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Enzymes of 2-Oxo Acid Degradation and Biosynthesis in Cell-Free
Extracts of Mixed Rumen Mcro-organisms

By ROY S. BUSH and FRANK D. SAUER
Animal Research Institute, Agriculture Canada, Ottawa, Ont. K1A OC6, Canada

(Received 8 December 1975)

The enzymes of 2-oxo acid decarboxylation and 2-oxo acid synthesis (EC 1.2.7.1 and
EC 1.2.7.2) were isolated and partially purified from cell-free extracts of rumen micro-
organisms. The lyase was active with pyruvate, 3-hydroxypyruvate and 2-oxobutyrate.
The synthase was active with acetate, 2-hydroxyacetate and propionate. Neither enzyme
was active with 2-oxoglutarate or succinate. Pyruvate synthase was separated from
pyruvate Iyase by Sephadex G-200 gel filtration. With Sephadex filtration, approximate
mol.wts. of 310000 and 210000 were determined for pyruvate lyase and pyruvate synthase
respectively.

To date, three separate reduced ferredoxin (Fdred)-
requiring 2-oxo acid synthase reactions have been
described:

Acetyl-CoA+ CO2 + Fdfed-÷ pyruvate+ CoA+ Fd,,
(Bachofen et al., 1964) (1)

Propionyl-CoA+CO2+ Fdred 2-oxobutyrate
+CoA+Fdox (Buchanan, 1969) (2)

3-Carboxypropionyl-CoA+ CO2+ FdfCd
2-oxoglutarate+CoA+ Fdo.

(Buchanan & Evans, 1965) (3)

Pyruvate synthase (EC 1.2.7.1), the enzyme that
carboxylates acetate to pyruvate (reaction 1), has
been isolated from anaerobic bacteria, Clostridium
pasteurianum (Bachofen et al., 1964), Clostridium
acidiurici (Raeburn & Rabinowitz, 1971a), Clos-
tridium kluyveri (Andrew & Morris, 1965) and from
extracts of photosynthetic bacteria, Chromatium
(Buchanan et al., 1964) and Chlorobium thiosulfato-
philum (Evans & Buchanan, 1965).

2-Oxobutyrate synthase (EC 1.2.7.2), the enzyme
that catalyses reaction (2), has been isolated from
cell-free extracts of Chromatium, Cl.pasteurianum and
Desulfovibrio desulfuricans (Buchanan, 1969). From
the distribution of 14C label in amino acids it was
shown (Sauer et al., 1975) that these two enzymes
are probably present in rumen micro-organisms.

2-Oxoglutarate synthase (EC 1.2.7.3), the enzyme
that catalyses reaction (3), has been isolated from a
photosynthetic bacterium, Chl. thiosulfatophilum
(Buchanan & Evans, 1965), and there is evidence to
indicate this enzyme may be present in Bacteroides
ruminicola (Allison & Robinson, 1970) and in extracts
of mixed rumen micro-organisms (Milligan, 1970).
From the degradation of radioactive microbial
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amino acids, however, it was not possible to confirm
this (Sauer et al., 1975).

These 2-oxo acid synthases are thought to catalyse
thecorresponding2-oxoacidlyasereactions(Raeburn
& Rabinowitz, 1971b; Gehring & Arnon, 1972), and
have therefore been assigned the systematic names of
pyruvate-ferredoxin oxidoreductase (CoA-acetylat-
ing) (EC 1.2.7.1), 2-oxobutyrate-ferredoxin oxido-
reductase (CoA-propionylating) (EC 1.2.7.2) and
2-oxoglutarate-ferredoxin oxidoreductase (CoA-
succinylating) (EC 1.2.7.3).
We report on the properties of pyruvate synthase

and 2-oxobutyrate synthase and their corresponding
2-oxo acid lyases isolated from extracts of mixed
rumen micro-organisms. We also present evidence to
indicate that pyruvate oxidoreductase activity is
composed of a synthase and lyase, which are
associated with different proteins and is not a single
enzyme catalysing a reversible reaction.

