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Mechanism of Action of Papain: Aryldehydroalanines
as Spectroscopic Probes of Acyl Enzyme Formation®

Moshe Smolarsky!

ABSTRACT: The «,B-unsaturated aromatic amino acids
phenyldehydroalanine (PDA) and styryldehydroalanine
(SDA) were synthesized and used as sensitive spectroscopic
probes to study the acylation of papain by specific substrates
and inhibitors. The spectral changes observed upon acylation
of the enzyme with peptides containing these amino acids are
large red shifts of the absorption maxima (Apax) of the chro-
mophores. The magnitudes of the absorption shifts were 49 nm
(from 277 to 326 nm) for PDA peptide and 59 nm (from 318
to 377 nm) for SDA peptides. The following specific substrates
were synthesized: Ac-Phe-PDA-OEt, Ac-Phe-PDA-NH,,
Ala-Ala-Phe-SDA-OMe, Ala-Ala-Phe-SDA-NH;, Lys-
Ala-(o-benzyl)tyrosyl-SDA-OMe, and Lys-Ala-(o-benzyl)-
tvrosyl-SDA-NHas. Similarly, the specific competitive inhib-
itors Ac-Phe-PDA (K; = 5.3 X 107¢ M), Z-Phe-SDA (K; =
5.6 X 1073 M), Ala-Ala-Phe-SDA (K; = 2.9 X 103 M), and
Lys-Ala-(o-benzyl)tyrosyl-SDA (K; = 1.1 X 1073 M) were

The 3-arylacrylic acids exhibit characteristic intense light
absorption spectra that are sensitive to chemical substitutions
at the carboxyl group of these compounds (Bender et al., 1962;
Bender and Brubacher, 1964; Bernhard et al., 1965; Oliver et
al., 1967; Hinkle and Kirsch, 1970). Because of this property,
B-arylacrylic acids have been used as spectroscopic probes to
study the chemical nature of the active sites of various en-
zymes. Generally, these chromophoric reporter molecules were
introduced into the catalytic sites using reactive acylating
derivatives of the arylacrylic acids (e.g., arylacryloyl imidazole)
to acylate the catalytically reactive nucleophiles in the active
site (Bender et al., 1961, 1962; Bender and Kaiser, 1962;
Bender and Brubacher, 1964; Bernhard et al., 1965; Brubacher
and Bender, 1966; Oliver et al., 1967; Malhotra and Bernhard,
1968, 1973; Hinkle and Kirsch, 1970). This approach provides
an experimentally convenient way to introduce spectroscopic
probes into the active site of enzymes which are otherwise
nonchromophoric and to study the chemical nature of the acyl
enzyme complex and other intermediates formed during the
catalysis. However, in the case of papain, the small arylacryloyl
residue cannot form the various noncovalent interactions with
the extended active site of the enzyme that are formed with
the native substrates of papain, oligo- or polypeptides.
Therefore, the effect of a multipoint attachment of the enzyme
to its substrates on the acylation and deacylation steps cannot
be studied using arylacryloyl acylating reagents. A multipoint
attachment may be essential for obtaining a high noncovalent
association energy which may be required to induce the ap-
propriate conformational changes of the enzyme and to “force”
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prepared. An additional chromophore was used to follow the
noncovalent association of an inhibitor or substiate with
papain, independently from the acylation or deacylation steps.
This chromophore, which was introduced into the peptides at
position Py, is p-(p’-dimethylaminophenylazo)phenylalanine
(DAP). The light absorption spectrum of DAP is dependent
on its environment. The substrates Ala-Ala-DAP-SDA-OMe
and Ala-Ala-DAP-SDA-NH; and the competitive inhibitor
Ala-Ala-DAP-SDA (Ki = 2.5 X 1076 M) were prepared. The
noncovalent binding of these peptides to the active site of
papain was followed either by the increase in the absorption
at 480 nm or the decrease at 550 nm. With these peptides the
acylation and deacylation reactions could be followed simul-
taneously at 377 nm. The extent of acyl enzyme formation was
found to decrease in a sigmoidal way with increasing pH, with
a transition point around pH 5.5.

the peptide bond, which is to be cleaved, into the optimal angle
and location, relative to the catalytic functional groups in the
active site. Therefore, the kinetic and thermodynamic pa-
rameters of the various steps of the interaction of papain with
its substrates and inhibitors may be dependent on the amino
acid sequence of the peptides.

In this paper, I show that §-aryldehydroalanines have similar
spectral properties to the arylacrylic acids. Two such amino
acids were incorporated into specific substrates and inhibitors
of papain at the position adjacent to the point of catalysis,
toward the amino terminus of the peptides (position P;)
(Berger and Schechter, 1970; Berger et al., 1971). With these
peptides it was possible to follow the acylation of papain by
substrates and by competitive inhibitors with a free a-carboxyl
at position Py. In this way, the effect of enzyme-substrate (or
inhibitor) interactions, remote from the catalytic site, on the
acylation and deacylation steps could be studied.

Materials and Methods

Buffers. Buffer A: potassium acetate, 0.05 M; KCI, 0.01 M
(pH 4.3). Buffer B: sodium acetate, 0.05 M; NaCl, 0.01 M (pH
4.3).

Stock Solutions of Peptides. These (0.01-0.1 M) were made
in freshly distilled and anhydrous dimethylformamide and
stored in the dark at —20 °C. The peptides stored under these
conditions show no detectable chemical change after 1 year
as tested by thin-layer chromatography.

Papain. Enzyme two times crystallized, prepared by the
method of Kimmel and Smith (1954), was obtained from
Worthington Biochemical Corp. as a suspension (24 or 31
mg/ml) in 0.05 M sodium acetate buffer (pH 4.5). These
preparations contained about 50% activitable enzyme, as
measured by active-site titration.

Mercuripapain was obtained by further purification of the
commercial enzyme by affinity chromatography (Blumberg

© 1978 American Chemical Society
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FIGURE 1: Synthesis of the competitive inhibitor Ac-Phe-PDA and of the substrates Ac-Phe-PDA-OEt and Ac-Phe-PDA-NH,.

et al., 1970). The purified enzyme was mixed with 1 equiv of
mercuric chloride and stored at 4 °C.

