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. . ABSTRACT

The effect of 2-deoxy-D-glucose (DOG) on vesicular stomatitis

O

virus (V3V) grown in Vero cells in the presence of pyruvate as

~ an energy source has been reported. 10 mM DOG, in the presence of

pyruvate, was found to reduce the infectivity of S virus by 99%.
-

In contrast, 10 mM DOG in the presence of glucose reduced the

infectivity of VS virus 49%. .
A

Other cell lines showed the same general trend although the

| W
difference between glucose- and pyruvate—growh virus treated

-

with DOG was not as apparent.

The results suggest thatsTT hmibit VS viral RNA

<

production tHéreby resulting in reduckd winal glycoprotein

synthesis as -vell as a reduction in <he synthesis of other viral
* L1 - .

—

proteins. Therefore fewer viral particles or partic%es containing

—
.

aberrant glycoproteins are produced resulting in decreasé€d

<

infectivity. ' -

ii
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INTRODUCTION - —_—

w

In 1959, Kilbourne reported that the production of

influenza B (Lee) virus in chick embryos was m&bkedf& inhibited

i

_'by 2-deoxy-D-glucose (DOG), a potent glucose antimetabolite.

Although the inhibiting activity of DOG 'was not reversible %y

»~~ -
® 4

glucose in the intact chick embryo, E9¢éould readily reverse the -
i
N A
\

inhibition by using in vitro cultufes of chorioallantoic
membranes. In assessing the toxic effect of DOG, Ball et al.,

(1957) and Landau et al., (1958) found the antimetabolite

-

possesses relatively low toxicity in both experimental animals .
and man, Thes& early findings in different biologicai systens

have prompted subsequent in vitro ‘studies to define DOG-induced

~

«

changes during the replication of viruses.
Klenk et al., (1972) demonstrated that DOG and D-glucosamine

affect different biological activities of fowl plague (FP) virus,
-~

-

a member of the influenza A group. Higin concentrations of

D-glucosamine and DOG were shown to inhibit the formation of

T



————

"hemagglutinin, neuraminidase and infectious virions. Further

-
-

analyses by polyacrylamide gel electrophoresis (PAGE) revealed -

-
-

that under these conditions virus-specific, carbohydrgte—free

>
" polypeptides were still being formed. However, all viral
glycoproteins were missing. In their place a noqél, viral-
~ . L.
specific protein was found and this is-believed to be a
~

precursor of the hexagglutinin accumulating in infected cells
when glycosylation is blocked. Apparently, the antimetabolite
interferéé with the sequénce\of events for correct glycosylatiodﬂ
and with the processing of the precursor to hemagglutinin I and '
IT. In the influenza virus systex normal amounts of viftal =RNA
and nucleocapsid proteins were synthesized in tne infected cells.

DOG was also found to have a similar effect on herpesviruses
{Courtney et al., 1973; Ludwig and Rott, 1975). The_eﬂvelopes
of these DNA viruses contain carbohydrate components linked

to viral-specific proteinms. Courtney et al., {1973) found that .

DOG inhibited the production of infectious herpes simplex

"\

.
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’

virus (HSV) and promoted the‘syithesis of altered &irq}f'

f
’
.o 4

specific glycoproteins recognizablé by PAGE. Their data suggests
- v . - .

. -
-

that the ESV nucleocapsids were'envé10ped with altered

2

glycoprotein components. These newly virus:sPecified*alteraﬁipns

may afféct the physidaliand biochemical integrity of the -

. . ™
envelope resulting in ‘the inability of the virus to properly
r C : -

"ﬂatqach to host cells, penetrate host cells, orfbe uncoated once
* ~ '

|inside host cells.

For confirmatiop of the earlier findings, of Courtney,
+

evidence was obtained:-on the formation of altered glycorroteins

s : N
- in another-herpesvirus reglicating under the influence of

-
e ]

DOG (Ludwig and Rott, 1975).. Like HSV, pseudorabies virus (PsV)
y . )

partifles were also formed in the presehce of DOG. Although

4 3

they: found. viral. particles were noninfectious as a consequence _
&

of the incorporation of nonfunctiocnal nroteins, thé‘productidn

. . . . N
of viral DNA was not impaired- by the action of the deoxy sugar.
- . -
S

" Kaluza et al., (1972) studied the inhibition of

i
> ~ -
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[

mulﬁiplication of various enveloped RNA viruses by glucosamihe

I

- and DOG. Glucosamine inh#®ted the formation of infectious

fowl plague, Sindbis, and Semliki Forest (SF) viruses but had

1ittle or no effect on Newcastle disease (ND), polio and

e

vesicular stomatitis (VS) viruses. DOG had a somewhaf stronger
| &

seemed to be affected. In all cases almost normal amounts of-

viral RNA and RNA polymerase were synthesized.

Subsequently, Kaluza et g;;; (f9?3) suggested that DOG

.effect than glucosamine. Only the production of viral glycoproteins

was incorporated into viral glycoprotein probably by substituting

for mannose. Using tritium-labelled DOG, it was established

that label was incorporated into viral glycoproteins. E)
Althoush.the presence of glucose interfered with the '
: . ‘

incorporation of DOG more severely than mannose, the effect of:

]

the antimetabolite‘dn the yield of infectious SF virus in the

presence. of equfmolar concentrations of mannose was negligible

—when compared to that.with glucose. Since DOG interferes with

~

e {_\.Wﬂ""—\



the couvérsion;og{gldbose;é-ph03pﬁg£e to fruct?sé-s-phbsphate
(Barﬁan and thu;éze; 1961), it would the:efore interfere ;ith
H h e
the conversion of éiucose to maklose. A reasonable conclusion
was that mannocse competeé more effectitely with the action of
the antimetabolite ﬁﬁan does glucose. It i; likely that DOG
in substifuting fér mangbseawpuld cause incorrect glycosylation
of the viral glycoproteins which otherwise ?avq a correct,
backbqne. These frauduleﬁt viral component?, possibly in
mixture with correct omes, might prevent the assembly process
or lead to the production of frasile particles.'

