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Control of Coenzyme Binding to Horse Liver Alcohol Dehydrogeriase
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ABSTRACT. The rate of association of NADwith wild-type horse liver alcohol dehydrogenase (ADH) is
maximal at pH values betweeiKpalues of about 7 and 9, and the rate of NADH association is maximal

at a pH below a K of 9. The catalytic zinc-bound water, His-51 (which interacts with theafd 3-
hydroxyl groups of the nicotinamide ribose of the coenzyme in the proton relay system), and Lys-228
(which interacts with the adenosinét8/droxyl group and the pyrophosphate of the coenzyme) may be
responsible for the observe& palues. In this study, the Lys228Arg, His51GIn, and Lys228Arg/His51GIn

(to isolate the effect of the catalytic zinc-bound water) mutations were used to test the roles of the residues
in coenzyme binding. The steady state kinetic constants at pH 8 for the His51GIn enzyme are similar to
those for wild-type ADH. The Lys228Arg and Lys228Arg/His51GIn substitutions decrease the affinity
for the coenzymes up to 16-fold, probably due to altered interactions with the arginine at position 228. As
determined by transient kinetics, the rate constant for association of"N¥ib the mutated enzymes no
longer decreases at high pH. The pH profile for the Lys228Arg enzyme retain&thalpe near 7. The
His51GIn and Lys228Arg/His51GIn substitutions significantly decrease the rate constants for NAD
association, and the pH dependencies show that these enzymes bind @€ rapidly at a pH above

pK values of 8.0 and 9.0, respectively. It appears that Kefp7 in the wild-type enzyme is shifted up

by the H51Q substitutions, and the resulting pH dependence is due to the deprotonation of the catalytic
zinc-bound water. Kinetic simulations suggest that isomerization of the enzZM&B* complex is
substantially altered by the mutations. In contrast, the pH dependencies for NADH association with
His51GIn, Lys228Arg, and Lys228Arg/His51GIn enzymes were the same as for wild-type ADH, suggesting
that the binding of NAD and the binding of NADH are controlled differently.

The rate constant for the association of NADvith negatively charged pyrophosphate of the coenzyme, could
EgADH? has a bell-shaped pH dependence describedby p also contribute to the pH dependendg. (Acetimidylation
values of about 7 and 9(2), whereas the rate of NADH  of 24 of the 30e-amino groups per subunit, including Lys-
association decreases abovekayalue of around 9% 3). 228, shifts the K value of 9 for association of NADto a
The functional groups in the protein that control coenzyme value of>11 (2), which is consistent with akp value for
binding have not been established. Groups in the coenzymethe acetimidyl group of 12.57}.

binding site that could ionize in the pH range 6f80.5 are The controversy surrounding the origins of the pH de-
the water bound to the catalytic zinc, the imidazolium moiety pendencies for coenzyme binding and the contributions of
of His-51, and the-amino group of Lys-2284). the residues were addressed by using site-directed mutagen-

The ionization of the zinc-bound water has been suggestedesis and transient kinetics. His-51 was changed to a
to be responsible for thekpvalue of 9 §). However, the glutamine, which is isosteric with histidine and is able to
water is linked to His-51 through a hydrogen bond system form a hydrogen bond with the coenzyme. Lys-228 was
that includes the hydroxyl group of Ser-48 and a water changed to an arginine residue, which maintains a positive
molecule (in the free enzyme) or thét#ydroxyl group of charge in the coenzyme binding pocket and structurally
the nicotinamide ribose (in the complex with the coenzyme), resembles the acetimidylated lysine. His-51 and Lys-228
and this system should have two microscopi€ yalues, were both substituted in the Q51R228 enzyme, leaving the
which have not been determineg).( zinc-bound water as the most likely group in the active site

Lys-228, which stabilizes the binding of the coenzyme by that is ionizable in the observed pH range.

