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SUMMARY

The continuation of an investigation of the endogenous meta-
bolism and survival of non-spore-~forming anaerobic bacteria under
conditions of starvation is reported. The two glucose-fermenting
organisms of the genus Zymomonas, Jymomonag angerobis and 4ymomonas
mobilig, differ in that RNA is lost very much more rapidly from
4, mobilig than from Z, snserobia, although the survival patterns
are very similar, Both organisms are resistant to prolonged star-
vation., Magnesium ions suppress RNA degradation but do not confer
protection against death. The remarkably constant protein content
of 2, anserobia does not seem to mask any kind of turmover or pre~
ferential degradation and resynthesis of specific proteins, The
protein of Peptococcus prévotii is also remarkably stable and the
observed release of ammonia is probably derived from deamination
of nucleotide bases., The endogenous metabolism of this organism
continues in the presence of exogenous glucose. To study the
energetics of starvation the ATP contents of 2, gnaerobia and
P, prévotii have been measured by the firefly luciferase technique.
In both cases the ATP content falls rapidly within the initial few
hours and then levels out at a amall value; it is clearly not
related directly tc the viability. The capacity of P, prévotii to
synthesize ATP during starvation was therefore tested at intervals
by adding pulses of suitable energy-yielding substrates such as
serine, threonine and pyruvate, The ability to produce ATF on
addition of serine is virtually abolished after 42 hours of star-
vation,
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INTRODUCTION

The initial stages of an investigation of the endogenous meta-
bolism of non-spore-forming anaerobic bacteria have been previously
reported by Dawes & Large (1). The principal organisms studied were
Zymomonag anserobia and Peptococcus prévotii as examples of bacteria
which obtain their esergy by the fermentation of glucose and of amino
acids respectively, .

it was shown that neither of ‘these organisms possesses reserves
of carbohydrate or po_y-f-hydroxybutyrate and that the cellular con-
stituent which undergoes the greatest depletion on starvation is
ribonucleic acid (RNA), Ultraviolet-absorbing material appears in
the suspending fluid ‘concomitantly with RNA depletion, but both
processes are suppressed in the presence of megnesium ions.

There was apparently some loss of protein from Z, snaserobia
during starvation and ammonia and amizo acids were released into
the suspending fluid, although the concentration of .these materials
in the not-water-extractable pool remained essentially comnstant,

In contrast, there was no significant loss of protein during the
starvation of P évotii, the concentration of free amino acids

in the ini2rnal pool was very small, a small amount of ammonia was
released by the cells and there was no significant relesse of amino
acids, .

The initial analytical studies of cellular composition repcrted

did not include measurements of the ATP content of the cells., As
these investigations did not reveal any direct correlation between
cellular composition and viabiliiy, the work has been continued by
studying this aspect of the problem, since it seemed reasonable to
assums thet continued viability under conditions of starvation must
be related in some way, probably in & direct manner, to the avail-
ability of energy in the foxm of ATP..
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METHODS

Maintenance and Growth of Organisms

Culture methods. JZymomonss snaerobis (NCIB No, 8227), Zymomonas
mobilig zNCIB No, 89585 and Pevntococcus prévotii (ATCC No, 14952)
were maintained and cultured in the manner previously reported
[Dawes & Large (l)].

Viebility determinations., These were carried out by the slide culture
technique of Postgate, Crumpton & Hunter (2) with the modifications
described by us for anaerobic bacteria (1). Further modifications
were introduced to obviate contamination which sometimes occurred
when using the dry box technique. The slide cultures were prepared
inside a small wooden box with a glass top and openings on two
opposite sidea to permit manipulation, A stesdy stream of starile
nitrogen was passed through the box throughout the operations end

the whole procedure was carried out in a small aseptic cGubicle,

Me§§ugegenf of bacterigl dengity. The method previously described
1} was used.

. g gashed guspengiong starva BXDP8S ants., After
growth the cells were harvested in screw-cap centrifuge bottles
previously sterilized by rinsing with acetone and dryipng under a u,v.
lamp. The cell pellets were broken up with a glass rod and the cells
suspended in sterile phosphate buffer, pH 6.8. The cell suspensions
were bulked together and the cells washed twice with buffer, The
resgulting cell pellet was ground to a smooth paste with a glass rod

and the cells suspended in a suitable volume of buffsr. The harvesting
procedure was carried out in an aseptic cubicle,

Asthough early starvation experiments were carried out by dis-
tributing suitable volumes of suapension into sterile conical flasks,
& modified mathod was later introduced which used an aspparatus des-
cribed by Dawes & Holms (3). .This reduced the time ithe suspen=zion
was in contact with the atmosphere and yielded results which were
more consistent than had previously hsen obtained, The apparatus
consisted of a round-bottomed flask fitted with a sintered glass
aerator, a tap at the base throcugh which samples were drawn off and
a8 sidearm through which substrates wore introduced, After prepar-
ation, the cell suspension was immediately transferred to the
starvation apperatus and sterile oxygen-free nitrogen bubbled
through vigorously to render the atmosphere in the flask anaerocbie.
After 3 min, the gas flow rate was reduced until nitrogen issued




slowly from the aerator. The flask was then shaken slowly and
samples teken when required.

