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Swummary. Enzymes of the reductive pentose phosphate cycle including ribulose-
diphosphate carboxylase, ribulose-5-phosphate kinase, ribose-5-phosphate isomerase,
aldolase, glyceraldehyde-3-phosphate dehydrogenase and alkaline fructose-1,6-diphos-
phatase were shown to be present in autotrophically grown Rhodospirillum rubrum.
Enzyme levels were measured in this organism grown photo- and dark heterotrophi-
cally as well. Several, but not all, of these enzymes appeared to be under metabolic
control, mediated by exogenous carbon and nitrogen compounds. Light had no
effect on the presence or levels of any of these enzymes in this photosynthetic
bacterium.

The enzymes of the tricarboxylic acid cycle and enolase were shown to be present
in R. rubrum cultured aerobically, autotrophically, or photoheterotrophically, both in
cultures evolving hydrogen and under conditions where hydrogen evolution is not
observed. Light had no clearly demonstrable effect on the presence or levels of any

of these enzymes.

In the previous 2 papers (1,2) we have shown
that the photometabolism of CO, and various other
carbon compounds in the facultative photosynthetic
bacterium Rhodospirillum rubrum is under strict
metabolic control. The reductive pentose phosphate
cycle operates at significant levels only under strict
autotrophic conditions of growth. Yet all previous
work on the photosynthetic carbon metabolism of
R. rubrum has been done with cells grown on either
acetate or malate.

Although work proposing both an anaerobic
tricarboxylic acid cycle (10) and a reductive pen-
tose phosphate cycle (1) in R. rubrum has been
carried out, the levels of the various enzymes in-
volved in these reactions in this organism have not
been measured under any conditions of growth.
It is not at all clear whether all of the enzymes
of the reductive pentose phosphate cycle function
in photosynthetic bacteria or if the properties of
the enzymes are similar to those in plants and
algae. Previously very high levels of the specific
activity of ribulose 1,5-diP carboxylase in the obli-
gate anaerobic photosynthetic bacteria Chromatium
have been reported (9). There appears to be no
structural association of this enzyme with the

1 This investigation was supported in part by the
Atomic Energy Commission under Contract AEC AT
(30-1) 2801, and by Public Health Research Grant GM-
ISOZOS-O4 from the National Institute of General Medica!

ciences.
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so-called fraction I as occurs in higher plants and
algae (L. Anderson, unpublished observations).
With the above considerations in mind, a survey
of some of the key enzymes of both the reductive
pentose phosphate and the tricarboxylic acid cycles
and their levels of activity as affected by light and
various metabolic variables was undertaken.

Materials and Methods

Culture of Orgamisms. R. rubrum, strain S-1,
was grown on the same basic media which have
been described previously (1,2). Autotrophically,
cells were grown in Fernbach flasks under an
atmosphere of 19 CO, in hydrogen, connected,
through a sterile filter, to a 19, CO, buffer pre-
pared as described by Pardee (21). Nitrogen
source was 2.5 mm (NH,),SO,. A 59 inoculum
was used to initiate growth. The temperature, not
strictly controlled, was 25°. The light source con-
sisted of a single General Electric reflector flood
75W, 120V lamp.

When used as a carbon source L-malate was 25
mM. The nitrogen source was 2.5 mm (NH,),SO,
or 5 mM L-glutamate, as indicated. A 19, in-
oculum was used to initiate grewth. Acetate,
when used as a carbon source, was 50 mM, with
the nitrogen source being 2.5 mm (NH,),80,. A
5 9% inoculum was used to initiate growth. In an
effort to maintain a constant pH cells “cultured
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photoheterotrophically were bubbled with 19 CO,
in He: the final pH of the media was around 8.0.
Under these conditions the apparent growth curve
of cells cultured on L-malate, ammonium sulfate
was altered. Growth as measured Dy turbidity was
maintained at a constant rate after depletion of
the nitrogen source; this was due to the deposition
of polysaccharide and polyhydroxybutyrate and not
to an increase in cell numbers. No difficulty was
encountered in growing cells on acetate, ammonium
sulfate media bubbled continuously with 19 CO,,
He. There was considerable deposition of storage
products in acetate cells. The apparent growth
curve of cells cultured on L-malate, glutamate media
was not altered.

Dark heterotrophic cultures were grown on 30
or 25 mM L-malate, 2.5 mM (NH,),SO, under 1 9%
CO, in air at 30°. 2\ 109 inoculum of dark,
acrobically cultured cells was used to initiate
growth.

