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S U M M A R Y  

The function of the essential thiol group in propionyl-CoA carboxylase (pro- 
pionyl-eoA:CO 2 ligase (ADP), EC 6. 4.1.3) has been investigated kinetically with the 
use of N-ethylmaleimide as the thiol blocking reagent. The inhibition of the enzyme 
was first order with respect to time and inhibitor concentration. From the data 
obtained it was concluded that  only one molecule of N-ethylmaleimide reacted with 
the enzyme. The rate of inhibition remained constant between pH 7.o and 8.o then 
increased very rapidly with increasing pH. The inflection point at pH 8.2 in the 
pKm/pH plots indicated that  the thiol group was involved in forming the enzyme- 
propionyl-CoA complex. This was confirmed by a kinetic analysis of the chemically 
modified enzyme which showed that  the apparent Km value for propionyl-CoA in- 
creased while the values for ATP and HCO s remained constant. By measuring the 
rate constant of the inactivation process in the presence of varying propionyl-CoA 
concentrations, it was concluded that  the inhibitor could not react with the enzyme- 
propionyl-CoA complex. The dissociation constant for the complex was o.25 mM. 

INTRODUCTION 

Previous studies carried out with pig heart propionyl-CoA carboxylase (pro- 
pionyl-CoA:CO2 ligase (ADP), EC 6.4.1.3) have indicated that  the enzyme is de- 
pendent on the presence of at least one free sulphydryl group for enzymic activity 1. 
The evidence for this is that  reduced glutathione is necessary to maintain enzymic 
activity and that  sulphydryl reagents such as N-ethylmaleimide, iodoacetamide and 
p-hydroxymercuribenzoate inactivated the enzyme. Indications are that  the cysteine 
residue may  be at or near the active centre of the enzyme since HEGRE AND LANE e 
using liver propionyl-CoA carboxylase showed that  propionyl-CoA and propionyl- 
pantetheine partially protected against the inactivation process. Other components 
of the reaction mixture did not protect against the sulphydryl group inhibitors; in 
fact, ATP and Mg 2+ appeared to increase the rate of inactivation. 

The sulphydryl groups of many  enzymes are known to react with sulphydryl 
reagents yielding a catalytically inactive product. In most cases it is not clear whether 

Biochim. Biophys. Aeta, 146 (i967) 576-583 



THE ESSENTIAL THIOL GROUP OF PROPIONYL-CoA CARBOXYLASE 577 

an essential group in the active site has been blocked or whether the reaction with 
a group or groups elsewhere in the protein has caused conformation changes that  
have led to an inactive enzyme. This report describes a series of studies showing 
that  the cysteine residue is involved in the reaction sequences and is a binding amino 
acid for propionyl-CoA rather than a catalytic or structural residue. 

METHODS AND MATERIALS 

Propionyl-CoA carboxylase was purified from pig heart by a method modified 
from that  described by TIETZ AND OCHOA 1. Enzyme assays were performed using 
the 14C02 fixation method 1. The reaction mixtures were incubated at 30 ° and enzymic 
activity terminated by the addition of 0.4 vol. of lO% trichloroacetic acid. After 
centrifuging, aliquots of the protein-flee supernatants were dried on Whatman 3MM 
paper discs 3 and counted in a Packard Tri-Carb scintillation spectrometer. Each 
assay was counted in triplicate. All double reciprocal graphs and straight lines were 
determined by  the method of least squares. 

Barium E~aClcarbonate was obtained from the Radiochemical Centre, Amers- 
ham, Bucks, U.K., and 14CQ distilled from HC104 into an equivalent amount of 
NaOH. Reduced glutathione, ATP and CoA were purchased from Sigma Chemical Co., 
St. Louis, Mo., U.S.A. Other reagents were analytical grade. Propionyl-CoA was 
prepared by the method of SIMON AND SHEMIN4; the propionyl-CoA was treated 
chromatographically by  the method of ZETTERSTROM AND LJUNGGREN 5, and the 
purified compound eluted with I/~M EDTA (pH 7-6). The concentration of the solution 
was adjusted to the required molarity using the molar absorptivity at 259 m#. 

RESULTS 

Order of inactivation with respect to time and N-ethylmaleimide concentration 
Fig. I shows the percentage of propionyl-CoA carboxylase activity plotted as 

a function of t ime on a semi-log scale for various N-ethylmaleimide concentrations. 
The linearity of the plot down to 20% of the initial enzymic activity indicates that  
the inactivation process approximates first-order kinetics with respect to t ime at 
any fixed concentration of this inhibitor. The same data replotted and presented in 
Fig. 2 shows that  the inactivation process is first order with respect to the N-ethyl- 
maleimide concentrations used in this investigation. 

