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The growth-related parameters of Thiobacillus intermedius, cultured in glu-
tamate-CO.2-S20O2- medium, have been determined. After centrifugation at
48,000 x g for 1 h, 24% of the n-ribulose-1,5-bisphosphate carboxylase
(RuBPCase) activity ofthe disrupted-cell suspensions obtained from C02-S2032--
and glutamate-CO.,-S.,203--grown cells could be sedimented, and the specific
activities of this enzyme in the supernatant fractions were almost equivalent.
The enzyme was stable in T. intermedius starved of thiosulfate in the presence
and absence of glutamate, but a progressive decrease was evident in several
growth cycles, each cycle supported by resupplementation of cells with thiosul-
fate. Polyhedral inclusion bodies were present in CO.._S.,O:2-- and glutamate-
C02-S 0:1--grown cells. The number of polyhedral bodies per cell increased
during mixotrophic growth approximately in proportion to the observed increase
in the specific activity of RuBPCase. RuBPCase could not be detected in T.
intermedius grown heterotrophically on yeast extract, nor could polyhedral
bodies be found.

Thiobacillus intermedius grows chemolitho-
trophically, utilizing any of several reduced in-
organic sulfur compounds as a source ofenergy.
Heterotrophic growth also occurs after a long
lag in medium containing yeast extract alone
or supplemented with glucose or glutamate.
Optimal growth is observed in thiosulfate me-
dium supplemented with an organic carbon
source like glucose or glutamate (5, 6, 19). Ac-
cordingly, the organism has been termed as a
mixotrophic chemolithotroph (15).

T. intermedius, mixotrophically grown in
glutamate-thiosulfate medium, contains high
levels of ribulose-1,5-bisphosphate carboxylase
(RuBPCase). The observations of London and
Rittenberg (6) suggest that a maximum of 70 to
80% of the carbon of such cells is derived from
glutamate. Thus the high level of RuBPCase is
ostensibly superfluous because CO., fixation by
the reductive pentose phosphate pathway is
presumably of less significance.

In recent years Shively and co-workers (2, 18)
and other investigators (12) have reported the
presence of polyhedral inclusion bodies in sev-
eral thiobacilli including T. intermedius (18),
which had been cultured on a minerals-thiosul-
fate medium supplemented with yeast extract.
In a single electron micrograph, one or two
polyhedral bodies were evident in one sectioned
T. intermedius cell but were absent in a second

cell, and assays for RuBPCase were not re-
ported (18). Therefore, both the mode of growth
and RuBPCase content of T. intermedius were
uncertain.
More recently, the pioneering work of

Shively et al. (17, 18) has resulted in the isola-
tion of these polyhedral bodies from T. neapoli-
tanus and, because they were rich in
RuBPCase, has resulted in their designation as
carboxysomes. However, T. neapolitanus is a
strict autotroph and therefore can be grown
only on C02. In contrast, nutritionally versa-
tile T. intermedius can be cultured auto-
trophically, mixotrophically, and heterotrophi-
cally, and consequently there is the potential
to manipulate RuBPCase levels. Thus, T. in-
termedius is an ideal organism with which
to investigate the regulation of RuBPCase and
the correlation between occurrence of poly-
hedral inclusion bodies and this enzyme. In
the present report, we describe such an in-
vestigation.

MATERIALS AND METHODS

Bacterial culture and media. The T. intermedius
culture was supplied by S. C. Rittenberg, University
of California, Los Angeles. The culture was main-
tained at 30 C on autotrophic medium containing 2%
agar and was subcultured at 7- to 10-day intervals.
The autotrophic medium contained (grams per li-
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ter): NH4Cl, 1; MgSO4 - 7H2O, 0.8; CaCl2 - 2H2O, 0.2;
KH2PO4, 0.4; K2PO4 -3H20, 0.6; ferric ammonium
citrate (12.5% Fe), 0.04; and Na2S203, 5.0. The me-
dium was supplemented (per liter) with 10 ml of
trace element solution (13), 1 mg of thiamine hydro-
chloride, and 0.1 mg of vitamin B12. Thiosulfate,
phosphate, Ca2 , vitamins, and organic supple-
ments, when used, were each autoclaved separately
and added to the rest of the sterile constituents after
cooling. The final pH was 6.5. When used, neutral-
ized L-glutamic acid was added to give a final con-

