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Threonine-Sensitive Aspartokinase—Homoserine Dehydrogenase

of Escherichia coli K 12. Reaction with

6-Mercapto-9-3-p-ribofuranosylpurine 5’-Triphosphate”

Paolo Truffa-Bachit and Henry d’A. Heck?

ABSTRACT: An adenosine triphosphate (ATP) analog, 6-mer-
capto-9-8-p-ribofuranosylpurine 5’-triphosphate (SH-TP), is
a substrate for the aspartokinase activity of aspartokinase
I-homoserine dehydrogenase I of Eschierichia coli K 12, In-
cubation of the enzyme with SH-TP in the absence of L-
threonine leads to a labeled enzyme of essentially the same
molecular weight as the native protein which has specifically
lost its aspartokinase activity while retaining in full its homo-
serine dehydrogenase activity. The dehydrogenase activity of
the modified enzyme is desensitized to threonine, but is in-
hibited both by aspartate and by ATP. Reaction of the modi-
fied enzyme with mercaptoethanol releases three molecules of
SH-TP per molecule of protein. Saturating levels of threonine

[)hysical and chemical studies of the bifunctional enzyme,
aspartokinase I-homoserine dehydrogenase I (aspartokinase
or ATP:L-aspartate 4-phosphotransferase, EC 2.7.2.4; homo-
serine dehydrogenase or r-homoserine:NADP oxidoreduc-
tase, EC 1.1.1.3) of Escherichia coli K 12, have shown that
the protein is composed of six identical, or nearly identical,
subunits (Truffa-Bachi er al., 1969). The enzyme possesses
six binding sites for the inhibitor, L-threonine, and the attach-
ment of this ligand is cooperative (Janin ez al., 1969). On the
other hand, a variety of evidence points to the existence of
only three active sites for the homoserine dehydrogenase
function (Janin et al., 1969 ; Heck and Truffa-Bachi, 1970).

The recent demonstration that 6-mercapto-9-3-p-ribo-
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protect the enzyme completely against SH-TP. Inactivation
of the aspartokinase function by SH-TP probably does not
occur by affinity labeling of the aspartokinase site(s) since (1)
ATP and adenosine diphosphate (ADP) protect against SH-
TP only at concentrations much greater than that of SH-TP;
(2) ATP and aspartate bind to the native and modified enzymes
with virtually unaltered affinities; and (3) the kinetics of re-
action with SH-TP is not influenced by the presence of
aspartic acid. Since reaction of the enzyme with SH-TP does
not prevent binding of aspartokinase substrates, it is proposed
that inactivation occurs by an interference with asparto-
kinase catalysis. The relevance of the SH-TP reaction to the
subunit structure of the enzyme is discussed.

furanosylpurine 3’-triphosphate (SH-TP)! reacts specifically
with sulfhydryl groups at the adenosine triphosphatase sites
of myosin (Murphy and Morales, 1970) suggested the possibil-
ity that this reagent might react selectively with the particular
sulfhydryl groups necessary for the aspartokinase activity of
aspartokinase I-homoserine dehydrogenase I (Truffa-Bachi
et al., 1966, 1968). Since the selective reaction of SH-TP with
the enzyme could conceivably provide information relevant
to the number of aspartokinase sites, which is a question of
considerable interest, the experiments described in the present
paper were undertaken.

Experimental Section

Materials. E. coli K 12, strain Tir 8 (Szentirmai er al., 1968),
was grown on a minimal medium containing 1% glucose as
the carbon source. The cells were harvested in the late-log
phase and stored at —15°. The homogeneous protein was
isolated from bacterial extracts and purified as described by

7 Abbreviations used arc: SH-TP, 6-mercapto-9-3-p-ribofuranosyl-
purine 5'-triphosphate; PMB, p-mercuribenzoate; DTNB, §,5'-dithio-
bis-2-nitrobenzoate.
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Truffa-Bachi e al. (1968). The enzyme preparation, suspended
in 50 % ammonium sulfate containing 2 mM L-threonine, was
maintained at room temperature.

SH-TP was kindly provided byDr. Joseph A. Duke and Miss
Linda Stowring of the University of California, San Fran-
cisco. The substance was pure as evidenced by thin-layer chro-
matography (Murphy et al., 1970).

