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1. Introduction 

Conformational changes in proteins are well estab- 
lished experimentally, as the structural changes cor- 
relate with the transitions between different functional 
states. In enzymes, particularly, conformational alter- 
ations appear to play a fundamental role for both the 
regulation of activity and the mechanism of action. In 
a number of instances they have been found to accom- 
pany the formation of the enzyme-substrate adsorp- 
tion complex [cf. 21 . However, chemical modification 
studies with aspartate aminotransferase have recently 
indicated that conformational changes may also occur 
during the subsequent phase of catalysis when covalent 
bonds are formed and broken [3] . These structural 
alterations have now been explored by probing the 
reactivity of sulfhydryl groups toward Nethylmale- 
imide in different enzyme-substrate intermediates of 
the multistep reaction sequence. In a distinct phase 
of catalysis, most probably in the ketimine complex, 
two sulfhydryl groups are at least one order of magni- 

tude more reactive than either in the other enzyme- 
substrate complexes or in the free enzyme. Blocking 
of these two groups reduces enzymatic activity about 
a hundred-fold. 

’ The term “syncatalytic” was introduced to characterize 
processes in enzyme-substrate complexes occurring syn- 
chronously with the catalytic reaction. 

* Recipient of a fellowship from the Schweizerische Kom- 
mission fti Molekularbiologie. 
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2. Materials and methods 

The cll-subform of cytoplasmic aspartate amino- 

transferase was isolated from pig heart according to 
the procedure of Banks et al. [4] modified in our 
laboratory (Zaoralek and Christen, to be published). 
The specific activity of the enzyme was 280-330 
units/mg &moles oxalacetate per min per mg) when 
assayed as described below. Enzyme concentrations 
were determined spectrophotometrically using a 
molar absorptivity e2*,-, ’ cm = 1.3 X 10’ which is based 
on amino acid analysis and a molecular weight of 
93,000 [5] . The content of pyridoxal 5’-phosphate 
was > 95% of the theoretical value and was deter- 
mined spectrophotometrically in 0.1 M NaOH assum- 
ing a molar absorptivity &$” = 6,600 [6] . L-Cluta- 
mic acid, L-aspartic acid, cu-ketoglutaric acid, and 
N-ethylmaleimide were obtained from Fluka; cu-methyl- 
DL-aspartic acid and L-cysteine sulfinic acid from 
Sigma; DLerythro-fl-hydroxy aspartic acid from, 
Calbiochem; malate dehydrogenase and NADH from 

Boehringer; pyridoxal 5’-phosphate from Merck; 
5,5’dithiobis-(2-nitrobenzoic acid) from Aldrich; 
guanidine hydrochloride (ultra pure) from Mann. 

Transaminase activity was determined spectro- 
photometrically [7] at 25” in 0.2 M aspartate - 6 mM 
a-ketoglutarate - 0.2 mM NADH - malate dehydro- 

genase (2 E.cg/ml) - 0.05 M sodium phosphate (PI-I 7.5) 
in a total volume of 3.0 ml. No transaminase activity 
could be detected in the employed quantity of the 
commercial malate dehydrogenase. In chemical modi- 
fication experiments transaminase activities were ob- 
tained by assaying l-20 ~1 of either the reaction mix- 
ture or the enzyme solution after gel filtration. Both 
methods gave identical results. Chemical modification 
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reactions were quenched by passing 0.5 ml of the 1 -1 
reaction mixture through a Sephadex G-2.5 column I 

I l --•-•-•--•-------. 
WITHOUT SUBSTRATES ; 

(0.6 X 17 cm) equilibrated with 0.05 M sodium phos- 
phate (pH 8 5). Absorption spectra were obtained with 
a Cary Model 15 spectrophotometer. Sulfhydryl 

= loo- 
5 ‘WITH U-KG 

groups were determined according to Ellman [8] at c 

protein concentrations of about 0.005 mM with 0.3 
% 
2 

mM 5,5-dithiobis(2nitrobenzoic acid) in 6 M guani- 2 

dine hydrochloride - 1 mM EDTA - 0.3 M Tris-chloride 
i.50 
2 t .,WITH GLU + a-KG 

(PH 8.0) using a molar absorptivity of thionitroben- 
zoate ea2u 1 cm = 13,600 (X,, shifts from 4 12 nm in 

0.02 M phosphate to 420 nm in guanidine hydro- 
chloride). Absorbance at 420 nm was measured after 

1 hr reaction at room temp against a control without 
protein. This value was corrected for the absorbance 
of pyridoxal 5’-phosphate dissociated from the enzyme 
in the course of denaturation. The pyridoxal 5’-phos- 
phate form of the enzyme was converted into the 
pyridoxamine 5’-phosphate form by addition of 5 
mM cysteine sulfinate [9] . 