Preparation of Extracts. Cells from the log-
arithmic phase of growth were harvested by cen-
trifugation, washed 2 times with 50 mm potassium
phosphate huffer, pH 7, suspended in an appropriate
volume of 100 mM tris or 30 mMm potassium phos-
phate buffer, pH 7.6, as indicated, and released
from 15,000 psi through a French pressure cell.
The resultant extract was centrifuged for 10 min-
utes at 10,000 X ¢ and used for assays of tricar-
boxylic acid cycle enzymes. For other assays the
crude extract was centrifuged for an additional
30 minutes at 100,000 X g¢. All of the specific
activities reported here are based on the protein
content of the crude extract.

Assay Methods. A Cary 14 recording spectro-
photometer was used for direct spectrophotometric
assays. Other optical density measurements were
made with a Zeiss spectrophotometer.

Ribulose 1,5-diP carboxylase was measured ac-
cording to the method of Racker (25). The reac-
tion mixture contained, in 1 ml, 0.13 wmole NADH,
5 upmoles GSH, 0.5 pmole ribulose 1,5-diP, 12
wmoles ATP, 10 pmoles MgCl,, 75 umoles NaHCO,,
50 umoles tris, pH 7.8, excess glyceraldehyde 3-P
dehydrogenase and 3-phosphoglyceric acid kinase,
and 100,000 X ¢ supernatant fraction.

Phosphoribulokinase activity was measured spec-
trophotometrically (9). The cuvette contained, in
1 ml, 30 pmoles tris, pH 7.5, 10 pmoles MgCl,, 3
pumoles GSH, 0.33 umole ATP, 0.33 pmole phospho-
enolpyruvate, 0.2 wmole NADH, 0.4 pmole ribulose
3-P, and 2.8 umole ribose 5-P (prepared by heating
rihose 5-P at 37° for 13 minutes in the presence of
partially purified bacterial isomerase), excess lactic
dehydrogenase and pyruvic kinase, and 100,000 X g
supernatant.

Phosphoriboisomerase was assayed by the method
of Axelrod and Jang (3).

Glyceraldehyde 3-P dehydrogenase was measured
by the method of Wu and Racker (30). The reac-
tion mixture was 3 mx with respect to 3-phospho-

glvcerate.  The 100,000 X ¢ supernatant fluid used
in the assay was preparcd in phosphate buffer.

Aldolase was measured using the spectrophoto-
metric method of Wu and Racker (30) modified
to permit the addition of Fe* according to Dr.
1. M. Willard (unpublished). The reaction mix-
ture contained 50 umoles tris, pH 7.4, 0.105 pmole
NADH, 2 pumoles fructose 1,6-diP, 1 pmole
Fe(NH,).(SO,),, 5 umoles cysteine, excess a-gly-
cerophosphate dehydrogenase and glyceraldehyde
3-P isomerase, and 100,000 X ¢ supernatant frac-
tion prepared in phosphate huffer.

Fructose 1,6-diPase was measured as described
by Smillie (23). Neutral fructose 1,6-diPase was
measured in a reaction mixture containing, per ml,
5 pmoles MgCl,, 100 ymoles tris, pH 7.3, 5 umoles
fructose 1,6-diP, and 100,000 X ¢ supernatant pre-
pared in tris buffer. \ssay mixture for the alkaline
phosphatase was identical except the pH of the tris
buffer was 9.0. The mixture was incubated at 25°
and samples removed at 3 minute intervals (for 12
mins). Inorganic phosphate was measured by the
Taussky and Shorr modification of the Sumner
method (27).

Enolase was assayed by following the appearance
of phosphoenolpyruvate at 230 my according to the
method of Westhead and Malmstrom (28). The
cuvette contained, in a 3 ml final volume, 3 pmoles
MgCl,, 0.03 pmole EDTA, 7.5 umoles 2-phospho-
glycerate, 150 pmoles tris, pH 7.4, and 1.5 pmoles
KCl1, and 100,000 X ¢ supernatant.

Condensing enzyme was measured by the method
of Srere and Kosicki (26). The reaction mixture
contained 70 pmoles tris, pH 8.0, 0.4 umole oxalo-
acetate, (.14 pmole acetyl-CoA and extract in a
total volume of 1.0 ml

Aconitase was measured by following the forma-
tion of cis-aconitate by the increase in absorption
of 240 mp. (3). The extract used was prepared in
phosphate huffer.

