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The self-association of Escherichiu coIi a-ketoglutarate dehydrogenase complex (KGDC) purified by a column chromato- 
graphic technique, was characterized by light-scattering photometry. The complex adopts a solution conformation somewhat 
larger than that observed in the electron microscope. The evidence suggests a nonideal indefinite self-association model for 

KGDC in KCl, phosphate buffer. The KGDC monomer has a molecular charge of about - 3 x 10’ at neutral pH. The 
self-association is promoted by increasing KC1 concentrations, pH (in the range from 6.3 to 7.4) and temperature (from 20 to 
30°C). The effects of pH changes suggest a release of protons during the self-association and a minor ‘preferential’ interaction 

of phosphate ions. For the association of one monomer to the aggregate at neutral pH and 25°C. AC” = -7.8 kcal mol-‘. 
AH0 = 24 kcal mol- ’ and AS0 = 1.1 x IO* cal mol- ’ K- ‘. These data indicate that hydrophobic interactions drive the 
association. Thermodynamically. the self-association of KGDC is a complex phenomenon and may serve to stabilize the 
enzyme complex in solution. 

1. Introduction 

The cu-ketoglutarate dehydrogenase multien- 
zyme complex (KGDC) catalyzes the reaction of 
a-ketoglutarate, NAD+ and coenzyme A to yield 
COZ, NADH and succinyl-coenzyme A. The en- 
zymatic properties and architecture of the 
Esrherichia co/i and mammalian KGDC have been 
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l * Present address: Genetics and Transplantation Biology 
Branch. National 1nstitu:e of Allergy and Infectious Dis- 
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Abbreviations: KGDC, a-ketoglutarate dehydrogenase com- 
plex; V,, void volume of column; 5,. radius of gyration; Ez, 
apparent weight average molecular weight; K,, association 
constant for dimerization; K,. association constant for indefi- 
nite self-association. 

elucidated by Reed [l], and more recently by 
Angelides and Hammes [2]. The E. coli KGDC 
consists of three enzymes. The transuccinylase 
component self-associates to form an approxi- 
mately cubic core containing 24 components, and 
to it are added 6 mol each of a-ketoglutarate 
dehydrogenase dimers and FAD-containing dihy- 
drolipoyl dehydrogenase dimer to form KGDC. 

In the investigation of the thermodynamics of 
the associations involving the three component 
enzymes of KGDC, we were confronted with a 
complex system which involves many equilibria. 
Our approach has been to characterize systemati- 
cally the interactions involved in the equilibria 
between the individual components with the hope 
of achieving therefrom an understanding of the 
entire system_ We present herein a thermodynamic 
analysis of the nonideal self-association of E. cob 

KGDC based on light-scattering measurements. 
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2. Materials and methods 2.2. Extinction coefficients and protein measurement 

2. I. KGDC isolation and prrrificution 

The enzyme was isolated from Crooks strain E. 
cd (American Type Culture Collection) aerobi- 
cally cultured to 8 g cells/l in the medium de- 
scribed by Reed and Mukherjee [3] supplemented 
with 4% glutamic acid [4] and 3% ethancl. The 
procedure used to isolate large quantities of KGDC 
from the sonicated cells partially followed that of 
Reed and Mukherjee [3] and is summarized in 
table 1. 

Because of the spontaneous degradation of 
‘pure’ KGDC solutions [6.7], the frozen KGDC 
samples were thawed at 5°C. centrifuged at 5 x 10’ 
g for 30 min. and chromatographed (in the desired 
buffer) on a Sepharose 4B column (fractions be- 
tween 1.45 and 1.65V, were taken) immediately 
prior to use. Sedimentation velocity (fig. 1) and 
agarose-polyacrylamide gel electrophoresis experi- 
ments indicate the KGDC preparation so obtained 
has less than 0.5% contaminants. KGDC used for 
all subsequent experiments was prepared by this 
procedure. 

