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Transient-State Kinetics of the Reaction of Aspartate Aminotransferase with
Aspartate at Low pH Reveals Dual Routes in the Enzy@ebstrate Association
Process

Hideyuki Hayashi and Hiroyuki Kagamiyama*
Department of Biochemistry, Osaka Medical College, 2-7 Daigakumachi, Takatsuki 569, Japan
Receied July 8, 1997

ABSTRACT. In aspartate aminotransferase, the coenzyme pyridéx@i@sphate forms a Schiff base with
thee-amino group of Lys258. The pH dependency of the steady-state kinetics of the overall reaction had
indirectly suggested that the Schiff-base-unprotonated form of the enzyihes (e active species that
binds the monoanionic form of aspartate (§Hhe predominant species of the substrate in solution. In
order to obtain direct information on the association process, we carried out transient-phase kinetics of
the first half-reaction of the enzyme with aspartate at various pH. The disappearancélpff= 358

nm) was fast and independent of pH, but the disappearancetbf ESchiff-base-protonated formmax

= 430 nm) was slow and dependent on pH. At pH values below 6.8 and low concentrations of aspartate,
the results could be interpreted to indicate thatr&acts rapidly with SH to form the pyridoxamine
5'-phosphate form of the enzyme\(E and the reaction of lH* proceeds via the route B* = E. =

Ewm, where the first step was found to be rate limiting from the pH jump/drop study of the enzyme. At
higher pH values, the rate of disappearance ¢ Ebecame larger than expected from the above scheme.
This deviation became apparent with increasing pH, and could be excellently explained if we consider
that it is due to the reaction of B* with the dianionic form of aspartate (S). Thus, the formation of the
Michaelis complex of aspartate aminotransferase and aspartate can proceed via two routes; route A is the
association of Ewith SH" to form B -SH*, which converts intramolecularly to,.B*-S, and route B is

the association of FH* with S to form EH*-S directly. EH*-S is the prerequisite structure for further
processing of the substrate by the enzyme. The reactiong ahl oxo acids yielded almost exclusively

E. and SH, and therefore route B does not seem to play an essential role in the overall reactions of the
enzyme. Route B, however, may be important in the reaction mechanisms of other pyricoixasphate
enzymes which have only the Bt form.

Aspartate aminotransferase (aspartate: 2-oxoglutarate amifor the Escherichia colenzyme §, 6). Two active sites are
notransferase, EC 2.6.1.1; AspAT)s a pyridoxal % formed symmetrically near the subunit interface of the
phosphate (PLP)-dependent enzyme and catalyzes the redimeric enzyme, and in each active site PLP forms a Schiff
versible transfer of the amino group of aspartate to base with thee-amino group of Lys258. The Schiff base

2-oxog|utarate by the f0||owing ping-pong Bi Bi mechanism: undergoes reversible protonation/deprotonation with an ap-
parent K, near 6.58, 9). The pH dependence of the kinetic

aspartater- E, = oxalacetater- E,, (1) parameters of the overall reaction of AspAT (eq 1 plus eq
2) has been extensively studietDf. The most outstanding
2-oxoglutaratet E,, == glutamate+ E_ (2) feature of the kinetic results was that tkg/Kn value for

aspartate decreases at low pH with a slope of 1 and gives a

Here B and B, denote the PLP form and the pyridoxamine PKavalue around 6.5, corresponding to th€.pf the Schiff
5'-phosphate (PMP) form of the enzyme, respectively. The base. From this, an accepted mechanism has been proposed
for the catalytic action of AspAT1(1—-13, described as a

three-dimensional structures have been solved both for the it of Sch N A ding to th hani th
cytosolic and mitochondrial isoenzymes—4) as well as part of scheme ). Accor Ing fo the mechanism, the enzyme
form with unprotonated Schiff base (Hs the active species
and accepts the monoanionic forof the substrate aspartate
T This work was supported by Grants-in Aid (06680628 to H.H. and (SH") to yield the first Michaelis complex (ESH' in
14454160 to H.K.) from the Ministry of Education, Science, Sports, Scheme 1)_ The proton on the ammonium group of aspartate

and Culture of Japan, and by a Research Grant from the Japan Societ . . )
for the Promotion of Science (RFTF96L00506). then moves to the imine nitrogen of the PLBys258 Schiff
* Author to whom correspondence should be addressed. base to form the second Michaelis complex HE-S in

® Abstract published iddvance ACS Abstract€ctober 15, 1997. Scheme 1). The latter complex easily undergoes transaldi-

1 Abbreviations: AspAT, aspartate aminotransferase (aspartate: ..: ot : ; ;
2-oxoglutarate aminotransferase, EC 2.6.1.1); HEPES, 4-(2-hydroxy- mination, resulting in the formation of the Ptaspartate

ethyl)-1-piperadineethanesulfonic acid; MES, 4-morpholineethane- SChiff base and the free-amino group of Lys258 (Ein
sulfonic acid; TAPS, 3-(tris(hydroxymethyl)methylamino)propanesulfonic
acid; MH buffer, buffer containing 25 mM MES-NaOH, 25 mM 2The amino acid residues are numbered according to the sequence
HEPES-NaOH, and 0.1 M KCI; HT buffer, buffer containing 25 mM  of pig cytosolic aspartate aminotransferagg (

HEPES-NaOH, 25 mM TAPS-NaOH, and 0.1 M KCI; PLP, pyridoxal 3 The two carboxylate groups are dissociated, and the amino group
5'-phosphate; PMP, pyridoxaminé-phosphate; OA, oxalacetate. is protonated.
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Scheme 1: Mechanism of the Reaction of AspAT with Aspattate
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aThe earlier proposalsl, 13) did not take into account the association HE and S.