Isocitric dehydrogenase was measured spectro-
photometrically according to the method of Ochoa
(17). The reaction mixturc consisted of extract,
75 pmoles tris, pH 7.4, 1.8 pmoles MnClL, 0.135
pmole NADP, and 0.6 gmole pr-isocitrate in a vol-
ume of 3.0 ml.

a-Ketoglutaric dehydrogenase was assayed by
following the formation of NADH at 340 my (12).
The reaction mixture consisted of 0.13 umole CoA,
100 pmoles potassium phosphate, pH 7.4, 0.27 pmole
NAD, 0.83 pmole 1-cysteine, 25 pmoles a-ketoglu-
tarate, 30 wmoles MgCl,, 0.3 pmole TPP, and ex-
tract in a total volume of 3.0 ml. The blank
contained all of the components of the reaction
mixture except CoA. The reaction was initiated
by the addition of Co:\, but could be initiated as
well by the addition of a-ketoglutarate. No re-
duction of NAD was observed in the absence of
TPP.

Succinyl-CoA  synthetase was  assayed by the
method of Cha and Parks (6).
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Succinate dehydrogenase was measured spectro-
photometrically according to Massey (20). The
cuvettes contained, in a final volume of 1 ml, 30
pmoles potassium phosphate, pH 7.4, 0.52 mg cyto-
chrome C, 20 umoles succinate, and 16.5 ug phen-
azine methosulfate.

Fumarase was measured by following the dis-
appearance of fumarate at 300 mu (19). The
reaction mixture contained, in a volume of 3 ml,
100 pmoles potassium phosphate, pH 7.4, 50 umoles
potassium fumarate, and extract prepared in phos-
phate buffer.

Malate dehydrogenase was measured by follow-
ing the oxidation of NADH at 340 (18). The
reaction mixture contained, in a final volume of
3 ml, 100 pmoles tris, pH 7.4, 0.15 umole NADH,
and 0.3 umole oxaloacetate.

Protein was measured by reaction with Biuret
reagent (15).

ATP, NADH, NADP, NADPH, horse heart
cytochrome C, TPP, fructose 1,6-diP (sodium salt),
3-phosphoglycerate (tricyclohexylammonia salt), the
barium salts of ribulose 1,5-diP, 2-phosphoglycerate
and phosphoenolpyruvate, pL-isocitric acid, a-keto-
glutaric acid, fumaric acid, tris, and the enzymes
used in coupled reactions were obtained from the
Sigma Chemical Company: CoA, acetyl-CoA, and
NAD from Pabst Laboratories: oxaloacetic, suc-
cinic and citric acids, L-cysteine, and GSH from
Calbiochem, and the bharium salt of ribose 5-P from
C. F. Boehringer and Soehne. Sodium salts of
phosphoenolpyruvate, ribulose 1,5-diP, and 2-phos-
phoglycerate were prepared Dby the addition of
sodium sulfate to a solution of the respective harium
salt in dilute HCl. The barium salt of rihose 5-P
was dissolved in pH 7.0 tris buffer and Ba*" pre-
cipitated as BaSO,. L-Malate, used in growth
media, was C grade, obtained from Calbiochem;
sodium acetate (AR grade, Mallinkrodt) was re-
crystallized from water. All other chemicals used
were analytical reagent grade.

Results

The levels of several of the enzymes of the
reductive pentose phosphate cycle in R. rubrum,
grown autotrophically, photoheterotrophically with
r.-malate or acetate as carbon sources, or under
dark aerobic conditions, are given in table I.

Ribulose 1,5-diP carboxylase, phosphoribuloki-
nase, and alkaline fructose 1,6-diPase levels are
highest in autotrophically grown cells. The level

of ribulose 1,5-diP carboxylase is to our knowledge,

the highest which has been reported for any organ-
ism. Levels of these cnzymes are significantly
higher in the acetate grown organism than in the
malate grown organism. The presence of light,
per se, during growth has little effect on the levels
of these enzymes, as is seen by inspection of the
values obtained for light and dark grown malate
heterotrophs.