Table I 
Purification of KGDC J 

Step 

All routine protein concentration measurements 
were spectrophotometric. The extinction coeffi- 
cients of KGDC and lysozyme were determined 
by the dry-weight method. While the procedure 
described by Edsall and Wyman [S] which requires 
drying the protein at its isoelectric pH was suitable 
for lysozyme, the precipitation of KGDC at its 
isoelectric point [3] required some additional steps 
before the dry-weight procedure could be used. A 
concentrated solution of KGDC was converted to 
its lithium salt by passage through a Bio-Gel P6 
column equilibrated with 0.5 M LiCl (pH 7.0) and 
subsequently freed of excess LiCl by passage 
through a Bio-Gel P-6 column equilibrated with 
distilled water. Atomic absorption spectrophoto- 
metric measurement of this final solution indi- 
cated an absence of the cations used in purifica- 
tion (i.e., Mg’+, Na’, K+), and the presence of 2.0 
mg Li+/g dry KGDC. Cl- was absent as indi- 
cated by the AgNO, test. 

Volume Protein Specific h KGDC R 
(ml) concen- activity recovery recovery 

tration (me) 
(me/ml) 

( I ) Sonicated cell-free suspension 1100 76 2.6 410 (100) 

(2) Supernattmt, after precipitation in 7% prommine sulfate 1.500 16 2.8 373 90 

(3) Supcmstnnt. after precipitation in 21% protaminr sulfate 1600 6 0 0 0 

(4) Recovery from three extractions of precipitate in step 3 1000 3.8 IO.9 230 56 

(5) Concentrare obtain& by ultrnfilrration over Ciaflow Xhf 300 
memhrzmc 1.50 15 18 230 

(6) Fraction centered at 1.551;, on a 3 I Sspharosc 4B 200 
c0Iumn L 600 (0.7) = 70 220 

(7) Second fractionation on Sepharosc 48 700 column’ 420 0.5 160 200 

a ‘56 g of E. c&r cell paste were used. However. 2- and 3-times this amount were also processed successfully. 

h The azsny [5] measured Fe(C&)z- reduction units = 
PmoI Fe’+ rrducrd/2 per h 

mg prorein 

56 

54 

49 

L Ths KGDC \\a), concenrrawd after chromatography hy fractional precipitation in 242 mg/mI (NH,),SO,. 
” The concentrated KGDC (hy precipitation with (NH, )-SO,) remained stable up to 3 months when kept at -80°C. 
c This concentrnlion is an estimate read from a column monitor. 
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2.3. Refractive index increment measurements 

The change in refractive index due to a change 
in the protein concentration under conditions 
where the chemical potentials of all solvent com- 
ponents are at equilibrium with the components of 
the bulk buffer solution, q * [9], was determined 
in a thermostatically controlled, calibrated [IO] 
Brice-Phoenix differential refractometer im- 
mediately after passage of the protein through an 
equilibrated, thermostatically controlled Bio-Gel 
P-6 column in the appropriate buffer. In contrast. 
e, the change in refractive index due to a change 
in protein concentration under conditions where 
the molar composition of all buffer components is 
defined. was determined by taking a vo!ume of 
protein freed of excess salt by chromatography on 
a Bio-Gel P-6 column, and adding an appropriate 
amount of concentrated buffer. The protein solu- 
tion was diluted with distilled water to the proper 
buffer concentration for measurement in the dif- 
ferential refractometer. The protein concentrations 
of the solutions were determined by absorbance 
measurement_ 

-7.4. Light-scattering measurements 

The light-scattering instrument incorporated the 
light source (a filter selected the 5460 A line) and 
mechanical components of the Brice Phoenix 2000 

Fig. 1 Schlieren pattern of the sedimentation boundary of 
KGDC (10 g/l) in 0.1 ionic strength phosphate buffer, pH 7.0, 
0.1 M KCl. and a temperature of 4°C. Sedimentation pro- 
ceeded to the right in both the initial part of the run at an 
sngular velocity of 4x IO4 ‘pm and late in the run at an 
angular velocity of 5.6 x IO“ n-pm. 

instrument, a solid-state electronic amplifier and 
integrator, and a digital readout. A 2 mm wide 
collimating slit illuminated the cylindrical cell with 
flat entrance and exit sections. Thermostatically 
controlled water was circulated through the cell 
table, cell compartment and the jacket which sur- 
rounded the cell except for a slit to allow passage 
of the light beams. The instrument’s cylindrical 
cell was calibrated at nine angles (between 35 and 
145”) with lysozyme under conditions [ 1 I] where 
its molecular weight, including 16 Cl- as counter- 
ions [12], is 14880 [13]. Hen egg lysozyme from 
Miles Laboratories (Grade V) was purified by 
chromatography on a Sephadex G-50 column im- 
mediately prior to its use. 