The production of.VS and ND viruses had earlier been
found to be resistant to treatment with glucosamine.or DOG
(Kaluza et al., 1972). Scﬁoltissek et é;#, (?9?4) found that
i; virusés grown in_pyruvate-contaihing medium or diaiyzed
overnight in phosphate—buffered saline were used for infecting

cells the multiplication of VS and ND viruses could be

greatly inhibited by DOG in a pyruvate-containing medium.

N\
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-It was assumed that ‘glucose in- the media would be interfering
with the uptake and incorporation of DOG into cells.

——

. . ) J.
T%prefore, the use of pyruvate as the energy source allowed

DOG\to °* activated. . -

* v
choltissek et al., (1975) obtaihed evidence that in
glucose-containing medium the effect cf_glucosamine_is only on

the synthesis of'glycoﬁrdteins of FP and SF viruses, whereas

the synthesis of viral RN4A and protein was similar to that

observed in control cultures. Hdwever; in pyruvate- and fructose-

s

2+

containing media glucosamine caused supp?ession of viral RNA
and of all viral ﬁrotein synthesis. Under tnese latter conditions
pystein and RNA synthesis in non-infected cells yés almost
normal.

This thesis is concerned with studies on the inhibitory’
effect of DOG on the producti;n of infectious vesiculaf

‘stomatitis in cell cultures maintained in glucose~- and pyruvate-

containing medié. It was shown that VS virus need not be .

L




grownlin aipyruvate-containing medjum or3pre—dialyzed against '

phosphate-buffered saliné before use in infection in pyruvate-

~

containing medium to be inhibitee by DGG. In fact, in most cell

lines tested, the efrect of* DOG on VS virus production was
very similar in'glucése- and pyruvate-containing media.

A greater reduction of infectivity was experienced
p :

+

when VS-infected Vero cells were ??cubated in pyruvate hedium

than in glncose: medium. It was shown that the-inhihition was

. -

reversivle by lhe addition of glucose and, to a somewvhat greater

-

extent, mannose.

’
L}

The polypeptide peaks obtained on PAGE of purified Vs

\

/

virions grown in Vero cells in medium containing pyYruvate and \\\
‘ - 5\

DOG were greatly reduced. This reduction was §150 apvparent

/

in the virus-infected cell layer. Of special interest was the

occurrence of two novel peaks in place of the viral G

polypeptide. These could represent precursor, non-glycosylated

-

proteins similar to that found in FP virus (Klenk et al., 1972)



¢

and Herpesviruses (Caurtney et al., 1973; Ludwig and Rott, 1973).

A
Another possibility is that these peaks may represent aberrant

ro0lypeptides having wmobilities greater or less than that of
o e

the G polypeptide. Reduction of viral RNA synthesis was also

evident.



Y . - )
MATERIALS AND METHODS . - .
Cells and Media . :

S

e ————

Five different heterploid cell lines were used: mouse
fibroblasts (L-929) and human epidermoid carcinoma of the laryni

(H. Ep #2) cells obtained from the Grand Island Biologics3~

.
. Y

Company, Grand Island, Néw York; porcihe ki@ney (PK-15),
Saby hamster kidney (BEK-21) and Afri;an green monsey kidney
(Vero)_cells obtained from Flow Laboratories, Rockville,
Mary}and. -. o -

Monolayer cultures were grown in Eagles' (1959) minimal

‘essential medium (MEM) supplemented with 10% fetal calf

serum (heat inactivated at 5600 for 15 minutes), sodium : ;—;a///

penicilliin G (100 units/ml), dihydrostreptomycin (100 meg/ml)

and fungizone (0.25 mcg/ml). In all experiments MEM was

-

supplemented with fetal calf serum that was heat inactivated

S |

at 56°C for 15 minutes and dialyzed for > hours against T~

O, S



10

0.9% NaCl (MEM-10FCS). This treatment resulted in the removal . |

1]

of about 85% of the glucose from serum (Appendix A). In

addition overlay medium containing either 10 aM glucose

(G-MEM-10FCS) or 10 mM pyruvate (P-MEM-10FCS) was used.

Virus

Vesicular stomatitis (VS) virus, Indiana serotype, Wwas
obtained from Dr. N. A. Labzofsky, Ontario Department of
Health, Toronto, Ontario. Thevirus was plaque-purified once
in L-929 cells. High;titer virus stock was prepared by
inocg}gting 1-929 cell monolayers at ; multiplicity of
approximately 2.5 plague forming units (PFU) per cell. After
adsorption at_5?°C for 30 minutes, MEM-10FCS was added and the
cultures_reinbubated. Twenty-four hours postinfection cultures
were frozen at -20°¢. - b

Before usge in experiments the.infected cultures were

subjecﬁéd to 2 cycles of freezing and thawing and the cell

Ny

M
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) ' 1\\11

debris was removed by centrifugation at 1,100 x g (Sorvall
A .

RC-2B; Rotor no. 55-34) for 10 minutes. The supernatant

-~

‘fluids had infectivity titers ranging from 5.5 X 106 to 8.5 x
107 PFU/ml.