forming a hydrogen bond with the adenosineh@droxyl EXPERIMENTAL PROCEDURES

group of the coenzyme and electrostatically attracting the
Mutagenesis pBPP/ADH-E/K228R and pBPP/ADH-E/
T This work was supported by National Science Foundation Grants H51Q were created by. sng-dwectgd mutager!e5|s Wlth the
MCB91-18657 and MCB95-06831. Amersham Mutagenesis kit, version 2, starting with the
* Corresponding author. E-mail: bv-plapp@uiowa.edu. plasmid pBPP containing the cDNA for the horse E isoen-

! Abbreviations: EGADH, horse liver alcohol dehydrogenase, E ; ; ;
isoenzyme; H51Q, His-51 substituted with GIn; K228R, Lys-228 zyme @). The oligodeoxyribonucleotide £A GAT GAC

substituted with Arg; Q51R228, double-mutant with H51Q and k228rR CAG GTG GTT AG-3 (the mUtatior_W site is underlined) was
substitutions. used as the primer for mutagenesis of pBPP/ADH-E/H51Q.
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The OligOdeoxyribonUCIeOtidé&C_AAA GACAGGTTT . Table 1: Steady State Kinetic Constants for Wild-Type, H51Q,
GCA AAG-3 was used as the primer for the mutagenesis k228R, and Q51R228 Alcohol Dehydrogendses

of pBPP/ADH-E/K228R. The double Q51R228 mutant was Kinetic constant natife H51Q° K228R  Q51R228
constructed from the two single mutants by digestion with

PfIMI and BsEll and religation of the two fragments Ka (uM) 3.9 6.2 21 96
L © . ; ) Ko (MM) 0.35 0.50 1.1 1.4
containing the smgle-pom'; mutations. B&fiMI and BsEll Kp (MM) 0.40 11 0.73 58
enzymes cut only once in the two mutant plasmids. The Kq(uM) 5.8 4.8 21 37
mutations were confirmed by restriction mapping and DNA  Kia(«M) 27 20 190 270
sequencing Kiq (uM) 0.50 0.57 17 8.0
S » Vi (sh 35 1.1 7.3 1.6
Purification. The mutant enzymes were purified by a pub- v, (s 47 54 18 15
lished procedure8). The enzymes were homogeneous as Keq(pPM)* . 16 13 23 13
determined by SDSPAGE. The concentration of active en- _turnover number (5)° 1.8 11 6.4 0.90
zyme sites for the purified enzymes was determined by titra-  ®Kinetic constants were determined at 25 in 33 mM sodium
tion with NAD* in the presence of pyrazol6)( which indi- phSSphate and 0.25 mM EDTA buffer EDHF-Q) by "ggg}g ”&e S“bj"ate
0, . . . and coenzyme concentrations in initial velocity stu b, Kp, @n
Cated+ that about 60% of the protein subunits could bind K, are the Michaelis constants for NADethanol, acetaldehyde, and
NAD™. NADH, respectively.Ki. and Kiq are the dissociation constants for

Steady State Kineticdnitial velocities of the enzyme  NAD* and NADH, respectively, and were determined by product
acivity viee determine by msutng e change nabsot 07 P e uitor uber o heposiin
ance at ,340 nm with a Cary 118C spectrophptometer inter- the fitzted par;meters Wlfere in the range of—y]Z(())%.b lIirom .ref 36.
faced with a computer with a Data Translation 2805 A/D ¢ From ref14. ¢ Ke,is the Haldane relationship calculated frofiKiq/
board. An SLM fluorimeter (model 4800 C) was also used V:KKi; the established value is 10 pKITurnover number determined
with excitation at 340 nm and emission at 460 nm. Data in a standard enzyme assay at"Z5(37), based on titration of active
were collected by using a computer interfaced with the fluor- Sites With NAD' in the presence of pyrazole.
imeter. Initial velocities were estimated by a linear or para-
bolic fit of the data. The kinetic constants were calculated three mutated enzymes agree well with the experimentally

with programs from Cleland1Q). LINAD* (grade I) and ~ determined value of 10 pML@), indicating that cumulative
Na,NADH (grade I) were obtained from Boehringer Man- €rrors in the kinetic constants are small. The kinetic constants
nheim. for the H51Q enzyme were almost identical to those for wild-
type ADH (14).