D,L-Allylglycine was obtained from Sigma and converted
into p,L-aspartyl semialdehyde according to Black and Wright
(1955). L-[*H]Aspartic acid was purchased from New England
Nuclear. The compound had a specific activity of 2130 mCi/
mmole. All other reagents and enzymes were obtained from
commercial sources.

Apparatus. Absorption spectra were recorded on a Cary 14
spectrophotometer and circular dichroism spectra on a Cary
60 spectropolarimeter. Radioactive samples were counted in
10 ml of Bray’s solution (Bray, 1960), using a Nuclear-Chicago
liquid scintillation counter, Model Mark I. Measurements of
enzymatic activity were carried out in a Zeiss PMQ II spectro-
photometer.

Determination of Covalently Bound SH-TP Molecules. For
reaction with SH-TP, a sample of the enzyme preparation,
resuspended from ammonium sulfate, was equilibrated with
the desired buffer by passing it down a 0.9 X 12 cm column
of Bio-Gel P-2. The enzyme concentration was determined
spectrophotometrically, using an extinction coefficient at
278 nm of 0.46 cm?/mg (Janin et al., 1969). The desired re-
agents, including a freshly prepared solution of SH-TP, were
added to the enzyme solution, and the pH was measured.

The number of covalently bound SH-TP molecules per
molecule of enzyme was determined on enzyme samples which,
owing to reaction with SH-TP, had lost at least 957 of their
aspartokinase activity. The reacted enzyme solution was
passed down a 0.9 X 22 cm column of Bio-Gel P-10 equili-
brated with 50 mm potassium phosphate-0.3 M KCI (pH 6.5).
Separation of the enzyme from excess SH-TP was achieved.
Tubes containing the enzyme peak were combined, and the
near-ultraviolet spectrum of the reaction product was re-
corded. f3-Mercaptoethanol was added to both sample and
reference stoppered cuvets to obtain a final concentration of
80 mM. The absorbance at 322 nm due to free SH-TP in-
creased gradually over a 1-hr period until a constant value was
reached. This value, together with the protein absorbance at
278 nm, was used to calculate the number of bound SH-TP
molecules per molecule of protein. The molar absorptivity of
SH-TP under these conditions is 2.31 X 104 M~! cm™! at
322 nm (Hampton and Maguire, 1961).

Formation and Detection of {-Aspartyl Phosphate. The
activity of the enzyme with SH-TP as substrate was tested by
detection of S-aspartyl hydroxamate. The reaction mixture
contained 0.2 M Tris, 0.38 M KCl, 50 mm L-[3H]aspartate, 4
mM MgSO,, 15 mm SH-TP, and 1.1 uM aspartokinase I-
homoserine dehydrogenase I (pH 7). After incubation at room
temperature for 90 min, hydroxylamine was added to a final
concentration of 1.75 M in order to trap the §8-aspartyl phos-
phate formed as (-aspartyl hydroxamate. Incubation was
carried out for a further 4 hr. Control experiments in which
either SH-TP was replaced by ATP (80 mmM), or in which
enzyme was omitted, were run in parallel.

At the end of the experiments, the mixtures were lyophi-
lized, and the powders were resuspended in 0.5 ml of water. A
10-ul sample from each mixture was submitted to paper elec-
trophoresis according to Manders ez al. (1969).

Molecular Weight Determination. The molecular weight of
the enzyme reacted with SH-TP was estimated by filtration
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FIGURE 1: Near-ultraviolet spectra of aspartokinase I-homoserine
dehydrogenase I (A); aspartokinase I-homoserine dehydrogenase T
after reaction with SH-TP and separation from excess SH-TP (B);
aspartokinase I-homoserine dehydrogenase I after reaction with
SH-TP, separation from excess SH-TP, and addition of 80 mmM §-
mercaptoethanol for 1 hr (C). The spectra are recorded in 50 mm
potassium phosphate-0.3 M KCl, pH 6.5, 25°.

ona 0.9 X 90 cm column of Sephadex G-200. A 6.5-mg sample
of aspartokinase I-homoserine dehydrogenase I was incu-
bated for 24 hr in 0.6 ml of 0.25 M potassium phosphate, 0.3
M KCl, and 3 mm MgSO, (pH 7.35), containing 6 mm SH-TP.
Column markers were native aspartokinase I-homoserine
dehydrogenase I, cytochrome ¢, and Blue Dextran.