\
Virus Purification \

For purification of VS virus an aliquot of clarified

- hJ

viral cell culturg fluid was centrifuged for 1.5 hours at
45,000 x g (Beckman Model L2-658; otor no. 60 Ti). The
sedimented viruses were resuspenée% in 2 small volume of
Dulbecco's phosphate-buffered saline (PBS) minus magnésium
and calclurm salts, pH 7.4,'Th%’virus suspension was further
purified by centrifugation through a preformed discontinuous

type of sucrose gradient (Appendix B) for 2 hours at 92,500 'x g

in a Beckman SW 41 rotor. A a-fz;p gradient of 10 and 20%

- - T -
sucrose or a L-step gradient of 5, 20, 30 and 45% sucrose was

' used. In some experiments the viral pellet was Q§ed from the 2-step

® / .



gradient. In others the bottom band of VS B-particles was

collected by syringe from the L-step gradient, repelleted and

then resuspended in a suall volume of P3RS,

-

Infectivity Assays

VS virus was assayed by -laque }ormatioﬁ in monolayers _
of L-929 cells grown in £0-nm plastic tissue culture dishes
(Falcon Plastics, Los Angeles, California). Dilutions of the
samples were made in medium MEM supplemented with 10% fetal
calf serum. One-kalf ml aliquots of appropriate dilutions were

. »
allowed to adsorb at 3?°C for 30 minutes. The virus-infected .

cultures were overlaid with 5 ml of agar mediunm (Saﬁina and
Mﬁnro, 1969) and then reincubated at 3?00 in a water-saturated
atmosphere of 53 CO2 in air. Twehty-four hours ;ater an
additional 5 ml of agar containing neutral r;d-was added. The

H

plagues were counted approximately 43 hours postiﬁfection.

>

1



Protein Assays

All protein assays were carried out by the technique of

Lowry et al., (195i)-

-

Acrylaxide, 5is crosslinker, ¥,N,N',N'-Tetramethylethylene-
diamine (TEMED)) ammonium peréulfate, sodium dodecyl sulfate

(SDS), mercaptoethanol and Coomassie Brilliant 2lue were

b

purchased fronm B{? Rad Laboratories, Richmond, (alifornia.

’J

’

Spectrofluour PPO-POPORfconcentrated liquid scintillator and
NCS tissue‘solubilize; ﬁere obt%ined ;rom Aﬁersham/Seale
Corp;ratiog, Arlington Heights, Illinois. Toluene was from
the Britisﬁ Drug Houses (Canada) Ltd., Toronto, Ontario;
Ethylene‘glycql monometayl ether wés from the Fisher Scientific

Company, Fair Lawn, New Jersey. Actinomycin D, a by-product

of Streptomyces chryscomallus and pyruvic acid were obtained

from the Sigma Chemical Company, St. Louis, Missouri. 2-deoky—
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14

»
D-glucose was purchased from Calbiochem, San Diego, California.

-
..

24-L-Leucine (1.0 mCi/ml), “H-L-Tyrosine (1.0 mCi/ml) and

T el 2 S L Wt b

“H-Uridine (1.0 m7i/ml) were purchased from New England Nuclear,

Soston, Massacheussettes. 'he calibration kit for molecular

N ‘ | | ) r

weight determinations was purchased from Pharmacia Fine

Chenicals, Piscataway, iew Jersey.

-

Exnerimental Designs
a) VS virus growth studies

For those experiments designed to study VS virus growth

‘in the presence of DCG, 48 hour old confluent cultures of

PX=15, 1L-929, Vero, H. Ep #2 or BHK-21 cell; in 1 oz Brockway
bottles were infected with VS vir%s at 2 multiplicity of

60 to 106 PFU/cell. One hour postinfécﬁion the inoculum was
removed and the cell layers washéd.twice.with neutralized

Hank's balanced galt solution (HBSS) to remove residual ’

virus. Cultures were then overlaid with mnedium G-MEM-10FCS %rh
;z\ -

-

*

L



P-MEM-10FCS (cgntrol-cultures). Expérimental cultures were
treated with various concentrations of DOG. At indicated tines
postinfection cultures were‘frozen at -20°C. All V3-infected
.cultures were subjec£ed :o 2 c;ples of freezingihnd thawiné
before being assayed :for infectivit.y.

In experiménts to deternmine the effect of DOG added
at different times follp_wing infection, cell cultures were
i.ncui)ated in the appropriate medium until specified times

rostinfection when the antimetabolite was added to a final

concentration of 5 =M.
- i J

In studies on tne reversal of the antimetébolite activity
with glucose or mannose, the appropriate sugar was added‘to a
final concentratioﬁ of 10 mM to infected culturgs containing
5 mM DOG in P-MEM=10FCS 4 hours postinfection. Cultures were
frozen at inéicated times postinfection. The percent inhibitlon

was calculated according to the formula



16'

100 - =
B A

S

160A -1 o . Y

where A is the PFU/ml in the presence of DOG, B is the PFU/ml

in the absence of DOG and I is the percent inhibition.

L

b) Ro;ctivity of VS virus with DOG
!

An aliquof of the virus pool was made 50 mM with respect
to DOG and-allowed‘to incubate at room texnperature fér 1.5
hours. App;opriate dilutions ﬁere made and the DOG-tfeated, as
well as untreated virus (control), were plagued on L-929 cells
as previously described. -
¢) Toxicity testing of Vero cells with DOG

HMediun was removed from 24 hour old cultures of Vero
cells aﬁd replaced with P-MEM-1QFCS containing d, S, 25 or
50 mM DOG. After 24 hours medium was re?»ed and cellls were

infected with VS virus at a multiplicity of 60 to 100 PFU/ml.

Following a one hour adsorption period at S?OC the monolayers

L
were washed twice with HRSS and overlaid with medium



d) Determination of viral RNA

-

P-MEM-10FCS in the absence of DOG. Twen y-four hours later all

cultures were frozen and stored at

-

: \
The medium from 48 hour old confluent Vero cell cultures
- )

was removed and the monolayers were infected at a mui%iplicity

of 60 to 100 PFU/cell. Zell control cultures received an equal

volume of HBSS. Thirty minutes postinfection all cultures were

made 3 mcg/ml with respect to Actinomycin D. The inoculuz-
Actinonyein D fluids were removed one hour postinfection and
nmonolayers were washed twice with KBSS. Virﬁs-infected cultures
were overlaid with med;um P-MEM-fOFCS containing 5 mM DOG

and 5 mcg/ml Actinomycin D (exper;mental virus cultﬁres) or-

2o DOG and 3 meg/ml Actinomycin D (virus controls). Mock-

infected cells received P- M=-10FCS containing 5 mM_DOG and

3 mcg/ml Actinomycin D. Also, at one hour postinfection,

duplicate cultures of virus- and mock-iniected  cells received



: ‘ 18
./.;\ . -' ,_'