centration of 16 mM.
Growth conditions. Liquid cultures were incu-

bated at 30 C on rotary shakers at 240 rpm, and
growth was monitored turbidimetrically, using
a Klett-Summerson photoelectric colorimeter
equipped with a green filter. For inoculation, 1 vol-
ume ofa preculture that had been grown at 30 C was

transferred to 20 volumes of identical medium. Het-
erotrophic contaminants were routinely monitored
by streaking on glucose-yeast extract (0.2% each)
agar plates lacking thiosulfate. These could be eas-

ily distinguished by their colony morphology and
rapid rate of growth on glucose-yeast extract plates
without thiosulfate, a medium that supports ex-

tremely slow growth of T. intermedius (5). The rela-
tion between dry weight and Klett readings was

established by using T. intermedius cells that had
been washed with distilled water and dried at 105 C
for 16 h.

Cell-free preparations. The cells were collected by
centrifugation at 2 C, and the supernatant culture
fluid was used as indicated for chemical determina-
tions. The pelleted cells were suspended in TEMBD
[made up with 20 mM tris(hydroxymethyl)amino-
methane containing 1 mM ethylenediaminetetra-
acetic acid, 10 mM MgCl2 6H20, 50 mM NaHCO3,
and 1 mM dithiothreitol] buffer that had been ad-
justed to pH 8.0 at 25 C with HCl. After centri-
fugation, the wet pellet was stored at -20 C. For
preparation of cell-free extracts, frozen cells were

thawed, suspended usually in an equal volume of
cold TEMBD buffer, and sonically disrupted for 30 s
at 0 C at maximal power in a Brownwell Biosonik
sonic disintegrator or passed through a prechilled
French pressure cell at 16,000 to 20,000 lb/in2. Dis-
rupted cells were centrifuged at 10,000 x g for 45
min unless otherwise indicated. The resulting
supernatant was used for RuBPCase assay. Protein
was determined by the method of Lowry et al. (7),
with bovine serum albumin as a standard and with
an appropriate correction for tris(hydroxymethyl)-
aminomethane or dithiothreitol.
RuBPCase assay. RuBPCase was assayed at 30 C

as described by McFadden et al. (11) in a reaction
mixture containing 0.4 mM dithiothreitol. One unit
of enzyme catalyzes the RuBP-dependent fixation of
1 ,umol of CO2 per min. Specific activity is given in

units per milligram ofprotein. The concentrations of
Mg2+, HCO3-, and ribulose bisphosphate used were

saturating.
Chemical determinations. Thiosulfate was esti-

mated iodometrically (3). Glutamic acid was deter-
mined with a Beckman 121 automatic amino acid

analyzer, using norleucine as an internal standard.
The probe for a-ketoacids was conducted by the
method of Friedemann and Haugen (1).

Electron microscopy. Pellets of centrifuged cells
were gently dislodged and fixed in 3% glutaralde-
hyde in 0.1 M potassium phosphate, pH 7.2. In some
cases the fragments were embedded in 2% agar to
avoid further disintegration. Specimens were rinsed
with the same buffer and postfixed with 1% OSO4,
similarly buffered, for 1 h. All these steps were
carried out at near 4 C. After dehydration in a
graded ethanol series, the specimens were embed-
ded in Epon and sectioned with a diamond knife on a
Reichert OmU2 microtome. Electron micrographs
were made at 75 kV in a Hitachi HU-11E micro-
scope.