Since the plot of log of enzymic activity against t ime is linear during the loss 
of a major portion of the activity (Fig. I) then the initial slope of such a plot gives 
an approximation of the first-order rate constant k. LEVY,  LEBER AND RYAN 6 showed 
that  the apparent  first-order rate constant depends on the concentration of the 
inhibitor and may  be expressed by  the following equation, 

k = k '  Unhibi tor]n  

where n is a number equal to the average order of the reaction with respect to the 
concentration of the inhibitor and k' is some function of inhibitor concentration. 
Taking logarithms of both sides of the equation leads to: 

log k = log k" + n log Einhibitor] 
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Fig. I. The rate of inhibition ofpropionyl-CoA carboxylase with varying concentrations of N-ethyl- 
maleimide. Enzyme (200 #g) was incubated with N-ethylmaleimide contained in I ml of 0.05 M 
Tris-HC1 buffer (pH 8.0) at 22 °. Aliquots of 0.05 ml were taken at various time intervals and 
assayed. The reaction mixture also contained 1% bovine serum albumin and reduced glutathione 
o.oi M. The concentrations of N-ethylmaleimide used were 2 mM (O--O),  I mM (A--A), 0.75 mM 
([7--[7) and 0. 5 mM (m--I). Log percent activity was plotted against time. Appropriate controls 
were necessary since enzymic activity decreased slightly under these conditions. 

Fig. 2. The pseudo first-order kinetics of the inactivation with respect to N-ethylmaleimide. The 
half-time (t0.5) was obtained from the data shown ill Fig. I. The reciprocal of the half-time was 
plotted against N-ethylmaleimide concentration. 

Therefore, the order of the reaction can be experimental ly  est imated by  deter- 
mining  k at a number  of different inhibi tor  concentrat ions and a plot of log k against  
log of inhibi tor  concentrat ion will have a slope of n. 

Fig. 3 shows the values obta ined in Fig. i plot ted in this manner .  The reciprocal 
of the half-t ime for inact iva t ion  has been used rather  than  k. SCRUTTON AND UTTER 7 
point  out tha t  al though this process introduces a constant  it  has no effect on the 
slope. The points  fit a straight line with a slope of I.O. This is t aken  to indicate tha t  
when inact iva t ion  occurs, only one molecule of N-ethylmaieimide reacts with one 
mole of propionyl-CoA carboxylase. Using a similar technique, LEVY, LEBER AND 
RYAN ~, concluded tha t  3 moles of 2,4-dinitrophenol b ind  to I molecule of myosin  
causing inact ivat ion.  SCRUTTON AND UTTER 7 obtained a value of 1. 4 for the slope 
of a similar plot when they studied the inact iva t ion  of pyruva te  carboxylase by  
avidin. They  concluded tha t  at least 2 molecules of avidin were involved in the 
process. 

Effect of pH on the apparent Km and Vm~x. values 
Apparent  Michaelis constants  were calculated from a series of double reciprocal 

plots obtained at various pH values using propionyl-CoA as the variable substrate.  
Fig. 4 shows a plot of log (I/Km) against  pH. The impor tan t  feature of the pH profile 
is the d iminut ion  of the pKm in the pH range where the enzyme exhibits m a x i m u m  
activity.  This indicates a pH dependence of Km when Vmax. or velocity (v) at high 
substrate  concentra t ion is independent  of pH. From the theory of DIXON s, the 
inflection at pH 8.2 is due to the change in ionization of the enzyme-subs t ra te  
complex. This in terpre ta t ion  is applicable if the enzyme forms a single enzyme-  
subst ra te  intermediate.  If, on the other hand,  a number  of enzyme-subs t ra te  corn- 
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Fig. 3. Determinat ion  of the order of the reaction between propionyl-CoA carboxylase wi th  respect  
to N-ethylmaleimide.  The data  were those of Fig. I plot ted as log10 of the reciprocal of the half- 
t ime of inact ivat ion against  log10 concentrat ion of N-ethylmaleimide.  

Fig. 4. Apparen t  Km for propionyi-CoA calculated at  different p H  values. The reaction mix ture  
was as described in METHODS AND MATERIALS and Tr is -HCl  buffer was used throughout .  The 
reaction mixtures  were incubated with 15/~g enzyme (spec. act. 2.o) for IO min at  3 o°. The Km 
and Vmax. values for propionyl-CoA were calculated f rom Lineweaver -Burk  plots. 

plexes are formed, the experimentally derived value for Kra then represents a complex 
kinetic function and the change in Km with pH may instead reflect a change in the 
rate controlling step. 

