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ABSTRACT: L-Histidinol dehydrogenase catalyzes the biosynthetic oxidatiartaétidinol to L-histidine

with sequential reduction of two molecules of NAD. Previous isotope exchange results had suggested
that the oxidation of histidinol to the intermediate histidinaldehyde occurt€®+dld more rapidly than
overall catalysis. In this work, we present kinetic isotope effects (KIE) studies at pH 9.0 and at pH 6.7
with stereospecifically mono- and dideuterated histidinols. The data at pH 9.0 support minimal participation
of the first hydride transfer and substantial participation of the second hydride transfer in the overall rate
limitation. Stopped-flow experiments with protiated histidinol revealed a small burst of NADH production
with stoichiometry of 0.12 per subunit, and 0.25 per subunit with dideuterated histidinol, indicating that
the overall first half-reaction was not significantly faster than the second reaction sequence. Results from
keat and keafKy titrations with histidinol, NAD, and the alternative substrate imidazolyl propanediol
demonstrated an essential base wikh palues between 7.7 and 8.4. In KIE experiments performed at
pH 6.7 or with a coenzyme analogue at pH 9.0, the first hydride transfer became more rate limiting.
Kinetic simulations based on rate constants estimated from this work fit well with a mechanism that
includes a relatively fast, and thermodynamically unfavorable, hydride transfer from histidinol and a slower,
irreversible second hydride transfer from a histidinaldehyde derivative. Thus, although the chemistry of
the first hydride transfer is fast, both partial reactions participate in the overall rate limitation.

L-Histidinol dehydrogenase (HDHEC 1.1.1.23) is an  externally added histidinal was bound very tightly to HDH
NAD-linked four-electron dehydrogenase that catalyzes the (see also re8) and was protected from alkaline degradation.
final step in the biosynthesis of histidine. The enzyme is of These results led to the hypothesis that enzyme-bound
interest because its single active site carries out oxidationshistidinal exists as an adduct with an enzymic nucleophile.
of both the histidinol substrate and an aldehyde-level Imine and thiohemiacetal chemistries of the add@¢tL()
intermediate, sequentially reducing two NAD molecutes ( have been ruled outl{—13). A tightly bound hydrated
3). Both reductions proceed via R stereochemistry at NAD histidinal @emdiol) is an alternative intermediatel3).
(4—6) and during the oxidative reactions remove first the Hydrated aldehydes have been proposed for glyoxylate
pro-S and then thepro-R hydroxymethyl hydrogen of  oxidation by pig heart-lactate dehydrogenasd4), the
histidinol (5). The energetic and chemical problems implicit oxidation of glyceraldehyde-3-phosphate by a mutant form
in the catalysis of two distinct reactions at a single site may of glyceraldehyde-3-phosphate dehydrogenasg @s sub-
have general significance for dehydrogenase mechanism. strates fotDrosophilaADH (16), and during the oxidations

The most puzzling feature of the HDH reaction is the of acetaldehyde and benzaldehyde by horse liver ADH (
aldehyde-oxidizing half-reaction. Adams) (observed that 18).

the presence of aldehyde-derivitizing reagents did not affect
overall catalysis by HDH and suggested that histidinal, the
proposed intermediate, did not dissociate from the active site
during overall catalysis. Gsch and Hike (7) verified that

The steady-state mechanism of the HDH reaction has been
investigated by Gasch (19) and Buger and Gasch 0),
who showed that HDH was kinetically bi-uni-uni-bi ping-
pong, with histidinol the leading substrate. We have used
binding studies and exchange reactions to confirm that
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Isotope-exchange studies with HDH indicated that the histidinol as the variable substrate, protiated and various
histidinol oxidation (first half-reaction) was at least2- deuterated histidinols were present at-B0 uM, and NAD
fold faster than overalkk.,, suggesting that the overall rate or AcPAD was present at 10 mMY). For Ky determina-
limitation lies within the histidinal oxidation [second half- tions with the alternative substrate imidazolyl propanediol,
reaction R1)]. In the current work, kinetic isotope effects, it was present at 100500uM, and NAD concentration was
isotope trapping, pH profiles, and stopped-flow spectropho- fixed at 20 mM. Deuterium KIE with NAD as the variable
tometry are used to study the two half-reactions. A kinetic substrate was determined with 8.2.0 mM coenzyme, and
mechanism is developed with a fast reversible oxidation of 0.5 mM of protiated and various deuterated histidinols. With
histidinol, followed by the slow irreversible hydride transfer imidazolyl propanediol, the substrate was present at 2 mM,
from histidinal. Kinetic simulations based on this mechanism and the coenzyme concentrations varied frorbImM.