Enzyme Kinetics. Determinations of Kn, Vinax, and K were
carried out with a Radiometer automatic titrator (pH stat).
In these measurements the purified mercuripapain was used.
Inhibition of enzymatic hydrolysis by competitive inhibitors
was studied at 36 °C (pH 4.3) under an atomosphere of ni-
trogen. The reaction mixture contained in 2.5 mL 0.8-1.6 X
10~8 M papain, 8-16 X 107*M DTT,! or 5 X 10~3 M cyste-
ine, 2 X 1073 M EDTA, and 0.33 M KCI. Substrates were
BzArgOEt (K, = 22 mM) or Ala-Ala-Ala-ONb (Ky = 3.3
mM).

Acylation of Papain by Substrates and Inhibitors. Acyla-
tion was studied spectrophotometrically with a Cary 14 spec-
trophotometer using optical paths of 2-10 mm. The acylation
reactions were carried out at 25 or 37 °C in buffer A (unless
indicated otherwise) in which were dissolved papain, substrate,
or inhibitor, DTT, or cysteine and EDTA. In ihese experi-
ments, the concentrated commercial suspension of the two
times crystallized enzyme was used. It was diluted with buffer

! Abbreviations of amino acid derivatives and peptides are according
to the [UPAC-IUB Commission on Biochemical Nomenclature recom-
mendations [J. Biol. Chem. 247, 977 (1972)]. Further abbreviations are:
Az, azlactone; BzArgOEt, benzoylarginine ethyl ester; DAP, p-(p’-
dimethylaminophenylazo)phenylalanine; DCC, dicyclohexylcarbodiimide;
DCU, dicyclohexylurea; DIPE, diisopropyl ether; DMF, dimethylform-
amide; Me,SO, dimethyt suifoxide; DTT, dithiothreithol; EtsN, trieth-
ylamine; HAc, acetic acid; IPOH, isopropyl alcohol; IR, infrared; MeOH,
methyl alcohol; OBT, o-benzyltyrosine; OSu, N-oxysuccinimide ester;
PAP, p-aminophenylalanine; PDA, $-phenyldehydroalanine; PIP, p-
iodophenylalanine; PNP, p-nitrophenylalanine; PSer, S-phenylserine;
SDA, @-styryldehydroalanine; NaDodSQ,, sodium dodecyl sulfate;
EDTA, (ethylenedinitrilo)tetraacetic acid; SSer, g-styrylserine; SuOH,
N-hydroxysuccinimide.

A (previously deaerated with N3) to the appropriate concen-
tration, the pH was adjusted to 4.3, and the solution was
clarified by filtration through a 0.45-um Millipore filter. The
enzyme was activated in the cuvette just prior or during the
experiment by adding a small volume of a solution of 0.05 M
DTT and 0.02 M EDTA (pH 4.3), freshly prepared before use.
Substrates and inhibitors were added to the reaction mixtures
in minimal volumes of the stock solutions of the peptides in
DMF. Final concentration of DMF in the acylation reaction
mixtures did not exceed 0.5%.

Syntheses of Amino Acids and Peptides. These syntheses
and the chemical analysis of the products are described in the
Supplementary Material (see paragraph at the end of this
paper) and are shown schematically in Figures 1-3.

Results

Peptide Synthesis. The spectroscopic probes of acyl-papain
complex formation that were used in this study are phenyl-
dehydroalanine (PDA) and styryldehydroalanine (SDA).

HZN——ﬁ—COOH HZN—(ﬁ_ COCH

CH
CH
|
CH
PDA
SDA

The peptides were designed according to the specificity of
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FIGURE 2: Synthesis of peptides with the amino acid SDA at position P;.

papain, which requires a hydrophobic residue at P;2 and
a hydrophobic aromatic amino acid at P, (Berger and
Schechter, 1970, Berger et al., 1971). They were synthesized
as shown schematically in Figures 1 and 2. The competitive
inhibitors that were prepared by this procedure include: Z-
Phe-SDA (1V}, Ala-Ala-Phe-SDA (V), and Lys-Ala-OBT-
SDA (VI). The substrates that were synthesized by this pro-
cedure are: Ala-Ala-Phe-SDA-OMe (VII), Ala-Ala-Phe-
SDA-NHj; (VIII), Lys-Ala-OBT-SDA-OMe (IX), and Lys-
Ala-OBT-SDA-NH; (X). The spectroscopic probe of the
noncovalent binding of peptides to the active site of papain that
was used in this study is the amino acid p-(p’-dimethylami-
nophenylazo)phenylalanine (DAP). The synthesis of peptides

H,N—CH—COOH

H,

Z

2

N
AN
H3C/ C
DAP

H,

2 Nomenclature of the subsites in the active site of papain and of the
respective positions of the amino acids in peptide substrates and inhibitors
of the enzyme is given according to Berger and Schechter (1970) and
Berger et al. (1971). Py is the position adjacent to the point of catalysis,
toward the amino terminus of the substrate.
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O

Boc -Peptide - Styryldehydroalanine amide

(Boc - Peptide - SDA - NH5)
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with SDA at position P; and with DAP at P; is presented
schematically in Figure 3. The peptides that were synthesized
by this method are the competitive inhibitor Ala-Ala-DAP-
SDA (XI) and the substrates Ala-Ala-DAP-SDA-OMe (XII)
and Ala-Ala-DAP-SDA-NH, (XIII).

Observation of a New Light Absorption Band When Specific
Substrates or Inhibitors, Containing PDA at P,, Interact with
Activated Papain. Ac-Phe-PDA (1) binds to activated papain
in an equimolar ratio (Figure 4) and is a competitive inhibitor
with a K; = 5.3 X 1078 M. A solution of inhibitor I in buffer
A has a light absorption spectrum with a Apax at 277 nm
(Figure 5). This light absorption is caused by the chromophoric
amino acid PDA and is similar to the absorption spectrum of
its analogue cinnamic acid (278 nm, Bender et al., 1962).
When Ac-Phe-PDA was mixed with activated papain at pH
4.3, a new absorption band appeared with a Ayax at 326 nm,
indicating the formation of a new species (Figure 5). The new
species was formed only after activation of the enzyme and it
disappeared when the enzyme was poisoned by mercury ions,
which are known from X-ray analysis to bind to the active thiol
residue of Cys-25 (Drenth et al.,, 1971a). The absorption band
at 326 nm disappeared also when Ac-Phe-PDA in the en-
zyme-inhibitor complex was displaced by an excess of other
specific competitive inhibitors like Boc-PIP-Leu (K; = 1.6 X
10=6 M) or Boc-PIP-Arg (K; = 3.3 X 107° M). This latter
inhibitor was found by X-ray analysis to bind specifically to
the active site of papain, possibly forming an acyl-enzyme
complex (Drenth et al., 1971a). The same results were obtained
when the related ester (I1I) and amide (IIT) were used (Table
I). This new absorption band, with Ayax at 326 nm, is similar
to the light absorption spectrum of the cinnamoyl-papain
complex, which was obtained by acylation of papain by cin-
namoylimidazole (Amax 326 nm; Bender and Brubacher, 1964).
These findings suggest that the new species formed when in-
hibitor I or the substrates Il and III interact with activated
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FIGURE 3: Synthesis of peptides with SDA at position Py and with DAP at P».
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FIGURE 4: Spectrophotometric titration of papain with Ac-Phe-PDA,
Enzyme concentration 10~4 M. The reaction was carried out in buffer A
containing 7.7 X 10~ M DTT and 8.7 X 10~* M EDTA, at 25 °C. Optical
path length 5 mm. AA is the light absorption at 330 nm in the sample cell,
which contained papain + inhibitor, vs. the light absorption in the reference
cell which contained only the inhibitor at the same concentrations.