Enzyme Assays. The aspartokinase activity was measured
in a cuvet containing 0.25 M Tris, 0.5 M KCl, 12.5 mM MgSO,,
0.3 mm NADH, 5.5 mmM phosphoenolpyruvate, 20 mMm potas-
sium L-aspartate, 6 mM ATP, 0.3 uM pyruvate kinase, and
0.9 uM lactate dehydrogenase, at a final pH of 7.40. Homo-
serine dehydrogenase activity in the direction aspartyl semi-
aldehyde to homoserine was determined in a test solution
composed of 0.1 M potassium phosphate, 0.75 M KCl, 0.01 M
EDTA, 2 mM L-aspartyl semialdehyde, and 0.25 mm NADPH
(pH 7.31). In the reverse direction, homoserine dehydrogenase
activity was tested in 0.2 M Tris, 0.5 M KCl, 35 mm L-homo-
serine, and 0.7 mM NADP (pH 9.0). The concentration of
aspartokinase I-homoserine dehydrogenase I in all cases was
of the order of 5 nMm.

Results

Spectra and Stoichiometry. After reaction of aspartokinase
I-homoserine dehydrogenase I with SH-TP for a time suffi-
cient to abolish the aspartokinase activity, the near-ultraviolet
spectrum of the native enzyme, Figure 1, curve A, is altered
to that shown in Figure 1, curve B. The reaction product
(hereafter aspartokinase—SS-TP) can be reacted further with
B~mercaptoethanol to yield the spectrum shown in Figure 1,
curve C. The spectra presented in Figure 1 are very similar to
those observed by Murphy and Morales (1970) in the myosin
system.

The shoulder at 320 nm in the absorption spectrum of
aspartokinase-SS-TP was found to be optically inactive in
50 muM potassium phosphate-0.3 M KCl (pH 6.5). No extrin-
sic dichroism band is observed in this spectral region, either
in the presence or in the absence of 10 mM MgCl..

Experiments designed to yield the number of SH-TP mole-
cules covalently bound per molecule of enzyme are summa-
rized in Table I. This table shows that under avariety ofexperi-
mental conditions, including various times of incubation,
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TABLE I: Covalent Bonding of SH-TP to Aspartokinase I-Homoserine Dehydrogenase I of E. coli K 12.

. . 10 mm No. of SH-TP
Time of ?_ogsgntratlon of Potassium  Bound/Molecule
Incubn (hr)e Buffer? pH Enzyme (um) SH-TP (mmM) L-Aspartate of Enzyme
12 Phosphate 7.2 2.8 1.5 L 3.0
20 Phosphate 7.2 2.8 2.4 + 3.2
26 Phosphate 7.3 8.7 4.4 — 3.0
16 Tris 7.8 8.3 1.7 -+ 2.7

« At 25°. ® Phosphate buffer is 20 mm potassium phosphate, 0.3 M KCl, and 3 mm MgSO,. Tris buffer is 50 mM Tris, 0.3 M

KCl, and 30 mm MgSO,.

different buffers, and both the presence and absence of aspartic
acid, the number of covalently bound SH-TP molecules is
consistently 3 = 0.3. (An early experiment suggested the
possibility that aspartic acid may influence the kinetics of
reaction with SH-TP. More careful studies showed, however,
that this was not the case, see below.)

SH-TP as a Substrate for Aspartokinase [-Homoserine
Dehydrogenase [. Paper electrophoresis of the incubation
mixtures described earlier produced the results shown in
Figure 2. When enzyme is omitted, only aspartic acid can be
detected, which travels approximately 20 ¢cm in 4 hr under the
experimental conditions (Figure 2, curve C). If SH-TP is
replaced by ATP, and enzyme is included, two spots are ob-
served, one appearing in the aspartic acid region, the other
remaining near the origin (Figure 2, curve B). In accordance
with Manders et al. (1969), we attribute the latter spot to 3-
aspartyl hydroxamate. When SH-TP is the substrate, two
spots are again observed, as shown in Figure 2, curve A. The
maxima correspond well to the above noted compounds.

Molecular Weight of Aspartokinase-SS-TP. The product of
reaction of SH-TP with aspartokinase I-homoserine dehydro-
genase I, when submitted to gel filtration on Sephadex G-200,
emerges in the same elution volume as the native enzyme, as
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FIGURE 2: Electrophoretic identification of §-aspartyl hydroxamate
and aspartate, Aliquots were subjected to electrophoresis at 30 V/
cm for 4 hr on Whatman No. 1 paper at pH 6.4 in pyridine-glacial
acetic acid—H,O (400:7:1800, v/v). Aspartyl hydroxamate remains
near the origin.
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monitored both by protein absorbance at 280 nm and by
homoserine dehydrogenase activity tests. On this basis, there-
fore, the molecular weights of the two materials are essentially
identical.