provide a good fit to experimentally obtained data. Deuterium KIE at pH 6.7 were determined with buffer
containing 50 mM sodium Hepes (pH 6.7) and 0.5 mM
MnCl,. Enzyme was prepared for assay as above.Kgpr
determinations with protiated and various deuterated histi-
dinols, substrates were present at-50 M, and NAD was
present at 10 mM. For NAD Kkinetics, the coenzyme

was from DuPont NEN and Sigma. NAD (free acid, grade concentrations varieq f_ro_m 0.5 to 2 mM and protiated and
I) was from Boehringer. Hepes was from Research Organics. Various deuterated histidinols at 0.3 mM.

Thin-layer chromatography plates of cellulose (0.1 mm  Steady-state kinetic measurements usfiyH)histidinol
Macherey Nagel) were obtained from Brinkmann. DEAE- were done by following the absorbance at 340 nm as for
cellulose (DE-52) was from Whatman. Dowex resin was hormal kinetics and taking 1Q@. samples at various times
from Aldrich. Enzymatic and chemical syntheses of dipro- to measure the extent of RY-*H]NADH production.
tiated and dideuterated imidazolyl propanediols and various Samples were applied to columns of DEAE cellulose to
forms of deuterated, tritiated, antC]histidinol (from [“C]- separate histidinol, NAD, and NADH as described previously
histidine) were carried out as describ&dq1) using chemical ~ (21).

and enzymatic procedures. When substrate deuterium kinetic pH Profiles For logke) and logkea/Ku) pH profiles,
isotope effects were being determined, unsubstituted sub-enzyme crystals were dissolved in 50 mM sodium glycine
strates were synthesized by the same procedures (enzymatigoH 9.0) and 0.5 mM MnGl Enzyme solutions were added
for histidinol, chemical for imidazolyl propanediol) as the to assay buffer (1 mL) containing 50 mM glycine, 50 mM
deuterated compounds, to obviate the effects of inhibitors Hepes, 0.5 mM MnG| and 10 mM NAD, previously titrated
that might arise during the syntheses. Isotopic incorporation to desired pH values with NaOH and allowed to incubate at
in deuterated histidinol was assessed by NMR according to30 °C for 5 min. Histidinol was added to start the reaction.
Grubmeyer et al.). In referring to deuterium- and tritium-  For pH profiles with histidinol as the variable substrate;10
labeled histidinol, the order of letters corresponds to the order 100 xM histidinol was used, and NAD was present at 10
of hydride removal in the overall HDH reaction. Thus, with  mM. For pH profiles with imidazolyl propanediol, the range
(D,H)histidinol{ [hydroxymethyl-§-*H]histidinol} and (H,D)-  of substrate used was 18600 uM, with NAD present at
histidinol{ [hydroxymethyl-R)-*H]histidinol}, the deuterides 10 mM. With NAD as the variable substrate, the assay buffer
are transferred during the first and second half-reactions contained 2 mM histidinol and 0.32 mM NAD. Results
respectively, whereas with (D,D)histidinol, deuterides are were analyzed by the program HA-BELI2§) and are
transferred during both half-reactions. reported with their standard errors.

Enzyme PreparatiarHistidinol dehydrogenase was puri-  Stopped-Flow ExperimentRapid kinetic measurements
fied from cells of Salmonella typhimuriunstrain his01242 were conducted with a Hi-Tech Scientific SF-61 Stopped-
(10) or from an overexpression strain as descritig).(The  flow system. In the experiments described, production of
twice-crystallized enzyme appeared homogeneous on-SDS NADH was monitored at 340 nm through an observation
PAGE, and gave a specific activity of ¥27 units/mg  cell with a path length of 10 mm. Syringes were temperature
(corresponding té, 0f 9.2-13 s*). Before assay, a portion  equilibrated at 30C. An equal volume (5%L) from each
of the suspended crystals was dissolved in buffer containing syringe was injected during each measurement. All buffers
50 mM sodium glycine (pH 9.0) and 0.5 mM MnCIThis  contained 50 mM sodium glycine (pH 9.0) and 0.5 mM
enzyme preparation was stable for at least 1 day. Enzymepmncl,. In multiple turnover experiments with histidinol, the
concentration was determined spectrophotometric@§) ( enzyme syringe contained 18#1 subunit preincubated with
and is expressed as molarity of the 45 893 Da sub@jt (4 mMm (H,H)histidinol or (D,D)histidinol, and the coenzyme