Transient KineticsTransient kinetics were studied with o L
the BioLogic SFM 3 stopped-flow instrument (dead time of The K228R substitution has modest effects on the kinetic
2.3 ms), which allows concentrations of substrates to be constants, increasing the dissociation constants for NAD
varied systematically with three syringes. The reaction for @nd NADH,Ki andKig, by 7- and 3-fold, respectively. This
coenzyme binding was followed by the quenching of the 'S probably due to the different interactions of the arginine
protein fluorescencell = 294 nm,em = 310-384 nm) or residue in the coenzyme_binding pocket. Bindi_ng of coen-
by the increase in absorbance at 294 nm due to formationZYMe fragments, adenosine, AMP, and ADP ribose, com-
of the enzyme-NAD*—pyrazole complex. Transient data Pared to that of the wild-type enzymes), was only altered
were collected for varied concentrations of NABr NADH about 2-fold by the K228R substitution, indicating that local
and analyzed with the BioKine software. The progress curves Interactions with the adenlos[ne moiety were not affected.
fit a first-order process. The kinetic simulation program | N€ larger effects on the binding of NADand NADH may
KINSIM and the automatic fitting routine FITSIMLQ) were indicate that the s_ubstltunon affects the coupling of _b|nd|ng
used to estimate the microscopic rate constants from the!® the conformational change that occurs for wild-type

transient progress curves collected from the BioKine stopped-€N2Yme, as demonstrated by X-ray crystallogragig). (
flow instrument by fitting several progress curves simulta- | "€ Michaelis and dissociation constants for the Q51R228
neously. enzyme increase to values larger than those of the wild-type

pH Dependence StudieBuffers consisting of 10 mM enzyme and either of the singly mutated enzymes. The

- dissociation constants for NADand NADH, Ki, and Kjg,
glr?éPZNO;Hgéf trgl\p/)lrEcIJDLI:Ae’ t?‘réd dS; ;:‘lrcelgn;gP 8814d I\zi\afl;:zglo%ni c are 10- and 16-fold larger than the respective values for wild-

. type ADH (Table 1).
strength of 0.1 were used in the pH range of-35% (12). L
Buffers at pH=9.5 had a final composition of 10 mM forp :ESP Zr;dsce)r;?aetiggm%sgzlfrg?nr:a]c—ihf?orritest((:)onségg‘:zw
NasP,0O7, 0.25 mM EDTA, and 5 mM sodium carbonate for bp

: : kinetics for the three mutant enzymes over a pH range of
buffering capacity. The buffers were made double-strength -
and diluted 2-fold in the final reaction mixture with enzyme about 6-10.5, where the protein is stable. The pH depend-

: . encies and the association rate constants for the three mutant
in weakly buffered solutions. enzymes differ significantly from those for wild-type ADH
RESULTS (Figure 1 and Table 2).
The rate of NAD association with the K228R enzyme

Steady State ResultKinetic constants were determined exhibited very little pH dependence (Figure 1), and the data
from steady state analysis of H51Q, K228R, and Q51R228 were best fit to a mechanism (eq 2 in Table 2) involving a
enzymes (Table 1). The data for both the oxidation of ethanol single ionizable group with alpvalue of 6.4. The maximum
and the reduction of acetaldehyde for the three mutant association rate constant from the pH dependence of the
enzymes fit to a sequential bi mechanism. The equilibrium K228R enzyme is reduced by 13-fold compared to that of
constants calculated from the Haldane relationship for the wild-type ADH. The pH dependencies for NAassociation
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Table 2: pH Dependence of Coenzyme Association with
Wild-Type, K228R, H51Q, and Q51R228 Alcohol Dehydrogenases
Determined from Transient Kinetits

enzyme equation Kvalue limiting rate

NAD™ association
wild-type? 1 6.9 and 9.0k, = 2400 mMtst
K228R 2 6.3:-0.2 k,=180+30mM1ist?
H51Q 3 8.0+0.2 k,=3.44+09mM1lst
kh=60+7mM st
Q51R228 3 9.0:0.2 ky=33+0.7mM1ls?
ko =120+ 30 mM1s?t

