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Summary 

Quasi-elastic or dynamic light scattering has been used to examine the trans- 
lational diffusion properties of  the enzyme pyruvate oxidase (pyruvate:ferri- 
cytochrome b, oxidoreductase,  EC 1.2.2.2.). Controlled proteolysis of  the 
enzyme converts the native form of  the enzyme to a protease-activated form 
which has a specific activity about  20-fold greater than the native oxidase. 
Light scattering studies indicate no significant change in the size or shape of  
pyruvate oxidase as a result of  this proteolyt ic  activation. In both cases the 
enzyme may be characterized as a hydrated sphere with a Stokes radius of 
about  53 A. The sedimentation velocity<liffusion technique was used to obtain 
the molecular weight of  this tetrameric enzyme, about  252 000 with a value of 
f/fo of 1.25. 

Introduction 

Pyruvate oxidase (pyruvate:ferr icytochrome b I oxidoreductase,  EC 1.2.2.2.) 
from Escherichia coli is a flavo-enzyme which catalyzes the oxidative decar- 
boxylat ion of  pyruvate to acetate plus CO2 [1--4].  The native oxidase has 
been characterized as a tetramer consisting of  four similar or identical subunits. 
The subunit  molecular weight is about  60 000 [4]. This enzyme is a peripheral 
membrane enzyme which can be released from the bacterial membrane by 
sonication and purified to homogeneity.  The specific activity of  the pure 
enzyme can be stimulated more than 20-fold when assayed in the presence of  a 
variety of  lipids. Apparently this enzyme exists in a membrane-bound form 
with a high specific activity, and in a water-soluble form which has a low speci- 
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fic activity. Alternatively the oxidase can be modified by trypsin to yield a pro- 
tease-activated form of the enzyme which has the same specific activity and 
kinetic properties as the lipid-activated oxidase [5]. Pyruvate oxidase repre- 
sents an excellent system for studying the role of lipids in activating membrane 
enzymes, and in studying the energetic interrelationships between protein- 
ligand, protein-protein and protein-lipid interactions. The study of the pro- 
tease-activated form of pyruvate oxidase has been initiated in the hope of gain- 
ing insight into the nature of the membrane-bound or lipid-activated form of 
the enzyme. 

In this paper the hydrodynamic properties of the native and protease-acti- 
vated oxidase axe compared in order to determine whether protease activation 
results in any large changes in the size and shape of the enzyme. Quasi-elastic 
light scattering was used to determine the translational diffusion coefficient of 
both forms of the oxidase. In addition, the sedimentation velocity-diffusion 
method was used to obtain a revised molecular weight of the native pyruvate 
oxidase. 

Materials and Methods 

Pyruvate oxidase. Pyruvate oxidase was prepared from Escherichia coli 
W-191-6 according to procedures previously described [4]. The final prepara- 
tions were characterized by sodium dodecyl sulfate gel electrophoresis as being 
homogeneous. Enzyme activity was determined using the dichloroindophenol- 
reductase assay as previously described [2,4]. A ferricyanide-reductase assay 
was also employed. The pure enzyme preparations had specific activities rang- 
ing from 4500 to 6000 decarboxylase units per mg [1]. 

Trypsin activation. The conditions for trypsin activation of pure pyruvate 
oxidase axe essentially the same as originally described by Hager for partially 
purified preparations [5]. The critical feature is that the presence of both the 
substrate (pyruvate) and cofactor (magnesium thiamin pyrophosphate) is 
required for protease activation. The specific activity of the oxidase was moni- 
tored after the addition of trypsin (Worthington) and when this reached the 
maximum value, soybean trypsin inhibitor (Miles) was added to stop the reac- 
tion. The ferricyanide-reductase assay was used to monitor protease activation. 

Sample preparation. Due to problems relating to protein solubility, the 
native and protease-activated forms of pyruvate oxidase were examined under 
slightly different solution conditions. The native enzyme was examined in 
0.1 M sodium phosphate, pH 5.7. This is the pH optimum for both enzyme 
activity and stability. The protease-activated oxidase was examined in a buffer 
consisting of the following: 0.1 M sodium phosphate, 0.1 M sodium pyruvate, 
0.02 M magnesium chloride and 5 mM thiamin pyrophosphate at pH 5.7. All 
solutions were filtered three or four times through 0.22 pM Millipore filters 
which had been washed in the appropriate buffer. This was effective at remov- 
ing dust particles and resulted in no loss of enzymatic activity. Protein concen- 
tration was generally in the range 0.2 to 1.2 mg/ml. For all measurements sev- 
eral different enzyme preparations were examined. 