Kinetics of [Inactivation. The disappearance of asparto-
kinase activity during reaction of aspartokinase I-homoserine
dehydrogenase I with excess SH-TP is a cleanly pseudo-first-
order process to at least 809 of reaction, as shown by the
filled triangles of Figure 3B. During the same time period,
the same enzyme sample suffers no loss in homoserine de-
hydrogenase activity, as illustrated by the filled circles of
Figure 3A.

Although the dehydrogenase activity is unaltered by re-
action of the enzyme with SH-TP, the ability of L-threonine
to inhibir the dehydrogenase activity, /.e., the sensitivity of the
dehydrogenase to threonine, is lost. This is shown by the
open circles of Figure 3A. For these measurements, small
samples of the incubation mixture were diluted, at the times
shown, into dehydrogenase assay solutions which contained

% Dehydrogenase
Activity
[s]
I

NI B |

L

n
(=4
T

and Threonine {nhibition
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of Dehydrogenase Activity
w
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FIGURE 3: Time course of reaction of SH-TP with aspartokinase
I-homoserine dehydrogenase T at 25°. The solution contains 0.7 »m
potassium phosphate, 0.12 M KCI, 1.2 mm MgSOs, 6.7 mm SH-TP,
and 4.5 uM aspartokinase I-homoserine dehydrogenase I (pH 7.40).
(A) Homoserine dehydrogenase activity in the direction homoserine
to aspartyl semialdehyde (@); homoserine dehydrogenase activity in
the same direction in presence of 25 mM™ L-threonine (O). (B) As-
partokinase activity (A); threonine inhibition of homoserine de-
hydrogenase activity (difference between open circles and dashed
line of Figure 3A) (O).
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FIGURE 4: Plot of the inverse of the observed rate constant for as-
partokinase inactivation by SH-TP at 25° vs. the inverse of the con-
centration of SH-TP. The solutions contained 0.7 M potassium
phosphate, 0.12 M KCl, 1.2 uM aspartokinase I-homoserine de-
hydrogenase I (pH 7.58), and various concentrations of SH-TP as
shown.

25 mM L-threonine. It is clear that, as reaction with SH-TP
proceeds, threonine becomes progressively less effective as an
inhibitor. The dehydrogenase activity, measured in the pres-
ence of threonine, approaches asymptotically the value ob-
served in its absence.

The per cent of inhibition by threonine, i.e., the difference
between the open circles and dashed line of Figure 3A, when
plotted in semilogarithmic form, yields the open circles of
Figure 3B. It is apparent that the desensitization toward
threonine proceeds at the same velocity as the loss of asparto-
kinase activity. The solid curve of Figure 3A is the calculated
curve based on the rate constant of 0.40 hr—! obtained from
the plots of Figure 3B.

The order of the reaction with respect to SH-TP was
determined by measuring the dependence of the pseudo-first-
order rate constant for aspartokinase inactivation on SH-TP
concentration. The observed rate constant did not increase
linearly with SH-TP, but approached a limiting value with
increasing concentration of the inactivator. The results may
be analyzed in terms of the mechanism

Kg k
AK + SH-TP == AK-SH-TP —> AK-SS-TP 89}

in which AK represents free enzyme, AK-SH-TP is an en-
zyme-SH-TP complex, and AK-SS-TP is the product of a
covalent reaction occurring within the complex. For this
mechanism, the apparent inactivation rate constant is given by

k
Kopsg = —— 2
"™ 7 1 + Ke/[SH-TP] @

so that a plot of the inverse of k,pa should be proportional
to the inverse of the SH-TP concentration. Such a plot is
shown in Figure 4. From the slope and intercept of this figure,
the quantities & = 4.5 = 0.7 hr*and Ks = 9 = 2 mM are
obtained.

