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ABSTRACT. The active-site zinc in human glutathione-dependent formaldehyde dehydrogenase (FDH)
undergoes coenzyme-induced displacement and transient coordination to a highly conserved glutamate
residue (Glu-67) during the catalytic cycle. The role of this transient coordination of the active-site zinc
to Glu-67 in the FDH catalytic cycle and the associated coenzyme interactions were investigated by studying
enzymes in which Glu-67 and Arg-368 were substituted with Leu. Structures of-d&fd@Hosine
5'-diphosphate ribose (ADP-ribose) and EGMIAD(H) binary complexes were determined. Steady-state
kinetics, isotope effects, and presteady-state analysis of the E67L enzyme show that Glu-67 is critical for
capturing the substrates for catalysis. The catalytic efficieii{) of the E67L enzyme in reactions
involving Snitrosoglutathione (GSNO¥-hydroxymethylglutathione (HMGSH) and 12-hydroxydodecanoic
acid (12-HDDA) were 25 000-, 3000-, and 180-fold lower, respectively, than for the wild-type enzyme.
The large decrease in the efficiency of capturing GSNO and HMGSH by the E67L enzyme results mainly
because of the impaired binding of these substrates to the mutant enzyme. In the case of 12-HDDA, a
decrease in the rate of hydride transfer is the major factor responsible for the reduction in the efficiency
of its capture for catalysis by the E67L enzyme. Binding of the coenzyme is not affected by the Glu-67
substitution. A partial displacement of the active-site zinc in the FABP-ribose binary complex indicates

that the disruption of the interaction between Glu-67 and Arg-368 is involved in the displacement of
active-site zinc. Kinetic studies with the R368L enzyme show that the predominant role of Arg-368 is in
the binding of the coenzyme. An isomerization of the ternary complex before hydride transfer is detected
in the kinetic pathway of HMGSH. Steps involved in the binding of the coenzyme to the FDH active site
are also discerned from the unique conformation of the coenzyme in one of the subunits of the E67L
NAD(H) binary complex.

Human glutathione-dependent formaldehyde dehydroge-formaldehyde to less reactive formate. A reduction of GSNO
nase is a class Il alcohol dehydrogenase (Abttat is by FDH leads to the loss of a major nitrosylating agent inside
involved in the metabolism of nitric oxide metabolite, the cells and constitutes a cellular strategy for regulating the
Snitrosoglutathione (GSNO), and the adduct of form- signal transduction by nitric oxide inside the cels-g).
aldehyde and glutathioneShydroxymethylglutathione The unique random mechanism of FDH is in contrast to

(HMGSH), in vivo (1-3). The oxidation product of the ordered mechanism of the structurally studied eukaryotic

HMGSH, S-forr_nylglutathione, is further metaboliz_ed by ADHs (9). FDH, like other members of the mammalian ADH
Sformylglutathione hydrolase to formate and glutathiofe ( family, is a dimer of two identical subunits. Each of the

5). Together, human glutathione-dependent formaldehydeSubunitS in FDH is made up of the coenzyme-binding and
dehydrogenase (FDH) anSformylglutathione hydrolase catalytic domains. The active site is in the cleft between the

form & pathway by which cells oxidize highly reactive two domains and has a zinc ion that coordinates the hydroxyl
T This work was supported by the Biomedical Research grant from and f:arbonyl groups of th.e Subst.r.ates and actlvatgs them.for

Indiana University. hydride transfer. The relative position of the catalytic domain
*The structure factors and atomic coordinates of the FAIYP- with respect to the coenzyme-binding domain controls the

ribose and E67INAD(H) binary complexes have been deposited in - dimensions of the active site and plays an important role in

ﬁggp%gﬁ/kerl‘?"e” Protein Data Bank under ID codes 2FZE and 2FZW, (e g bstrate specificity and kinetic mechanism of ADHs.
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1 Abbreviations: ADH, alcohol dehydrogenase; ADP-ribose, ad- ©Of the coenzyme to the apoenzyni®) In FDH, the catalytic
enosine 5diphosphate ribose; FDH, human glutathione-dependent domain conformation is about midway between the open and
formaldehyde dehydrogenase; HMGSHhydroxymethylglutathione; i i
GSNO, Snitrosoglutathione; 12-HDDA, 12-hydroxydodecanoic acid; Closeq conformations Se.en.m class | ADH and undgrgoes
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Ficure 1: Changes in the coordination environment of the active-site zinc upon binding of the coenzyme. The relative positions of the
active-site zinc and its ligands in the FDH apoenzyme (blue) and-RBB(H) binary complex (pink) are shown. Only a part of the
coenzyme molecule (nicotinamide ribosyl pyrophosphate portion), colored in CPK, is shown for clarity. In the view, the ribosyl ring and
the pyrophosphate group are oriented toward the viewer. Binding of the coenzyme displaces the active-site zinc by 2.3 A and increases its
distance from the water molecule. The coenzyme also disrupts the bidentate interaction between Arg-368 and Glu-67 and rotates the carboxyl
group of the Glu-67 toward the active-site zinc. This view was generated by initially superimposing residu289.80d 303320 of the
coenzyme-binding domain in the A subunit of FDH apoenzyme with the corresponding residues in tHeAt§H) binary complex. All

of the figures were generated using Deepview/Swiss-PdbViewer (version 3.7) and rendered using POV-Ray for Windows (downloaded
from www.povray.org).

the alcohol substrate pre-exists in FDH. Structural studiesined, and also the effects of substituting Arg-368 to leucine
also show that the active-site zinc moves back and forth on the kinetic pathway were studied.