Materials and Methods

Materials

[1-'4C]Glycollic acid (20mCi/mmol) was pur-
chased from ICN, Irvine, CA, U.S.A. [1-14C]Acetic
acid (45 mCi/mmol), [1-14C]pyruvic acid (6mCi/
mmol), [1,4-14C]succinic acid (llmCi/mmol) and
[1-14C]propionic acid (20mCi/mmol) were purchased
from NEN Canada Ltd., Dorval, Que., Canada.
Hydroxyapatite was obtained from Bio-Rad Labora-
tories, Richmond, CA, U.S.A. Ferredoxin (spinach,
type III) was supplied by Sigma Chemical Co.,
St. Louis, MO, U.S.A. Ferredoxin (Cl. pasteurianum)
was isolated by the procedure of Mortenson et al.
(1962). All other chemicals and reagents were
high-purity compounds available commercially.
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Methods

Enzyme isolation. Rumen fluid (2 litres), colleeted
as described by Sauer et al. (1I75), wisf iteredth1rougfi
double-layered cheesecloth and centrifuged for
2min at 360g at 20°C. The supefftidrit Ava§ dedAhtdd
and centrifuged at 22000 fbt 3(nIiit at 200C. the
precipitate was suspended in a minimal volume of
50mM-potassium phosphate buffer, pH7:5, tOnI
taining 5OmM-2-mercaptoethanol, and centrifuged
for 30min at 27000g at 4°C. Samples were kept
in an H2 atmospherE at Al1 times: The fiiial bacterial
pellets (lOg wet wtj/tubW) were stored at -800C
under H2 in 5ml of the above buffer. The frien
bacterial paste was thdWed, suspended ih this buffer
and disrupted id d model R7-1 Ribi cell fractionattr
(Norwalk, CT, U.S.A:) at 187MPa. A prelidhiheary
centrifugation at 27000g was follo*ed by a 111

centrifugation at 166000g in a Spinco Ultra-
centrifuge (model L-2 65B) to yield 10-12ml of clear
supernatant. The supematant was put on an

hydroxyapatitb column (2.5ein diam: x 2:8em); eqtui-
librated with 25mM-potassium phosphate buffer
(pH7:5)i and the eolumn was washed with 2Oiill of
the sanie buffer.
Thd 6iizyme was eluted With 20ml of 0.2M-

potassium phosphate buffer (pH7.5), containing
l0inM;-dithidthreitdl; and desalted bn a Sephadex
G-25 collimh (2.2cm diam: x Sefhi), ejiilibratdd *ith
32nM-po'tasiRifii phosphate buffer (jH7.S) ebn-
tAiriifig lOm-dithiothreitol. The enzyme eluatu
was concentrated by ultrafil"atich With an XM--50
membrane (Amicoh Corp.; Lkxiniton; MA, U.S.A.)
and used immediately.

A.tsay Ibi the 2-oxb a"cd lyeLw redetk'n: The

ebtnplete a3say systet fbr the spectr6photoietiric
assay of the 2-ox6 acid lyase reactidn tofitained the
fblloWing' in a filial volume of LOHml: 200nM-
ptb asium phdsphate bufThtr pFIS.0; O.13thm-CtA;
24.4mM-2-mercaptoethahdl; O.r125f1M-FAD; 5fxM-
2-oxo acid; enzyme (5-20,u). The assay mixture
without enzyme was put in a 1ml cuvette, gassed
with H2, sealed with a tight-flittitigeopreeii ruibbr
stopper and enzyme injected through the stopper side
witha microlitre syringe.FADreductionwasfollowed
With Beckim-an DI-2 recording spectrdphotdmneter
at 456nfi; Fot the isolation of hydloxamates, the
ineubation was carrid dtit f6r 30(tnin in air to perminit
the cbltinthuouA r6dkidation of FAD.