The apparently lower levels of activity for
glyceraldehyde 3-P dehydrogenase in cells cultured
on L-malate may be a result of a difference in the
affinity of the enzyme for the substrate (1,3-di-
phosphoglycerate) and not to actual differences in
the real levels of the enzyme since the levels of
substrate used in the assay were lower than those
needed for optimal activity of the Chromatium
enzyme as isolated from heterotrophically grown
cells, but equal to the levels needed for optimal
activity of the enzyme isolated from autotrophically
cultured Chromatium (11). Tt is significant that
the acetate cells resemble the autotrophs and that
light has no affect on the enzyme in malate
heterotrophs.

There was a 5-fold stimulation of aldolase
activity by Fe2?". The rate of the reaction was
shightly (about 10 9%) enhanced by the addition of
EDTA (to ImMm) in the absence of iron.

The acetate grown cells contained a neutral
phosphatase which was active towards fructose

Table 1. Levels of Ensymes of the Reductive Pentose Phosphate Cyele and EMP Pathway in Rhodospirillum
rubrum

Extracts prepared as described in Methods section.
protein), are based on protein in the crude extract.

Specific  activities,

'

(umoles  substrate  consumed min™' g !

Conditions ol growth

Autotroph
Ribulose 1,5-diP carboxylase* 240
Ribulose 5-P kinase 34
Ribose 5-P isomerase 40
Glyceraldehyde 3-P dehydrogenase 49
Aldolase 9.4
Fructose 16-diPase (neutral) 0
Fructose 1,6-diPase (alkaline) 27
Enolase 80

Acetate L-Malate L-Malate
(NH,).,50, (NH,),S0, (NH,),S0,
phototroph phototroph dark heterotroph
60 7 4
33 120 O
77 31 66
36 11 12
7.6 9.2 11
18 2 2
18 1 1
110 9% 140

* uMoles of phosphoglycerate formed.
**  ATPase interferes.
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Table II. Levels of FEnsymes of the Tricarboxyiic Acid Cycle in Rhodospirillum rubrum
Extracts prepared as described in Methods section. Enzyme levels are expressed as wmoles min™ g1 protein.

Conditions of growth

Acetate L-Malate .-Malate .- Malate
(NH,),S0, ¢lutamate (NH,),SO, (NH,).SO,
Autotroph phototroph phototroph phototroph dark heterotroph

Condensing enzyme 140 190 105 35 140
Aconitase 110 100 150 110 170
Isocitric dehydrogenase 190 220 170 225 459
a-Ketoglutaric dehydrogenase 41 22 6.6 6.6 5.6
Succinyl-CoA  synthetase 105 88 60 66 96
Succinic dehydrogenase 1560 2180 2230 1510 2220
Fumarase 580 124 420 510 800
Malic dehydrogenase 1900 3700 2460 1390 2350

1,6-diP. This activity was not found in this organ-
ism cultured under any other set of conditions.

In table II the activity of the tricarboxylic acid
cycle enzymes are listed as measured in extracts of
cultures grown under a variety of conditions in-
cluding conditions such that hydrogen is evolved
(with glutamate as a nitrogen source) and is not
evolved (with ammonium sulfate as nitrogen
source) during growth.

The levels of the tricarboxylic acid cycle en-
zymes are somewhat higher in dark than in light
grown malate heterotrophs. This probably reflects
the fact that a large percentage of the protein of
the phototroph is in the chromatophore. Con-
densing enzyme is markedly lower in the malate
photoheterotroph.

The condensing enzyme is likewise markedly
lower in the non-hydrogen producing malate photo-
heterotroph than in the organism from cultures of
malate photoheterotrophs photoevolving hydrogen.
Likewise malate dehydrogenase was higher in the
hvdrogen evolving organism. The fumarase from
cultures of glutamate, malate photoheterotrophs re-
quired the addition of a thiol to the extraction
media for stability. 20 mM Mercaptoethanol was
used here?. This fumarase activity was lost when
the extract was prepared in tris buffer. The
fumarase activity of the malate, ammonium sulfate
photoheterotrophs was not affected by thiols, nor
was it affected hy tris.

The condensing enzyme and malic dehydroge-
nase levels are high in the acetate photohetero-
troph: fumarase levels are low.

Discussion

Clearly the enzyme profile with regard to photo-
svnthetic carbon metabolism of autotrophically
grown R. rubrum is similar to that of higher green
plants and algae. The results of these experiments
and the kinetics of CO, fixation as reported in the
previous paper are consistent with the operation of
the reductive pentose phosphate cycle, or of a
modification thereof, for the photometabolism of
CO.,.