¥Waghing of cells by passage through silicone. Some exploratory exper—
iments were carried out to see whether P, nrévgtii could be harvested

by centrifuging through silicones, as described for Egcherichia coll
by Hurwitz, Braun & Peabody (4). This technique would expose the
cells to much milder treatwent than the washing procedures adopted.

Silicones reputed to be equivalent to those reported by the
American workers were obtained (Midland Silicones Ltd,, MS 2522 and
MS 200/5) but experiments showed that neither was suitable slone or
mixed, since both had densities less than thaet of the medium, A
denser silicone was obtained (MS T1C, density 1.1) which proved
satisfactery, yielding compact cell pellets free of contaminating
medium,

Cells were harvested in sterile 380 ml, centrifuge bottles and
the c2ll pellets obtained combined in a small volume of used medium,
Samples (4 m1,) of the concentrated cell sugpension were layered over
silicone fluid (3 ml,) in 10 ml. centrifuge tubes, and centrifuged
at 19,000 g fuor 15 min, at 5°C, The supernatant medium was removed
by pipette™and the silicone layer decanted leaving the cell pellet
in the tube.

Px ation of 1-free extr or digc electrophoregis. Cells
of Z, snaerobia (about 70 mg. drv wt.) wsre suspended in 2,5 ml,
ice-cold 67 mM~phosphate buffer, pH 6.8 and disrupted by 1 min.
treatment in "an MSE €0 v, ultrasonic disintegrator. The resultant
material was centrifuged for 10 mia, at 25,000 g to re@ove whole
cells and debris, The supernatant was used for~dise electrophoresis,
Samples containing 100 yg. of soluble protein were used for each
(see Fig, 4).

Polyacrylamide gel electrophorasig., This was performed on a Shandon
Disc Electrophoresis apparatus using the techniques described by
Davis (5).

Determination of Adenosine Triphosphate {ATP)

The ATP content of the cells was measured by the firefly-luciferase
technique, based on the method of Forrest & Walker (6). The apparatus
used congists of a high gain photomultiplier tube (E.M.I, type 6097S)

the current output of which, after conversion to a voltage, is measured
using a Yellow Springs Model 80 laboratory recorder. The high atab-
ility voltaege supply needed for photomultiplier tube operation is derived
from a Nuclear Enterprises type NE 5353 high volitage supply. Using this
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apparatus it is possible to measure ATP levc. s as low as 0,1 pg. in a
1 nl, sample of extract.

Preparation of cell extract for ATP egtimationg, The cells were
centrifuged and the supernatant decanted. The superfluous fluid on

the walls of the tube was removed with filter paper and the ATP
extracted with O.g M-sto (0.25 ml.) for 30 min, at room teaper—
ature (about 18°C),” Thé extract was then neutrslized with 0,02~
Q-NagPO (4.75 ml,) giving a pH of 7.05. The solution was clarified
by ¢ ntgifugivﬂ and the exiract stored frozen, Assay of the eairauis
(1 ml, samples) was carried out within 36 hr, of preparation since
significant losses occurred on prolcnged storage, and the rate of
decomposivion on thawing became appreciable,

Preparation of ﬁig§£lx extract, Dried firefly lantern (50 mg,
Sigme Chemical Co.) was extracted in a glass manual homogenizer at
0°C with 0,025 M-arsenate-sulphate buffer pH 7.4 (2.5 ml,). The
solution was clarified by centrifuging at 60,000 g for 30 min, and
kept cold in an ice-bath before and during use, “Although it was

normal practice to use the extracts immediately after preparation,
samples stored frozen for one week showed little loss of activity.

We Cell extract (1 ml,) and MgSO, (0.375 mg./ml.,
pH 7.0, 2 ml,) were pipetted into a cuvette and mixed well, Fire-

fly extract (100 pi.) was addsd quickly from a syringe and the
light emission measured 15 sec, after the addition.