NADH association

wild-type® 4 9.2+ 02 ky=11+1uMts?
K228R 4 10.0:0.2 k,=4.3+0.6uMts?
H51Q 4 95+01 k=8+1uMls?
= “1g1
Ficure 1: pH dependence of NADassociation with wild-type, Q51R228 4 9901 ka=4.94+04uM7s

H51Q, K228R, and Q51R228 enzymes. The rate constants were 2The data were fitted to logarithmic forms of equations derived for

determined from transient kinetic analysis: wild-ty@®,(K228R various mechanisms of pH dependen&é) (by using the nonlinear
(0), H51Q @), and Q51R228¢). The data for the pH dependence least-squares fitting program NONLIN (C. M. Metzler, The Upjohn
of NAD™ association with the wild-type enzyme are from Bef Co., Kalamazoo, MI). A general mechanism with two ionizable groups
that can describe the pH dependencies is shown in Scheme 1, and the
Scheme 1 equations for the simplest mechanism required to explain each set of
HE results are listed below. Equation 1 describes the mechanism where
only the monoprotonated form is reactivisps = ki/(1 + [H1]/K; +
K, Ko/[H*]). Equation 2 describes a mechanism with a single ionizable

group where only the unprotonated form is actiiehs = ki/(1 +

ka [H*)/Ky). Equation 3 describes a mechanism with one ionizable group
where both forms of the enzyme are reactivgss = ka + koKo[HT]/

K (1 + Ku/[H*]). Equation 4 describes a mechanism with one ionizable
2 group and only the protonated form of the enzyme reaéts; =
E kb ki (1 + Ko/[H']). ® From ref2. Standard errors are less than 5%rom

ref 3.

with the K228R enzyme determined from steady state
kinetics {//K,, data not shown) and transient data are by the isomerization of the-ENAD™ complex as shown in
comparable. Scheme 22).

Data for both the H51Q and Q51R228 enzymes were best
fit to a function describing a mechanism with one ionizable Scheme 2
group (eq 3 in Table 2), where the unprotonated form of the k| NAD' k ks, pyz
enzyme binds coenzyme more rapidly than the protonated E E-NAD'=—=*E-NAD === *E-NAD -pyrazok
form. The Q51R228 enzyme has K palue of 9.0, and the ke k- ks
H51Q mutant has akpvalue of 8.0. Compared to that of
wild-type ADH, the maximal, pH-independent rate constants  The isomerization of the ENAD* complex is supported
for binding decrease 40- and 20-fold for the H51Q and by kinetic studiesZ, 17—21) and crystallographic results
Q51R228 enzymes, respectively. where the apoenzyme is in the open form and the holo form

With the Q51R228 enzyme, the data for the pH depen- is closed 16, 22). The rate constants for the isomerization
dence of the rate of NAD association were collected by step were estimated by using transient data and kinetic
varying the concentrations of both NAand pyrazole. The  simulations of the reaction. A limiting rate constant (when
data were fit to the equation for a sequential bi reaction saturating concentrations of NADare used) of 500600
(Figure 2, for example). The bimolecular rate constants, s *was determined and assigned to the forward isomerization
k/Knapt and k/Kpy,, and the limiting rate constankjm, step,kz (2, 23, 24). The kinetic simulation programs KINSIM
exhibited the same pH dependence (Figure 3). The data wereand FITSIM (L1) were used to fit the progress curves for
best fit to an equation (eq 3 in Table 2) which describes a the formation of the ENAD*—pyrazole complex for the
mechanism with one ionizable group where both forms of mutant enzymes and to estimate the microscopic rate
the enzyme are reactive. Th& palues fork/Knap+, k/Kpyz, constants for the formation of the ternary complex (Figure
andk;, were all about 9. These results suggest that the same4 and Table 3).
ionizable group may be responsible for the observid p From simulations of NAD association with the Q51R228
values. The results for the Q51R228 and wild-type enzymesenzyme, it is apparent that the overall rate constant for NAD

are distinctly different in the effect of pH ddKpy, andkim, binding is controlled by the forward isomerization st&p,
as the rate constants for the wild-type enzyme decrease withThe overall rate constant for NADassociation is defined
an increase in pH2j. by the equatiorkon naot = Kiko/ (k2 + k-1). Whenk; is small