between two positions during the catalytic cycle of FDH

(Figure 1). In the apo form of FDH, the active-site zinc is MATERIALS AND METHODS

coordinated to Cys-44, His-66, Cys-173, and a water

molecule {1). In the FDHNAD(H) binary complex, the Ma}tgrials. All of the chemica}ls except those noted
active-site zinc is 2.3 A away from its original position and specifically were obtained from Sigmadrich Co. Mono-

substitutes the water molecule with Glu-67 in its inner Syl ester of dodecanedioioic acid was purchased from
coordination spherel@, 13). In the FDHHMGSH-NAD- VWR. The chromatographic resins were purchased from

(H) ternary complex, the active-site zinc resumed its original AMersham Pharmacia. _
position and substituted Glu-67 with the hydroxyl group of  Site-Directed MutagenesiSite-directed mutagenesis was
HMGSH in its inner coordination spherel4). Such a performed using the Quick Change Il site-directed mutagen-
movement of the zinc appeared to assist ligand substitutionesis kit from Stratagene and the pKK223-3 plasmid contain-

at the active-site zinc by a double-displacement mechanisming the cDNA of FDH as the starting vector. Oligonucleo-
during the catalytic cycle. This observation yielded support tides, 3-GTGATDTTGGGACATCTAGGTGCTGGAAT-

to a proposal made by Ryd&s), on the basis of computa- TGTGG-3 and 3-CCACAATTCCAGCACCTAGATGTC-
tional studies, that Glu-67 was assisting ligand exchange atCCAAGATCAC-3 were used as primers for generating the
the metal ion by moving in and out of the inner coordination E67L mutation in the wild-type FDH cDNA (mutations

sphere of the metal ion. The transient coordination of the underlined). Similarly, oligonucleotides-E8TGATGCAT-
zinc ion to a glutamate residue, as seen in FDH, could be aTCTGGAAAGAGCATTCTAACTGTTGTAAAGATT-3 and

common phenomena in the catalytic pathway of other zinc- 5-AATCTTTACAACAGTTAGAATGCTCTTTCCAGA-
dependent dehydrogenases as evidenced by a growind\TGCATCAG-3 were used for generating the Arg-368 to
number of enzymes reported to show zinc moveméat ( Leu substitution (R368L) mutant. The mutations were
17). Furthermore, the glutamate residue to which the active- confirmed with DNA sequencing of the entire coding region
site zinc coordinates transiently in FDH is a highly conserved Of the mutant expression plasmids. BL21 cells were trans-
residue not only in FDH from various species but also in all formed with the mutant expression plasmids and used for
of the known zinc-dependent dehydrogenadess 19). expressing the enzymes.

The objective of this study was to examine the role and Enzyme Expression and Purificationhe wild-type and
mechanism of the coenzyme-induced zinc movement in mutant enzymes were purified according to the previously
context of the structural studies on FDH. The role of zinc described procedure with the following modifications. After
movement on the catalytic pathway was examined by the purification on DE52 and Q-sepharose chromatographic
mutating Glu-67 to leucine (E67L) and studying the effects steps as previously described),(the enzymes were purified
of the mutation on the kinetic mechanism using crystal- using Sephacryl S-100HR and a second Q-sepharose chro-
lographic, initial velocity, stopped-flow, and kinetic isotope matographic step. The Sephacryl S-100HR chromatography
effect approaches. The mechanism by which coenzymewas performed using a 9& 3.5 cm column that was
brings about the movement of active-site zinc was studied operated at a flow rate of 1 mL/min. The enzyme containing
by evaluating the hypothesis that it was the disruption of fractions from the Sephacryl column were pooled and loaded
the interaction between Glu-67 and Arg-368 that resulted in on a Q-sepharose column. The enzyme was eluted from the
the pulling of the metal ion by Glu-67 (Figure 1). Accord- second Q-sepharose column with a 250 mL gradient&®
ingly, the zinc coordination in the FDiddenosine 5 mM potassium phosphate at pH 7.0 containing 1 mM DTT,
diphosphate ribose(ADP-ribose) binary complex was exam- 10 uM ZnSQ,, and 1 mM benzamidine. The enzymes were
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more than 90% pure as judged from SBISAGE analysis. in absorption at 340 nm. Because both GSNQy(= 0.84
The concentration of the enzyme active sites was determinedmM~! cm™%) and NADH absorb at 340 nm and only one
by titration with NADH. molecule of NADH is consumed during the reduction of
Synthesis of Deuterated 12-Hydroxydodecanoic Acid (12- GSNO, the rate of reduction of GSNO was calculated using
[?H,]-HDDA). 12-’H,]-HDDA was synthesized by selec- ez0=7.06 mM™*cm (obtained from adding the extinction
tively reducing the carboxylic group of the monoethyl ester coefficients of both NADH and GSNO). The concentration
of dodecanedioic acid using the method of Kanth and of HMGSH (or PH,-HMGSH), generated by mixing glu-
Periasamy Z0). The resulting monoethylester of 124f]- tathione and formaldehyde (G#H_]-HCHO), was determined
HDDA was further purified by column chromatography on from the equilibrium dissociation constant of HMGSH
silica using a 7:3 mixture of dichloromethane and ethyl formation determined above. At all of the concentrations of
acetate as the developing solvent. The ester eluted near théiIMGSH used in the experiments described here, the
solvent front, leaving the contaminating carboxylate com- concentration of glutathione always exceeded that of form-
pounds behind. The pure ester compound, as judged fromaldehyde. Specific details for a given experiment are given
TLC and ESI mass spectrometry, was hydrolyzed in basic in the footnotes of Table 3.
solution containing methanol. 12H,]-HDDA was crystal- Kinetic isotope effect studies witi?Hl;]-HMGSH were
lized from the mixture after evaporation of methanol and performed under the same conditions used for steady-state
water. The final compound was evaluated by ESI mass experiments involving HMGSH and involved a strategy
spectrometry and found to be devoid of any contamination similar to that used for 12-HDDA.. Specific details for a given

of the starting materials. experiment are given in the footnotes of Table 4.
Steady-State and Kinetic Isotope Effect Studiesliring Equilibrium Dissociation Constant of NADH.he equi-
12-Hydroxydodecanoic Acid (12-HDDA) and 212H]- librium dissociation constant of NADH for the wild-type