ATP standard., The following solutions were used:
s_a_; H,90,/Na,P0, io.3 M-H,50, (0.5 ml.) + 0,02 M-Na,PO, (9.5 ml.),
pB 7205%7; ° 4(n) 1e50,2(0%75 ma./ml.); (g) JuM-ghodphate
buffer, pH 7.05; (4)ATP solution (1 pg./ml. in 2 mM-phosphate
buffer; ATP, disodium salt, from the Sigma ChemicelCo. was uged),
Solutions (gs, (p) and (a) (l ml. of each) ware pipetted into a
cuvette and mixed well, Firefly extract (100 pl.) was added with

a syringe and the light emission measured 15 sec. after the addition,

Chemi D minat

Glugose. Glucose was determined by the method of Nelson (7).
Pyyuvate and g-oxobutyraig. Fyruvate was determined by ihe direct

method of Friedemann and Baugen (8). 2-Oxobutyrate was also deter—
mined by the direct method after an incubation period of 3C min,

%m%gg,ggiga. These were estimated by the mothod of Yemm & Cocking
9) as previously described (1).
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Manometric methods. Standard Warburg procedures were used.
Cellular carbohydrste, This was estimated by the anthrone method
of Trevelyan & Harrison (10) as modified by Binnie, Dawes & Holms
(11).

Polyphnanhate, This was determined by the method of Harold (12).

Ammonia. This wag determined by the modified indophenol method of
Chaney & Marbach (13).




RESULTS

Zymomonag _mobilis

RNA, viability and cold~acid-goluble nugleotide poecl, Although the
RNA content of freshly harveated late exponential phase cells of

2, mobilis (average 22% of the dry wt.) is very similar to that of

Z, anaerobia (l), marked differences in the rate of degradation of
RNA in this organism were observed compared with Z, anserobia,

Fig. 1 shows that after anaerobic starvation of Z. mobilis for

24 hr,, the RNA content has fallen from 22% to la%, and that this
degradation is prevented by the presence of 33 mlM-MgCl,, Degradation
of RVA was accompanied by a release of 260 mp-absoroving material

into the medium, while the cold~acid-soluble nucleotide pool remained
egsentially constant,

The results cf a longer period of starvation, accompanied by
study of the effects of RNA degradation on viability, are presented
in Fig. 2. In the absence of Mg2+ the pericd of RNA breakdown falls
into two phases: a rapid decline (from 22% to 12%) in the first
24 hr, of starvation, followed by a slower rate of decline (from
12% to 65) over the next 160 hr, In the presence of Mg2t, there
is a much smaller decline (from 22% to 186) during this period.
During the first 70 hr., the presence of Mg2+ does not seem to
preserve the viability of the cells, but in the period 70-184 hr,,
the decline in viability does seem to be less in the presence of
33 mM-MgCl,, The 260 mp-absorbing material seems to be of nucleo-
tide rathe? than purine nature. This 1s suggested by the fact that
ribose estimations on the supernatant essentially followed the
pattern of the 260 mp~abscring material., The initial burst of
nucieotide material released in the first 24 hr, appears to be
followed by a slow reutilization in the succeeding 50 hr,, since
both 260 mp~gbgorbing material and ribose disappear from the super—-
natant during this period. MgCl, suppresses this release of nucleo~-
tides. During the whole of this“period the cold-acid-soluble nucleo-
tide pool does not appear to change significantly.

Zymomonas anaerobia

Polyphogphate. This is the only known storage material of bacteria
not previously investigated., Neither the cold perchloric acid
extract, nor ihe hot extract contained any non-charcoal-asbsorbable
acid~labile phosphate which would be wmolyphosphate,

.
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Effect of starvation and magnesium on viability. 2. anaerobia is
extremely resistant to anaerobic starvation., Over a period of
145 hr., the viability of the cells fell from about 80% to about
60%. 33 mM-MgCl, did not appear to exert a significant effect on
the viabilIty of2Z. anaerobia under these conditions (Fig. 3),
although during this time the RNA content fell from 22% to 7%, It
is clear that the RNA lost is not essentiel to the survival of the
cell,

Protein content of Z, anserobia on starvstion. A more systematic
examination of the effect of gstarvation on the protein contamnt of

4, anaerobia than that reported previously (1) has been made, Pre-
liminary results had suggested & 10% fall in protein conteunt on

90 hr. starvation (from 70% to 60f% of the dry wt.). More extensive
examination of the effect of starvation on the protein content of

Z, snaerobia suggests that, within the limits of experimental error,
there was no significant degradation of protein over a period of
150 hr. starvation,

Attempts have been made to study the qualitative effectsof
aerobic and anaserobic starvation on individual proteins in
2. anaergobia by examination of the pattern of proteins present in
extracts of cells after various periods of starvation by disc elec~
trophoresis cn polyacrylamide gel. An example of the type of result
obtained is given in Fig, 4.

In extracts of unstarved cells, about 14 protein bands can be
distinguished, of which 5 are very prominent, After 159 hr, 13 bands
are still evident (Fig. 4) and the same 5 bands are still prominent,
although some are less sharply defined., There does not seem to be
any major or signifiecant change in individual bands during this time,
although quantitative assessment of the amounts of proteins in indi-
vidual bands is not, as yet, pogsible, Similar results were obtained
when the starvation was carried out anaerobically.