The rate of reaction of SH-TP with aspartokinase I-homo-
serine dehydrogenase I is not sensitive to the presence of
L-aspartic acid at two different values of pH. Thus, in 0.63 M
potassium phosphate, 0.15 M KCl, 1.5 mm MgSO,, 8 mM SH-
TP, 5.7 um aspartokinase I-homoserine dehydrogenase I (pH
7.40 and 7.82), and 50 mM potassium L-aspartate, the rates of
aspartokinase inactivation were identical with those observed
in control experiments which were otherwise the same but
contained no aspartic acid. On the other hand, under similar
reaction conditions, 14 mM L-threonine protects completely
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x©
o

]
1

% Dehydrogenase
Activity

% Kinase
Activity

Time,hr

FIGURE 5: Time course of reaction of SH-TP with aspartokinase
I-homoserine dehydrogenase I in the presence of ATP, ADP, and L-
threonine at 25°. (A) Solution is the same as Figure 3 except that it
contains additionally 0.33 M ADP. Homoserine dehydrogenase
activity in the direction homoserine to aspartyl semialdehyde (®);
homoserine dehydrogenase activity in the same direction in pre-
sence of 25 mM L-threonine (O); homoserine dehydrogenase activity
in the same direction in the presence of 25 mM L-threonine if solution
does not contain ADP (taken from Figure 3A) (dotted line). (B)
Aspartokinase activity in a solution composed of 1,14 M potassium
phosphate, 48 mMm KCl, 0.48 mm MgSO,, 8.8 mm SH-TP, and 1.8
uM aspartokinase I-homoserine dehydrogenase I, pH 7.42 (A);
aspartokinase activity in the same solution except for the presence of
0.33 M ATP (O); aspartokinase activity in a solution composed of
0.53 M potassium phosphate, 43 mm KCl, 0.43 mm MgSOy, 9.6 mMm
SH-TP, 1.6 uM aspartokinase I-homoserine dehydrogenase 1, and
14 mmM L-threonine, pH 7.35 (@).

the aspartokinase activity against inactivation by SH-TP
(Figure 5B, dashed line). The latter experiments were made
possible by 350-fold dilutions of samples from the SH-TP
incubation mixture into the aspartokinase test solutions, which
brought the threonine concentration to the noninhibitory
level of 40 uMm.

Protection of the Aspartokinase Activity against SH-TP by
Adenosine Di- and Triphosphates. In the presence of the co-
enzymes, ATP and ADP, the rate of reaction of SH-TP with
the enzyme is decreased. Thus, by comparing the full and
dotted lines of Figure 5B, it can be seen that the rate of dis-
appearance of aspartokinase activity in the presence of 8.8
mm SH-TP is lowered by 0.33 M ATP, but that inactivation
still occurs, even at this high ATP to SH-TP molar ratio.

The coupled aspartokinase assay used in our experiments
precluded a direct measure of the protective effect of ADP
against aspartokinase inactivation. It was, however, possible
to demonstrate that ADP decreases the rate at which the
dehydrogenase activity is desensitized toward threonine. As
shown in the dashed line of Figure 5A, incubation of the
enzyme with 6.7 mMm SH-TP in the presence of 0.33 M ADP
does not lead to a measurable loss in the homoserine dehydro-
genase activity. If, however, 25 muM L-threonine is present in
the dehydrogenase assay solutions, it can be seen that the rate
of threonine desensitization by SH-TP in the presence of this
concentration of ADP, shown by the open circles of Figure
5A, is less than one-half that observed in the absence of ADP
under the same reaction conditions (Figure 5A, dotted line).
Thus, ADP at these concentrations partially protects the
enzyme against threonine desensitization by SH-TP.

The protection provided by ATP against SH-TP inactiva-
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FIGURE 6: Plot of the inverse of the observed rate constant for as-
partokinase inactivation by SH-TP at 25° vs, concentration of ATP,
The solutions contain 0.79 M potassium phosphate, 83 mm KCl,
0.83 mm MgSO;, 4.6 mMm SH-TP, 1.1 um aspartokinase I-homo-
serine dehydrogenase 1 (pH 7.60). and various concentrations of
ATP as shown.

tion can be used to estimate the apparent dissociation constant
of ATP from the SH-TP reaction site. If it is assumed that a
site to which ATP is bound cannot react with SH-TP, the re-
action may be written as

ATP

N g 13

AK + SH-TP == AK-SH-TP —> AK-SS-TP (3
KA
AK-ATP

For this case, a simple derivation leads to the expression

4)

knlwi = T T T, T

& aTe
ST (1 o 1?)

