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ABSTRACT Varieties of pyruvate carboxylase [pyruvate:
CO2 ligase (ADP-forming), EC 6.4.1.1] obtained from the liv-
ers of several species of vertebrates, including humans, all
show the same basic structure. They are composed of large
polypeptide chains of molecular weights ranging from 1.2 to
1.3 X 105 for the different varieties of the enzyme. The native
form of the enzyme appears to be a tetramer with a molecu-
lar weight of about 5 X 105. In the case of pyruvate carboxyl-
ase from chicken liver each polypeptide chain contains a bio-
tin moiety, thus supporting the thesis that the tetramer con-
tains four identical pol ptide chains. Pyruvate carboxylase
from yeast appears to be basically similar to those from the
vertebrate species and has a tetrameric structure.
Each protomer contains a single polypeptide chain with a

molecular weight of 1.25 X 105. In contrast, pyruvate carbox-
ylase from two bacterial species, Pseudomonas citronellolis
and Azotobacter vinelandii appears to be a dimer with a
molecular weight (2.5 X 106) about half that of the animal
and yeast species. As a further difference, each of the pro-
tomers of the bacterial enzymes contain two polypeptides of
6.5 and 5.4 X 105 molecular weight in the case of the Pseu-
domonas enzyme. The larger of the two polypeptides con-
tains the biotin moiety. The functional units of the bacterial
enzyme thus appear to contain two polypeptides while that
of the liver and yeast enzymes is made up of a single chain.
Neither of these arrangements corresponds with those of
other biotin enzymes whose structure has been extensively
studied (acetyl-CoA carboxylases from liver or Eseherichia
coli, and transcarboxylase from Propionibacterium).

Pyruvate carboxylase [pyruvate:C02 ligase (ADP-forming)
EC 6.4.1.1] is a biotin-containing enzyme which forms ox-
alacetate from pyruvate by CO2 fixation (1, 2). The overall
reaction mechanism is similar to that of other biotin en-
zymes and consists of two partial reactions. In the first par-
tial reaction biotin is carboxylated; in the second the carbox-
yl group is transferred to an acceptor (cf. 3). For transcar-
boxylase (4, 5) and for pyruvate carboxylase from the liver
of chicken (6) and rat (7, 8), kinetic studies indicate that the
active site is composed of two separate catalytic sites, one for
each partial reaction.

Structural studies with transcarboxylase from Propioni-
bacterium shermanli (9) and acetyl-CoA carboxylase from
Escherichla coli (3, 10) have revealed a close correlation be-

* Present address: Department of Chemistry and Division of Bio-
chemistry, University of Wyoming, Laramie, Wyo. 82071.

t Present address: Department of Biochemistry, University of Cali-
fornia, Berkeley, Calif. 94720.

t Present address: Department of Biochemistry, Cancer Institute of
Osaka, University Medical School, Osaka, Japan.

§ Present address: Department of Pharmacology, University of Min-
nesota, Minneapolis, Minn. 55455.

¶ Present address: Graduate School of Biochemistry, Brandeis Uni-
versity, Waltham, Mass. 02154.

1To whom correspondence should be addressed.

tween function and structure. These biotin enzymes exhibit
a tripartite structure-function relationship in that each of
three different polypeptides contributes an essential part to
a given active site.

For acetyl-CoA carboxylase from E. coil, one polypeptide
carries the biotin, a second polypeptide participates in catal-
ysis of the biotin carboxylation partial reaction, and a third
polypeptide carries out the carboxyl-group transfer partial
reaction. For transcarboxylase, one polypeptide carries the
biotin while each of the other two polypeptides carries out a
carboxyl-group transfer reaction between the biotin and the
a-keto acid or acyl-CoA substrates, respectively. Acetyl-CoA
carboxylase from chicken liver contains four different poly-
peptides, but the function of each has not been established
(11).

In order to determine whether the similarity in overall re-
action mechanisms among biotin enzymes is also reflected in
structural similarities, the structure-function relationship for
pyruvate carboxylase has been investigated. This paper re-
ports on the structure of pyruvate carboxylases from a num-
ber of vertebrate and two microbial sources. The results
clearly establish that the structure of pyruvate carboxylase is
not similar to that reported for other biotin enzymes. Fur-
thermore, at least two different structural types exist among
the pyruvate carboxylases. A preliminary report of some of
the data presented here has been given (12).

