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L-alanine dehydrogenase from Baciflus subtifis exhibits allosteric kinetic properties in the presence of Zn™".
Zn™" induces the binding of substrate (Z-alanine) to be cooperative at pH 8.0. The effect of pH variation be-
tween pH 7.0 and pH 10.0 on the inhibition by Zn™" correlates with the pH effect on the K, values for Z-alanine
within these pH range indicating that Zn™~ and substrate compete for the same site. No such cooperativity is
induced by Zn* when the reaction is carried out at pH 10. At this higher pH. Zn™* binds with the enzyme with
lower affinity and noncompetitive with respect to Z-alanine. Inhibition of Z-alanine dehydrogenase by Zn™" de-
pends on the ionic strength. Increase in KCl concentation reduced the inhibition. but allosteric property in Zn™*
binding is conserved. A model for the regulatory mechanisim of Z-alanine dehydrogenase as a noncooperative
substrate-cooperative cofactor allosteric enzyme. which is compatible in both concerted and the sequential al-

losteric mechanism. is proposed.

Introduction

L-Alanine dehvdrogenase (L-alanime: NAD" oxidoreduc-
tase. EC 1.4.1.1) is a NAD™ dependent amino acid dehyvdro-
genase which catalyzes the reversible oxidative deamination
of L-alanine to pvruvate. The enzvmological and Kkinetic
properties of the enzyme have been investigated from vari-
ous bacteria'® and several bacterial L-alanine dehvdro-
genase genes have been cloned recently.™ Although the
equilibrium of the reaction favors the reductive aminating
direction, L-alanine dehvdrogenase is found to catalvze the
deamination of L-alanine in many Bacilius species. There-
fore, in these organisms, the enzyme apparently plays as a
kev enzyme 1 the catabolism of L-alanine to pyruvate and
for further catabolism by tricarboxylic acid cvele in order to
provide the energy necessary for the sporulation duning dif-
ferentiation of these cells.>®!” B. subtifis L-alanine dehvdro-
genase 1s an oligomenc protein which 1s consisted of six
identical subunits of molecular weight between 38.000 and
48.000 and has been known to be a nonallosteric enzyme
which is stable over the pH range 5-11."!

In the previous paper. we reported that under certain con-
ditions, L-alanine dehvdrogenase from B. subtifis exlubits an
unusual allosteric properties in the presence of the allosteric
competitive hibitor, Zn"", otherwise it behaves as a normal
Michaelis-Menten tvpe enzvme.' The present work was
undertaken to study the nature of the Zn=~ binding site fur-
ther and to discuss the regulatory mechanism for this
enzynie,

Experimental Section
Kinetic studies of Z-alanine dehydrogenase catalyzed

reactions. Pretreatment of purchased Z-alamine dehvdro-
genase was done as descrived elsewhere.'- To study the pH
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effect, 0.025 M of various buffer of pH range 7.0 to 10.0,
were used. Buffers generally used are HEPES buffer (pH
7.0-8.0). Tns buffer (pH 8.0-8.8), glvcine buffer (pH 8.8-
9.8) and Na-bicarbonate buffer (pH 9.5-10.0). For the kinetic
run, standard assay mixture contamned 0.025M Trs-HCI
buffer. pH 8.0, | mM NAD". 0.6 mM-12 mM L-alanine and
enzvme i final volume of 0.5 mL. Free L-alanine concen-
trations are corrected for metal complex formation using the
logarithm of stability constants. log X,=5.1 M™! for Zn-ala-
nine. " Reactions were started by the addition of enzyme and
the mitial velocities were measured spectrophotometrically
by monitoring the increase of NADH at 340 nm at 25 °C
using Shimadzu UV 3101 PC Spectrophotometer equipped
with thermoelectrical temperature controller, TCC-260 and
UV 2101/3101 Optional Kinetic Software.

Data Analysis. The mitial velocity data were analyzed on
a computer with a nonlinear least square analysis program.
Velocity data were plotted and fitted iteratively to Michaelis-
Menten equation for hyperbolic saturation curves and to Hill
equation when the cooperative properties are noticed.