SimulationsThe rate constants for association of NAD  relative tok—;, the equation simplifies téonnapt = kiko/
with K228R, H51Q, and Q51R228 enzymes decrease by 20-,k_;. The forward isomerization rate constants for the
110-, and 260-fold, respectively, compared to that of wild- Q51R228 enzyme are much smaller than the estimated values
type ADH at pH 8. An explanation for this must consider of k_; over the observed pH range (Table 3). The microscopic
that binding of NAD" to the wild-type enzyme is a two-  step that is most affected by the double mutation is the
step process, involving a bimolecular association followed forward isomerization step. At pH 8, the forward isomer-
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Ficure 2: Dependence of the observed rate constants for the ‘5_5 i
formation of the Q51R228NAD*—pyrazole complex on the ;gg
concentrations of NAD and pyrazole. The concentrations of 0.00 & __, 1 . 1 . { .
pyrazole were 2.54), 5 (O), 10 (), and 20 mM [J). Each point
represents the average of three or more determinations. The buf- 0 1 2 3 4
fer was 0.1 ionic strength sodium pyrophosphate/phosphate buf- Time, sec

fer at pH 9.43 and 23C. Lines were calculated from the fit to ) ) ] o
the SEQUEN equatiorkops = kim[NAD *][pyrazole]/KiKpy, + FIGURE 4: Transient and simulated reactions for association of
Knao*[pyrazole] + Kp,JNAD*] + [NAD *][pyrazole]), with a NAD* with the Q51R228 enzyme. Points are experimental, and
Knap+ Of 3.6 mM, aKi, of 540 uM, a Kpy, of 2.7 mM, and &im the lines are simulated progress curves obtained by fitting with the
of 300 s1. FITSIM program. The Q51R228 enzyme (%R at pH 7 reacted
with 1.97 mM NAD" and 70 mM pyrazoleA), 0.88 mM NAD"

and 30 mM pyrazole[(), 1.32 mM NAD' and 10 mM pyrazole
(©), and 0.88 mM NAD and 10 mM pyrazole®).

1 of the wild-type enzyme. The simulation of the NAD
association with the H51Q enzyme at pH 8 shows that the
largest effect is on the isomerization steps. Compared to those
7 of wild-type ADH, the forward isomerization rate constant,
. k., decreases by 33-fold and the reverse isomerization rate
constantk_,, increases by 33-fold. The removal of His-51
in the H51Q and Q51R228 mutant enzymes causes a
7 decrease irk; and an increase ik—,. The equilibrium
constant for the isomerization step favors the open form in
the H51Q and Q51R228 enzymes as opposed to the wild-
i type enzyme where the closed form is favored. The equi-
— librium constantK,/k_,) for the isomerization step decreases
by 22-, 1000-, and 5000-fold for the K228R, H51Q, and
0 TS T Q51R228 enzymes, respectively, compared to that of the
wild-type enzyme.
6 7 8 9 10 NADH Association.The association rate constants for
pH NADH binding were determined for H51Q, K228R, and

Ficure 3: pH dependence of the kinetic constants for the reaction Q51R228 enzymes vyithin a pH range of about1®.5 )
(Figure 5). The association rate constants were determined

of Q51R228 with NAD" and pyrazole:kim (<), KKpy (O), and
kiKnap* (0). The (K values were best fit to eq 3 in Table 2 which by following the quenching of protein fluorescence with the

describes a mechanism with one ionizable group where both fOYistopped-row instrument. The rate constants for the H51Q,
react and the unprotonated from is most active (see Scheme 1)'K228R and Q51R228 enz . ;

