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SUMMARY

Freshly harvested or lyophilized cells of Sarcina lutea assimilate carbohydrate during
the oxidation of glucose and a linear relationship exists between the glucose utilized
and the carbohydrate deposited. The product appears to be a polymer composed of
glucose units and it may be utilized in the absence of exogenous glucose.

Experiments with [U-1#*C]** and [3,4-1*C,]glucose show that 55 9% of the carbon
atoms of glucose are assimilated without appreciable dilution, while the lower in-
corporation of radioactivity from [1-4C]glucose reflects the formation of unlabelled
hexose from this substrate via the pentosephosphate cycle. Assimilation of pyruvate
or acetate does not yield polysaccharide (or poly-8-hydroxybutyrate) and the
assimilatory mechanism is shown by position-labelled substrates to depend on the
tricarboxylic acid cycle. The carboxyl group of pyruvate is virtually eliminated
while C-3 is incorporated to a greater extent than C-2; in the analogous case of acetate
incorporation of C-2 exceeds that of C-1.

The data indicate that glucose is not assimilated via pyruvate and support the
previous observation that under the conditions employed glycolysis is not reversible
from pyruvate to glucose. On the other hand, polysaccharide formation from glycerol
shows reversibility from triose, or an alternative route from triose to glucose.

Comparisons are made of the distribution in various fractions of the cell of the
radioactivity assimilated from [U-'4Clglucose, [3-14C]pyruvate and [2-*Clacetate.

INTRODUCTION

The aerobic micrococcus Sarcina lutea possesses the enzymes necessary for glycolysis
yet is unable to metabolize glucose under anaerobic conditions!. Aerobically the
glycolytic sequence accounts for some 70 9% of the total glucose metabolized, the
remainder being oxidized via the hexosemonophosphate oxidative (pentosephosphate)
cycle?, assimilation occurs and the carbohydrate content of the cells increases mark-
edly®. The present work has been directed towards an understanding of the assimil-
atory processes of this organism which occur with glucose and also with pyruvate

* Present address, Biochemistry Section, I.C.I. Pharmaceuticals Division, Alderley Park,

Macclesfield.
** [U-14C], uniformly labelled with 14C.
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and acetate, compounds which are formed during glucose metabolism®. The behavio
of glycerol has also been investigated.

The process of oxidative assimilation in micro-organisms, whereby the oxidation
of a portion of the substrate provides energy for TLhL assimilation of the remainder,
has been rev 1evwd D\, ﬂ U«IOI\'1 The ma}ontv of work on this 101“! Bas been car

AND DoUDOROY¥F?, and more re enﬂy DOU])OROF AXD CSIAI\IT]’ﬁ, have nwestigatm
the assimilation of radioactive substrates such as organic acids and glucose by
Pseudomonas saccharophila. One problem always recognized in connexion with the
oxidative assimilation of substrates containing more than two carbon atoms, is
whether the substrate is assimilated intact or whether 1t undergoes metabolism 1o
smaller fragments prior to the assimilatory process. In the case of lactate with
P. saccharophila® and Escherichia coli loss of the carboxyl group precedes ¢ nilatis
while the recent demonstration that glucose (and other subs i
polymer of S-hydroxvbutyric acid in Bacillus spp.®® and i F. ,
Rhodospivillum rubrum® clearly establishes that degradation of the substrate must
occur in these cases.

The results with 5. lufea presented here demonstrate that the carbon atoms of
glucose are not assimilated via pyruvate or acetate and that pyruvate is decarboxy]

:,4

ated prior to assimilation. The assimilation of glucose has been shown to give rise to a
polysaccharide composed essentially of glucose units which is utilized w the

tate does

external supply of glucose is withdrawn. The assimslation of pyruvate or ace
not vield carbohydrate but polysaccharide synthesis from glyce

the earlier stages of glycolysis are reversible.

ol indicates that

MATERIALS AND METHODS

Organisms and media

The strain of S. lutca used was originally provided by Dr. E. ¥. Garg. It was
grown in a peptone medinum with forced aeration as previously described? where
details of harvesting and lyophilization techniques are also given. In many of the
experiments lyophilized cells which had had their endogenous respiration reduced
to negligible levels (endogenous-diminished cells) were used?.

Bacterial densities were determined turbidimetrically, after suit
a Hilger Spekker absorptiometer using Chance glass filters Hgo8
instrument was calibrated against bacterial dry weight.