Kinetic MeasurementKinetic assays were conducted by syringe contained 20 or 10 mM NAD, respectively. In single
continuously following the absorbance increase at 340 nm turnover experiments the enzyme syringe contained.A\82
for the production of NADH or at 363 nm for the production subunit preincubated with 28V (H,H)histidinol or 112uM
of AcPAD (E = 9100 M! cmY). The standard assay (D,D)histidinol, and the coenzyme syringe contained 10 mM
mixture contained 50 mM sodium glycine (pH 9.0), 0.5 mM NAD. In multiple turnover experiments with the alternative
MnCl;, 10 mM NAD, and 2 mM histidinol. Assay medium  substrate imidazolyl propanediol, the enzyme syringe con-
(2 mL) in a quartz cuvette was allowed to temperature tained 9uM subunit and 4 mM diprotiated or dideuterated
equilibrate for 5 min in the 30C thermostated cuvette holder imidazolyl propanediol and was mixed with a solution
of a Perkin-Elmer 552A spectrophotometer. The assay wascontaining 20 mM NAD in the coenzyme syringe. Results
initiated by addition of enzyme. For deuterium KIE with reported were the means of at least four injections. Data from

MATERIALS AND METHODS

Materials L-Histidinol, L-histidine methyl ester, imidazolyl
lactic acid, and other biochemicals were obtained from
Sigma. [“C]Histidine labeled at C-2 of the imidazole ring
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Table 1: Isotope Effects for the Histidinol Dehydrogenase Reaction

Histidinol NAD Histidinol with AcPAD
substrate bv D(VIK) bV D(VIK) bV D(VIK)
(D,D)histidinol(pH 9.0} 2.55+0.13 1.30+0.14 2.50+ 0.2 1.944+0.22 2.40+ 0.30 2.40+ 0.18
(D,H)histidinol(pH 9.0) 1.18+ 0.08 1.13+0.11 1.26+ 0.09 1.22+0.10 150+ 0.14 1.77+0.10
(H,D)histidinol(pH 9.0) 2.39-0.22 1.19+0.23 2.29+0.13 1.46+0.11 2.00+ 0.09 1.26+ 0.05
(D,D)histidinol(pH 6.7) 2.03:0.21 2.14+ 0.25 1.94+0.17 1.52+ 0.05 nd nd
(D,H)histidinol(pH 6.7) 1.59-0.13 1.38+ 0.17 1.59+0.21 1.38+0.18 nd nd
(H,D)histidinol(pH 6.7) 152+ 0.12 1.32+0.12 1.43+0.19 1.29+0.08 nd nd
imidazolyl propanediol NAD
substrate bv B(VIK) bv B(VIK)
(D,D)imidazolyl propanediol (pH 9.0) 2.46 0.39 1.03+ 0.23 2.59+ 0.70 0.98+ 0.21

aPreliminary KIE results with deuterated histidinols at pH 9.0 were reported in Grubm@4ernd, not determined. With (D,D)histidinol,
deuterides were transferred during both half-reactions. With (D,H) and (H,D)histidinols, deuterides were transferred during the first and second
half-reactions, respectively.

multiple turnover experiments were fitted to the following correction for the steady-state production &histidine

equation R9): and the reported stoichiometry aid of histidinol binding
to the enzymeZl).
[Plbd[Ed = A1 — e*klt) + Koot Kinetic SimulationsKinetic simulations of HDH catalysis

were conducted with the program KINSIN83), modified
where [P}d[Ed] is the stoichiometry of NADH produced  t0 use with Macintosh computer by D. Wachsstock at Johns
per enzyme subunify, is the burst stoichiometry extrapolated HOpkins University. In the simulation runs, default settings

to zero timek; is the rate for approach to equilibriurku for flux and integral tolerances were used, which allowed

is the steady-state for NADH production per enzyme subunit, the computer to determine the optimal time interval between

andt is the time. each integration, such that the changes in substrate concen-
Isotope Partition The isotope-trapping techniqud 31) trations were within reasonable limit83).