N - , ymes were similar to the associa-
The (K value fork/Knap: was 9.0+ 0.2 with aks of 3.3 0.7 tion rate constants that were observed for wild-tFoADH,

mM~t s tand ak, of 120+ 30 mM1s™1. The [K value forkiKp,, i '
was 9.4+ 0.2 with ak, of 0.3+ 0.1 mM-1 s 1 and ak, of 40 + which has a [ value of 9.2 8). The pH dependencies for
20 mM~1s7% The (K value fork;, was 9.0+ 0.6 with ak, of 16 NADH association for wild-type, H51Q, K228R, and

+ 9 st and ak, of 2004 200 s™*. Q51R228 enzymes were best fit to a mechanism (eq 4 in

N Table 2) with ionizabl h ly th

ization rate constant decreases by 170-fold compared to thatf;?nebirzdvgt,\l ngloﬂgig ngzrgg%war%e(;;ﬁ/?tz;pgzt;;rifsd

gf Wildétype A%H'hThe forward isomerization S.t?qp.is PH-  have X values similar to that of \’Nild-type ADH with ko
ependent, and the rate constants increase with increasin :

pH. The overall rate constant for NADdissociation is Yalues of 9.5, 10.0, and 9.9, respectively (Table 2).

defined by the equatiori<0ﬁ,NAD+ = kflkzkle(kfl + DISCUSSION

ko) (k2 + k-2). Whenk; is less thark_, andk-,, the equation

simplifies tokstnapt = Kz, @andKog is approximated by the Coenzyme hinding to horse liver alcohol dehydrogenase

forward isomerization steg,, as shown by the correlation has been extensively studied, but interpretation of the pH

in Table 3. dependencies in terms of the protein structure remains a
At pH 8, the apparent NADassociation rate constant for  subject of debate. Thekpvalue of 9 for NAD" association

the H51Q enzyme decreases by 110-fold compared to thathas been assigned to the ionization of the catalytic zinc-

Logk (s'1), WK, M Is7h), kK, (M-1s71)
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Table 3: pH Dependence of the Microscopic Rate Constants for the Binding offN&DVild-Type, H51Q, K228R, and Q51R228 Enzyrhes

enzyme pH ki (uM~1sh) ki (s ka2 (s79) koz (s ks (MM~1s) Konnapt? (MM~1s71) Koft naD 2 (S71)
WTe® 8.0 45 23000 620 65 120 1180 57
H51Q 8.0 4.9 1000 19 2100 95 90 18
K228R 8.7 8.2 1800 23 54 380 100 16
Q51R228 6.2 1.0 1200 4.2 78 6 3.3 3.9
Q51R228 7.0 3.1 8800 19 4000 180 6.5 18
Q51R228 8.0 8.6 2800 3.6 1800 600 11 3.6
Q51R228 8.4 5.9 4900 33 4500 690 39 33
Q51R228 10.0 6.1 8000 160 1900 470 120 140

aThe rate constants were obtained from KINSIM and FITSIM computer simulation programs with data collected from the stopped-flow instrument
for the mechanism shown in Scheme 2. Twelve to sixteen traces with varied concentrations ofaidyrazole were simulated to obtain
estimates of the microscopic rate constants. [The rate constants for the dissociation of pkrayelere determined experimentally by diluting
enzyme that was incubated with NARnd pyrazole into an assay mixture with NARnd ethanol. The reaction observed at 340 nm due to NADH
formation exhibited an initial lag phase followed by a linear increase in absorbance. By extrapolating the linear portion of the reaction back to the
time axis, we could determine the relaxation time. During the fittkag,was fixed between 0.01 and 0.03'swhile the other rate constants were
allowed to vary.] The data at pH 8.0 were for the reaction with 33 mM sodium phosphate buffer and 0.25 mM EDTA. The buffers for the other
pH values are described in Experimental Procedures. The standard errors for the estimated rate constants were lesRivaitug3%f>0.99
were obtained for the fitd. The overall rate constants for NADbinding were calculated from the rate constants that were determined from the

simulation of the full mechanism. The following equations were udediap* = kiko/(kz + k-1) andkoinap* = Ko1kok—o/ (k-1 + ka)(kz + k-2).
¢ From ref23.