HDDA. Initial velocity and kinetic isotope effect studies with  FDH and the E67L and R368L enzymes was determined
12-HDDA and 12-fH,]-HDDA were performed in 0.1 M fluorometrically as described earli)( Binding studies were
sodium glycine at pH 10 and Z& and involved measuring  conducted in 0.1 M sodium glycine buffer at pH 10 or 50
the rate of formation of NADH spectrophotometrically at mM potassium phosphate buffer at pH 7.5 and room
340 nm. The initial velocities were fit to the two substrate temperature. During the experiment, increasing amounts of
sequential mechanism using the SEQUEN program of NADH were added to a 0-32.4 uM FDH, 0.5-1.1 uM
Cleland @1). The isotope effects were calculated from the E67L, or 3.5-5.2uM R368L enzyme solution in a volume
ratios of the constants obtained from SEQUEN fits of the of 2 mL. The increase in fluorescence at 460 nm with each
data, involving 12-HDDA or 122H,]-HDDA as the alcohol addition of NADH was plotted against the final concentration
substrate. Inhibition experiments with dodecanoic acid were of NADH, and the data were fit to eq 1 using a nonlinear
conducted as described earli€) (n 0.1 M sodium glycine regression to obtain the dissociation constant of NADH.
at pH 10 and 35C. The data were fit to the competitive The dissociation constant of NADfor the wild-type,
inhibition model to get the dissociation constant of dode- E67L, and R368L enzymes was also determined fluoro-
canoic acid K godecanoic aci+ metetrically at pH 7.5 (50 mM potassium phosphate at pH
Determination of the Equilibrium Constant for the Forma- 7.5 and 23°C) using a method described earli€).(The
tion of HMGSH or PH,]-HMGSH. The equilibrium constant  dissociation constant was determined using a strategy similar
for the formation of HMGSH or#H,]-HMGSH was deter- to that used during NADH experiments described above.
mined under the conditions used for the steady-state studies Presteady-State Kinetic StudieStopped-flow kinetic
(50 mM potassium phosphate at pH 7.5 and@Pand using studies were conducted using the SX18MV Applied Photo-
the method described by Uotila and Koivusal®)( The physics stopped-flow instrument with a dead time of 1 ms.
dissociation constant for the formation of HMGSH was During the determination of the isotope effects on the burst

calculated by fitting the data to eq 1. phase, NADH formation was monitored at 340 nm. Stopped-
flow isotope effect studies with the wild-type enzyme
AF = involved mixing 52uM FDH and 1 mM NAD' in 50 mM
(L] + [Ef] + Ky — \/([LT] + [E{] + Kd)2 — 4[L4][E4] potassium phosphate at pH 7.5 with a solution of 1 mM
AFy 2[E] NAD* and 0.55 mM HMGSH 0r?H,]-HMGSH in the same

(1) buffer at 25°C. For studies with the E67L enzyme, &
E67L and 1 mM NAD in 100 mM potassium phosphate at

In eq 1,AF is the change in the absorbance at 240 nm upon pH 7.5 were mixed with 3.65 mM HMGSH (orH]-
adding glutathione to formaldehydAFy is the maximum HMGSH) and 1 mM NAD in the same buffer at 36C.
absorbance change that was obtained from curve fitiag.  The traces showing the increase in the absorbance at 340
and Lt are the concentrations of formaldehyde and glu- nm were fit to eq 2 (caption of Figure 6), and the burst and
tathione, respectivelyKqy is the equilibrium dissociation  the steady-state rates were calculated for each curve.
constant for the formation of HMGSH ofH;]-HMGSH. For determining the rate constants for binding and dis-
The data were fitted using the Graphpad Prizm software. sociation of NADH, quenching of the enzyme fluorescence

Steady-State Studies dolving HMGSH and GSNO.  (lexe= 295 nm;Aemm= 340 nm) by NADH was monitored.
Steady-state studies involving HMGSH and GSNO were During the determination of the association and dissociation
conducted in 50 mM potassium phosphate at pH 7.5 and 30rates of NADH for the wild-type FDH, 7.@M FDH in 50
and 25°C, respectively. Whereas studies with HMGSH mM potassium phosphate was mixed with 32 uM
involved following the production of NADH as described NADH in the same buffer at 28C and the quenching of
above, studies with GSNO involved following the decrease the enzyme fluorescence by NADH was monitored. Studies
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Table 1: Data Collection and Refinement Statistics

Sanghani et al.

asymmetric unit in both the binary complexes reported here
(Table 1) are similar to those observed in all of the FDH

FDH-ADP-ri E67ENAD(H . .
ribose 6 (H) complexes showing zinc movemenitl( 14).
space grou P43212 P43212 . . . . .
an pa?ameﬁers @ b, c) (A) 792,792,311 79.3,79.3,312 The interactions of ADP-ribose in both of the subunits of

number of observations

(total/unique)

2160 775/79380 2468 590/87 472

the FDHADP-ribose binary complex are similar to those
of the adenosyl ribose moiety of NAD(H) in the FENAD-