PylU,ate d6rkab6dxlatidn was also test6d dikectly
by iiicitbatiiig cellffi bacteria extr,ct in aif by
tsing thieSame assaiy iiixtuld in Warburg flaslks sbaled
With Nbbel §t6ppers; 5,1mol of [l1 4C]py vate
(24M0)d;pOm./ftriIol) was added't each flask. Where
indicated, C1. pasteurianuin fertedoxin (100-1 50 g)

substituted for FAD. The incubations were dbiid
for speified tinme-periodf, Utopped by the addition
of 0;2nil bf 5M-HSd4 RoinHith side grfi, and

Hyamine hydroxide (Packard Instrument Co.,
bd*rtdrh hIWct,tL, ii.§.A.)wiJ aeddd through the
fubber stojper into thb centre well. Radioactivity
was measured as described by Sauer et al. (1975).
Assay for the 2-oxo acid synthase reaction. The

2-i3kc tcid synthasb assay, with some modification
ffdi thit u§8d y Btlcllandh (i9M), contained the
following, in a final volume of 3.0ml: 66.7mm-
tris/jCi btiffer, pH7.5; lOO1,ug ofspinach ferredoxin;
spinach chloroplast fragments (Pls) equivalent to
0.5mg of chlorophyll (Whatley & Arnon, 1963);
0.1 ii oftcrdatine khidk (tIC 2.i;3.!);, .i7mM-CoA;
J3.3ii -Na4Cds3; (1.j13ffiM-ALIP; 8AfhiM-creatine
p1idsjlhati; V.7 -asciridc acid' b.3tiiM-dichloro-
jhendl-indof6hefidl; W6'7i-Mht2-; 16.7mM neut-
raiged seiiicarbzde; .b6niii fldidictive acid;
eniyihd jfdt6in as ifdicat&t; Te s ecific radio-
kiyities of the added abids *6b as follows:
[1-'4C]acetic acid (0.68 mCi/mifidl); [1-1'C]propionic
acid (0.93 mCi/mmol); [1-14C]succinic acid (0.68mCi/
mmol); [1-14C]glycollic acid (0.66mCi/mmol).
The iiijtifrtE Was fjtt iii I fiffi ibbtir-itfbjtied

tt ttiRg;ftfQf6tuighy gigd With Hi, seled itid
placed in a glass water bath that was fikted with
copper cooling coils. Incubations were for lh at
2g0C with illumination su'piiied by two M6W flood
iafnp§ plac6d AOih frfoi the bath. After 1h incu-
bationf protein was removed by precipitation with
0.3ml of 12.5m-HCI and lOOIumol of the appropriate
2-oxo acid carrier was added to the clarified super-
natant. PhenylhFydrazdfie9 Werd prepared and isolatea
as described by Rabinbwitz (1960); dhied, and
L'mbist§*t1 with 02 in a Paclard Tri-Carb (model
306) sample oxidizer. The '4C02 radioactivity was
6teintia ifi a Paekdrd liquld-s-eiitillatio'n e6diiter
(Sdu&r ef dl; 1975). Cdft&rtions for iuenehing Weii
biyi u§e 6f the exterial-stAhdidd teehnkiue.
H 6dro*dmatf isolation: T6 thi iiieubatki iimxtdr;

03.5tnl fioiatrdliid 2Ni-hiydyok3$1hiine wds& dUed
itild ibloWed td react frb 26bhii.; The acid
hyrdroaMiates wi* e*frted iiid d§alt6d aS
d&i§ibd by Stimtah & Bark&e (1950). gti-ndard
hydroxamates wdrc predarid by irie6batirig the
aiirdpriate aeid anhydride With hyd6iky1affiife.

Actdyl-, 2-hYdrdxYaeetyl- aind foplonnyl-hydrok£l
aiiiatEs, aloiig with reaetikbir)duets, wef spated
on Whatmatf3MM ajf &aiid kti4at& bY aScendin-
chioiat4oaphy ih bither adtib acid/butaii-1-b4 f
wiaer (1:4:S, by vol;j km aeetic aeidVfientah-1-tI/
water (i ;54 byb ifCl.).hroii btis Were
dev616p6d with acidic FRCl in ethafinl (Stdtihtdn &
Balker, 195O);

A46itin Jfo?latibh; Acetoin bios§Ynth6sis *di
fhiesiurd With the assay system dscribMd for the
2-okd acid Iyh§6 badtidii; except thiat 1onm -

it&ldehtird (ireshly distilled) wdM included Whei6
indicted: Tie feaetidii Was staftdd with cel-fred
extriatd i 5t0nfMl-L0i3tA§si fihOlidhtgt biffer, p147.5;
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cuntaihini 5iniM-ei*ctAO thandl, Which had bbeii
filtered through a S-ea'ctx (i-25 column (2.0cmx
4;0trnI) e4jhil1bMfd with the sane bulfler The
ihdbtibiiii Wa§ c.fied bidt fdcr lOjiiji ait 32cC in
ad Hi4 at pi§Pite. All reattloki Wlre terminhaed With
6.i6 of 12.l3%/ (*/v) rirSO4 lb diJM-tIi4i.
Acedifii Was mheasiired by {he ifi&h6d of Wd§stf&d
(1945) as modified by Uyeda & Rabinowitz I'9ia).

