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Three major routes have been described which
account for the oxidation of acetate or the assimila-
tion of acetate into cellular material in the purple
photosynthetic bacteria. In illuminated suspensions
of Rhodospirillutmii ruwbriumt uilinder anaerobic conditions
and in the absence of CO.,. acetate is assimilated to
,B-hydroxybutyrate polymer (23). In anaerobic sus-
pensions of R. rubrumiil which are capable of evolv-
ing molecular Ho, acetate and C, dicarboxylic acids
are oxidized to CO, -with a concomitant evolution of
H., by a light dependent anaerobic tricarboxylic acid
cycle (12). In anaerobic illuminated suspenisionis of
Chromatiurn, which have beeni grownl oln acetate as
the sole carbon source, acetate is assimilated to pro-
tein and polysaccharide through the glvoxylate
cycle (10).

Several proposals have appeared which describe
alternate routes for the photometabolism of acetate
and bicarbonate and for the synthesis of amino acids
from these compounds in the purple photosynthetic
bacteria (1, 4, 8, 9. 13, 15, 16, 19). These proposals
have been based upon the labeling pattern of the or-
ganic acids resulting from the tutilizationi of acetate-C'4
anid bicarbonate-C'4 in restinig cells the (legradation
pattern of radioactive glutamate an(l alaninle which
had been synthesized from acetate-C'4 and bicarbon-
ate-C14; and the finding of anl enzylmie in Chromnatiunt
anid R. rubrunt which forms a C5 braniched organlic
acid from acetyl-coenzymile A and pyruvate. The re-
actions involved in these alternate pathways bave not
been elucidated because: 1) it has been difficult to
find any definite pattern in the (listribtutionl of radio-
activity in the organic acids as a consequence of the
utilization of acetate-C14 or bicarbonate-C4; 2) Ino
enzymatic reaction other than the reductive synthesis
of pyruvate from acetyl-coenzyme A and the conden-
sation of acetyl-coenzyme A anid pyruvate have been
found in extracts w-hich woutld supl)port an alter-nlate
pathway.

In viewk of the suggested alternate routes for the
uitilizationi of acetate atnd bicarboniate in R. ri brunt
and the fact that in restilng cells of this organismii hy-
drogen production is absolutely (lepen)dent oni carbon
flow through a light (lepen(lent anaerobic tricar-
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boxylic acid cycle and(l electroni passage to bacterio-
chlorophyll (12), it is imiiportanit to assess the conl-
tribution of the anaerobic tricarboxylic acid cycle ini
the light dependent synthesis of amino acids from
acetate units and bicarbonate. Since fluoroacetate
has been used as anl extremely valuable tool ini elu-
cidating the presence of a light dependent anaerobic
tricarboxylic acid cycle in R. rubrurn we havre tested
the effects of this inihibitor on the light (lepen(lenit
synthesis of amino aci(ds. In anaerobic restinig cells
capable of synthesizing glutamic acid fromii acetate
and bicarbonate in the light, the additionl of fluoro-
acetate completely inhibits this syinthesis with a coni-
comitant accumulation of citrate. Examination of
glutamic acid synthesis in soluble extracts shows that
glutamate can be synthesized from acetate and bicar-
bonate through citric acid. A preliminary communii-
cation of these results has beeln reported (5).

Materials and Methods

Materials. The organic acids and aminio acids
used in these experiments were purchased from Sigma
Chemical Comiipany anid from Calbiochemi. ATP.
coenizyme A, sodium fluoroacetate anid NA.DP were
purchase(l froml Sigimia Chemical Compainy. Sodium
acetate-i-C' 4, sodliumii pyruvate-3-C' 4 andl sodiuml
bicarbonate-Cl4 were purchase(d from New England
Nuclear Corporation.

Bacteriuinm. Cultures of Rhodospirillhni ritbrimi
(strain 1) w,ere grovnI anaerobically in glass stop-
pered bottles oIn a malate-glutamate media at 300 in
ain illuminated water bath by the )rocedure of Kohl-
miller and Gest (18). The bacteria were maintaiined
on agar slabs at 00.