Scheme 1). The freeamino group then catalyzes the 1,3- enzyme and the substrate, the one begins with-ESH"
prototropic shift of the PLPaspartate Schiff base to the and the other with fH* + S; the two mechanisms cannot
PMP—oxalacetate Schiff base {En Scheme 1), which  be distinguished by the steady-state kinetics of the overall
decomposes to formyEand oxalacetate. reaction due to the “principle of kinetic equivalenc&g(

In spite of this apparently straightforward explanation, a 17). The significance of the two routes in the half and the
gap still exists between the kinetics and the catalytic overall reactions of ASpAT and in the reaction mechanisms
mechanism of AspAT. The kinetic parameters discussed of other PLP enzymes is discussed.
above are those for the overall reactidf/{™" and K*"
see ref 14 for definition) and are indirectly related to the EXPERIMENTAL PROCEDURES
reaction mechanism. Theoretical considerations showed that chemicals. E. colAspAT was obtained by the method

S Ik is equal tokfa /K", which is thekea{Km Value  described previously9 using E. coli JM103 containing
for the half-reaction and is directly related to the association puc19aspC PMP was obtained from Sigma (St. Louis,
of the enzyme and the substratd,(15). Thus, the preceding  MQ). All other chemicals were of the highest grade
discussions on the reaction mechanism of AspAT have beencommercially available.

based on the assumption thaff™/K* can be used asa  Spectroscopic AnalysisAbsorption spectra were mea-
substitute for K&YK@ Although this is a reasonable sured using a Hitachi (Tokyo, Japan) U-3300 spectropho-
assumption, acidbase chemistry of the half-reaction itself tometer at 298 K. The buffer solution contained 50 mM
is required in order to pursue further the reaction mechanismbuffer component(s) and 0.1 M KCI. The buffer components
of AspAT, because it would give more direct information used were MES-NaOH, HEPES-NaOH, and TAPS-NaOH.
on the catalytic mechanism of AspAT. In this study, we Protein concentrations were generally-@ x 107> M in
first attempted to determine the pH dependence of the subunits. The concentration of the AspAT subunit in solution
halt and K" values, by carrying out the transient-state was determined spectrophotometrically. The apparent molar
kinetics of the reaction of AspAT with aspartate at various extinction coefficients used weeg,,= 4.7 x 10 M~1cm?!

pH values. The results showed, however, complex kinetic for the PLP form of the enzyme arg,, = 4.6 x 10 M1
behavior at low pH. Analysis of the reactions, together with cm™ for the PMP form of the enzyme at 280 nrbg|.

pH jump/drop studies, revealed that the anomalous kinetics Kinetic Analysis. Stopped-flow spectrophotometry was
at low pH was due to the slow interconversion between the performed using an Applied Photophysics (Leatherhead,
Schiff-base-protonated species k&) and the unprotonated U.K.) SX.17MV spectrophotometer at 298 K. The expo-
species (E) of the enzyme. Additionally, we could separate nential absorption changes were analyzed with the program
kinetically the two possible routes for association of the provided with the apparatus. The dead time was 2.3 ms
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8 ' L L ! flow analysis was carried out on an SX.17MV instrument

equipped with a photodiode-array detector. The spectra were

. - taken att = 1.08 ms, 3.64 ms, and then at intervals of 2.56
ms, wheret is the time elapsed after the “true” mixing

- (corrected for the dead time). However, because the
spectrum at = 1.08 ms is taken during the flow, this should

- be considered to represent the spectra-at2.3 ms.

RESULTS

Spectral Change of AspAT on Reaction with Aspartate at
Low pH. At pH 8.0, the PLP-Lys258 Schiff base exists
almost as an unprotonated form absorbing at 358 nmn(E
Scheme 1). The spectral change of ASpAT on reaction with

0 - aspartate proceeded in a single exponential madi@erThe
300 3;0 4(')0 4é0 5(')0 550 apparent rate constant for the exponential change was
Wavelength / nm analyzed for its dependence on aspartate concentration, and
- . . the kinetic parameters for the “half’-reactions of the PLP
Ficure 1. Time-dependent absorption change of ASpAT on reaction . . .
with aspartate at pH 7.0, 298 K. ASpAT (28, Curve 1) was form o_f AsSpAT and. amino acids and the PMP form with
reacted with 2 mM aspartate in MH buffer, pH 7.0, in an Applied 0X0 acids were obtained. These parameters could excellently

Photophysics SX.17MV stopped-flow spectrophotometer equipped explain the kinetic parameters for the overall reactid@. (

with a photodiode array detector. Absorption values were collected \ne extended the analysis to lower pH values. Figure 1
at 2.2 nm intervals between 300 and 550 nnt,at2.3, 3.64, 6.2, ; ;
8.76, 11.32, 13.88, 16.44, 19.0, 21.56, and 24.12 ms. The spectrunt 10WS the spectral change of the reaction of ASpAT with 2

for t = 2.3 ms (Curve 2) and that far= 3.64 ms are drawn in MM aspartate at pH 7.0. At this pH, AspAT has two
dotted lines in order to be distinguished from the rest of the spectra. absorption bands at 430 and 358 nm (Curve 1), correspond-
After t = 6.2 ms, the absorption band at 430 nm gradually decreaseding to the Schiff-base-protonated form {E" in Scheme 1)
o o oot eoemaeteoes i 7o and the unprotonated fom (i Scherme 1), respectvely
Therefore, the fagt phase reaction was monitoredpat 377 nmin order(8' 20). On reactlon_WIth 2 mM aspartate, the absorption
to minimize the perturbation due to the slow phase. band at 358 nm rapidly decreased. tAt 6.2 ms, where

the change in absorption around 3580 nm due to the
under a pressure of 500 kPa as determined from the reactiordisappearance of the 358-nm band is almost over, significant
of 2,6-dichlorophenolindophenol and ascorbic adig)(The absorption remained at 430 nm and gradually decreased over
apparent rate constants obtained were then analyzed for theia time scale of about 20 ms. This indicates thatré&acts
dependency on the substrate concentration by nonlinearrapidly with the substrate, but BT more slowly. Single-
regression with the software Igor Pro (Ver. 3.03, WaveM- wavelength stopped-flow spectroscopic analysis showed that
etrics, Lake Oswego, OR). Multiple-wavelength stopped- the absorbance changes both at 430 and 377 nm proceeded
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Ficure 2: Dependence of the apparent rate constant for the absorption change on aspartate concentration at various pH values. AspAT (28
uM) was reacted in MH buffer with various concentrations of aspartate at 298 K, and the absorption change was monitored either at 430
nm and at 377 nm. (A) The apparent rate constig)(was obtained from the exponential absorption change and was plotted against the
aspartate concentration. Circles, pH 6.1; squares, pH 6.8; triangles, pH 7.4; reversed triangles, pH 7.7 kRlois afd Kapp,az0 are

indicated by open and filled symbols, respectively. Khg s77values could not obtained at pH 6.1 due to the weak absorption band at 358

nm. Dashed lines (pH 6.1, 6.8, 7.4, and 7.7 from bottom to top) are drawn according to eq 13 using the previously determined kinetic
parameters18). Solid lines are drawn according to eq 16 withy = 5.4 x 10° M~1 s, (B) Plots ofk;‘f,;f’j‘f(')against the concentration

of the dianionic form of aspartate (S). The inset shows the expansion of the points for low concentrations of S.



