

'

.

Pi] is first in,corporated intp

./

ATP wpich in turn donates-radioactive phosphorus to phospholipids.

The

possibility existed that. viral infectiot:l may cause an alterati·on in
either the transport of label into· cells or the incorporation of label
into ATP and that either or both of. these vari?bles may have been the
cause; of virus-induced lipid changes.

To rule· out these effects ·lipid

.

synth:esis .in vitro by cell-free lysates using [yattempted.

32

i

P]-ATP as label was

Cell-free lysates were obtained from poliovirus-infected· and

control HeLa ceils at O_time, 45 min, and·90 min after -infection.
32

lysat.es were incubated with [Y.

i'

' .

.

10 min at 25°C.

.,

The

.

P]-ATP· in the presence of .2 mM ATP for·

Lipids were extracted from each lysate and analyzed.·

II

The r:esults. (Table 5) confirm enhanced phosphoinositide synthesis
starting immediately after infection and lasting at least unt·il
45 minutes, and an apparent decline, in their synthesi~ ·by 90 minutes.

30·

·Table 5.
.· 32 ....
IncorporB;tion of [Y- P]-ATP into Phospholipids by
-.
a
Cell-Free Extracts from Poliovirus-Infected. and Control HeLa Cells
...1

l

CPMc/~g protein/10 min

_Time After Infection
0 min
. b
45 ml.n
90 min
a

% ·of
Control

Control

Infected

651,618 ± 15,425

743,578 ± 16,977

50,013 ±

'

.

114

5"14

95,439 ±

1,279

191

700,432 ± 23,.582

598,142 ±

7 ,446.

85

.

Each; lysate was assayed in duplicate

b45 minu:t;e values were obtained from a separate experiment
c

'

·Mean~

values ± standard error obt-ained from replicate counts of the same
lipid sample

d~fferences
(p~.05) at each

The

between _control and infected values are
time interval.

signif·i~ant
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It should be noted. here :th~t ·the values for the. 45 min~te time in~e~al
were obtained in a separate experiment.

[y-

32

The specific activity ·of.

P]-ATP used in this experiment was lower than that in the.experiment \

from which

o· time an4 90· minute· values· were· obtained.

Hence the lower·

CPM at 45 minutes than at. 0 time or 90 minutes.
Effect of UV-Irradiated Poliovirus· on the Incorporation of· [

32

pi] into

Phosphoinositides of HeLa Cells
. Since the effect of poliovirus on HeLa cell lipid metabolism seemed
to be .occurring early ln infection, it was of interest to determine
whether viral gene expression

wa~

required •. To make this

determinatio~,

,

HeLa cell cultures were infected with either active virus, or virus
which had been exposed to short wave ultraviolet light (UV-virus).
infected cultures and

mock-inf~cted

control cultures were then incubated

. h !:me d 1.um
.
. .
[ 3 2 Pl.. ] f or 90 m1.nutes.
.
wl.t
conta1.n1.ng

analyzed.

The

. . ds were extracted an d_
.L1p1
I .

.

The results (Table 6) show that in cells infected with activ!=

virus:, there was decrease~ labeling of polyphosphoinositides and
increased labeling of PL as compared to control cells.
in ce·lls infected with UV-virus, there was increased [

In contrast,
32

pi]-irtcorporation

into :all phospho:Lnosi tides as compared to. control cells and cells
infected with active virus.
3
· Effect· of Infection with UV-Virus on the. Incor·poration of Myo-[ H]Inositol into HeLa Cell Lipids
:To confirm the above results and to determine whether the increased
-i
label content of cells infected with UV-virus was caused by decreased
I

degradation of these lipids, HeLa cell cultures were infected or mock~
infected as 'in the above experiment, and incubated for 90 minJ.ltes with.

'

. Table 6
·Effect of Infection with Active or UV-Irradiated Poliovirus
·· · of [ 32 Pi ]a 1nto
·
. HeLa Ce 11· Ph osp h o1nos1t1
·
· "des
on .t ·he I ncorporat1on·CPMc /~m~le of Total' Lipid . Pi
Lipidb

Control

Ph~sphatidylinositol

(PI)

Active Virus

UV-Viru~

.76;964 ±

411

91,923 ± 7,364.

29,751 ±

907

23,341 ±

110,880 ± . . 315'

Phosphatidyli~ositol-

4-phosphate (PI-P)
Posphatidylinositol-4,5bisphosphate (PI~P )

2

a

215,280 ±

.

7,6~7.

43,~73

382

122,590 ± 4,599

±

,1~325

.

230,274 ± 5,603

.