Cell Sulspentsions. Restilng cell stuspeinsioins of R.
rubr'uni were prepared from 1 liter of log phase ctil-
tures. The cells were harvested by centrifugatioin anid
the supernatant fraction wvas discarde(l. The wet
packed cells were washed 2 to 3 times witlh 50.0 ml
of 0.1 Nt potassium phosphate huffer pH 7.5. TShe
final cell suspension contained cells plus 25.0 ml of
0.1 M potassiuim phosphiate buffer pH 7.5 and( the
protein coincenitration was .59.0 mg of protein per ml.
For studies on the incorporationl of radioactive com-
pounds into resting cells, a 2.0 ml aliquot of the
above suspension plus 100 umoles of potassium phos-
phate buffer pH 7.5 were added to the miaini coni-
partment of \Varburg vessels. Ten amoles of ace-
tate-C'4 or bicarbonate-C14 which contained 20
/ucuries of radioactivity was added to the side arm of
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eachl vessel. The mixtures were preincubated under
helium with illumination from four 300 w flood
laml)s at 300 in an AinI1co photosynthetic Warburg
alpparatus for 20 minutes. Following the preincuba-
tionl perio(l the acetate-C1 4 or bicarbonate-C1 4 was
tipped into the maini compartment alnd the reaction
continued for 8 minutes anrd 15 minutes respectively
under helium flushing and illumination. The reac-
tions were stopped by adding the cells to boiling 80 %
methanol. In studies with fluoroacetate, the in-
hibitor was added to the cell suspension prior to the
preincuihationi period.

['reParation of Solutble EXtracts. Cultures from
1 liter of log phase cells were harvested by centri-
fugationi and washe(d with 0. 1 Ivi potassium phosphate
btuffer pH 7.5. The final suspensioln containied cells
plus 25.0 ml of 0.1 M potassium phosphate buffer.
The cells were broken in a 10 Kc Raytheon sonlic
oscillator for 2.0 minutes at a full power setting.
The broken cell homogenate was centrifuged at
15,000 rpm in a refrigerated Sorvall centrifuge and
the pellet discarded. The supernatant fraction was
centrifuged for 1 and one-half to 2 hours at 144.000
X g in a Spinco model L centrifuge. The soluble
protein fraction was dialyzed against 7 liters of 0.001
M potassium phosphate buffer pH 7.5 for 6 hours at
00. The dialyzate was centrifuged to remove any
precipitate and the clear superlnatant was used as the
source of enzymes.

Aceto-CoA-Kinase Assay. This enzyme was
assayed by measuring the amount of acethydroxam-
ate formed in the soluble extracts in the presence and
absence of coenzyme A by the procedure of Jones
and Lipmann (17). The enzymatic assay is ex-
pressed in ,umoles acethydroxamate formed / mg pro-
tein per 20 minutes at 370.

Citric Condensing Enizyme Assay. The reactioni
mixture contained in /moles: 100, phosphate buffer
pH 7.5; 5, GSH: 10, ATP; 10, potassium acetate
which contained 20 ,uc of sodium acetate-i-C'4; 10.
MgCl,; 5, potassium oxaloacetate; 0.2 mg coenzyme
A; 0.5 ml of dialyzed soluble extract and water to a
final volume of 1.55 ml. The reaction mixture was
incubated for 30 minutes at 370, and the reaction was
stopped by immersing the reaction tubes in boiling
water for 2 to 5 minutes. The protein was removed
by centrifugationi and the pellet washed 2 or 3 times.
'rhe original sul)ernatant and washings were passed
through a resin column of Dowex-50 (1H+). The
effluent was evaaporated to (Iryness in the presence of
formic aci(d aid(I the residule was (lissolve(d in water.
An aliquot of the water extract was applied to What-
man No. 1 filter paper anid the C14 citric acid was
separated by chromatography. The radioactivity of
the citric aci(d was determinie(d as described belowv.
Enzyme activity is expressed as counts / minute per
30 minute incubation periodl.

Glutainic Acid Synthesis. To nmeasure the enzy-
matic incorporation of radioactive acetate, bicarbon-
ate or pyruvate. into the organic acids and glutamic

acid, substrate amounts of the radioactive comil-
pounds, co-factors and other substrates were added
to soluble extracts of R. riibrmn. The reaction miiix-
ttures were incubated at 370 for various periods of
time and at the end of eaclh experiment the reaction
was stopped by imimiersing the reactioln tubes in boil-
inig water for 2 to 5 minutes. The precipitatedlpro-
tein was removed by centrifugation. washed with
water an(d the supernatant anid w%ashings comilbined.
The C'4 compounds were extracted and assayed for
radioactivity as described below.