Binding of Aspartate to Aspartate Aminotransferase Biochemistry, Vol. 36, No. 44, 199713561

monoexponentially (data not shown; for the reason behind
using 377 nm to monitor the disappearance of &&e the
legend of Figure 1). The apparent rate constants, denoted
as Kapp,az0and Kapp 377 respectively, were obtained for these
spectral changes and were plotted against the concentration
of aspartate (Figure 2A). The plots &fp377 Showed a
hyperbolic pattern identical to that observed at pH &0 (
18). On the other handkappssowas always smaller than
kapp,3778t any aspartate concentrations, and the ploks,gfizo
against the aspartate concentration did not fit a hyperbola at
pH values below 7.4 (Figure 2A). This anomalous behavior
of Kappazowas most clearly seen at pH 6.1. At this fighp 430
showed a decrease with increasing concentration of aspartate
up to 5 mM (Figure 2A).

According to the accepted mechanism of AspAT,i&
the active species that accepts the amino acid substrate, and 0 T T
E.H* must be converted to Ebefore reacting with the 300 350 400 450 500 550
substrate 13). Assuming that the interconversion of HEX Wavelength / nm
and E is rapid, the two forms disappear at the same rate. SIGUREtBZ:ggflw(arEJesAi$ ?Zb;c')\;ptio'\r/ll |iptr)aclgfrurr(l o& AGSS)?T on ijudmp/

i i i rop a . ASP n urrer (p . was mixe
Qﬁﬁaéi';if{a‘t“e'?ﬁgﬁrl"éx.e ﬁﬁszégittigi,r?r?élo;;yg;ﬁsepm either with HT buffer (p 9.6) or with MH buffer (pH 5.3) to give
. ; L . pH 8.0 or pH 5.7, respectively. Spectra were
was independent of pH (Figure 2A), indicating that there is taken in an Applied Photophysics SX.17MV stopped-flow spec-
essentially no flow from EH™ to E_that attenuates the net  trophotometer equipped with a photodiode array detector covering

disappearance rate of E We therefore examined the rate @ wavelength range between 197 and 733 nm with 256 points. The

f int . f BH+ and . H i /d solid line running between the arrows shows the spectrum before
of interconversion of B and B using pH jump/drop 4 mp/drop (pH 6.9). The directions of the spectral changes are

spectrophotometric analysis. shown by dashed arrows (pH jump from 6.9 to 8.0) and dotted

arrows (pH drop from 6.9 to 5.3). The spectral transitions were
ASpAT Undergoes Slow Spectral Changes upon pH Jumplg 01 bTe e "o coecirn ae 2.3, 3.64, 6.2, 8.76, 11.32, 13.88,

D_rop. AspAT in MH buffer., pH 6.9, was quickly m|>.<ed 16.44, 19.0, 21.56, and 24.12 ms. Extrapolation of these time-
with HT buffer, pH 9.6, or with MH buffer, pH 5.3, to yield  resolved spectra to= 0 yields the spectra just after changing the
a solution of pH 8.0 or 5.7, respectively, and the change in pH of the solution, and these are shown by the dashed (pH jump)
the absorption spectrum was followed in a stopped-flow and dotted (pH drop) lines. The two spectra were essentially
spectrophotometer (Figure 3). That the pH of the solution identical with the spectrum of AspAT at pH 6.9 (solid line).
changed rapidly within the dead time (2.3 ms) was confirmed

using a pH indicator bromothymol blue (data not shown). At equilibrium,
The absorption changed in a single exponential manner at

all wavelength values studied between 300 and 550w

-
o

B~ -]
| |

App. Molar Absorptivity / 10° M~ cm™
N
|

4
nm intervals). Thus, the interconversion ofHE and K [EL][H5 O] — E (5)
was kinetically observable. The absorption spectra just after [ELH+][H ,0] 1k1

the pH jump (from 6.9 to 8.0) and pH drop (from 6.9 to

5.7) were estimated by extrapolating the time-resolved [E ]H.O] 1k,

spectra during the exponential changé$o0. These spectra = (6)

EHTOH] Kk
were essentially superimposable with the initial spectrum [E HIIOH ] 478

(Figure 3). This indicates that the pH of the solution was

changed rapidly without altering the protonation state of the The acid dissociation constait is therefore expressed using
Schiff base of AspAT, and then the Schiff base slowly

exchanged a proton with the solvent to reach equilibrium. A —— hani hioh drect i

H more simplined mechanism wnich assumes airect association

The apparent rate constakig) for the eXponem_'al spectral of H37O and OH with the Schiff base is expressed by the following
change was found to be dependent on the final pH value equations:

and was independent of the pH of the initial enzyme solution

k,°
(Figure 4). Therefore, the results of the pH jump/drop EL+H3+OT—2' E,H" +H,0
experiment were analyzed based on the following mechanism K
in which the rate of conversion from_Ho E_H* and that E +HO%> EH" 4+ OH™

+ . .
from ELH to E are the fun_ct|on of the final pH value of This can be considered to be the extreme case of eqs 3 and 4 in which
the solution. In the mechanism, we assumed thatHand ki, K1, ks, andK, have infinite valuesk.® and ke are equal toky/Ks
OH~ undergo reversible binding to the enzyme before andkis/K,, respectively. Equation 9 is then simplified as follows:
exchanging a proton with the Schiff base: Koy = kit ¢ 1074 kg? s 1O M4 K® s 107+ ke
Ko—14
+~ Ky S + 100
E.+H;7O0=EH;0 Yo EH +H0 3) Fitting the results in Figure 4 to this equation, however, showed positive
deviations of the theoretical values from the experimental values at
K K acidic and basic limbs (data not shown). Therefore, the two-step
E +HO=EH"OH ==EH"+ OH" 4) mechanism described in the text (egs 3 and 4) can explain more
L Y L satisfactorily the experimental results.
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FiGUrRe 4: Plot of the apparent rate constark,,p for the
exponential spectral change induced by pH jump/drop on the final
pH value of the solution. Circles: Mixed MH buffer (pH 5.6,
containing AspAT) with MH buffers with higher pH. Diamonds:
Mixed MH buffer (pH 7.5, containing AspAT) with HT buffers
with higher pH. Squares: Mixed HT buffer (pH 9.0, containing
AspAT) with MH buffers with lower pH. Triangles: Mixed MH
buffer (pH 8.0, containing AspAT) with MH buffers with lower
pH. Reversed triangles: Mixed MH buffer (pH 6.5, containing
AspAT) with MH buffers with lower pH. A theoretical line was

drawn using eq 9. Dotted line and dashed line represent the

calculated values dfg (eq 10) andkgy (eq 11), respectively.
ki, Ko, ks, ks, Ky, andKy:

_[EJH30]  Kik,[H,0]
K,= =
[E H'] Ky

(1)

_10YE] 10,
C[EHTOH]  KiklH;O]

8

a

The apparent rate constant for the spectral change on pH

jump is
Koo = K [H:0] + kg[H,0] + k,[H,0] +
pp 1K1+ [H;_O] 3L T2 2L 12
[OH ]
S EE—
K,+[OH]
—pH Ka—14 —PKa
_ g 10 - 41o° L0
K,+107° Ky Ky
10PH14
i e ©)
K, + 10°

Equation 9 gave excellent fitting of the theoretical line to
the experimental values (Figure 4, solid line). The kinetic
parameters were obtained to bk; = 1680 4+ 340 s1,
k[H20] =33+ 251 K= (7.14+ 1.7) x 106 M, kg[H0]
=30+ 15 k= 2870+ 260 s, andK, = (6.7 &+ 0.8)

x 1076 M. Equation 9 shows that, is a simple sum of
the apparent rate constant for & E H* (first two terms)
and that for EH* — E_ (second two terms). These rate
constants, denoted &sandkgy, respectively, are expressed

Hayashi and Kagamiyama

as follows:
10—pH 1d)Ka—14
=k (10)
© 'K, +10P K,
lo—pKa ld)H—14
=k +k 11
kEH 1 K]_ 4|<4 + 1d)H_l4 ( )

The values okg andkgy were calculated using the obtained
values of the parameters and are drawn in Figure 4 (dotted
and broken lines). As expectdd,andkgy contribute largely

to kapp at low and high pH, respectively. These values are
of great use when we analyze the pH dependency of the half-
reaction as follows.

AspAT with Protonated PLPLys258 Schiff Base Reacts
with the Dianionic Form of AspartateAs has been indicated
previously (2, 13), E_is in equilibrium with EH", and &
reacts with the substrate (SHto form the first Michaelis
complex (E-SH"). The proton on the substrate amino group
moves to the Schiff base and the resultant second Michaelis
complex (EH*-S) undergoes transaldimination to form the
external aldimine, E and subsequently toyE(eq 12).

k[SHY]
EL, = E_-SH
k-
be ||t I«
ki kis KaltoA
E H* ElH*S == E3; == E, =— Ey
ko k3 +0A (12)

Assuming that E, E_-SH', E H*-S, and E are in rapid
equilibrium 1), we obtain the following equation of the
apparent rate constant for the decrease in the absorbance at
430 nm (see Appendix):

kapp,430= 1/2(kEH + Xkg + a1 — X)k; 3 + YK 5) —
l/2[(_kEH — Xke + a1 = X)k 3 + kaa)z +
AXkeo(1 — X)k 42 (13)

where

(Khalf,ASF)
_ m A
(K" + [SH]

_ 2[0A]
KhatOA 1 2[0A]

Asp—OA/half,As
Keq (Km 5A k73

half,0A
Km

Kis

Here, K"2"%) . is expressed by the following equation and
is almost equal to th&"2" value for aspartate experimen-
tally obtained at pH 8%8):

K /Ky
1+ KA+ K, /K )

(Kfr]nalf,As;ﬁA —

The equilibrium concentration of oxalacetate, which is
formed in an equimolar amount together with,,Eis
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calculated as follows: The cycle in eq 15 yields the following relationship:
[ﬁ]zw —[SH'] + _ 1076 kgkyy
2(kg + ken) 107 PKE" Ky Ky

[SH']? + 4[E][SH] % (14) where 3" and (K ¢ are (K, of the PLP-Lys258 Schiff
Ko KOSP™ base and that of the-amino group of aspartate, respectively.

EH" “eq A A
The apparent rate constant is described as follows (see

whereK5P~%% is the equilibrium constant for the reaction Appendix):
E.L + SH* = Ey + OA and is related to the kinetic
parameters in eq 12: Kapp,a30=
k., ki,k : 107 e
Asp—OA _ 1 ™2 ™3 half,0A Ken + Kiy [S] + Xkg + —— XK, [SH'] +
Keq - K m 10 PKg
k_, k,k.g
We already know the values of the following kinetic (1 = X)ks + Yks = | —ken = kit [S] = Xbe =
parameters1g): KisP %" = 0.0052 K", = 4.5 mM, e )
half,0A _ _ — 2
Kpe"©* = 0.035 mM,kis = 550 s, andk 3 = 800 s™. A0k TSH'T + ol — X)koa + Yheo| +
The values okg andkegy can be determined from Figure 4 107 P
and eqgs 10 and 11 to be 187 and 39(®H 6.1), 63 and 63 oK & 1
s! (pH 6.8), 38 and 1538 (pH 7.4), and 35 and 217’5 4| Xk + m—sCthk+1'[SH+] a(l— X)k,q| (/2
(pH 7.7), respectively. The value of [SHis almost equal 107 PKa

to the total concentration of aspartate, because the experi- (16)
ments in Figure 2A were carried out below pH 7.7 and the
pK, for the a-amino group of aspartate is 9.6. The total
enzyme concentration, {gis 28uM. Therefore, theoretical

lines could be dra_wn using eq 13 (Figur_e 2A, dotted lines). is the only adjustable parameter. The theoretical curve
Atlow pH values, i.e., pH 6.1, the theoretical values matched . ijeq an excellent fit to the experimental values, with
well with the experimental values at low concentr_atlons of the k.1’ value of (5.4+ 0.2) x 10F M~ ! (Figure 2A,
aspartate, namely—12. _mM. However, the ex_per|rr_1enta| solid lines). This supports the validity of the scheme
values deviated positively from the theoretical lines at expressed by eq 15. Scheme 1 is drawn based on eq 15.
increasing concentrations of aspartate. The difference in theFrom now, we refer to £+ SH™ = E_-SH* and EH* +
observed and the theoreticalyp 430 values, defined as g ELH+-'S as route A and route B, respectively.