papain is an acyl-enzyme complex. From the difference
spectra, shown in Figure 8, it can be seen that the formation
of the new species can be followed at 330 nm.

Observation of a New Light Absorption Band When Specific
Substrates or Inhibitors, Containing SDA at P, Interact with
Activated Papain. Z-Phe-SDA (IV), Ala-Ala-Phe-SDA (V),
and Lys-Ala-OBT-SDA (VI) bind to papain in an equimolar
ratio (determined by spectrophotometric titration similar to
that described in Figure 4, data not shown here) and are strong
competitive inhibitors. The inhibition constants are given in
Table 1. A solution of inhibitor V in buffer A has a light ab-
sorption spectrum with Apmax at 318 nm, which is caused by the
chromophoric amino acid SDA. When Ala-Ala-Phe-SDA was
mixed with activated papain at pH 4.3, a new absorption band
appeared with a Amax at 377 nm (Figure 6), indicating the
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FIGURE 5: Absorption spectra representing the acylation of papain by
Ac-Phe-PDA and deacylation in the presence of HgCl» (A) or Boc-P1P-
Leu (B) at pH 4.3. Papain concentration 1.25 X 10~* M, Ac-Phe-PDA
concentration 104 M. The reaction was carried out in buffer A at 37 °C:
(+ + +) inhibitor in the absence of enzyme: (- ¢ -) inhibitor with unactivated
enzyme; (- - -) inhibitor with papain activated by 2 X 10~ M DTT and
2 X 10~* M EDTA,; () inhibitor with activated papain subsequently
poisoned with 103 M HgCl, (A) or with 4 X 10=* M Boc-PIP-Leu (B).
Optical path length 2 mm. The composition of the solution in the reference
cell was as in the sample cell but without Ac-Phe-PDA.

formation of a new species. The data presented in this paper
indicate that this new species is an acyl-enzyme complex in
which SDA is bound to the active site by a thioester bond. The
new species was formed only after activation cf the enzyme,
and it disappeared when the enzyme was poisoned by mercury
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FIGURE 6: Absorption spectra representing the acylation of papain by
Ala-Ala-Phe-SDA and deacylation by Boc-PIP-Leu (A) or HgCl; (B)
at pH 4.3. The reaction was carried out in buffer A at 37 °C: Enzyme
concentration 1.25 X 1074 M, Ala-Ala-Phe-SDA concentration 1074 M,
optical path length 2 mm. (- - -) inhibitor in the absence of enzyme; (—)
inhibitor with unactivated papain; (- » -) inhibitor with papain activated
by 2 X 107 M DTT and 2 X 1074 M EDTA,; (- - -) inhibitor with acti-
vated papain subsequently poisoned with 4 X 104 M Boc-PIP-Leu or 10~3
M HgCl,. Solutions in the reference cell were as in the sample cell omitting
the inhibitor.

TABLE I. Wavelengths of Maximal Absorptions (Anax) of
Substrates and Inhibitors of Papain, Containing PDA or SDA at
P, and the Inhibition Constants of the Competitive Inhibitors.?

Amax of Amax of

afree acyl-
peptide papain
peptide (nm) (nm) Ki (M)
inhibitors
Ac-Phe-PDA (1) 277 326 53%x10°%
Ac-Phe-PDA (p-NO;) 318 326 2.5%x107¢
Z-Phe-SDA (1V) 317 377 5.6 X 1073
Ala-Ala-Phe-SDA (V) 318 377 29X 1073
Lys-Ala-OBT-SDA (VI) 318 377 1.1 X103
Ala-Ala-DAP-SDA (XI) 318 377 25X 10°¢
substrates
Ac-Phe-PDA-OEt (1) 283 326
Ac-Phe-PDA-NH, (ITI) 279 326

Ala-Ala-Phe-SDA-OMe (VII) 325 377
Ala-Ala-Phe-SDA-NH; (VIID 320 377

Lys-Ala-OBT-SDA-OMe (IX) 325 377
Lys-Ala-OBT-SDA-NH; (X) 320 377

Ala-Ala-DAP-SDA-OMe (XII) 325 377
Ala-Ala-DAP-SDA-NH, (X11I) 320 377

@ The experimental conditions are as described in the legends to the
figures.

ions or when inhibitor V in the enzyme-inhibitor complex was
displaced by an excess of another strong competitive inhibitor
like Boc-PIP-Leu. The same results were obtained with the
competitive inhibitors 1V and VI and with the related sub-
strates VII, VIII, IX, and X (Table I). From the different
spectra that are shown in Figure 8, it can be seen that the for-
mation of the new species can be followed by the increase in
absorption at 377 nm or by the decrease at 318 nm.

A Spectroscopic Probe for the Study of the Noncovalent

SMOLARSKY
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FIGURE 7: Absorption spectra representing the acylation of papain by
Ala-Ala-DAP-SDA and deacylation of the acyl enzyme in the presence
of Boc-PIP-Arg in buffer A at 37 °C: enzyme concentration 5 X 1073 M;
inhibitor concentration 1.67 X 10~ M; optical pathlength 10 mm; (-- )
inhibitor in the absence of enzyme; (—) inhibitor with unactivated papain;
(- » -) inhibitor with papain activated by 8.4 X 10~*M DTT and 4 X 1074
M EDTA; (- - -) after displacement of inhibitor X1 from the active site
of the enzyme by 1.67 X 10~* M Boc-PI1P-Arg. Solutions in the reference
cell were as in the sample cell but without Ala-Ala-DAP-SDA.

