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Photosynthesis in Rhodospirillum rubrum
I. Autotrophic Carbon Dioxide Fixation'
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SuinnZZlwllry. The incorporatioin and distril)lltion of activity from 14CO0 was inves-
tigate(I un(ler auitotrophic condlitions in the facuiltative photoanitotroph, Rhodospirillum
ritbrimi, with cells cuiltuiredI on1 hydrogen, carl)on (lioxide, and ammonium suilfate. In
1 seconld 14CO., fixationi experimenits esselntially all of the acti-vity was found in
3-phosphoglyceric acidl plotted against time percent incorporation into phosphate
esters has a strikilngly nlegative slope. These restults suiggest that tinder autotrophic
con(litions the re(duictive penltose phosphate cycle or the key reactions of the cycle
play a major role in carbon metabolism in this photosynthetic bacterium. Incorpora-
tion into aminio aci(Is and inlto interme(liates of the tricarboxylic aci(d cycle was
(lite low.

The photosy'nthetic bacterium, Rliodospirillutit
rubrunin, one of the Athiorho(laciae, cani be grown
un(ler a number of (lissimilar conditions: photo-
heterotrophically, when provi(ledl with a sulitable
carhoni souirce; heterotrophically in the absence of
light, andl aerobically, on the same me(diuim: or
photoanitotrophically oil molecuilar hy(drogen, CO2,
and(I nitrogen gas or another inorganic nitrogen
souirce.3 This organism is a truily facuiltative photo-
troph, as (listinct from those photosynthetic bacteria,
suich as C(hrouiatiu,n alind Chlorobiuiji, which are
able to growv photoheterotrophically or photoauito-
trophically, but are not able to grow in the absence
of light. Tt is, therefore, ideally stuite(d for an
inivestigation of the variability in, and(I conitrol of,
carhoni metabolism accompainilig heterotrophic and
aititotrophic growvth.

Photosyinthetic Co., fixationi has heen shownl to
occur1- throuighl the re(diuctive penitose phosphate cycle
in planits, algae, anid( chemoatitotrophic bacteria.
Sinice the rate of photosy'nthetic CO, fixation is
mulch low%,er in the photosynthetic bacteria (9) than
ini greeni planits or algae (11), strictly aiialogotus
experinmenits uisinig short term kinietic analvsis to
shlow the operationi of the reducetive pelntose plios-
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For simplicitv the term "autotrophic" is used here to
describe photolithotroplhic growthl; "PPhotoheterotroplhic"
to describe photoorganotrophic groN th; "Heterotrophic"
to describe dark, aerobic, organotropllic growth. Biot.i
is re(utiired for growth in all cases.

phate cycle und(ler either photoantotrophic or photo-
heterotrophic conditions in the bacteria have not
been performed previously. After 30 secoin(ls both
3-phosphoglyceric aci(d (3-P'GA) anId aspartic acid
appeare(d to be primary produticts of CO., fixation in
atutotrophically culltuire(d Cli roiii(itiu ni (7). The key
enzymes of the redluctive penltose phosphate cycle
are present in this orgainism (7). Recelntly a
ferredoxin-depein(lent CO, fixationi cycle (listinict
from the redtuctive penltose phosphate cycle has
been proposed to account for autotrophic growth
an1(d bacterial photosynlthesis in Clilorobiiumi (6).
The purpose of the present experiments, with
Rhodospirillum1Z1 ruitbruiiii, was to inivestigate, uising
chromatographic techniqiu1es, the kinetics of '4CO(.
incorporationi uin(ler strictly auitotrophic con(litions
in short term experiments. The results obtained
are conisistenit with the operatioln of the reduictive
penitose phosphate cy'cle (or of the key reactions of
the cy'cle) in siuch cells iin(ler strictly photoaito-
trophic conl(litions.

Materials and Methods

(Grolzwtli of B?icter'i'iiii. Rh odospirilliiiii riibflhiii,
strain S-1, was obtainied from Dr. Howard CGest.
The mediuim was 2.5 mit in (NH,)2SO and(I coIn-
tainecl the same levels of minerals, trace elements,
and( biotin, as that employed by' Ormerod, et al.,
(10), except that the phosphate concelitrationi was
10 m.i. The inocuiluim was cuiltuiredl and(i tranis-
ferred as described by Ormerod, et al.; a 10 %
inocuiltim was uised for auitotrophic growth. Cells
were growAn in Rouix bottles in a water bath at 300
aind wvere bubbled contintiouisly with 1 % CO., in
11,. The light souirce consisted of 3 ltimiline 60

487



PLANT PHYSIOLOGY

watt lights approximately 15 cm from the culture
yielding approximately 1000 foot candles of incident
light. Growth was measured by turbidity at 650
m,u. One OD0,o uinit equals 0.353 mg dry weight
per ml.