3. Results 

The susceptibility of aspartate aminotransferase to 

inactivation and modification of sulfhydryl groups by 
N-ethylmaleimide depends markedly on the functional 
state of the enzyme. On addition of N-ethylmaleimide 
to the free pyridoxal 5’-phosphate form enzymatic 
activity increases within one min to 125% of the initial 
value (fig. 1 A), and then decreases very slowly (rate 
constant of inactivation kin,* = 7 X 10e4 min-r ). 
However, if the substrate pair glutamate and cY-keto- 
glutarate is subsequently added the rate of inactivation 
is increased almost a hundred-fold (kinact = 6 X lo-* 
min-’ ). In the presence of cr-ketoglutarate alone, when 
an unproductive adsorption complex with the pyri- 
doxal enzyme is formed [lo] , only moderate inactiva- 
tion occurs. Similarly, both the free pyridoxamine 
form of the enzyme (kh,, = 5 X 10e3 min-’ ) and its 
adsorption complex with glutamate [lo] are inactiv- 
ated by N-ethylmaleimide at a rate 12 times slower 
than that measured in the presence of the substrate 
pair* (fig. 1B). 

* With the enzyme concentrations employed about the same 
equilibrium concentration of enzyme-substrate interme- 
diates is established by adding glutam;te plus cu-ketoglutarate 
to either the pyridoxal or to the pyridoamine form. 
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Fig. 1. Inactivation of aspartate aminotransferase by N-ethyl- 
maleimide: effect of the substrate pair glutamate and o-keto 
glutarate. (A) Inactivation of the pyridoxal form of the en- 
zyme: 16.5 mM N-ethylmaleimide was added to 0.007 mM 
enzyme in 0.05 M TrisCl (pH 7.5) at 25”. After 1 hr the 
reaction mixture was divided into 3 parts. To the first part 70 
mM glutamate (K, = 4 mM) plus 2 mM cu-ketoglutarate (K, = 
0.1 mM) [ lo] , to the second part only 2 mM a-ketoglutarate 
was added. The third part served as control. Transamination 
activity was determined by direct assay of aliquots of the re- 
action mixture. (B) Inactivation of the pyridoxamine form of 
the enzyme: Conditions are the same as those in (A). 

Inactivation appears to reflect modification of 
essential sulfhydryl groups (fig. 2). In the absence of 
substrates about 4 moles of sulfhydryl groups per 
mole of the pyridoxal form of the enzyme readily 
react with Nethylmaleimide. The residual sulfhydryl 
groups seem to be inaccessible to the reagent. How- 
ever, in the presence of glutamate plus a-ketoglutarate 

2 additional moles of sulthydryl groups are modified. 
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Table 1 
Effect of the substrate pair glutamate and a-ketoglutarate on 
the susceptibility of the pyridoxal (AATpLp) and the pyri- 
doxamine form (AATpMp) toward N-ethylmaleimide (NEM): 

enzymatic activity and sulfhydryl content. 
~~ 

Relative Sulfhydryl content: 
activity (moles/mole enzyme) 

~~__ 

AATPLP 100 9.4a 
+NEM 115 5.2a 
+NEM, Glu + o-KG 5 3.6a 

AATPMP 100 9.4a 
+NEM 75 4.5b 
+NEM, Glu + (U-KG 5 3.5b 

--- -~ ~- 

Enzyme, 0.03 mM in 0.05 M sodium phosphate or 0.05 M 
TrisCl (pH 7.5) was incubated with 15 mM Nethylmaleimide 
in the presence or absence of glutamate plus or-ketoglutarate. 
After 90 min the reaction was stopped by gel filtration and 
activities and sulfhydryl contents were determined. 

a Mean of 6 experiments, standard deviation iO.2 sulfhydryl 
groups. 

b Mean of 2 experiments. 