Binding of Substrates and Inhibitors to the Active Site of
Papain. To follow the noncovalent interaction of papain with
substrate or inhibitor, independently from the acyl enzyme
formation, inhibitor XI and substrates XII and XIII were
prepared. These peptides contain the chromophoric amino acid
DAP at position P,. This amino acid had already been used by
Berger et al. (1971) to follow the binding of the inhibitor Ac-
DAP-Arg to papain. Inhibitor XI is a strong competitive in-
hibitor with a Kj of 2.5 X 10~% M. The changes in the ab-
sorption spectra that were observed when inhibitor XI was
mixed with activated papain are shown in Figures 7 and 8. It
can be seen that, in addition to the absorption changes resulting
from the SDA chromophore (presumably as an acyl-enzyme
complex), spectral differences at wavelengths higher than 450
nm can be observed, which result from the DAP chromophore.
When papain, mixed with inhibitor XI, was activated, an in-
crease in the absorption at 480 nm and a decrease at 550 nm
were observed (Figure 7). These differences in the absorption
spectra of the DAP result from the changes in the environment
of this chromophore, which take place when peptides XI1-XIII
diffuse from the aqueous medium into the hydrophobic pocket
in the active site. Some spectral changes could also be seen with
the unactivated enzyme, probably due to a small amount of
already active papain which existed in the preparation. The
spectral changes diminished when the inhibitor was displaced
by Boc-PIP-Arg. Since there are no spectral differences re-
sulting from the SDA chromophore at wavelengths longer than
450 nm (Figure 8), the changes in the absorption of the DAP
chromophore can be followed independently. On the other
hand, from the difference spectrum observed when the inhib-
itor Ac-DAP-Arg (K; = 1.7 X 10~¢ M) was bound to papain,
it could be seen that around 375 nm there is practically no
spectral difference resulting from the DAP chromophore
(Berger et al., 1971). These findings show that it is possible to
follow the absorption changes resulting from the SDA chro-
mophore and from the DAP chromophore simultaneously and
independently.

The Chemical Nature of the Species Identified by the New
Absorption Bands of the PDA and SDA Chromophores. The
light absorption maxima of several derivatives of PDA and
SDA, dissolved in various solvents, are shown in Table II. It
is seen that neither the difference in polarity of the environment
(H,O vs. ethanol) nor the protonation of the terminal carboxyl
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TABLE II: Wavelength (nm) of Maximal Absorption (Amax) for Various RC(=0)X Derivatives.

RC(=0)

-X solvent Ac-Phe-PDA Ala-Ala-Phe-SDA Ac-SDA Z-Phe-SDA
-0~ pH 8¢ 273 317
_OH pH 2.1% 284 325
-OH ethanol 280 322
-OH + O~ buffer A 277 318 318¢ 3174
-NH, buffer A 279 320 3194
-OEt buffer A 283 3264
-OMe buffer A 325
azlactone buffer A 312 366¢ 362¢
-S-CH,COOH buffer A 342¢
-papain (denatured) pH~3 340-350/
-papain (native) buffer A 326 377 377

@ Buffer composition: 0.01 M XH,PO,, 0.01 M Na;B407, 0.01 M citric acid, 0.005 M EDTA. ? In 0.2 M citric acid. ¢ In buffer A that
contained 20% IPOH. ¢ In buffer A that contained 30% CH3CN. ¢ In H;O-CH3CN (1:1).  Acyl-papain complex was formed and denatured

as described in the legend to Figure 10.
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FIGURE 8: Difference spectra. Absorption of light by solutions of activated
papain and Ac-Phe-PDA (A), Ala-Ala-Phe-SDA (B), and Ala-Ala-
DAP-SDA (C) vs. the absorption by solutions of the same inhibitors but
with unactivated papain, at pH 4.3. The reactions were carried out in
buffer A at 37 °C. Enzyme concentrations were 10=% M in A and B and
4,9 X 10~ M in C. Concentrations of inhibitor I in' A are: (- - -) 7.7 X 10~¢
M; (—) 23.1 X 1076 M; (- » -) 38.5 X 10~6 M. Concentrations of inhibitor
VinBare: (---) 1.6 X 1073 M; (—) 3.2 X 1075 M; (- -) 4.8 X 105 M;
(--+) 6.4 X 1073 M. Concentrations of inhibitor X1 in C are: (- - -) 0.785
X 10735 M; (—) 1.57 X 1075 M; (- ¢ -) 2,36 X 10~5M. DTT and EDTA
respective concentrations are: (A) 19.3 X 10~%and 8.7 X 104 M; (B) 2
X 10~3 and 1.25 X 1073 M; (C) 103 and 4.8 X 10~% M: optical path
length 5 mmin A and Band 10 mm in C.

group can account for the large red shifts observed when
peptide~-PDA-X or peptide-SDA-X are mixed with activated
papain (49 and 59 nm, respectively). Similar results with other
arylacrylic derivatives have been described by Bernhard et al.

o.2r

0.1+
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o= -

i 4 i |
300 350 400 450
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FIGURE 9: Difference spectra representing the effect of denaturation on
the light absorption by the complex Ala-Ala-Phe-SDA-papain: (- s -)
solution of 1.25 X 10™* M unactivated papain and 10~% M inhibitor in
0.04 M sodium acetate buffer (pH 4.3) and 0.01 M NaCl in both the
sample and the reference cells; (—) after the addition of 2 X 103> M DTT
and 8 X 107 M EDTA to the sample cell; (- - -) in A, 0.04 volume of 5
M HCOOH solution that contained 25% NaDodSO, was added to both
the sample and the reference cells; in B, 4 X 107* M Boc-PIP-Arg was
added to the sample and the reference cells and, subsequently, 0.04 volume
of the 5 M HCOOH + 25% NaDodSOj solution was added to the sample
and the reference cells. The pH after denaturation was ~3.