TPN-Isocitric Deli vdr-ogcntasc Assay. This de-
hydrogenase was assayed by measurilng the increase
in 01) at 340 niiA in a Beckman DR recordinig spec-
trophotometer by the proce(lure of Ochoa (22).
The reference cuvette contained soluble extract,
NADP, metal, but no isocitric aci(l. OD measure-
ments were recorded continuously anid the rate of
change in OD vas calculated from the linear portion
of the curve between 24 and 42 seconds. Enzyme ac-
tivity is expressed as A OD/minute l)erimg protein.

Extractiont and Separation of C'4 Acids. In the
resting cell experiments the reactions were stopped
by adding the cells to boiling 80 % methanol. The
mixture was centrifuged and the methanolic soluble
phase removed. The cellular pellet was extracted 3
or 4 times with hot 80 % methanol. The alcoholic
extracts were combined and diluted to a total volume
of 25.0 ml. A 5.0 ml aliquot of this extract was
analyzed for C14 acids. The aliquot was evaporated
to dryness on a flash evaporator. The residuie vas
dissolved in 50 % formic acid and evaporatedI to
dryness. This process was repeate(l 3 or 4 times
to rid the mixture of C14 acetate or C'4 bicarbonate.
The residue was dissolved in 10.0 ml of water. The
radioactivity in this fraction was assayed by counting
an aliquot on metal planchets in a Nuclear Chicago
gas flow counter with Geiger gas. The C'4 acids
were counted to a + 2 % accuracy and the back-
ground was subtracted from the total counts. The
radioactivity in this fraction represenits total counts
incorporated into the alcohol soluble compound(s.

The water soluble extract from the resting cells
and the water soluble supernatant from the enzymatic
experiments were passed through Dowex- 50 (Hf)
resin columns 1.0 X 15.0 cm. The effluent from
these columns was evaporated to dryness in the pres-
ence of formic acid. The residue was dissolved in
water and an aliquot assayed for radioactivity in a
gas flow cotunter. The radioactivity in this fraction
represents the total counts iin the C'4 organic acids
anid neutral compounids.

The amino aci(Is were eluted froml the Dowex-50
columns with 50.0 nl. of 1.0 N NH4OH. The efflu-
ent was evaporated to dryness and the residue dis-
solved in water. The radioactivity in this fraction
represents the total counts in the C14 amino acids.

The radioactive organic acids and amino acids in
the above fractions were separated into individual
compounds by paper chromatography. The C14 or-
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ganic acids 'were applied to \Whatmian No, I filter
paper together with authentic samples of organic
acids. 'I'he chromiiatograms were developed in a sol-
vent of butanol, form1ic acid ancl water (5:1:4,
v/v/v). The radioactive aci(ds Nere located on1 the
paper by a Vanguard atutomiiatic chromatogramii scan-
nier. Following steaminllg of the paper to remove
the residual formlic acid, the authentic acidls wvere
located on the paper wxith a brom-cresol greenl acid-
l)ase in(licator (2). The radioactive peaks were
alignie(d with the atitlielntic aci(d spots for coincidenice.
For identificatioln the radlioactive aci(ds Nxere co-
chromatogramled xvith autlietitic acids oin IDo\wex-I
(formate) resin colunm.ns by the procedure of Btusch
et al. (7). The C'4 acids were eltite(d from1 the
chromatogram1 wvith water andl ain aliquot assave(l for
radioactivity in a gas flow coulnter. The radlioac-
tivity in the C'4 citric acid represents the total counts
accumulating in the regioni of the chromatogram
corresponding to RF citric and isocitric. No at-
tempts were made to separate radioactive citric and
nonradioactive fluorocitric acid in the fltuoroacetate
experiments. The citric and( fluorocitric aci(d isolated
from resting cell suspelnsioins ba(l an RF value in the
butanol, formic acid, water solvent identical to that
of the C'4 citric aci(d andI fluorocitric acid mla(le in
enlzymiatic experimilenlts froIml acetate-C' 4 and(I fluoro-
acetate in the presience of' soluble extract. coenzvmiie
A, MgCl.,, GSH, AT1P and(l oxaloacetate.