10/uci/culture of “H-Uridine in HBSS'having pyruvate
substituted for glucbse (P—HBSS). Similarly, ’H-Uridine was
added to -other duplicate cultures at 2, 3, 4 and 5 hours ~

postinfection., After one hour pulses, the cell laye}s were

~

wasied twice with PBS, thrge times with 6% trichloracetic acid
(TCa), twice yi;h ;thanol and once with methanol., The

dried celi’lgyers.were then dissolved in 1 ml of 0.2 N NaOH
and heated at 60°C for 10'minutes; Two-tenths ml aliquoté

were combiﬁgd with 10 ml of counting fluid and samples were

~ counted in a Nuclear Chicagb Mark II Liquid Scintillation

-

Systen.
-

a

e)‘SDS-polyacryiam@de gel electrophoresis of VS viral pfoteins

{. i) Molecular weight determination of VS viral polypeptides

¢

The bottom band of VS particles groén in glucose medium

-~

without DOG collected from a 5, 20, 30, 43% discontinuous sSucrose

1

gradient and a combination of molecular weignt protein

-
-~
1 -

[

——



- standards (Riboﬁuclease A, Chymotrypsinogen A, Ovaéénmin and

. kldolasé)weré subjecfed to po;yacrylamid; gel electrophofesis
(PAGE) according to Weber and QOsborn (19695 and Maizel, Jr.
(1971). _‘ |

Virus suspgnsioﬁs Qere solubili;ed_in a sol{E%on
containing 15% SDS and mercaptoethanol dilﬁted iﬁ §Pe gel
'bgffer (0.2 M phosphate, 0.2% SDS, pH 7.0) by heating at 100°%¢
fdr'a minutes (Maizel, Jr., 15?1).-An aliquot %as rixed with

'glycerol and marker dye (bromphenol blue) and gpproximately
50 mcg prqtein was appliéd to ?.5%_polyacrylamide gels hav;ng
a 3% stacker gel.

" Standard moleculér wgight protein markérs were prepared
according-to Weber and—Oséorn (1969). A combination of these
proteins was Qixed with the gel buffgr, mercaptoethanol,
bromphenol blue and gijcerol and 100 mcg proteiﬁ was direé;ly

_applied to gels.

Gels were subjected to electrophoresis at 7 mA/gel for

S
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6 hours.

Gel columns were Stained‘with Coomassie Brilliant Hlue

N

and cleared according to Spear and Roizman (1972). Densitometer

»

. tracings were made of the stained gels.

ii) Electrophoretic separation of radiolabelled viral
polypeptides

‘-
- o

Forty-eight hour 0ld confluent Vero cells inlk 02 Brockway |

bottles were infected with VS virus at a muitiplicity of 10

* . - -
to 40 PFU/cell. A<ter virus addition cultures were overlaid

~
. .

with medium G-MEM-10FCS, P-MEM-10FCS or P-MEM-10FCS containing

5 mM DOG.” All media were lacking in the amino acids leucine

b

and tyrosine. Those cultures subéequently used for electrophoresis

of virus-infected cell layers were treated with 3 mcg/ml
] L

Actinomycin D. At 2 hours postinfection ZQfCi of an equal
mixture of “H-leucine and ?H-tyrpsine was added to all

cultures. The infected cultures were harvested 8 hours‘postinfection

and stored at -20%C until the labelled virus particles_were
-



purified. For the electrophoresis of infected cell-proteins;

‘the monolayers.wére scraped into the medium and Eubjected to

iow speed centfifugation. The resulting cell pellets were

- reéuspended in 1 ml PBS an% kept at -EOOCq

For isolating viral polypeptides the samples were frozen

and thawed 3 times before'paséiné’virus through a 10 énd'ao%
rreformed sucrose gfadient as described under the section A
Virus Purification. The viral pellet was resuspended, solubil;zed
and the polypeptides were sepé&atéd b& rolyacrylamide gel
electrophoresis.

Géls,were slieed into fractions 2 mm wide according to

a method of Maizel, Jr., (1966). These fractions ﬁéqe»placed
in.glass Scintillation vials and 0.5 ml NCS was added;—Swellins
of gels was permitted to occur o%ernight at B%OC.'Five zl of
toluene~-based counting fluid was added andrsamples were

counted in a XNuclear Chicago Mark II Liquid Scintillation ’

System. T
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EXPERIMENTAL RESULTS

The Effectsof'Z-Deoxy-D-Glucose on the Production of VS Virus

~

in Various Cell Lines

“te .

Scholtissek et é&., (1974) reported, as did Kaluza et al.,
(19?25, that DOG did not significantly inhibit the multiplication

of VS virus in chick embryo cells when glucosé-containing

- Earle's medium was usec. oo e

“hen VS virus was grown in various celX lines and overlaid
with medium containing 10 mM DOG ' there~was a coﬁsidefable reduction
in viral yields (Table 1) .1in both glucose- and pyruvate-

containing media. However, in Vero cells the same ‘level of

S -

DOG reduced‘thi.yield'of'kirus only 49% in glucose-

. containing medium compared to 99% with ﬁedium containing

’ pyruvate. These results suggest éhaf fhe inhibitory effect of

Ll d B
DOG on viral yields is cdependent upon the tyve of host-cell

infected. It was evident that the viral yields from all

"control infected cultures, except H. Ep #2, incubated in glucose-~

22
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-

Table 1. The effect of 2-deoxy-D-glucose on the yleld of VS virus
in various cell lines.*.

an
G=-MEM=10FCS - P=-MEM-10FCS

Virus yields (PFU/ml}’

Cell DOG- % : DOG- % )
line . Control treated Inhibition Control - treated Inhibition