The solutions used in light-scattering photome- 
try were clarified by filtration through thoroughly 
washed Gelman TMC 200 or Nucleopore NO 20 
filters. The cylindrical cell was washed thoroughly 
and rinsed repeatedly with filtered water until the 
intensity of scattering at 30” was reduced to a 
reproducible minimum value. All water was re- 
moved by a small plastic tube and the sample was 

introduced into the cell through the filter. A small 
Teflon tube aliowed aspiration of the cell contents 
into the filter reservoir for subsequent refiltration. 
The cell and refiltration apparatus thus formed, in 
effect, a closed system. Several cycles usually 
yielded reproducible scattering intensities at 30”. 
Scattering intensity measurements were made at 
the nine angles for the solvent and the protein 
solutions_ Routine light-scattering measurements 
were performed on progressively greater dilutions 
of a concentrated protein solution_ Filtration of 
the clarified KGDC solutions was repeated until 
there W’IS no change in the scattering intensities at 
30°. Al! Protein concentration measurements were 
performed on dilutions of the final filtered solu- 
tions following light-scattering photometry_ Fluo- 
rescence and anisotropy corrections were found to 
be unnecessary_ 

Chemicals used for purification and measure- 
ment of the thermodynamic properties of KGDC 
were purchased from commercial sources as the 
highest quality available and dissolved in glass- 
distilled water. Protamine sulfate was purchased 
from Nutritional Biochemical Inc.; NAD+ and 
a-ketoglutarate were purchased from Sigma. 
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Table 2 
Physical properties of KGDC and lysozyme 

Species I?= 9.’ 9c Molecular weight d R, Conditionse 

KGDC 1.06 1 f 0.003 ’ 473+6 (468) ’ (2.44+-0.03)x IO6 1411 nm 0.1 fh,pH7.0,0.1 MKCl 
479+6 468t5 0.1 I. pH 6.9.0-l M KCI. 0.05 M KI 
- 460fS 0.1 I, PH 6.9.0.1 M KCl, 0.10 M KI 
492&6 465f5 0.1 I. pH 6.9, 0.1 M KCI, 0.15 M KI 

Lysozyme 2.6 I3 & 0.003 2.69 + 0.01 - 1.488XIOJg 0.5 M glycine, pH 2.5,O.l M N&l 

R The units are 1 g-’ cm-’ at a waveiength of 2770 .& for KGDC and 2800 ,-i for lysozyme. 
b All uncertainties are standard errors for the sequence of measurement producing the specific result_ Cumulative errors due to 

subsidiary measurement, e.g.. in the determination of molecular weight, are not included. 
E The units are 1 mol- ’ at a wavelength of 5460 A. 
a The units are g mol-‘. The result for KGDC was obtained by extrapolation of the indefinite self-association equation. All 

measurements were made at a wavelength of 5460 A. 
c The phosphate buffer was prepared from monohydrogen and dihydrogen phosphate salts to a buffer ionic strength of 0.1. Tht 

temperature was 25°C. 
’ This value is rhs intercept of the line fitted to the other three. 
s See the text for details on the determination of this value. 
h I = ionic strength phosphate buffer. 

3. Results 

The measured physical properties of KGDC 
and lysozyme are shown in table 2. 

3. I. Self-ussociation of KGDC 

Light-scattering photometry yields an apparent 
weight average molecular weight GG [9,14] and a 
Z average radius of gyration. R, [14] for a self-as- 
sociating system. The R, given in table 2 was 
obtained from the dependence of the intensity of 
scattered light on the observation angle (as shown 
in fig_ 2) after extrapolation at each angie to 
infinite dilution_ The magnitude of @z at any 
concentration, obtained by extrapolation to an 
observation angle of zero, depends on the extent 
of self-association and departures from ideal be- 
havior [14]. The data for KGDC shown in fig. 3 
indicate the possibility of both types of behavior. 