Results and Discussion

Effect of pH variation on the inhibition of L-alanine
dehyvdrogenase by Zn**. L-Alanine dehydrogenase cata-
Ivzed deamination reaction is mhibited by divalent metal
ions. Inhibition by Zn-* is of particular interest because of
this metal 1on 1s shown to mduce the positive cooperativity
in binding of substrate.'= In order to study the nature of Zn*
binding site, the effect of pH variation between pH 7.0 to
10.0 on the kinetic parameters of Z-alamne dehydrogenase
and on the degree of inhibition by Zn-* are compared. As
shown in Figure 1. the effects on the inhibition by Zn"~ cor-
relates with the variation of K, values for L-alanine within
the chosen pH range. These results especially at the lower
pH'’s affirm our interpretation that Zn"" at low concentration
competes for the same site with substrate. The Hill coeffi-
cients determined n the substrate binding curves i the pre-
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Figure 1. pH effect on the kinetic parameters and Zn** induced
mhibition of L-alanine dehyvdrogenase activity. At each mdicated
PH. Vi and Ky were determined from the mitial velocity data.

Remaining activity was obtained from the velocity data measured
in the presence of 20 gM Zn*~ in the assav mixture.

sence of Zn"" are near unity at the higher pH's indicating that
binding of substrate is not cooperative in the presence of
metal 1on at those pHs (Table 1). The mutual exclusion of
noncooperative substrate and cooperative inhibitor at
enzyme active site can cause transformation of substrate
binding from noncooperative to cooperative.'*'¥ On the
basis of site directed mutagenesis, Kuo er «f.'*1° suggested
that an active site Cys residue 1s the site for metal and sub-
strate compete with each other in the E. cofi omithine trans-
carbamovlase. It was also proposed that Zn*~ binds to orni-
thine transcarbamovlase in two consecutive steps; at first.
reversible binding with conformation change by subunit
interaction, then ureversible mactivation by tight binding,
For L-alanine dehvdrogenase, although the results from pH
studies might imply the involvement of the Cys sulfhydrvl

Table 1. pH eftect on the inhibition of L-alanine dehydrogenase
from Bacillus subtilis by Zn®*

pH % Inhibition Hill coetticient (ny)
7.00 31 2.16

7.56 284 1.92

8.00 857 1.60

9.17 398 097
10.0 64.8 1.02
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group in binding of Zn>". this is not confirmed. No time
dependent mactivation of Z-alamine dehydrogenase upon
Zn™ binding was observed (data not shown) and thus the
allosteric property observed with tlus enzyme can be
explamed by the simple direct exclusion of cooperative
cofactor by noncooperative substrate.

Two Zn** binding sites of the L-alanine dehydrogenase
from B. subtifis. Previously we have reported that at pH 8.0,
Zn™* binds to L-alanine dehvdrogenase with homotropic
coopeative charactenistics. Kinetics of L-alammne binding
with the enzyme at pH 8.0 showed typical Michaelis-
Menten type hyperbolic curve. Zn™* at umole level of con-
centration, inhibits the enzvme competitive with respect to
L-alamine as shown by Lineweaver-Burk plot, but the lines
concaved upward revealing the positive cooperativity of L-
alanine binding (Figure 2(A)). The alternate possible causes
for the apparent cooperativity such as changes in enzyme
polymerization and depolymerization'’ and the random
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Figure 2. Effect of Zn** on L-alanine dehydrogenase activity at
pH 8.0 and pH 10.0. Kinetic data are analyzed by double reciprocal
plot at indicated concentration of Zn*". (A): pH 8.0, velocity lines
concaved upward and (B). pH 10.0, velocity lines are linear even at
1 mM Zn*".
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Figure 3. Zinc ion binding curve of L-alanme dehvdrogenase at
PH 10.0. Zn* binding curve is obtained by plotting the degree of
inhibition, (v=v,)/v, versus concentrartion of zinc ion where v is the
velocity in the absence of inhibitor. Experimental data are fitted to
Hill equation.