0= Koporo’ — Kieoiels? became larger not only with he Kesidual

X . s I _ 430 Value showed dinear dependency on the
increasing concentration of aspartate but also with 'ncreas'ngconcentrrz)apt’ion of the dianionic form of aspartate (S) up to

pH (Figure 2A). The increase in pH in this range (pH-6.1 0.07 mM (Figure 2B). The slope was around 5.3.0° M-
7.7) increases the fraction of the unprotonated form of the sL, which was in good agreement with the,' value. This
a-amino group of asp_art{;\te: Therefore, we calqulated theind’icates that, for the direct conversion of HE to By
concentration of the dianionic fofof asg;’:ildrjgte u.smgl'pi through route B, the bimolecular association step of S and
= 9.6 of thea-amino group and plottel,, ;;0against the g+ rate-limiting at [S]< 0.07 mM, because of the
concentration of the dianionic form of aspartate (Figure 2B). |imiting concentrations of the dianionic form of aspartate.

The plots of the data at different pH values merged to a single  The plot in Figure 2B shows that the maximum value of

where X, Y, and a are the same as those used in eq 13.
Although the equation has a complicated appearakgé,

B [P esidual B :
line. This indicates thatcy5, is determined by the o soiS about 800 SL. This value is almost equal to the
concentration of the dianionic form of aspartate, irrespective 3ximum value okapp a77(Figure 2A). If the interconversion

of the pH value. Thakl’%<is the apparent rate constant of £, H+S and E-SH" is slow compared to the rate of the

for the decrease in the concentration @HE through route- transaldimination reaction E™-S == E;, the maximum rate

(s) other than that shown in eq 12 and that the value is of the reaction from EH* to Ey should be greater than that
dependent on the concentration of the dianionic form of of the reaction from Eto Ey, because the association of
aspartate strongly suggest thd %5 reflects the reaction £ H* with S yields directly the reactive speciesHE-S. The

of ELH™ and the dianionic form of aspartate (S). Therefore, aimost equal values indicate that the interconversion of

we consider the following scheme for the complete descrip- E, H*-S and E-SH* is rapid compared with the transaldi-

tion of the reaction of ASpAT with aspartate: mination process, fH*+S = Es.
Monoanionic Form of Aspartate and the Schiff-Base-
. k{ﬁ?*] . Nonprotonated Form of AspAT Are Preferentially Formed
o= R from the EnzymeSubstrate ComplexDuring the course
ke H ke ! HK of the “reverse” reaction fromcto E/E H*, EH"-S is
kot [S] ke ks KhaltoA forme_d from E by tra_nsalqm"!matlon (Scheme 1). S
EHY = EHS = E = E = Eu (15) can either undergo dissociation to formHE + S (route B)
kg ) k3 +0A or rapidly equilibrate with ESH*, then dissociate into E

+ SH' (route A). In order to find which route is preferred,

5 The two carboxylate groups are dissociated, and the amino group W€ @nalyzed the spectral transitions on the reactionyof E
is unprotonated. with oxalacetate. The steps except for the interconversion
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8 | L L l E H* is slowest (Figure 4), we could well separate the two
exponential changes. Therefore, if we consider the time-
- resolved spectra aftér= 6.2 ms, where the first exponential
change is over, we can neglect the third term of eq 18.
= Because [z and k has no absorption at 430 nm, the time-
dependent absorption change at 430 nm dfter6.2 ms is

- expressed as follows:

Ao | ke _

I [Ed | ke + ken

PK_3ke — (1 — p)K_5 Keyy
i (kg = kg = ken)(ke + kgp)

exp[—(ke + ken)tl f € 1+ 430
(19)

App. Molar Absorptivity / 10° M~ ¢cm™

Using the valuek 3 = 800 s, ke = 63 s'* (pH 6.8),ken

300 350 400 450 500 550 = 63 s (pH 6.8), andAssd/([Edee, nta30 = 0.268 att =
Wavelength / nm 6.2 ms, the value op is calculated to be 0.93. Therefore,

Fiure 5: Time-dependent absorption change of AspAT on reaction W€ ¢an conclude that,E- SH' is preferentially formed by

with oxalacetate at pH 6.8, 298K. The PMP form of AspAT (25 the reverse reaction. An experiment using 1 mM 2-oxoglu-
#M; Curve 1) was reacted with 1 mM oxalacetate in MH buffer, tarate in place of 1 mM oxalacetate gave a similar result
pH 6.8. The spectra were taken in the same way as in Figure 4.yjth p = 0.96.

Dotted line,t = 2.3 ms. Dashed ling,= 3.64 ms. The spectra at
t=6.2,8.76, 11.32, 13.88, 16.44, 19.0, 21.56, and 24.12 ms (from
bottom to top of the 430-nm absorption band) showed an isosbestic

point at 385 nm. For these spectra (after 6.2 ms), the absorption A .
at 430 nm gradually increased exponentiaky,{= 130 s%) with Kinetic Resolution of the Two Routes to the Enzyme

a concomitant decrease in absorbance at 358 nm. Absorption dueSUbstrate Complex.The present study showed that the
to oxalacetate was subtracted from each spectrum. interconversion of Eand EH", i.e., protonation/deproto-

N , . nation of the PLP-Lys258 Schiff base of AspAT, is
of E. and EH™ and the 1,3-prototropic shift (expressed by unexpectedly slow, with a minimum value of 126 st pH

ki3 andk-3) are regarded to proceed rapidly. In addition, g g pye to this slow equilibrium and to the relatively slow
the equilibrium shift of the half-reaction by180 toward  himglecular association process of route B as is discussed
the PLP form of the enzymelg) enableg us to consider  pejow, the disappearance of Bnd that of EH* on reaction
that the conversion from \J=to E/EHT is essentially  \yith aspartate could be kinetically resolved. The disappear-
irreversible. Therefore, the reaction from i the presence  5ce of E was essentially pH independent, reflecting the
of a saturating concentration of oxalacetate is expressed by csociation of E and the monoanionic form of aspartate,

0

DISCUSSION

the following equation: SHt, which is the dominant species within the pH range used
E, in this study (route A). On the other hand, the disappearance
”"7' of E_.H* was clearly dependent on the concentration of the
Em kg H ke (17) dianionic form of aspartate, S, which increases with increas-
ing pH (Figure 2B). This indicated that B" and S associate
(1=plks Eru* (route B) and undergo further reactions. The two routes

. . _ merge into the same Michaelis complex, which is an
Herep denotes the proportion of the reactions to yieldrt equilibrium mixture of E-SH" and EH'S. Thus, the

. 5 .
the tOtaI. reactions from jeto B/EHT. The ?bsorp"o” present study has just added route B to the classical
change is expressed as follows (see Appendix): mechanism (Scheme 1).