(1965) and by Bender et al. (1962). On the other hand, certain
chemical substitutions at the carboxyl of PDA and SDA (Table
I1) and of other arylacrylic acids (Bernhard et al., 1965; Bender
et al., 1962; Oliver et al., 1967; Hinkle and Kirsch, 1970;
Bender and Brubacher, 1964; Malhotra and Bernhard, 1968,
1973) do cause large red shifts of the light absorption maxima
of these compounds. To test whether a covalent bond is formed
when inhibitors like I, IV, V, VI, and XI interact with activated
papain, the experiment described in Figure 9 was carried out.
Here inhibitor V was mixed with papain at pH 4.3. When the
enzyme was activated, the typical absorption band with Amax
at 377 nm appeared, indicating the formation of a papain-
inhibitor complex. When this complex was denatured (with
a simultaneous acidification to pH ~3 to inhibit the deacyla-
tion reaction), a large blue shift of Ap,x was observed. If, on
the other hand, inhibitor V in the papain-inhibitor complex
was displaced prior to denaturation by the strong competitive
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FIGURE 10: Absorption spectra of the complex Ala-Ala-Phe-SDA-papain
at pH 4.3 and after denaturation by 0.2 M HCOOH + 1% NaDodSO,.
Buffer composition is as described in Figure 9: (- - -) 10~4 M inhibitor V
and 1.25 X 107* M unactivated papain in buffer, pH 4.3; (- - -) after ac-
tivation of the enzyme by 2 X 1073 M DTT and 8 X 10~*M EDTA; ()
after denaturation by 0.2 M HCOOH +1% NaDodSOy (final pH ~3).
The solutions in the reference cell were as in the sample cell omitting the
inhibitor. Denaturation was carried out by adding 0.04 volume ofa 5 M
HCOOH solution containing 25% NaDodSO4. The absorption spectrum
of the solution before denaturation (- - -) can be approximately described
as the sum of two absorption curves: the absorption by the free inhibitor
(- » -) and the absorption by the enzyme-inhibitor complex (- e e e -}, The
absorption spectrum of the solution after denaturation (solid line) can also
be approximately described as the sum of two absorption curves: the ab-
sorption by the free inhibitor (- « -} and the absorption by the denatured
enzyme-inhibitor complex (- -). The resolutions of the absorption curves
were done according to assumptions described in the text.

300 350 400 450
T T T T
A =

Absorbance

e LT T T
300 350 400 450
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FIGURE L1: Absorption spectra representing the pH dependence of ac-
ylation of papain by Ac-Phe-PDA (in A) and by Ala-Ala-Phe-SDA (in
B): enzyme concentration 1.25 X 1074 M; inhibitor concentration 1074
M; optical pathlength 2 mm: temperature 37 °C: (- e o -) pH 3.4: (- - )
pH 38 (—ypH 43 (---)pH48 (-eee-)pH 32:(---)pH 62
(e e e)pH 7.1; (- o - o -) pH 7.7. Buffers contained 0.01 M KH;POy4, 0.01
M Na,B405, 0.01 M citric acid, and 0.004 M EDTA. pH was adjusted
by KOH or by HC! The enzyme was activated by 3 X 1073 M DTT. So-
lutions in the reference cell were as in the sample cell omitting the inhib-
itor.

inhibitor Boc-PIP-Arg, the absorption band disappeared
(Figure 9B). To determine Apay for the denatured papain-
inhibitor V complex, the experiment described in Figure 10 was
carried out. In this experiment, the complex Ala-Ala-Phe-
SDA- papain was formed by mixing activated papain with
inhibitor V at pH 4.3. After tracing the absorption spectrum,
the enzyme-inhibitor complex was denatured by adding 0.04
volume of 5 N HCOOH solution that contained 25% Na-
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FIGURE 12: pH dependence of acylation of papain by Ac-Phe-PDA and
by Ala-Ala-Phe-SDA. Data are taken from Figure 11: (A) absorption of
Ala-Ala-Phe-SDA at 380 nm; (@) absorption of Ala-Ala-Phe-SDA at
315 nm; (W) absorption of Ac-Phe-PDA at 325 nm.

DodSO,. The absorption spectra of the reaction mixture prior
to and after denaturation can be approximately described as
a sum of the absorption spectra of the free inhibitor and of the
inhibitor-papain complex. The resolution of the absorption
curves was done by the aid of a computer according to the
following assumptions: (a) The absorption spectrum of the free
inhibitor is not changed significantly during the denaturation
process. This assumption is based on the observation that there
is little change in the spectrum of the SDA chromophore in
different environments as compared with the large spectral
changes that result from chemical substitutions (Figure 10).
(b) The denaturation process is fast compared to the deacy-
lation reaction, which is also inhibited by the simultaneous
acidification. Under these conditions, those molecules of in-
hibitor that were in the form of an acyl-enzyme complex prior
to denaturation remain bound covalently to the enzyme after
denaturation. As can be seen in Figure 10, the maximal light
absorption of the denatured papain-inhibitor V complex is at
340-350 nm and is very similar to Apax of the synthetic
thioester Ac-SDA-S-CH,COOH (342 nm, Table [1). The
similarity of the absorption spectra of denatured arylac-
ryloyl-papain complexes and the related synthetic low-mo-
lecular-weight thioesters has also been described by other in-
vestigators (Bender and Brubacher, 1964; Hinkle and Kirsch,
1970).

The pH Dependence of the Acylation of Papain by Inhibitor
with a Free a-Carboxyl at Py. 1t has been reported that the
inhibition constants (K;) of various competitive inhibitors of
papain, containing a free a-carboxyl group at Py, are pH de-
pendent (Berger and Schechter, 1970; Sluyterman. 1964). 1t
was found that K; increases markedly when the pH is raised
above 4.5. It was therefore of interest to find out if the acylation
of papain by the competitive inhibitors that were prepared in
this study is also pH dependent. Inhibitors I and V were mixed
with activated papain in buffers of various pH, and the light
absorption spectra were traced. The results are shown in Figure
11. The absorption at the wavelength at which acylation can
be measured (325 nm in the case of PDA and 380 nm in the
case of SDA; see the difference spectra in Figure 8) was drawn
as a function of pH (Figure 12). It can be seen that the extent
of acylpapain formation by inhibitors I and V is maximal at
pH 3.8-4.3, and it decreases in a sigmoidal way. with a tran-
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sition point at pH 5-5.5. The pK, of the carboxyls of N-acyl-
PDA and N-acyl-SDA is 3.4-3.5 (found by spectrophoto-
metric and potentiometric titrations). Therefore, it is the
protonation of the enzyme which is required for its acylation
by the inhibitors. Proton concentration may affect the non-
covalent binding of the inhibitors to the active site, since above
pH 5.5 the active site of papain is negatively charged because
of the aspartyl residues at positions 64 and 158 which are 10
and 6.7 A, respectively, from the catalytic thiol group of Cys-25
(Drenth et al., 1971a,b). The electrostatic repuision between
the inhibitor and the active site is eliminated when the latter
is protonated. Once the inhibitor is in the active site, its free
«-carboxyl may also be protonated because of the difference
in the environment and the proximity of proton donors such
as the imidazole of His-159, which may be protonated at a pH
lower than 3.5. This may increase the acylation rate and sta-
bilize the acyl-enzyme complex. It is also possible that the
introduction of a carboxyl into the active site affects the pK,
of the ionizable groups there. This may explain why the pH
dependence shown in Figure 12 is different from that found
for the acylation rate constants in the hydrolysis of various
substrates by papain (pK| = 3.9-4.3; pK, = 8.0-8.5; Glazer
and Smith, 1971).