Disc electrophresis; Partially purified enzyme in
0.1 M-potassium phbsphate buffer (pH7.5), 0.15M-
sucrose and 0.001_%, (w/v) Bromophenol Blue was
layered on top of 7.0cm 7.5% (w/v) polyacrylamide
gels. EleltrophoreWi§ was carried out in Tris buffer
(0.3%/d, W/v) contaihifig glycitie (1.4%, w/v) (pH 8.9)
at 4mA/gel until the ttacking dye had iigiated 45cni
into the gel. The gtls were stained for firbi6tin iii 1
(w/v) Amido Black in 7% (v/v) acetic acid for 12h
and destained electrophoretically in 7% (v/v) acetic
acid. To locate enzyme bands, the gels were incubated
in the mixture used for the 2-oko acid lyase assay
with 6mM-2,3,5-triphenyltetrd61liu'ifi chloride sub-
stituted for FAD as described by Uyeda &
Rabinowitz (1971a).
Sephadex G-200 chromatography. The purifidd

enzyme was filtered through a Sephadex G-200
column (2.4cm x 5Ocm), which was equilibrated
with 50mM-potassium phosphate buffer (pH 7.5)
and lOmM-dithiothreitol, with a flow rate of
12ml/h. 2-Oxo acid lyase and 2-oxo acid syntliase
activities were measured as described above. Void
volumes were determined with Dextran Blue 2000.
The molecular-weight standard curve was derived
from filtration rates of: citrate lyase (EC 4.1.3.6)
(mol.wt. 575000); catalase (EC 1.11.1.6) (mol.wt.
232000); lactate dehydrogenase (EC 1.1.1.27)
(mol.wt. 140000); malate dehydrotenase(EC 1.1.1.37)
(mol.wt. 67000); citrate synthase (EC4.1.3.7) (mol.wt.
100000). The molecular weights are those reported by
Darnall & Klotz (1975).

Protein determination. Protein was measured by
the method of Lowry et al. (1951), with bovine seriih
albumin as standard.

Results

Fig. 1 shows the loss of 2-oxo acid lyase activity
with time when stored at 0°C. The enzyme was less
stable at -15°C, -75°C or at temperatures above
0°C. CoA and dithiothreitol were effective in main-
taining enzyme activity for up to 5 days. In the
presence of 10mM-reduced glitathione, the enzyme
retained activity for 2 days. The addition of 2-oxo
acids, bovine serum albumin, pantetheine or 2-
mercaptoethanol was without dTect oh ehzyiile
stability. The enzyme of the reverse (carboxylation)
reaction was eqtially unstable.

Tlie purifiatioh procedule described in Table I
was generally completed within 5h after cell disrup-
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tidiiahd edhisids'hily fesuttEd ill A1iO-1od inffiibe
in sbetcific ActiVity. Frauii6hTiia aid j±rifliltibi
jificedires with lditin bh6sdjihate -el, btiAE-
celWlosE; 1EAEPSeilphade' A-50, CM-Melul6§e of
dffinity eihr6nato"faibyi (aAr6o§-hek'i6 C6A;
tyji I; P-L Mibehehieals, Mil*&hke, WI, U:S;A.)
wtie iHoa esiAftil biletis5 thk; evefi hien
carfied odiit itiidl-y, caused lbir ldsses6f ezYiAii
activity.