EXPERIMENTAL PROCEDURE
Enzyme Purification. Highly purified pyruvate carbox-

ylase was isolated from chicken liver (13), Saccharomyces
cerevtsiae (14), and Pseudomonas citronellolis (15) essen-
tially as previously described. The isolation of pyruvate car-
boxylase from the livers of rat, pig, turkey and calf followed
procedures similar to those used with chicken liver. A par-
tially purified preparation was also obtained from an autop-
sy sample of human liver.

Pyruvate carboxylase was routinely assayed at 25° by cou-
pling the reaction with malate dehydrogenase and observing
the decrease in absorbance at 340 nm (13, 14, 16).

Electrophoresis Techniques. Electrophoretic analysis of
dissociated enzyme on sodium dodecyl sulfate-polyacrylam-
ide gels was performed by the method of Weber and Osborn
(17), except that the gels contained 5 or 8% acrylamide. Im-
mediately after mixing the enzyme with sodium dodecyl
sulfate and 2-mercapotoethanol, the sample was placed in a
boiling-water bath for 5 min to ensure denaturation of any
proteolytic enzymes that might be present (18). Protein in
the gels was fixed and stained with Coomassie blue (17).
Destaining was accomplished by transverse electrophoresis
in 7% acetic acid, or by leaching in a solution containing 75
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Table 1. Weight of sodium dodecyl sulfate polypeptides,
molecular weights, and number of polypeptides per

molecule for pyruvate carboxylase from various species

Weight of Poly-
sodium dodecyl peptides

sulfate Molecular per

Species polypeptide weight molecule

Chicken liver 125,000 500,000* 4

Turkey liver 110,000 500,000* 4

Calf liver 120,000 500,000* 4

Rat liver 130,000 500,000 4

Pig liver 130,000
Human liver 130,000
Yeast 125,000 475,000 4

P. citronellolis 65,000 256,000 2
54,000t 2

* Wallace and Utter, unpublished data (see text).
t Does not contain biotin.

ml of acetic acid, 425 ml of methanol, and 500 ml of H20.
Spectrophotometric scans (at 570 nm) of the destained gels
were prepared with the linear transport accessory for Gil-
ford spectrophotometers. The radioactivity of labeled poly-
peptides ([3H]biotin) in polyacrylamide gels was determined
as previously described (19). In a few cases, the protein was
dissociated in 8 M urea either with or without sodium dode-
cyl sulfate and subjected to electrophoresis on 5% polyacryl-
amide gel containing urea (20).

Ultracentrifugation Techniques. Experiments were per-
formed in a Beckman-Spinco model E analytical ultracentri-
fuge as previously outlined (16). Where required, pertinent
procedures are given in the figure legends.

For pyruvate carboxylase from chicken liver, the appar-
ent partial specific volume for the native enzyme was deter-
mined by density measurements with a Precision Density
Meter, DIKA-02, following the procedure of Lee and Ti-
masheff (21). A value of 0.765 4 0.004 ml/g was obtained in
0.1 M K phosphate, pH 7.0.

Protein Determinations. The protein concentration of
pyruvate carboxylase solutions was routinely determined
spectrophotometrically using the equation of Warburg and
Christian (22). Frey and Utter (unpublished data) have
shown that the values obtained by this method are too low
by a factor of 2 for pyruvate carboxylase from chicken liver
on the basis or protein values determined by dry weight and
the biuret procedure of Layne (23). Conversion factors of
1.4 and 1.0 were obtained for the enzymes from yeast and P.
citronellolu, respectively. These factors were used in the
calculations of protein concentrations.

Preparation of Avidin-Sepharose. The covalent attach-
ment of avidin to Sepharose 4B was accomplished by the
procedure of Bodanszky and Bodanszky (24).

RESULTS AND DISCUSSION
Polypeptide Composition of Pyruvate Carboxylases.