It is first necessary to identify the manner in 
which the KGDC self-associates. The data of fig. 3 
suggest a modest association constant. Therefore, 
we consider the two most tractable self-association 
models of dimerization [15] * 

l fhe tcI- K./M, in eq. 7 of this reference is the K, in eq. 1 
of this paper. The difference between the two equations is 
due to the choice of protein concentrations units. 

2K&= (+),(2-g) 

and indefinite self-association [ 161 

(1) 

n.+,, M,, K, and K, are the weight average molec- 
ular weight, the monomer molecular weight, the 
association constant for dimerization, and the in- 

definite self-association constant, respectively. The 
units of K are reciprocal to those chosen for the 
concentration, C. 

Values of MW are related to the apparent molec- 
ular weight, Hz, by 

where B is the second virial coefficient. For large 
molecules the size of KGDC at the pH values of 
these measurements, the second virial coefficient is 
approximated by 

B=z: 
4M+n, (4) 

in terms of the concentration of added salt, mjr 
and the charge, Z,, on the protein monomer [14]. 
For KGDC the excluded-volume effect contrib- 
utes less than 20% to B and will be disregarded. At 
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Fig. 2 A typical light-scattering photometry plot for KGDC 
showing the relationship between the reciprocal of the apparent 
molecular weight and the observation angle. The circles repre- 
sent measured values at angles between 35 and 135O relative to 
the incident light. The line is the least-squares fit to the data 
points. An equivalent plot for the smali protein lysozyme. 
would have a zero slope. The conditions are as in fig. 3: the 
wavelength of light was 5460 A. 

fixed pH, the charge of the monomer is assumed 
to be unperturbed by its association with other 
monomers. 

To distinguish between the two models, the 
self-association was studied over a IO-fold range in 
concentrations, the greatest feasible, and under 
two conditions favoring the self-association to dif- 
ferent extents. The results are given in table 3 and 
figs. 3 and 4. 

0.35 - 

O-34- 
I I 

0 0.2 0.4 0.6 0.6 1.0 1.2 1.4 1.6 
C(g/l ) 

Fig. 3 The self-association of KGDC as a function of its 
concentration in 0.1 ionic strength phosphate buffer. pH 7.0, 
0.1 M KCI, and a temperature of 25°C. The lines represent 
theoretical curves obtained by nonlinear regression analysis 
using either the dimer model (solid line) or the indefinite model 
(dashed iine). See table 3 for the parameters of these lines. 

The first group of data (A) of table 3 shows the 
results of nonlinear regression analysis [ 171 ob- 
tained when both the association constant and 
charge are allowed to vary [ 181. The second group 
(B) shows the results obtained if the systems are 
assumed to be ideal (B = 0). For comparison, the 
third group (C) shows the results of a nonlinear 
regression analysis when a common monomer 
charge is required in both buffer systems and then 
the association constant is calculated for the two 
models. 

Additional information is usually required to 
distinguish among modes of weak nonideal associ- 
ation [19]. In measuring its extinction coefficient, 
it was found that KGDC has 700 Li+ as counter- 
ions per monomer at neutral pH: the maximum 
charge of KGDC at neutral pH in the absence of 
salt is -700. In view of the tendency of proteins 
with pl valu.es similar to that of KGDC to bind 
the negative rather than the positive ions of simple 
salts (extensively reviewed in ref. 8, pp. 645-651) 
it may be reasonably inferred that KGDC bears a 
substantial negative charge under the conditions of 
our experiments_ Therefore, the requirement that 

Z, =O (from BM, = 0) which follows from the 
dimerization model suggests that in fact the pro- 
cess observed is more probably indefinite self-as- 
sociation- 