was employed to determine the proportion of enzyme-bound RESULTS
histidinol that partitioned toward catalysis. A solution (50
uL) containing 50 mM sodium glycine (pH 9.0), 0.5 mM Isotope Effects with HistidinoWhen (D,D)histidinol was
MnCl,, and 95uM enzyme subunit was preincubated with used as the substrate for the HDH reaction at pH 9.0, a 2.55
80—230uM [*“C]histidinol (specific activity 4x 10° cpm/ PV isotope effect was observed (Table 1). The meastvéd
umole) at 21°C for 5 min, before injecting it into 45@L was 1.30. The results indicated a participation by one of the
of rapidly stirred “chase” solution containing 50 mM sodium two hydride transfers in overall rate limitation. The avail-
glycine (pH 9.0), 0.5 mM MnGl| 11 mM histidinol, and 11 ability of monodeuterated histidinol from HDH-catalyzed
mM NAD, also at 21°C. After 2 s, 10QuL of 30% perchloric exchange reaction®{) made it possible to explore which
acid was injected, and the sample was centrifuged to removestep contributed to the isotope effects. The (H,D)histidinol
denatured enzyme. The supernatant was brought to pH 6.5this compound was 65% (H,D) with the remainder unex-
to 7.0 with KOH, chilled on ice, and then centrifuged to changed (D,D)histidinol] gave a 2.3% effect, with 1.19
remove potassium perchlorate. The supernatant was therPV/K. When (D,H)histidinol [60% (D,H) with 40% (H,H)-
adjusted to 1 mL with 0.1 M sodium phosphate (pH 6.8) histidinol] was employed as substrateP\4 effect of 1.18
before separation. For the zero time sample, perchloric acidwas observed?V/K was 1.13. The results thus demonstrate
was added to the chase solution before the enzyme andgreater participation of the secongrg-R) hydride transfer
labeled histidinol, and the sample was treated as describedstep in PV, with lesser patrticipation by the firstpo-9
above. To determine the amount &f(]histidine produced  hydride transfer.
from steady-state oxidation ot‘C]histidinol that was not Although the PV/K KIE observed with all deuterated
initially enzyme bound, the!{C]histidinol was added to the  substrates at pH 9.0 were small, use of enzymatically
chase solution before enzyme and allowed to react for 2 ssynthesizedH,H)histidinol gave rise to a readily measured
before addition of perchloric acid. 1.4-fold discrimination against tritium over the initiat3.0%
Separation of fClhistidine from [4C]histidinol was conversion, confirming the detect@d/K effect in the first
performed according to Ciesla et aB2j. Samples were  half-reaction.
loaded ond a 1 mL column of Dowex 50X 4-400 cation- When NAD was the varied substrate at pH 9.0, with
exchange resin preequilibrated vit M sodium acetate (pH  (D,D)histidinol aPV/K of 1.94 was observed. The use of
6.0), followed by 7x 1 mL washes with 0.1 M sodium  (D,H)histidinol gave rise to &V/K of 1.22, and (H,D)-
phosphate (pH 6.8) and then>4 1 mL washes with 6 M histidinol showed &V/K of 1.46.
HCI. Fractions (1 mL) were collected, and a 2@d0aliquot At pH 6.7, (D,D)histidinol showed &V effect of 2.03,
of each was withdrawn for determination of radioactivity. andPV/K of 2.14. With (D,H)histidinol,°V measured was
[*C]Histidine eluted in fractions 5, 6, and 7, an#(]- 1.59, and’V/K was 1.38. ThéV effect with (H,D)histidinol
histidinol eluted in fractions 9 and 10. The proportion of was 1.52, an®V/K was 1.32.
enzyme-bound?fC]histidinol trapped was calculated from Contamination of the monodeuterated histidinols could
the [1“C]histidine that appeared in the “trapped” sample, after skew the values o?V if the enzyme discriminates against
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Table 2: X, Values for Histidinol Dehydrogenase A

pKa 8
substrate Keat Keaf Km

histidinol 8.17+ 0.06 8.35+ 0.08
NAD 7.92+0.02 7.92+ 0.02
imidazolyl propanediol 7.76 0.05 7.72+ 0.07

deuterated histidinol molecules (i.e., if there K effect).
The mechanism of HDH, with a tightly bound aldehyde-
level intermediate, is such that discrimination occurs in the
first half-reaction. To determine the severity of this problem,
we measured th&V effects in synthetically constructed

mixtures of (H,H) and (D,D)histidinols at pH 9.0 and pH i
6.7 (data not shown). At pH 9.0, whet¥/K effects are slight 17 . -