2 Thiol stabilization of a bacterial fumarase was first
observed by Dr. A. G. Callely in this laboratory with
extracts of a Chloropseudomonad.

Under autotrophic conditions ribulose 1,5-dil’
carboxylase, ribulose 3-P kinase, alkaline fructose
1,6-diPase, and high levels of glyceraldehyde 3-T
dehydrogenase activity are induced. Light, per se,
had no effect on the induction of these enzymes
since the levels in cells grown either in darkness
or in the light on L-malate, ammonium sulfate
media were similar. Tt would seem rather that the
carbon source is more directly involved with con-
trol than is light.

Ribulose 1,5-diP carboxylase levels have been
shown to be a function of the mode of growth in
a number of photosynthetic and chemosynthetic
forms (9,13,16,24). In Rhodopseudomonas spher-
oides Tascelles found that ribulose 1,5-diP carboxy-
lase activity was light induced (14). This is in
contrast to the results obtained here. Ribulose
1,5-diP carboxvlase levels in autotrophically cul-
tured R. spheroides (T.. Anderson, unpublished re-
sults) are similar to those obtained by Lascelles in
the photoheterotrophically cultured organism. Tt
would appear that the difference in the cffect of
light on the induction of this enzyme may be a
species difference: possibly malate represses forma-
tion of this enzvme in R. rubrion and R. spheroides
is not subject to this repression.

Ribulose 5-P kinase was found to be higher in
autotrophically cultured than in heterotrophically
cultured Chlamydomonas mundana by Russel and
Gibbs (24). Similar results were found in the pres-
ent experiments. These authors found that ribose
3-P isomerase levels were much higher in autotro-
phic C. mundana. In R. rubrum, in contrast, levels
of the latter enzyme are lowest in the autotrophically
cultured organism and highest in the acetate photo-
heterotroph: in any case the levels of this enzyme
arc high enough to account for photosynthesis.
This enzyme is probably not under metabolic con-
trol in R. rubrum.

Fructose 1,6-diP aldolase in this organism ap-
peared in metal ion specificity to be similar to that
found in R. spheroides (29), Anacystis nidulans
(29), and in heterotrophically cultured Chlamy-
domonas (24). 1t does not appear to be subject
to metabolic control related to photosynthesis.
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The level of glyceraldehyde 3-P dehydrogenase,
as measured in these experiments, is highest in the
autotrophs and in the acetate photoheterotrophs.
The levels of activity in both the light and in dark
grown malate heterotrophs are 4-fold lower than
in the autotrophs. Clearly this enzyme is subject
to a form of metabolic control related to photo-
synthetic carbon metabolism. Similar results have
been obtained with Chromatium (11). In green
plants the nucleotide specificity of this enzyme is
under comparable control (8).

Alkaline fructose 1,6-diP phosphatase in K.
rubrum appears to be induced under conditions of
autotrophy. This enzyme has been shown to be
associated with the chloroplast in green plants and
to be light induced in the algae, Euglena (25).
Apparently in R. rubrum, this enzyme is induced
(or de-repressed), not by light, but by autotrophic
growth conditions.

The photometabolism of CO, by acetate photo-
heterotrophs appeared to be intermediate between
strict photoheterotrophy as exemplified by the
malate photoheterotrophs and strict autotrophy (2).
With regard to the photosynthetic enzymes, the
enzyme profile presented here for the acetate
photoheterotroph is intermediate between that of
the strict heterotrophs (malate cultures) and the
autotrophs. In every instance where a photosyn-
thetic enzyme level was high in the autotroph it
was higher in the acetate photoheterotroph than in
the malate photoheterotroph. It would appear that
this organism, when grown phototrophically on
acetate, can utilize CO, photosynthetically, thus
circumventing the necessity for isocitritase and the
glyoxylate cycle.

It is apparent that light, alone, is not responsible
for the appearance of the enzymes of the reductive
pentose phosphate cycle in this organism. Cohen-
Basire and Kunisawa (7) have shown that light
is not responsible for the induction of the enzymes
of photophosphorylation or for the formation of
the photochemical apparatus of this organism.
Clearly, any effect of light on photosynthetic carbon
metabolism in this bacterium is a secondary effect,
related to the changes in levels of adenine nucleo-
tides and possibly reduced pyridine nucleotides.