To calculate true association constants under 
various solvent conditions we follow the method of 
Paglini and Lauffer [20] who used second virial 
coefficients computed from excluded volume and 
Donnan effects to correct the apparent molecular 
weights at each concentration. For KGDC, the 
major contribution to the second virial coefficient 
is given by eq. 4, the excluded volume effect being 
small. As a practical matter, given the difficulty in 
ascertaining precise values of Z,, a ‘compromise’ 
estimate of ]Z,] = 336, to be used at neutral pH 
and all ionic strengths, was obtained from the best 
fit of the data given in table 3, group C, in the 
manner described above. Values of Z, at other pH 
values were calculated on the assumption * that 

* KGDC’s isoelectric pH and the charge relative to mass at pH 
7.0 are similar to those of bovine serum albumin. The charge 
.lf bovine serum albumin is approximately a linear function 
of pH in this range [S]. 
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the charge of KGDC is a linear function of pH solvent conditions, derived from data illustrated in 
between the isoelectric point, pH 5.7 [3], and pH fig. 5, are given in table 4. Conclusions about the 
7.0. The quantities BM,, arrived at in this manner manner in which the various solvent components 

and the resulting estimates of equilibrium con- affect the self-association of KGDC are given 
stants for indefinite self-association under various below. 

Table 3 

Computer analysis of the self-association of KGDC under different conditions 

Solvent conditions Indefinite self-association Dimerization 

Association a Nonideal term Standard b Association I Nonideal term Standard b 
constant (Kt) (2BM,) (l/g) error of constant (K,,) (2 BM,) (I/g) en-or of 

(l/g) fit (%) (l/g) fit (%) 

(A) Values for the best fit when the association constant and nonideal term can both vary c 
0.1 ionic strength d 

phosphate, pH 7, 
0.1 M KCI, 25°C 0.19 0.11 1.6 0.11 0.0014 1.9 

0.1 ionic strength c 
phosphate, pH 7.1. 
0.5 M KCI, 25°C 0.45 0.12 0.8 0.5 1 -0.0011 f 1.4 

(B) Values for the best fit when ideal behavior is assumed (2 BM, = 0) g 
0.1 ionic strength 

phosphate. pH 7.0. 
0.1 M KCI, 25°C 0.06 2.0 0.11 1.9 

0.1 ionic strength 
phosphate. pH 7.1, 
0.5 M KCI. 25OC 0.19 1.9 0.55 1.9 

(C) Values for the best fit when the charge of the KGDC complex in the two solvent systems is required to be the same h 
0.1 ionic strength 

phosphate. pH 7.0, 
0.1 M KCI, 25OC 0.20 h 0.12h 1.6 0.48 J 0.12’ 4.9 

0.1 ionic strength 
phosphate, pH 7.1. 
0.5 M KCI. 25=‘C 0.31 h 0.039 h 1.8 0.72j 0.039 J 3.3 

a Multiply these values by M, to obtain the molar association constants [ 151. 
b The standard error in the computed fit was defined as: 

l/M, i 
c This represents the best fit to the data with K, the association constant from eq. 2 and K, the association constant from eq. 1. 
’ These data are shown in fig. 3. 
’ These data are shown in fig. 4. 

100 
,Y actual & -calculated 1 

!’ 

v 
&J l/2 

number of measurements - I 

’ A negative second vnial coefficient has no physical significance and the one given is indistinguishable from zero in the present case. 
8 These results are obtained by negkt of nonideal effects (B = 0) and they are presented for comparison. The indefinite model with 

B = 0 brings on a simultaneous deterioration of the fitting at both high and low protein concentrations. 
h These results were obtained by combining the data for the two solvent conditions, allowing a different K, under the two conditions 

but requiring a single value under both conditions for the adjustable parameter Z,. the molecular charge, in finding the best fit. 
’ This is the best fit provided Z, is fixed at 336. the value estimated in the ftt of the indefinite association model for both solvent 

conditions. B is calculated by eq. 4. The data at low protein concentration are very pwrly rzpresented by the dimer model under 
these conditions. 
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Fig. 4 The self-association of KGDC as a function of its 
concentration in 0.1 ionic strength phosphate buffer. pH 7.1, 
0.5 M KCl, and a temperature of 2PC. The nonlinear regres- 
sion analysis using the two models yields indistinguishable 
lines. See table 3 for the parameters of these lines. 