Light scattering. Details of the theory and instrumentation are available in 
several reviews of this technique [6--8]. These experiments were performed 
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using the homodyne  (self-beat) method with an Ar + laser as a source of incident 
monochromatic  light. The photocurrent  was analyzed by a Federal Scientific 
UA-15A spectrum analyzer, and the output  was averaged using a Federal Scien- 
tific 1015 averager. The resulting spectrum was fit to a single Lorentzian by a 
nonlinear least-squares procedure. In all cases the standard deviation was less 
than one percent. The half-width of this Lorentzian was used to compute the 
diffusion coefficient. 

The physical basis of this technique is that  laser light scattered from solu- 
tions of macromolecules is Doppler-broadened by Brownian motion.  In the 
case of spherical particles, the spectrum of the scattered light is Lorentzian 
with half-width equal to D K  2 where D is the translational diffusion coefficient 
of the macromolecule and K is the magnitude of the scattering vector 
which is given by the formula K = (41rn/~o)sin(O/2) where n is the refractive 
index of  the solution, ~0 is the incident vacuum wavelength, and 0 is the scat- 
tering angle. Measurements of the half-width at half-height of this spectrum 
lead to a direct determination of D. This technique is applicable to particles of 
virtually any size barring complications due to the effects of rotational diffu- 
sion. For these experiments all samples were maintained at (20 + 0.1)°C. 
Homodyne  spectra were collected for observed scattering angles ranging from 
45 ° to 135 ° . The accuracy of the measurements was examined by measuring 
the homodyne  spectrum for a sample of polystyrene latex spheres known to be 
910'+ 60 £ in diameter (Dow Chemicals, Run No. LS-1132-B}. 

Sedimenta t ion  velocity.  Sedimentation coefficients were obtained by mea- 
suring the sedimentation velocity using a Spinco Model E ultracentrifuge 
equipped with ultraviolet absorption optics. All measurements were made with 
a single-sector cell in an AN-D rotor at a rotor speed of 59 780 rev./min and a 
temperature of (20 + 0.2)°C over a period of  about 1 h. Photographs were usu- 
ally taken about every 4 min. A Joyce-Loebl microdensitometer was used to 
obtain tracings of the photographs from which the boundary velocity was 
determined. The sedimentation coefficient was determined using standard pro- 
cedures [ 9 ]. 

Values of both the diffusion coefficient and the sedimentation coefficient 
were determined at several different protein concentrations and extrapolated to 
infinite dilution. The molecular weight of pyruvate oxidase was calculated 
using the following equation [9] : 

R TS~2o,w 
Mr= 

D~0,w(1 -- psO) 

where /~ = 8.314 • 107 erg • mo1-1 • degree -1 and T = 293°K. The value of the 
solution density, Ps, was estimated to be 1.008 g/cm 3 [10]. The value of the 
partial specific volume of pyruvate oxidase, ~, has been previously determined 
by Williams and Hager to be 0.75 cma/g [1]. All values of the sedimentation 
coefficient and diffusion coefficient were corrected for both solvent viscosity 
and density according to standard procedures. Relative viscosity measurements 
were made using an Ostwald viscometer. The sedimentation constant of pro- 
tease-activated pyruvate oxidase was not  determined. The large amount  of 
thiamin pyrophosphate required for protease activation made this solution 
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optically dense in the ultraviolet and hence necessitated the use of significantly 
higher protein concentrations. Attempts  to remove the thiamin pyrophosphate 
led to difficult solubility problems of  the protease-activated pyruvate oxidase. 
Conversely, there were considerable solution and stability problems encoun- 
tered in attempting to study the native enzyme in the presence of  pyruvate and 
thiamin pyrophosphate.  

Results 

Light scattering. A typical light scattering spectrum taken at 90 ° is shown in 
Fig. 1. Also shown in this figure is the best theoretical curve used to fit this 
data assuming a single Lorentzian. The angular dependence of the light scatter- 
ing spectrum for both polystyrene latex spheres and native pyruvate oxidase 
solutions is shown in Fig. 2. The half-width at half-height is plotted against the 
square of  the scattering vector. It can be seen that  in both cases the predicted 
linearity is obtained. The diffusion coefficient for the polystyrene latex spheres 
determined in this manner is 4.68 + 0 . 0 4 . 1 0  -7 cm 2 • s -1. This compares with 
the value of 4.72 • 10 -7 cm 2 • s -1 calculated for spherical particles of  this size 
u s i n g t h e  Stokes-Einstein equation [9]. In Fig. 3B the concentration depen- 
dence of the diffusion coefficient of  pyruvate oxidase is shown. There is a small 
negative dependence of  D~o,w with increasing protein concentration. The value 
of the diffusion coefficient extrapolated to infinite dilution is 4.05 + 0.1 • 10 -7 
cm 2 • s -1. This corresponds to a Stokes radius of  about 53 A. 