From eq 4, at an essentially constant SH-TP concentration,
the inverse of 4,,.; should be proportional to the concentration
of ATP. The apparent dissociation constant, K, for ATP from
the SH-TP binding site can be calculated from the slope and
intercept of such a plot, since Ks is known. The plot is shown
in Figure 6. It may be calculated from this figure that Ky =
0.4 M, i.e., the ATP dissociation constant is approximately 44
times greater than that of SH-TP.

Although it has been stated that aspartate does not influence
the kinetics of SH-TP reaction, the possibility that aspartate
might influence the extent of ATP protection against SH-TP
was tested. Two solutions were prepared containing 0.65 M
potassium phosphate, 0.14 m KCl, 0.136 M ATP, 2.8 mm
SH-TP, and 0.9 uM aspartokinase I-homoserine dehydro-
genase I (pH 7.53). One of the solutions contained 46 mm
potassium L-aspartate. The rate of aspartokinase inactivation
was identical in each case. Thus, no effect of aspartate on ATP
protection was observed.

Inhibition of the Dehydrogenase Acticity by Adenosine Di-
and Triphosphates and by Aspartate. It was established by
Patte er al. (1966) that the substrates for the aspartokinase
activity are, to greater or lesser extents, inhibitors of the
dehydrogenase activity, and, similarly, that the dehydrogenase
substrates are weak inhibitors of the aspartokinase activity.
In view of the fact that reaction with SH-TP fails to cause a
decrease in the dehydrogenase activity, and of the observation
of a large difference between the dissociation constants for
ATP and SH-TP from the SH-TP reaction site, it seemed
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FIGURE 7; Inhibition of the homoserine dehydrogenase activity of
native enzyme (A) and of aspartokinase-SS-TP (B) by ATP in the
homoserine to aspartyl semialdehyde dehydrogenase test solution
(see Experimental Section).

important to investigate the sensitivity of the dehydrogenase
activity to ATP both before and after reaction with SH-TP.

Illustrations of these inhibitions are shown in Figure 7.
1t is seen in curve A of this figure that the homoserine dehydro-
genase activity of the native enzyme decreases with increasing
concentrations of ATP, as expected (Patte er ., 1966). The
dashed line is the curve calculated for an ATP dissociation
constant Ky = 0.04 M, and a maximal inhibition at infinite
ATP concentration of 72%,. Curve B of Figure 7 shows that
the homoserine dehydrogenase activity of aspartokinase-
SS-TP also decreases with increasing concentrations of ATP.
The full line is the calculated curve based on an ATP dissocia-
tion constant K, = 0.065 M, and a maximal ATP inhibition of
100%. Thus, at sufficiently high levels of ATP, the dehydro-
genase activity of aspartokinase-SS-TP is more sensitive than
that of the native enzyme to ATP. The explanation for the
difference between the dissociation constant for ATP from the
native enzyme calculated from these experiments, and the
tenfold larger value calculated from ATP protection against
SH-TP (see above) may lie, at least in part, in the different
bulfer compositions and values of pH in the two sets of experi-
ments.

At a fixed, high concentration of ATP, the increasing sensi-
tivity of the dehydrogenase to ATP arising from reaction with
SH-TP was followed as a function of time. The incubation
mixture was composed of 0.7 M potassium phosphate, 0.12 M
KCl, 1.2 myv MgSO,, 8.8 mm SH-TP, and 0.7 pM aspartoki-
nase I-homoserine dehydrogenase I, pH 7.37, 25°. Dehydro-
genase test solutions contained 80 mm ATP. The rate at which
the sensitivity of the dehydrogenase to ATP increased was
found to be identical with the rate at which aspartokinase
activity was lost, up to 9597 inactivation of the aspartokinase
activity by SH-TP. This result suggests that the same rate-
limiting step is involved in each event.