When pyruvate carboxylases from the livers of chicken, rat,
pig, turkey, calf, and human, and from yeast were analyzed
on sodium dodecyl sulfate-polyacrylamide gels, one promi-
nent polypeptide band was observed in each case. Examples
of the spectrophotometric scans of the electrophoretic pat-
terns of pyruvate carboxylase from rat, chicken, and pig
liver are shown in Fig. 1. The molecular weight is in the
range of 1.3 X 105 in all three cases. However, the polypep-
tide chain from the chicken liver is slightly smaller than that
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FIG. 1. Spectrophotometric scans of pyruvate carboxylase
after electrophoresis in sodium dodecyl sulfate-polyacrylamide
(5%) gel. Migration was from left to right. (A) A 5 ug sample of rat

liver pyruvate carboxylase, specific activity = 15 gmol of oxalace-
tate per min per mg of protein; (B) a 7 ug sample of chicken liver
pyruvate carboxylase, specific activity = 18; (C) a 5 ug sample of
pig liver pyruvate carboxylase, specific activity = 23. The insert
shows scans of gels containing 5,ug each of rat liver pyruvate car,

boxylase (R) and ,B-galactosidase (G) in the top panel and 5 ug

each of chicken liver pyruvate carboxylase (C) and fl-galactosidase
(G) in the lower panel.

from rat liver, as shown in the insert of Fig. 1, where ,B-ga-
lactosidase has been used as an internal marker. Here, the
protein from chicken liver is found closer to the standard
than that from rat liver. The polypeptides from rat and pig
liver appear to be virtually identical in size when tested in
this same manner.
The molecular weight of the constituent polypeptides

from all species of liver tested thus far has been in the range

of 1.1 to 1.3 X 105 (Table 1) when proper precautions are

taken to prevent proteolytic activity. After reduction and
carboxymethylation of pyruvate carboxylase from rat liver,
McClure et al. observed an apparent dissociation of a poly-
peptide of the 1.3 X 105 dalton polypeptide into a mixture
of smaller polypeptides (25). Similar results were obtained in
this work in preliminary studies with the enzymes from
chicken liver and yeast. However, when traces of proteolytic
activity were destroyed by placing the untreated enzyme

samples in a boiling-water bath immediately after the addi-
tion of sodium dodecyl sulfate and mercaptoethanol (cf. 18),
subsequent analysis on polyacrylamide gels revealed a single
polypeptide band. With this treatment, the enzyme from rat

liver also dissociated to give only the 1.3 X 105 polypeptide
(Fig. 1A). Warren and Tipton (26) have reported that pyr-

uvate carboxylase from pig liver has four subunits of 130,000
each but that each subunit is composed of three polypeptide
chains of 47,000 molecular weight. These authors reported

C
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FIG. 2. The molecular weight of pyruvate carboxylase from
chicken liver after dissociation in guanidine-HCl. The enzyme was
dissociated in 6 M guanidine.HCl, 1 mM dithiothreitol for 24 hr.
Prior to analysis, the guanidine-HCl concentration was reduced to
2 M by dialysis. Speed: 24,000 rpm; temperature: 50; protein con-

centration: 0.4 mg/ml. The molecular weight was determined by
the meniscus depletion method of sedimentation equilibrium using
the interference optical system.

that electrophoresis with sodium dodecyl sulfate showed a

major band at 47,000 and a minor band at 125,000. As
shown in Fig. IC, there is no evidence for more than one
band in our preparation. The basis of this discrepancy is not
clear although Warren and Tipton (26) did not mention any
procedure that would obviate proteolytic activity and their
preparation had a specific activity of 3.2 compared with that
of 23 in the present case.

Dissociation of the chicken and rat liver enzymes in 8 M
urea or urea and sodium dodecyl sulfate followed by electro-
phoresis on polyacrylamide gel containing urea also showed
only a single large polypeptide for each of the two enzymes.
It is concluded, therefore, that the about 1.3 X 105 polypep-
tide (Table 1) represents the fundamental structural unit of
the vertebrate varieties of pyruvate carboxylase; smaller
peptides that have been observed presumably are the result
of proteolysis or impurities.