The C'4 aamino acids were applied to \Vhatmian
No. 1 filter paper along with authenitic amino aci(l
saml)les. The chroimiatogram was developed in a sol-
vent mixture of imethaniol, NH4OH anld water (90:
5 :5, v/v/v). This solvenit separates glutamic acid,
a.spartic acid, alaninie and gltitamiinie fromi other amiino
acids. T'he ra(lioactive C'4 amino aci(ds vere located
with a Vanguar(d chromatogramii scannier. The aui-
thentic amino acids were locate(d by spraying the
paper with an acetone solutioni of ninihlydrini. The
radioactive p)eaks an(l the sp)ots corresponlding to the
known amiino acids were alignied for coinicideence.
The C14 amino aci(ds were eluLted from the paper with
water an(d assayed for radioactivity in a gas flow
counter. The C'4 aml'ino acids were i(dentified by co-
chromatography with atithelntic aminlo aci(ds on1 a 2-
(limensionial paper chroimatogranii in ai solvent of
80 % l)henol followved by a solvenit of btvtyric acid,
butanol and(I water (2:2 :1 v/v ). The C14 aci(1s
were located oni the paper by exposinig the chromila-
togram to nio-screeni X-ray filml for 1 or 2 weeks.
The atithentic amino aci(ls were locate(d I)y spraying
the paper with ninihy(drini and(I the C14 aminio acids
aind kinowin aminio aci(ls were compared for coin-
cidence. The ninhydrini positive area oni the chroma-
tograms for known glutamic aci(l coincided exactly
witli the (larkened area oni the X-ray filnm resulting
from exposture of the filmii to the chromatographed
C14 amino acid which ha(l been genierate(d in the
resting cell and enzyme extract experimentns.

Decarboxylationi of Radioactiz c Glittamic Aci(i.
Radioactive glutamate which had beeni synthesized
in enizymatic extracts from pyruvate-C 4, acetate-C''
or l)icarl)onate-C14 was isolated fromii other ra(lio-
active compounids by the paper chromnatograplhy pro-
cedure described above. The C14 gluttamiate wvas
elute(l from the paper wvith water, evaporated to
(Irvuiess in vactio an( lbrotught to a knownii volumw
with water. Total ra(lioactivity in the sample was
(leterminied l)y the wvet combustion miietllodl of Van
Slyke anid Foich (25) in a mliodifie(d Stuitz and Btur-
ris (24) combustioni apparatuis. The radioactive
conntent of the C-1 carboxyl groul) of glutamic acid
was determined bv the ninihydrin (lecarboxvlation
metho(d of Van Slvke et al. (26).

Results

Light stimulates the inicorporationi of acetate-C'4
anid bicarbonate-C14 illto the organic aci(ds alnd amiinio
acids in anaerobic suspensions of R. ritbrumn (table
I). At least 75 % of the radioactive bicarbonate anld
over 90 % of the radioactive acetate which is incor-
porated into the amino acids can be accounited for by
photomletabolism. The amiiotunt of gltutamate-C14 inl
the amiiino acids accounts for over 90 % of the total
radioactivity in this fractionl.

T'he compositioni of the (lifferenit cellular fractiolns
which are labeled as a conisequenice of the utilizationi
of acetate-C' 4 andl bicarbonate-C 1 4 in illuminated
restinig cell suspensions is shown in table 11. The

Table I. Acetate-C 14 (anid Bicarboiiate-C''4 Inorporatioo
ini-to Antaerobic Suspen)isions of RestiMq Cells

Fraction Total radlioactivity (cpm)
Acetate-Cl 4 Bicarbonate-C'4

light Dark Light Dark

Organiic
acids 300,900 10,200 556,650 164,52()

Amino
acids 304,800 12,800 785,275 265,650

Tabwle II. Acetate-C'I4 (htid Bicarboiiatc-(" [Jncorporatioi
into Resting Cells of RhodospArillum rubrum

F-ractioni

Total alcohol soluble
Organic acids

Citric acid
Succinic an(l
Fumaric

Origin
% recovery
Amino acids
Glutamic acid
Alanine
Other amino acids

% recovery

Total radioactivity (cpm)
Acetate-C' 4 Bicarbonate-C ''

733,333 831,800
200,00( 403,750

... 15,360

78,266
45,866
62.1

533,330
402,417

106,666
89.2

106,880
165,540
71.2

428,050
159,500
129,620
84,760
87.3
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FIG. 1. The effect of fluoroacetate on glutamic acid

synthesis in resting cells. Reaction mixture and condi-
tions of incubation are described in text. Percent rela-
tive counts in the radioactive citric and glutamic acids
is based on the total counts in these 2 acids.