Thiosulfate resupplementation experiments. A 6-
liter flask containing 2 liters of basal medium sup-
plemented with 16 mM glutamate was inoculated
with 100 ml ofT. intermedius cells grown in medium
that was identical and had depleted the thiosulfate.
A 200-ml aliquot was immediately transferred to a
sterile flask containing a Klett tube as side arm.
The flasks were shaken at 240 rpm and incubated at
30 C. When the cells ceased to grow in the small
flask, the pH, cell density, and thiosulfate level of
the main flask were checked. The growth in the
main flask was identical to that observed in the
smaller flask. A 500-ml aliquot was removed from
the main flask, and the cells were processed for
RuBPCase assay. The culture remaining in the
main flask was neutralized to pH 6.5 with sterile
(10%) Na2CO3 and resupplemented with sterile
(25%) Na2S203 so that the final thiosulfate concen-
tration was 0.5%. A portion (150 ml) of the neutral-
ized and thiosulfate-resupplemented culture was
transferred to another small flask with side arm,
and the flasks were incubated as described earlier.
The procedure of neutralization and thiosulfate re-
supplementation was repeated once more, during
which the size of the main flask was reduced to 1
liter and the sample size for RuBPCase assay was
correspondingly reduced. The remaining 150 ml of
the culture after the third neutralization and thio-
sulfate resupplementation was incubated and proc-
essed for RuBPCase assay. The small flasks used for
monitoring growth were incubated without neutral-
ization and thiosulfate resupplementation. The cells
were harvested at the time indicated and processed
for RuBPCase assay.

Starvation experiments. Cells grown in gluta-
mate-thiosulfate medium were harvested by centrif-
ugation at 25 C, after depletion of thiosulfate. The
cells were suspended in basal medium with and
without glutamate (16 mM) in the absence of thio-
sulfate. In both cases cells were adjusted to 2.55 mg
(dry weight)/ml, equivalent to 850 Klett units. Cell
suspensions (70 ml) were shaken at 240 rpm in 500-
ml flasks at 30 C under air. Ten-milliliter portions
were removed periodically and chilled by transfer-
ring to glass centrifuge tubes in ice. Cells were
collected by centrifugation at 2 C and washed once
with cold TEMBD buffer. The collected cells were
disrupted by passing through a prechilled French
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pressure cell at 16,000 lb/in2. The resultant suspen-
sion was centrifuged at 48,000 x g for 1 h, and the
supernatant fluid was used for the RuBPCase assay.

RESULTS
Growth characteristics. The growth of T.

intermedius in thiosulfate-glutamate (16 mM)
began with almost simultaneous oxidation of
thiosulfate, as evident from the decrease in pH
and thiosulfate concentration (Fig. 1). The pH
of the medium continued to decrease, albeit
slowly, after depletion of thiosulfate, and the
final pH observed was 2.1.
The net rate of appearance of RuBPCase as

measured from the time course of increase in
specific activity slightly exceeded cell growth
during the exponential phase. A slight decrease
in specific activity was observed during the sta-
tionary phase.
A complete analysis of the culture superna-

tant showed utilization of glutamic acid (Fig.
1). No other amino acid or 2,4-dinitrophenyl
hydrazine-reacting material could be detected
in the culture filtrates.
RuBPCase after resupplementation of thio-

sulfate. Early in the studies, the inability of
cells to grow in 1% thiosulfate was recognized;
this was circumvented by lowering the thiosul-
fate concentration to 0.5%. At this concentra-
tion growth was limited by thiosulfate, and a
test was conducted to assess the effect ofprovid-
ing fresh thiosulfate. First the pH of the thio-
sulfate-depleted culture was adjusted to 6.5
with sterile Na,CO:, and fresh sterile thiosul-
fate was then added to a final concentration of
0.5%. Subsequent exponential growth resumed
without any appreciable lag. The procedure of
neutralization and resupplementation with thi-
osulfate could be continued in a 100-ml culture
for three cycles, i.e., until 1.5 g of thiosulfate
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had been consumed, but could not be continued
beyond that point. Each thiosulfate resupple-
mentation resulted in an almost equal increase
in cell density (Fig. 2). In Fig. 2 a linear de-
crease in RuBPCase specific activity is revealed
just before each neutralization and resupple-
mentation. The total decrease in specific activ-
ity amounted to 60%o and occasionally was even
greater. Further incubation for 22 h of neutral-
ized cells that did not grow any more in the
presence of added thiosulfate also showed a
decrease in specific activity equivalent to the
two previous cycles. In contrast, cells that had
been incubated in the thiosulfate-depleted cul-
ture medium after the first and second growth
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FIG. 2. Growth of T. intermedius with resupple-
mentation of thiosulfate. The downward arrows
identify the time of neutralization and supplementa-
tion with thiosulfate and ofsampling. The continua-
tion of the curves bearing the same symbols denotes
unsupplemented cultures. The pH was 2.9 to 3.0 at
the points specified by upward vertical arrows. Bar
graphs show RuBPCase specific activity.
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FIG. 1. Growth-related parameters of T. intermedius at 30 C, shaken at 240 rpm.
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cycles and harvested at the times specified by
upward vertical arrows showed no decrease in
specific activity for RuBPCase. In fact, in such
suspensions 32 and 13% increases in specific
activity were observed, respectively. During in-
cubation of thiosulfate-depleted cells, slight
growth reminiscent of diauxie was apparent
and could possibly have been due to energy
yielded by the various intracellular intermedi-
ates (20) of thiosulfate oxidation.