Lactobacilius casei used for glucose degradation was a strain provided by the
Bacteriology Department of this University. It was grown and harvested as described
by COWGILL AND PARDEE!.

ble dilution, m
and OB32. The

Amnalytical methods

-

Glucose and reducing sugars were estimated by the method of Nersow® and
fructose by the method of HEYrovskY!2. Cellular carbohydrate was dgtm min Cd by

the anthrone technique according to TREVELYAN AND HaRrrison'?; it was found that

more reproducible results were obtained if the tubes containing the anthrone reagent

were allowed to stand in ice for at least 30 min before the addition of the solutions
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for analysis. All results are expressed in terms of glucose equivalents. It was necessary
to determine the carbohydrate content of cell extracts in 75 % (v/v) ethanol and the
effect of this solvent on the anthrone method was therefore investigated. With
standard solutions of glucose in water and in 75 9% ethanol, a higher O.D. is obtained
for the ethanol standards, but the difference between the two sets of standards is
directly proportional to the glucose concentration. Thus blanks for water and 75 %
ethanol give the same O.D. Accordingly, glucose standards in 75 9% ethanol were used
for the determination of carbohydrate in 75 9% ethanol extracts of cells.

Cellular carbohydrate was also determined as reducing sugar after hydrolysis
of cell suspensions with 2 N H,S0,'4. Preliminary experiments showed that, unlike
Escherichia coli, hydrolysis was complete within 2 h and that heating for periods in
excess of 5 h produced some destruction of carbohydrate, as did temperatures over
100°. The procedure adopted was: to 5 ml cell suspension (approx. 60 mg dry wt.)
contained in an ampoule was added 0.4 ml concentrated H,SO,. The ampoule was
sealed and heated in a boiling water bath for 2.5 h. After cooling the contents were
transferred quantitatively with filtering to a 50 ml flask, neutralized and made to
the mark. Suitable portions were taken for reducing sugar estimations.

Reducing sugar values for the carbohydrate content of S. lutea were always
higher than those obtained by the anthrone method to the extent of approx. 5-6 9%,
of the dry bacterial weight. However, the anthrone reagent does not react with
hexosamines, constituents of the cell wall of S. lufea and which account for some
3 9% of the dry bacterial weight'®, nor with pentose sugars to any marked extent.
Agreement between anthrone determinations carried out on intact cells and on
hydrolysates was always satisfactory (see Table I).

Glycerol was determined by the method of BUurRTON, and cells were examined
for the presence of poly-f-hydroxybutyrate and lipid by the alkaline hypochlorite
method of WILLIAMSON AND WILKINSONY.

Radiochemicals and isotopic methods

[3,4-1C,glucose was prepared from glycogen obtained from rabbit liver's.
Liver slices from a fasted animal were incubated with 1 mC NaH*#CQ, in the medium
described by BucmaNAN, HasTINGS aND NEsBETTY. The glycogen was isolated,
purified as described by COwGILL AND PARDEE (see ref. 10, p. 158) and hydrolysed
with 0.6 N HCL After neutralization the glucose concentration was estimated and
the specific radioactivity determined. Chromatography and autoradiography revealed
a single spot in the position corresponding to a glucose marker. A portion of the
material was converted to lactic acid by fermentation with a washed suspension of
Lb. caser in phosphate buffer under an atmosphere of CO, and the lactate degraded
to CO, and acetaldehyde with acidified permanganate (see ref. 10 p. 159). The CO,
was counted as BaCO, and acetaldehyde as the 2,4-dinitrophenylhydrazone. 98.9 %,
of the radioactivity was located in C, and C, of the glucose molecule.

All other radiochemicals were obtained from the Radiochemical Centre, Amers-
ham, England.

The isotopic methods employed have been described previously?. With the
exception of BaCO,; and acetaldehyde 2,4-dinitrophenylhydrazone, all specimens
were counted at infinite thinness.

Biochim. Biophys. Acta, 40 (1960) 237-251
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Chromatography and auloradiography

Sugar chromatography was carried out on Whatman Neo. 1
following solvents: ethanol-methanol-water (45:45: 10, v/v),
water (120:50:40, v/v) and phenol-NH,-water (160 g phenol, 4o mil
0.88 NH,)?. Cell extracts were usually chromatographed in sec-butanol-formic acid-
water (70:10:20, v/v}*. For autoradiography the chmmatomam vere stapled to
Kodak Industrex type DD film and, after a suitable period of exposure, developed
with Kodak 1gb developer. Sugar spots were located by dipping successively in AgNG,
in acetone and KOH in ethanol.

Preparatory to chromatography samples of hydrolysates were treated with a
mixture of Amberlite IRC-50 and IRA-400 (1:2.25, w/w) to remove salts and the
resulting solutions were lyophilized. The dry material was taken up in a smajl volume
of 85 9, (v/v) pyridine and portions applied to chromatograms. Marker: > alw
used and the movement relative to glucose (Rg) noted.

ethyviacetate

vier, 1 mi

15

Fractionation procedures

The scheme described by ROBERTS ¢f al.? was adopted in which suitable guantities
of cells {usually about 1o mg wet wt.) were extracted successively with 4 ml cold
59 (w/v) trichloroacetic acid (TCA) {for 30 min, 4 ml 75 % (v/v} ethanol at 40-50"
for 30 min, 2 ml ether 4 2 ml 75 %, ethanol at 40-50° for 15 min and 4ml 5 % TCA
at 100° for 30 min. Before pldtmg the TCA fractions were extracted 4 times with 4 m)
ether to remove TCA, the pH adjusted where necessary to approx. 7.5 and the
fraction made up to its original volume. The fractionation procedure arried out

in graduated ro-ml centrifuge tubes to facilitate the measurement of volumes.