Labeling was for 90 min from the start of :infection

bLipids were analyzed by 1- and 2-dimensional TLC
.c

Mean value ±. standard error obtained from replicate runs of the same

The differences between control and. infected'values are significant
virus-infected cells and PI-P from. UV virus-infected cells.
2 .

l~pid

(p~.05)

.

material
except for PI from active

·

w

N
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3

medium containing myo-[ H)-inositol.

Phosp~oinositides

and. inositol

phosphates were extracted and analyzed. .The results of this experiment
)

(Table 7) showed that in cells infected with .active virus there wa~
decreased label incorporation into all three

phosphoinosi~ides,

and an

increase in the label content of the corresponding inositol phosphates
as compared to the controls.
of these lipids had occurred.

This indicated that increased degradation.
In.contrast, in cells infected with

UV-virus, there was ·an increase in label incorporation into all three
phosphoinositides and a corresponding decrease in label content -of IP

2

and IP .indicating that decreased degradation of PI-P and_ PI-~ had
2
3
occurred. However, the label content ·of IP from UV-virus-infected
1
cells! was higher than that of IP · from ~ctive virus infected or. control ·
1
~ells!. Thus, these results provide evidence for increased degradation
'

-

in ac~ive virus-infected cells and decreased d~gradation in UV virus~
infected cells of polyphosphoinositide·s ~

!

• l

Table 7
Effect of Infection with Active or u.v.-Irradiated Poliovirus
3
·
a
on the Incorporation of ~yo-[ H)-Inositol into HeLa Cell Phosphoinositides
c .
CPM /umole _of

Tot~l

.
Lipid Pi

Lipid/Inositol Phosphateb

Control

. Active Virus -

Phosphatidylinositol (PI)

256,309 ± 2,801

228,386 ± 4,'834

Inositol-1-phos-phate
(IP 1·)
.
.

Inositol
Bisphosphate (IP 2)
.
Phosphatidylinositol-4,5bispho~phate -(PI-P )
. .
2
Inositol Trisphosphate
(IP 3)
.

b
c

.
Labeling.was

fo~

. 4,077 .±

.99'

4,830 ±

'157

4~918 ±

318

11,818 ±

264

9 ,5.03 ±

162

14,212 ±

120

2,249 ±

45

3,348 ±

228

1,258 ±

88

17,946 ±

550

15,695 ±

30~

23,454 ±

356

1, 909 ±

244

3,038 '±

157

776 ±

73

-.
90 min from_ the start of infection

Lipids were analyzed by
-

270,255 ± _9,512

-

Phosphatidylinos:i.tol.4-phosphate (PI-P)

a

U.V;. Virus

1-dim~nsional

TLC and inositol phosphates· by anion exchange chromatography

Hean va.lue ± standard error obtained fr::1m

replic~te

.

determinations

All values for active virus or UV-virus infected cells except the value for PI ·from UV virus-infected
cells and that for ~nositol-1-phosphate from active virus-infected cells, are significantly different
~ (p~. 05) ·from the corresponding control values.
·
·

w

~

DISCUSSION
~hanges.

in cellular· lipid metabolism as a consequence of poliovirus

infection have been studied previously by a number _of investigators.
The results of the-present study however, differ from 'those of earlier
studies in the following respects:

1) most previous.· studies . reported an

increase in phospholipid synthesis later than 2 hours after infection
(Mosser et al., 1972; Penman et al. ,- 1965) whereas this study provides
evidence that incre·as.ed phospholipid metabolism can be. observed .imme-.
diately after attachment of virus to cells (Figs. 4a and 4b; Table 3);
2) while virus-_induced changes in lipid. metabolism observed in other
studi_es were

with increased choline uptake between 2. 5 and

associate~

3 hours after infection (Mosser et al. ·, 1972; Penman et al., 1965) and
. with 'progressiye increases in the specific activities of iecithin,
sphingomyelin, phosphatidylserine (PS), phosphatidylethanolamine (PE),
and phosphatidylinosi tol (PI) between 2 and 4 ·hours after infection
(Corriatzer et al., 1961), virus-induced lipid changes observed in the
present study occurred immediately after infection and was characterized
\

by ari initial_. increase

a~d

.

a subsequent ·decrease in the metabolis·m of
-

'-··

.

.·

phosJ?;hoinositides (Figs.-4aanc14b; Table 3);.and finally, 3) while the
increased choline uptake was only seen after extensive RNA-replication
eta~.,

hadtaken place. (Penman
depe~dent·

on viral

1965), the increase seen here is not

gen~ e~pression

(Table 7) •

~The overall effect of the virus appeared to be a~ early stimulation

i

and

I

~

·

,

· l

-·

later -·inhibition_ of. ph()sphoipositide metabolism.