C'4 organic aci(ds which are predominantly labeled
include an unknowni at the origin of the paper
chromatograms, succinic and fumaric acids. The
uinknown at the origin stains yellow with the acid-
base indicator spray brom-cresol green anid therefore
represents an unknown aci(l. Trace amounts of
C'4-citric acid are detectable in the radioactive bicar-
bonate experiments. Acetate-C'4 labels predominantly
glutamic acid whereas bicarbonate-C14 labels glu-
tamate and alanine. Radioactive glutamate accumu-

lates much more label than do the individual organic
acids. The distribution of radioactivity in these ex-

periments is similar to the results obtained by Kamen

(13) and Hoare (16). Althouigh both acetate-C'4
and bicarbonate-C14 are rapidly incorporated into the
amino acids in illuminated anaerobic suspensions the
distribution of the label into the organic acids does
not yield a pattern which would support drawing a
definitive pathwray from acetate or bicarbonate
organic acids -* amino acids. In view of the fact
that the distribution of radioactivity in individual
organic acids and amino acids is of little help in
elucidating, the synthetic route for the fornmation of
glutamic acid from acetate-C14 and C14Oo in
resting cell experiments, the effect of fluoroacetate
on the light dependent synthesis of glutamate was
tested. WVhen fluoroacetate at concentrations from
I X 10-7 M to 1 X 10-3 M is added to illuminated
cells which are actively synthesizing glutamic acid
from acetate-C'4 or bicarbonate-C'4, there is an in-
hibition of glutamate synthesis (fig 1). Fluoroace-
tate inihibits glutamate formation with a concomitant
increase in citric acid. The photosynthetic growth
of R. rubruit is also inhibited by fluoroacetate (fig
2). In the presence of 1 X 10-- M fluoroacetate,
growth is inhibited 25 % to 30 %; in the presence of
1 X 10-3 M fluoroacetate, growth is inhibited 80 %.

The results from the exanm,ination of soluble ex-
tracts for the synthesis of glutamic acid from acetate-
C'4 are shown in figure 3. In the presence of ATP,
coenzyme A, MgCl, and oxaloacetate there is a
linear incorporation of acetate-C14 into glutamate.
The water soluble compounds which are labeled in

3

w
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o~~~~~~~~~~~~~~~~~~

z I
w
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10 M FLUOROACETATEa:
0~~~~~~~~~~~~~~~

0~~~~~~

0 12 24 36 48 60 72
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FIG 2. The effect of fluoroacetate on the photosyni-
thetic growth of Rhodospirilluni rubrutt. A 5 % inocu-
lum of log phase growing cells with and without differ-
ent concentrations of fluoroacetate was added to 500 ml
glass stoppered bottles. The cultures were incubated at
300 in an illuminated water bath. At the times indicated,
1.0 ml samples were withdrawn and the protein content
of the cells measured by the biuret method,
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Table III. Acctatc-(C' hficorporationz intto
Soliblc Extracts

Trhe reaction mixture conitained in Aimoles: 100, po-
tassium phosphate buffer pH 7.5; 5, GSH; 10, ATP; 10,
MIgCI,; 5, potassiumi oxaloacetate; 10, potassium acetate
containing 20 uc sodium acetate-I-C'14; 5, alanine; and
0.2 mg CoA; 50 Ag pyridoxal l)hosplhate; 0.5 Inl soluble
protein anid water to a final volume of 1.8 ml. Incubation
was at 370 for 60 minlutes.