X

Asstmilation experiments

Cell suspensions in water or buffer were incubated with the appropriate substrate
in tubes (6 » 1 in) or Erlenmeyer flasks of suitable size. The {ormer were '*Pmted

()

with water-saturated air via capillary tubes whereas the latter were shaken at 12¢
cyc/min in a thermostatic bath. In one experiment (Table III) the special
designated B in a previous note? was used.

RESULTS

Assimalation of glicose

Efiect of glucose oxidation on the polysaccharide content of the cells: The “structural
polysaccharide” content of cells harvested from a peptone medium may vary between
g and 12 %, of the dry bacterial weight but is usually approximately 1o %5, as deter-
mined by the anthrone method® It undergoes no detectable dm,mut]on dunng the
vigorous aeration of washed cell suspensions and while the endogenous metabolism
is simultaneously reduced from a high to a negligible level.

When glucose is oxidized by freshly harvested or lyophiiized endogenous-
diminished cells a considerable deposition of cellular carbohydrate occurs which may
increase the carbohydrate content to as much as 28 % of the dry bacterial weight.
Less than one fiftieth of the total increase in carbohyvdrate content can be detected
as free reducing sugar in extracts of cells and it was concluded therefore that the
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assimilated material represented polysaccharide®. Within the range of o-40 mM
glucose utilized, a linear relationship was established between the total glucose
utilized and the carbohydrate assimilated by the cells; each mole of glucose oxidized
yielded ~ 0.5 mole of assimilated material (calculated as glucose).

Nature of the assimilated polysaccharide: The increase in polysaccharide content
which occurs when glucose is assimilated was measured both by anthrone and reducing
sugar determinations and the fructose content of hydrolysates was also determined.
Table I reveals that the anthrone and reducing sugar values are similar although the
former gives a rather higher result. Only a very minor part of the increase (about
4.5 % of the total) can be attributed to fructose.

TABLE I
INCREASE IN CARBOHYDRATE CONTENT OF CELLS DURING ASSIMILATION OF GLUCOSE

625 mg lyophilized cells and 2 mmoles glucose in 0.134 M phosphate buffer pH 7.1, total volume
20 ml, were shaken at 37° in a 175-ml Erlenmeyer flask. Samples (5 ml) were withdrawn into
30 ml ice-cold water at the given times, centrifuged and the cell pellets washed with 30 ml water.
The pellets were taken up in 5 ml water and stored in ice prior to analysis for bacterial density
and carbohydrate by the anthrone method. Portions were hydrolysed with 2 N H,S0, for 2.5 h and
anthrone, reducing sugar and fructose determinations carried out on the neutralized hydrolysates.

Carbohydrate content (% dry bacterial weight)

.P erZod _of Anthrone Amnthrone Reducing sugar Fructose
mcu(ha)tzon (intact cells) (hydrolysate) (hydrolysate) (hydrolysate)
Content Increase Content Increase Content Increase Content Increase
o 9.7 — 10.2 — 15.2 — 0.8 —
1 17.0 7.3 17.5 7.3 20.8 5.6 1.3 0.5
2 24.0 14.3 24.3 14.1 28.6 13.4 1.5 0.7

Chromatography of hydrolysates of o-, 1- and 2-h samples of cells assimilating
glucose gave a similar pattern of sugars which included glucose, fructose, ribose and
glucosamine, but the intensity of the glucose spot alone showed a marked increase
as the carbohydrate content of the samples increased. It would appear therefore that
the carbohydrate assimilated consists essentially of a polysaccharide composed of
glucose units.

Assimilation of radioactive glucose: The assimilation of radioactivity from
variously labelled glucose by washed suspensions was next investigated. Fig. 1
records progress curves for the assimilation of [U-14C], [1-14C] and [3,4-1*C,]glucose.
It will be noticed that about 55 9 of the radioactivity added as [U-1C]glucose appears
within the cells. When the external glucose is exhausted the value falls slightly,
presumably as the result of the oxidation of some labile intermediates. With [1-14(C]
glucose the total radioactivity assimilated is somewhat less but the oxidation of
[3,4-11C,]glucose resembles the uniformly labelled sugar in that some 54 9% of the
radioactivity appears within the cells. The residual radioactivity present in the
supernatants after all the glucose has been consumed is probably due to the slight
accumulation of radioactive products of glucose metabolism. The apparently slower
utilization of [3,4-1C,]glucose results from the higher concentration of this substrate
supplied, namely 8.6 mM as opposed to 4 mM.