A Key ke It is, however, important to note that the two routes are
E1 = ke + ke €g + ke + ke € H+ + intrinsically “kinetically equivalent” mechanisms; that is, they
[Ed H H form a set of mechanisms that usually cannot be distinguished

PK 5 — Keyy (1—pk;—ke by examining the pH dependency of the reactib6)( The
B Koy — ke — kEHtEL B Ks— ke — kEHtELW x principle is shown in Figure 6, where the pH dependence of
K ke — (1 — pk gk the fraction of the active form of the enzymés), that of
expl=k_t) + (g — €q 11v) PR P35 Xen « the active form of the substratddj, and that of the product
-3 B TR — ke — k) (Ke + Kep) fe fs are shown. The left panels (mechanism A) and right
exp[— (ke + kep)t] (18) panels (mechanism B) were drawn based on assumptions

that only route A and route B are involved, respectively.
As shown in Figure 5, there were a rapid decrease in intensity The [K, of the substrate-amino group (K.") was taken as
of the 333-nm absorption band and increases in intensity of 9.6, and that of the Schiff baselF"™ as 6.8 (upper panels)
the 358- and 430-nm absorption bands, corresponding to theand 12 (lower panels). Both mechanism A and mechanism
third term of eq 18. Aftet = 6.2 ms, the spectrum changed B showed an identical shape of the Idgf{s)—pH profile.
monoexponentially, as indicated by the presence of the The presence of a thermodynamic cycle comprisingte
isosbestic point at 385 nm (Figure 5), and this correspondedSH", E.-SH", ELH* + S, and EH'S indicates that the pH-
to the fourth term of eq 18. Because we carried out the independentk../Kn value for mechanism B should be
experiment at pH 6.8, where the interconversion paBd 10(pK 5 — pKi“"“) times larger than that for mechanism A.
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Mechanism A Mechanism B
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Ficure 6: Diagrams to show the pH dependent distribution of active reactants. Logarithm of the fraction of active enzyimesdiog)

lines), that of active substrate (Iég dashed lines), and the sum of these two ftogr log fs = log( fg fs), dotted lines; the values are shown

on the right axes which were offset by 1 for clarity) are shown. Upper panels: The theoretical lines are drawn based on the assumption that
the association of the enzyme and the substrate proceeds through only route A (mechanism A) and only route B (mechanisi{;B). The p
values of the Schiff base and theamino group of the substrate are 6.8 and 9.6, respectively. Lower panels: Same as upper panels except
for that the (K, of the Schiff base is 12.

This compensates the ldiwfs value of mechanism B, which Advantage of Route A @r Route B in the Catalytic
is 1075 P<™ times smaller than that of mechanism A. Reaction of ASpATThe two routes to the enzymsubstrate

and therefore the two mechanisms are expected to haveFOMPplex have been successfully resolved; therefore, the next
identicalkea/Kom values with identical pH dependency. These intriguing question is the extent of COI’]FI’IbUtIOﬂ of gach route
considerations indicate that even if the interconversion of " actua}l cata!y5|s. In the half-reaction, according to the
E. and EH* is slow, the two mechanisms cannot be calculation using egs 13 and' 16, the rate of conversion of
distinguished kinetically unless there are additional features ELH™ to By through route B is 190, and that through

- 1 .
that lead to differences in the kinetic behavior between the route A IS 160 s', at pH 7.4 and with an aspartate
two mechanisms. In AspAT, because thefs value of concentration of 5 mM. The rate of conversion fromt&

mechanism B is 13 times smaller than that of mechanism Ew with 5 mM aspartate is calculated to be 290 €18). At
A, the bimolecular association rate constant for mechanism 'FI)';'eZ.e?(,)FéHt;gi%%ﬂiifufi??o?iéﬂ?epé— lt::)ft?\remcgieﬂ;/?is?égggh

8 — Y -1 ’
B must be larger tharkia/Km)a x 10°°= 7.9 x 10'M is calculated to be (0.2 190)/(0.80x 290+ 0.20x (190
+ 160)) = 13%. Thus, the contribution of route B to the
first half-reaction of AspAT (eq 1) with aspartate under
physiological conditions is less than the fraction of the Schiff-
base-protonated speciesHE. Again, the disadvantage of
route B is because this association process becomes rate

st in order for mechanism B to show kinetic behavior
identical to that of mechanism A. The fact that this exceeds
theky,' value (5.4x 10f M~ s%) can be considered to be
responsible for the successful resolution of the two routes
in this study. This at the same time indicates that route B
cannot be the sole route of the association process of asDartatSetermining in the transition from E* to Ey due to the

and ASpAT. limiting concentration of S. In accordance with this, the
The relatively small value of 5.4 10° M~* s™* for the reaction rate through route B approaches that through route
bimolecular association constant for route B, compared with A at higher concentrations of aspartate (over 0.12 mM of
the value 18M~! s7! for route A 1), was an unexpected  the dianionic form; Figure 2B), where bimolecular associa-
finding. The reason for this difference is not clear at present. tion is not rate determining.
It has been argued that the association of an enzyme with a In the overall reaction, the PLP form of enzyme is
substrate molecule at a rate constant approaching theregenerated from the reaction ofyEwith an oxo acid
diffusion-controlled limit (16 M~ s!) is assisted by  substrate. The PLP form is preferentially formed in the E
electrostatic guiding of a polar substrate to the enzyme’s form, not in the EH" form (Figure 5). The overall ping-
active site, and in the case of ASpAT, the interaction between pong Bi Bi reaction is therefore expressed as follows:
the positively charged ammonium group of Skdnd the

negatively charged'3 of PLP of E has been considered ky1[SH'] .

to increase the efficiency of the binding of Sktb E, (12). FL = B

The interaction is absent in the binding process of S o'k " ‘ - -1 H X

and we may reasonably consider that this difference is the koy'IS] » ks (o) k.,

reason for the relatively low value d&f.;' compared with E,H" =— EH''S = E3-E,; =— E, — E_ (20)

Ky 1. k' ko k_(n-1)
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Here, the Michaelis complex formed fromyEnd the oxo
acid substrate was simply expressed as Ehe association/
dissociation of SH and E is rapid 1). The interconversion

of E.-SH" = E H*-S is rapid as compared with the
transaldimination step, E*-S= E; (see Results). There-
fore, B, E -SH", and EH'-S are considered to be in rapid
equilibrium in the steady-state reaction. This indicates a
value exists for the concentration of HE" that enables EH*

to be in equilibrium with £ and EH*-S simultaneously.
Accordingly, we can expect that although the interconversion
of EL = E.H" and EH" == E H*-S is slow, the concentra-
tion of E_LH™ can reach such an “equilibrium” value. In such
a circumstance, the rate of the overall reaction can be
expressed as follows (see Appendix):