Fraction

Total water soluble
comlpoundls
Organic acids

Citric acidl
ax-ketoglutaric aci(d
Succinic acid
Unknown R,,, 0.82

% recovery

Amino acids
Glutamic acicl

% recovery

Total radioactivity (cpm)

1,303,700
968,000
411,000
200,000
58,000
38,000
73.0

335,700
302,100
89.9

Table IV. Co-factor Rcqitircomc)its for Incorpration ()t
Acetate-C14 inito Gluttamic Acid in SYolhNlc

Extracts of R. rubrum
The reaction mixture containied in yImnoles: 100, px)tas-

sium phosphate buffer pH 7.5; 10, GSH; 10, ATP; 5,
MgCl,; 10, potassium acetate containing 20 ,uc of sodiumii
acetate-i-C'4; 5, alaniine; 10, lpotassium plyruvate; 10,
potassium bicarbonate or 10, potassium oxaloacetate; and(
0.2 mg CoA; 50 ,Ag pyridoxal plhosphate; 0.5 ml dialyze(d
soluble protein and water to a final volume of 1.8 ml.
Incubation was at 370 for 60 minutes.

Reaction mixture

Complete
Minus ATP, CoA
Minus pyruvate
Minus bicarboniate
Plus oxaloacetate

Radioactive glutaniiic
acidl (cpi)

111,000
6800

19,700
28,400

269,400

similar enzymatic experimenits are citric, a-ketog-lu-
taric anid stuccimic acids ( table I II). Radioactive
glutamate formed in these exl)erinieints accouits for

over 90 % of the radioactivity in the amino acids.
The dlifference in the amounits of glutamate formned
(fig 3 antd table II) can be accotunite(d for by the *lif-
fereint amounits of proteini in the soluble extracts.

These results suggest that the organic acids citric
an(l a-ketoglutaric are foriived prior to the formation
of gluitamic acid. The data in table IV ishow the co-

factors an(l substrates which are reqtuiredi for the svyI-
thesis of glultanmate fromn acetate-C' 4in dlialvzed
extracts. T'here is little C' glutanmate forme(d in

the absence of ATP, coenzymlie A, pyruvate ani(l bi-
carbonate. The addition of oxaloacetate to the reac-
tion mlixtulre markedly stinmlulates glutamate for-
mation.

Aceto-CoA-kinase, citric acid condensing elnzvime,
and a TPN--linked isocitric dehydlrogenase are pres-
ent in soluble extracts of R. ri-bri-ii (table V). In
separate experiments we have shown the presence of
an active ATP-depend(lent pyruvate carboxylase.
This enzyme was assayed with C14 bicarbonate by the
procedure of Gailiuisis et al. (11).

Table V. Eni.vm,natic Assavs

o

o GLUTAMIC ACID

- 40/
40

20

0 15 30 60 120

TIME minutes

FIG. 3. Incorporation of acetate-C14 into glutamic
acid in soluble extracts. The reaction mixture is the
same as that in table III.

A. Aceto-CoA-Kinase

13. TPN-1socitric
(lellydrogeniase

C. Citric condensing
enzyme

Complete
Minus CoA
Minus ATP
Minus oxaloacetate

,umole acethyclroxyamlate/
mig )r(tein per 20 inin

0.31

A O)D/min per i11g protein
0.13

Radioactivity in citric
acitl (cpm X 10- '!

440.7
11.4
0.4

20.2

Experimelntal results of the (lecarboxylationi of
radioactive glutamic acid forme(d fromii pyrtivate-3-
C14, acetate-i-C14 or bicarboniate-C 14 in crutde ex-

tracts of R. riubritum are shown in table \eI. In long-
term incubation periods the C-i of glutamiiic aci(d is
labeled predominantly only fronm bicarbonate-C' 4.
Pyruvate-3-C14 and acetate-l-C14 label an equal
amount of glutamate but none of this radioactivity is
found in the C-i carboxyl group.
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Table VI. Incorporation of Radioactivc Acetate,
P-rnzvatc anzd Bicarbon0atc inito Glttainic Acid
The reaction mixture containied in gmoles: 200, potas-

sium phosphate buffer pH 7.5; 5, GSH; 10, MgCl2; 10,
ATP; 20, potassium acetate containiing 15 uc of sodium
acetate-1-C14 or 20, potassium pyruvate containing 15 ,uc
of potassium pyruvate-3-C'4 or 20, potassium bicarbonate
containing 15 ,tc of sodium bicarboniate-C 4; and 0.2 mg
CoA anid 0.5 ml crude extract of R. rnibrIum. Incubation
was at 370 for 4 hours.