-

BEE-21 1.1 x 107 3% 10°  96.9 2.0 % 10° 5.7 x 10*  97.2
e Epf2 1.9 x 107 6.9 x.10°  96.4 1.5 x 107 6.4 x 10%  99.6
I-929  1.2x107 2.5x10°  97.9 1.1x10° 2.8 x10%  97.5

PE-15  1.5% 107 5.5x10° 9.5 6.8 x 10° 2.0 x 104  95.7

6 6

Vero 9.5 x 10° 2.8 x 10 49.0 © 6.0 x 10° 2.2 x 10°  99.6

*Forty-eight hour old cultures of BHK-21, H. Ep #2, PK-15, L-929

and Vero cells were incﬁbgted with VS virts for 60 minutes, washed

and exposed to 10 mM DOG in pyruvate- oxiglucose-containing

"media,., Control infected cultures were incubated in-pyruvate- or

glucose-containing media without DOG. At 24 hours postinfection

viral yields were determined. - . i'
> ,



‘co?taining medium were about one* log higher than those in medium

with pyruvate as the energy source.

The Effect of Preincubation of 2-Deoxy-D-Glucose on the Capacity

of Vero Cells to Inhibit VS Multinfication

To test the possibility that DOG might act at the cell

-

membrane to prevent cell-virus interaction, Vero cell cultures
r

were preincubated with pyruvate-containing medium in the

presence of 0, 5, 25 and 50 mM DOG for 24 hours at 3?°G.before
. 4

}ﬁirus was added. It can be seen in Table 2 that final yields

of virus were similar even in the presence of 50 m¥ DOG.

-~

Test for Contact Activity of Z-Deoxy—D-Glucose-on VS Virus

-

An experidEﬁzj;;;\Ebng\to determine the.effect of

treating clarified virus with 50 mM DOG as described in

t

Materials and Methods. The viral yields of non-treatec controls

L4
compared favourably with those treated with the conpound

{(Table 3). Therefore, DOG does not inactivate tgﬁ virus by

direcf contact.
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Table 2. Thg_fffect of preincubation of Vero cultures in
pyruvate medium containing DOG prior to infection.*®

DOG ' Virus yield

(mM) - (PFU/m1)
0o 8.5 x 107
5 - 8.8 x 107
25 | | 8.7 x 107
50 _ | | 2.9 x 107
*Vero cul;ures were preincubated in pyruvate-containing ‘ .

- medium in the presence of DOG in various concentrations
for 24 hours. The cultures were washed, infected with V§
virus, overlaid with P-MEWM-10FCS and 24 hours later
assayed for infectivity.



fa

~

~Table 5. The effect of contaét activity of 2-deoxy-D-glucose

on VS virus.®

DOG Virus yield

(m4) . (PFU/m1)
0 8.4 x 107
50 . | _ 8.5 x 107

*Clarified virus was incubated in 50 mM DOG for 1.5 hours
at room temperature.

r .

26
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The Effect of Early Addition of 2-Deoxy-D-Glucose ‘on the Yield

- LA
of Virus

N

To establish when the presence of DOG was roquired to

-

exert its inhiditing effect, 43 hour old Vero cells were
inoculated with Gs virus in the absence and presence of 5 and
25 mMVQOG in pyruvate-containing medium. At 1 hour postinfection
monolayers were washed and recovered with Dyruvate meoium
contain;ng the appropriate concentration of 0, s.or 25 mM DOG
for the duration of tho test period. One hour postinfection
monolayors inocu%gte&*ﬁ&th virus in the absence of DOG were
‘treafed similaﬁly. Twenty-four- hours later 511 cultures were
frozen and titrated.

The results io Table 4rshow that the addition of DOG 1
hour postinfection had a greater 1noibiting effect on virus _

production than DOG added at the time of infection.

Dose Respone Relationships

The influence of DOG on VS virus replication in Vero and

~

-y



A

. DOG had a titer of approximately 1.2 x 'lo-8 PFU/ml.

Tadle 4. The effect of addition of 2-deoxy~D-glucose to vero
cells at time of virus infection and one hour_postinfection.

DOG added at DOG added at

time of infection one hour postinféction
DOG Virus yields % Virus yielés %
(mM) (PFU/m1) Inhibition (PFU/ml) Inh?bition_
5 4.5 x 107 64.0 2.0 x 107 84.0
25 8.0 x 107 99.3 1.8 x 107 99.9

™
\

Control cultures infected with VS virus in the absence of

.



29

L-929 cells was te#ted over a range of concentrations from 5
to 50 mM in medium-containing glucoée or pyruvgte as the
eneréy.soufce. As shown in Fig. 1, the yield of infectious
virus was progfessively affected as the concentration of’DOG
was iﬁcreased when infected Vero cells were incubated in medium
with glucose or pyruvate. Furthermore, the magnitude of
Y

inhibition by DOG was considerably greéter in pyruvagg-
éontaining medium,

In 1-929 cultures no difference in suscepgibility to
DOG in the presence of medium géntaining glucose or pyruvate

was _demonstrated (Rig. 2). But reduced viral ¥ields were

obta%i}d as the‘:;ncentration of antiﬁetabolite increased.

The Effect of the Addition of 2-Deoxy-D-Glucose curing the

Viral Growth Cyecle.
Growth curves of VS virus in Vero cells were performed
with glucose- or pyruvate-containing medium. At various

intervals after inoculation, DOG was added to give a final



Fig. 1. Relatioship between -dose of a-deoxy-Déglucose and
viral ylelds in Vero cells with pyruvate or glitose as the -

energy source., Forty-eight hour old Vero cells were infected

N L.

with VS virus, washed and overlaid with glucose~ or pyruvate-

containing media having various concentrations of DOG as

-

' described in Materials and Methods. b&ntrol cultures were
incubated in medium lacking in DOG. Symbols: (@) pyruvate~

containing medium; (O) glucose-containing mediun.

\

39
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Fig. 2. Relationship between dose of 2-deoxy~D-glucose ’

and viral yiélds in 1I~929 cells with pyruvate or glucose as

\
.

the energy source. Experimental design as for Fig. 1.