Experimental Procedure. Cells were harvested
by centrifugation andl re-suspended in a pH 7 buffer
solution consisting of the minerals, trace elements,
and phosphate used in the original media, diluted
10-fold. For experiments over 10 seconds in dura-
tion Warbuirg flasks, gassed with hydrogen (except
as indicated), were use(l. For shorter term ex-
periments 125 ml Erlenmeyer flasks with a small
side opening closed with a rubber cap which per-
mitted the injection of radioactive bicarbonate from
a syringe were employed. The depth of the cell
suspension was the same in either case. Cells were
preincubated for 30 minutes in the light with
NaH12CO3 prior to the addition of radioactive
NaH'4CC3. Temperature was controlled at 30°.
The light soturce consisted of 10 photoenlarger bulbs,
General Electric number 212, 150 watt, 115 to 125-
volt. Experiments were terminated by the addition
of sufficient bioling absolute ethanol to bring the
final alcohol concentration to 80 %. Extracts were
analyzed chromatographically by the methods of
Benson, Bassham, and Calvin (5).

Radioactive spots on dtuplicate chromatograms
were counted using a thin-window Geiger tube.
The total activity used in computatioin of the per-
cent of incorporation into any specific compound
was the sum of the radioactivity measured in the
spots on the paper and not the activity of the
origin before (levelopment of the chromatogram,
since the origin was self absorbent with respect to
counting. Occasionally a few counts remained on
the origin after development. These were not in-
el1ble(d in the tatbulation of couints.

Reagents. High specific activity (39 to 46
mc/mm) Ba14CO3 was obtaine(d from New Englan(d
Nuclear Corporation; NaH'4C(3 w"'a S formed by
trapping, in NaOH, 14CrC), which ha(l been genler-
ate(l by the additioin of concentrated H.,SO4 to the
barium salt. Pheinol, use(d in the (levelopment of
chhromatogranis, was freshly redistille(l. All other
chemiiicals were analytical reagelnt grade.

Results

The highest level of carboni dioxi(le fixationi was
found with young cells in the log phase of growth.
There was a sharp decline in fixation as the
stationary phase was approached. In preliminary
experiments the relationship of culture age to rates
of C,O2 fixation was a critical factor in obtaining
optimal and reproducible results (fig 1). Under
the conditions used in these experiments fixation
was linear for 10 minutes indicating that steady
state conditions prevailed.

The distribuition of activity in the photosynthate
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FI(;. 1. One minuite incorporation of 1 4C0. in the

ligit versus cultuire age. Cells used in the experimiienit
(straini R, growxn on 2.5 mi (NH4) ,SO4, 25 mM DL-

malate under 4 % CO.,, He from a 1 % iioculum) were

harxvestedl at timiies indicated, and resuspended inl buffer
solutioIn. Eachi ianometer- flask contained 100 /Lmoles
i-malate, 10 itmoles NaHCO3, cells equal to approxi-
mately 0.4 mg (dry uAeiglht, and in the side arm, 2 pc
NaH '4CO.. Gas plhase was 4 % CO.) in He. Experi-
ment was terminated 1 iminiute after introduictioni of
NaHl4CO0,. Upper curx e is total dpm incorporated/
OD65,iunit. LoxN-er cuirve is dpm/OD650 uinit in ethaniol
atnd water insoluble l)recil)itate. Similar results vere
obtailned witlh cells gro\\ autotrophically and Ilpoto-
heterotrophically wx itb acetate as carbon sourl-ce.

