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The effects of various mono- and divalent ions on the pyruvate dehydrogenase
complex (PDC) were investigated. To determine the radius of PDC under various
conditions a two-dimensional agarose gel electrophoresis technique was used. The
radius of PDC cross-linked with glutaraldehyde ationics th 0.04 M was calculated
to be 22.0 + 0.1 nm. The presence of K*, Na* or HPO4™ prevented changes in
electromobility and of the calculated radius of PDC induced by alteration in ionic
strength.

The fluorescence emission spectra of PDC depended on the ionic strength and
monovalent cations. The fluorescence intensity of PDC increased in the presence of
80 mM K*, and decreased in the presence of 80 mM Na* with no shift in the emission
maximum wavelength.

Changes in the ionic strength to which PDC was exposed resulted in alteration of the
UV absorption spectra in the 230 nm region. These alterations were prevented by
HPO4>", whereas Na* or K* ions had no effect on the UV absorption spectrum of PDC.

The pyruvate dehydrogenase complex oc-
cupies a key position in intermediary metabo-
lism. It links glycolysis with other metabolic
pathways such as ketogenesis and the tricar-
boxylic acid cycle. Moreover, because of its
location this enzyme complex is an ideal candi-
date to regulate not only the input of substrate
into the tricarboxylic acid cycle but also the
flow of carbon in such metabolic processes as
gluconeogenesis or lipogenesis. As a conse-

quence, the activity of this enzyme complex is
finely regulated both by feedback inhibition
and reversible phosphorylation.

PDC! is an example of an organized multi-
enzyme system, a knowledge of whose struc-
ture and function has wide implication for
understanding of complex protein assembly
and function. The mammalian PDC consists of
three catalytic components, pyruvate dehy-
drogenase (E1), lipoamide transacetylase (E2),
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lipoamide dehydrogenase (E3), and two regu-
latory components, PDH kinase and PDH
phosphatase [1]. The E2 component constitutes
a core assembly to which the other enzymatic
components are bound by noncovalent bonds
[2], it consists of 60 copies of E2 arranged into
a pentagonal dodecahedral structure [2-4]. The
E2 core also contains about six molecules of
protein X [5, 6] and about three molecules of
PDH kinase which are tightly bound to E2 [7].
Immunological studies and evidences obtained
from limited proteolysis indicate that, in the
bovine kidney PDC, protein X contributes to
the binding and function of E3 component [4].
The E2 core binds 20 E1 units, each consisting
of a tetramer of two nonidentical subunits, and
12 copies of E3 arranged in six homodimers [8,
9]. The PDH phosphatase, consisting of two
nonidentical subunits, reversibly associates
with the core [10]. The total relative molecular
mass of the bovine kidney pyruvate dehy-
drogenase complexisapproximately 7 x1 0°[1].
In an electron micrograph the enzyme complex
appears as a structure having a gross diameter
of about 21 nm [11].

Stabilization of such a quaternary structure
involves various interactions such as electros-
tatic, hydrogen bonding, van der Waals, hydro-
phobic and conformational tension. Thus,
changes in the magnitude of any of these con-
tributing interactions may have a substantial
effect on the catalytic properties of the enzyme
complex. In previous reports it was demonstra-
ted that the activity of PDC was affected by a
number of mono- and divalent ions, as well as
by changes in ionic strength [12, 13]. In addi-
tion, the activity of each enzymatic component
of PDC was altered to a different extend by K”,
Na*, CI", HPO4*~ and HCO3" ions [14, 15).
These ions can influence the activity of PDC by
changing the interactions between substrate
and enzyme, or by altering the structure of the
enzyme complex. From this perspective it
seemed important to determine to what extent
the structure of PDC is altered by changes in
ionic strength and the presence of ions.

Inthe present study it has been shown that the
ionic strength and K*, Na*, CI”, HPO4*~ and
HCO3™ ions affect the electrophoretic and spec-
troscopic properties of the pyruvate dehy-
drogenase complex.

EXPERIMENTAL PROCEDURES

Materials. Bovine serum albumin, Hepes,
Tris, Mops, imidazole and glutaraldehyde (EM
grade) were obtained from Sigma Chemical Co.
(St. Louis, MO, US.A.). Seakem LE agarose
(underivatized) and SeaPlaque agarose (hy-
droxyethylated) were received from the
Marine Colloids Division of the FMC Corpora-
tion (Rockland, ME, U.S.A.). The southern bean
mosaic virus, tomato bushy stunt virus, bacte-
riophage T3 were a gift from Dr. T.]. Morris.
Highly purified preparations of the pig kidney
cortex pyruvate dehydrogenase complex (11-
14 pmol/ min per mg protein) were prepared as
previously described [12]. All other chemicals
were of the purest grade commercially avail-
able.