Effect of starvation for thiosulfate in the
presence and absence of glutamate. With Hy-
drogenomonas eutropha that had depleted fruc-
tose, a pronounced rapid decrease in RuBPCase
occurred upon entry into the stationary phase.
This decay appeared to be an energy-dependent
process (16) and could be obtained with cells
harvested in the log phase and subsequently
starved for fructose. The presence of fructose
prevented the decay. Thiosulfate-depleted cul-
tures of T. intermedius on prolonged incuba-
tion in the presence of glutamate did not show
any decrease in RuBPCase specific activity,
whereas the enzyme activity decreased during
successive growth cycles in the presence of glu-
tamate and thiosulfate (Fig. 2). In an effort to
clarify the cause of the decrease of RuBPCase
specific activity, T. intermedius cells harvested
from log-phase cultures were incubated in the
absence of thiosulfate, the source of energy,
with and without 16 mM glutamate in basal
mineral salt medium. The conditions were sim-
ilar to those for a freshly inoculated culture. No
significant decrease in specific activity was ob-
served during incubation for 4 h at 30 C (Table
1).
Distribution of protein and RuBPCase ac-

tivity. RuBPCase activity could not be detected
in cells grown in yeast extract-thiosulfate me-
dium (Table 2). About 73% of the enzyme was
found in the 48,000 x g (1 h) supernatant, and
the rest was found in the pellet after auto-
trophic or mixotrophic growth. The specific ac-
tivities of the high-speed supernatants derived
from autotrophically and mixotrophically
grown cells were almost equivalent. These re-
sults are in basic agreement with those of Lon-
don and Rittenberg (6), although these workers
observed a significantly lowered RuBPCase
level after mixotrophic growth on glutamate.

Electron microscopy. Electron microscopic
examination of thin sections of autotrophically
grown T. intermedius showed four to six poly-
hedral bodies per cell in numerous fields. These
bodies were located in the nuclear region along
the central axis of the cell. The largest average
diameter of these bodies was about 100 nm in
both longitudinal and transverse sections (Fig.

TABLE 1. Effect of carbon starvation upon
RuBPCase in the absence of thiosulfate

Sp act

Period of 16 mM Glutamate No glutamate
starvation Dis- Dis-

(min) ruptedl- Superna- rupted- Superna-
cell sus- tantb cell sus- tantP
pensiona pension[_

30 0.058 0.139 0.059 0.130
60 0.062 0.129 0.052 0.158
135 0.054 0.159 0.057 0.126
250 0.056 0.138 0.066 0.161

a Disrupted in French pressure cell at 16,000 to
20,000 lb/in2.

b Supernatant derived from centrifugation of the
disrupted cell suspension at 48,000 x g for 1 h.

TABLE 2. Distribution ofprotein and RuBPCase in
T. intermedius

Meim Disrupted-cell Pr- Activ-Mecdlium Dimpfraction tein i (% Sp act

CO2-S2O0:2 Suspension" (100) (100) 0.18
Supernatant' 42 73 0.38
Pelletc 46 24 0.12

Glutamate- Suspension (100) (100) 0.11
CO2-S2 :2- Supernatant 20 72 0.41

Pellet 74 24 0.04
Yeast extractd- NIY ND ND
CO2-S20__2-_

a Disrupted in a prechilled French pressure cell at
16,000 to 20,000 lb/in2.

b48,000 x g, 1 h.
48,000 x g, 1 h.

d 0.1%.
e ND, Not detectable.