bindings of 2 substrates with enzvme’® are ruled out. Bind-
ing of NAD". the other substrate. is not affected by Zn™".
These results leaded a conclusion that substrate and Zn~*
competes for a same site of the enzyme active site. A quite
different situation is found when Zn>~ reacts with Z-alanine
dehvdrogenase at pH 10.0 (Figure 2(B) and Figure 3). Dou-
ble reciprocal plot of Z-alanine binding in the presence of
Zn™ is linear and the inhibition appeared to be noncompeti-
tive. This 1s i accordance with the early finding by Yoshida
and Freese.!! Zn® binding curve is hvperbolic (Figure 3).
Such results may be suggestive of the existence of at least
two distinct Zn~~ binding sites in L-alanine dehydrogenase.
one is the same site as substrtate binding site and the other.
different from substrate site. It is the substrate site that Zn~*
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Figure 4. Effect of KCI on the inhibition of L-alanine dehyvdro-
genase by Zn™. L-Alanine dehvdrogenase catalvzed reaction
velocities were measured with varied concentration of alanine and
0.1 M KC1 was added to both Zn*" inhibited and control assay
mixture.
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Figure 5. Eftect of ionic strength on the Z-alanine dehydrogenase
inhibition by Zn**. Velocities are measured with Zn** concentration
varied. Kinetic data are fitted to the Hill equation and the Hill
coeflicients are detenmined as 1.767 and 1.768 with and withowt
KCl, respectively.

binds with relatively higer affimty and acts as an allosteric
mhibitor at pH 8.0.

Effect of ionic strength on the inhibition of L-alanine
dehvdrogenase by Zn**. Zn™~ inhibits Z-alanine dehydro-
genase activity and exerts the apparent cooperativity in ala-
nine binding with enzyme n the absence of KCl. The increase
of KCI concentration reversed the nhibition and reduced the
cooperativity of substrate binding as shown in Figure 4. The
sigmoidity of Zn™* binding is not affected by KCI, but [ys is
mereased (Flure 5). It 1s reasonable to believe that KCl
doesn't change the allosteric property of binding of Zn™™ but
reduces the number of bound Zn™ to be displaced by sub-
strate. The reversal of Zn™ induced inhibition by KCl is
shown to be concentration dependent. Zn™ induced inhibi-
tion 1s reduced upto the concentration of KCl 1s increased to
0.1 M and bevond this concentration. the mhibition was
mcreased again. The fact that KCI doesn't affect the cooper-
ative binding of Zn"* but increases the concentration of Zn=
to give same degree of inhibition may mmply that the affinity
between protein and ligand is influenced by electrostatic
mteraction but the changes m 1onic strength does not modify
the allosteric equilibrium, T/R.

Effect of competitive inhibitor on Zn** binding. In Fig-
ure 6. the effect of D-Phe, a substrate competitive inlubitor
on the Zn"~ binding with L-alanine dehydrogenase is show.
Zn™" binding curve in the presence of D-Phe is shifted to
right without altering Hill coefficient. A comparable curve
for the Zn- binding could be obtained with increased sub-
strate concentration. '~

Regulatory mechanism of Z-alanine dehydrogenase
from Bacillus subtilis. 1t has been known for a few cases in
which a specific substrate binds with enzvme cooperatively
only n the presence of competitive allosteric cofactor. For
mstance, A. parasticts mannitol-1-phosphate  dehyvdro-
genase catalvzed reactions, fructose-6-phosphate binds with
enzvme with positive cooperativity m the peresence of cer-
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Figure 6. Effect of the substrate competitive inhibitor on the Zn™*
binding with L-alanine dehvdrogenase. Enzvme reaction velocities
were measured with varied concentration of Zn®” with or without
30 mM of D-Phe.