4. Discussion 

4. I. Physical properties of KGDC 

The molecular weight we observed is in excel- 
lent agreement with that obtained in earlier sedi- 
mentation equilibrium studies [21] performed un- 
der conditions that suppressed the self-association. 

Table 4 

The effects of solvent components on the self-association of KGDC 

2.8 - 

2.6 - 

2.4 - 

1.6- 

0 0.1 0.2 0.3 0.4 a5 0.6 

c(g/l) 

Fig. 5 The relative apparent molecular weight OK KGDC at 
various concentrations and solvent conditions. See taale 4 for a 
description of the solvent conditions and the symbols used in 
this figure. 

Solvent Composition 

0.1 M KC1 7.25 25 
0.1 M KC1 6.8 25 
0.1 M KC1 6.3 25 
0.1 M KCI, 0.1 ionic strength phosphate 7.9 25 
0.1 M KCI, 0.1 ionic strength phosphate 7.5 25 
0.1 M KCI, 0.1 ionic strength phosphate 7.0 25 
0.1 M KCl, 0.1 ionic strength phosphate 6.5 25 
0.1 M KC!, 0.1 ionic strength phosphate 7.0 2u 
0.1 M KCI, 0.1 ionic strength phosphate 7.0 30 
0.3 M KCl, 0.1 ionic strength phosphate 6.9 25 
0.5 M KCl. 0.1 ionic strength phosphate 6.5 25 

PH T (“0 K, = (l/g) 

1.03 f 0.07 0.17 0.1-0.5 
0.33 + 0.01 0.085 0.25-O-7 
0.08 f 0.05 0.025 0.25-0.6 
0.6 I+ 0.04 0.16 0.1-c 4 
0.52 + 0.03 0.11 0.1-0.4 
0.19+0.01 b 0.057 0.1-1.7 
0.07+0.01 0.022 0.1-0.5 
0.14t0.02 0.058 0.1-0.5 
0.55 f 0.04 0.058 0.2-0.5 
0.27 f 0.04 0.025 0.1-0.5 
0.3lf0.01 0.014 0.1-0.7 

BM, = 
WE3 

Concentration 
range 
examined (g/l) 

Symbols 
used in 
fig. 5 

0 

I 

x 

0 
* 

J These results were calculated from eq. 2. 
b Table 3 has a more complete analysis of this datum. 
c See text for the calculation of these values. 
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Nevertheless, the radius of gyration of KGDC 
determined in our measurements, 14 f 1 nm, is 
larger than predicted by estimates of the molecular 
radius based on electron microscopy of the neg;l- 
tively stained KGDC (12.5 nm) [22] or the as- 
sumption of close packing of spherical compo- 
nents (11.5 nm) as described by Reed [il. A radius 
of gyration of 14 nm is consistent with the sedi- 
mentation coefficient szoWW = 40 S found by us and 
others [3]. If the commonly used solvation value of 
0.2 g solvent species bound/g protein is accepted 
[ 141 then the Stokes radius (17.3 nm) of the 40 S 
particle corresponds to a sphere having a radius of 
gyration [14] of 13.4 nm. It thus appears that 
KGDC assumes a somewhat more expanded con- 
figuration in solution than is observed by electron 
microscopy_ 

4.2. Self-association of KGDC 

Although the physiological impact of the self- 
association of KGDC is not clear, the self-associa- 
tion is substantial under physiological conditions 
(see table 1 and fig. 3), and may have an effect on 
the complex’s enzymatic activity. 

The choice of indefinite self-association over 
dimerization as the model describing the behavior 

of KGDC under the conditions of our experiments 
was suggested by the estimate of Z, = -700 as an 
upper limit at neutral pH in the absence of added 
salt and the probability that a substantial portion. 
at least. of :his charge was retained in the presence 
of salt. The dimerization model is incompatible 
with such a charge or even with Z, = -200 to 
-400 calculated by means of the indefinite self- 
association model (table 3). The small magnitude 

of BM, relative to K,, the limited precision with 
which BM, was measurable. and the unavailability 
of independent measurement of Z, in the presence 
of added salt, led us to adopt a single value of Z,, 
calculated from combined measurements in 0.1 

and 0.5 M KC1 at neutral pH and 25°C. The 
equilibrium constants given in table 4 were devised 
with the aid of a calculated second virial coeffi- 
cient [20,23] based on this value of Z, = -336 at 
pH 7 and an assumed linear variation of the 

charge of KGDC with pH. The assumption had a 

significant effect only upon the variation of the 

self-association with pH. Fortunately, in these cases 
the relative contribution of the correction for non- 
ideality was small (17-30%) compared to the as- 
sociation constant [24] and did not vary markedly 
with pH_ 