Symbols: (@) pyrﬁvqte—containins medium; (O) glucose-~

containing medium.
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concentration of 5 mM and final yields of virus frdm cultures

4
were titrated after incubation for ¥ hours. In addition, other

infe;ted cultures were harvested at lintervals and titrated to

Y

~

establish control growth Eﬁrves.

- The,}esults atre plotteq in Fig. 3. The maximal
inhibifiné.effect of DOG og the final yield of virus was
greatest when it was added in the éarly portion of the viral

deveiopment cycle. Irrespectiié}of the time of additiun of

- DOG, some inhibition in wviral yield was-evideﬁt._This lack.

-

of immedié%e shut-down of virus multiplication most likely

reflects the tiﬁg necessary for the uptake and activation

of DOG during which infectious virus is still produced.

: Reversal of the Inhibitory Activity of 2-Deoxy—D—Glucose on the

~
|

¥
“

Multivlication of VS Virus with Glucose or Mannose

Since the inhibitory activity of DOG on the multiplication
of VS virus in cell cultures was readily reversed by glucose,

the reversal activities of glucose and mannose were compared.

‘-i



\

Fig. 3. Effect of 2-deoxy-D-gl§cose added at different
%imes.afterrinfection on the m;itiplication of VS virus. Cells
were infected with VS virus ‘and incupatea in glucose~ Or
pyruvate-containing media. bOG (5 mM)‘ras added at the
indicated times (arroys) after infection.‘At 8 hours'postinfection
cg}l—free (m) virus was determineg. Virus grown in glucose-— (O)
or pyruvate- (@) containing medium was also determined at the

times indicated on the absclssa. - .

-,
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In Fig. 4 it is seen that glucdse and mannose were
effective in reversing the inhibitory effect of DOG on
virus multiplication in Vero cells, and that mhnnose vas

somewhat more active than glucose., Also shown is‘the.immediate
¢
rise in titer of infectious virus after addition of sugars

at-a level of 10 mi. This apparent lack of a lag period to

overcome the inhibditory effect of DOG suggests that early events

during viral multiplication/pquffé even in the presence of the

-

antimetabolite.

Effect of 24Deoxy-D-Glucose on RNA Synthesis of VS Virus

Synthesis of VS viral RNA in vitro has been studied by

inhibiting the production of cellular 3IWA by the addition oL

'3 meg/ml Actinomycin D (Appendix C) and pulsing cultures for

N, —_

1 hour with 10/#31 “H-Uridine at various intervals postinfection
after which the cell layers were processed as described in
Materials and Methods.

RNA production by viral particles in the presence of 5



Fig. 4. Comparison of.glucose and mannose for reversal
of the inhibiting actxiity of 2-deoxy-D-glucose on the
multiplication of VS virus. Vero cells were infected with VS
virus and after inie;tion the #ells were incubated in pyruvate-~
of glucose-qontaining media. The cultures grown in pyruvate-
,‘ébntainipg mediﬁm received 5 mM DOG. To some of-the latter

cultures glucose or mannose were added to a final concentration

of 10 oM 4 hours after infection (see arrow). The infectivity was

-

hY

assayed at times as indicated on the gbscissa. Symbo}s: (O
glucose-containing medium, no DOG; (®) pyruvate-containing medium,
5 mM DOG; (A) same as (@) but glucose was added 4 hours post-
infection; (&) sam? asA(,) but mannose was added 4 hours post-

s

infection.
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m¥ DOG was approximately 50% of that bf VS virus in the absence

o

of DOG (Fig. 5) and decreased by 4 hours postinfection to the

*

background level.

'SDS-Polyécrylamide Gel Electrophoresis of VS Viral Particles

a) Molecular weight determination of‘viral pelypeptides
’

Blectrophoresis of viral band III froy a 5, 20, 30, 45%
sucrpse‘gradient and.molecular weight proﬁegn standard
combination containing Ribonuclease A, Chymotfypsinogen A,
Ovalbumin and Aldolase, was carried out as described in
¥aterials and Methods.

L]

The densitometric tracings obtained are diagrammed in

Fig. €. .
Migration diséances and molecular weigﬁt,calcuiations

@ﬁbles 5 and 6, and Fig. 7) yielded the designations of L;

G, N,.Ns and M to the peaks obtaiﬁed by elegtrophoresis. Thg_

nomenclature of the viral polypeptides was taken from a

proposal by Vagner et al., (1972).



Fig. 5. Effect of 2—deoxy—D—hl€cose-on INA synthesis of
VS virus. General conditions of infection were given in .
. Haterials'and‘Hethods. At zero time cul;u?es were infescted with
VS virus or werg mock-infected. Cross-hatched bars represent
the production of RNA by VS firusmin the ;bsénce of DOG.
'Solid bars represent Qroduct?on of éNA'by:VS virus iﬁ trne
presence of 5 mM DOG, and open bars represent production of
RNA in mOcRAinfeéted cells incubateé in"the preseneé'of 5 mM

-

DOG add 3 mecg/ml Actinomycin -D. 4
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Fig. 6. Densitometric tracings of ¥S viral bvand III (&)

and the molecular weight standard proteins (3).
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_ Table 5. Determination of mobility of the molecular weight standard

préteins on SDS—-polyacrylamide gel electrophoresis.

Molecular

Migration of - .

L

weight band from Migra%ion of band Molecular

standard top of gel Migration of marker dye weight

protein . (em) . (bromphenol blue) (daltons)
Aldolase 0.6 0.07. 15.8 x 10%
Ovalbumin 4.8 - 0.53 5.5 % 10%
Chymo-

trypsinogen

A 5.4 0.60 2.5 x.10%
Ribonuclease

A 6.0 0.67

1.57 x 10%




-

. . 40
"Pable 6. Determination of mobility of VS viral proteins onm
SDS-polyacrylamide gel electroPHoresis and approximate
molecular weight estimations. '
‘Migration of : ' 'Mo}écular Molecular
band from Migration of band weight welght
Viral top of gel Migration of marker dye {(daltons) (daltons)
. peak {cnm) (bromphenol\plue) estimated  reported®
: — 2
1 2.0 0.22 108,000 190,000
2 3.6 ; 0.40 " 66,100 69,000
+ l l. »
> h.2 X Q.47 L2,700 50,000 °
A 4.8 0.53 31,700 40,000~
; 45,000
5 © 5.7 - 0.63 21,400 29,000

. *Wagner et al., (1972).
T

»



Fig. 7. Determination of approximate molecular weights

of VS viral polypeptides according to a standard molecular

-

weight protein curve.