Fit. 2 §ho-*fS the kiiliti6 of te 24ixta6id lyAse
r8actibn measured b3 tfi faite of FAP rediutioh;
Thier *as chnijiplete dejiei-6 1eik1 on inrwiiVate
(Fzig. -2b).- U6A (tzig; e) inrid 2,7-fi6re'aOt4thAidISt
(Fig. 2d). TMi ffeildoin was liiinti With tiifle after
a Shoit laI jlb#idd whien bithfer hiieyiie di pilate
was 6sed hi gtdrt the reddioh; Wi1f tie itittion
was started with CoA (Fig. 2c), there was a longer
iag time, but the original adctvity was recovered.
If 2-mercaptoethanol was omitted from the incu-
bation, the enz"yme was inactive (Fig. 2d), and adding
the thiol did not restore full activity.

Table 2 shows relative rates of 2-oxo acid lyase
activity with pyruvate, 2-oxobiutyrate and 3-hydroxy-
pyruvate. There was no FAD reduction with 2-oxo-
gliitarate as substrate. The en±yme had a Km(app.) for
pyruvateof0.77mM,for3-hydroxypyruvateof4.4mM,
and for 2-oxobutyrate of 13.3mu. The hydroxamates
of acetate, propionate and 2-hydroxyacetate had RF

Ce

C.)

0.

Time (days)

Fig. 1. Stability ofthe 2-oxo acid lyase activity in cell-free
extracts from mixed rumen bacteria in the presence of

three thiol-containing compounds

Rumen-bacterial cell-free extracts (5mg of protein/ml)
were stored at 0°C under an H2 atmosphere in the pre-
sence of the follbWing: nothing (o); 10mM-reduced
glutathione (A), 5OmM-dithiothreitol (U); 2mM-CoA (0).
At the indicated time-intervals, 25,u1 portions were with-
drAwn with i sgyringe and tested for 2-oxo acid lyase
activMty with pytUvate as substrate, by thie assay describid
in thM test. Values pte'ented are means of three separate
experiments.

3-11
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values of 0.59, 0.72 and 0.38 respectively in the
butan-l-ol solvent system and R, values of 0.41, 0.58
and 0.17 respectively in the pentan-l-ol solvent
system. The products of the 2-oxo acid byase
reaction corresponded to acetylhydroxamate when
pyruvate was the substrate, propionylhydroxamate
when 2-oxobutyrate was the substrate and 2-hydroxy-
acetylhydroxamate when 3-hydroxypyruvate was the
substrate.
The results in Table 3 show that in the absence of

a suitable electron acceptor such as FAD or ferre-
doxin there is no appreciable decarboxylation of
pyruvate with cell-free extracts of rumen microbes.
NAD+ was ineffective as an electron acceptor, both
with cell-free extracts in the radioactive assay and
with partially purified enzyme in the optical assay.

Table 1.Purificationof2-oxo acidlyase activityfrom mixed
rumen bacteria

Details of the purification are described in the text.
Assays were conducted with pyruvate as substrate. The
enzyme specific activity is typical of that obtained for six
different experiments. The final specific activity obtained
always depends on the rapidity with which the purification
is carried out.

Total Total Specific activity
protein activity (pmol/min
(mg) (umol/min) per mg)

Homogenate 457 52.1 0.11
25000g supernatant 239 49.6 0.21
180000g supematant 134 44.6 0.33
Hydroxyapatite eluate 24 24.9 1.03
Sephadex G-25 eluate 15.3 15.9 1.04
Concentrated protein 15.1 13.7 0.91

S5r
l (b)

1.0

0.5H

0 2 4 6 8 lo 0 2 4 6 8 10

'.51 (c) I (d)
* a F

1.0k

0.5 F

0 2 4 6 8 10 0 2 4 6 8 10

Time (min) Time (min)
Fig. 2. Requirements ofthe 2-oxo acid lyase assay

The requirements for (a) enzyme, (b) pyruvate, (c) CoA and (d) 2-mercaptoethanol were measured. Each assay contained
lOO1g of rumen-bacterial cell-free extract. After 5min, the components were added as indicated by the arrow and the
spectral changes were monitored for 5min more. Results shown are typical of the results obtained with five different
enzyme preparations.
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Plate 1The Biochemical Journal, Vol. 157, No. 2

(b) (c) (d)

EXPLANATION OF PLATE I

Electrophoretic separationt ofthe 2-oxo acid Iyase activity from rumen micro-organisms

Shown are (a) rumen-bacterial cell-free-extract proteins, (b) 2-oxo acid lyase with pyruvate, (c) 2-oxo lyase with 2-oxobutyrate
and (d) Cl. pasteurianum 2-oxo acid lyase with pyruvate. Each polyacrylamide gel (7.5%, w/v) was run with 200,g of protein
at 4mA for 1.5h. Protein and enzyme stains are described in the text.
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Table 2. 2-Oxo acid lyase activity with different 2-oxo
acids as substrate

Assays were those described for 2-oxo acid lyase in the
text. Values are means±S.E.M. for three separate assays.