(Table 1), the measurell was a linear function of the T
amount of (H,H)histidinol present in mixtures with (D,D)- - — . . . .
histidinol. Thus, the®V KIEs measured with deuterated 0 50 too 150 200 250 300
histidinols at pH 9.0 are largely unaffected by discrimination Time (ms)

against contaminants. However, at pH 6.7, the magnitude

of PV was a nonlinear function of the proportion of (H,H)- 100
histidinol, in keeping with the substantial value®yf/K (2.14;

Table 1). Using the data from the synthetic mixtures, we \\\
calculated that, for the contaminated deuterated histidinols, \

a truePV value of 2.0 for (D,H)histidinol at pH 6.7 would \
be reduced to an observed value of 1.6 by discrimination in
favor of the 40% contaminating (H,H)histidinol, whereas a
bV effect of 1.25 for (H,D)histidinol would be inflated to
1.5 by the 35% contaminating (D,D)histidinol. Thus, at pH
6.7, the measured values ®¥ with deuterated histidinols
underestimate the extent to which the first hydride transfer
has now become more rate limiting.

Isotope Effects with Alternate SubstratesAdams @)
reported that thé, of HDH with AcCPAD was 36% of that % (H.H)histidinol .
with NAD. With AcPAD as the cofactor, (D,D)histidinol wt—_
isotope effects were similar to those with NAD, wiK of 0 50 100 150 200 250 300 350 400
2.4 andPV/K of 2.4. However, the monodeuterated histidinols )
gave different results with this alternative cofactor. For Time (ms)
(D,H)histidinol, PV was 1.5, withPV/K of 1.77, and with FicURe 1: Stopped-flow studies with HDH. Panel A shows NADH

(H,D)histidinol, °V was 2.0 an®®V/K was 1.26. production with (H,H) and (D,D)histidinol from multiple turnover
. . - . experiments. NADH production with (D,D)histidinol has been offset
The alternative substrate imidazolyl propanediol is utilized +to allow comparison. Panel B shows first-order plots of percent

with kot 140-fold lower than histidinol, ankl../Ky was 2000- NAD reduction against time with (H,H) and (D,D)histidinol from
fold less than histidinolg). With this alternative substrate, single turnover experiments.

aPV of 2.4 and @V/K of 1.03 were measured. With NAD
as the variable substrate, /K of 0.98 was measured.
Attempts to synthesize monodeuterated imidazolyl pro-
panediols were frustrated by the inability of the alternative
substrate to support either imidazolyl propanediol/NADH or
NAD/NADH exchange reactions (unpublished observations).

2] o (D,D)histidinol

NADH/subunit (mol/mol)

e

Y (D,D)histidinol

% Reduction of NAD

variable substrate showed a single essential base \Kith p
values of 7.76 and 7.72, respectively.

Stopped-Flow Studiesn multiple turnover stopped-flow
experiments with (H,H)histidinol, the formation of NADH
was slightly biphasic, with an initial phase with stoichiometry
) , of 0.12 mol of NADHmol of subunit! whose rate for
~ The use of 96% BD in the assay medium gave’®V approach to equilibrium was 40 followed by a steady-
isotope effect of 1.9. Proton inventories were slightly convex gtate phase of 17 mol of NAD#hol of subunit? (corre-
dpwn (not shqwn), suggesting involvement of more than a sponding to & of 8.5 s'*; Figure 1A). Multiple turnover
single proton in the overall effec8g). experiments with (D,D)histidinol showed that the biphasic

pH StudiesThe logkea) and logk.a/Kw) titration profiles appearance was enhanced, with a burst stoichiometry of 0.25
for the overall reaction with histidinol as the variable mol of NADH-mol of subunit?, a rate for approach to
substrate indicated that the deprotonated form of a singleequilibrium of 15 s*, and a steady-state turnover rate of
ionizable group with K, of 8.17 and 8.35, respectively, was 5.7 mol of NADH-mol of subunit® (corresponding to &
essential for catalysis (Table 2). Both l&gf and logkca/ of 2.9 s'1). In multiple turnover experiments with diprotiated
Km) pH profiles with NAD as the variable substrate were and dideuterated imidazolyl propanediols, the initial rates
similar with pK, values of 7.92. The lo§{) and logkeal of NADH production were linear, at 0.17 mol of NADH
Kw) titration curves with imidazolyl propanediol as the mol of subunit! (corresponding to &g of 0.085 s?) and
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Scheme 1. Kinetic Scheme for HDH Table 3: Kinetic Constants Used for Simulatidns