As previously

mentioned, this stimulation could be observed immediat~ly following
virus attachment to

cel~s

(Figs. 4a and 4b;·Tables 3 and 5).

Du;ing

this initial stimulation, an increase 41 the release of myo-inositol
35'

36
.phosphates was observed (Table ·3) indicating that increased breakdown
of

_t~ese

lipids was also taking place.

By 60 to 90 minutes after

infec.tion, labeling of these lipids declined (Figs. 4a and 4b;
'

'

Tables 2,3 and 5-7).

Evidence for such an early invoivement of phos-·

phoinositide metabolism in infection with a lytic virus l;las not been
previous!~

reported.

Numerous other investigators have shown that a·rapid turnover of
phosphoinos~tides

occurs in a variety of tissues responding to numerous

stimuli including those of hormones, neurotransmitters-, certain neuropharmacological agents and electrical pulses,

a~d·

that this rapid turn-

over !is, _in some tissues,_ accompanied by _an increase in intracellular
calcipm (Abdel-Latif, 1983; Berridge, 1984).
as th~ phosphoinositide effect.

This phenomenon is knoWt1

The first phosphoinos~tide effect (at

that time known. as the phospholipid effect) was desc.ribed in 1953 by
1

Mabel: Hokin and Lowell Hokin, and was defined as a change in the rate
of turnover of a phospholipid when the _tissue in which it occurs is
I'

subje¢ted to "!arious stimuli (Abdel-Latif, 1983).

It was discovered_

when :these investigators found that stimulation of the'pancreas by
I

acety;lcholine .caused the release of .digestive enzymes
i

'

'

'

and at the same time there was .·increased

.

_incorpo~ation

.

phospholip:j..ds.

~rom

the pancreas

'32 . ] .
of [ P1 1nto

'

A similar effect was found to 'occur in' brain_

~!ices.

The Hokins then showed that this,.effect was largely attributable to
32
'
.
'
incre;ased [ r Pi]-labeling ·_of PI and its precursor, PA.
'

1

!In recent years it hCis be~n postul9-t~d that ,the phosphoinositides
i

-

.

1

funct ion as part of a

-

.

receptor~media>ted

2

by

pho~pholipase

-

·signal t-ransducing

The key_r.eaction of this mechanisms is the rapid
degradation of PI-P

-

mechanis~.

agonist~dependent

C giving rise to ·1,2-diacylglycerol
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, and IP

3

(Fig.. 1) , both of which are believed to function as second

messengers within· the cell, inducing -many physiological responses
(Berridge, 1984).

_IP

3

itself has been shown to mobilize calcium ions~

in permeabilized cells (Streb et al., 1983; Joseph et al., 1984).

role of ·ca

The

++

in the regulation of protein phosphorylations and_ .other
"
reactions is well -known. Diacylglycerol acts independently, bringing
- about its effects by stimulating a protein kinase C, which attaches.
'
++
phosphates to proteins in the presence of Ca
and

1984).

-

(Marks,

In the present ·study, increased labeling of CDP-diacylglycerol

(Table 2) and IP

3

(Tables 4 and-7) was found to occur in infected cells.
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Results not presented showed evidence fpr increased - Ca
'1

.

phosph~lipid

++

'
upta-ke by .

,polio'viru~ infected cells within the first 60 to 90 minutes of infection

(Nair:, unpublished observations).
tions mediated by Ca

++

Therefore, new· protein phosphoryla-

and protein kinase C inust occur in infecte-d cells.

I

An tricrease in ribosome associated protein k-inase activity· (Koch et al.,
1982). and in the phosphorylation of a 24K protein (Jam_es and Tershak,
1981) in poliovirus-infected cells has alsc been reported.

Since phos-

phoinositides are probably present in the plasma membrane their rapid
turndver is believed to be associated with: changes in membrane processes,_
especially permeability change$ across the plasma membrane (Abdel-Latif,

.
Therefo~'e, i t is conceivable tha:t n~w .-phosphorylations occur in
-

1983).

the ·plasma membrane of
functions are altered.

po.lioyiru_s~infected

cells· .art<J_ that membrane

. - + +
:Chang·e_s i~ Na --K tran$port resulting from

incr~ased membrane permeability have been rep~rted in poliovirus-infected
cells (Nai-r et 'al-., 1979; Nair, 1981; Schaefer et al., 1982).

The phos-

phoinositide chang·es occurring- as a result of poliovirus-infection may
therefore reflect early events which. lead to membrane ·alterations in-

38
-

.

virus-infected cells and may mediate the events which cause cell..;.killing
by the virus ..
It is not possible to conclude from this study whether or not other
phospholipids are also affected during the early period after virus.
3 2.
.
.
infection •. · The i,ncrease in
[PiJ-labe~ing of PS and LPE (Table 2);
was not consistently observed in all experiments. ·These two lipids,
along with PI, migrated very closely together on the 2-dimensional thin
layer plate.