ATP levels during the growth cycle of Z, anagrobia., As a preliminary
to atudy of the effects of starvation on intracellular ATP levels,

the levels of ATP in the cells during the growth sycle were inves-
tigated. The results are shown in Fig, 5. In general the ATP con~
tent increases with the cell density. Whether the changes in slope
[similar to those obtained by Forrest & Walker (5)] are significant,

is difficult to decide in view of the scatter of the ATP determinations.
However, on the basig of several other experiments, it is likely that
there is a rapid fall in ATP content as soon as the stationary phase

is reached.

ATP levelg duri tarvation., Because of the very rapid fall in ATP
content (in the 4 hours immediately after the stationary phase is
reached the ATP content falls from 1,3 pg. to O.1 ug./mg. dry whe),
and because this losg in ATP is accelerated by the processes of

harvesting, washing the cells and setting up the flasks for incu~
batiou (total time taken for this is usually 2-3 hours), the ATP




levels recorded at the beginning of a starvation period never
exceeded 0.13 pg./mg. dry wt. During the succeeding 2-3 hours this
level fell to 0.06 pg./mg. drv wt., and then declined further in the
succeeding 50 hr, to 0,015 pg./mg. dry wt. This seems to represent
e basal level, since it did not decline further in the next 100 hr,
staxvation,

Peptococous prévotii

dmmonia and amino _acid pools during g+ .rvation, Washed suspensions,
harvested after 24 hr, growth, were starved at 37° under nitrogen

for 94 hr., At intervals determinations of viability by the slide
culture method, protein content, amino acid pool and ammonia content
of both pools and supernatants were made. The amino acid content of
the pools was negligible; values for the other parameters are shown
in Pig, 6,

After an initial slight fall, which may not be of significance,
the protein content of the cells remained constant throughout the
pexriod of starvation, while the percentage viability fell from 91 to
20, Ammonia was released into the suspending fluid, reaching a
plateau value by about 30 hr,, and the ammonia of the pool went
through a maximum at 22 hr., It seems probable that most of this
ammonia arises from deamination of bases., We have already reported
on the stability of the bacterial protein during prolonged star-
vation.

Metgbolism of glucogse by P, prévotii. We have previously reported
that cells of P, prévotii grown for 42 hr. did not metabolize glucose.
However, it was subsequently discovered that cells harvested after

24 hr,, and still in theivr active phase of growth, did so to a limited
extent under anaerobic conditions. Washed suspensions were therefore
incubated with [U-14CJglucose in the Warburg apparatus under nitrogen
and the gas exchange, glucose utilization and fate of the radioactivity
were studied, Typical results are given in Table 1, Approximately
one third of the added glucose was utilized as mea. ved by the Nelson
method and the disappearance of radioactivity from the assayed super—-
natant, Of this, 8,3% appeared in the respiratory CO,. An endogenous
relesse of (0. was noted, and when correction was made for it the CO,
released représented 8% of the added glucose carbon, a figure which ©
agrees well with the value obtainedradiochemically., If correction

is not made for endogenous CO, release, then the percentage conversion
of glucose carbon to CO, is cglculated ag 14.5%, a value widely diver—
gent from the radiochemgcal egtimate, We conclude therefore that
endogenous metabolisn continues in the presence of exogenous glucose,




The discrepancy between the loss of radioactivity from the
supernatant and that appearing in the CO_, is possibly due to loss
of volatile products during the plating procedure. The cells were
not assayed, however, and it is possible that some assgimilation
had occurred.

Under aerobic conditions no significant utilization of glucose
ocecurred,

ATP content of P, prévotii. It was a general observation that cells
harvested in the stationary phase hed e lower ATFP content than those

from the phane of active growth; the longer cells were left in the
stationary phase the lower became the ATP content. Cells were there-
fore harvested at 24 hr., during growth, for experiments on the ATP
content. It was observed that the harvesting and washing procedures
algo result in a decrease in the ATP content of the cells.

Bffect of starvation on the ATP content and viability. Over a period
of 44 hr, it was found that the ATP content declined to a plateau

value and viability also declined, althougn much less rapidly (Table
2). Experiments were then carried out to gtudy the ATP content
during the initial stages of starvation, i.e. during the period when
rapid changes cccurred., Fig. 7 reveals that a rapid decrease in ATP
content occurs during the first hour of starvation followed by a much
slower decline, In these experiments it was clear that the initial
ATP content showed variation with each batch of cells, although the
general pattern of behaviour was common to all,

Effect of agitgtion with gir and nitrggen on the ATP content. Cell

suspensions were starved for short periods while the cells were agi-
tated by bubbling air or nitrogen through them. It will be seen from
Fig. 8 that asration produced a fall in ATP content which quickly
attained a plateau value. Agitation with nitrogen, however, produced
an initial rapid ircrease in ATP contsant followed by a decline., This
pattern of behaviour was observ.:d in a number of experimente and it
is concluded that agitation of the cells with nitrogen in some way
permits an immediate increase in their ATP content.