\ WITHOUT SUBSTRATES 

i . . 
0. 
l - *2-s-.-. 

WITH GLU + a-KG 

01 
0 60 120 
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Fig. 2. Modification of sulfhydryl groups of the pyridoxal 
form of aspartate aminotransferase by Nethylmaleimide: 
effect of the substrate pair glutamate and ol-ketoglutarate. 
The concentration of enzyme was 0.02 mM, of Nethylmals 
imide 15 mM. Other conditions are those of fig. 1. At the in- 
dicated times an aliquot was removed and the reaction was 
quenched by gel filtration. Sulfhydryl groups were determined 

as described in the methods section. 

Whereas modification of the first 4 moles of sulfhydryl 
groups coincides with an initial increase in activity, 

the modification of 2 additional moles of sulfhydryl 
groups in the presence of the substrate pair is accom- 
panied by almost complete loss of activity (see table 1). 
The pyridoxamine form of the enzyme which is in- 
activated more rapidly than the pyridoxal form shows 
a degree of sulfhydryl modification corresponding to 
the degree of inactivation. 

The susceptibility of the various covalent inter- 
mediates of the multistep reaction sequence toward 
N-ethylmaleimide was examined with substrate anal- 
ogues. With o-methyl aspartate and the pyridoxal 
form only the first of the covalent complexes, the 
aldimine complex, is formed [ 1 l] . Addition of 
eryrhro-fl-hydroxy aspartate to the pyridoxal form 
results in a marked accumulation of the semiquinoide 
complex [ 121 . The rate of inactivation in the presence 
of either one of these substrate analogues is about one 
order of magnitude smaller than in the presence of 
glutamate and a-ketoglutarate, when also the ketimine 
complex is formed3 (fig. 3). 

In the presence of the substrate pair N-ethylmale- 
imide reduces enzymatic activity to 5% of the initial 
value within 2 hr (fig. 1). On prolonged incubation a 
final constant low level of l-2% is reached. On addi- 
tion of cysteine sulfinate (see Methods) this partially 
active enzyme is converted completely into the pyri- 
doxamine form (X,, 328 nm at pH 8.5 instead of 333 
nm in the case of the native enzyme). Subsequent 
addition of cw-ketoglutarate (10 mM) reverses the 
enzyme derivative to the pyridoxal form4 (x,, 362 
nm, identical to the native enzyme). 

3 Covalent intermediates are also formed using a single sub- 
strate, i.e. glutamate for the pyridoxal enzyme. However, in 
the equilibrium state of the reaction keto acid will be pre- 
sent less than equimolar to the enzyme concentration 
(< 0.06 mM in the present study). Since this concentration 
is smaller than the value of Km = 1 mM [lo], a part of the 
enzyme would be present in the pyridoxamine form as an 
unproductive complex with glutamate. 

4 This enzyme derivative has lost 20-30% of its coenzyme as 
evidenced spectrophotometrically. However, it can be re- 
saturated by addition of pyridoxal S’phosphate with an in- 
crease in activity of less than 1%. The observed coenzyme 
deficiency of the inactivated enzyme might correspond to 
the decreased binding affinity for pyridoxamine 5-phosphate 
reported to result from modification of more than 4 sulf- 
hydryl groups of aspartate aminotransferase [ 131. 
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Fig. 3. Inactivation of the pyridoxal form of aspartate amino- 
transferase by N-ethylmaleimide: effect of the substrate anal- 
ogues o-methyl aspartate and eryfhro-p-hydroxy aspartate. 
Enzyme, 0.03 mM, was incubated with 15 mM N-ethylmale- 
imide in the absence of substrates (e--, ), in the presence of 
the substrate pair glutamate and a-ketoglutarate (-), in 
the presence of 50 mM a-methyl aspartate ( o-----o) or 50mM 
erythro-P-hydroxy aspartate ( A---+). The rates of inactivation 
are 7 X lOA min-’ ,6 X lo-* min-’ ,4 X low3 min-’ and 
8 X 10e3 mm-‘, respectively. (The rates are average values 

from 3-5 experiments). 

