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Viral propagation is known to be depen-
dent on host cell metabolism. Carbohydrate
metabolism is important both as a source of
energy and of carbohydrate intermediates
which may serve as precursors in the viral
synthetic process. Virus-induced increases in
glycolysis have been observed with poliovirus
(1), adenovirus(2), Newcastle disease virus
(3), and foot-and-mouth disease wvirus
(FMDV) (4), while infection with influenza
virus has been reported to inhibit glycolysis of
white blood cells(5). The importance of
metabolic activities in the citric acid cycle
has been demonstrated for influenza virus by
deprivation of substrates, suppression of oxy-
gen tension, interruption of the hydrogen
transport system, and inhibition of a primary
dehydrogenase(6). Development of polio-
virus in mice has been inhibited by the pres-
ence of fluoroacetate which functions as a
blocking agent of the citric acid cycle(7), but
was not inhibited in HeLa cells by several
amino acid and purine analogues(8). Anae-
robic maintenance of host cells has inhibited
the replication of mouse encephalomyelitis
virus(9), and pneumonitis virus(10), while
poliovirus was able to replicate(11).

The study reported here concerns the ef-
fect of various metabolic poisons on normal
and infected bovine kidney culture cells. The
poisons used are inhibitors of glycolysis, the
citric acid cycle, and the cytochrome oxida-
tive sequences. Infected cells are maintained
aerobically and also anaerobically.

Materials and methods. Tissue culture.
Primary monolayer cultures from bovine kid-
ney tissue were prepared in 4-oz. prescrip-
tion bottles as previously described(12). The
growth medium consisted of 0.5% lactalbu-
min hydrolysate and 2% bovine serum in
Hanks’ balanced-salt solution. Virus. High-
titer stocks of FMDV-A119 were produced
from infected tissue culture fluids by precipi-
tation with methanol, and the alcohol re-

moved by subsequent dialysis(4). Virus as-
say. Virus assays were done by the plaque
method using the monolayer cultures in pre-
scription bottles(12). Respiration. Cell sus-
pensions were prepared from cells scraped
from the prescription bottles by packing them
at 300 g for 5 minutes and resuspending in
growth medium at concentrations of about
25x10% cells per ml. Warburg flasks con-
tained 1 ml of cell suspension, 1 ml of isotonic
Tris buffer, pH 7.5, containing the poison to
be tested, and when needed, 0.50 ml of viral
concentrate at 5-10 plaque forming units
(PFU) per cell. Oxygen uptake was meas-
ured at 37°C with 0.20 ml of 10% KOH in
the central well. Virus production. Cell lay-
ers in prescription bottles were rinsed twice
with fresh portions of Tris buffer, then inocu-
lated with 0.125 ml of viral concentrate (4-6
PFU per cell) and 0.125 ml of Tris buffer
containing twice the desired final concentra-
tion of poison to be tested. At 90 minutes,
the cells were washed 5 times with 5 ml por-
tions of Tris buffer to remove most of the
unadsorbed inoculum, and reincubated with
5 m! of growth medium-Tris buffer (1:1) con-
taining the poison. At the desired time in-
terval (100-150 minutes post inoculation for
initial appearance of virus, and at 300 min-
utes for total virus production), § ml of 1%
sodium dodecyl sulfate in Tris buffer was
added to lyse the cells. The resulting lysate,
which contained intracellular as well as extra-
cellular FMDYV progeny(4,13), was assayed
for virus. In those experiments requiring an
anaerobic environment, the prescription bot-
tles were evacuated and flushed 5 times with
nitrogen, then kept tightly stoppered. Glu-
cose-lactic acid. Cell layers were inoculated
as for virus production, but instead of the
rinse at 90 minutes, 2.25 ml of growth me-
dium-Tris buffer (1:1) containing the poison
being tested were added and the bottles were
rocked gently until 210 minutes post inocula-
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TABLE I. Effect of Metaholic Poisons on Respiration of Suspensions of Kidney Culture Cells,*

% of control (no poison) respirationt

Exposure lodoacetate Fluoride Malonate Kluoroacetate

time (hr) 10-*m LO-2n 10-%nm 1074 102M 1071 107°m 10°m
1 100 04 100 05 100 77 89 78
2 100 81 106 us 100 77 83 7
3 100 i 100 o3 100 7+ 7 73
+ 100 60 100 R 100 71 75 70
5 100 51 100 83 100 65 71 66

