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Pseudomonas citronellolis is known to contain a pyruvate carboxylase with an ~$4 composition. All the other pyruvate 
carboxylases investigated so far are made up of four seemingly identical subunits. Nevertheless, this exceptional pyruvate 
carboxylase exhibits a size and overall shape similar to other pyruvate carboxylases. Electron microscopic affinity labeling 
with avidin revealed that the prosthetic biotin groups (one per a/3 unit, i.e. four per enzyme particle) are located close 
to the inter-unit junctions of pairs of ap units making up the enzyme. This position of the prosthetic biotin groups is 

very similar to the location of the biotin in the other carboxylases. 
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1. INTRODUCTION 

Pyruvate carboxylase (EC 6.4.1.1) is a biotin- 
containing enzyme [1,2]. It has been electron 
microscopically characterized for a variety of 
organisms [3-171. The enzyme from Pseudomonas 
cifroneliolis is exceptional insofar as it is not made 
up of four identical subunits but contains two dif- 
ferent types of subunits [9,12,18-201. These two 
different polypeptides are a 65 kDa subunit con- 
taining covalently bound biotin, and a 54 kDa 
subunit. Cohen et al. [9] found an enzyme particle 
molecular mass between 454 and 530 kDa, in- 
dicating an (Y.& composition. 

The rhombic appearance for pyruvate car- 
boxylase [lo] has recently been demonstrated to be 
caused by artificial deformation occurring during 
preparation for electron microscopy by negative 
staining [l 1,13-171. The enzyme isolated from P. 
citronelfolis has been shown to exhibit distinct pro- 
jections with three or four visible protein masses 
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[9]. A general model for the overall structure of 
pyruvate carboxylase and the location of its 
prosthetic biotin groups derived from electron 
microscopy [l l] was verified by electron 
microscopic labeling experiments making use of 
the high affinity of avidin to biotin [13,17]. The 
present study demonstrates that this model also 
holds true, in principle, for the P. citronellolis 
pyruvate carboxylase. 

2. MATERIALS AND METHODS 

2.1. Growth of P. citronellolis, and preparation of pyruvate 
carboxylase 

P. citronellolis (DSM 50332) was grow as described [9]. The 
cells were harvested close to the end of th logarithmic phase of 
growth. Purification of the enzyme was p rformed as described 
[9]. The final specific activity was 5 II/ g protein. Subunit 
composition and molecular masses 

\ 

ere determined by 
analytical SDS-polyacrylarnlde gel electro horesis according to 
Laemmli [21]. The enzyme activity was tested according to 
Taylor et al. 1221 and Young et al. [4]. Acetyl coenzyme A 
(CoA) was prepared as described [23]. Goat anti-biotin an- 
tiserum or avidin were applied for enzyme inactivation. 

2.2. Determination of immunological cross reactivities 
Double immuno diffusion [24] and rocket immuno elec- 
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trophoresis [25,26] were performed for the analysis of cross 
reactivities between P. citronellolis pyruvate carboxylase and 
polyclonal antisera raised against pyruvate carboxylase isolated 
from chicken and Saccharomyces cerevisiae. These antisera 
were kindly supplied by Dr J.C. Wallace, Adelaide, Australia. 

2.3. Preparation of enzyme-avidin complexes 
Aliquots of pyruvate carboxylase and avidin were mixed in 

molar ratios between 3 : 1 and 1: 3, and incubated for 2 h at 
30” C as described [ 13,171. Controls were prepared with biotin- 
treated avidin. The samples were analyzed by negative staining 
(see below). 

2.4. Electron microscopy 
Electron microscopy of pyruvate carboxylase and of 

enzyme-avidin complexes was done as described [l l] with 4% 
(w/v) aqueous uranyl acetate, pH 4.8. Electron micrographs 
were taken with a Philips EM 301 electron microscope at 
calibrated magnifications. 

3. RESULTS AND DISCUSSION 

3.1. Quaternary stntcture of P. citronellolis 
pyruvate carboxylase 

Analytical SDS gel electrophoresis of purified 
enzyme yielded bands representing 65 kDa (inter- 
preted to be the CY subunit) and 53 kDa (the B 
subunit) (not shown). These measured subunit 
molecular masses are in full agreement with 
published data [9,12]. 