3). T. intermedius grown in yeast extract-thio-
sulfate medium did not show any polyhedral
bodies, but these cells had diffuse intracyto-
plasmic electron-dense material.

Glutamate-thiosulfate-grown T. intermedius
cells, like those grown autotrophically, con-
tained polyhedral bodies (Fig. 3). In the experi-
ments described in Fig. 1, these bodies were
found to be present during all phases of growth.
However, the exponential-phase cells (18 h)
contained one to four polyhedral bodies per cell,
whereas the same culture after 44 h contained
five to twelve polyhedral bodies (Fig. 4) per cell;
thus the number of polyhedral inclusion bodies
showed a rough correlation with the specific
activity of RuBPCase. Indeed, both the number
of polyhedral bodies per cell and the specific
activity of RuBPCase peaked almost simulta-
neously.
The isolation of polyhedral bodies from T.
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A-

FIG. 4. Electron photomicrograph of thin sections of representative cells harvested after 44 h in glutamate-
CO2_S.0:2- medium (cf. Fig. 1).

neapolitanus on a sucrose density gradient has
been reported (16), but has not proven success-
ful from either frozen or freshly harvested cells
of T. intermedius. However, in the 48,000 x g
pellet derived from glutamate-grown cells, a
large number of polyhedral bodies were visible
by electron microscopy. It seems that the T.
intermedius polyhedral bodies are either more
fragile and/or denser than those of T. neapoli-
tanus.

DISCUSSION

Growth rates and yields of T. intermedius
when cultured on CO2-glutamate are much
higher than those realized by growth under
strictly autotrophic growth conditions. There-
fore, experimental strategies may be developed
that lead to high yields of RuBPCase-enriched
cells in relatively short times. Because this en-
zyme is of evolutionary interest (8, 10), such an
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approach is significant and, in fact, has facili-
tated the isolation and characterization of
RuBPCase described in the companion paper
(14).
RuBPCase is much more stable in T. inter-

medius than in H. eutropha. For example, re-
moval of the organic carbon growth substrate,
glutamate, has no effect upon this enzyme in
cells incubated for up to 4 h, whereas removal
of the growth substrate, fructose, from H. eu-
tropha triggers a rapid decay with a half-time
of 15 min at 30 C. The enzyme is also quite
stable in stationary-phase cultures of T. inter-
medius that are limited in growth by thiosul-
fate. Stationary-phase cultures of T. denitrifi-
cans are similar in this regard (8). In contrast,
cells of H. eutropha entering the stationary
phase because of the depletion of fructose ra-
pidly lose RuBPCase (4). It is evident that the
regulation of RuBPCase is variable among au-
totrophic bacteria and depends critically upon
the growth conditions.
The regulation of RuBPCase in T. interme-

dius is of special interest because of the finding
of polyhedral inclusion bodies in several of the
thiobacilli (2, 12, 18) and the finding that these
bodies in T. neapolitanus are enriched in this
enzyme (16, 17). Our data establishing the si-
multaneous absence of the bodies and
RuBPCase in yeast extract-grown T. inter-
medius and the presence of these bodies in
autotrophically grown RuBPCase-enriched
cells suggests but does not prove a functional
role of these polyhedral inclusion bodies in C02
assimilation. Moreover, the parallel increase
between polyhedral bodies and RuBPCase in
mixotrophically grown cells suggests such a
role. Although u have not yet isolated the
bodies, in several experiments we have sedi-
mented 25 to 40% of the total RuBPCase
activity from mixotrophically grown cells at
48,000 x g (for 1 h) and have established that
this pellet is rich in polyhedral bodies. In light
of these findings, it will be of considerable
interest to determine whether RuBPCase and
other enzymes of the Calvin cycle are indeed
sequestered in these bodies and to ascertain
their function. T. intermedius is an ideal or-
ganism for these studies because of its faculta-
tive nature.
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