Methods. The analysis of the effect of ionic
strength and different ions on PDC was per-
formed using two-dimensional agarose gel
electrophoresis. PDC (10 mg/ml) was incu-
bated for 15 min in Tris/Hepes buffer, pH 7.8,
at 0°C and at the ionic strength and ions con-
centrationsindicated in the Figure legends. Fol-
lowing incubation for 1 min at 25°C, PDC was
fixed by addition of 10 vol. of glutaraldehyde
(final concentration 0.35%). After 15 min, the
fixation reaction was quenched by the addition
of Tris buffer, pH 7.4 to a final concentration of
70 mM and samples were subjected to two-
dimensional agarose gel electrophoresis as de-
scribed by Easom et al. [16]. The electrophoresis
was performed in a large frame appropriate to
embed four first-dimensional gels within a
single second-dimension slab [17].

Electrophoresis was first conducted through
alowconcentration (0.15% Seakem LE) agarose
gel that had minimal sieving. Thus, particles
were separated in this dimension by charge
alone. The electrical field was then rotated by
90° such that the particles were driven into a
higher concentration second-dimension gel
(2.6% SeaPlaque agarose) designated to give
optimal resolution of PDC from marker par-
ticles. Electrophoresis was performed at 2
V/cm for 5.5 hin the first dimension and for 23
h in the second dimension. Buffer was circu-
lated over the gel at 120 ml/min commencing
30 min after electrophoresis was started.
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The radius of PDC was determined by
measuring the angle (8) between the direction
of the first-dimension and the straight line (size
line) drawn from the origin of electrophoresis
to the band of PDC. Particles of the same radius
fall on the same size line. The distance moved
by the particle from the origin along a size line
is an increasing function of free mobility (o)
[17]. The size of the particle can be determined
accurately by using markers of which the radii
are known. The radii of the markers used were:
30.1 nm (T3) [18], 17.0 nm (TBSV) [19], 14.5 nm
(SBMV) [20].

Fluorescence emission spectra were recorded
using an SLM-Aminco SPF-500C spectrofluo-
rimeter. The measurements were performed on
40 pg of pyruvate dehydrogenase complex in 2
ml of Tris/Hepes, 1 mM MgClz, pH 7.8 with
additions as indicated in Figure legends. The
temperature was held constant with a circulat-
ing water bath at 25°C. The sample was excited
at 280 nm and the emission spectra recorded
between 300 and 400 nm.

UV spectra were measured using a Shimadzu
UV-260 spectrophotometer at 25°C with 80 pg
of PDC in 1 ml of Tris/Hepes, pH 7.8, 1.0 mM
MgClz with additions as indicated in the Figure
legends.

All spectra were corrected for the contribu-
tion of solvent.

lonic strength of the PDC solutions used was
standardized to the required value by varying
concentration of the buffer. Estimation of the
concentrations of conjugate base and conjugate
acid for all buffers were calculated from the
Henderson-Hasselbalch equation. lonic
strength of the solutions was calculated based
on concentration of the ionic forms of all addi-
tions. Protein concentrations was estimated by
the biuret procedure [21] using bovine serum
albumin as a standard.

RESULTS

Previous reports have shown that the activity
of PDC and its components is affected by a
number of mono- and divalent ions and
changes in ionic strength [12-15]. In the present
study we used a newly developed two-dimen-
sional agarose gel electrophoresis technique to
investigate the effect of these ions on the con-
formation of PDC. To determine the radius of

PDC under various conditions, the enzyme
complex, together with the size markers, was
subjected to two-dimensional agarose gel elec-
trophoresis. The size line for PDC (see meth-
ods) is the dashed line in Fig. 1A. By use of the
R(6) relationship determined from the position
of the markers in Fig. 1A, a hydrated R of 22.0
+ 0.1 nm was calculated for the PDC from por-
cine kidney cortex cross-linked with glutaral-
dehyde after incubation at 0.04 M ionic
strength. The R of the PDC from kidney medul-
la was the same as that of PDC from the cortex
(not shown). The smaller spots to the left of the
major 1, 2, 3 and 4 spots in Fig.1 were formed
by dimers of PDC. This conclusion was derived
from an electron micrograph of particles eluted
from these spots [16]. The spots most to the left
of major PDC spots on Fig. 1 A, Band D were
found to be a trimer. To determine whether
multimerization of PDC was caused by across-
linking process, the cross-linking was per-
formed at PDC concentration ranging from 120
to 800 pg/ml. The percentage of PDC in mono-
mers, dimers and trimers was not altered signi-
ficantly by the alteration of protein concen-
tration (not shown). Based on this observation
we conclude that the multimers existed priorto
cross-linking.