~
th

Lys-228 attracts the negatively charged pyrophosphate of
UL B L L L NAD*. When Lys-228 is deprotonated, the rate of NAD
association decreases.

The substitution of His-51 drastically affects the pH
dependence of NADassociation compared to that of wild-
type ADH, indicating an important role for His-51 (Figure
1). The macroscopickpvalue of 6.9 in the wild-type enzyme
is probably due to the proton relay system. When His-51 in
the proton relay system is substituted, tikevalue is shifted
up from 6.9 to 8. This is similar to the results that were ob-
served for carbonic anhydrase II; when a hydrogen bonding
L | system was disrupted by site-directed mutagenesis, khe p
8 9 10 11 value of the catalytic zinc-bound water also increaszg). (
pH When both Lys-228 and His-51 are changedKavalue
Ficure 5: pH dependence of the NADH association with wild- of 9 Is_ob_ser\_/ed (Figure 1). T_h|51_<pvalue is probably o_Iue_
type, H51Q, K282R, and Q51R2228 enzymes. The rate constantstO the ionization of the catalytic zinc-bound water, which is
were determined from transient kinetic analysis: wild-tyfs, ( the only group remaining in the active site of the Q51R228

K228R (), H51Q (), and Q51R228¢). The data for the pH  enzyme that could interact closely with the coenzyme and
dependence of NADH association with the wild-type enzyme are

from ref 3 ionize in the pH range of610. The pH dependence of the

' Q51R228 enzyme is the opposite of what was previously
bound water 25—-27) or to Lys-228 ). The K value of predicted for the zinc-bound water, where a decrease in the
6.9 has been assigned to the macroscopio/alue of the rate of binding above thekpvalue of 9 was assigned to
proton relay system through the linkage of the two ionizable ionization of the zinc-bound wateb,(25). In studies with
groups, His-51 and the catalytic zinc-bound wag}r Qthers the Q51R228 enzyme, the coenzyme binds faster above the
have suggested that the ionization of the zinc-bound waterpK of 9, where the zinc-bound water could be deprotonated.
does not contribute to the observed pH dependence forThe observed Ig value in the Q51R228 enzyme is similar
coenzyme associatiog®). Site-directed mutagenesis of His- to the [K value observed for hydrated zinc [ZitH2O)g],
51 and Lys-228 was used to prepare enzymes that could bevhich ionizes with a K value of 9.1 80), and for models

X
=

Log kNADH on M's”!

W
W

L1
6 7

used to resolve these discrepancies. of the active site with macrocyclic ligands that yield & p
pH Dependence of NADAssociation.The substitution ~ value of about 9 for the ligated zin81).
of Lys-228 with an arginine abolishes thK palue of 9 that Thus, the K values of 8 and 9 for the H51Q and Q51R228

is observed for NAD association with wild-type ADH. This  enzymes, respectively, appear to result from the deprotona-
result is similar to the results of previous chemical modifica- tion of the zinc-bound water where the zinc hydroxide form
tion studies 2) where the acetimidylated enzyme abolishes of the enzyme binds NAD most rapidly. In the wild-type

or shifts the K value of 9 to a higher (nonobservable) value. enzyme, the i for the corresponding region of the pH
The pH dependencies of K228R and acetimidylated enzymesdependence is about 7. This lower value may be due to
are consistent with the identification of Lys-228 as the facilitation of proton release by His-51. Nevertheless, the
ionizable group that controls theKpvalue of 9 for NAD" binding process and the explanation in structural terms are
association and are not consistent with the predictions for more complex.