Highly radioactive PI, which migrates-between PS and LPE

(Fig.- 2) may have

-~

some instances contaminated .them, resulting in

higher counts _in these lipids.

The results· obtained when cells were

labeled after infection (Table 2) seemed' to indi-cate that phosphatidylcholine (PC) and PE were not affected during
did appear to be affected when__
and 4b).
•

I

pre~ labeled

this·p~r:i,.od.

However, they

cells were infected (Figs. 4a

The reason for these differences are not known •

Other seeming inconsistencies are in the ·res.ults obtained when the
cells. were labeled for 60-90 minutes from the start of infection.
these: conditions the effect on
three·:

phosphoinositi~e

Under

metabolism was one of

increased labeling-of PI and decreased labeling of PIP

2

(Tables 2·, 6, and 7); increased labeling of all phosphoinosi_t,ides
\

(Table 4)~ or decreased labeiing of all phosphoinositides (Figs. 4a and
I

.

4b; Table 3) •. It is knoWn that when animal cells are infected with
\'

virus;es ,.. there -may be considerable variability Jn · the time of onset of
the infective process in' .individual cells and that part of this asynl

.

chrony is ·due to·random variation in the attachment of virus to cell
(Pen~an

et al., 1965).

This variability may cause differences in the

exact stage of ..infection from. e~pe'i.:iment to expe·riment ev:en though the
same time may be allotted for infection.

This' in addit"ion to other

39

biological factors equally difficult to control, is believed to be the
cause: of these differences •
. Experiments with UV-virus (Tables 6 and 7) gave some insight into
the mechanisms by which· the observed changes occur.

UV-virus would

have attached to and been taken up by cells but would not have expressed
its genetic functions. _Judging from the results of these experiments,
expression of viral gene function was not necessary for .the initial
stimulation of phosphoinositide labeling, but was required for the
decline in labeling seen by 90 minutes after infection. · The decline in
phosphoinositide.labeling by 90 minutes was at least partially due to
incre~sed

degradation by phospholipase C since there was a parallel .

incre~se.in

the label c.ontent of.IP _and IP • In addition, since
2
3
poliovirus-induced host shutoff of HeLa cells can be seen by 1 hour
after· infection, it seems possible that the inhibition of phosphoinositide metabolism may also be a result of host shutoff which is an event
r~quiring

viral gene expression.

If so, it would mean that shutoff

deple:tes a labile enzyme involved fn phosphoinositide synthesis.

It

appea:red that the increased labeling of phosphoinos'itides in UV-virusinfected cells was due to an inhibition of degradation by phospholipase C. · It is not clear how uV-virus could have inhibited the
degradation of phosphoinositid~s by phospholipase C.
,Evidence presented in this

~tudy

indicates. that a phosphoinositide·

effec.t. is associated with infectio~ of' Heia ·cells by a lytic virus.

It

is in:teresting that one and the same sign~lling mechanism, i.e.
the PI
.
'

'

\

effect, mediates cellular. re.sponses to normal physiological stimuli
(neurotransmifters, hormones, etc.) as well a:s to a cell-killing viral
infection.

Further research is needed to . clarify the impoTtance of the
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PI

eff~ct

for virus rep.lication and cell-killing.

As in other systems,

the PI:effect probably influences cell functions in virus-infected cells
through 'the second messenger, i.e.

~P

and· diacylglycerol. To determine
3
this it is necessary first to obtain evidence for changes in phosphory-

lation of cellular p·roteins by protein kinase C following viral infection.

The phosphoinositide content of cells

app~ared

to decrease by

90 minutes after infection· (Figs. 4a and 4b; Table·3 and Tables 5-7).
Presumably this decrease continued as a function of time after infection.

This must be determined since a reduction in the content of

membrane phosphoinositides may mean loss of membrane integrity and ·
fu~ction(s).

In some systems, the PI effect appears to be associated

with increased release of arachidonic acid from PI (Bell et al., 1979).
Since changes in the levels of arachidonic acid metabolites (i.e.
prostaglandins) could cause cell injury, the effect of viral infection
on the:release and metabolism of arachidonic acid will be another interesting area for future studies.

SUMMARY
1

Early phospholipid changes in poliovirus-infected ·HeLa cells, ,were·
!

studied after treating cells or cell-free extracts as follows:

1) The

cells were infected with virus or mock-infected (control) and labeled
with r

32

3
Pi] or myo-[ H]-inositol for 60 to 90 min.

prelabeled with [
mock~infected

32

2) The cells were

3
pi] or myo-[ H]-inositol and infected with virus or.