Effect of pH on the rate of loss of activity 
Although previous workers have indicated that a reactive sulphydryl group 

is required for propionyl-CoA carboxylase activity, the pKa value of 8.2 obtained in 
Fig. 4 could not be taken as positive proof that the ionization was due to the SH 
group. The pKa value of an SH group is markedly dependent on the electric field 
present, that  is, on the vicinal ionic groups. The pKa value for the SH group may 
vary between 7.2 and 8. 5 when it is situated near a positively charged group 9. The 
value may vary between 8.5 and 9.2 if there is no electric field in the vicinity of the 
group while if the group is in close proximity to a negatively charged group, the 
pKa value may vary between 9.2 and lO.2. Therefore, to positively identify the 
ionization at pH 8.2 as being due to a sulphydryl group, a series of experiments were 
carried out to determine the rate at which the thiol reagent (N-ethylmaleimide) 
would react with the enzyme at varying pH values. The rationale here is that the 
rate at which N-ethylmaleimide reacts with the thiol group will depend on the state 
of ionization of this group. 

Alkylation of the enzyme followed first order kinetics with respect to inhibitor 
concentration (Fig. 2). Therefore, the apparent rate constant for the loss of enzymic 
activity was determined over the pH range from 7.2 to 8.8 (Fig. 5). I t  can be seen 
that when the rate constant (or i/t0.5) of inactivation of propionyl-CoA carboxylase 
activity by N-ethylmaleimide was plotted as a function of pH, the rate of inacti- 
vation remained constant as the pH increased to pH 8.0. At higher pH values the 
rate of inactivation increased rapidly. The increase in the rate of inactivation at 
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Fig. 5. Ra t e  of  inhib i t ion  of propionyl-CoA carboxylase  wi th  N - e t h y l m a l e i m i d e  a t  v a r y i n g  p H  
values.  The  inhib i tor  procedure  was as descr ibed in Fig. I u s ing  a concen t ra t ion  of  N-e thy l -  
male imide  0. i  raM. Tr i s -HCI  buffers were used t h r o u g h o u t .  The  reciprocal  of  ha l f - t ime  of  in- 
ac t iva t ion  was p lo t ted  aga ins t  pH.  

Fig. 6. Kine t ic  c o n s t a n t s  for N a H C O  3 in t he  chemical ly  modified enzyme.  E n z y m e  (600 fig) was 
i ncuba t ed  in i ml con ta in ing  o. i  mM  N - e t h y l m a l e i m i d e  in 0.05 M Tris-HC1 (pH 8.0) a t  22 °. 
Al iquots  of  the  e n z y m e  (0.2 ml) were r emoved  a t  o, 5, io, 15 rain and  the  modif icat ion s topped  
by  di lu t ion in 1% bovine  s e r u m  a l b u m i n  and  o.oi  M reduced g lu ta th ione .  The  modified enzyme  
was  t h e n  assayed  us ing  v a r y i n g  a m o u n t s  of  N a H C O  3. Double  reciprocal  plots  of  d a t a  ob ta ined  
af te r  modif icat ion for t ime  o ( O - - O ) ;  5 rain ( [ ] - - IN) ;  io m in  ( . - - I ) ;  and  15 rain ( & - - A ) .  

pH values above 8.o indicates that the reactive amino acid residue is undergoing an 
ionization change at this point and that the inhibitor reacts more readily with the 
ionized form. VIRDEN AND WATTS 10 obtained a similar result when they inhibited 
arginine kinase with iodoacetamide. Furthermore, I-IOLLAWAY, MATHIAS AND RABIN 11 
found that the free thiol group in ficin reacts with an equimolar concentration of 
iodoacetamide at a rate too fast to measure above pH 8.2. 

Effect of chemical modification of the active site 
ZERNER AND BENDER 12 and KNOWLES 13 have shown that kinetic studies may 

define the role of a particular amino acid in an enzymic reaction. Chemical modifi- 
cation of binding amino acids may cause changes in the apparent Km value for a par- 
ticular substrate, while modification of a catalytic amino acid, i.e., those residues 
involved in breaking down the enzyme-substrate complex, will exert changes in the 
apparent Vmax.. The apparent K,~ and vmax. values of propionyl-CoA carboxylase were 
determined for H C Q - ,  ATP and propionyl-CoA with the enzyme in the native state 
and again after various stages of inactivation using N-ethylmaleimide as the thlo] 
blocking reagent. N-Ethylmaleimide has advantages as the modifying reagent because 
it alkylates cysteine residues irreversibly and therefore the modifications avoided 
the complications arising from the use of reversible inhibitors. Furthermore, only 
I molecule of this reagent reacts per molecule of enzyme as shown above. 