* Data are for both normal and infected cells.
t There was also no difference in respiration hetween normal and infected cells during first
5 hr after infection, in the absence of any poison. Normal respiration was 30 yl of oxygen/hr/

25 X 10° cells(4).

tion. A 2.0 ml aliquot was then removed
and treated with an equal volume of 109
tri-chloroacetic acid. The resulting superna-
tant liquids were assayed for glucose by the
anthrone reagent(14) and for lactic acid(15).
Metabolic poisons. The chemicals were used
as the sodium salts. Six replicates were done
for chemical and viral asays, and 4 for res-
piration measurements.

Results. The effects on respiration of
normal and infected cells in suspension ex-
posed to varying concentrations of 4 different
metabolic poisons were identical (Table I).
10 *M iodoacetate, 10*M fluoride, and
10>M malonate had no effect on respiration
over a 5-hour exposure period. Ten-fold
higher concentrations of the same agents de-
creased respiration rates in all cases, the ef-
fect being progressive with 10-3M iodoacetate
and 102M fluoride, while 10!M malo-
nate caused a rapid initial drop in
respiration followed by a slow continued
decrease.  Fluoroacetate also caused a

relatively large initial drop with compara-
tively small differences in effect between the
two concentrations used.

The effect of cyanide and azide was meas-
ured by extent of cell loosening from the glass
culture vessel instead of attempting to main-
tain the poisons in the Warburg flasks in the
recommended way(16). 10 °M concentra-
tions of these poisons did not influence cellu-
lar attachment to glass over the 5-hour period
studied. At 5-fold higher concentrations,
azide still had no effect by 5 hours, while cy-
anide caused partial cell loosening in 3 hours
and complete cell loosening within 4 hours.

Table II gives the effect of 2 known poi-
sons of the glycolytic cycle, iodoacetate and
fluoride, on glucose utilization and lactic acid
production in both normal and infected cells.
Todoacetate, at 10M concentration, stopped
glycolysis immediately in both classes of cells,
while 10*M iodoacetate decreased glycolysis
by half in less than 30 minutes, and thereafter
to less than 5-6% of control values. Fluor-

TABLE II. Effeet of Todoacetate and Fluoride on Glucose Utilization and Laectic Aeid Produe-
tion of Bovine Kidney Cultures Cells, Normal and Infected. Percentage of control (no poison)

values.®
————————Todoacetate— —— - Fluoride -~
10™*M 105 107" m 10-2M
Exposure Laectic Lactie Laectie Lactie
time (min.) Glucose acid Glueose  acid Glucose  acid Glucose  acid
Normal cells:
30 — 53 — 0 — 100 — 85
210 10.5 9.1t 0 0 97 100 65 69
Infected cells:
30 — 58 - 0 — 100 — 87
210 8.4 8.0t 0 0 95 100 42 46

* Control values, ug/hr/million cells, for normal and infected cells, respectively, were: glu-

cose, 9.6 and 11.8; lactic acid, 5.3 and 10.2.

t There is still lactic acid production after first 30 min., equal to about 5 to 6% of control

values.
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TABLE 1T1. Effect of Metabolie Poisons on Initial Appearance of Virus and Its Total Produc-
. tion in Bovine Kidney Culture Cells,

Virus Delay in Virus Delay in
vield, initial virus yield, initial virus
PFU/ml appearance PFU/ml appearance

Poison (log units)  (min.) Poison (log units)  (min,)
Normal control 7.3 — Normal control 7.3 —
Todoacetate, Malonate,

10-%m 7.3 — 107*M 7.3 none

10°M 7.0 none 2.5 X 10*m 7.3 —

10~*M 6.3 ” 5.0 X 10*m 7.0 —

10-°m 4.3% — 1 X 107*M 6.7 10
Normal eontrol 7.3 — Normal control 7.8 —
I"uoride, Fluoroacetate,