Discussion

The @,8-unsaturated aromatic amino acids S-phenyldehy-
droalanine (PDA) and 8-styryldehydroalanine (SDA) have
light absorption spectra which are affected by chemical sub-
stitutions at the a-carboxyl group (Table IT). With respect to
this property, PDA and SDA are similar to the analogous -
arylacrylic acids that have been used to study the properties
of acyl--enzyme complexes of the proteolytic enzymes »apain,
chymotrypsin, trypsin, and subtilisin, as well as those of glyc-
eraldehyde-3-phosphate dehydrogenase (Bender and Bru-
bacher, 1964; Bernhard et al., 1965; Oliver et al., 1967; Bender
and Kaiser, 1962; Bernhard et al., 1965; Malhodra and
Bernhard, 1968). Since PDA and SDA are a-amino acids, they
could be incorporated into position P; of oligopeptides, which
are substrates or competitive inhibitors of papain. The peptides
were synthesized according to the specificity of the extended
active site of the enzyme and bind to it with a high noncovalent
binding energy (Berger and Schechter, 1970; Berger et al.,
1971). With these peptides, I was able to show that papain is
acylated by peptide inhibitors which have a free a-carboxyl
at Py. The spectra of the acyl-enzyme complexes indicate that
the inhibitors are bound to the active site in a thioester bond.
These results explain the ability of papain to catalyze the ex-
change of 180 between water and the free a-carboxyl of ben-
zyloxycarbonyl amino acids (Grisaro and Sharon, 1964) and
to catalyze the synthesis of peptide bonds between the free
a-carboxyl of N-blocked amino acids and various amines like
aniline and phenylhydrazine (Bergman and Fraenkel-Conrat,
1937, Greenstein, 1954). Acylation of papain by inhibitors with
a free a-carboxyl at Py was suggested also by other investiga-
tors (Drenth et al., 1971a; Wolthers and Kalk, 1970; Bernhard
and Lau, 1971).

What fraction of the total enzyme-bound inhibitor (both in
covalent or noncovalent bends) is at equilibrium in the form
of an acyl-enzyme complex? Studies of the rate of acylation
of papain by the inhibitors 1, V, V1, and X1 and of the rate of
deacylation of the acyl-enzyme complexes by the stopped-flow
technique (manuscript in preparation) showed that most of the
inhibitor molecules, which are bound to the active site of the
enzyme, are at equilibrium in the form of an acyl-enzyme
complex. The same conclusion can be derived from the fol-
lowing rough calculation. It can be assumed that the molar
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absorption coefficient of thioesters of PDA and SDA is about
2.5 X 10*M~Tcm™! [values of molar absorption coefficients
of arylacrylic acid derivatives that were reported in the liter-
ature arein the range 1.5-3 X 10*M~!cm™~! (Bernhard et al.,
1965; Charney and Bernhard, 1967; Hinkle and Kirsch,
1970)). According to this assumption, the calculated concen-
tration of acyl-papain complexes formed by inhibitors | and
V, in the experiments described in Figures 5 and 6, is about 6
X 103 M. From the total concentration of the inhibitors in
these experiments (10~% M), the enzyme concentration (1.25
X 10~4 M), and the inhibition constants of [ and V (Table ),
it can be estimated that most of the enzyme-bound inhibitors
were at equilibrium in the form of an acyl-enzyme com-
plex.

Can the spectral properties of acyl-papain complexes be
correlated with their chemical nature? From the spectra of
model compounds (Bender et al., 1962; Bernhard et al., 1965,
Oliver et al., 1967; Bender and Brubacher, 1964; Hinkle and
Kirsch, 1970}, it was suggested that the unique spectra of na-
tive acyl enzymes indicate that the carbonyls of the ester (or
thioester) bonds are more polarized than in the denatured
complexes or in simple small-molecular-weight model com-
pounds (Bernhard and Lau, 1971). This may result from a
distortion of the acyl-enzyme bond and protonation of the
ester’s oxygen or sulfur atoms by the active site (Bernhard and
Lau, 1971). From the three-dimensional model (CPK type)
of acyl-papain complexes with Ac-Phe-PDA and Ala-Ala-
Phe-SDA, buiit according to the three-dimensional structure
of papain (Drenth et al., 1971a,b), and taking into account
hydrogen-bond formation and hydrophobic interactions ac-
cording to the specificity of the enzyme (Berger and Schechter,
1970; Berger et al., 1971), it seems that PDA and SDA are in
the more stable *“S-trans” configuration, but the thioester bond
is distorted. The §-carbon of the catalytic cysteine residue is
forced by the structure of the active site to be outside the oth-
erwise planar thioester structure because of rotation along the
thioester bond. A similar kind of distortion was found in the
indoleacryloyl-a-chymotrypsin complex by X-ray analysis
(Henderson 1970). The effect of this distortion is to interfere
with the overlap of the p orbitals of the sulfur with the = orbital
of the adjacent carbonyl. As a result, the carbonyl carbon in
the native acyl enzyme is more electropositive than in usual
thioesters and is more susceptible to attack by nucleophiles.
This may result in a higher rate and a higher free energy of
hydrolysis. It was therefore of interest to determine if a cor-
relation exists between the free energies and rates of hydrolysis
of esters and amides of arylacrylic acids (ArCH=CHCOX)
and their Ap,x. Since the free energies of hydrolysis of esters
and amides of arylacrylic acids have not yet been measured,
I used data available for the corresponding derivatives of acetic
acid (CH3COX) and Z-Gly-X. I assumed that the effects of
-X on the free energies and rates of hydrolysis of these com-
pounds and of the corresponding arylacrylic acid derivatives
are the same. The results (Figure 13) indicate that a correlation
does exist between Ao of cinnamoyl-X and (a) the free energy
of the conversion of acetyl-X to acetic acid anion and XH at
pH 7, (b) the pK, of the ionization of XH, and (¢} the rate of
the alkaline hydrolysis of Z-Gly-X. Cinnamoylimidazole and
S-cinnamoylcysteine deviate from the rest of the compounds
and have an exceptionally red-shifted Ajax. Since most of the
other derivatives tested are oxygen esters (except cinnamoyl
amide), it is possible that amides and thioesters may have a
different correlation than oxygen esters. Bernhard and Lau
(1971) suggested that the Apax of thiol esters of arylacrylic
acids are red-shifted relative to the corresponding oxygen es-
ters, aldehydes, and ketones due to the 3d-orbital overlap from
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FIGURE 13: Correlation between Apnax of esters and amides of cinnamic
acid derivatives (CgHsCH=CHCOX) and the chemical properties of the
corresponding alcohols and amines (X): (A) The free energy of the con-
version of CH3COX to CH3COO™ and XH in water at pH 7 vs. Apax of
cinnamoyl-X. (B) pK, of alcohols and amines (XH) vs. Anax of the cor-
responding esters and amides of cinnamic acid. Inset: Rate constants of
alkaline hydrolysis of Z-Gly-X vs. Amay of cinnamoyl-X. The X are: 1,07
2, NHz; 3, OH: ", OCH3; 5, OCH2CH2N+(CH3)3Z 6, OC6H5; 7,
OCgHs(m-NO3); 8, OCgHs(0-NOy); 9, OCOR (anhydride); 10,
OCeHs(p-NO3); 11, S of cysteine; 12, imidazole. Apax data values were
from Bernhard ct al. (1965), Bender et al. (1962). and Bender and Bru-
bacher (1964). Other data are from the CRC Handbook of Biochemistry
(Sober, 1966) and from Kirsch and Igelstrom (1966).