(F:fn::ileteness ) géo(gggllég()) 109?42.2—39'4) (H) binary complex. An alignment of the coenzyme-binding
/oy 80.5 (14.1) 53.4(9.1) domains in the FDHNAD(H) and FDHADP-ribose binary
resolution (A) 36-1.9 50-1.84 complexes closely superimposed NAD(H) on ADP-ribose
zﬂmgg g; ;?ﬁédlgﬁz Ja0 M (not shown). The active-site zinc has dual occupancy in both
number of water molecules 1009 1023 the subunits of the FDHADP-ribose complex (Figure 2).
number of phosphate molecules 3 3 The dual occupancy of the active-site zinc became apparent
zmgz: g; Egte"’:]szsy'“mg o 5 2 5 2 with refinement and was confirmed using an omit map. The

ADP-ribose molecules coordination environment of the zinc in the first position
R (Riree) 18.3 (20.9) 17.8 (20.4) (shown as Znl in Figure 2), where its occupancy is about
rmsd for bonds (A) 0.005 0.005 75%, is similar to that observed in the apoenzyme (shown
rmsd for angles (deg) 1.53 15

with the E67L enzyme were conducted at°8and involved
mixing 5.6 uM E67L with 1-14 uM NADH. The rate

in Figure 1). The coordination environment of the zinc in
the second position (shown as Znll in Figure 2), where its
occupancy is 25%, is similar to that in the FENAD(H)
binary complex (shown in Figure 1). While the zinc

constants for coenzyme binding were determined by globally dgisplacement orients the carboxy! group of Glu-67 toward
f|tt|ng all of the traces to the Single Step b|nd|ng model the active-site zinc (Figure 1), no such Changes in the
(shown in the footnote of Table 2) using KINSIM/FITSIM.  conformation of Glu-67 are apparent in the F#P-ribose
X-ray CrystallographyThe structure of the FDHADP- complex, even though the active-site zinc has 25% occupancy
ribose binary complex was determined using the anomalousin its second position (Znll in Figure 2). It is possible that,
signal of zinc, whereas that of the EGNAD(H) complex at a current resolution, there is not enough data to account
was determined by molecular replacement using the apo formfor a conformational change in 25% of the Glu-67 side
of FDH as the search model (Table 1). The crystal growth, chains. Thus, ADP-ribose does not appear to disrupt the
data collection, phase determination, and refinement proce-interaction of Glu-67 and Arg-368 as the coenzyme does

dures were similar to those described earligt, (L4). Two
positions of the active-site zinc in both of the subunits of
the FDHADP-ribose binary complex became apparent from
the difference Fourier maps$={ — F¢) as the refinement

progressed. The occupancy of the active-site zinc in each of

its positions was estimated from the relative peak heights of
the difference Fouriers.

RESULTS

Structures of FDHADP-Ribose and E6*NAD(H) Binary
ComplexesMinimal effects on the overall structure of FDH
are observed upon binding of ADP-ribose or substituting Glu-

and displaces the active-site zinc partly.

The active-site zinc coordinates with Cys-44, His-66, Cys-
173, and a water molecule in the E6RADH binary
complex as it does in the FDH apoenzyme (Figure 3).
Substitution of Glu-67 by Leu-67 creates a void behind the
active-site zinc, which is not occupied by a crystallographi-
cally ordered water molecule. Cys-173 and Leu-67 have two
conformations in the A subunit of the E6NAD(H) binary
complex (Figure 3). An evaluation of the position of the
active-site zinc made by superimposing the coenzyme-
binding domains of the FDH apoenzyme and the FRAD-

(H) and E67LNAD(H) binary complexes shows that the

67 with leucine. The space group, cell dimensions, and position of the active-site zinc in the FDH apoenzyme and

Ficure 2: Coordination of active-site zinc in FDADP-ribose binary complex. The electron density contoured at 1 standard deviation
shows the coordination environment of active-site zinc. Zinc has 75% occupancy in one position (Znl) and 25% occupancy in the other one
(Znll). The interactions of zinc in the position Znl are similar to those seen in the FDH apoenzyme and involve coordination to Cys-173,
Cys-44, His-66, and a water molecule. The interactions of zinc in its second position (Znll) are similar to those seen in &IKBEIH

binary complex. Glu-67 is 2.5 A from the zinc and has the same conformation that it has in the FDH apoenzyme, where it interacts
bidentately with Arg-368 (not shown).
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Ficure 3: Comparison of the active-site zinc coordination in the EGFAD(H) and FDHNAD(H) binary complexes. The coenzyme-
binding domains of E67TANAD(H) (yellow) and FDHNAD(H) (blue) binary complexes were aligned as described in the caption of Figure

1. The position and the coordination environment of the active-site zinc in the-E&(H) binary complex is similar to that in the FDH
apoenzyme. It is coordinated to Cys-44, His-66, Cys-173, and a water molecule. Cys-173 has two conformations, resulting from a rotation
about its G—Cgs bond. The occupancy of the sulfur in its normal position is roughly 75%, while in its other position behind the active-site
zinc, its occupancy is about 25%. Leu-67 has two conformations, indicating that the side chain is rotating abptCihleo@id. Mutating

Glu-67 to leucine creates a void behind the active-site zinc that is not filled by any ordered water molecule.

the E67L:NAD(H) binary complex are similar. This indicates
that substituting Glu-67 with Leu-67 eliminates the active-
site zinc movement, presumably, because the electron-rich &% ;
carboxyl group is no longer present to attract zinc. Ao

Two conformations of the coenzyme are observed in the
E67L-NAD(H) binary complex. In the A subunit, the
conformation of the coenzyme is superimposable with that
observed in the FDHNAD(H) binary complex. However,
in the B subunit, where the conformation and the interactions
of adenosine and the pyrophosphate moieties are exactly
superimposable with those of the coenzyme in the FDH
NAD(H) complex, the nicotinamide ring projects out of the
active site as a result of a 19@otation about the C4C5
bond of the nicotinamide ribose ring (Figure 4). The hydroxyl
groups of the nicotinamide ribose make hydrogen-bonding
interactions with the backbone carbonyls of Val-291 and Val- . i .