[Ed (k| [KE™ 4+ HH|(KE+ HTY[ 1

—=|— —+
v (kg H'] K¢ Kz
ko1 ko, kK@ 1)1
— — . — =+
k+2 k+3 k+2 k+(n—1) k+n [St]
Kichm kipky|[1 ko1
1+ — =+ ——+ ..+
K koK' [\Kez Ko Kig
kK, Keon 1| 2of1 ki1
— ... —+Z—+— + ..+
Kiz  KigepKin]  &3lKi Kii Ky
ki Ky 1
— . —| v
k+i I(+(n71) k+n
Therefore k22K shows the pH dependency as fol-
lows:

Iog(kg;;araII/Kgqveralb — Iog( o;;araII/Ktr)nveralbmaX+
10 PH a
log K3+ 107PH +log K%+ 10 P" (22)

which is exactly the equation that describes the bell-shaped
pH profile of logke.a/Km) for aspartate 10).

The flow from B to E.H*-S proceeds via either B=
E -SH" = EH"S or E == E . H" = E_ H*:S, the latter of
which includes route B. In the former process, the rate
constant for E — E_-SH' is larger than 1®M~1 s7 (21).
The rate constant for [ESH™ — E H*-S is not known, but
must be larger than the rate constant for the transaldimination
step, which is estimated to be about 0" from the studies
on model compound=2@). In the latter process, the step
E. — E_H" is obviously rate-determining and is below 100
s at neutral pH Kg, Figure 4). Therefore, route B is
estimated to contribute less than 1% to the overall catalytic
reaction. As described above, the PLP form of the enzyme
is generated in the Horm and not in the BH* form by the
reaction of k with oxo acids. Accordingly, route B requires
conversion of Eto E H' before reacting with the substrate,
which is slow at neutral pH values. Therefore, even in the

Hayashi and Kagamiyama

because of the slow, rate-determining conversion ofde
E.HT.

Implications for the Reaction Mechanisms of PLP En-
zymes. The PLP-Lys Schiff base of AspAT has an
unusually low K, value (6.8) compared with other PLP-
dependent enzymes (generally above 11). Although the exact
mechanism that decreases the Schiff-basgvalue is yet
to be determined, this lowi value is obviously important
for the enzyme to be effective at neutral pH (Figure 6).
Mechanism B was less advantageous than mechanism A, due
to the low value offgfs that makes the bimolecular
association process rate determining (see above discussions).
In other PLP enzymes that have higher Schiff bakg p
values, the pH profiles dkfs will be such as those shown
in the lower panels of Figure 6, with pH optimum shifted
upward compared with that of the profiles of AspAT.
Because the Schiff baseKp was taken as 12fgfs of
mechanism B is 1&96) = 10?4 times larger than that of
mechanism A. Assuming that the bimolecular association
rate constants are the same as those of AspAT, we can expect
that the upper limit of the pH-independent valuekgf{Kn
is 1/10%*4= 4 x 10° M~1 s™1 for mechanism A, and 5.4
10° M~* s71 for mechanism B, respectively. At lower pH
values, these values decrease by (H 8.0)- to 16 (pH
7.0)-fold (Figure 6). Thek./Kn values of most PLP
enzymes fall in the range of ¥810° M~* s7%, which were
generally measured between pH 7 and 10. Therefore, it
seems likely that either mechanism A or mechanism B, or
both, can be applied to the catalytic mechanism of most PLP
enzymes. However, we must take into account the form of
the enzyme regenerated after a cycle of catalysis. In
aminotransferases, the second half-reaction regenerates the
PLP form of the enzyme and the amino acid product from
the PMP form of the enzyme and the oxo acid substrate. In
decarboxylases, the amine product and the PLP form of the
enzyme are formed. All other PLP enzymes regenerate the
amino or imino acid product and the PLP form of the
enzyme. The second half-reaction of AspAT showed that
the B form of the enzyme is regenerated. This was
interpreted to be due to the shift in equilibrium of £ SH*
=E_H* + Stoward k£ + SH" by a factor of 188 Similar
considerations on the other PLP enzymes with higher Schiff-
base K, suggest that BH* is preferentially formed in these
enzymes. If this is the case, mechanism A requires the
conversion of EH™ to E_ before reacting with the substrate.
The rate of this reaction is greater than 100a pH values
higher than 7.0 and approaches 1000 &t pH 8.5 (Figure
4); these values are higher than thg values of most PLP
enzymes. Therefore, we still cannot rule out the contribution
of route A to the catalytic mechanism of PLP enzymes other
than AspAT. Detailed kinetic analyses, especially studies
on the pH dependence of kinetic parameters sud.#sm
and the bimolecular association rate constant for the enzyme
and the substrate, are required to clarify the contribution of
the two routes in these enzymes. Recent investigations on
O-acetylserine sulfhydrylase by Cook, Schnackerz, and
colleaguesZ3, 24) showed that ther-amino group depro-
tonated form of the substrate binds to the Schiff-base-
protonated form of the enzyme.

Another important point to be addressed is the possibility
of the presence of mechanism(s) other than route A and route
B for association of PLP enzymes and substrates. In the

presence of a high concentration of aspartate, the contributionpresent study, we did not take into account th&elESH"

of route B to the overall catalytic rate is not significant

and the E-S structures. This is because the AspAZF
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methylaspartate complex shows a pH-independent spectrum, k,[SH'] ki, k. [SH'] k., [SH']
and therefore coexistence of HE'-SH* and E-SH' or ki;= . K K + K K+
-1 — -1 -1

E.H'-S and E-S is not likely to occur15). In the catalytic
reaction of other PLP enzymes with high Schiff bas& p k+l[SH+] K,
values, EH' and SH are the main species present in the k—Kk_ Kis
solution. If EHT and SH undergo association, the resultant 1 2
E_ H"-SH" structure must be deprotonated tdE-S before = a1l — Xk (3a)
it undergoes transaldimination. It is possible to consider a
hypothetical base that locates in the active site and accepts 2[O_A]
the proton from the Schiff base. In ornithine decarboxylase, k25 = hall OA —k_,
a histidine residue is found to stack with the pyridine ring K+ 2[0A]
of PLP and occupies a position that can interact with the
a-amino group of the substrat2g). This histidine residue =Yk (42)
might be considered to be the base, although no further
analysis has been performed to test the hypothesis. In theHere, the rate constant for the step from B E°, k_°, is
other PLP enzymes whose three-dimensional st_ructure_s hav%pproximated using(han,OA and the equilibrium concentra-
been solved, i.e., tryptophan synthagé)( p-amino acid . n