The relationship between the radioactivity assimilated and the increase in
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Fig. 1. Progress curves for the assimilation of variously labelled glue
of S. lutea. @—® . radicactivity assimilated by thecells; ©0— o, radioacti
11—, glucose in the supernatant. Each system compr
glucose (77.4 ymoles in the case of [3,4-MC
volume of g ml water, gently acrated at 37°. Samples (i ml1) were withdrax
3 mlice-cold water and rifuged. The supernatants were analysed for gluc
and the cells, after washing with 4 ml ice-cold water, were taken up t
portions used for bacterial density and radioactivity

sed 300 mg Iv
Jglucose on account of the

: at intervals
and ¢

polysaccharide content of the cells during the owidation of [U-¥C gln
studied. For this purpose it was necessary to use much higher concentrations of sub-
strate than those emploved in the assimilation experiments of ig. 1, in order that
the amount of polysaccharide deposited could be accurately measured by the methods
of carbohydrate determination used {the previously established relationship between
polysaccharide deposition and glucose utilization revealed that 4 mad glucose wonld
give an increase in carbohydrate content of only 1.5 9% of the drv bacterial weight).
The data of Table IT demonstrate that a good correlation exists between the two
sets of values and suggest that carbohydrate accounts for all the assimilated radio-
activity.

The fate of assimulaled carbohydrate on prolonged incubalion: The fate of the
assimilated carbohydrate in the absence of an exogenous source of glucose was
investigated. Cells were allowed to assimilate glucose for 2z h, washed free of glucose,
suspended in phosphate buffer and then aerated at 377 for 48 h. Iig. 2z shows thai
after withdrawal of the external glucose the assimilated material was nfilized and
about 50 % disappeared within 3.5 k. Ultimately all the assimilated carbohydrate
was utilized although the rate of disappearance was much less in the later stages.

This finding raised the question of whether our earlier conclusion® that the
assimilated carbohvdrate is of limited significance for endogenous respiration in
S. lutea is valid under these particular conditions. An assessment of the problem was

therefore made under conditions designed to ensure nitrogen “starvation™ of the

Riochim. Biophys. Acie, 40 (1663 237
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TABLE 11

CORRELATION BETWEEN RADIOACTIVITY ASSIMILATED AND INCREASE IN CARBOHYDRATE
CONTENT OF CELLS DURING THE OXIDATION OF [U-14C]GLUCOSE

10 m! of a suspension of lyophilized cells (320 mg dry wt.) in o.27 M phosphate buffer pH 7.1
were added to 10 ml of 69.5 ma [U-1Clglucose contained in a 175-ml Erlenmeyer flask and shaken
in a thermostatic bath at 37°. The total added radioactivity was 8.88:10% counts/min. 4-ml
samples were withdrawn into 40 ml ice-cold water at intervals, centrifuged, washed and then
taken up with 4 ml water to give a smooth suspension. After 1 in 50 dilution 1-ml portions were
used for carbohydrate determinations (anthrone) and o.r-ml and o.2-ml portions for assay of
radioactivity. 0.5 ml was taken for fractionation and a suitable dilution was used for the deter-
mination of the bacterial density. At 120 min the residual glucose concentration was 17.47 mM.
The carbohydrate content (anthrone) of the cellsat zero time was 10.0 9, of the dry bacterial weight.

Radioactivity in cells Increase in cellular carbohydrate

Time (min) Countsjminfmg % 0{ f{idad % dry bacterial %o t;f added
dry wt. asi;:zz';ajt/ed weight asiizzcszjed
0.5 81 0.3 e —
30 3600 13.1 5.8 14.8
70 6997 25.4 1.2 28.6
120 9375 34.1 13.3 34.0

cells and which might be expected to emphasize any relationship of the assimilated
carbohydrate to the endogenous respiration. Endogenous diminished cells were
permitted to oxidize glucose for 3 h and, after washing free of glucose, were aerated
vigorously in phosphate buffer for 5 h. Samples were withdrawn at intervals and the
Qo, value and the carbohydrate content of the cells determined. From the data of
Table III it will be seen that although the Qo, values increase as the carbohydrate
content of the cells increases, when the cells are subsequently aerated in the absence
of glucose there is no simple relationship between the decrease in Qo, value and the
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Fig. 2. The fate of assimilated carbohydrate during long term incubation of washed suspensions.
The cells were allowed to assimilate in the presence of 200 mAM glucose for 2 h, then (indicated
by arrow) were washed to remove residual glucose and gently aerated in buffer at 37° for 48 h.
6oo mg lyophilized cells and 2 mmoles glucose in 0.134 M phosphate buffer pH 7.1 (total volume
20 ml) were aerated for 2 h at 37° and then centrifuged. After washing with 0.067 M phosphate
buffer to remove residual glucose the cells were re-suspended in 0.067 M phosphate buffer (20 ml)
and gently aerated with water-saturated air at 37°. Samples (2 ml) were withdrawn at intervals
into 2 ml ice-cold water, the cells washed and made up to 100 ml for subsequent carbohydrate
determinations.
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decrease in polysaccharide content of the cells. This is best appreciated by comparing
the increase in Qo, value (4Qo,) effected by incubation with glucose with the incre:
in carbohydrate content of the cells (4C). The quotient 4Q0,/4C undergo
fifteen-fold change in value which clcallv indicates that no set
these two properties. Thus, after 5 h incubation in the absence of
has fallen by g6 9%, of its maximum increase whereas the carbo
decreased by only 52 %, of the maximum increase attained. It wonld
that even wunder conditions of pronounced nitrogen starvation, the
polvsaccharide cannot be the sole nor the dominating factor in endogenous respiration.