The possibility that ADP might also be able to inhibit the
dehydrogenase activity of aspartokinase-SS-TP was (ested
in a single experiment. The dehydrogenase assay solution for
the direction homoserine to aspartyl semialdehyde was em-
ployed, and contained, in addition to the usual components,
0.134 m ADP. A control experiment was run which did not
contain ADP. The dehydrogenase activity of aspartokinase
SS-TP in the presence of this concentration of ADP was 5727
of the control value, showing that ADP also inhibits the
dehydrogenase activity of aspartokinase-SS-TP.
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The sensitivity of the dehydrogenase activity to aspartate
in the native enzyme and in aspartokinase-SS-TP was tested
in the direction aspartyl semialdehyde to homoserine. The
results are shown in Figure 8. It is clear that the dehydrogen-
ase activities of both enzymes are sensitive to aspartate, and
that there is little difference between the sensitivities of the
native and modified enzymes with respect to this compound.
The curve was calculated assuming an aspartate dissociation
constant of 20 mM, and a maximal inhibition at infinite as-
partate concentration of 90%,. A very similar dissociation
constant for aspartate may be estimated from the data of
Patte et al. (1966) and of Truffa-Bachi et al. (1966). The in-
hibition of the dehydrogenase by aspartate has been described
as noncompetitive (Patte e al., 1966). In agreement with this
description is the present observation that the maximal degree
of inhibition by aspartate is approximately 90%;, indicating
that aspartate probably does not bind to the aspartyl semi-
aldehyde site.

Discussion

Evidence that SH-TP Forms a Mixed-Disulfide Bond with the
Protein. That SH-TP reacts with sulfhydryl groups on the pro-
tein seems clear from several points of view. First, the spectra
show that the product of reaction with SH-TP can itself be
reacted with B-mercaptoethanol to liberate SH-TP. Second,
reaction of the enzyme with SH-TP leads to desensitization
of the homoserine dehydrogenase activity to threonine, and
to an increased sensitivity of this activity to ATP. The same
effects are observed when the enzyme is reacted with two
sulfhydryl reagents, p-mercuribenzoate (PMB) and 5,5'-
dithiobis-2-nitrobenzoate (DTNB) (Truffa-Bachi er al., 1966,
1968). (These reagents are, however, much less selective in
their reactivity than is SH-TP, see below.) Third, threonine
protects the enzyme completely against SH-TP. Correspond-
ingly, threonine protects against PMB and DTNB (Truffa-
Bachi ez al., 1966, 1968).

Specificity of the Reaction with SH-TP. The evidence pre-
sented in this paper shows that, in the reaction with asparto-
kinase I-homoserine dehydrogenase I, SH-TP exhibits a high
degree of selectivity when compared to ordinary sulfhydryl
reagents. As indicated in Table I, SH-TP reacts under a variety
of conditions with only 3 sulfhydryl groups/enzyme molecule.
In contrast, the reaction of the enzyme with other sulfhydryl
reagents, such as PMB or DTNB, is a complex process, occur-
ring rapidly at 16-18 sites/360,000 daltons, and more slowly
at a further 1012 sites (Truffa-Bachi et al., 1966, 1968).

The specificity displayed by SH-TP in its reaction with
aspartokinase I-homoserine dehydrogenase I may be ex-
plained on the basis of the mechanism shown in eq 1. The
kinetics suggest that aspartokinase inactivation occurs through
the formation of an intramolecular disulfide bond in an en-
zyme-SH-TP complex, rather than through a bimolecular
reaction involving SH-TP and an exposed sulfhydryl group on
the protein. Thus, just as in ordinary enzyme-catalyzed pro-
cesses, the specificity of the inactivation reaction is largely a
result of an initial binding step.

The selectivity of SH-TP reaction adequately explains both
the cleanly pseudo-first-order kinetics of aspartokinase in-
activation and the constancy throughout reaction of both the
homoserine dehydrogenase activity and the protein molecular
weight. In contrast to these results, when nonselective sulfhy-
dryl reagents such as PMB or DTNB are employed, complex
kinetics are observed, owing to reaction at numerous sites
(Truffa-Bachi et al., 1966, 1968), and both inactivation of the
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FIGURE 8: Inhibition of the homoserine dehydrogenase activity of
native enzyme (O) and of aspartokinase~SS-TP (®) by aspartate in
the aspartyl semialdehyde to homoserine dehydrogenase test solu-
tion (see Experimental Section).

dehydrogenase activity and dissociation of the protein take
place following extensive reaction with PMB (Truffa-Bachi,
1968).

Mechanism of Aspartokinase Inactivation by SH-TP. Al-
though SH-TP is both a substrate for the aspartokinase activ-
ity and a specific inactivator of this activity, three kinds of evi-
dence suggest that covalent attachment of this molecule to the
enzyme does not take place at the aspartokinase site(s). First,
the normal substrates, ATP and ADP, are incapable of pro-
tecting the aspartokinase activity against SH-TP except when
present at extremely high concentrations. Second, the affinity
of the enzyme for ATP, as measured by ATP inhibition of the
dehydrogenase activity, is essentially unaltered after the
enzyme has been reacted with SH-TP. Third, the kinetics
of aspartokinase inactivation by SH-TP is not affected by the
presence of aspartate, whereas this substrate is known to in-
fluence the binding of ADP (J. Janin, personal communication).