Bffoct of varioug metabolites on the ATP content. Preliminary exper—
iments had shown that the absolute ATP content of the cells could not

be correlated directly with the viability of the cslls and it seemed
much more likely that survival might be linked with the capacity of
cells for synthesis uf ATP from a suitable source of endogenous energy.
To test the cospecity of starved cells for ATF synthesis it was decided
to examine their response to the addition of a number of different
compounds, Amivo acids and glucose were initially selected for this
purpose,
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The ebility of our strain of B‘_pzéxgjij to metabclize serine,
threonine, histidine, glutamine and glutamic acid was first tested
manometrically by measuring total gas evolution., There was no
appreciable gas evolution from histidine, glutamate or glutamine,
but extremely rapid and vigorous fermentation of serine and threonine
occurred., Pyruvate, as a product of serine deamination, was also
investigated. Hydrogen evolution is shown in Fig, 9 for serine,
threouine and pyruvate. It will be observed that pyruvate was also
repidly fermented,

(a) Glucose. As previously noted, celis grown for 24 hr. metabolize
glucose to a limited extent whereas those grown for 42 hr, do not,
The effzct of a pulse of 5 mM-glucose after 2% kr., of starvation is
shown in Fig. 10. There is an immediate, rapid increase in the
ATP content of the cells and this behavicur was confirmed in several
experiments, Cells which, by manometric evidence, were judged
incapable of metabolizing gluccse showed no increase in ATP content
when treated with a glucose pulse.

The effect of a sacond pulse of glucose on responsive cells was
alao tested \rlg. 11) This produced a second rapid increase in ATP
content although obvicusly very little glucose was being metabolized
and this apparently only in t-e initial stages of the first addition.,
It should be noted however, that the total increase in ATP observed
corresponds to only 0.24 mumole ATP per ml. of suspension which, if
one assumed that Embden-Meyerhof glycolysis occurred, would corres—
poud to orly 0,12 mumole of glucose fermented per ml,, an amount not
detectable by ihe Nelson method of estimation,

() Serine. ¥ig. 12 shows that a pulse of 5 mM-L-gerine results in

a very rapid increase in ATP content which, however, also decreases
very rapidly, If however the added L-serine concentration is increased
to 20 mM the ATP content reaches a hlgher level and the rapid decrease
is not sbserved (Fig. 13). Ammonia is produced and the pyruvate con-
gcentration in the supernatant decreases. The addition of more L-serine
gives a further increase in ATP content and the pyruvaie concentration
of the supernatant increases.

(e) Threo.ine, The effect of a pulse of 5 mM~DL-threonine on starving
cells is shown in Fig, 14. Estimations of amino acid snd ammonia in
the supernatant were also carried out. Again the pattern of rapid
increase and decrease was observed,

(d) Pyruvate. Deamination of serine yields pyruvate and it is
presumably the further metabolism of pyruvate which yields energy
to the cell, The effect of a pyruvate pulse (5 mM) is seen in
Fig, 15 and the maximum ATP content coincides with the virtually
complete utilizatior of pyruvate,
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(e) 2-0xobutyrate., This compound is the product of threonine dea-
mination and addition of it to a starving culture resultg in a rapid
increase in ATP content (Fig. 16).

(£) Glutamate. Manometric experiments indiczted that glutamate vas
no* fermented and it was found that addition of L-glutamate to a
starving suspension resulted in either no change or a decrease in
ATP content,

Capacity of ceils for ATP production during prolonged starvation,

Prom the foregoing survey with various substrates it ig evident that,
in the early stages of starvation, cells respond rapidly to the addition
of an energy-yielding substrate as judged by a marked increase of AIP
content. The effect of prolonged starvation on the capacity to res—~
pond to pulses of L-serine was therefore investigated, Cells were
starved for 42 hr. and at intervals samples were withdrawn from the
suspension and tested with 10 mi{~L-serine, Fig. 17 reveals that both
the rate and extent of the response declined as starvation progressed
and that by 42 hr. the response was barely detectable. Simultaneous
viability determinations were not carried out in these preliminary
experiments and work is now continuing to establish whether a positlve
correlation is possible between survival and the ability to synthesize
ATP on the addition of an exogenous substrate,

Experiments over a period of 24 hr, have revealed that some
batches of cells do not show a marked decrease in the extent of ATP
production during this time slthough the rate at which ATP is syn-
thesized decreased in the sequence: 5 hr., 0,017 pg./mln., 10 hr,,
0,015 pg./min.; 20 hr., 0,0069 pg. /mln., 24 hr,, 0.00375 pg./min.
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DISCUSSION