Cell fractionation: To obtain information concerning the intracellular 3<L"1J11u0u
of radioactivity, cells which had oxidized [U-Cliglucose were sd}
tion. Since it is conceivable that some difference in distribution
short and long periods of incubation with the substrate, experiments
out with approximately 35 mM [U-**Ciglucose and sarnples for ana
drawn at three different time intervals, at all of which some gluco a
consumed (Table IV}, Although the bulk of the radioactivity is located in the 75 9
ethanol fraction, some radioactivity appears in all the fractions. Ti i
content of the soluble fractions was therefore determined (Table V)
that the fractions which showed an increase in radicactivity also showed a
in carbohydrate content

From the data p

cfore appeay

nilated

TABLE 111

INFLUENCE OF ASSIMILATED CARBOHYDRATE ON THE LEVEL OF ENDOGENOUS
RESPIRATION IN NITROGEN-STARVED CELLS

2.6 g endogenous diminished cells were incubated at 377 with 100 mAf glucose in0.134
pH 7.1; total volume 1oc ml. Incubation with vigorous aeration was effected in the ¢
designated B by Dawgs axp Horms™. 10-ml samples were withdrawn at intervals :
ice-cold water, centrifuged and washed with a further portion of 30 ml water and then taken up
to 10 ml with water. Portions of the suspension were used for (Jo,, anthrone and bacter lensity
determinations. After 3 b incubation with glucose the whole of the remaining suspension (6o ml)
was centrifuged, washed with water and taken up in the same volume of pn(‘s’) ate buffer (6o mil).
Aeration was then continned for a further 5 v with sampling as hefore.

Cm bolydrate

Tame () Endogenous (o, A Go, AC A0, A
o 448 — 8.90 — -
1 11.42 6.04 14.07 3.17 1
2 12.66 8.18 15.98 7.08 1
3 13.08 8.60 17.05 815 /

(B) Aeration in buffer

4 .50 5.08 5.90
5 7.28 2.80 5.56
6 .84 2.36 5.0
7 549 1.07 4-53
5 4.83 0.33 3.90

Biochim. Biophys. Acia, 40
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TABLE IV
FRACTIONATION OF CELLS AFTER ASSIMILATION OF [U-“ClgLuCosk

Protocol as for Table IT except the glucose used was 70.4 mM. At 120 min the residual glucose
concentration was 10.45 mM. The carbohydrate content of the cells at zero time was 9.4 9, of
the dry bacterial weight.

Time (min) 30 70 120

Counts min/mg % of total Countsjminimg 9% of total Counts/min/mg % of total

Fraction dry wi. of cells assimilated activity dry wi. of cells  assimilated aciivity  dry wt. of cells  assimilated activity

Whole cells 3451 100 6517 100 9872 100
Cold TCA 644 18.7 752 11.5 1135 11.5
Ethanol 1972 57.1 3496 53.6 4655 47.1
Ethanol-ether 46 1.3 113 1.7 139 1.4
Hot TCA 340 9.9 1303 20.0 2493 25.2
Residue 341 9.9 594 9.1 538 5.4
Percentage

recovery — 96.9 — 95.9 — 90.6

TABLE V

CARBOHYDRATE CONTENT OF CELL FRACTIONS AFTER ASSIMILATION OF [U-#CJ]GLUCOSE
Protacol as for Table IT; the cells fractionated were those of Table IV. Carbohydrate determined
by anthrone method.

Carbohydrate content Increase in carbohydrate

Fraction Time (min) ugimg dry wi. of cells  pglmg dry wt. of cells
0.5 94.0 -
Intact cells 30 141.0 47.0
70 205.4 I111.4
120 245.0 151.0
0.5 1.4 —
Cold TCA 30 5.3 3.9
70 8.2 6.8
120 13.1 11.7
9.5 9.7 —
Ethanol 30 44.4 34.7
70 67.9 58.2
120 84.4 74.7
0.5 47.6 —
Hot TCA 30 66.4 18.8
70 77.8 30.2
120 88.7 41.1

fraction, at times of 30, 70 and 120 min, the specific activities are respectively 73,
59 and 65, and 57, 60 and 62 counts/min/pg carbohydrate. The specific activity of
the substrate glucose was 62 counts/min/pg which indicates that the substrate is
assimilated without appreciable dilution. Although more divergent values are
obtained for the cold and hot TCA fractions, this is scarcely surprising since both these
fractions possess much smaller radioactivities and carbohydrate contents and the
accuracy of the determinations must therefore be reduced.