Substrate
Pyruvate
2-Oxobutyrate
3-Hydroxypyruvate
2-Oxoglutarate

FAD reduction
(nmol/min per mg of protein)

1130+60
60± 5
30+ 1
0

Table 3. Decarboxylation of [l1-4CDyruvate by cell-free
extracts of rumen micro-organisms in the presence and

absence ofFAD orferredoxin (Cl. pasteurianum)
Details of the incubation and assay procedures are given
in the text. Radioactivity measurements were corrected
for non-enzymic decarboxylation of pyruvate with
appropriate controls that contained an equivalent
amount of heat-denatured (1000C for 2min) enzyme.
Values reported are d.p.m. (+S.E.M.) of '4CO2 radioactivity
released by 300,ug of protein. Each value is the result of
three separate assays.

Time of
incubation (min) -FAD +FAD +Ferredoxin

2
4
6

- 5400+230 2300+ 100
- 8000+700 3000+ 100

300+40 9100+300 -

The possibility of lipoic acid involvement in the
2-oxo acid lyase-catalysed reaction was tested by
adding NaAsO2 or CdCI2 to the incubation (Table 4).
These inhibitors, in concentration of 0.01-0.1 mm,
are known to block lipoic acid-requiring reactions
(Sanadi et al., 1959). In agreement with results
obtained by Raeburn & Rabinowitz (1971b) with
2-oxo acid lyase isolated from Cl. acidiurici, the
enzyme from rumen micro-organisms showed no
inhibition with either NaAsO2 or CdCl2 (Table 4)
at 0.1mm concentrations. As suggested by Raeburn
& Rabinowitz (1971b), the inhibition observed with
5mM-NaAsO2 is probably non-specific.
The synthesis of acetoin, either in model systems

or by bacterial enzymes, is known to be a thiamin-
catalysed reaction (Mizuhara & Handler, 1954;
Krampitz et al., 1961). As with the 2-oxo acid lyase
isolated from Cl. acidiurici (Uyeda & Rabinowitz,
1971b), the enzyme isolated from rumen microbial
extracts synthesized acetoin and this biosynthesis
was dependent onenzyme, pyruvate and acetaldehyde,
but not on CoA (Table 5). The electron acceptor
FAD appears to compete for the hydroxyethylthiamin
derivative and decreases acetoin biosynthesis (Table
5). Conversely, the addition ofacetaldehyde (100mM),
which promotes acetoin biosynthesis, decreased
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Table 4. Inhibition of the 2-oxo acid lyase reaction by
NaAsO2 or CdC12

The reaction rates were measured by following FAD re-
duction as described in the text. The incubations were
carried out in the absence or presence of inhibitors as
indicated. Pyruvate was used as substrate with 604ug of
cell-free extract. Values are means±s.E.M. for three
separate assays.

Activity

Concn. (umol/min per
Inhibitor (mM) mg of protein)

None - 0.44±0.01
NaAsO2 0.1 0.43±0.01

1.0 0.44±0.03
5.0 0.39±0.04

CdCl2 0.1 0.43±0.02

(% of
control)

100
98
100
89
98

Table 5. Production ofacetoin by 2-oxo acidlyase

The assay system consisted of 0.95ml of 2-oxo acid lyase
reaction mixture without CoA and l00mM-acetaldehyde
and 3.2mg of cell-free extract protein. Reactions were
performed under an H2 atmosphere at 32°C for 10min.
Values reported are means±S.E.M. for three separate
assays.