tain divalent metal ions'® and ATP. a competitive inhibitor
for phosphorylase b 15 known to induces kinetic cooperativ-
ity in the binding of glucose-1-phosphate, the substrate.™ In
these enzvmes, substrate and cofactor (inhibitor) bind to se-
parate sites and exert mutual allosteric effect each other.
Cofactor has much stronger preference for allosteric confor-
mation (T or R) than substrate does so that only cofactor
binding is seen as cooperative. On the other hand. in ormi-
thine transcarbamoylase, substrate and cofactor compete for
the same site. Substrate binding 1s not cooperative. /.¢., sub-
strate binds to both R and T state with same affinity and only
cofactor shows the preference for T/R state and exhibits
cooperativity in binding. Kuo'*~! concluded that the appar-
ent cooperativity of substrate binding in omithine trans-
carbamovlase is the result of competitive binding of Zn~*
and L-omithine.

The results from this work and earlier studies indicate that
L-alanine dehvdrogenase from B. subfilis 1s an allosteric
enzyme in which Zn-* is an allosteric cofactor that binds
with enzvime at the same site as substrate at pH <9.0. Ala-
nine binding is not cooperative but Zn** binding with the
same site 1s. Thus Z-alamne dehvdrogenase is believed to be
a “non cooperative substrate-cooperative cofactor allosteric
systent”,

We propose here a plausible regulatory model for B. subii-
lis L-alamine dehvdrogenase to explain our experimental
results (Figure 7). In accordance with MWC allosteric
model. the enzvime exists in two conformations, T and R
states. The substrate binds to both T and R state with similar
affinity and a competitive mhibitor (M) binds to the same
site only in T conformation. Although B. subtifis L-alanine
dehvdrogenase 15 known as a hexameric protein. a dimeric
enzyme with one binding site in each subunit 15 assumed for
simplicity. In the absence of M. RJ/T, 1s large and sub-
strate(S) binds to both R, and T, as well and thus no cooper-
ativity In binding can be observed. M binds to one subunit
site of T, to form T, so that the allosteric equilibrium is
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Figure 7. Proposed allosteric model for L-alanime dehydrogenase
trom Bacillus subtilis. Although the exact number of binding site of
L-alanine dehvdrogenase is not known, 2 binding sites are assumed
in this model for the simplicity. M: metal inhibitor S substrate.

shifted toward T state. Binding of M to one site will results
mn the conformational change due to subunit mteractions.
Zn™* binding with enzyme is thus positive cooperative and
Zn™* binding curve will be sigmoidal. When the enzyme is in
primarily Thog state. an S molecule 1s required to displace an
M molecule from one subunit to bind the same site to form
Tuss. The second M will be displaced more easily and sub-
strate can bind faster than the first. This makes the substrate
binding curve sigmoid in the presence of Zn™*. This model is
compatible with both MWC model and KNF model. The
exclusive binding of mlubitor fit to the former concerted
model but the competitive binding between substrate and
inhibitor can be explained by the latter. sequential model =

The physiological function of the Zn™* induced cooperat-
vty 1s not clear. Since L-alanine dehydrogenase 1s more
active in deaminating catabolic pathway, this enzyme might
be involved in the regulation of this catabolic pathway and
provides the control mechanism to meet physiological
requirement. At pH 8.0 or lower, the enzyme must be prima-
rily in ibhibited state by cellular Zn"* concentration (recall
that K, for alanine is lower mM and Iys of Zn"" is lower
micromolar) and upon the physiological call for the cata-
bolic flux. the enzyme activity can be regulated successfully
by cotrolling the level of substrate. At higher pH. Zn~* binds
to enzyme site distinct from substate binding site without
cooperativity. In this nonphysiological conformation, sub-
strate binding site must be desensitized for the binding of
Zn~" thus exhibits noncompetitive and noncooperative bind-
mgs.

It has been reported that a nonallosteric enzyme could be
transformed to an allosteric enzvme by point mutation with-
out the aid of external cofactor.* Therefore. it can't be com-
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pletely ruled out the possibility of Z-alamine dehvdrogenase
to have isomeric form with intrinsic allosteric property in
parallel with the evolutionary transformation to the cofactor
aided allosterism.
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