NAD NADH

K k K N constant value source
' hol &2 hol > hal 9 hal g —
E + hol E Elap ElNaDH E ka 1x106M1s keafKn for histidinol
k. k. k3 k4 kg 10st Kp andk; for histidinol (21)
NAD NADH ko 0.03x 18 M~1s1 3 x keafKnm for NAD in overall reaction
k-2 2451 Kp andk; for NAD (20)
HO NAD NADH ka° 160s? rap(isdezntgl ;Sversible first hydride transfer
Q(S Q(G S ky L kb 640s? rapid and reversible first hydride transfer
E.hal E.hyd E.hyd E.hlS E‘hls E+hi
"NAD 'NADH‘W +his (see text)
k.5 kg k4 -8 ko kqP 150 st rapid product release (see text)
H,0 NAD NADH k_a 05x 10°PM~1ts1  Kk4andK, for NADH (20)
aE, HDH; hol, histidinol; hal, histidinal; hyd, hydrated histidinal; ks 500s* raprll(ijs{aig%gf);)élé/urcetv(esgbtlgxft())rmatlon of
his, histidine. In t_hls scheme, the oxidation of histidinal is via an kb 10s? rapid and poorly reversible formation of
aldehyde hydrate intermediate, histidinal adduct (see text)
ks 0.03x 1M ts1 ask,
0.06 mol of NADHmol of subunit? (corresponding to a t—e 23 s ask—» b A .
ket Of 0.03 s1), respectively, and no rapid phase was 7 40 T oty erde transter
observed in either case (not shown). We have repeated the k; ost irreversible second hydride transfer
experiments at different enzyme concentrations [with both 150 & asgee text)
(H,H) an_d (_D,D)h!stldmols] and observed S|m|_lf_;1r _NADH ks 05x1PM-1s? aska
burst stoichiometries, rates for approach to equilibrium, and 1000 st rapid release of histidine (see text)
steady-state turnover rates. ke 1x10FMts?  kyandK for histidine &)

To rule out the possibility that a very rapid stoichiometric ~ 2Kinetic constants are based in Scheme 1. Default settings for
burst of NADH production had been overlooked, single integral and flux tolerances were used in the simulati_éﬁ'mis value
turnover experiments with a molar excess of enzyme subunitas adjusted to give optimal behavior in the simulation.
over histidinol were also performed (Figure 1B). With (H,H)-
and (D,D)histidinol, first order plots of the reduction of NAD bound aldehyde intermediaté—«3, 7, 8, 36). In previous
were basically linear. NADH was formed in 2:1 stoichiom- work (21), we found that an NAD/NADH exchange arising
etry with the histidinol present, showing that no rapid phase solely from the first half-reaction proceeded at 3-fold higher
of NADH production had been missed. rate than overall catalysis, suggesting that the first half-

Isotope Partitioning with Histidinollsotope trapping of ~ reaction does not provide a clear rate-limiting step.

enzyme[*‘C]histidinol binary complexes by NAD showed At pH 9.0, a 2.5-folcPV isotope effect was observed with
that 50-75% of the bound histidinol was trapped a4]- dideuterated histidinol, indicating that one of the two hydride
histidine. transfers participates in rate limitation. With monodeuterated
Simulations of HDH CatalysisOn the basis of previous histidinols, we were able to determine that the second hydride
kinetic data §, 19—21) and the results presented here, a transfer accounted for nearly all the obsenRdisotope
kinetic mechanism for HDH catalysis at pH 9 can be con- effects, with only modest participation by the first hydride
structed using Scheme 1 and the resultant behavior simulatedransfer. The only alternative interpretation for these data is
with KINSIM (33). During the simulations, the on- and off-  that thePV isotope effect is actually am-secondary isotope
rates for histidine were varied to maintain the reported  effect arising from bond-reordering events occurring after
value of 1 mM 6), and the on- and off-rates for NAD and  the first hydride transfer from histidinol and before the second
NADH were varied to maintain their reportéh values of  hydride transfer, such as the hydration of histidinal. The
0.8 and 0.3 mM, respectivel@). Kinetic simulations using  observed KIE is far greater than previously observed
the kinetic constants shown in Table 3 for (H,H)histidinol q-secondary effects [between 1.22 and 1.34 for dehydroge-
showed a biphasic pattern, with a burst size of 0.1 mol of nases37)], including those for aldehyde hydration [128]],
NADH-mol of subunit?, followed by a steady-state rate of leading us to reject this hypothesis.
11 s'! (Figure 2A). Employing intrinsic deuterium isotope
effects of 5 for each hydride transfer step, simulation for
reaction with (D,D)histidinol showed a burst size of 0.25
NADH-mol of subunit?, and &V KIE of 2.50. Simulations
for (D,H) and (H,D)histidinols yielde@V KIEs of 1.29 and
2.20, respectively (data not shown), which are close to the
experimentally determined values. Simulated plots of NAD
reduction against time in single turnover experiments with
(H,H)- and (D,D)histidinols showed similar rates and patterns
as the actual experimental data (Figure 2B).