(control) for varying periods of time.

3) Cell-free

extracts derived from control cells or infected cells at various times
32
after infection were incubated with [Y- . P·]-ATP.

4) The cells were

infected with U.V. irradiated virus or active virus or mock-infected

(cont~ol)

and labeled with [

32

3
Pi] or myo-[ H]-inositol for 90 min.

The

lipids were extracted with CHC1 :cH 0H:HCl, quantit~ted by Bartlett's
3
3
procedure and analyzed by thin layer chromatography. Water soluble
inositol phosphates were fractionated by anion exchange chromatography.
Increased labeling of infected cell lipid fraction was evident within
60 to.90 min of labeling from the start of infection.

This effect was

independent of the multiplicity of infection in the range of 20 to 500
I

infective virions/cell and

w~s

generally associated with increased

labeling of phosphatidylinositol and its precursors and decreased.
3
labeling of polyphosphoinositides. Labeling with myo-[ H)-inositol
provided direct evidence,for increased turnover of inositol phospholipids during the early period after virus-infection.

Studies with

prela~eled ce~ls revealed that during the· first 90 min after infection,
i
i

.

there/was an early

incre~se

.

and ·a. later decrease in radiolabel incor-

1

porat~on
'

into inositol pho~p~olipids.

phospholipids measured

~s

.

[y~

Cell~free

synthesis of inositol

32. '

P] -ATP incorporati,on confirmed these

findings and ruled out virus-induced changes in cellular uptake of the

41

42
· th e convers1"on of [
precursors or 1n
the observed changes.

32

P1"] to ATP as an exp 1 anat1on
·
f or

Studies with UV-irradiated virus provided evidence

that viral gene expression is not required for the initial increase in
radiolabel 'incorporation into inositol phospholipids but is required
for-the later decrease seen by 90 minutes after infection.

Measurement

of inositol phosphates indicated that activation of a phospholipase C
was at least partially

respon~ible

for the decrease observed in the

label content of inositol phospholipids.

These results represent the

first demonstration of a 'phosphoinositide effect' in cells infected
with a lytic virus.

REFERENCES

I

A. A., Akhtar, R. A.~ and Hawthorne, J. N. (1977) Acetyl-··
ch~line increased the breakdown of triphosphoin~sitide of rabbit iris
muscle prelabelled·with [32p] phosphate. Biochem. J. 162: 61-73.

Abdel~Latif,

Abdel-Latif, A. A.·(1983) Metabolism of phosphoinositides. In Handbook
of Neurochemi~try,, Vol. 3 (2nd Ed-.), Plenum Publishing Corp.
Abdel-Latif, A. A., Yau, S._J., and Smith, J. ·P. (1974)-Effect of neurotransmitters on phospholipid met·abolism in rat cerebral cortex
slices- cellular-and subcellular distribution. J. Neurochem. 22:
383-393.
\
Akhtar, R. A., and Abdel-Latif, A. A. (1.984) Carbachol causes rapid .
phcisphodiesteratic cleavage of phosphatidylinosltol 4,5-bisphosphate
and accumulation of inositol phosphates in rabbit iris smooth mus_cle;
prazosin inhibits noradrelanine- and.ionophore A23187-stimulated
ac~umulation of inositol phosphates. Biochem. J. 224: 291-300.
Akhtar, R. A., Taft, W. C., and Abdel-Latif~ A. A. (1983) Effects of
corticotropin-(i-24)-tetracosapeptide on polyphosphoinositide
metabolism and protein phosphorylation in rabbit iris subcellular
· fra;ctions. J. Neurochem. 41: .1467-:-1467.
Amako,i K. and Dales', S._ (1967) Cytopathology of mengovirus infect.ion.
II.: Proliferation of membranous cisternae. Vir~logy 1l_: 201-215.
Banschbach," ~· W. -_~nd Hokin-Neaverson, M. (1980) Acetylcholine promotes
1 the synthesis of Prostaglandin E -~n mouse pancreas.
FEBS Lett 117:
131-133 •.
!

Bart let::--.., G. ( 1959) Phosphorus assay iri column chromatography.
Ch~m. 234: 466-468.