10-°M 7.3 none 10-'n 7.8 —

5 X 10-3m 6.4 — 1 X 103*u 7.8 0-10

1 X 10-°nm 5.8 none 5 X 10-3m 7.3 —

5 X 107m 4.4% — 1 X 10*m 6.8 30
Normal eontrol 7.3 —~ Normal control 7.3 -
Cyanide, . Azide,

1073w 7.1 0-10 10-*m 7.2 0-5

5 X 107*m 6.6 — 5 X 102m 7.1 —

1 X 10*Mm 6.0 30 1 X 10=*mM 6.4 40

5 X 10=m 4.2% — 5 X 10™m 4.1% —

* No virus produetion; titer represents residual viral inoeulum (4).

ide, at 10-2M concentration, decreased gly-
colysis to about two-thirds of control values
in normal cells and had a greater effect in the
virus infected cells, while 10-*M fluoride had
no appreciable effect on glycolysis in both
normal and infected cells.

Table III gives the effect of the metabolic
poisons on virus production in cells. Todo-
acetate, at 10®*M concentration, stopped all
virus production; 10-*M fluoride had no ef-
fect; 10-°M fluoride lowered virus production
by about 1.5 log units. Neither poison influ-
enced time of initial appearance of virus.
Fluoroacetate showed a stronger inhibitory
effect than malonate on a molar basis, and
both poisons delayed the onset of virus pro-
duction. Cyanide showed a slightly more in-
hibitory effect than azide, and both poisons
also extended the latent period of virus pro-
duction.

Table IV shows the effect on virus produc-
tion when the poisons were present only at
selected time intervals during the virus
growth cycle. The concentrations of poisons
which decreased virus production when pres-
ent throughout had a lesser effect when pres-
ent only during the time period of 90-300
minutes. The effect of the presence of the

poison solely during the first 90 minutes was
negligible except in the case of iodoacetate.
Absence of oxygen did not interfere with vi-
rus production.

Discussion. 'The poisons used fall into 3
categories based on the metabolic sequences
they inhibit. Todoacetate and fluoride af-
fect enzymes of the glycolytic cycle, inhibit-
ing triose phosphate dehydrogenase and eno-
lase, respectively. Fluoroacetate and malo-
nate affect enzyme substrates of the citric
acid cycle, interfering with oxidation of cit-
rate and of succinate, respectively. Cyanide
and azide react with the heme containing en-
zymes of the cytochrome oxidation sequences.
The virus itself was found to be stable in
presence of all the poisons tested.

Decrease in respiration rate and extent of
cell loosening can be used as a measure of the
compatibility of the cells with the poisons
present. The cells showed remarkable resis-
tance to all the poisons used; respiration of
the cells may be influenced more by other
metabolic cycles than the citric acid cycle.
Todoacetate had the strongest effect, which
may be explained by the fact that the poison
is a non-specific inactivator of sulfhydryl
groups, the integrity of which are necessary
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TABLE IV, Effect on Virus Production of Poisons Present in Host Cells for Different Times
during Virus Growth Cycle. Effcet of anaerobic environment on virus production.

Virus titer, PFU/ml (log units)

Normal Present Present only Present only

Poison control 0-300 min. 0-90 min. 90-300 min.
Todoacetate, 1 X 10-'at 7.7 6.6 7.0 6.9
1 X 107 T 4.3% 5.4 5.5
Fluoride, 1 X 107 7.3 7.3 7.3 7.3
1 X 10m T 6.1 7.6 6.5
Malonate, 1 X 1071 7.3 7.3 7.3 7.3
5 X 1021 7.7 7.5 7.7 7.7
1 X 107" 7.3 6.6 7.3 7.1
Fluoroacetate, 5 X 107 7.6 7.1 7.4 7.3
1 X 10— 7.6 6.7 7.4 7.3
Cyanide, 1 X 10°M 7.4 7.3 7.4 7.4
1 X 102M 7.5 6.3 7.5 7.2
Azide, 1 X 10%m 7.5 7.3 7.5 7.5
1 X 10*nM 7.5 6.7 7.5 7.2
Nitrogen 7.5 7.5 7.5 7.5

* No virus production; titer represents residual viral inoculum(4).

for the action of numerous enzymes. The
action of iodoacetate was also tested in pres-
ence of 102M pyruvate. No change was
noted. The decrease in respiration was
therefore not caused by lack of pyruvate com-
ing from the glycolytic scheme to be used
in the citric acid cycle. Malonate had the
least effect upon respiration with no effect at
all at 10->M concentration. The impaired
respiration with 10-1M malonate may be at-
tributed to the general effect of high salt con-
centration and not to a specific action. It
would seem the bovine kidney culture cells
may follow other oxidative sequences in ad-
dition to the citric acid cycle. Virus infection
had no influence on respiratory response - of
the cells to the poisons, indicating that the
presence of the virus did not weaken further
the already damaged cellular systems.