A typical time course for the trypsin activation of  purified pyruvate oxidase 
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Fig. 1. Spectrum of  the  photocurrent  for l ight scattered at 0 = 90 .0  ° b y  1 .13  m g / m l  native pyruvate  oxi- 
dase  in 0.1 M s o d i u m  phosphate  buffer ,  p H  5.7.  Data was  averaged for a b o u t  20 min .  The exper imenta l  
hal f -width at half-height is 6 .48  KHz .  The  s m o o t h  curve (4 4)  r ep resen t s  a calculated Lorentz ian  
and the rough curve ( o  o) is  the  e x p e r i m e n t a l  curve .  
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Fig. 2. Dependence  o f  the observed half -width at half-height o n  K s for native pyruvate  ox idase  (P.O.) and 
po lys tyrene  latex  spheres (PSLS).  Each po int  represents  the average o f  at least three determinat ions .  

Fig. 3.  (A)  Concentra t ion  dependence  o f  the sed imenta t ion  coef f i c ient  o f  native pyruvate  ox idase  in 
0.1 M s o d i u m  phosphate  buffer ,  pH 5.7 .  (B) Concentrat ion  dependence  o f  the d i f fus ion  coef f ic ient  o f  
native pyruvate  oxtdase  in 0 .1  M s o d i u m  phosphate  buffer ,  pH 5.7 .  The  d i f fus ion  coef f ic ient  o f  protease-  
activated pyruvate  ox idase  at one  concentrat ion  is also indicated.  The error bar s h o w s  the deviat ion  for 
measurement s  made  o n  four  dif ferent  preparat ions .  
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Fig .  4 .  T i m e  course  o f  the  tryps in  ac t iva t ion  o f  pyruvate  ox idase  at r o o m  t e m p e r a t u r e .  A t  t = 0 ,  tryps in  
was  added to  start the  r e a c t i o n  and at the  indicated  t i m e s  a l iquots  w e r e  r e m o v e d  and assayed using the  
ferr ieyanide-reductase  assay.  The  f inal  m i x t u r e  c o n t a i n e d  the  f o l l o w i n g :  0 .1  M s o d i u m  p h o s p h a t e ,  0 . 1  M 
s o d i u m  pyruvate ,  5 m M  t h i a m i n  p y r o p h o s p h a t e ,  2 0  m M  m a g n e s i u m  chlor ide ,  0 . 5  m g / m l  py~uvate  ox idase  
and 1 0  ~ g / m l  trypsin .  
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T A B L E  I 

S U M M A R Y  O F  T H E  H Y D R O D Y N A M I C  P R O P E R T I E S  O F  P Y R U V A T E  O X I D A S E  

N a t i v e  e n z y m e  0 10 .1  S s20,w 
D~0,w 4 . 0 5  • 1 0  - ' /  c m  2 " s -1  

fifo 1 . 2 5  

M r 2 5 2  0 0 0  

Protease-activated e n z y m e  D20 ,w  4 .1  • 1 0  - 7  c m  2 • s -1 

is illustrated in Fig. 4. After about  one hour under these conditions the specific 
activity of  the enzyme increased about  20-fold. The diffusion coefficient was 
determined for several different enzyme preparations treated in this way. The 
diffusion coefficient of  the protease-activated oxidase was virtually identical to 
that  of  the native enzyme within the uncertainty of  the measurements.  The 
average value of  D20,w for four  different preparations is 4.1 + 0.04 • 10 -7 cm 2 • 
s -1. This is also shown in Fig. 3B. The angular dependence of  the light scatter- 
ing again is consistent with a single, compact  scattering particle (not  shown). 

Sedimentation of velocity. The sedimentation coefficient of  native pyruvate 
oxidase was determined at several concentrations of  protein. The results are 
shown in Fig. 3A. With increasing concentrations of  pyruvate oxidase, there is a 
slight increase in the sedimentation coefficient. The value of  S2o.w extrapolated 
to infinite dilution is 10.1 S. This compares with the earlier value reported by 
Williams and Hager of  11.5 S. Using these values of  s°0,w and 0 D20.w the molec- 
ular weight of  native pyruvate oxidase was calculated to be 252 000. With this 
value for the molecular weight the value of  fifo was calculated where f0 is the 
frictional coefficient for translational mot ion assuming the protein to be an 
anhydrous sphere. This ratio of  frictional coefficients for native pyruvate oxi- 
dase is 1.25. The hydrodynamic data for pyruvate oxidase are summarized in 
Table I. 