Product inhibition, binding, and isotope-exchange experi-
ments have firmly established that at pH 9.0 the first half-
reaction of HDH is ordered, with histidinol binding preceding
coenzyme 7, 8, 20, 21). The small magnitude of th&v/K
effects for deuterated histidinols, together with histidinol
isotope-trapping experiments reported here, support this
conclusion. Nevertheless, thRv/K effect with (D,D)-
histidinol was not unity, indicating a random component to
the kinetic pathway39). Since the aldehyde-level intermedi-
ate does not dissociate from the active site over catalytic

time scales], 2, 7, 8), the expressedVv/K of 1.3 with (D,D)-
DISCUSSION histidinol, confirmed by the 1.4-fole\V/K effect with ¢H,H)-

The results presented in this paper allow several importanthistidinol reported here, could only arise from the first half-
conclusions to be drawn about the kinetic mechanism of reaction. Results with isotope-trapping experiments also
SalmonellaHDH. The overall reaction consists of two partial showed that 75% of the preformed enzyhistidinol binary
reactions, oxidation of the alcohol substrate and the tightly complex could be trapped by NAD. These findings indicate
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FiGure 2: Simulations of reaction time-courses based on Scheme
1 and kinetic constants from Table 3. Panel A shows NADH
production with (H,H) and (D,D)histidinol under multiple turnover
conditions. NADH production with (D,D)histidinol has been offset
to allow comparison. Panel B shows first-order plots of NAD
reduction against time with (H,H) and (D,D)histidinol under single
turnover conditions.

a minor route for histidinol dissociation from the enzyme
histidinol-NAD ternary complex.

Grubmeyer and Teng

“reduced” or “oxidized” state that would allow for an initial
reduction of NAD in the absence of histidinol or oxidation
of histidinol in the absence of NAD, respectively. As single
turnover experiments showed that no burst of NADH pro-
duction faster than the resolving capability of the apparatus
had occurred, the reaction events within the first half-reaction
probably also participate in the overall rate limitation.

Alternative substrates and catalysis at suboptimal pH were
employed to determine the extent of rate limitation by the
first half-reaction. Experiments with AcCPAD showed that
the overalPV for (D,D)histidinol was only slightly changed
(Table 1). However, theV effects with (D,H)histidinol was
increased from 1.26 with NAD to 1.50 with AcPAD, whereas
thePV effects with (H,D)histidinol decreased from 2.29 with
NAD to 2.00 with this alternative coenzyme, indicating a
shift in rate limitation from the second to the first hydride
transfer. As the first hydride transfer becomes more rate-
limiting with this alternative coenzyme, the contamination
in the monodeuterated histidinol preparations skewed the
magnitude of théV effects, lessening both the increase in
PV for (D,H)histidinol and the decrease RV for (H,D)-
histidinol.

When the HDH reaction was conducted at pH 6.7, which
results in an approximate 20-fold decreasekifn the PV
isotope effect for (D,D)histidinol decreased from 2.55 to 2.03.
The PV/K effect rose from 1.3 to 2.14, and the pattern of
KIE with monodeuterated histidinols was different when
compared to the KIEs at pH 9.0. The decrea®é¢effect at
lower pH (2.39-1.32) for (H,D)histidinol and the increased
PV effect (1.26-1.59) for (D,H)histidinol suggested that the
first half-reaction had become more rate limiting at pH 6.7.
The KIE results with AcPAD and at pH 6.7 again indicated
that the rates for the two half-reaction sequences did not
differ significantly, in support of the conclusion from
stopped-flow studies, which suggested patrtial rate limitation
for both hydride transfers. Recent steady-state studies with
BrassicaHDH using synthetic histidinal at pH 7.2 showed
that oxidation of histidinal to histidine occurred at about
3-fold faster than overall catalysi8)( Experiments with this
synthetic substrate are difficult to interpret, given the known
lability of the compound {, 40) and the reactivity of
aldehydes with amine-containing bufferl).