The two organisms of the genus Zymomonas we have investigated,
4, mobilis and Z, snaerobia, display similar metabolic pathways for
glucose, and other similarities. Although their RNA contents during
exponential growih are similar, their behaviour on starvation is guite
different, The rate of RNA loss in Z, anaerobia is relatively slow,
e.g. & decline from 2% of the dry weight to 120 takes 90 hr.,
(Fig. 3) while in Z, mobilig (Fig, 2) this change takes place in
24 hr, MNoreover, while tiae loss of RNA in Z. anaerobia is essen-
tially linear, that in Z, mobilis displays a rapid initial fall
followed by a much slower rate of decline, The percentage via-
bility of Z, mobilig does not seew to differ significantly from that
of Z, anserobia during the initial 90 hr., and MgCl, apparently does
not have any protective properties, although it doeS suppress RNA
degradation. Both organisms are rather resistant to prolonged star-
vation, and this resistance does not appear to be related to thelr high
RNA content. .

The stability of overall protein content of Z, snaerobia does
not seem to mask any kind of turnover or preferential degradation

- of one protein and resynthesig of another, since the pattern of

individual proteins in crude supernatant fractions remains the saue
even after 160 hr, starvation,

In P, prévotii, the stability of protein during starvation has
been further confirmed and the ammonia found in the intracellular
pool and released by the cell most probably arises by the deamination
of nuclcotide beses, . In all experiments carried out the free amino
acid pool of the organism has been extremely small and, in view of the
stability of cellular protein, our earliest conjecture that free
emino acids might prove to be the substrates for endogenous meta-
bolism now seems untenable.

The ability of cells harvested after 24 hr., growth to metabolize
glucose was exploited to investigate the status of the endogenous
metabolism of P, prévotii in the presence of an exogenous substrate.
Combined manometric and isotopic experiments with [U-14C]gluc0se
raeveaied that endogenous metabolism continues in the presence of
added glucose, As yet, we kuow ncthing of the pathway of glucose
metabolism which occurs in this organism,

Our inability to ccrrelate changes in the cellular content of
protein, carbohydrate or RNA with the viability of these orgunisms
led us to consider the ATP content of the cells as an index of the
aveilability of energy. Application of the very sensitive firefly
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luciferase system to bacterial extracts has enabled us to measure
extremely small amounts of ATP in the cells, The ATP content of

2, anaerobia was found to increase during exponential growth and to
fall extremely rapidly on starvation., Thus within 4 hr, the ATP
content was but 4.5% of the value observed at the end of the exponen~
tial growth phase and it had fallen to 1% in 60 hr, It then

remained constant at a very low value (0,014 pg./mg. dry wt,) for a
further 100 hr., of starvation, and over the total period of 160 hr,
the viabili*y fell from 80% to 55%.

Cells of P, prévotii also had e higher ATP content during expo-
nential growth than in the stationary phase and the harvesting and
washing procedures led to a further decrease. Experiments with
starving cells revealed that the ATP content fell rapidly in the
initial stages (1-2 hr.) and then declined much more slowly,
Although the viability also declined, this was at a much slower
rate than the fall in ATP content,

A curious, though reproducible, featurs was chbserved when
starving suspensions were agitated with nitrogen; the ATP content
increased rapidly and then declined. The explanation is obscure but
possibly agitation facilitated the diffusion from the cells of com=-
pound(s{ which endogenously suppressed ATP formation., Agitation with
oxygen, however, resulted in a fall in ATP content.

It appeared to us that the ATP content per gse was probably not
directly correlated with viability, but a much more likely correlation
might be found between viability and the capacity of the starving cell
to produce ATP from endogenous energy supplies, Since, in the absence
of precise knowledge of the endogenous energy-yielding processes, we
are unable to control or furnish cellular energy directly, recourse
must be had to supplying exogenous energy sources and meaguring the
response of the ATP-synthesizing systems. This method clearly has
its limitations, for permeability might well become a limiting factor,
especially ufter prolonged starvation. However, we have investigated
this method of assessment as a first approach to the problem,

It was observed manometrically that serine, threonine and
pyruvate were all fermented rapldly by washed suspensions, The
addition of pulses of these compounds (and also 2-oxobutyrate, the
preduct of threonine deamination, and glucose) to suspensions starved
for short periods resulted in immediate, rapid increases in the ATP
content of the cells, The ATP reaches s maximum and then usually
displays a rapid dacline, the rate of vhich suggests that either au
ATPagse og some transferase gystem is active. With serine and glucose
the effects of second pulses of substrate and of increassd substrats
concentrations were studied. It was found that the concentration of
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ATP could be increased by these devices and that, in the presence
of a higr serine concentration (20 mﬂ),the ATP content reached a
plateau value and did not display the rapid decrease observed with
pulses of 5 mM~sexine.

Since the initial step in the metabolism of serine and threonine
is deamination, yielding pyruvate and 2-oxobutyrate respectively, and
deamination is not an energy-yielding process, the effects of pyruvate
and 2-oxobutyrate on the ATP level of the cells were studied. Although
keto acids frequently present permeability problems there was no evi-
dence of this with P, prévotii at vH 6,8 and both substrates resulted
in a rapid increase in ATP content.