J. B'iol. ·

Bell, _R. L., Kennerly, D. A., Stanford,· N., and Majerus, P. W. (1979)
diglyceride lipase: A pathway for arachidonate release from human
pl~tel~ts.
Proc. Natl. Acad. Sci. USA 76: 3238-3241 •.
I

Ben-:-Pdra t, T. and Kaplan, A. S. ( 19 71) Phospholipid metabolism of
herpesvirus-infected and uninfectedrrabbit kidney cells.
Virology 45: 252-261.
Berridge, M. J. (1983) Rapid accumulation of inositol trisphosphate
reveals that agonists hydrolyse polyphosphoinositides instea4 of
phqsphatidylinositol. Biochem. J. 212: 849-858.
I

Berri4~e, M. J. (1~84) Inositol trisphosphate and diacylglycerol as

second messengers.

Science 224: 271-274.

Billah, M. M., Lapetina, E. G., and Cuatrecassa, P. (1980) Phospholipase A2 and phospholipase C activities of platelets. J. Biol.
Chern. 255: 10227-10231.
43

Blair, C. D. and Brennan, P. J. (1972) ·Effect -of Sendai virus infection
on lipid metabolism in chick. embryo fibroblasts. J. Viral. 9:
·813-822.
I

Choy, :p. C., Paddon, H. B., and Vance, D. E. (1979) An increase in.
cytoplasmic CTP accelerates the reaction catalyzed_ by CTP:phosphocholine. cytidylyltransferase in poliovirus-infected HeLa. cells·. J. ·
Biol. Chem. 255: 1070-1073.
Cohn, z. A.· (19.52)· Quantitative distribut-ion of phosphorus in chorioallantoic· membrane as. affected by infection with influenza virus.
Proc. Soc. Exp. Biol. Med. 1?: 566-568·.
Contr~ras,

A. and Carrasco, L. (1979) Selective inhibition of pJ;otein
sy1;1thes is in. virus-infected mammalicin·· cells~. J. Viral. 29: 114-122 •.

Cornatzer, W. E.·, Ga;I.lo,; D~ G., .Davison, J. P., and Fischer, R~ G•.
(1953) Phospholipid and-protein-bound phosphorus synthesis in the
rabbit papilloma. Cancer ·Res. 13: 795~7,97. ·
Cornatzer, W. E., Sandstrom, W., anq Fischer, R. G. · ( 1961) The e·ffect ·
of:poliomyelitis virus type 1 (~1ahoney strain). on the phospholipid
metabolism of the HeLa cell. Biochim. Biophys. Acta ·49: 414...:.415.

I
I

Dales~ S. and Franklin, R. M. · (1962) A comparison of the changes ·in.
.
fine structure of L:...cells during single cy.cles of virus multiplica-.
ti~n, following their infection }'lith the ·.viruses of mengo and ·
enfephalomyocarditis. J .: Cell Biol. 14·:. 281-303.
Dales~

S., Eggers, H. J., Tamm, -I., and Palade, G. E. (1965} Electron
microscopic study of the formation of poliovirus. Virology~:
379-389.
I

Daniel, L. W., Waite, 'M., Kucera, L. S., King, _L., and Edward, I. (1981)
Phbspholipid synthesis .in· human embryo fibroblasts. infected with
he~pes simplex virus type .2.
Lipids _!£: · 655-662 ~
Diringer, H. and Rott, R. (1977) Different pools of free.myoinositol
in! chick-embryo cells as indicated by. infection with Newcastle
Di~ease Virus.
Eur. J. Biochem. 79: 451-457.
Egberts, E., Hackett, P. B.• , and Traub, P. (1977) ·Alterations of the
intercellular energetic and ionic conditions by mengovirus-infection
of Erlich ascites tumor cells and its· ·influence on protein synthesis
ini the midphase of infection. J. Viral. 22: 591-597. ·

Franc~eur,
in!

A. and Stanners, C. (1978) Evidence against the role of K+

the shutoff of protein· synthesis by vesicular stomatit.is virus.
J .. : Gen. Virol •. 39: 551-554.

Garry., R. F.,
and Waite,
of protein
Virol. 96:

Bishop, J. M.J.; ·Park~r, S., Westbrook,. K., Lewis, G.,
M. (1979) Na and K concentrations.and the regulation
synthesis in Sindbis vir~s-infected-chick cells.
108-120.

45
Gauri, K. and Albrecht, C. (1979) Relative potencies of ethyldeoxyuridine and EdU-monophosphate irt type 1 herpes keratis in rabbits.
Adv. Ophthal. 38: 64-71.
Genty,: N. (1975) Analysis of uridine· incorporation in chicken embryo
cells infected by· vesicular stomatitis virus .and its temperature
sensitive mutants·:_ Uridine· transport. J. Viral. 15: 8-15.
Gonzalez-Sastre, F. and Felch-Pi, J. (1968) Thin-layer chro~atography
of the phosphoinositid~s-. J. Lipid Res. 9: 532-533.
M. (1959) Biochemical studies on adenovirus multiplication.
· 1. Stimulation of phosphorus incorporation into DNA and RNA.
Virology!= 343-358.