The mobility of PDC cross-linked at high ionic
strength (I = 0.15 M) in the first dimension was
decreased compared to that of PDC fixed atlow
ionic strength (I = 0.04 M) (Fig. 1B), indicating
a reduced electronegative surface charge.
Moreover, an increase in the ionic strength
from 0.04 to 0.15 M during fixation caused a
decrease in the size of PDC by a marginal but
reproducible amount, as demonstrated by dis-
placement of the PDC spot to the right of the
size line drawn through the center of the spots
formed by PDC cross-linked in low ionic
strength media (Fig. 1B). Electrophoretic
properties of the enzyme complex fixed at 0.15
M ionic strength in the presence of 100 mM K"
were similar to those of PDC fixed at low ionic
strength (Fig. 1D). The presence of K" ions at
low concentration (20 mM) did not affect the
electrophoretic properties of PDC fixed at high
ionic strength (Fig. 1C). This suggests that K"
at 100 mM concentration prevented the induc-
tion by high ionic strength conformational
changes. The presence of CI” or KHCO3 or
NaCl at concentration of 40 mM did not change
the electrophoretic characteristics of PDC fixed
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Fig. 1. Two-dimensional gel electrophoresis of the pyruvate dehydrogenase complex cross-linked at different

ionic strength.

PDC samples were incubated and cross-linked as described in Experimental Procedures at =004 M (1), I=0.15M (2),
I =015 M and the presence of 20 mM K* (3), I = 0.15 M and the presence of 100 mM K* (4). The jonic strength was
adjusted by varying the concentration of Tris/Hepes buffer.The arrows indicate the directions of the first (I) and the
second (11 electrophoresis. The arrowheads indicate the origins of the electrophoresis. The solid and dashed lines are the
size lines for PDC fixed at 0.04 M (1) and 0,15 M (2) ionic strength, respectively. SBMV, TBSV and T3 are size markers.

at high ionic strength I = 0.15 M (Fig. 2). In
contrast, PDC fixed at 0.15 M ionic strength in
the presence of 40 mM HPO4% had electro-
phoretic characteristics similar to those of PDC
- fixed at low jonic strength (Fig. 3D), suggesting
that HPO4*" prevented the conformational
changes induced by high ionic strength.

The fluorescence emission spectra of PDC ex-
cited at 280 nm are shown on Fig. 4 The
emission intensity of PDC depended on the
ionic strength and the presence of monovalent
cations. Increasing the ionic strength to which
the enzyme complex was exposed resulted in
anincreasein the emission intensity and asmall
red shift of the emission maximum wave-
length. At 0.16 M ionic strength the maximum
emission of PDC was found at 338 nm. The
emission spectrum resulting from excitation of

PDC at 0.04 M ionic strength shows the maxi-
mum at 334 nm (Fig. 4). The fluorescence in-
tensity of PDC increased in the presence of 80
mM K*, and decreased in the presence of 80
mM Na® with no shift in the emission maxi-
mum wavelength (Fig. 5).

Changes in the ionic strength to which PDC
was exposed resulted in alteration of the ab-
sorption spectra in the 230 nmregion. The spec-
trum of PDC obtained at ionic strength of 0.04
M exhibited a peak centered at 228 nm (Fig. 6).
At 0.16 M ionic strength the PDC absorption
spectrum showed much smaller peak centered
at 234 nm. Addition of Na* (80 mM) at ionic
strength of 0.16 M had no effect on the UV
absorption spectrum of PDC (Fig. 6). Similarly
K* ions alone had no effect (Fig. 7). When the
enzyme complex was exposed to 0.16 M ionic
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Fig. 2. The effect of monovalent ions on the charge of PDC.
PDC was incubated prior to fixing at [ =004 M(1), [=0.15M (2), I = 0.15 M and 40 mM CI™(3), I = 0.15 M and 40 mM
KHCO:z (4), I =0.15 M and 40 mM NaCl (5). The arrowheads indicate the origins of the electrophoresis.