KIE study with the alternative substrate imidazolyl pro-
panediol showed that the hydride transfer was at least
partially rate limiting (Table 1). Stopped-flow studies with
both (H,H)- and (D,D)imidazolyl propanediol showed linear
initial rates of NADH production identical to the steady-
state rates, indicating that the first hydride transfer with this

On the basis of the studies reported here and by Grubmeyerlternative substrate was rate limiting. The uRN/K isotope

et al. 6), which indicated a relatively rapid first half-reaction
and a more rate-limiting second half-reaction for HDH, we
expected burst-type kinetics with stoichiometric formation
of NADH. Surprisingly, stopped-flow results with (H,H)-
and (D,D)histidinol did not show a stoichiometric pre-steady-
state burst of NADH production under multiple turnover

effects with imidazolyl propanediol and NAD suggested high
commitment to catalysis for the enzyrimidazolyl propane-
diol-NAD ternary complex. The inability of imidazolyl
propanediol to support imidazolyl propanediol/NADH or
NAD/NADH isotope exchange supports the formation of
such a tightly associated ternary complex.

conditions. Instead, the enzyme showed an initial rapid phase We attempted to simulate the HDH reaction at pH 9.0

with a stoichiometry of 0.12 mol of NADHnol of subunit*
with (H,H)histidinol, which increased to 0.25 mol of
NADH-mol of subunit? when (D,D)histidinol was em-
ployed. In a variety of control experiments not reported here,
we confirmed that, as isolated, HDH did not contain bound
coenzyme (see also red6), nor was the enzyme in a

using KINSIM (33), with kinetic constants estimated here
and in earlier work. The key assumptions in our model,
shown in Scheme 1 and Table 3, are (1) attack of nucleophile
on histidinal is rapid and favorable, (2) NADH release rates
for both half-reactions are identical and rapid, (3) as
discussed aboveyerall rates of the first and second half-
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reactions are not dramatically different, allowing both to
contribute to overall rate limitation, (4) the oxidation of
histidinol to histidinal is rapid, with an intern&lqless than

1, and (5) intrinsic deuterium isotope effects for both hydride
transfers are identical. These assumptions have not explicitly
been tested, although they are not unexpected. An internal
Keq Of 0.25 for the oxidation of histidinol to histidinal used

in the simulation is within the range &€ values reported

for alcohol oxidations. Studies with horse liver ADH using
benzyl alcohol demonstrated an unfavorable internal equi-
librium toward benzaldehyde formatioMZ, 43). The
intrinsic isotope effectBk) of 5 used in the simulation is
within the Pk for the oxidation of cyclohexanol and 2-pro-
panol by ADH @4, 45) and greater than thék of about 3
reported for the oxidation of benzaldehyde by yeast aldehyde
dehydrogenasel). OtherPk values tested in the simulations
did not yield the experimentally determinéty/ isotope
effects when modeled for monodeuterated histidinol. A
slower on-rate for the first NAD moleculéy resulted in a

lag phase before NADH production, although varying the
on-rate for histidinol ;) by 2-fold had minimal effect on
the simulated profiles. When the rate of hydride transfer from
histidinol (ks) was less than 3-fold higher than the rate of
hydride transfer from histidinakg), the simulations did not
show a pre-steady-state NADH burst, and above a 6-fold
difference between the two hydride transfer rates the pre-
steady-state NADH burst was larger than the values obtained.
Finally, increasing both NADH release ratds { and k_g)

by 2-fold resulted in &V effect above 1.26 when simulated
for (D,H), whereas decreasing both NADH release rates by
2-fold resulted in &PV effect below 2.20 when simulated
for (H,D)histidinols. The simulated mechanism, although not
a unigue solution, provides reasonable fits to the stopped-
flow data.

An active-site base residue is required to catalyze proton
transfers in overall catalysis. Our results with legf and
log(k-afKm) versus pH profiles showed that a single ionizable
group with a K, ranging 7.78.4 was responsible for the
formation of productive complex and catalysis (Table 2). A
possible candidate for the enzymic base isatkemino group
of histidinol, for which we determined a solutioKpof 8.75,
identical to that of alaninol (results not shown). To address
whether then-amino group of histidinol was being titrated,
we examined the pH dependence of catalysis with the
alternative substrate imidazolyl propanediol. The similarity
of pK, values of the base residue to that with histidinol
indicated that the observe&pvalue comes from an enzymic
base. Investigation of the nature of the enzymic base is
reported in the following paper in this issue.
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