Autoradiography of cell fractions: Autoradiograms of the ethanol and cold and
hot TCA fractions each gave a single spot corresponding to an R¢ value which varied

Biochim. Biophys. Acta, 40 (1960) 237—251
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on different occasions between 0.35 and 0.43 when sec-butanol-formic acid was the
solvent. Whereas the spot from the ethano] fraction was intensc those from both
hot and cold TCA fractions were always faint, the cold TCA being much the weaker
of the two. After hydrolysis with 1.2 & TC} the single spot had almost completely
disappeared and a new spot, in a position corresponding to glucese, appeared. These
findings, taken in conjunction with the analytical and chrematographic evidence
presented carlier, indicate that the radioactive material extracted, and which is
mainly located in the 735 % ethanol fraction, is a polysaccharide composed of glucose
units. The chromatographic hehaviour suggests that the polymer is not of high
molecular weight.

Assnnilation of pyruvalc and acelate

Pyruvate and acetatc are intermediates of glucose oxidation in S. lutea aithough
pyruvate is not usually detectable unless aged cclls are used or the system is inhibited
by arsenite!. They are both oxidized without a lag period by washed cell suspensions
and it was of interest, thercfore, to study the pattern of a2ssimilation of these com-
pounds.

Analvsis for polvsaccharide formation: Cells were analvsed for carbohvdrate
during the oxidation of 100 mAM pyruvate or acetate but, uniike glucose, these
substrates produced no detectable increase in the carbohydrate conient of the
organism as measured by the anthrone method.

Assimilation of radioactive pyruvale and acelate: Progress curves for the assimila-
tion of [1-¥C], [2-¥C] and [3-1*C]pyruvate arc recorded in Fig. 3 from whici: it will be
seen that only about 7 %, of the radioactivity from [1-¥C]lpvruvate onters the cells
as contrasted with some 40 and 509/, respectively from the 2- and 3-labelled substrates.

100 g
\

fi-4¢] syruvate [2-¥¢] Pyruvote 13-"¢) Pyruvate

i |
i

\
\

[~ 3
Q
—=0=

@
Q

-
D
T
s

N
Q

3

Percentage of added Pyruvate or Radioactivity

20 30
Time [mmnutes)

40 © 10

Tig. 3. Progress curves for the assimilation of variously labelled pyruvate by washed suspensions.
@ — @, radioactivity assimilated by the cells; O—C, radioactivity in the supernatant; =--—-i7,
pyruvate in the supernatant. Protocoi as for Fig. v with pyrovate repiacing the giucosc.
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The assimilatory patterns obtained with [1-1*C] and [2-**Clacetate are shown in
Fig. 4 and it will be noticed that more radioactivity is assimilated from methyl-
labelled than from carboxyl-labelled acetate.

Cell fractionation: Cells were fractionated following the assimilation of limiting
quantities (4 mM) of [3-1*C]pyruvate and [2-1*Clacetate, and the results are compared
with the corresponding values for [U-**C]glucose in Table VI. In contrast with glucose,
the bulk of the radioactivity assimilated from pyruvate and acetate appears in the
cold TCA fraction and not in the 75 % ethanol fraction. Comparison of the location of
radioactivity in cells which have assimilated a limited amount of glucose (Table VI)
with those which are assimilating in the presence of excess glucose (Table IV) reveals
some differences in the distribution of radioactivity in fractions other than the 75 %

ethanol extract. " [I—MC} Acetate {2—14(:] Acetate
1c0 F
G0 i

3 8

Percentage of added Radioactivity
&
T
—

L

1 1
o 1 20 30 40 © 10 20 30 40
Time (minutes)

0 1 L 1

Fig. 4. Progress curves for the assimilation of [1-1*C]- and [2-!*C]acetate by washed suspensions.
® — @, radioactivity assimilated by the cells; 0 — 0O, radioactivity in the supernatant. Protocol
as for Fig. 1 with acetate replacing the glucose.

The cold TCA fraction is generally assumed to contain the more labile inter-
mediates of the cell and the fate of the assimilated radioactivity over extended periods
of incubation was therefore ascertained. Cell suspensions were allowed to assimilate
limited amounts (4 mM) of [U-*Clglucose, [3-**Clpyruvate and [2-1*Clacetate and
these substrates were exhausted during the initial 30 min. The suspensions were
incubated for periods of up to 7 h and samples were withdrawn at intervals for assay
and fractionation. In each case the radioactivity in the cold TCA fraction showed a
marked disappearance, but only cells which had assimilated glucose displayed an
appreciable loss from the 75 9% ethanol fraction.

Although no attempt has been made to identify the material present in the cold
TCA fractions of cells which have assimilated pyruvate or acetate, autoradiographs
indicate that acetate itself is not accumulated by the cells.