Having established the response of the cells starved for short
reriods to such pulses of energy-yielding substrates, the investi-
gation was then extended to the effect of much longer periods of
starvation, Serine was used as the test substrate and it was found
that, as starvation was prolonged, both the rate and the extent of
the response, as measured by ATP production, decreased until, usually
by 42 hr,, the effect of serine was barely detectable. TFurther exper~
iments are being undertaken to study the viability of the cells over
these experimental periods,

The insignificant ATP production when cells are treated with
serine after 42 hr, starvation may not, of course, reflect the true
state of the energy~yielding and utilizing systems of the cell, It
may simply reflect a changed permeability to an exogenous substrate
&as a result of starvation, or a changed response specific to serine,
It is hoped that similar experiments with different substrates may
help us to decide between these possibilities,

It is appreciated that measucements of ATP content alone cannot
be so informative as determinations of the ATP/ADP ratios of cells at
any given phase of starvation, Methods are therefore being worked out
to enable this additional information to ve Cutained,
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Table 2, ATP content of P, prévg’c;’; during anaerobic starvation.

Cells were harvested after 24 hr, growth and suspended in 150 ml.
of phosphate buffer, pH 6.8, at a densgity of 1,23 ng./ml, Samples
(10 nl.) were withdrawn at intervals for ATP estimations, and at
the same time viabilities by slide culture were determined.

i:zﬁ:.tgn ATP coatent Percentage
(hr ) l-lg'/mg. dry weight viability

0 0.212 9%

18 0,020 52

25 0.014 40

44 0.013 37
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Pig, 1.

Effect of Mg>'

ions on the degradation of RNA

e

| e e e e gt

by anserobically starved Z, mobilis,

Cells of 2, mobilis froax late exponential phase (10 mg.
dry wt, ) were harvested aseptically and resuspended in
10 ml, of sterile 67 mM—phosphate buffer, pH 6.8, in
50 m1, conical flasks under N_, w’th and without 33 mi--
MgCl,. Flasks were removed at“intervals, cells centrifuged
and extinction of the supernatant at 260 mp measured,
Cells were fractionated into coid 0,7 N-HC10,-soluble
nucleotide ?ool and RNA, and estlmated as described
previcusiy (1. Results expressed ag /\' of u.xy Wi, of
cells using yeast RNA aa standard, RNA content: &,

in presence of F«Cl_; s in absence of MgCl.. Cold

acid~soluble-nu~leo%ide pools ﬁ) in presenceé MgClZ;
ir absence of MgClo. 260 muy-absorbing materials
‘L, in presence ofthl 1 /\, in absence of MgCl
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Fiz, 2. BEffect of Mg + ions on viability and RNA content of Z, mobilis

starved anaerobically,

Conditions were as for Fig., 1, except that sf{arvation was carried on for
longer timegs and samples were also removed for viablility determination
by the slide culture technique. RNA content: in presence of; (J

in absence of MgCl2. 260 mp-abgorbing materials A in presence of; A
in absence of MgClZ; ribose: \/, in absence of Mgll,. Viability: O,
in presence of; {)°, in absence of MgCl,.
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Fig, 3. Effect of Mg2+ ions on viability and RNA content of Z, anaerobia

starved anaercbically,

Conditions were as for Fig., 2. HKNA contents , in presence of; O, in
absence of MgClz. Viability: @ » in presence of; O , in absence of MgClz.

100
5
= 80
i 0 S
S s
il | o 440 =
- O L
: &
S 5t -1 20
=
[« 4
l 1 1 1 i
0 25 50 75 100 125 150
Time (nr)

20




Fig, 4. Effect of starvation on the soluble protein of 2, anaeyobia.

LRI Y g

Starvation
Time (hr.,) 0 21 44 111 159

Cell~free extracts of Z, anaerobia were prepared as described in the
text after starvation in air for various lengths of time as indicated.
Samples of the extracts comtaining 100 ug, scluble protein were gsub-
mitted to electrophoreasis at pH 9.5 on polyacrylamide gel (5), and
stained with 1% (w/v) amido black in 7% v/v acetic acid.
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Growth (ug dry weight/ml)

Fig. 5.

Growth and ATP content of Z, anaerobia.

e, Growth, measured spectrophotometrically at 570 my;

&%, ATP content, measured as described in the text.
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Fig, 6. Protein coutent, viability and ammonia release

during prolonged starvation of Peptococcus révotii.