Todoacetate had a stronger effect than
fluoride on glycolysis, and showed no differ-
ence in its action in the presence of virus.
Fluoride. however, caused a greater decrease
in glycolysis in virus-infected cells than in
normal cells, which may indicate that virus
infection had either changed or weakened a
metabolic sequence affected by fluoride. Ad-
dition of pyruvate did not affect the action of
either poison.

Virus production was affected more
strongly by the glycolytic poisons, particu-

larly by iodoacetate, than by any of the
other groups of poisons. Only iodoacetate
exercised a strong effect when present only
during the 0-90 minute period after infection
of the cells with virus. This may indicate
that the effect of iodoacetate is irreversible,
or that iodoacetate blocks all stages of viral
replication—adsorption, penetration, synthe-
sis and asembly of subunits, and discharge of
intact virus. The action of the other poisons
is apparently more reversible. It is of inter-
est that the glycolytic poisons showed no ef-
fect on the latent period of virus production,
while cyanide and azide produced a definite
increase in latent period which may be inter-
preted as interference with the energy pro-
ducing mechanisms required for virus synthe-
sis. This interference may be associated with
any heavy metal containing enzymes and not
necessarily with the cytochrome oxidation
chains. The greater effect on virus produc-
tion shown by fluoroacetate as compared to
malonate makes it probable that some other
factor than interference with the oxidative
steps of the citric acid cycle is involved. It
has been reported that fluoroacetate causes
a fall in concentration of free amino acids
in treated tissues(17), and the effect of fluo-
roacetate upon viral propagation probably re-
sults from the diverting 6f viral precursors
into synthesis of citrate(6).
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The lack of effect of absence of oxygen dur-
ing the 5-hour period of virus production is a
further indication that oxidative sequences
are not as vital to production of virus as are
glycolytic sequences of the host cell.

Summary. Bovine kidney culture cells
were found to be resistant to high concentra-
tions of poisons of the glycolytic cycle, the
citric acid cycle, and the cytochrome oxida-
tion chain, as measured by respiration and
cell loosening from the glass. Infection with
FMDYV had no influence on the results, and
it may be that respiration of the cells is more
dependent on other metabolic cycles. Iodo-
acetate and fluoride, present in concentrations
which caused large decreases in glycolysis, de-
creased virus production more than any other
poisons. Malonate had an insignificant effect
on virus production, while the larger effect
of fluoroacetate was probably due to its ac-
tion in removing viral precursors. The fact
that maintenance of infected cells in an anae-
robic environment did not affect virus produc-
tion was a further indication that glycolytic
sequences of the host cell are more essential
to viral replication than oxidative sequences.
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It has been previously reported(1,2) that
intact cells and cell-free extracts of tubercle
bacilli grown in vivo (LH3;Rv) inhibited lac-
tic dehydrogenase in cell-free extracts of My-
cobacterium tuberculosis HyRv, Mycobacte-
rium tuberculosis BCG and Mycobdacterium
phlei as well as succinoxidase of lung homo-
genates of normal mice. Similar inhibition
was displayed by lung extracts from mice in-
fected with Hj;Rv, but not by those from
normal mice. The question arose whether the
inhibitor was being produced by the tubercle
bacillus itself or by the host tissues. Since
the problem of the origin of the inhibitor is

of great importance, it seemed essential to
ascertain whether lung extracts from normal
mice are completely devoid of inhibitory ac-
tivity. Our findings that lung extracts from
normal mice did not display any inhibitory
activity do not preclude the possibility that
the inhibitor in question was present in them
but in quantity so small as not to be detected
under our previous experimental conditions.
This paper is concerned with the elucidation
of this problem. : :
Materials and methods. The organism used
was Mycobacterium phlei. The cells were
grown at 37° on a rotary type shaker in a