System
Complete
+CoA
-Acetaldehyde
+FAD
-Pyruvate
-Enzyme

Acetoin (nmol/mg of protein)
23.2+0.8
13.4+1.5
9.1+0.9
2.1+0.7
0
0

FAD reduction from 0.47±0.02,umol/min per mg of
protein to 0.27+0.01,umol/min per mg of protein
when measured in the lyase assay.
The synthases catalysing pyruvate, 2-oxobutyrate

and 2-oxoglutarate formation are individual separ-
able enzymes (Buchanan, 1969). On the other hand,
the partially purified 2-oxo acid lyase from rumen
microbial extracts, when separated by polyacryl-
amide-gel electrophoresis and incubated with pyruv-
ate, 3-hydroxypyruvate or 2-oxobutyrate (Plate 1),
showed two identical protein bands with enzyme
activity for all three substrates (the gel incubated
with 3-hydroxypyruvate is now shown because of
dense background staining). The topmost bands
(Plate 1) were identical for pyruvate and 3-hydroxy-
pyruvate, but did not correspond to the topmost
band obtained with 2-oxobutyrate. The enzyme from
Cl. pasteurianum had a different electrophoretic
mobility from that obtained from the rumen
bacterial enzyme.

329
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The"tr'att s§Yfithaf t6actibii W9tS litiei& with tiiie
for 2h. The reactibii ratt *Wti linear with protein
coneentration, except at concentratioins of less than
iOOpg of protein per assay, where slight deviation
from linearity was noted; The enzyme shows
Miehialis--Menten kinetics with Acetatd, a Vsi,J.
df M.3ifioolftiirl ft tfi1 df proteiin and d Krn(gtjtibf
1.33 mM.
Table 6 s'hi*s that cell-free extracts of rumen

miicro-organisms have 2-6xdbutyrate synthase acti-
vity in addition to pyruvate syntfase activity. It was
possible to show sone 3-hydroxypyruvate syn iase
activity with thkge bktriicts; however, they W66
totally devoid of 2-oAo*ltltarate synthase actiVity.

Fig. 3 shows thi eltttion pattekh of 2-oxo acid
synthkse and i:bxo acid lyase activities from
SephAdex G-200. The two enzynibs are clMaly
separated and must therefore be considered to be
separate proteins. From gel-filtration datathe mol.wt.
of 2-oxo acid lyase is 310000 and that of pyruvate
synthase iA 210000.
The pH optima for the 2-oxo acid lyase and 2-oxo

acid &-ynftiia'se 'reacti'o"nsg ~V& dete' i4j. 'The- ifaSez
activity had a bioad iH 6dotihiimim 1tWeefpi
and 8.5. The synthase aetivity was most active Detween
pHA7.0 and 7.5.

The results of this investigation show that
cell-free extracts of mixed rumen miner-organisms
readily carbdxylatt acetate (reaction 1) and pr6pion-
ate (reaction 2), but there was no evidence to sggest

the irbitfd of 2 *o#*IUtartt kyfithaS, t-he 6n-2yifi6
that catalyses rea&dii 3. Our previous study had
indicated that rumen microbes do not oxidize
2-oxoglutarate (Sauer et ai.; 1975). Similarly, the
present results show that although cell-free extracts
from tie§k 6rfrtdisifii have very active pyruvate lyase,
3-Xyd-k-W ake" iya§6 and 2-oAdbtitSfdte lyase
activities, fid 2-oxoglutarate lyase diftiy was
detectable. It therefore seems like6l thi't btth the
enzymes ot succinate carboxyiatiori (26iiititarate
synthase) and 2-oxoglutarate de&ibokYiaftioi (2-
oxoglutarate lyase) are absent from most, if not all,
strains of microbes normally present in the rumen.

Table 6. Synthesis of the respective 2-oxo acids by 2-oxo

[l-14IbiiapsRia ofid r1,414CJ ntii

Syrithase assay and phenyihydrazone isolation were as
deseribed in the text. Ccentrol values were obtained by
carrying wut itluubations in the absenee of ferredxin
and were subtratted from the gample radioaetivity;
Reactions were initiated with 1.0mg of protein. Values
represent means±s.E.M. for four separate experiments.

Radioactivity
isolated as

kadi6cative Ihehylhydrazone phenylhydrazone
suibstate tormed (d.p.m.)