Addition
Total radioactivity (cpm)

in glutamic acid
Total Counts in
Counts C-1 COOH

Pyruvate-3-C' 4
Acetate-1 -Cl 4

Bicarbonate-C1 4

182,730
185,980
158,310

255
1055

149,255

Discussion

Additioni of fluoroacetate to restinig cells of R.

rubruimn has aided in elucidatinig the.relationship be-

tween a light (lependent anaerobic tricarboxylic acid

cvcle and hydrogen evolutioni (12). Fluoroacetate
is converted to fluorocitrate and this comipound in-
hibits H., evolution by jammin-ig the tricarboxylic acid
cycle and( preventing the oxidation of organic acids
to CO., anid electron transfer to bacteriochlorophyll.
The results presenited in this paper show that the
addition of fluoroacetate to aniaerobic suspensionls of
R. riubrumii which are capable of a light dependent
synthesis of glutamic acid fromi acetate units and bi-
carbonate completely inhibits the formation of this
amino acid. There is an increase in citrate and a

conicomitant fall in glutamic acid. This inhibitioni of
glutanmate synthesis is most probably a result of the

direct jamminig of carbon flow through citric acid.
Carbon flow through citric acid also appears im-
l)ortant for the growvth of R. rutbrutni since fluoro-
acetate inhibits the photosynthetic growth of thiiis
organism.

The enzymatic data presented in this paper sup-

port the idea that glutamic acid is synthesized froni
acetate and bicarbonate by the operation of the ace-

tate activating enzymiie, pyruvate carboxylase, citric
condensing enzyvme, aconitase, isocitric dehy(lrogeni-
ase, oxalosuccinic decarboxylase and glutamic dehy-
drogenase or transaminating enzymes. The co-factors
which are required for the synthesis of glutamate
from acetate and bicarbonate in dialyzed soluble ex-

tracts are those xvhich would be required for the
operation of these enzymes to form glutamic acid.

The amotunt of label in the C-1 carboxyl group of

glutamic acid which has been synthesized from pyru-
vate-3-C'4, acetate-i-C'4 or bicarbonate-C14 is in

agreemenit with the synthesis of glutamate through
citric acid in enzyme extracts. By this rotute. bicar-

bonate-C'4 wvould label only the C-i position of

glutamate whereas the other radioactive precursors
would label the internal carbons. If an alternative
pathway were operable in the sy-nthesis of glutamate
in these extracts such as the reversal of Barker's
citramalate and miesaconlate pathway for the fer-
mentatioln of glutamate, acetate-l-CI4 would lead to
a predominianit labeling of the C-1 of glutamate.

The data in these experimenits seem to show un-
equivocally that the synthesis of glutamic acid from
simple 1 or 2 carbon precursors occurs by the oper-
ationi of a light dependent aniaerobic tricarboxylic
acid cycle. The necessary enzymes for these
conversionis are present in extracts and the cofactors
which are required for these enzymatic conversions
have been demonstrated. The operation of these
enzymes in vivo has not beeni directly demonstrated
ly a kinetic study of precursor-product relationships;
however the direct fluoroacetate inhibition of glutam-
ate synthesis in resting cells with a concomitant ac-
cumulationi of citrate argues strongly that citric is
an important intermediate in carbon flow to glutam-
ate.

There are arguments againist accepting these data
as demlionistratinig that carboni flow through citric acid
is either the predomilnanit or onlv pathway for the
synthesis of C, aminio acidIs fromli acetate and bicar-
bonate. Elsden (9) and Hoare (16) have proposed
tllat the synthesis of alaninle and glutamic acid pro-
ceeds in R. ruibrumz via a carboxylation of the C-1
carboxyl group of acetate to yield a C-3 intermediate
which cani be coniverted to alaninie by transaminiation
or condenised with another molecule of acetate to
form glutamic acid. This proposed pathway has beeni
substantiated by the degradation of radioactive alan-
ime and glutamic acid which had been synthesized
from acetate-C14 and bicarbonate-C'4 in resting cells.
It was emphasized in this original proposal that in
kinetic studies of glutamate synthesis from acetate-
C14 anid bicarbonate-C'4 none of the intermediates in
this alternate pathway could be detected. In relation
to our p)resent studies it is conceivable that fluoroace-
tate could prevent the operation of this pathway with-
out an accumulation of products and the acetate-C14
and bicarbonate-C'4 shunted to citric acid. Thus
the end result wouldlbe an inhibition of glutamate
synthesis and an accumiiulation of citric acid.