Enolase activity was essentially the same re-
gardless of the mode of growth. It has been
postulated that the enzymes of the Emhden-Meyer-
hof pathway (from glyceraldehyde 3-P dehydro-
genase through enolase) are under the control of
a single genetic system (22). If this is true in
R. rubrisn then the relative activity of this pathway
exclusive of glyceraldehyde 3-P dehydrogenase is
unaffected by light or by the carbon or nitrogen
source used for growth.

All of the enzymes of the tricarboxylic acid
cycle were found in R. rubrum grown under the
conditions tested. The condensing enzyme appears
to be under metabolic control in this organism, as
does isocitric dehydrogenase, malic dehydrogenase

and possibly a-ketoglutaric dehydrogenase. The
present experiments are not sufficiently detailed
to allow speculation as to the details of the control
of these 3 enzymes; O, tension probably in-
fluences the first 3 mentioned enzyme levels since
they are significantly higher in L-malate, ammonium
sulfate cultures grown aerobically than phototro-
phically.

Fumarase in extracts of the hydrogen evolving
photoheterotroph appears to have quite different
properties from the fumarase in extracts prepared
from non-hydrogen evolving forms. This enzyme
has been shown to be under allosteric control in
several organisms (4). It is tempting to correlate
the requirement for thiol with the ability of the
cell to produce hydrogen. It is clear from these
experiments that the photoevolution of hydrogen
is not controlled by simple adaptive formation of
1 or more enzymes of the tricarboxylic acid cycle,
since light has little or no effect on the levels of
the tricarboxylic acid cycle enzymes.

Metabolic control in this organism appears to
be mediated entirely by the nature of the carbon
and nitrogen sources utilized for growth. Light
had no demonstrable effect on the presence or
levels of any of the enzymes of photosynthetic and
heterotrophic carbon metabolism studied.

Acknowledgment

It is a pleasure to acknowledge the capable technical
assistance of Mr., Lynn Worthen during the course of
this work. The bacteria used in these studies were cul-
tured by Mrs. Margurette Truman and Mr. Nicholas
Rigopoulos. We are particularly indebted to Drs. A. G.
Callely and C. T. Gray for helpful advice and discussions.

Literature Cited

1. AnpersoN, L. ANp R. C. FuLLer. 1967. Photosyn-
thesis in Rhodospirillum rubrum. 1. Autotrophic
carbon dioxide fixation. Plant Physiol. 42: 487-90.

2. AxpersoN, L. anp R. C. FuLLer. 1967. Photosyn-
thesis in Rhodospirillum rubrum. 1I. Photohetero-
trophic carbon dioxide fixation. Plant Physiol.
42: 491-96.

3. AnrFINsgN, C. B. 1955, Aconitase from pig heart
muscle. In: Methods in Enzymology I. S. P.
Colowick and N. O. Kaplan, eds. Academic Press,
New York. p 695-98.

4. AtkiNsoN, D. E. 1966. Regulation of enzyme
activity. Ann. Rev. Biochem. 35: 85-125.

5. AxEeLrop, B. 1955. Pentose phosphate isomerase.
In: Methods in Enzymology I. S. P. Colowick
and N. O. Kaplan, eds. Academic Press, New

York. p 363-66.
6. CHA, S. anp R. E. Parks. 1964. Succinic thio-
kinase. I. Purification of the enzyme from pig

heart. J. Biol. Chem. 239: 1961-67.

7. CoHEN-Bazirg, G. AND R. Kunisawa. 1960. Some
observations on the synthesis and function of the
photosynthetic apparatus in Rhodospirillum rubrum.
Proc. Natl. Acad. Sci. 46: 1543-53.



‘n

10.

10.

0
8.

PLANT

Fureer, R. C. axp M. GiBs. 1939
and phylogenetic distribution of ribulose-1,5-di-
phosphate carboxylase and  p-glyceraldehyde-3-
phosphate dehydrogenase. Plant Physiol : 34: 324~
29.

[Frrier, R, C., R, M. Samiiiig, K. C. SISLER, AND
H. 1.. Korxsera. 1961. Carbon metabolism in
Chromatium. ]. Biol. Chem. 236: 2140-49.

Gest, H.. J. G. Ormreron, axp K. S. OrMEROD.
1962. Photometabolism of Rhodospirillum rubrim :
light-dependent dissimilation of organic compounds
to carbon dioxide and molecular hydrogen by an
anaerobic citric acid cycle.  Arch. Biochem. Bio-
phys. 97: 21-33.