From the data shown in Figs. 6, 7 and 8, it can be seen that the apparent 
Km values for HCO 3- and ATP are unchanged in the modified enzyme but the 
a p p a r e n t  Km for propionyl-CoA increases as more of the enzyme is inactivated. This 
observation implies that although the velocity of the reaction decreases at fixed 
substrate concentrations of propionyl-CoA, the Vmax. does not change, i.e., the sub- 
strate concentration for maintaining half maximal velocity increases as more of the 
thiol reagent reacts with the enzyme. 
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Fig. 7- Kinetic constants for ATP in the chemically modified enzyme. The enzyme was modified 
as described in Fig. 6. The enzyme was assayed using varying amounts of ATP. Double reciprocal 
plots of data obtained after modification for time o ( O - - Q ) ;  5 min ([]--[~);  io min ( . - -H) ;  
and 15 min (A--A). 

Fig. 8. Kinetic constants for propionyl-CoA in the chemically modified enzyme. Modification of 
the enzyme was as described in Fig. 6. The enzyme was assayed using varying amounts of pro- 
pionyl-CoA. Double reciprocal plots of data obtained after modification for time o (H--H); 
5min (A--A); iomin  ([] []); and l s m i n  (O---G). 

I t  could be argued t h a t  the  changes observed in the  Vmax. for A T P  and HCOa-  
(Figs. 6 and 7) reflect a modif icat ion of ca t a ly t i c  residues involved  in the  b reakdown 
of  e n z y m e - s u b s t r a t e  complexes involving these  subs t ra tes .  However ,  the  fact  t h a t  
only  I molecule of  N-e thy lma le imide  reacts  wi th  the  enzyme and t ha t  A T P  s t imula tes  
the  r a t e  of  inac t iva t ion  due to  p-ch loromercur ibenzoa te  tends  to  lessen this possi- 
b i l i ty .  The most  l ikely exp lana t ion  for the  decrease in Vmax. when ei ther  A T P  or 
HCO a- is the  var iable  subs t r a t e s  is t h a t  the  fixed propionyl -CoA concent ra t ion  is 
no longer  s a tu ra t i ng  in the  modif ied enzyme.  A fur ther  character is t ic  of  the  inhibi t ion  
b y  cova len t ly  bound  N-e thy lma le imide  is t h a t  i t  in t roduces  a new side chain in to  
the  ac t ive  si te and  the  change in Vmax. m a y  be as much  due to the  presence of this  
side chain.  This exp lana t ion  could also app ly  to  the  observed reduct ion  in the  ra te  
of the  propionyl -CoA carboxylase  ca ta lysed  A T P  -~ Pi exchange in the  presence of 
p -ch loromercur ibenzoa te  14. 

Propionyl-CoA protection against N-ethylmaleimide inhibition 
Previous  repor t s  of p ro tec t ion  b y  propionyl -CoA agains t  th iol  group reagents  2 

i nd i ca t ed  t ha t  propionyl -CoA m a y  be bound  to a cys te ine  residue. In  this  communi-  
ca t ion  addi t iona l  evidence bo th  f rom the  pKm/pH profile and  the  change in the  
a p p a r e n t  pKm value for propionyl -CoA in the  chemical ly  modified enzyme impl ica tes  
a cys te ine  res idue at  the  CoA ester  b inding  site. F u r t h e r  kinet ic  proof  was ob ta ined  
b y  de te rmin ing  the  ra t io  of the  ra te  cons tan t s  for the  inac t iva t ion  of the  free enzyme 
and  the  enzyme-prop iony l -CoA complex.  This was accomplished b y  measur ing  the 
inac t iva t ion  ra te  cons tan t  in the  presence of va ry ing  concentra t ions  of propionyl -CoA 
(Fig. 9)- 

SCRUTTON AND UTTER 7 have  used this  technique  to  demons t r a t e  t h a t  av id in  
cannot  react  wi th  the  p y r u v a t e  c a r b o x y l a s e - A T P  complex.  They  der ived  the  equat ion,  