3.2. Enzyme inactivation, and immunological 
cross reactivities 

Application of anti-biotin antiserum in increas- 
ing ratios resulted in increasing inactivation of the 
enzyme; the residual activity at the endpoint of the 
experiment was 1.4% of the original activity. A re- 
maining activity of less than 1% was found when 
the enzyme and avidin were incubated together at 
a molar ratio of 1: 1. Both values are in agreement 
with data published for other pyruvate car- 
boxylases. They indicate that there are no signifi- 
cant differences between the P. citronellolis 
enzyme and pyruvate carboxylases from other 
sources with respect to the accessibility of the pros- 
thetic biotin group for specific IgG antibodies and 
avidin [13,17,27]. Goss et al. [12] demonstrated 
that only antibodies directed against the LY subunit 
of the P. citronellolis pyruvate carboxylase could 
inactivate the enzyme. They also found, by com- 
parison of titration curves for the inactivation of 
the catalyzed overall enzyme reaction, for the 
decrease of the ATP/Pi exchange reaction, and for 

the decrease of the pyruvate-oxaloacetate ex- 
change reaction, that probably both subsites of the 
active center (i.e. the biotin carboxylation subsite 
and the transcarboxylation subsite) are located on 
the cr subunit, the polypeptide carrying the pros- 
thetic biotin group. Immunological cross reac- 
tivities between P. citronellolis pyruvate 
carboxylase and polyclonal antisera raised against 
the respective enzyme isolated from chicken and S. 
cerevisiue could not be detected by double im- 
munodiffusion and rocket immunoelectrophoresis 
(not shown). This finding indicates a very low 
degree of sequence homology between the exposed 
epitopes of the enzymes. 

3.3, Shape of the P. citronellolis pyruvate 
carboxylase 

Negatively stained purified pyruvate car- 
boxylase, without (fig. la), or with (not shown) ad- 
dition of acetyl CoA, exhibited particle projections 
of the same types. There were no indications for 
improvement of the structural preservation of the 
enzyme by acetyl CoA. It is known [19,20] that the 
P. citronellolis enzyme is not acetyl CoA depen- 
dent with respect to its activity. 