None of these kinds of evidence entirely excludes the possi-
bility that SH-TP reaction occurs at the aspartokinase site(s).
Nevertheless, it would seem more prudent to conclude from
the totality of data that SH-TP reaction takes place elsewhere
on the enzyme molecule. How, then, does inactivation of the
kinase occur?

Three possible mechanisms could account for the effects of
SH-TP on the aspartokinase activity. Covalent reaction with
SH-TP could (1) prevent ATP from binding, (2) prevent
aspartate from binding, or (3) interfere with aspartokinase
catalysis. The first two possibilities would appear to be ex-
cluded by the data of Figures 7 and 8; there is little difference
between the native and modified enzymes with respect to the
sensitivities of their dehydrogenase activities to aspartokinase
substrates. Since the inhibition of the dehydrogenase activity
by aspartokinase substrates appears to be noncompetitive
(Patte et al., 1966), it is reasonable to assume that the asparto-
kinase substrates are binding to aspartokinase sites. Thus,
by elimination, we conclude that the third possibility is the
most reasonable explanation for the effects observed.

A more detailed description of the inactivation is not pos-
sible at present. In principle, it could occur either by an SH-
TP-induced displacement of catalytic groups at the asparto-
kinase site(s) which prevents catalysis, or by the blockage of
an essential conformational change or proton transfer during
the catalytic process.
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Desensitization of the Homoserine Dehydrogenase Activity
to Threonine by Reaction with SH-TP. The desensitization of
the dehydrogenase activity to threonine, after reaction of
three sulfhydryl groups with SH-TP, cannot be explained by
a dissociation of the enzyme, since the protein maintains its
hexameric structure. Furthermore, in view of the evidence
that only three SH-TP molecules react with the enzyme, where-
as six sites exist for threonine binding (Janin er al., 1969), it
seems improbable in a protein of this size that the bound SH-
TP molecules interfere with the binding of all of the threo-
nine molecules by direct, steric interactions.

Three possible mechanisms could explain the desensitiza-
tion of the homoserine dehydrogenase activity to threonine.
One possibility, that reaction with SH-TP prevents threonine
from binding by inducing a conformational change at the
threonine sites, is in accord with the “induced-fit” concept of
Koshland (1962). Alternatively, SH-TP could cause threonine
desensitization by either blocking a threonine-induced confor-
mational change at the dehydrogenase sites, or by “‘freezing”
a preexisting allosteric equilibrium in a conformation which
has a low affinity for threonine (Janin and Cohen, 1969). The
last mechanism embodies certain ideas incorporated in the
well-known model of Monod er al. (1965). Our evidence does
not permit a choice to be made among these possibilities.

Reaction with SH-TP and the Subunit Structure of Asparto-
kinase I-Homoserine Dehydrogenase 1. The results presented
in this paper have shown that there are three unique suifhy-
dryl groups on aspartokinase I-homoserine dehydrogenase 1
which are associated with the aspartokinase activity. The
simplicity of the kinetics of reaction with SH-TP suggests that
these unique sulfhydryl groups have identical environments,
and that they are independent of one another with respect to
SH-TP reaction. Since, furthermore, the subunits of aspar-
tokinase I-homoserine dehydrogenase I are identical, or
nearly identical, in their peptide maps (Truffa-Bachi er al.,
1969), it seems reasonable to infer that the unique sulfhydryl
groups are located on three identical subunits, Although other
interpretations are not ruled out, they would require that only
one or two of the subunits, instead of three, be unique in
structure, Available evidence, particularly the evidence of
only three homoserine dehydrogenase sites (Janin er al., 1969;
Heck and Truffa-Bachi, 1970), as well as the recent physical
studies of Wampler er «al. (1970) on the aspartokinase I-
homoserine dehydrogenase I dimer, provides, however, no
suggestion of one or two unique subunits, but strongly sup-
ports the possibility of three. Thus, three of the subunits in
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the hexamer seem to maintain the aspartokinase activity. The
precise number of aspartokinase sites in this molecule remains,
however, to be established.
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