strength in the presence of 40 mM HPO4> the
absorption spectrum closely resembled the
spectrum taken at 0.04 M ionic strength (Fig, 6).
Addition of K* (80 mM) and to a lesser extent,
Na® in the presence of 40 mM HPO4Z" at 0.16
M ionic strength resulted in a higher absorption
of PDC in the 230 nm region, compared to the
absorption intensity at 0.04 M ionic strength
(Fig. 7).

DISCUSSION

The radius value (R = 22.0 nm) of PDC from
porcine kidney reported in this contribution
agrees well with the R value determined by
electron microscopy [11]. This indicates, that
the sieving on gels during gel electrophoresis
can be used to determine the size of hydrated
multimolecular complexes. The equipment
needed forquantitating sieving is comparative-
ly simple and inexpensive.

The stability of the protein native state is
known to be dependent on ionic strength [22-
24]. The data presented in this report indicate
that the radius of the pyruvate dehydrogenase
complex undergoes changes during alteration
in ionic strength to which the enzyme complex
is exposed. The change of the PDC size wasalso
accompanied by a decrease in the apparent
electronegative surface charge of the complex.
It can be seen in Fig.1B that the mobility in the
first dimension of PDC exposed to high ionic
strength I = 0.16 M was decreased compared to
the mobility of PDC exposed to low ionic
strength I = 0.04 M, indicating a reduced elec-
tronegative surface charge. The presence of K
orNa' ions (100 mM) prevented the changes of
radius and surface charge of the enzyme com-
plex, induced by alteration in ionic strength. It
is interesting that the same effect on PDC mole-
cule was observed for HPO4™ ions, despite
differences in charge of K" and HPO4%- ions.
However, these results should be interpreted
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Fig. 3. The effect of HPO4>~ on the size and charge of PDC.

PDC samples were incubated and cross-linked as described in Experimental Proceduresat [=004 M(1); 1= 0.15 M (3);
I=0.15M and in the presence: 10 mM H[‘Chz' (2), 80 mM CI™ (4), 20 mM Na* and 10 mM HPD:E' {5), 40 mM HPOy*
{6). The arrowheads indicate the origins of the electrophoresis.

with caution because glutaraldehyde fixation
itself can lead to increased electrophoretic mo-
bility of particles toward the anode [16].

The protein fluorescence is highly sensitive to
conformational changes of a protein molecule.
There are three intrinsic chromophores in pro-
teins, i.e., phenylalanine, tyrosine and trypto-
phan residues. Examination of the deduced
amino-acid sequences of human PDHa and
PDHp indicates that PDHo possesses 14 phe-
nylalanine, 14 tyrosine and 1 tryptophan
residues and PDHf possesses 8 tyrosine, 14
phenylalanine and 5 tryptophan residues [25].
Human dihydrolipoamide acetyltransferase
contains 8 tyrosine, 15 phenylalanine and 2
tryptophan residues [26]. Dihydrolipoamide
dehydrogenase from human liver contains 15
phenylalanine, 7 tyrosine and 2 tryptophan
residues [27]. In proteins that contain all three
aromatic amino acids, fluorescence is usually
dominated by the contribution of tryptophan
residues [28]. The observed small red shift of

the maximum fluorescence of PDC accompa-
nying the increase in ionic strength, may indi-
cate that tryptophan residues within the
structure of the enzyme complex are more ac-
cessible to solvent at high ionic strength. Pre-
viously we demonstrated that the activity of
PDC is affected by Na* and K* [12, 13]. The
stimulatory effect of Na* was mediated only by
a change in the Vmax of PDC, whereas K" pro-
duced an increase in Vmax and a change in the
Hill coefficient [12]. The results of the present
study show that EXEBEiHDﬂ of PDC at constant
ionic strength to K™ or Na* ions cause respec-
tively, an increase or decrease in the fluores-
cence intensity (Fig. 5). This observation
together with the kinetic data suggest that K*
ions may affect the structure of PDC in a quite
different way than does Na”.