. . . . . tion of oxalacetate1().
aminotransferase2{), branched-chain amino acid ami-

notransferase2@), dialkylglycine decarboxylase2g), and The concentrations of [+ and E are expressed using

tyrosine phenol-lyase3(, 31), there is no such base located tnejr equilibrium concentrations and the deviations to be
near PLP that can interact with the-amino group of

substrate amino acids. Therefore, we consider that associa-

tion of an enzyme with a substrate through route A or route [E]l= [E_L] + A[E|]
B is a mechanism that is used by many, if not all, PLP

Conclusions. The transient kinetics of the reaction of
AspAT with aspartate at low pH confirmed the classical route
to the ES complex in which the Schiff-base-unprotonated Using this expression, the following equations are obtained
form of AspAT associates with the monoanionic form of for eq la:
aspartate. In addition, a second route in which the Schiff-
base-protonated form of ASpAT associates with the dianionic

4
form of aspartate could be kinetically separated from the first _ OA[EH] = keyA[E H*] — KeA[E] (5a)
route. The reaction of oxalacetate and the PMP form of ot HeL

AspAT preferentially formed the Schiff-base-unprotonated SA[E]

species of the PLP form enzyme. Therefore, the second route— = (—key + k°—3)A[E|_H+] + (ke + K5+
contributes little to the overall catalytic reaction due to the t

slow conversion of the Schiff-base-unprotonated enzyme to k25)A[E?] (6a)

the protonated enzyme. However, the discovery of the binary
association mode of ASpAT and aspartate suggests that thisS
mode may also be applicable to the reaction mechanism of
other PLP enzymes having high Schiff basg palues, and

olving egs 5a and 6a yields eq 13, which describes the
apparent rate constant for the slower phase of the spectral

in these enzymes, the second route may contribute largely®"a"9es:
to the function of the enzyme. Similarly, eq 15 can be reduced to the following equation
if we assume that E E_-SHt, and EH*-S and E are in
APPENDIX rapid equilibrium:
L . ken + k.1'[S] ke
Derivations of Eqs 13 and 16Equation 12 can be reduced ELH+ HT D) po o E, (7a)

to the following equation if we assume that, EE_ -SH", ket k3

and EH*-S and k& are in rapid equilibrium:

\ Ken ey where
E H e E° oy Ey (1a)
k,,[SH" k., [SHTT k., [SH"
where =(#K)/[l+ +1|[( ]+ +1|[( ]K+
-1 —1 —1
o _ SH'
) ) . KalSH ] Kl e
k+1[SH ] k+1[SH ] k+1[SH ] k+2 k—l k—2
1K1+ + K+ Ki—( ke
K_, K, k., K., ‘
P il ] +
= Xk (2a) = Xk + k_lKXk’l [SH'] (8a)
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The following equations are obtained:

6A[E H']
——— = (kepy + Ky [SDA[E H'] — KEA[E®]

(9a)

_OAE7]
ot

= (—ken — Ko/ [S]+ K QAE H'] +
(k& + k35 + k) A[E] (10a)

Solving eqgs 9a and 10a yields the following equation that

describes the apparent rate constant for the slower phase of

the spectral changes:

kapp,430: [kEH + K4 '[S] + Xkg + EKXK& [SH+] +

o1 = Xk g+ Yk 3= (_kEH — Ky'[S] — Xk —

Ko ZERXK S [SHTT + oL — XYk, 5 + YK )2
kg
(XkE—I— kHKXKl '[SH ])a(l X)k+3]llz]/2 (11a)

Using the relationship

107PKa k+1
107 Pk k+1 k'

we can rearrange eq 1la to eq 16.
Derivation of Eq 18. From eq 17, the following dif-
ferential equations are derived.

oE]]
ot

—pk_g[Ey] + ke[E ] — ke [ELHTT (12a)

O[E H']
ot

= —(1 - pkg[En] — kelE] + kEH[ELH+]

(13a)

At't =0, [Ew]
[Ev] =0, [E]
ken) [Ed-

conditions to yield
Ed_ ken
[E] ketken k= (ke+t ke
PK_gke — (1 — p)K_gkey .
ke k(e k) expl—(ke + ket] (142)
[EHT_ ke (1—pks-
[El  ketken ko= (ket+kgy)

pk—3kE -@1- p)_ K_aKen
— ke — ke (ke + Key) exp[—(kg + kep)t] (15a)

Using eqgs 14a and 15a and the molar absorptivities of E
E.H", and By, eq 18 is obtained.

Derivation of Eq 23. For the scheme of the overall
reaction (eq 20), we can obtain the following equations on

=[E] and [E] = [ELH'] = 0. Att= o,
= kel (ke + ken)[Ed], and [EH'] = kel (ke +

PK 5 — Key

expk_gt) +

ke

exp—k_st) —

Equations 12a and 13a are solved under these

Hayashi and Kagamiyama

the assumption that EE H*, E -SH", and EH"-S are in
equilibrium:

k+1[SH+][E|_] = k—1[E|_'SH+] (16a)
Schiff — [EL][H +]
* T EAT 7
Ko [SIEH] = k_{[E,H"S] (18a)
o [H'IS]
K3 (SH] (19a)
Using these relationships, we obtain
[E.] +[E -SH + [E H] + [E_.H™-S]
K.y \  Schiff '
:[. [SH ]} +1k+l[s]+1}[EH -S]
B [ il [H+] \KSchlff
__[.( o+ ]
k K“ +[H ] 1 .

[H*] K% [sd

KSchlff k+1 -
K kK,

ko KM [HYT K+ [HH] 1
k+1

X" ,—i—l}[E H*-S] (20a)
+1

Therefore, eq 20 can be reduced to the following equation:

k+ n
D —

° L) k+(n—1) o
E; ey E;...E_; ﬁ E, E; (21a)
where
ki__llkﬂfK?““+mH+]K§+[Hﬂ 1
2 K [HT] K:  [S]
SChIff
Kk
Ka k k :+1 k+2 (22&)
a

Using the equation for the steady-state kinetics for the overall
catalytic reaction 14), the rate for the overall reaction eq
20 is expressed by eq 21.
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