Of atutotrophically ctulture(d R. rdrumn fixing '()
ndler ani atmosphere of H., is presente(d graphicallY

in figuires 2a an(l b.
\Vhen the percent incorpor-ationi of isotope into

phosphate esters is plotte(d against time the slope
of the cu1rve is strongly negative (fig 2a). I'he
first products noted on the chromatogranms were

3-PGA\ and sutgar (liphosphate. 75 % Of the activity
at 1 second was in 3-V-'GA. After 1 secon(d several
phosphate esters became labelled. In 11 second(s

there were spots ill the phosphate ester portioll
of the chromatograrn conitaininig 129 colunts (70 %
of the activity fixed into the soluble portion) ; I
spot correspondinlg to slugar (liphosphate, 5 to mnollo-
phosphates, and 2 to P-enolpyruvate and 3-P0G.\.
Percent incorporation into 3-PGA versus time was

negative between 1 and 30 seconds (75 %-20 ,);
percent incorporation into the diphosphate area was

positive.
The initial increase in labelling in alanine and

gluttamate (fig 2b ) corresponds to inicorporationi

dpm/OD650 Unit

F
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FIG. 2. (a) (upper) Distribution of activitv incor-
porated into phosphate esters versus time of exposure to

14CO. Each manometer flask contained cells, equal to
8.2 mg dry weight, suspended in buiffer solution, 11
uAmoles NaHCO3 and 50 gc NaH34CO3 in a total volume

of 2 ml. All the components except NaH' 4CO2 were quad-
rupled in the 1 second experiment. 100 ,c NaH14CO3
were used in the 1 second and 11 second experiments.
The OD650 of the cells wheln harvested was 0.73. After
1 minute 154,200 dpm (18,800 dpm/min/mg dry wt cells)
hald been incorporated. Of the activity 10 % was incor-
lorated into the water insoluble precipitate after 10
minutes; 7 % after 5 minutes, none after 1 second. The
180 second point deviates more than 3 times the standard
error (10 %) from the curve and may therefore not be
significant. The first products noted on the chromato-
graim appeared by location to be 3-PGA and a diphos-
phate, most of the counts being in 3-PGA. (b) (lower)
Distribution of activity incorporated into amino acids
and fumarate versus time of exposure to 14CO2' Very
low levels of activity were observed in malate and a-

ketoglutarate after 1 and 3 minutes. Data from the
experiment illustrated in figure 2a.

into the carboxyl carbon since most (85 % of ac-
tivity fixed into glutamate after 30 seconds; 70 %
of activity in alanine) of the activity was lost with
ninhydrin treatment. Most of the radioactivity
fotund in these compounds after 10 minutes was
stable to ninhydrin (65 % of activity in glutamate;
75 % of activity in alanine), indicating that during
longer periods of exposure the internal carbons in
these compounids had become labelled. Very low
levels of activity were found in malate and in
a-ketogltutarate after 1 minute and in citrate and
succinate after 3 minutes.

Discussion

The reductive pentose phosphate cycle is clearly
implicated in the pattern of photosynthetic CO.,
fixation observed in this organism. The negative
slope of incorporation into phosphate esters, the
observation that 3-PGA is labelled prior to other
compounds, the secondary labelling of the diphos-
phate ester area of the chromatogram are all con-
sistent with the operation of the key steps of the
cycle. In addition recently we have observed ex-
tremely high levels of ribulose-diphosphate car-
boxylase activity in extracts of autotrophically
grown R. rubrumn and have demonstrated the pres-
ence of several of the enzymes of the reductive
pentose phosphate cycle. These experiments are
reported in the third paper in this series (4).

Since the incorporation of radioactivity into
tricarboxylic acid cycle intermediates is low, an
anaerobic tricarboxylic acid cycle as proposed by
Gest et al. (8) for photoheterotrophic metabolism
in R. ruibrum probably does not operate under
strictly photoautotrophic conditions.

In addition to the above observation, the positive
slopes of incorporation, and the low activity in
alanine and glutamate rule out any important par-
ticipation in this organism of the ferredoxin-de-
pendent cycle proposed recently by Evans, Bulchanan,
and Arnon (6) to accoutnt for photosynthetic CO.,
fixation of Chlorobiunm thiosulfatophilutm. The
only known or posttulated pathway for net CO.,
fixation consistent with these data is the re(duictive
pentose phosphate cycle.

In R. rubrum culltured on L-malate, glycolic aci(I
appears to be the first stable product of carbon
(lioxide fixation uinder photoheterotrophic condi-
tions (2, 3). Apparently 2 pathways for the uptake
of CO2 occur in R. riubrim, one, involving 3-PGA,
which accounts for the major part of CO2 fixation
in autotrophically grown cells, and the other, in-
volving glycolic acid, in photoheterotrophically
grown cells.

Clearly the nature of the carbon source during
growth controls and influences both the kinetic
pattern of fixation and the photometabolism of
CO2 in this organism.
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