[1_-4C]Acetate Pyruvate
[l-m4CjPropionate 2-Oxobutyrate
2-Hydroxy- 3-Hydroxypyruvate

[f-14C]acetate
t[ ,4-1UC]Succinate 2-Oxoglutarate

67800+ 6800
1700+ 200
280+ 70

2

I"

1.0- ea

b.54
b. '-

.8 _-
E

6 =

4 gt

co,

2 0
Cd

Im1Or

\LLBLJLQ-L
,0 0.,_ _13 40
70 80 90 IoGO o1 I20 30 40

Eltition vol. (nil)
Fig. 3. SLparation ofthe 2-dxo acid lyase and synthase enzymesfrom runien-btcterial cell-free extracts

The concentrated protdin fraction (15 nig) (Table 1) Wag filtered throdgh a Sephadex t-200 column (1.4cnfix §0cdh) with
5OmM?-p6tasslumn pho§phdte, pH 7.5, containing iOtnm-dithiothreitol. The Eig- (o) was momiitored d irettly and 2-ox6 hcid
lyas (to) ahd 2-o6o aeid §yfithase (6) aeivilies were d6termined by §iuing tlib fSiay§ described ri the text. 2-OXO Acid
lyase and 2-oxo acid synthase activities WEid sUt:&6fkilly §eparated from 6ach other'lh fouf difterent experiments.
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Raeburn & Rabinowitz (1971b) isolated and
characterized a pyruvate-decarboxylating enzyme
from a purine-fermenting anaerobe, Cl. acidiurici.
This thiamin-containing enzyme catalyses the reac-
tion:
Pyruvate+ CoA+ Fdo0

acetyl-CoA + CO2 + Fdfed (4)
It differs from pyruvate dehydrogenase (EC 1.2.4.1)
in that lipoic acid is not involved in the reaction and
NAD+ does not serve as an electron acceptor. The
enzyme isolated from rumen micro-organisms,
although larger (mol.wt. 310000, cf. 245000), appears
to have the same substrate and cofactor requirements
as does the enzyme isolated by Raeburn &
Rabinowitz (1971b) from Cl. acidiurici. Further,
it is apparent that both these enzymes contain
thiamin.
The present results show that pyruvate decarboxy-

lation in crude cell-free extracts of rumen microbes
was absolutely dependent on the addition ofa suitable
electron acceptor. This indicates that in the
rumen, the production of acetate is dependent on the
availability of electron acceptors, such as FAD or
ferredoxin.
Although never tested critically, the assumption

has been made that the pyruvate synthase reaction is
a reversal ofthe pyruvate lyase reaction and catalysed
by the same enzyme (Raeburn & Rabinowitz, 1971b).
Similarly, the 2-oxoglutarate synthase reaction in
Chl. thiosulfatophilum is considered to be reversible
(Gehring & Arnon, 1972). In contradiction to this,
our results show that the pyruvate synthase and
pyruvate lyasereactionsfromrumen micro-organisms
have different pH optima and are clearly separable
by Sephadex gel filtration. Thus, at least in
these organisms, the enzyme of acetate carboxylation
and the enzyme of pyruvate decarboxylation are
separate and distinct proteins. These enzymes,
irrespective of source, share common properties of
instability and rapid loss of activity during the
purification. In view of this it seems desirable to
re-examine the widely held assumption that pyruvate
synthase and pyruvate-ferredoxin oxidoreductase
from other organisms are reversible activities of the
same enzyme or if, as in rumen bacteria, these are two
separate enzymes. There is evidence to suggest that
pyruvate synthase, 2-oxobutyrate synthase and
2-oxoglutarate synthase are different enzymes
(Buchanan, 1969; Gehring & Arnon, 1972). In
contrast, the present results with polyacrylamide-gel
electrophoresis suggest that the same protein may

catalyse the decarboxylation of pyruvate, 3-hydroxy-
pyruvate and 2-oxobutyrate. In this report we refer
to these activities by the general name of 2-oxo acid
lyase (ferredoxin-reducing).

We acknowledge the skilled and expert technical
assistance of Mr. Wm. Cantwell. R. S. B. is the recipient
of a National Research Council of Canada Fellowship.
This is Contribution no. 596 from the Animal Research
Institute.
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