Huvock, G A. axp R, C. FrrLeer. 1965, The con-
trol of triosephosphate dehydrogenase in photosyn-
thesis.  Plant Physiol. 40: 1205-11.

Kavrknmaxn, S. 1955, Alpha-ketoglutaric dehydrog-
enase system and  phosphoryvlating enzyme  irom
heart muscle.  In: Methods in Enzymology [
S. P. Colowick and N. O. Kaplan, eds. Academic
Press, New York., p 714-22.

KorxgerG, H. L.. J. F. Corrins, axp D. BicLey.
1960. The influence of growth substrates on meta-

Intracellular

bolic pathwavs in Micrococcus denitrificans.  Bio-
chim. Biophys. Acta 39: 9-24.
LasceLLEs, J. 1960. The formation of ribulose-

1.5-diphosphate carboxylase by growing cultures
of Athiorhoduccae. J. Gen. Microbiol. 23: 499-

510.
Lavyxe, B 1957, Spectrophotometric and  turbidi-
metric methods for measuring proteins.  Biuret
Method. Tn: Methods in Enzymology I11. S, P.

Colowick and N. O. Kaplan, eds.
New York., p 450-51.

McFanppex, B. A, axp C. L. Tuv. 1963, Ribulose
diphosphate carboxylase and CO, incorporation in
extracts of Hydrogenomonas  factlis.  Biochem.
Biophys. Res. Commun. 19: 728-33.

OcHoa. S. 1955, Isocitric dehydrogenase system
('TPN) from pig heart. In: Methods in Enzymol-
ogv 1. S P. Colowick and N. O. Kaplan, cds.
Academic Press. New York. p 699-704.

Ocnoa, S. 1955, Malic dehydrogenase from pig
heart. In: Methods in Enzymology 1. S, P.

Academic Press,

PHYSIOLOGY

19.

20.

N
N1

29.

30.

Colowick and N. O. Kaplan, eds. Academic Press,
New York. p 735-39.

Massey, V. 1955, Fumarase. In: Methods in
Enzymology 1. S. P. Colowick and N. O Kap-
lan, eds.  Academic Press, New York. p 729-35.

Massey, V. 1959, The microestimation of suc-
cinate and the extinction coefficient of cytochrome
¢. Biochem. Biophyve, Acta 34: 255-36.

Parpee, A. B, 1949, Measurement of oxygen un-
der controlled pressures of carbon dioxide. J.
Biol. Chem. 179: 1085-91.

Perre. D, W. Luk, axp T. BCGcuer. 19620 A
constant proportion group in the enzyme activity
pattern of the Embden-Meverhof chain. Biochem.
Biophys. Res. Commun. 7: 419-23.

Racker, E. 1962. Ribulose diphosphate carboxy-
lase from spinach leaves. In: Methods in Enzy-
mology V. S. P. Colowick and N. O. Kaplan, eds.
Academic Press, New York, p 266-70.

Russil, G. K. axp M. Gisss. 1966, Regulation
of photosynthetic capacity in Chlamydomonas nun-

dana.  Plant Physiol. 41: 885-90.
Sarmeiie, R M. 1964, Plant  fructose-1,0-diphos-
phatase:  In: Fructose-1,6-diphosphatase and its

role in gluconeogenesis. R. W. McGilvery and
B. M. Pogell, eds. Port City Press, Inc., Balti-
more. p 3141,

Skerg, P. A, axn G. W, Kosickrn
fication of citrate-condensing enzyme.
Chem 236: 2557-39.

Tavssky. H. H., E. Suorr, axn G. Kurzyaxx.
1953. A microcolorimetric method for the deter-
mination of inorganic phosphorus. J. Biol. Chem.
202: 675-85.

Westneap, E. W, axp B. G. MarastrOa. 1957,
Chemical kinetics of the enolase reaction with
special reference to the use of mixed solvents. J.
Biol. Chem. 228: 655-71.

WiLtakn, J. M. M. Scuviaax, axp M. Giess.

1961.

The puri-

J. Biol.

1965.  Aldolase in .Anacvystis nidulans and Rhodo-
pseudomonas  spheroides.  Nature 2060 195.
Woe, R.axp E. Racker. 1959, Regulatory mech-

anisms in carbohyvdrate metabolism ITI.  Limiting
factors in glveolvsis of ascites tumor cells. ]
Jiol. Chem. 234: 1029-35.