the sulfur. They also suggested that the spectrum of the native
acyl enzyme indicates that the carbonyl of the thioester bond
is more polarized than in usual thioesters. This may mean that
the thioester bond in native acylpapain also has a higher energy
of hydrolysis.

How is it possible to explain the spontaneous acylation of
papain by the terminal free a-carboxyl of competitive inhibi-
tors? The same question may be posed concerning the acylation
of papain by amides, which are the natural substrates of the
enzyne and have a low energy of hydrolysis. Protonation of
the enzyme may provide 3 kcal/mol; the rest probably comes
from the noncovalent binding of the inhibitors or substrates
to the active site. If this is the case, then competitive inhibitors
which can bind to the active site with little or no investment of
energy in acylating it will have very high binding constants.
This, in fact, was found to be the case. Ala-Ala-Phe-gly-
cinenitrile is a strong competitive inhibitor of papain, with K4
= 3.5 X 10~ M (corresponding to a free energy of binding of
7.6 kcal/mol). By contrast, Ala-Ala-Phe-Gly is a weak com-
petitive inhibitor with K4 = 2.2 X 10~3 M (corresponding to
a free energy of binding of 3.7 kcal/mol). Similarly, Ac-Phe-
NHCH,CHO is a very strong inhibitor of papain with K¢ =
4.5 X 107 M~ (Westerik and Wolfenden, 1972). This binding
constant corresponds to a binding energy of 10.3 kcal/mol. On
the other hand, Ac-Phe-Gly binds to papain with a free energy
of only 4.1 kcal/mol (Benderly, H., personal communication).
The results of this study show that the noncovalent binding
energy is insufficient to cause acylation by inhibitors with a
free carboxyl at pH >7. Protonation of the enzyme provides
the additional energy required for almost quantitative acyla-
tion. At pH 4-5 the acyl-papain complex is more stable than
ordinary low-molecular-weight thioesters, although the energy
of hydrolysis of the thioester bond may be higher. This con-
clusion agrees with the suggestion of Hinkle and Kirsch (1971)
that the structure of native papain contributes approximately
8 kcal/mol toward stabilizing the acyl-papain complex.

SMOLARSKY

The pH dependence of the acylation of papain by competi-
tive inhibitors with a free a-carboxyl at P; (Figure 12) is il-
lustrative of a case where the energy of protonation is used to
form an energy-rich chemical bond. A membranous enzyme
with similar properties could use a transmembrane proton
gradient to actively transport peptides from the acidic to the
basic side of the membrane.

Acknowledgments

I express my gratitude to Professor Daniel E. Koshland, Jr.,
for the fruitful discussions and the help in preparing the
manuscript, to Dr. Steven Clarke and Professor Jack F. Kirsch
for the helpful discussions and the critical reading of the
manuscript, to Ms. Susan Brown for her secretarial assistance,
to Mr. Israel Jacobson from the Department of Biophysics in
the Weizman Institute who prepared the starting materials for
the peptide synthesis, and to Ms. Sara Rogozinski and Mr.
Raul Heler from the Weizman Institute for the elemental
analysis.

Supplementary Material Available

Syntheses of amino acids and peptides and the chemical
analysis of the products are described (20 pages). Ordering
information is given on any current masthead page.

References

Anderson, G. W., Zimmerman, J. B., and Callahan, F. M.
(1964), J. Am. Chem. Soc. 86, 1839.

Bender, M. L., and Brubacher, L. J. (1964), J. Am. Chem. Soc.
86, 5333,

Bender, M. L., and Kaiser, E. T. (1962) J. Am. Chem. Soc. 84,
2556.

Bender, M. L., Schonbaum, G. R., and Zerner, B. (1961), J.
Biol. Chem. 236, 2930.

Bender, M. L., Schonbaum, G. R., and Zerner, B. (1962), J.
Am. Chem. Soc. 84, 2540.

Ben-Ishai, D., and Berger, A. (1952), J. Org. Chem. 17,
1564,

Berger, A., and Schechter, 1. (1970), Philos. Trans. R. Soc.
London, Ser. B 257, 249.

Berger, A., Schechter, 1., Benderly, H., and Kurn, N. (1971),
Peptides, Proc. Eur. Symp., 6th, 1969, 290.

Bergman, M., and Fraenkel-Conrat, H. (1937), J. Biol. Chem.
119, 707.

Bergman, M., and Zervas, 1. (1932) Ber. Dtsch. Chenz. Ges.
65,1192,

Bernhard, S. A, and Lau, S. J. (1971), Cold Spring Harbor
Symp. 26, 75.

Bernhard, S. A., Lau, S. J., and Noller, H. (1965), Biochem-
istry 4, 1108.