Further evidence for the presence of a single large poly-
peptide for the enzyme from chicken liver was obtained by
equilibrium sedimentation analysis of the dissociated en-
zyme in the presence of guanidine hydrochloride (Fig. 2).
The molecular weight calculated from these data was 1.2 X
105, using the determined iv value of 0.765 ml/g. These data
strongly support the view that pyruvate carboxylase from
chicken liver, and from other vertebrate sources, is com-
posed entirely of polypeptides of large molecular weights
and that for any given variety of the enzyme, the polypep-
tides are similar or identical in size. As will be noted below,
these varieties of the enzyme appear to be tetrameric in
their native form.
The polypeptide composition of pyruvate carboxylase

from P. citronellolis is quite different from that of the en-
zymes described above. Even when precautions are taken to
prevent proteolysis, two different polypeptides with molecu-
lar weights of 6.5 X 104 and 5.4 X 104 are observed in poly-
acrylamide gels (Fig. 3, Table 1). The two polypeptides are

present in equimolar amounts, and the ratio between them is
unchanged for preparations of the enzyme with various de-
grees of purity.

Determination of Biotin Distribution among the Poly-
peptide Chains of Pyruvate Carboxylase. The chicken liver
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FIG. 3. Spectrophotometric scan of pyruvate carboxylase from
Pseudomonas citronellolis in 8% polyacrylamide gel containing so-
dium dodecyl sulfate. A 7 gg sample of specific activity 17 was
used.

enzyme contains 1 mole of biotin per polypeptide chain (G.
Zander, J. Swack, and M. Utter, unpublished data). It has
now been possible to show that each polypeptide chain con-
tains a biotin. This was achieved by: (i) dissociating the en-
zyme in cold 0.4 M urea into the individual polypeptide
chains (cf. 27), (fl) trapping all biotin-containing polypep-
tides by passage through an avidin-Sepharose column, (iii)
analyzing by sodium dodecyl sulfate polyacrylamide elec-
trophoresis the material which passes through the column
(non-biotin-containing), and (iv) similarly analyzing that
material which is trapped by the column (biotin-containing).
About 90% of the applied material was trapped by the avi-
din-Sepharose column, while in a control experiment in
which the column had been pre-treated with a tenfold ex-
cess of biotin almost no protein was bound.

This experiment demonstrates that almost all of the mate-
rial in the dissociated enzyme is associated with biotin and
therefore that each of the polypeptide chains probably con-
tains biotin. For example, if the four biotins had been dis-
tributed among only two of the four chains only 50% of the
protein should have been bound to the Sepharose-avidin col-
umn.

Further evidence to support this view is shown in Fig. 4.
Spectrophotometric scans of the polyacrylamide gels in
which the protein has been stained by Coomassie blue are
shown for the material which was applied to the avidin-
Sepharose column (Fig. 4A); the material which did not ad-
here to the column (Fig. 4B); and that which did adhere to
the column (Fig. 4C). In the latter case the polypeptides
were removed from the column by treatment with 1% sodi-
um dodecyl sulfate. These results show clearly that the large
polypeptide which is characteristic of pyruvate carboxylase
(Fig. 1) has been almost completely removed by passage
through the avidin-containing column (Fig. 4B) and that the
peptide can be recovered from the column. The final panel
in Fig. 4 shows that prior treatment of the avidin-Sepharose
column with biotin prevents binding of the pyruvate carbox-
ylase polypeptide. Thus, these results show that each large
polypeptide chain contains covalently bound biotin and,
since the stoichiometric relationship is 1:1, each chain must
contain a single biotin. The results strengthen the view that
the polypeptide chains of the avian enzyme are identical.

Pyruvate carboxylases from yeast and P citronellolis have
been isolated from cells grown in the presence of [3H]biotin.
The tritiated biotin was incorporated into the enzyme in
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FIG. 4. Treatment of dissociated pyruvate carboxylase from
chicken liver with avidin-Sepharose. (A) Spectrophotometric scan

of a sodium dodecyl sulfate-polyacrylamide gel showing the start-
ing material without treatment. (B) After 1 hr in cold 0.4 M urea,

the inactivated and dissociated enzyme was treated with avidin-
Sepharose. The material which aid not bind to the column is
shown in this scan. (C) After washing with 0.4 M urea, the avidin-
Sepharose was extracted with 1% sodium dodecyl sulfate and the
scan shows the pattern of the extracted material. (D) The avidin-
Sepharose was pre-treated with an excess of biotin prior to its use

and the scan shows the polypeptide pattern of the enzyme solution
after treatment with avidin-Sepharose.