Ficure 4: Conformation of NAD(H) in the B subunit of the E67L

293 (Figure 4). These interactions draw the loop of residues NAD(H) binary complex. The coenzyme-binding domains of the

VaI—2_90—.GIy-.297_into the active_sitg and appear to hinQer B subunit of the E67ENAD(H) and FDHNAD(H) binary com-
the nicotinamide ring from assuming its normal conformation plexes were aligned as described in the caption of Figure 1 to

observed in the A subunit and other FDH complexes (Figure compare the conformation of coenzyme and the nearby active-site
4). A significant puckering of the nicotinamide ring of the residues in the two complexes. The nicotinamide ring of the

; ; B ; i« ic COenzyme in the E67INAD(H) binary complex (purple) can
coenzyme is evident from the electron-density map. This is assume its productive conformation seen in the FIDAD(H)

not consistent with the planar oxidized nicotinamide ring, pinary complex (yellow) following a clockwise 19@otation about
even though the enzyme had been cocrystallized with NAD  jts C4—C5 bond of the nicotinamide ribose. The loop of residues

Whereas the reduced state of the nicotinamide ring could 291-295 are drawn into the NADH-binding site in the EGRIAD-

account for the electron density in the B subunit (Figure 4), ,(":) bi“tf?‘ry C]E)g‘pl% (purpleg e result Off\7 |h%/giogeg-\eolngi9n39
: Lo o - interaction of backbone carbonyl groups of Val-291 and Val-293.
It. COL.JId not account_ for the puckering in the mCOtma_mld_e The electron density2fF, — F¢), contoured at 1 standard deviation,
ring in the A subunit. This suggested a mixture of nicoti- shows the conformation of the coenzyme in the EGVAD(H)
namide rings in different oxidation states or substitutions that binary complex.

could not be resolved at the current resolution. Accordingly,

the reduced nicotinamide ring was modeled into the electronenzyme is significantly impaired in capturing NARnd 12-

density, although the true nature of the nicotinamide ring is HDDA for catalysis. The effects of Glu-67 substitution

not known. appear to be more pronounced on the alcohol substrate than
Initial Velocity and Isotope Effect Studiesvbiving 12- on the coenzyme as judged from the larger effects on the

HDDA at pH 10.Substituting Glu-67 with Leu significantly ~ kinetic constants for 12-HDDA than for NAD

reduced the ability of the enzyme to catalyze the oxidation  The dissociation constants of NAT{K;,) and 12-HDDA

of 12-HDDA, as evident from a 66- and 183-fold decrease (Ki,) for the E67L enzyme are 10- and 2-fold lower,

in the apparent second-order rate constant of the coenzymeespectively, than those for the wild-type enzyme (Table 2).

(VIKy) and 12-HDDA W/Ky), respectively (Table 2). The This suggests that the NADbinds tighter to the E67L

maximal catalytic rate of 12-HDDA oxidation was also 11- enzyme, while the binding of 12-HDDA is not significantly

fold lower in the E67L enzyme compared to the wild-type different from that in the wild-type enzyme.

enzyme. Thé, of NAD" and 12-HDDA also increased by The effects of substituting Glu-67 on the substrate-binding

6- and 14-fold, respectively, compared to the wild-type pocket were also examined by determining the dissociation

enzyme. Thus, the initial velocity studies show that the E67L constant of the substrate analogue, dodecanoic acid. Dode-
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Table 2: Kinetic Characterization of FDH and Its Muta&nts

FDH E67L R368L
Studies at pH 10
V (min~Y) 173+ 4 15.7+ 0.9 157t 5
Ka (uM) 93+1.6 54+ 8.8 160+ 20
Kp (uM) 41+7 680+ 80 160+ 20
VIKa 19+3 0.29+ 0.04 0.98+0.11
(min~tuM~1)
VIKp 4.2+ 0.6 0.023£ 0.002 1.01+0.12
(min~tuM~1)
Kia 109+ 26 15+ 7 860+ 160
Kib 484+ 125 190+ 100 840+ 160
bv 1.9+ 0.06 3.1+ 0.3 3.6+0.2
B(VIKq) 22405 1.7+0.4 3.0+ 0.7
B(VIKp) 4.3+0.7 5.4+ 05 4.4+0.8
Ki,dodecanoic acid 148+ 15 617+ 75 161+ 20
Knaph (uM) 0.98+ 0.05 0.11+ 0.01 3.8+-04
Studies at pH 7.5

Knaor (uM) 0.07+0.02 0.076+ 0.006 1.5+ 0.08
Knap* (uM) 246+1.6 223+ 25 273+ 20
kon,NADH 3.5 (ﬂ: 003) X 107 2.2 (i 0.01) X 107

(M~ts™h)
koff,NADH (Sfl) 3.18+0.2 1.43+0.12

anitial velocity and kinetic isotope effect studies were performed
in 0.1 M sodium glycine buffer at pH 10 and 2&. Kinetic isotope
effects were determined by two experiments, one conducted with 1
HDDA and another with 122H,]-HDDA as the alcohol substrate. The
initial velocities were fitted to the two substrate sequential mechanism
using SEQUENK, andKy are Michaelis constants of NADand 12-
HDDA, respectivelyKi, andKj, are the dissociation constants of NAD
and 12-HDDA from their respective binary complexes and were
obtained from the SEQUEN fit®V, P(VIKy), andP(V/Kp) represent

2-
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indicating modest effects on its binding interactions with the
mutant enzyme. It is possible that the long hydrophobic chain
of the inhibitor is accommodated in the active site optimally
when the active-site zinc is in its displaced position. Together,
these data suggest that the binding of both 12-HDDA and
NAD™ are not affected greatly by the Glu-67 substitution.