Va k2 (1 - V~/Vo) 
- - = - - +  K a - -  
Vo k~ A 
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where Va and Vo represent, respectively, the pseudo first-order rate constants foi 
inactivation in the presence and absence of A, the substrate, i.e., propionyl-CoA; 
kl and k2 are the fractional order rate constants for inactivation of free enzyme and 
enzyme-propionyl-CoA complex; and Ka the dissociation constant for A. When the 
ratios of (Va/Vo) of pseudo first-order rate constants for inactivation in the presence 
and absence of A are plotted against (I--Va/Vo)/A, the intercept represents k2/k~, 
the ratio of the fractional order rate constants for the reaction between free enzyme 
and enzyme-substrate  complex with inhibitor. The slope is Ka. Such a plot derived 
from the data obtained in Fig. 9 is shown in Fig. IO. 
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Fig. 9. P ro tec t ion  of  propionyl -CoA carboxylase  by  propionyl -CoA aga ins t  N - e t h y l m a l e i m i d e  
inhibi t ion.  The  e n z y m e  was modified wi th  N-e thyhna l e imide ,  i mM as descr ibed in legend for 
Fig. I in the  presence of va ry i ng  concen t ra t ions  of  propionyl-CoA. The  concen t ra t ions  o f  pro- 
p ionyl-CoA used were o ( 0 - - 0 ) ;  0-25 m M  ( O - - © ) ;  0.5 m M ( & - - & ) ;  i .o mM ( M - - , ) ;  1.5 m M  
( & - - A ) ;  and  2.0 m M  ( D - - D ) .  

Fig. io. De t e rmina t i on  of the  Ka (dissociation c o n s t a n t  of  enzyme-p rop iony l -CoA complex) .  The  
t0.~ for pro tec ted  (Vg) and  unpro tec t ed  (Vo) e n z y m e  inh ib i ted  as described in Fig. 9 were rep lo t ted  

v.  (~- v~/v.) 
- -  aga ins t  
Vo [propionyl-CoA~ 

From the fact that  the line in Fig. IO passes through the origin it is concluded 
that  N-ethylmaleimide cannot combine with the enzyme-propionyl-CoA complex 
i.e., k 2 is very small compared with kl. The dissociation constant, Ka is calculated 
at 0.25 raM. 

DISCUSSION 

Evidence has been presented in the preceding section that  propionyl-CoA carboxy- 
lase contains an essential sulphydryl group which is involved in binding propionyl-CoA 
to the active site. The sulphydryl groups of many enzymes are known to react with 
sulphydryl reagents yielding a catalytically inactive product. In most cases it is not 
clear whether the sulphydryl group at the active site has been blocked or whether 
the reaction with a group elsewhere has caused conformation changes that  have led 
to an inactive enzyme. WEBB 15 has pointed out that  it is difficult to distinguish 
whether the exposed reactive group (a) is at the active site and functional in the 
reaction mechanism, (b) is at the active site but non-functional, (c) is vieinal to the 
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active site, or (d) reacts and alters the enzyme structure. Proof of the functional 
role of reactive groups then must  come from evidence other than inhibition or 
protection experiments since the demonstration of inhibition by  sulphydryl reagents 
indicates at best that  one or more cysteine residues are sufficiently near the active 
site to interfere with the catalysis, either directly or by structural changes. 

In  the present investigation we have used several approaches to implicate a 
cysteine residue in the reaction mechanism of propionyl-CoA carboxylase. Chemical 
modification of the enzyme using a sulphydryl reagent indicated that  the binding of 
propionyl-CoA was affected, while the binding of the other two substrates remained 
unchanged. The protection experiments reported here as well as those of HEGRE AND 
LANE S and KAZIRO, LEONE AND 0CHOA 14 indicated that  propionyl-CoA rather than 
ATP or HC0  3- was involved in reacting with the cysteine residue. Support  for this 
conclusion was obtained from the pH studies which indicated that  the propionyl- 
CoA-enzyme complex has a pK~ value of 8.2. 

CECIL la has pointed out that  the high reactivity of the SH groups in enzymes 
has led investigators to postulate their participation at the active site. In very few 
instances, however, has it been shown that  the SH groups form part  of the active 
site and become involved in the catalytic sequence. The four instances where it is 
reasonably certain that  a SH is involved in an enzymic reaction 17-~1 have one feature 
in common, i.e., they all form S-acyl derivatives. However, HEGRE AND LANE S tried 
unsuccessfully to show that  an acylpropionyl-CoA carboxylase was formed. Also, 
VIRDEN AND WATTS 1° concluded that  at least one of the five thiol groups of arginine 
kinase is essential for activity and it probably forms part  of the catalytic mechanism. 
From their evidence it would appear that  an S-acyl derivative was not formed. 
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