both cases. When the labeled yeast enzyme was subjected to
electrophoresis in polyacrylamide gels, electrophoretic anal-
ysis indicated a single polypeptide with a molecular weight
of 1.3 X 105. The [3H]biotin was entirely associated with this
polypeptide. The ratio of the moles biotin per mole polypep-
tide is 1:1 (cf. 14). Thus, it seems likely that each polypep-
tide in the yeast enzyme contains one biotin. On the other
hand, analysis of the labeled P. citronellolis enzyme on sodi-
um dodecyl sulfate gels revealed that biotin was associated
with only the larger polypeptide (6.5 X 104 daltons); no ra-

dioactivity was associated with the smaller polypeptide (5.4
X 104 daltons).
Molecular Organization of Pyruvate Carboxylases. As a

guide for establishing the number of polypeptides per mole-
cule of pyruvate carboxylase, molecular weights for several
species of the enzyme were determined by ultracentrifuga-
tion techniques. The enzyme from yeast was analyzed by
the meniscus depletion sedimentation equilibrium method
of Yphantis (28). The plot of ln deflection versus the square

of the radium was linear (Fig. 5). A molecular weight of 4.75
X 105 was calculated from these data, assuming a partial
specific volume of 0.765 ml/g (Table 1). Pyruvate carboxy-
lases from the livers of chicken, calf, and turkey have been
studied by the approach to equilibrium procedure of Traut-
man and Crampton (29), and in each case a mean molecular
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FIG. 5. The molecular weight of pyruvate carboxylase from
yeast as determined by the meniscus depletion method of sedi-
mentation equilibrium. Speed: 12,000 rpm; temperature: 6.1°; pro-
tein concentration: 0.17 mg/ml; solvent: 0.5 M Tris-HCl, pH 7.2, 1
mM EDTA, 0.1 mM dithiothreitol, and 0.2 M KCl; optics: absorp-
tion with a photoelectric scanner. Final scans were made after 20
hr. The base line was determined by overspeeding at 52,000 rpm
for 2 hr, and scanning the cell after relaxing the speed to 12,000
rpm.

weight of about 5 X 105 was obtained (J. C. Wallace and F.
Utter, unpublished data). Further support for a tetrameric
structure as the native form of pyruvate carboxylases of ani-
mal origin comes from experiments that show the predomi-
nant reacting forms of the enzymes have sedimentation
coefficients in the 15-16S range (16). This is entirely consis-
tent with a tetrameric structure. Also, in electron micro-
graphic studies of several species of the enzyme from animal
liver and from yeast, tetrameric figures were observed with
negative staining (1, 30, 31).
A molecular weight of 2.6 X 105 was recently reported for

pyruvate carboxylase from P. citronellolis (16). If the two
different polypeptides of this enzyme are added, the size
(1.2 X 105 daltons) and biotin content are essentially the
same as for the protomer of the tetrameric enzymes. Thus,
these data suggest that a protomer of the P. citronellolis en-

zyme consists of two different polypeptides. Since the pro-

posed protomer has a molecular weight which is one-half
that of the native enzyme, pyruvate carboxylase from P. ci-

tronellolbs is apparently a dimer. However, the exact ar-

rangement of polypeptides in this enzyme is not known. Pre-
liminary studies of pyruvate carboxylase from Azotobacter
indicate that this enzyme is quite similar to the Pseudomo-
nas enzyme (32).
Concluding Discussion. The available evidence suggests

that the different biotin-containing enzymes vary signifi-
cantly in their structural and functional relationships. For
transcarboxylase (33) and acetyl-CoA carboxylase from E.
coil (3, 10), each of the three different polypeptides found in
these two enzymes contributes to a given catalytic site.
There is one polypeptide for catalysis of each partial reac-

tion and one peptide which carries the biotin. In contrast,
pyruvate carboxylases from P. citronellolis and A. vinelan-
dii have only two different polypeptides and thus one of
these polypeptides must carry out at least two of the three
functional requirements. A third possibility is demonstrated
by pyruvate carboxylase from yeast and vertebrate sources,

where each polypeptide appears to have a 3-fold functional
role and must serve as biotin carrier as well as the catalyst
for the two partial reactions. Acetyl-CoA carboxylase from
chicken liver (11) may constitute still a fourth variety, since
it has been reported that the protomeric unit of about
500,000 molecular weight contains four different polypep-
tide chains ranging in size from 117,000 to 139,000. Only
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one of these contained biotin and the functional role of the
four polypeptides is not understood.
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