Initial velocity studies on the R368L enzyme showed that
Arg-368 is more important for capturing the coenzyme than
12-HDDA for catalysis as evident from a 19- versus 4-fold
decrease in their respective apparent second-order rate
constants (Table 2). An 8-fold increase in the dissociation
constant of the NAD (Ki;) compared to a 2-fold increase
in the dissociation constant of 12-HDDKjf), suggests that
the binding of the coenzyme is affected more than that of
the substrate. No change in the dissociation constant of
dodecanoic acidkj godecanoic acih but a 2-fold increase in the
dissociation constant of 12-HDDA suggests modest effects
on the interaction of the hydroxyl group within the active
site upon substituting Arg-368 with Leu. A minimal effect
on the Vihax Upon substituting Arg-368 with Leu indicates
that the reduction in the efficiency of the capture of the
coenzyme does not prevent both the substrates from binding
optimally for the hydride transfer.

Kinetic isotope effect studies were performed to examine
the effects of the mutations of Glu-67 and Arg-368 on the
kinetic pathway of FDH. The results of the isotope effect
studies using 122H,]-HDDA are shown in Table 2. For the
wild-type enzyme, the isotope effect on the maximal velocity

the isotope effects on the maximal rate and the apparent second-ordePV) was 1.9. This suggests that the hydride-transfer step is

rate constant of NAD and 12-HDDA, respectively. The isotope effects
were determined by taking the ratio of kinetic constants of protio and
deuterio substrates. Each parameter is shown with the associate
standard errorK; godecanoic acidS the inhibition constant of dodecanoic
acid that was obtained from a inhibition experiment conducted at 35
°C in 0.1 M sodium glycine at pH 10. The value of the constant with
associated standard error is shoWgapn is the equilibrium dissociation
constant of NADH, obtained by measuring the resonance energy transfe
from the protein onto the bound NADH.dc = 295 nm;Aemm = 460

nm). The dissociation constant was measured &2 0.1 M sodium
glycine at pH 10 or in 50 mM potassium phosphate at pH 7.5. Each
Knapn Value is an average of two minimum independent experiments
and is shown with the associated standard ekt is the equilibrium
dissociation constant of NADobtained by measuring the quenching
of the tryptophan fluorescence of the enzymgd= 300 nm;Aemm =

340 nm) by NAD" at 25°C in 50 mM potassium phosphate at pH 7.5.
Each Kyap* value is an average of two minimum independent

partially rate-determining during the oxidation of 12-HDDA

aat pH 10. The isotope effects on the second-order rate

constants of NAD [P(V/IKy)] and 12-HDDA P(V/Ky)] for
the wild-type FDH were found to be 2.2 and 4.3, respectively.
The presence of isotope effects on bathK, and V/K;
indicates a random mechanism. HoweW¥/K,) is signifi-

'cantly lower tharP(V/Ky), suggesting that the coenzyme has

a higher commitment to catalysis than 12-HDDA and that a
preferred pathway through the FDRAD* binary complex
exists in the kinetic cycle.

The isotope effects on the maximal velocity in both E67L
and R368L enzymes were found to be 3.1 and 3.6,
respectively. This suggests that the hydride-transfer step has
become increasingly rate-determining in these mutants.

experiments and is shown with the associated standard error. TheChanges in the isotope effects on the second-order rate

stopped-flow experiments were conducted in 50 mM potassium
phosphate at pH 7.5 and 2& (for the wild-type FDH) or 30C (for

the E67L enzyme) and involved monitoring the quenching of enzyme
fluorescence by the coenzymi,t = 295 nm;lemm= 340 nm). Studies
with wild-type FDH involved mixing 7.8«M enzyme with 3.6-20

uM NADH, while studies with the E67L enzyme involved mixing 5.6
uM enzyme with =14 uM NADH. The on and off rates of the
coenzyme were determined by globally fitting all of the traces to a

single step binding model, £ NADH % E-NADH, using KINSIM/
FITSIM. The value of each constant with the associated error is shown.

canoic acid shows competitive inhibition when 12-HDDA
is the varied substrate and noncompetitive inhibition when
NAD™" is the varied substrate. The structure of FDH
dodecanoic ackdNAD* showed dodecanoic acid extending
from Arg-114 at one end of the active site to the active-site
zinc in its displaced positioriL(). The dissociation constant
of dodecanoic acidi| dodecanoic acih for the E67L enzyme is
4-fold higher than that for the wild-type enzyme (Table 2),

constants of both NAD [P(V/K,)] and 12-HDDA P(V/Ky)]
upon substituting Glu-67 or Arg-368 with Leu were statisti-
cally insignificant, indicating that the preferred pathway
through the E67ENAD ™ binary complex during the oxida-
tion of 12-HDDA changes very little by these substitutions.
Coenzyme Binding Studié& understand the role of Glu-
67 and Arg-368 in the binding of the coenzyme, the
equilibrium dissociation constant of NADand NADH
(Knapr) for the mutants and the wild-type enzyme were
determined (Table 2). The dissociation constant of NADH
was determined at pH 7.5 and 10, while the dissociation
constant of NAD was determined only at pH 7.5. At pH
7.5, the dissociation constant of both NARBnd NADH did
not change significantly upon substituting Glu-67 with Leu
(Table 2). However, at pH 10, the dissociation constant of
NADH for the E67L enzyme is 9-fold lower than that for
the wild-type FDH. This suggests that, at physiological pH,
Glu-67 is not involved in the binding of the coenzyme but,
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at pH 10, removal of Glu-67 increases the affinity for the
coenzyme.