4. Discussion 

In chemical modification studies substrates may 
protect the enzyme against reaction of essential amino 
acid residues. However, the present investigation has 
revealed quite an opposite behaviour in aspartate 
aminotransferase. In the presence of the substrate 
pair glutamate and a-ketoglutarate 2 sulfhydryl groups 
become at least one order of magnitude more reactive 
toward N-ethylmaleimide than in the free enzyme. 
Modification of these groups reduces enzymatic activity 
loo-fold. Thus, this novel type of enzyme modifica- 
tion, recently termed “syncatalytic” [l] , seems to 
reflect an increase in reactivity of essential sulfhydryl 
groups in a particular phase of the catalytic process. 

In the preparations of the ol-subform of aspartate 
aminotransferaseemployed in this study, an average 
value of 9.4 sulfhydryl groups per dimeric enzyme 
molecule was determined with the Ellman method in 
6 M guanidine hydrochloride. A sulfhydryl content of 
about 10 residues calculated for a molecular weight 
of 93,000 [S] has also been determined by other 
analytical methods [ 13- 17,4]. On the basis of their 
reactivity toward N-ethylmaleimide, a selective sulf- 

hydryl reagent [18, 191 , at least 3 classes of sulf- 
hydryl groups may be recognized (fig. 2). First, about 
4 apparently non-essential sulfhydryl groups readily 
react under the present conditions and concomitantly 
transaminase activity is slightly enhanced. The second 
class comprises 2 essential sulfhydryl groups. Their 
modification reduces the enzymatic activity to l-2%. 
The reactivity of these groups strictly depends on the 
functional state of the enzyme. It is increased very 
markedly when the enzyme is engaged in the trans- 
amination cycle. The other sulthydryl groups are un- 
reactive under the present conditions and constitute 
the third class. The differentiation of a special class 
of sulfhydryl groups particularly susceptible to syn- 
catalytic modification refines the previous classification 
based on conventional chemical modifications [ 13- 
16] , Modification of 2 essential sulfhydryl groups to- 
gether with nitration of tyrosyl residues [3] has also 
been found to accompany syncatalytic inactivation 
of aspartate aminotransferase by tetranitromethane 
[20]-. 

The residual activity after syncatalytic modification 
of the 2 essential sulfhydryl groups with Nethylmale- 
imide could imply either incomplete reaction of a 
fraction of the enzyme or a homogeneous population 
of modified enzyme molecules with decreased activity. 
However, the complete interconvertibility of the syn- 
catalytically modified enzyme from the pyridoxal to 
the pyridoxamine form and vice versa indicates a true 
residual activity of each individual enzyme molecule. 

In the presence of the substrate pair glutamate 
and c+ketoglutarate finite equilibrium concentrations 
of all enzyme-substrate intermediates involved in 
transamination are formed. With substrate analogues 
the relative concentrations of these complexes can be 
varied, thus allowing to probe the susceptibility of the 
individual intermediates toward N-ethylmaleimide. 
The multistep reaction of aspartate aminotransferase 
is shown in the following scheme [2 l-23, 151. 

AATpLp + glutamate 
+ adsorption + aldimine 
+ complex + complex 

4t 
semiquinoide 
complex 

Ct 

AATBMB + o-ketoglutarate 
+ adsorption -+ ketimine 
+ complex +- complex 

212 
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The reactivity of the 2 essential sulfhydryl groups 
as reflected by the rate of inactivation appears to 
vary in the different intermediates within a range 
of at least 2 orders of magnitude (fig. 3). These sulf- 
hydryl groups are least reactive in the pyridoxal form 

of the enzyme (AAT,,,). Their reactivity increases 
in the adsorption complex (fig. 1 A) and is enhanced 
further when the aldimine complex is formed. It seems 
to be somewhat lower in the semiquinoide complex 
but reaches a maximum in the ketimine complex (fig. 
3). It attains an intermediate degree in the pyridox- 

amine form (AATPMP) and its adsorption complex 
(fig. 1 B). Most probably, these syncatalytic changes 
in reactivity of the essential sulfhydryl groups reflect 
transient structural changes of the enzyme during the 
termination cycle. Conformational changes of protein 
molecules induced by adsorption of ligands are amply 
established by both X-ray crystallographic evidence 
and chemical modification studies [2,24, 251. How- 
ever, the most significant conformational changes of 
aspartate aminotransferase as revealed by chemical 
probing with N-ethylmaleimide appear to occur after 
the binding of substrate during the actual bond forming 
and breaking processes. Similar flexible enzyme-co- 
enzyme-substrate intermediates in aspartate amino- 
transferase have been postulated on the basis of other 
lines of evidence [23] . Thus, conformational changes 
of the enzyme protein might well be integral features 
of both the adsorption and the ensuing “covalent” 
phase of the catalytic reaction. 