The absorption of proteins in the 230-300 nm
range is determined by thearomatic side chains
of tyrosine, tryptophan and phenylalanine.
Conformational changes in proteins result in
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Fig. 4. Changes in the fluorescence emission spectra
of PDC induced by variation of ionic strength.
FDC was exposed to Tris/Hepes, pH 7.8, 1 mM MgClz
and ionic strength I = 0.04 M or [ = 0.16 M, as indicated.
The ionic strength of thesolutions was standardized to the
required value by varying the buffer concentration.
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Fig. 6. Changes in the UV spectra of PDC induced

by alteration in ionic strength.

PDC was exposed to Tris/Hepes, pH 7.8, 1 mM MgClz at
the indicated ionic strength and ions. The concentration
of HPOZ and Na* at I = 0.16 M was 40 and 80 mM,
respectively. Theionic strength of the solutions was stand-
ardized to the required value by varying the buffer con-
centration.
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Fig. 5. Changes in the fluorescence emission spectra
of PDC induced by Na* and K.

PDC was exposed to Tris/Hepes, pH 7.8, 1 mM MgCh
and I'=0.16 M and 80 mM K" or Na*. The ionic strength
of the solutions was standardized to the required value by
varying the buffer concentration.
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Fig. 7. Changes in the UV specra of PDC induced
by maono- and divalent ions.

PDC was exposed to Tris/Hepes, pH 7.8, 1 mM MgClz,
and constant ionic strength [ = 0.16 M and the indicated
jons at concentration: HPO®~ (40 mM), Na* (80 mM), K*
{80 mM), CT™ (80 mM). The ionic strength of the solutions
was standardized to the required value by varying the
buffer concentration.
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alterations of absorption in the 220-230 nm
region and may reflect helix-coil transforma-
tions in the proteins [29-30]. In addition,
changes of protein absorption near 230 nm may
occur due to changes in ionization of the imi-
dazole group of histidine, the thiol group of
cysteine or the carboxyl group of tricarboxylic
amino acids as it has been reported by several
workers [31-33]. These data indicate that
changes in protein absorption in the region of
230 nm can not be attributed to a single phe-
nomenon. The absorption spectra of the aro-
matic amino acids depend on the nature of the
molecular neighbourhood of the respective
chromophores. In general, a red shift of the
spectrum is observed when the polarity of the
molecular neighbourhood is decreased, and a
blue shift is observed when its polarity is in-
creased [34]. Thus, the observed decrease in the
absorption intensity and a red shift of the ab-
sorption peak that accompanied increased
ionic strength, may be due to chromophores
buried inside the nonpolar part of the enzyme
complex molecule. This process could result
from the observed changes in surface charge of
the enzyme complex and alteration in the PDC
radius. The data presented in Fig. 7 indicate
that HPO4?~ prevents the absorption changes
induced b}r alteration in ionic strength. Addi-
tion of K* (80 mM)and, to theteﬁserextent Na*
in the presence of 40 mM HPO4*~at0.16 M ionic
strengthresulted in a higher absorption of PDC
in the 230 nm region, compared to the absorp-
tion intensity at 0.04 M ionic strength. It has
been shnw-n pl‘E'-’lDllSl}' that in the presence of
HPO4>", K* and Na* exert different effects on
the activity of PDC. The presence of K* (80
mM) I:utall}r prevented the stimulatory effect of
HPO4*, whereas Na* (80 mM) inhibited the
effect of HFCM by 60% [12].

The data presented in this communication
indicate that the ions which influence pyruvate
dehydrogenase activity also affect the tertiary
and quaternary structure of pyruvate dehy-
drogenase complex, leading to changes in the
environment of the enzyme complex chromo-
phores. The reported effects of anion and ca-
tions on PDC may be significant in the kidney,
where there is a constant, dynamic, passage of
ions across the cells under hormonal regula-
tion. Several previous reports in the literature
have shown changes in intracellular ion acti-
vities in response to neural and hormonal

stimuli [35-38]. Disturbances in acid /base bal-
ance which occur during various pathophysio-
logical conditions such as diabetes, starvation
or acute and chronic renal insufficiency may
cause changes in mtracel!ular pH [39, 40] and
redistribution of K" and Na* between theintra-
and extracellular spaces [41-43]. However, on
the basis of reports in the literature of physio-
logical changes in intracellular ion concentra-
tions, it is difficult to estimate the magnitude of
such changes in different intracellular spaces,
especially in mitochondria. Nevertheless, re-
ports in the literature have shown that intracel-
lular ion heterogeneity is possible [44, 45].
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