One of the reasons that the above alterniate path-
wav for glutamate synthesis has not been accepted
is that none of the enzymatic reactions in this path-
way have been demonstrated in extracts of Rhodo-
spirilluini rutbrumn. A series of reactions which might
account for this unique labeling pattern in glutamic
acid would be: reductive synthesis of pyruvate from
acetyl-coenzyme A, citramalate condensing enzyme,
citramalate isomerase, hydroxyglutaric dehydrogen-
ase and glutamic dehydrogenase. Thus, when bicar-

b i1 C

bonate - CO,2 anid acetate '- CH,COOH the syn-
thesis of glutamate by these enzymes would give
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1) c ill 111 C

g"Iluitanucic aci(l w hich would b)c lal)ele(l c-c-c-c-c as
1 2 3 4 ;

shown belox

ill c

c-c
1) ill C 1i c 1)
c + c-c c c-c- s c c

-11-ill c1

,i 1,
1 c 1) c c-c

2 c c InI c

3 c m Isomerizationi, (lehydrogenia-
tion anIld transamination

4 c ni

c cc

The reducti-e carboxvlation of acetv-l-coenzvmne-A
tutilizinig ferri(loxin or reduice(d metlhvl viologen to
formi l)yrivate has been demonistrate(d in extracts of
Clowstrid1imn/ palstciiriamulill, Chrsoiiialthi andl( C. ,acidi-
itrici ( 3, 6, 21) anl( the citramiialate condensiir enl-

zv-me hlas been shownl to occicr in extracts of (Chr;o-
uuialinumi (1)I. Psveulonioilas o.aliv Chester ( 14).

khodospiri/lo a; i-abriam (4) and baker's xeast (2t).
However, nlo othier reactioni in the above theorize(d
seqtuelnce lhas been shown to occuir in tlle photosyn-
tlietic bacteria.

Thus, although re feel that there is amilple ex-

perimental anid theoretical evidence to show the 1)os-
sible existenice of ani alternate pathway for glutamiate
synithesis in the photosynthetic bacteria the restilts in
this paper showV that a major p)ortion of gltitamiiate
synthesis in the light fromii acetate and( bicarbonate
occtirs throughi citric acid. FlIzYmIatic extracts of
R. ,iibi'iiiii certainly havte thle capacity to carry out
glutamiate synthesis fromil acetate aii(l bicarbonate
throulgh citric acid, and the fluoroacetate inhibition
of a light dependent synithesis of glutamilate fromil ace-

tate and bicarbonate indlirectly reflects the operation
of ani anaerobic tricarboxvlic acid cycle in resting
cells for glutamiate forimiationi. Howvever, unitil miore
(lirect metho(ds are available which mighit stubstaantiate
the fliuoroacetate inhibition of glutamaite syinthesis,
alterinate (lata shoul(d be considered in evaluating the
s),nthesis of aminlo acids fromil simple precursors in
aniaerobic l)hotosynthetic bacteria.

Summary

TI'he restilts in this paper show that the enzymes

which are necessarv for the s\-nthesis of glutamic
acid fromii acetate and bicarbonate thirotighi citric
aci(l are l)reseint in extracts of Rkho(los/piailalmtl ratbrimi

alind that the addition of fluoroacetate to anaerobic

resting cell susp)eilsions wlhich are calpable of a light
(lependlent synlthesis of glutamate fromii acetate anid hi-
carblonate results in ani inhibition of glutamliate svn-
thesis with a colicomllitalit ilncrease in citrate. I'llhe
validity of the interl)retationi that the fluioroacetate
iilihibitionl of gluttamate synthesis proves that the syn
thesis of glutamic acid fromii C, and(1 C., precursors
occtirs through aii anaerobic tricarboxvlic aci(l cycle
is (liscilssed in relationi to othiel- existing data anidl
hypotheses of amino acid synthesis in l)photosynthletic
bacterial.
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