Fairly recent work by various authors has demonstrated that in certain micro-
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TABLE VI

LOCATION OF RADIOCACTIVITY IN VARIOUS CELL FRACTIONS FOLLOWING THE ASSIMITATION OF
RADIOACTIVE GLUCOSE, PYRUVATE AND ACETATE

erated for
1 centrifuged.

100 mg lyophilized cells and 18 umoles of substrate in a total volume of 3
25 min and then 2-ml samples withdrawn from each into 2 ml ice-cold wa
The cells were washed twice and a further portion was diluted ro-fold
measurement. The radioactivities present in the cells taken for fractionat
{counts/min/mg dry wt.}: "U-MClglucose, 3104; [3-WC pyruvate, 796; [2-12C]

Percentage of toial radioactiviiy

Fraction —

Whole cells 100 100 100

Cold TCA 29.2 58.8 92.0
Ethanol 33.0 ir.z 15.4
Ethancl-ether 2.0 0.0 .G
Hot TCA 7.3 13.1 1.3
Residue 3.3 g

Total recovery 90.8 89.5 38 5

imilation.

organisms a polymer of f-hydroxybutyrate is laid down during oxidative
No report has been made of the occurrence of poly-f-hydroxybutyrate in 5. luien
or related organisms, and although the fractionation data made it very unlikely that
any was formed from acetate or pyruvate (it would appear in the protein residue due
toitsinsolubility®), and it has been found that acetate alone does not vield the polymer®,
a few experiments were carried out. Cell suspensions were aerated with oo mM
solutions of glucose, acetate, and glucose plus acetate for periods of 6 h. At hourly
intervals samples of cells were treated with alkaline hypochlorite and th
turbidities measured. There was no significant increase in any instance, thus indicating
that poly-f-hydroxybutyrate and/or lipid material was not formed.

resulting

Assimatation of glveerol

Glycerol is readily oxidized by cell suspensions of S. lufea and in view of its close
relationship to the triosephosphate stage of glycolysis, oxidative assimilation of
this substrate was studied.

500 mg of lyophilized cells were incubated with 4 mmoles of glycerol and 0.134
mM KH,PO, buffer, pH 7.1, in a total volume of zo ml. The cellular carbohydrate
content and glycerol utilization were determined at 30-min intervals over a period
of 2h. The carbohydrate content increased from 9.6 to 15.8 9 of the dry bacterial
weight while 738 umoles of glycerol were consumed. From the data obtained in this
and similar experiments it was calculated that each mole of glycerol ntilized gives
rise to 0.17 mole of assimilated material calculated as glucose.

DISCUSSION

The oxidation of glucose by S. lisfea is accompanied by an increase in the carbohydrate
content of the cells which is directly proportional to the quantity of glucose oxidized.
When radioactive glucose is the substrate the radioactivity assimilated is accounted
for by the glucose appearing as polysaccharide within the cells and the specific activity
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of this material approximates to that of the glucose substrate. Additionally chromatog-
raphy of cell hydrolysates has shown glucose to be the only sugar to display a massive
increase in concentration during assimilation, although the sensitive HEYROVSKY
method for fructose did enable a slight increase in the content of this sugar to be
detected. Finally, extracts of cells which have assimilated radioactive glucose contain
a single radioactive component which on hydrolysis gives rise to glucose. These data
together are taken to indicate that during the oxidation of glucose by non-proliferating
suspensions glucose is assimilated and a polysaccharide composed essentially of
glucose units is deposited in the cells.

Our earlier work® demonstrated that assimilated carbohydrate is unable to
sustain the level of endogenous respiration characteristic of freshly-harvested cells.
Furthermore, the increase in endogenous respiration which occurs when endogenous-
diminished cells are incubated with glucose in the absence of an exogenous nitrogen
source can be largely explained by the effect of glucose in stimulating an increase
in the concentration of the free amino acid pool from endogenous peptide or poly-
peptide material. The much greater increases of endogenous respiration attendant on
incubation with casein hydrolysate are unaccompanied by any deposition of carbo-
hydrate in the cells, while the carbohydrate which is present in cells harvested from
peptone media was shown to be quite stable and to undergo no change during the
diminution of endogenous metabolism. For this reason it was assumed that the
carbohydrate content of such cells represents structural material and is not a reserve
of energy-producing material. The fact that, under the conditions we had been using,
the assimilated carbohydrate appeared to have an extremely limited role as an en-
dogenous reserve led us to suggest tentatively that it might also serve some structural
purpose, although at that time experiments on the fate of the assimilated carbo-
hydrate in the absence of an exogenous supply of glucose had not been carried out.
This earlier concept was rendered untenable by our present finding that the assimilated
material is utilized and ultimately disappears; consequently a reassessment of the
problem was made with cells possessing depleted free amino acid pools. Conditions
which resembled the “nitrogen-starvation” used by many workers seemed to offer
the most favourable circumstances for demonstration of the role of the assimilated
carbohydrate as an endogenous reserve. However, the endogenous respiration bore
no simple relationship to the assimilated polysaccharide and while undoubtedly it
must be making some contribution to the endogenous metabolism, it is quite clear
that it is not the sole substrate utilized.