Substituting Arg-368 with Leu increases the dissociation
constant for NAD and NADH by 14- and 20-fold, respec-
tively, at pH 7.5. At pH 10, however, the dissociation
constant of NADH increased only by a factor of 2 for the
R368L enzyme. This suggests that Arg-368 plays an
important role in the binding of the coenzyme at pH 7.5,
but at pH 10, its role is less important for the binding of the
coenzyme.

Stopped-flow studies were performed on the wild-type
FDH and the E67L enzyme to obtain the rate constants of
NADH. NADH quenches the enzyme fluorescence by a first-
order process. The on and off rate constants of NADH were
obtained by globally fitting the quenching of the enzyme
fluorescence by NADH to the single step binding model
(shown in the footnote of Table 2) using KINSIM and
FITSIM. The dissociation constant calculated from the on
and off rates were in agreement with those obtained by
equilibrium binding methods. The off rate of NADH from
the wild-type enzyme (3.18°% Table 2) is 3 times higher
than the turnover of HMGSH [1.04 5reported earlier9)]
under the same conditions, suggesting that that the coenzyme
release is partially rate-determining during the oxidation of
HMGSH. On the other hand, the off rate of NADH is 15
times higher than the turnover of the 12-HDDA [0.2Z s
reported earlier)], determined at the same temperature.
This suggests that coenzyme release is not rate-limiting
during the oxidation of 12-HDDA at pH 7.5. The off rate of
NADH from the E67L enzyme (1.437%) is very close to
the turnover of HMGSH (84 mirt; Table 3) under similar
conditions. This suggests that the off rate of the coenzyme
is the rate-determining step in the E67L enzyme during the
oxidation of HMGSH (described below).

Studies Imolving HMGSH and GSNO at pH 7.%he role
of Glu-67 and Arg-368 during the oxidation and reduction
of the physiological substrates of FDH, HMGSH and GSNO,
respectively, was also examined using steady-state methods.
Initial velocity studies with HMGSH and GSNO were
conducted at 30 and 2%, respectively, at pH 7.5.

Steady-state kinetic studies with the E67L enzyme show
that the E67L enzyme is inefficient at capturing the physi-
ological substrates HMGSH and GSNO for catalysis. The
second-order rate constants of HMGSH and GSNO for the
E67L enzyme are 3000- and 25 000-fold lower than those
for the wild-type enzyme (Table 3). The binding of GSNO
appears to be dramatically diminished, as judged from its
inability to saturate the E67L enzyme (Figure 5). A 1500-
fold increase in th&,, of HMGSH also is suggestive of a
similar decrease in its affinity for the E67L enzyme. The
apparent maximal rate for the oxidation of HMGSH is 2-fold
lower in the E67L enzyme (Table 3). This suggests that the
rate-limiting step is not affected significantly by the Glu-67
substitution.

Substituting Arg-368 with Leu increases the turnover of
both HMGSH and GSNO by 7-fold but does not improve
the overall catalytic efficiency of the enzyme as g for
all of the substrates increased (Table 3). Rhgor HMGSH,
GSNO, NAD', and NADH, increased by 20-, 35-, 4-, and
5-fold, respectively, compared to the wild-type enzyme. The
larger increase in thi,, for HMGSH and GSNO compared
to that of the coenzymes makes the R368L enzyme less

Table 3: Kinetic Constants for Oxidation of HMGSH and Reduction of GESNO

NADH

NAD* GSNO

Km

HMGSH

Biochemistry,

KealKim
(min~tuM™1)

Km
(M)

KealKm
(min~tuM™Y)

370+ 30

Km
(uM)
4.8+0.3

KealKm
(min~tuM1)

Keat
(min—1)

KoalKim
(min~t uM™1)

Km
(M)

(min—1)

2072+ 30
ND

(min~?1)

(M)
3.3+ 04
116+ 10

144+ 1

(min—1)

10304+ 100
ND
1250+ 130

2+0.2
ND
11+ 11

13 800+ 500

0.02+ 0.0003
75+ 9.4

160+ 17

1760+ 30
12 200+ 900

45+ 5
0.5+ 0.05
69+ 4.3

150+ 3
55+ 2
1000+ 13

90+ 5
0.03+ 0.003
32+ 1.4

1.7+ 0.1
2650+ 190
38+ 1.6

150+ 3
84+3
1200+ 15

FDHb
E67LC
R368L

IS

a|nitial velocity studies with HMGSH and GSNO were conducted in 50 mM potassium phosphate pH 7.5 at 30°&hde&pectively. Each value is an average of two independent experiments ang

ng

varying concentrations of HMGSH and NADwith FDH and fitting the initial rates to the two substrate sequential mechanism using the SEQUEN program of Cleland. The kinetic constants offGSNO

displayed with the associated standard error. ND not determined due to th&,l¢w1.5 uM) and the low reaction velocitie8.The kinetic constants of HMGSH oxidation were obtained by incubati

No.

o

; the data was fitted to the linear equati@mnitial velocity studies were conducted by varying one of the substrates

reduction were obtained by varying GSNO or NADH, keeping the other substrate at saturating levels and the data was fit to the Michaelis MentehDegirggitime determination ok, of HMGSH,
while keeping the unvaried substrate at saturating concentrations () and the data was fitted to the Michaelis Menten equation.