Gr~en,

Hand, ·R._ (1976) Thymidine metabolism and DNA synthesis Newcastle Disease
vi.~s-infected cells.
J. Viral. 19: 801-809.
Hawthorne, J. N. and Pickard, M. R. (1979) Phospholipids __ in
function. J. Neurochem!" B_: 5-14.·.
Hawthorne, N. N. and White, D. A. (1979)
Horm. 33: 529-573.

Myo~inositol

syn~ptic

lipids.

Vitam.

James,· L. A. and Tershak, D. R. (1981) Protein phosphorylation in ·polio. virus infected cells. Can. J. Mic_robiol. 27: 28-35·.
Jezequel, A. M. cand Steiner~ J. L. (1966) Some ultrastructural and
histochemical aspects of Coxsackie virus-cell interactions.
Lab. Invest. 15: 1055-1083.
JosepQ., S. K., Thomas, A•. P., ·Williams, R. J._, Irvine, F•, .and
Williamson, J. R. (19'84) Myo-inositol 1,4,5-trisphosphate: 2i second
messenger for the hormonal mobilization of intracellular Ca
in
liver. J. Biol. Chern. 259: 3077-3081.
Kallman, F.,-Williams, R. C., Dulbec:co, R., and Vogt, M. (1958) Fine
structure of changes produced in cultured cells sampled at specified
in~ervals during a single growth cycle of polioviru-s.
J. Biophys.
Bibchem. Gytol. _4: 301-308.
Koch, F., Koch, G., and Kruppa, J. (1982) In Protein Synthesis in
Eukaroytes, pp. 330-361 (Perez-Bercoff,ed.), Plenum Publishing Corp.
Levan9n, A. and Kohn, A. (1978) Changes in cell membrane.microviscosity
associated with adsorption of viruses. FEBS Letters 85: 245-248.
i

'

Levanon, A., Kohn, A., and Inbar, M. (1977) Increase. in lipid fluidity
of cellular membranes induced by adsorption of RNA and DNA virions.
J. Virol. ~; 353-360.
Lowry, 0. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951)
Protein measurement with the Folin phenol reagent. J. Biol. Chern.
193: 265.-27 5.

46
Lyles, D. S. and Landsberger, F. R. (1977) Sendai .virus-induced hemolysis: Reduction in heterogeneity of erythrocyte lipid· bilayer
fluidity.
Marks, J. L. (1984), A new view of receptor

act~on.

Science 224: 271-274.

Mcintosh, K., Payne, S., and Russell, W. C~ (1971) Studies on lipid
metabolism in cells infected with adenovirus. J. _Gen. Viral. 10:
251-265.
Michell, R. H. (1975) Inositol phospholipids and cell surface receptor
function. Biochim. Biophys. Acta 415: 81-147.
Mirra£, G.,-Gornatzer-, W. E., and- Fischer, R. G. (1956) The effect of
poliomyelitis virus type I (Mahoney strain) on the phosphorus
metabolism of the HeLa cell. J. Biol. Chern. 228: 255-262.
Moldave, K. (1954) The effect of Theler's GD VII virus on the intracellular distribution of radiophosphorus in niouse hrain in vitro.
J. Biol. Chern. 210: 343-345.
·
Moore,· N. F., Patzer, E.· J., Shaw, T. E., Thomson, T. E., ·and
Wagner, R. R. (1978)' Interaction of vesicular stomatitis virus with
lipid vesicles: Depletion of cholesterol and effect of virion.·
membrane fludity. and infectivity.· J.· Vir:ol. !:J...: 320-329.
Mosser, A. G., Caligriri, L.A., Scheid,. A•. S., and Tamm, I. (1971)
. Chemical and enzymatic characteristics' of cytoplasmic membranes of
poliovirus-infected HeLa cells.. Virology£: 30-38.
Mosser, A. G., Caliguiri, 1.· A., and Tamm, I. (1972) Incorporation of
lipid precursors into cytoplasmic membranes of poliovirus-infected.
HeLa Cells. Virology£: 39-47.
Nair, c •. N. (1984) N~ and K changes in animal virus-infected HeLa cells.
J. Gen. Viral. 65: 1135-1138.
Nair, C. N. (1981) Monovalent cation metabolism and cytopathic effects
of poliovirus-infected HeLa cells. J. Viral. 37:,268-273.
Nair, C. N. and-Lonberg-Holm, K. K. (1971) Infectivity and sedimentation
of rhinovirus ribonucleic acid. J. Viral. 7: 278-280.
Nair, c. N. and Owens, M. J. (1973) Preliminary observations ·pertaining
to polyadenylation of of rhinovirus RNA. J. Viral. 13: 535-537.
Nair,+¢. N., .Stowe~s, J. W., and Singfield, B. (1979) Guanidine-sensitive
Na accumulation by poliovirus-infected HeLa cells. J. Viral. 31:
184-189 •.
1

Norrie, D. H., Wolstenholme; J., Howcrof.$, H., an~ Stephe?, J. (1982)
Vaccinia virus-induced changes in [Na ] and [K ] in HeLa cells.
J. Gen. Viral. 62: 127-136.