~—



L]

Molecular

Log 10

weight

o’

|

01

02 03. 04 05 06 07 08 09
Mobility |




The L protéin, having a molecular weight of approximately

150,000 is assoclated with the VS virion nucleocapsid -and
intracellular nucleocapsids.

Fl

The G protein (M. . ca 69,000) is the only identifiable
S . — |

VS virigp.ngotein which is glycosylated. There is evidence that
migration in gels is possibly related to the .degree of
glycosflation and can differ for glyCOprot;ins extracted from
int;acellula¥ components and released VS virions. These
glycoproteiﬁs are identified as the only compcneats of the
spikes protruding fronm thé viral enve}ope and can be removed
relatively easily with proteolytic enzymes a.d non-ionic
detergents (Cartwright et al., 1969). The G protein is -
primarily associated with.the plasma membrane of VS virus—
infected cells. It is the majo? antigenic determinant of the
VS virus and is responsible for neutralizﬁtion of infectivi£y

by antibodies and for type specificity of the virus.

A structural protein of the viral nucleocapsid with a



- . !”’,—-'
- ‘ 45
molecular weight of approxigately 50,000 is referred to as the.
N protein. It is tighth b;ugd to virio; RNA.l
‘The NS protein with a molecular weight of 40,000 to 45,000
is a minor component of the VS viral nucleocapsid core. It is
found in association witk: proteins L and N as well as‘viral RNA.
An integral component of the VS viral membrane is the M
protein (M. W. ca 29,000). It is.a matrix protein serving to
bind thé ribonucleocapsié to the viral envelope.
b) Synthesis of VS viral préééiﬁs in the presence of 2-de$xy—
D-glucose
The polyacrylamide gel patterns shown in Fig. 8 and 9
demonstrate that under conditions inhibiting viral
multiplication by approximately 97% the synthesis of all
vira; proteins is inhibited.
.'In polyacrylamide gel electrophoretic pattérns of VS
virus-infected Vero cells, labelled with amino acids and

treated with 5 mM dose of DOG, it can be seen that all



Fig. 8. Polyacrylamide gel electrophoresis of VS virus-

-~

infected Vero cells labélled with 3H-amino aclds and treated
with é;deoxy-Deglucose. Cells were infected with VS virus

and incubatedain glucose (A) or pyruvate (B and C) coﬁtaining
media having 3 meg/ml Actinomycin D..The cultures receiv;d
no (A and B) or 5 m¥ DOG (C). Two hours postinfection a
@ixture of equal amounts of 3H-lébelled tyrosine and leucine

(total of EO/yCi per culture) was added. The cells were

"processed 8 hours postinfection.

o -
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Fig. 9. Polyacrylamlide gel electropharesis of VS virus
labelled with 5H-amino acids and treéted with 5 mM 2-deoxy-D-
glucose. Cells were infected with VS virus and incubdated in
glucose (A} or pyruvate (B and C) containing media. Virué was

v isolated from F;ltures containing no (A ana B) ér 5 amM DOG
(C). Two hours postinfection a mixture of equal amounts of
3H--labelled tyrosine and leucine was added (total of ZQ/LCi rer
culture). Virus was purified after 3 cycles of freezing and

thawing- 8 hours postinfection as described in Materials and

Methods.

n
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rolypeptide production is greatly inhibited (Fig. 8C). However,

- N

the peaks, although much reduced in sizé, occur in the sane
position as ;n untreated vi?us-infected cells (Fig. 84 and B).

In polyacryiamide gel electrophoresis of purifie@ virus
it is evident that the addition of DOG to a level of 5 mM to
the overlay medium resulted in viral pérticles containing aberrant
proteins. There appears to he adshirt in the mobility of the é
protein. In fact, tﬁgxpeaks are evident where the single G peak
usually occurs. Perhaps one peak is unglycosylated G prétein
(the fas£er moving peak) and the other could be G p;otein that
_ incbrporated DOG instead of glucose therefore resuliting in a
slower moving abberrant pol#peptide. Scholtissek et al., (1974)
reported the occurrence of false glycoprotein with a faster
than normal mobility in VS virus isolated froéfzgfected cells

treated with low doses of DOG. It is possible that higher doses

of DOG result in a double peak as that occurring®in Fig. 9C.

-



DISCUSSION o '

The inhibition of multiplication of VS virus by 2-deoxy-
D-glucose (DOG} has bgeﬁ studied in Vero cells using medium
containing pyruéate as the energy source. It was sugsested
earlier (Kaluza gg‘gg., 1973) that pyruvate, while acting as an
energy source, does not interfere vwith the uptake of DOG. In
Vero cells the inhibitory effect of DbG was less apparent
in glucose-containing medium than in pyruvate—cogtaining medium,

{ .
In other cell lines this difference was not as great. Apparently_
the ihhibitory effect of DOG is mediated tarough a virus-cell-
ant?metabolite interaction and is not a di;ect effect on -
either the cell membrane or virus. Under the conditions
uséd‘the early step§_of vi:ué multiplication such as adsorction
and penetration Qccur undisturbed since, after counte;acting
the block at léter times after infection by the ‘addition of
either glucose or mannése, infectious part;cles were.produced