The nature of the forces driving the self-associa- 
tion of KGDC is indicated by the effect of temper- 
ature changes on the association constant. The 
vsn’t Hoff AH” equals 24 f 7 kcal/mol- ’ mcno- 
mer added at pH 7.0 and 0.2 ionic strength. Under 
these conditions GO equals - 7.8 kcal mol- ’ and 
AS“ = 1.1 X lo2 cal/mol-’ K-‘. The signs of AN” 
and AS” are indicative of hydrophobic bonding. 
Ion-pair formation, a possible alternative explana- 
tion [25,26], should be weakened by increasing 
electrolyte concentration. As the opposite is ob- 
served, this mechanism is unlikely. The magni- 
tudes of AGO. AH” and AS” are not extraordinary 
compared to the association of tobacco mosiac 
virus protein [20] or chymotrypsin [ 151, nor are the 
signs unusual for associating systems [26]. The 
values of AZ-i” and AS” may indicate modest rather 
than very extensive regions of interaction between 
the KGDC molecules. 

In addition to nonspecific hydrophobic interac- 
tions, the effect of pH upon the KGDC self-as- 
sociation may indicate the involvement of specific 
groups in the association. Experiments performed 
under conditions that eliminate contributions due 
to buffer ion concentration changes indicate 
(a In K/El In H+),_,= Av,+= - 1.12 f 0.07 over 
the pH range 6.2-7.4 ( HC, activity of protons; I, 
ionic strength). This value of Av,,-, which implies 
a release of one proton per protomer added to the 
aggregate [27], differs slightly from the result ob- 
tained in the presence of phosphate buffer compo- 
nents where (a In K/a In H*),_, = 0.87 f 0.07 over 
the same range. The difference between these two 
results, 0.25 f 0.10, suggests a minor ‘preferential 
interaction [28,29] of phosphate ions with KGDC. 

The effect of KC1 on the association of KGDC 
is more difficult to interpret: the effect may be due 
to preferential or electrostatic interactions. Our 
experiments measured [28] Av,c,(pref) = 
<a In K/a In KC/),, = 0.27 -C 0.02. This value of 
Av,c,(pref) may reflect binding of KCI, release of 
water during the association, or both. An electro- 
static interpretation of the effect of added KC1 on 
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the association [ 14,301 requires the assumption of a 
geometry for the KGDC molecule. An approxima- 
tion of the complex geometry of KGDC [1,22] by 
a hard sphere or a solvent-permeated sphere model 
[14] yields quite different estimates of the charge, 
- 100 for the former and -600 for the latter. 
(Note that the charge estimate of - 336 calculated 
from the second virial coefficient is bracketed by 
these two values.) From the data it is not possible 
to choose between preferential interaction or the 
electrostatic effect as the correct interpretation of 
the influence of KC1 on the self-association [31]. 
Nevertheless, Av,,(pref) is an operationally use- 
ful quantity in that it permits convenient computa- 
tion and prediction of the effect of KC1 on the 
association. 

The self-association of KGDC molecules by the 
indefinite model suggests multiple sites of interac- 
tion on the surfaces of these molecules. These sites 
may be important in the cellular localization of 
KGDC, for example on hydrophobic structures. 
From a thermodynamic point of view, the self-as- 
sociation stabilizes the KGDC in solution, thus 
hindering the dissociation of the KGDC molecule 
into its component enzymes and so perhaps serv- 
ing a useful function to the cell. 

The complexity and subtlety of even this sim- 
plest of the equilibria that govern the formation 
and function of KGDC highlight the care that is 
required in the analysis of the properties of the 
many physiologically important large multi-en- 
zyme complexes. 
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