Electron microscopic enzyme samples contain- 
ed, besides broken enzyme particles as expected 
[9], molecular projections with three visible inten- 
sity maxima (fig.la). Rhombic shapes could occa- 
sionally be seen (fig.la). The same type of 
projection has been observed previously [9]. 
Cohen et al. [9] concluded that the fourth unit can- 
not be seen in this position of the enzyme particle 
because it is located in the center of the projection. 
In some instances, Cohen et al. [9] could detect 
four masses. They assumed that the visibility of all 
four units depends on the position of the enzyme 
particle relative to the electron beam. Meanwhile, 
this assumption has been verified for other 
pyruvate carboxylases [ 11,14,15] by tilting ex- 
periments. Cohen et al. [9] stated that “. . . the 
three dimensional structure of this enzyme is quite 
distinct from all other species of pyruvate car- 
boxylase”. Our findings confirm the overall shape 
of the enzyme as seen by these authors. However, 
we emphasize that this overall shape is not unique; 
rather, it is common for pyruvate carboxylase as 
visualized in a number of cases [11,13-171. A 
model developed for the overall enzyme structure 
of chicken, rat, and sheep pyruvate carboxylase 
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Fig.1. Electron micrographs of negatively stained pyruvate carboxylase isolated from P. citronellolis, and of avidin-pyruvate 
carboxylase complexes. Dimensions are given in nm. All insets have identical magnification. (a) Isolated enzyme particles, unfixed. 
Besides broken particles (marked bp) of various sizes, preserved particles (marked pp) with a trimer-like appearance are common. 
Insets: 1 and 2, rhomboid structures with four intensity maxima (arrowheads) interpreted to represent full-size enzyme particles 
artificially flattened by the mounting procedure for electron microscopy; 3 and 4,. partides with two intensity maxima (arrowheads) 
probably representing halves of full-size enzyme particles; 5-9, full-size enzyme particles, not obviously deformed. Three of the four 
units making up each of the enzyme particles are visible (arrowheads). The fourth unit’ in’each particle is assumed to be located in 
the center of the projection; it is not negatively stained (and thus not visible) because it sits ab%ve the three other units, in an elevated 
position. (b) Avidin-enzyme complexes, unfixed. The arrows indicate the presence of a number of ‘chains’ formed by the interaction 
of avidin with the prosthetic biotin groups on the enzyme. One avidin is capable of binding to two full-size enzyme particles. Thus, 
a chain is made up of an alternating sequence of enzyme and avidin molecules. Insets: 1, half of a full-size enzyme particle (the two 
black arrowheads are pointing to the two units) (compare to panel a, insets 3 and 4), with a centrally bound avidin molecule (white 
arrowhead); 4, a full-size enzyme particle with one centrally bound avidin molecule (arrowhead); 2, a full-size enzyme particle and 
two free avidin molecules (arrowheads); 3 and 5, tio full-size enzyme particles without visibly bound avidin. The full-size enzyme 
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[l 11, which was shown to be also valid for the en- 
zyme isolated from a thermophilic Bacillus [7], 
from Aspergillus nidulans [14], Rhizopus arrhizus 
[15], and S. cerevisiae [ 171 also appears to repre- 
sent the inherent structural parameters of the P. 
citronellofis enzyme at low resolution. This model 
specifies that a typical tetrameric pyruvate car- 
boxylase particle is, in fact, made up of two dimers 
complexed ‘back-to-back’. This model applied to 
the P. citronellolis enzyme indicates that a unit 
formed by one Q and one ,& polypeptide is com- 
parable in size, shape and position within the com- 
plex to a typical subunit in other pyruvate 
carboxylases. The structure of the P. citronellolis 
pyruvate carboxylase could, therefore, be written 
(0$3)4 or even [(@)2]2. Goss et al. [12] provided 
evidence that the major parts of the cr polypeptide 
chain are exposed whereas the ,6 polypeptide is for- 
ming a ‘core’. 

zymes of the same and different species exist, their 
primary structures may differ. The various types 
of carboxylases might represent various stages in 
the evolution of the enzyme system. In the course 
of evolution the increasing functional structuring 
of the cellular interior led to the formation of com- 
plexes with multifunctional polypeptide chains, 
probably as the result of gene fusion”. 

As described above, the pyruvate carboxylase 
from P. citronellolis is made up of two types of 
subunits whereas the other known pyruvate car- 
boxylases only exhibit one type of subunit. As also 
stated above, there are no obvious immunological 
cross reactions between the P. citronellolis enzyme 
and antisera directed against two ‘conventional’ 
pyruvate carboxylases. Nevertheless, the overall 
three-dimensional organization and the topo- 
logical location of the prosthetic biotin group of 
the P. citronelloiis enzyme are comparable to the 
other pyruvate carboxylases. 

3.4. Location of the prosthetic biotin group 
As shown for a number of pyruvate car- 

boxylases [ 13- 15,171, incubation of the enzyme 
together with avidin resulted in the formation of 
typical chains. This observation was used for the 
construction of a model which specifies that the 
biotin present on each of the four subunits of a 
typical tetrameric pyruvate carboxylase is located 
close to the intersubunit junction in the complex. 
Fig.lb demonstrates that chain formation also 
took place in samples containing avidin and the P. 
citronellolis enzyme though the overall number of 
chains, and the number of enzyme particles per 
chain, were low. Such a low efficiency of chain 
formation has also been observed for the pyruvate 
carboxylases isolated from A. nidulans 1141 and R. 
arrhizus [15]. This typical chain formation 
mediated by avidin indicates that the location of 
the biotin relative to the overall enzyme structure 
is comparable to that found for other pyruvate car- 
boxylases (see above), Our findings taken together 
with published data on structural and functional 
parameters of pyruvate carboxylases support the 
view of Obermayer and Lynen [28] communicated 
when many of the facts now known had not yet 
been discovered. These authors stated that “. . .The 
various biotin-dependent enzymes catalyze 
analogous two-step reactions which involve a 
covalently bound biotin-residue serving as CO2 
carrier. Although similarities among biotin en- 
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