-

without any lag. Virus multiplication was inhibited at any

-

47
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tipe*during the growth cycle by the antimetabolite however
\ -
shut-down is not .immediate. Uptake and activation of the

antimetabolite is necessary during which time the production

of infectious virus is possible. In contrast te influenza

(Klenk et al., 1972) and Semliki Forest viruses (Kaluza et al.,

19?3) DOG interferes not"only'with the production of
glyco;roteins, but’with the synthesislof al}'proteins of VS
virus. Virai‘RNA synﬁhesis'wag reduced‘and therefore fewer.
viral pfopeiﬁs‘(as seen by polyaéry;amide\ffﬁ electroph;resis)
and fewer inféctious vi?al pa?ticles wé;é produced‘compared )

with nontreated controls. Protgin and RNA syhthesis of non- -

infected cells were not significantly impaired under these-

conditions (Scholtissek et al., 1975). The, electrophoretic

mobility of glycoproteins of VSIvir@s was changed by

.
T -

incubating infected bé;ié with DOG. Two peaks were evident in

place of the single peak representing ‘the G protein. DOG

therefore must have a specific effect on synthesis and/or

Y

¥
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processing of viral glycoproteins. This observation is

-

. : i
comparable to the effect of DOG on influenza, Semliki Forest and

herpes viruses multiplication (Kaluza gg al., 1973; Klenk et al.,.

1973). As in the latter systems the

.1972 and Courtney et al.,

aberrant synthesis of the glycovroteins of Vé‘virus adds to the
dramatic effect on the production of infectious viral particles.
Perhaps DOG interferes with the processing of viral .glycoproteins

’ “
resulting in the reduction of glycosylated proteins as well

as being incorporated itself p;oducing aberrant glycoproteins.
VS-viral nucleocapsids may.beCOme enveloped with the altered
glycorrotein cogponent, or with the proper gLyCOprotein,
thereby producing non-infectious or infectious par#icles.

In order for the antimetabplite to be incorporated into

viral glycoproteins it must be a?sumed that it is activated
via nucleoside diphosphate derivatives like Jther sugars. In
opposition to Kipnis and Cori (1959), who stated that DOG is

*

not metabolized past the 2-deoxy-D-glucose-6-phosphate stage,



- %

Schmidt et al., (1974), using hydrolytic and chromatographic,

techniques and specific enzymatic degradation, have found and

characterized the following activated intermediates of DOG:
the l-phosphate derivative, the l,6-diphosphate derivative,
UDP-2-deoxy-D-glucose, GDP-2-deoxy-D-glucose and‘f-deoxy-D—

glucuronijc acid b6-phosphate. It is therefore possible for

incorporated into viral membranes resulting in the

— reduction of viral yields.

o i Bk



"electrophoresis. In isolated VS virions grown in Vero cells in

.. " -SUNMARY

u

- ' : . -

. DOG had a great inhibité¥§ effect on VS viral multiplication

in Vero cells when pyruvate was used as an energy source. The

effect of the antimetabolite in glucose-containing medium was

"not as'great.iAdditibn of DOG caused a degrease in viral

yields at any time during the growth cycle of VS virus.

Reversal of the effect was ﬁ%ssible by the addition of either

L]
-

glucose or manrose. RNA-synfhesis waslgreatly'reduceé. ihis-

‘resulted in reduced viral protein peaks in polyacrylaﬁide gel

-]

.medium containing both pyruvate zand” DOG two peaks were found -

in placewof the single G glycoprotein. DOG therefore nay be

écting on the multiplicéﬁion of VS virus first by causing a.

-

decrease 'h\QNA synthesis and therefore a decrease in viral = ..
\ : - - }

protein production as well as

o ‘have an effect on the synthesis

_ and/or proEessing“f viral® glycoproteins. DO may be causing

the production of aberrant glycoproteins which are incorporgteg

b1

———.
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s APPENDIX &

Dialysis of Fetal Calf Serum .
Dialysis of heat-inactivated fetal c#lf serum was

performed by placing 100 ml of the serum in a dialysis bag

-3

’ along‘with 15.0or 20 2 mm glass beads. The bag was then rotated

f/

for 3 hours im cold 0.9% NaCl in a set-up as diagrammed below:

.

- _JL ‘. j

Before dialysis sefﬁq contéiﬁed'3.225“mg/ml giucose as

determined enzymatically using CGlucostat prepared reagents.
After dialysis 0.494% mg/ml glucose remained. Therefore, an 85%
decrease in glucose content ofthe serum was acheived by a 3

”,

hour dialysis.

-t
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APPENDIX B -

. -
)

Preparation of Discontinuous Sucrose Gradients

Discontinuous gradienf\coiumns were prepéred ﬁy floating
layers of 2.0, 2.0, 4.0 and 2.9 ml of .5, 29, 30 and 45% (4;step
gradient) or 5.0 and 5.0 ml of 10 and 20% (2-step gradient)
su;rbse solutious_in 9/16 x 3 1/2 inch nitrocell?lose

- centrifuge tubes. Ribonuclease-free gradé sucrose was

_;Hissolved in phoéphate-buffered saline, pH.7.4. Before use

. the layered solutions were allowed to stand > hours at 4{ET-/’

Injtial |nitial
% SUCrose —— % sucrose
i LS

Band — Band _

: g |

] 20 ”
30 ||

1l i 20

pelletm_~ **  pellet~—n"r" _

Four¥Step gradient " Two-step gradient

o4



APPENDIX C

Inhibition of Production of Cellular RNA by Actinomycin D

~ 40f -
C? 3o
@)
—
>
20}~
. Q i
©
|
10 - .
T
™ ®
—Q Q @ 0 ~q
15

30 45 .
Time (min.) -

Forty-eight hour old Vero cells were overlaid with P-MEM-10FCS
containing 3 mcg/ml Actinomycin D (O). Control cultures received
P-MEM-10FCS lacking Actinomycin D (e@). At zero time all cultures
were given h/uCi of 3H-Uridine. At indicated times after addition
of label cells were processed as described in Materials and Methods.
3 mecg/ml Actinomycin D was found to greatly inhibit cellular
RNA production. |
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