the role of the catalytic zinc-bound water. The pH depen-  IsomerizationThe binding of NAD" is a two-step process
dence for the wild-type enzyme can be explained by (Scheme 2). X-ray crystallography demonstrates that when
electrostatic effects; below thé&pralue of 9, the protonated NAD* or NADH (and usually a substrate or substrate
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analogue) is bound, the catalytic domains of the enzyme change of the enzyme. An effect of the substitution on
rotate about 10 with respect to the coenzyme binding NADH binding may not be observed when the forward
domains 4, 22, 32). The forward isomerization (rate constant isomerization rate constant is fast. For NADH association,
ko) is relatively fast in wild-type ADH 2, 23, 24), and the rate of forward isomerization is faster than 100bfer
significantly slower in the mutated enzymes that have wild-type ADH (23, 24). Microscopic rate constants for
decreased apparent association rate constants. The mutatio®dADH associationk; = 30uM1s ™% k ;=390 s, k, =
at positions 51 and 228 have large effects on the rate 1400 s?, andk_, = 17 s'') were estimated by Adolph and
constants for the forward isomerization step as determinedco-workers 24) at pH 8.5 for wild-type horse ADH. If the
by KINSIM and FITSIM analysis (Table 3). For H51Q and rate constant of the forward isomerization step were to
K228R enzymes, the rate of forward isomerization decreasesdecrease 20-fold as was observed for NAd3sociation with
33- and 27-fold, respectively. In the Q51R228 enzyme, the the K228R enzyme, then the calculated apparent association
isomerization rate constaritz, varies from 4.2 to 16073 rate constant would be 4,8M~* s7, which is very close to
over the pH range of 6:210, respectively. The decrease in the observed rate constant of 4B~ s* for the K228R
the rate of the forward isomerization can explain the decreaseenzyme.
in the overall association rate constant. These results indicate that the binding of NABNd the

We suggest that the disruption of the proton relay system binding of NADH are controlled differently, and the con-
in H51Q and Q51R228 enzymes slows the forward isomer- tributions of the amino acid residues differ. The removal of
ization (rate constark,) because His-51 is not present to His-51 has drastic effects on NADbinding but little or no
facilitate the removal of the proton from the water bound to effect on NADH association. The reason for the observed
the catalytic zinc. Thekpvalues of about 9 that are observed difference may simply be due to the difference in charge on
for the limiting rates of NAD and pyrazole association in  the nicotinamide ring. When NADbinds to the enzyme,
the Q51R228 enzyme may be due to the ionization of the the nicotinamide ring becomes buried in a hydrophobic
catalytic zinc-bound water. The forward isomerization could pocket. The positive charge of the nicotinamide ring is most
be faster when the catalytic zinc-bound water is deprotonatedlikely stabilized by the negative charge on the catalytie-Zn
and the Zr-OH™ electrostatically attracts the positive charge OH~. His-51 helps facilitate formation of the hydroxide by
of the nicotinamide ring, which are juxtaposed in the shuttling a proton through the proton relay system. Rapid
holoenzyme complex4j. binding of NADH, however, should not require deprotonation

An alternative explanation for the decrease in the isomer- of the zinc-bound water. Rather, th& walue for NADH
ization rate constant may be that the enzymes with GIn-51 association may be controlled by electrostatic interactions
interact less well with the nicotinamide ribose. During the between the pyrophosphate group and the positively charged
conformational change, the helix containing residues 47 protein at pH values above the isoelectric po8#)( Results
53 moves closer to the bound coenzyrh@(This movement  with a mutant human enzyme are consistent with this
allows His-51 to form a hydrogen bond with thetg/droxyl suggestion. Thekp for NADH binding shifted from 8.1 to
group of the nicotinamide ribose of NAD. It is possible that 6.8 when Arg-369, which interacts with the pyrophosphate
the GIn substitution alters this interaction even though a in the 3, isozyme, was substituted in tifig isozyme with a
hydrogen bond from the H51Q enzyme is feasible. However, cysteine residue3g). Further research is required to confirm
the dissociation constants for NADand NADH are about  the electrostatic effects on NADH binding to the horse liver
the same with wild-type and H51Q enzymes at pH 8. enzyme.
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