The patterns of assimilation recorded with position-labelled glucose are of con-
siderable interest. The fact that less radioactivity is assimilated from [1-}4C]- than
from [U-1C]- or [3,4-14C;]glucose is a reflexion of the pathways of glucose metabolism
which operate in S. lutea. We have already demonstrated that the pentosephosphate
cycle accounts for some 30 % of the total glucose oxidized and a feature of its operation
is the preferential release of carbon atom 1 of the glucose molecule. The effect of
recycling [1-**Clglucose by this pathway would be to produce a pool of hexose-
monophosphate with lowered specific radioactivity, so that, even if the deposited
polysaccharide were synthesized directly from a portion of the phosphorylated
substrate, some lowering of the radioactivity of the resulting polysaccharide would
be expected due to dilution with pool hexosemonophosphate.

Evidence concerning the route of synthesis of the assimilated material was also
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ers 1n this
ssimilation

obtained. It has alway
mechanisms may be envisaged, namely (a) the a

\

. been recognised b\f work

and their incorporation intact in the 1«"\1111 g cellular material and
of the substrate to smaller fragments which are subsequently
of the assimilated substance. Various studies -
of glucose asshmilation is vig pyruvate \*‘..']11(:]1 is
of the two remaining carbon atoms.

That assimilation of ghicose as two-carbon fragments is not the
encountered in bacteria is demonstrated by our own findings with 3. lusies
also found that the ca: 2ly eliminated
tion, which mchc.:i‘ws that pyruvate is assimilated as a two-carbon §
Wity (7 9) which is assinil

rhoxyl group of pyruvate 1s larg

acetate. The small amount of radio:
pyruvate may well arise by CO,-fixation IGHLUOHS rather than by s
of the carboxy] group. and it is significant that we bave previous
occurrence of CG, fixation during glucose metabolism by S, lufea?,
of 3,4-%C,]glucose either by the LMBDEN-MEYERHOT or the pente
ways gives rise to pyruvate labelled in the carboxyi group, but
the activity added

the former substrate 1s assimilated only 7
found within the cells. In addition, all the activity nbf%ﬂfl]lﬂ,t(ﬂd from =
is accounted for by the increase in cellular polysaccharide and no other
such as poly-B-hvdroxvbutyrate, for which gluc eakdown prI
would be mandatory, can he detected. Consequentiv the carbe
cannot be assimilated wie pyruvate and the most Jik ely
that a portion of the glucose substrate is assimilated as such w

se b

v explanation

being oxidized to provide energy for the assimilatory process.

The results obtained with radicactive pyruvate and acetate w the
are in accordance with earlier conclusions®, drawn o the basi ] -
extract experiments, that the tricarboxylic acid cycle operates for tern

ity is assimulated from methvi-labelled than {rom
the one hand, and more from '

in S. lutea. Thus more radioac
carbonyl-labelled pyruvate on no
from carboxy]_—]a,beﬂcﬂ ﬁfctz—xtc‘ on 'hf—‘ ot her. These fndmn

\(O]\ 518 do not appear to be rev FIC]DI( 1 der the conditions
',H'\"foz’;ﬁ or

The reactions of 2l
ve have used since no detcetable carbohydrate is formed from: either
ion was also reached in a previous study of

acetate. This condl .
metabolism of the organism where it was shown that the assimilatio
resulted in a marked : unulann of endogenous metabolism b
carbohydrate formation occurred® The polysaccharide

indicates that the bloclk in the rever m,d sequence of glve ol 7318 0CCiT

and triosephosphate or, alternativelv, that glucose is b}’Dﬂ]CFi/,CfE

another route.
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ON THE EMISSION OF TRYPTOPHAN

EIJI FUJIMORI
Institute for Muscle Reseavch at the Mavine Biological Laboratory Woods Hole, Mass. (U.S.A4.)
(Received September 24th, 1959)

SUMMARY

Tryptophan possesses two sets of emissions, each one of which has one short-lived
emission and one long-lived emission. The excitation by m-z absorption at 280 mpu
gives u.v. fluorescence and blue phosphorescence under certain conditions, ¢.g. frozen
in an aqueous solution containing glucose or methanol. Both emissions are sensitive
to the presence of added substances: in a frozen solution without addition, the blue
phosphorescence disappears, while with the decrease in the fluorescence there is a
concomitant increase in the phosphorescence, resulting from energy transfer between
triplets, in the presence of acetone. The excitation by a near-u.v. absorption at 350 mu
produces blue short-lived emission and green long-lived emission, which are quenched
by the addition of strong acid or the formation of charge-transfer complex with
dinitrophenol, etc.
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