Blumberg, S., Schechter, I., and Berger, A. (1970), Eur. J.
Biochem. 15, 97.

Bodanszky, M., and Ondetti, M. A. (1966), in Peptide Syn-
thesis, Interscience, New York, N.Y.

Brubacher, L. J., and Bender, M. L. (1966), J. Am. Chem. Soc.
88, 5871.

Carpino, L. A., Giza, C. A., and Carpino, B. A. (1960), J. Am.
Chem. Soc. 82, 2725.

Charney, E., and Bernhard, S. A. (1967), J. Am. Chem. Soc.
89, 2726.

Doherty, D., Tietzman, J. E., and Bergman, M. (1943), J. Biol.
Chem. 147, 617.

Drenth, J., Jansonius, J. N., Koekoek, R., and Wolthers, B. G.
(1971a), Adv. Protein Chem. 25, 79.

Drenth, J., Jansonius, J. N., Koekoek, R., and Wolthers, B.G.



MALATE DEHYDROGENASE, L-MALATE ACTIVATION

(1971b), Enzymes 3, 485.

Dunn, M. F., and Bernhard, S. A. (1969), J. Am. Chem. Soc.
91, 3274,

Erlenmeyer, E., and Lipp, A. (1883), Justus Liebigs Ann.
Chem. 219, 179.

Forster, M. O., and Rao, K. A. N. (1926), J. Chem. Soc.,
Perkin Trans. 2 129, 1943.

Fritz, J. S. (1950a), Anal. Chem. 22, 578.

Fritz, J. S. (1950b), Anal. Chem. 22, 1028.

Fritz, J. S., and Lisicki, N. M. (1951), Anal. Chem. 23,
5%9.

Glazer, A. N., and Smith, E. L. (1971), Enzymes 3, 581.

Greenstein, J. P. (1954), Adv. Protein Chem. 9, 121.

Greenstein, J. P., and Winitz, M. (1961), in Chemistry of the
Amino Acids, Wiley, New York, N.Y., Vol. 2, pp 823-
860.

Grisaro, V., and Sharon, N. (1964), Biochim. Biophys. Acta
89, 152.

Halpern, B., and Nitecki, D. F. (1967), Tetrahedron Lett.,
3031.

Henderson, R. (1970), J. Mol. Biol. 54, 341.

Hinkle, P. M., and Kirsch, J. F. (1970), Biochemistry 9,
4633,

Hinkle, P. M., and Kirsch, J. F. (1971), Biochemistry 10,
3700.

Kimmel, J. R., and Smith, E. (1954), J. Biol. Chem. 207,
515.

Kirsch, J. F., and Igelstrom, M. (1966), Biochemistry 5,

voi. 17, No. 22, 1978 4615

783,

Lapin, L. N., and Zammona, R. K. (1955), Zh. Anal. Khim.
10, 364.

Malhotra, O. P., and Bernhard, S. A. (1968), J. Biol. Chem.
243, 1243,

Malhotra, O. P., and Bernhard, S. A. (1973), Proc. Natl. Acad.
Sci. US.A. 70, 2077.

Mercuroff, J., and Hess, G. P. (1963), Biochem. Biophys. Res.
Commun, 11, 283.

Oliver, R. W. A, Viswanatha, T., and Whish, W. J. D. (1967),
Biochem. Biophys. Res. Commun. 27, 107.

Pettit, G. R. (1970), in Synthetic Peptides, Vol. I, Van Nos-
trand Reinhold, New York, N.Y.

Schnabel, E. (1967), Justus Liebigs Ann. Chem. 702, 188.

Schwyzer, R., and Sieber, P. (1959), Helv. Chim. Acta 42,
972.

Shields, J. E., McGregor, W. H., and Carpenter, F. H. (1961),
J. Org. Chem. 26, 1491.

Sluyterman, L. A. AE. (1964), Biochim. Biophys. Acta 85,
316.

Sober, H. A., Ed. (1966), Handbook of Biochemistry, 2nd ed,
Chemical Rubber Co., Cleveland, Ohio.

Westerik, J. O., and Wolfenden, R. (1972), J. Biol. Chem. 247,
8195.

Wolthers, B. G., and Kalk, K. H. (1970), Biochim. Biophys.
Acta 198, 556.

Wunch, E., Fries, G., and Zwick, A. (1958), Chem. Ber. 91,
542,

Malate Dehydrogenase. Kinetic Studies of Substrate Activation of

Supernatant Enzyme by L-Malate'

Paul A. Mueggler! and Raymond G. Wolfe*

ABSTRACT: At pH 8.0 in 0.05 M Tris-acetate buffer at 25
°C, homogeneous supernatant malate dehydrogenase exhibits
substrate activation by L-malate. The turnover number, Mi-
chaelis constant for L-malate, and Michaelis constant for NAD
are: 0.46 X 10* min~!, 0.036 mM, and 0.14 mM, respectively,
for nonactivated enzyme and 1.1 X 10 min~!, 0.2 mM, and
0.047 mM for the same series of constants in activated enzyme.
Nonactivating behavior is observed at concentrations between
0.02 and 0.15 mM L-malate and activating behavior is ob-
served between 0.15 and 0.5 mM L-malate. L-Malate activa-
tion is compared with similar activation of mitochondrial

This study deals with two rather general problems in enzy-
mology, the significance of identical subunits, and the role of
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malate dehydrogenase. While it is not possible to exclude
unequivocally all mechanisms, the data seem to be consistent
with the occurrence of a fundamentally ordered bi bi mecha-
nism, possibly involving activation through the allosteric
binding of L-malate. It is concluded that the data are consistent
with a form of the “reciprocating compulsory order mecha-
nism” in which nonactivated enzyme reflects catalysis by one
subunit and activated catalysis expresses the coordinated ac-
tivity of two subunits. The allosteric interaction and the “re-
ciprocating mechanism’ are not mutually exclusive.

multiple enzyme forms. Pig heart malate dehydrogenase is of
interest in relationship to the above because it occurs in two
forms, mitochondrial and extramitochondrial (supernatant),
each of which is a dimer of structurally identical or very similar
subunits. The experimental approach involves a detailed study
of the non-Michaelian kinetic behavior known as substrate
activation, in this case by L-malate, with the purpose of as-
certaining the mechanism correctly explaining the observed
behavior. This is a continuation of previously published studies
attempting to explain anomalous kinetic behavior in the
“structure-function framework (Harada & Wolfe, 1968), and
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