Cells were harvested asepiically after 24 hours growth,
washed with gterile 67 mﬂ—KHzPO buffer, pH 6.8, and re-
suspended in 150 ml, of the saﬁe buffer at a density of
1,17 mg./ml.. The suspension was placed in a starvation
apparatus and made anaerobic by gassing with sterile
oxygen-free nitrogen. The suspension was maintained at
370 and O, viability; B, protein content; (), ammonia
in supernatant; and €, ammonia content of cells deter-
mined at intervals,
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Fig, 7. ATP content of Peptococcus prévotii during

starvation,

Cells were harvested with aseptic precautions after
24 hours growth, washed with sterile 67 m@-KHZPO
buffer, pH 6,8, and resuspended in the same buffgr
at a density of 1.41 mg./ml.. The suspension was
placed in a starvailion apparatus and made anaeroblio

by gassing with sterile oxygen~free nitrogen. The

suspension was shaken and samples taken for ATP assay

at intervals,
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Fig, 8. BEffect of agitation with oxygen and
nitrogen on the ATP content ¢f

Peptococcus prévotii,

Cells were harvested aseptically after 24 hours
growth, washed with sterile 67 mI_@--KHZPO4 buffer,

pd 6.8, and resuspended in 100 ml, 6f "the same
buffer at a density of 1,65 mg./ml.. A sample was
taken for ATP assay and the remaining suspension
divided into two equal volumes. Air and oxygen-free
nitrogen were passed through (1 1./min,) the sus-
pensions which were shaken in 250 ml, Erlenmeyer
flasks on a Griffin flask sheker at 250 oscillations/
min, and maintained at 379,
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Fig, 9. Hydrogea evolution during the utilization of L-serine,

DL~-threonine and pyruvate by Peptococcus prévotii.

A washed suspension of the organism was rrepared and Warburg flasks
set up with the following contents: bacterial suspension (2.8 mg./
ml.), 2.5 ml.; substrate (33,3 mM, pli 7.0), 0.3 ml.; and, in centre
well, KOH (20% w/v), 0.2 ml,. Gas phase: oxygen-free nitrogen.
Temperature 37°, Shaking rate: 120 oscillations/1iin.. L-serine,id;
DL-threonine, ®; oyruvate, . a
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ATP content (pg/mg dry wt)

Fig, 10. Effect of glucose on the ATP content

of starved Peptococcus prévotii,

Cell density, 3.15 mg./ml.; final substrate ccn-
centration, 5 aM, The substrate was added after
2 hr. 35 min. starvation,
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Pig, 11, Effect of a second addition of
glucose on the ATP content of

starved Peptococcus prévotii.

Cell density, 1.2 mg./ml.. Glucose to &
final concentration of 6 mM was added after

3 hr, 15 min. starvation, “A second sddition
wag mads after 7 hr. % min. starvation to
glve a final glucose concentration of 12,6 mM,
ATP content, @; glucose in supsrnatant, i ,

ATP content (;xg/mg dry wt.)
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Fig, 12. Effect of L-serine on the AT? content of
starved Peptococcus prévotii.

Cell density, 1,05 mg./ml,; final substrate concen-
tration, 5 nmi. The substrate was added after 2 hr.
50 min, starvation.

18 |
A
i \

b

12

) P

ATP content (pg/mgﬁ dry wt.)

<«
ch
!

0-4
SmM-L-Se‘rine

02 | \
a_ \

Time (hr}



Pig, 13, Effect of a second addition of g-serine on the ATP

content of starved Peptococcus prévotii.

Cell density, 0.8 mg./ml.. Serine was added after 2 hr, 15 min.
to give a final concentration of 20 mM, A second serine addition
was made after 3 hr. 35 min, to give an increase of 10 oM, ATP
content, & ; ammonia formed, i3; pyruvate tormed, ().
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f£ig, 34, Eifect of DL-threonine on the ATP content of starved

Peptococcus prevctii,

Cell density, 1.65 mg./ml,. Threonine to a final concentration
of 5 mM was added after 2 hr, 30 min, starvation. ATP content,
©;: ammonia formed, O,
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ATP content (pg/mg dry wt)

Fig. 15. Effect of pyruvate on the ATP content of
gtarved Peptococcus prévotii.

Cell density, 1.45 mg./ml.. Pyruvate to a final
concentration of 5 mM was added after 2 hr, 45 min.
starvation. ATP content, @; pyruvate concentration,

.
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Fig, 16, Effent of 2-oxobutyrate on the ATP content of
starved Peptococcus prévotii,

Cell density, 0.95 mg./ml.., 2-Oxobutyrate was added to

a final concentration of 5.4 mM after 3 hr. starvation.
ATP gontsnt, £ ; 2-oxobutyrate ooncentration, W .
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Pig, 1. Effect of L--serine on the ATP content of
starved Peptococcus prévotii during

prclonged starvation,

Cell density, 0.72 mg./ml.. L-Serine w:s added to
suitable samples of suspension after starvation for
2 hr, 40 min,, 21 hr. 20 win, and 42 hr. 10 min,,
to give final concentrations of 10 mM.
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