Discussion 

The major motivation for this work was to compare the hydrodynamic  
properties of  pyruvate oxidase prior to and subsequent  to protease activation. 
This enzyme has the very unusual property that  under certain conditions its 
specific activity is increased by more than 20-fold due to a proteolyt ic  modifi- 
cation by trypsin. Several other  proteases can also activate pyruvate oxidase 
under the same conditions [11 *]. The original observation of  this phenom- 
enon was made using an impure enzyme preparation. Subsequent  work by  
Sweeney [ 12 ] and Poludniak [ 11 ] indicated a possible expansion or swelling of  
the enzyme after protease activation. It was felt that  this would be a research 
problem to which quasi-elastic light scattering could be applied. The method is 
rapid, non<lenaturing, and does no t  require large amounts  of  material for a 
protein of  this size. No evidence of  expansion or swelling of  the enzyme was 
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found. In the course of this work the hydrodynamic  properties of native pyru- 
vate oxidase were reexamined and extended beyond the previously reported 
work. 

Earlier work by Williams and Hager [1] determined that the native enzyme 
molecular weight was 285 000 as determined by the Archibald method of  
sedimentation equilibrium. On the basis of  the flavin (FAD) content  the 
value of 266 000 was obtained for the molecular weight of  the native tetramer.  
The value of the molecular weight using the sedimentation velocity-diffusion 
technique employed in this work is consistent with this value and with the sub- 
unit molecular weight recently estimated to be 60 000 to 65 000 [4]. The rea- 
son for the somewhat  higher values of  both the molecular weight (sedimenta- 
tion equilibrium) and sedimentation coefficient previously reported [1] is no t  
clear. However, it should be noted that  there is a negative dependence of the 
diffusion constant  and a positive dependence of the sedimentation coefficient 
with increasing oxidase concentrat ion in the concentrat ion range employed for 
this work (Fig. 3). This may indicate a tendency for the native enzyme to 
aggregate at the higher concentrations (2 to 20 mg/ml) used in the previous 
work. Houghton and Swoboda [15], in a short note, reported that  the sedi- 
mentat ion of  native pyruvate oxidase was reasonably independent  of protein 
concentrat ion between 1--5 mg/ml. The molecular weight was estimated to be 
236 000. Experimental details were not  given. It appears that  buffer  condi- 
tions, in particular, the presence of the enzyme cofactor and substrate can 
influence the tendency of this membrane enzyme to aggregate in solution. 

The angular dependence of the light scattering (Fig. 2) and the value of  f/fo 
of 1.25 is consistent with the hydrodynamic  model of  pyruvate oxidase as a 
hydrated sphere. These data do not, however, distinguish between the possible 
symmetries of this tetrameric enzyme,  i.e., square planar or tetragonal. This is a 
question of  particular interest for pyruvate oxidase because this enzyme is 
thought  to interact with and bind to the surface of lipid bilayers and mem- 
branes, but  it is not  known how many of the subunits are involved in this inter- 
action. 

The light scattering data indicate that  under the experimental conditions 
employed,  there are no significant differences in the translational diffusion 
properties of the native and the protease-activated forms of the enzyme. The 
state of protein association for both unactivated and activated pyruvate oxidase 
under  buffer  conditions and at the low protein concentrations used in the 
enzyme assay (5--50 pg/ml) is currently being investigated. The data in this 
report  make it appear probable that  the activation of this enzyme by either 
lipids or by proteolysis does not  involve changes in quaternary structure, i.e., 
dissociation or aggregation of  pyruvate oxidase. This work also implies that  no 
large peptides are being removed from the enzyme upon protease activation. 
This is consistent with the observation [11 *] that  the subunit molecular 
weight of  pyruvate oxidase is only reduced by approximately 10% upon pro- 
tease activation (60 000 to 55 000). The light scattering data, however, does 
not  clearly distinguish whether  this small peptide, estimated to be about 5000 

* S e e  f o o t n o t e  p .  4 7 .  
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daltons, is removed from each subunit. A reduction in the size of  pyruvate oxi- 
dase by about 10% would result in an increase in the diffusion coefficient by 
only about 3%. This is just slightly larger than the uncertainty in these mea- 
surements. It does seem likely from these data, however, that the clipped por- 
tions of pyruvate oxidase do not dissociate from the main body of  the enzyme 
upon proteolysis. 
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