References 

111 
I21 

[31 

141 

151 

[61 

I71 
[81 
191 

[lOI 

[ill 

Ph. Christen, Experientia 26 (1970) 337. 
D.E. KoshIand, Jr. and K.E. Neet, AM. Rev. Biochem. 
37 (1968) 359. 
Ph. Christen and J.F. Riordan, Biochemistry 9 (1970) 
3025. 
B.E.C. Banks, S. Doonan, A.J. Lawrence and C.A. 
Vernon, European J. Biochem. 5 (1968) 528. 
N. Feliss and M. MartinezCarrion, Biochem. Biophys. 
Res. Commun. 40 (1970) 932. 
E.A. Peterson and H.A. Sober, J. Amer. Chem. Sot. 76 
(1954) 169. 
A. Karmen, J. Clin. Invest. 34 (1955) 131. 
C.L. Ellman, Arch. Biochem. Biophys. 82 (1959) 70. 
J.W.T. Jenkins and L. D’Ari, J. Biol.Chem. 241 (1966) 
2845. 
S.F. Velick and J. Vavra, J. Biol. Chem. 237 (1962) 
2109. 
Yu.M. Torchinsky, Biokhimiya 28 (1963) 731. 

[12] W.F. Jenkins, J. Biol. Chem. 239 (1964) 1742. 
[ 131 C. Turano, A. Giartosio and P. Fasella, Arch. Biochem. 

Biophys. 104 (1964) 524. 
[14] N.E. Vorotnitskaya, G.F. Lutovinova and O.L. Polyanovs 

ky, in: Pyridoxal Catalysis: Enzymes and Model Systems, 
Vol. 35, eds. E.E. Snell, A.E. Braunstein, E.S. Severin 
and Yu.M. Torchinsky (Interscience, New York, 1968) 
p. 131. 

[15] A.E. Braunstein, FEBS Symp. 18 (1970) 101. 
[ 16 ] M.J. Stankewicz, S. Cheng and M. MartinezCarrion, 

Biochemistry 10 (1971) 2877. 
[ 171 J. Cournl and M. Arrio-DuPont, Biochem. Biophys. Res. 

Commun. 43 (1971) 40. 
[ 181 B.L. Vallee and J.F. Riordan, Ann. Rev. Biochem. 38 

(1969) 733. 
[ 191 C.F. Brewer and J.P. Riehm, Anal. Biochem. 18 (1967) 

248. 
[ 201 W. Birchmeier and Ph. Christen, Experientia 27 (197 1) 

Acknowledgements 727, (Abstract). 

We wish to thank Peter Zaoralek for helpful dis- 
cussions. The excellent technical assistance of Monika 
Milder is gratefully acknowledged. This work was sup- 
ported by Schweizerischer Nationalfonds, grant 
3.220.69. 

121 

(22 

B.M. Guirard and E.E. Snell, Comprehensive Biochemis- 
try, Vol. 15 (Elsevier Publishing Company, Amsterdam, 
1964) p. 138. 
P. Fasella, in: Pyridoxal Catalysis: Enzyme and Model 
Systems, Vol. 35, eds. E.E. Snell, A.E. Braunstein, E.S. 
Severin and Yu.M. Torchinsky (Interscience, New York, 
1968) p. 1. 
V.I. Ivanov and M.Ya. Karpeisky, Advances in Enzym- 
ology, Vol. 32 (Interscience, New York, 1969) p. 21. 
G.N. Reeke, J.A. Hartsuck, M.L. Ludwig, F.A.Guiocho, 
T.A. Steitz and W.N. Lipscomb, Proc. Natl. Acad. Sci. 
U.S. 58 (1967) 2220. 

123 

124 

]25 M.F. Perutz,Nature 228 (1970) 726. 

213 