47
Nozawa, C. M. and Apostolov, K. (1982) Association of the cytopathic
effect of sindbis virus with increased fatty acid saturation.
J. Gen. Virol. 59: 219-222.
Nunez-Montiel, 0., Weibel, J., and Vitelli-Flores, V. (1961) Electron
microscopic study of the cytopathology of Echo virus .infection in
cultivated cells. J. Bi_ophys. Biochem. Cytol • ..!.!.= 457-467.
Penman, S. (1965) Stimulation of the incorporat.ion of choline in
poliovirus-infected cells. Virology ~J 148-15 2. ·
Penman, S. and Summers, D. (1965) Effects on ·host cell metabol-ism
following synchronous infection with poliovirus. Virology 27: 614-·
620.·
Pffefferkorn, E. R. and Hunter, H.·. S. (1963) The source of the ribonucleic acid and phospholipid of sindbis virus. Virology 1Q_: 446-456.
Rafelson, M. E., Winzier, R-.· J., and P~_arson, H. Eo (1949) The effects
of Theiler's GD VII virus on 32P uptake by minced-one~day-old mouse
brain·. J. Biol. Chern. --181: 583-59:3.
.

.

v. and Thach, R. E.- (1981) 'Translational elongation rate
changes in encephalomyocarditis virus-infected and interfe.ron treated
·cells. J. Virol. 39: 573~583.

~amabhadran, ~J.

Randall, C. C., ·Gaffer, L. G., Walker, B. M., and Todd, W. M. ( 196.0)
Bio¢.hemical changes and incotpo.ration of 32 P in .separated elements
of the hyperplastc lesion of fowlpox. Pore. "soc.· Exptl. Biol. Med.
105: 621-623.

A., Kuhne, J., Zibarre, R., and Koch, G. (1982) Poliovirusinduced a'lterations in HeLa cell membrane functions. J. Virol. 44:
444+-449.

Schaef~r,

I

Shibuti:t~ H. K., Yamaura, H. K., Hirano, K., and Matumoto, ~1. (1971)'
Enh~ncement of

32

P incorporation into phospholipids in cultured cellsby sendai virus of parainfluenza type I. Jap. J. Mic~obiol. 15: 185191.
St.einhart, W. L., Busch, J., Oettgen; P., and Howland, J. L. (1984)
Sphingolipid metabolism during infection of human fibrobl_asts by
herpes simplex virus type 1. Intervirology ~: 70-76.
Steinhart,. W. L., Nicolet, C. M., and Howland, J. (1981) Incorporation
of 32P-p~osphate into membrane phospholipids during infection of
cultured human fibroblasts by herpes ·simplex virus· type 1.
Intervirology 16: 80-85.
:

-

'

Streb, H., Irvin2-J. R. F., Berridge, M. J., and Schultz, I.· (1983) ,
Release of Ca
from a non-mi.tochondrial intracellular store in
pancreatic acinar c~lls by inositol-1,4,5-triphosphate.
Nature (London) 306: 67-69.

48
Suzuki, Y., Mochizuki, T., and Matsumoto, M. -(1980) Evidence for
stimulation of glycerophospholipid synthesis in cultured human cells
infected with measles virus. J. Biochem. 88: 539-546.
Todd, W. M., Randai, C. C.,· and Coniglio, J. G. (1958) Quantita-tive
changes in the lipid composition of ·tissues_ infected with fowlpox
virus. Proc. Soc. Exp. Biol. Med. 98: 65-67.
"',

Vance, D. E., Trip, E. M., and_ Paddon, H. B. (1979) Poliovirus increases
r
phosphatidylcholine biosynthesis in HeLa cells by stimulation of the
rate-limiting reaction catalyzed by CTP:phosphocholine-cytidylyl. transferase. J. Biol. Chern. 255: 1064-1069.
Waite,. M.R.F. and Pfefferkorn, E. R. (1970) Phospholipid synthesis _in
sindbis virus-infected cells. J. Viral. 6: 637-643.
Wells, W. W. and Eisenb.erg, F., Jr. (eds.),--1978, Cyclitols and Phosphoinositides, ·Academic Press, New York._