NAD™" was held constant at 1 mM-Q0 x Kn,) and HMGSH was varied from 0.24.6 mM; the data was fitted to the Michaelis Menten equation. During the determinatip afNAD+, HMGSH was
held constant at 6 mM~2 x Ky) and NAD' was varied from 1.33400uM; the data was fitted to the TWOONE equation using the Cleland prograiysBuring the determination df,, of GSNO for

the E67L mutant, NADH was held constant at 200 and GSNO varied from 0.253 mM

5, 200@1825




4826 Biochemistry, Vol. 45, No. 15, 2006 Sanghani et al.

507 the enzyme with HMGSH, owing to its higky,. Thus, the

; isotope effect on the turnover of the E67L enzyme was

m determined from the experiment in which NADvas held

at a saturating concentration and HMGSH (GH]-

0 HMGSH) was varied. This also brough¥/KyvesH close to

307 1 its true value, wheredd//Kyap Was not the true value. Little

to no isotope effect on the maximal rate in the E67L enzyme

20 suggest that the rate-determining step in this enzyme is not

the hydride-transfer step (Table 4). A small isotope effect

. on the second-order rate constant of both HMGSH and

NAD™ indicate that the commitment of both the substrates

is still high in the E67L enzyme.

T r r Kinetic isotope effect studies on the R368L enzyme were

0 1000 2000 3000 conducted by varying the concentration of HMGSH bt.]-
[GSNO], pM HMGSH) at saturating levels of NADand vice versa. The

Ficure 5: Reduction of GSNO by the E67L enzyme. The initial isotope effect on the maximal rate was higher than in the

velocity of GSNO reduction was determin.ed in the preser_lce of Wiid_type enzyme, indicating that the hydride_transfer Step

2004M NADH and 3.6ug of E67L enzyme in 50 mM potassium \,.»¢ conributing more to the overall rate-determining step

phosphate at pH 7.5 and 2&. The data were fitted to a linear . .
equation, and the slope of the line was taken to be the apparemof catalysis. The isotope effects on the second-order rate

second-order rate constant of GSNO reduction. constants of both the substrates also increased, suggesting a
decrease in the commitments of both of the substrates.
Table 4: Kinetic Isotope Effects of HMGSH Oxidation by FDH Stopped-Flow Isotope EffecStopped-flow isotope effect
Mutants studies were performed on the wild-type FDH and the E67L
FDH? E67LS R368L° enzyme to examine whether there was an isotope effect

by 1234007 124£007 (N} 1.57+0.04 (Ny during the presteady-state production of NADH. For the wild-

1.1£0.05(Hp 1.594 0.04 (Hy type enzyme, these studies were carried out in the presence
D(V/Knap) 0.83+0.25 1.12+0.19 136+0.14 of saturating amounts of both HMGSH and NADThus,
D(V/Kumesy) 0.98+£0.14 1.114+0.14 1.57+0.12

the burst in the production of NADH observed in Figure 6A
2 Experiments were carried out in 50 mM potassium phosphate at is very close to the maximal burst rate during HMGSH

pH 7.5 and 30°C. °Isotope effect studies involved co-incubating oxidation. A burst in the production of NADH with wild-
varying concentrations of HMGSH otH;]-HMGSH (0.2-10uM) and _ . .
NAD* (2.5-200 M) with 1 g of FDH and determining the initial type FDH suggests that the rate-determining step during the

rates; the data were fitted to the two substrate sequential mechanisr'nOXi_da.ti0n of HMGSH occurs after the hydride-transfer step.
equation using SEQUEN. The isotope effects were calculated by taking This is consistent with the lack of isotope effects observed
a ratio of the corresponding constants involving the protiated and on the maximal rate in the steady-state kinetic isotope effects

deuterated substratelsotope effects were determined from two parallel _ il
initial velocity experiments, in which either HMGSH (oPH_]- (Table 4). The steady-state rate observed here (1.Ins

HMGSH) or NAD* was varied, while the other substrate was held at ' 19Uré 6A) is consistent with the turnover number for
a constant concentratiohNAD™ held constant at 10 times itsm oxidation of HMGSH under identical conditions [1.1's
concentration, and HMGSH oPH;]-HMGSH was varied® HMGSH reported by Sanghani et aB){. There is also a burst in the
held constant at a saturating concentration for the R368L mutant or atproduction of NADH when JH,]-HMGSH is used as the
an unsaturating concentration (3.5 mM) for the E67L mutant. substrate (Figure 6A). However, the burst rate constant is
half of that observed with the protiated substrate (155 versus

efficient than the wild-type FDH in capturing these substrates 74 s'1). Hence, the hydride-transfer step is at least partially
for catalysis, as noted from a 3- and 5-fold decrease in their rate-limiting in the presteady-state phase of the reaction. The
respective second-order rate constants. This suggests thaeack of an isotope effect during the steady-state phase of the
Arg-368 is involved to a minor extent in capturing HMGSH reaction is consistent with the results in Table 4.
and GSNO for catalysis. Determining the limiting isotope effect in the presteady-

Isotope effects on the steady-state constants of HMGSH state phase of the E67L enzyme was not possible, owing to
were determined for FDH and the mutated enzymes to furtherthe highK,, of HMGSH. Hence, the isotope effect in the
probe the role of Glu-67 and Arg-368 in the kinetic pathway presteady state was determined using saturating and sub-
of HMGSH oxidation (Table 4). A small isotope effect is saturating concentrations of NADand HMGSH (or fH;]-
observed on the maximal rate\) for the wild-type enzyme,  HMGSH), respectively. Virtually identical burst effects for
indicating that the rate-determining step is not the hydride- NADH production are observed with subsaturating HMGSH
transfer step during the oxidation of HMGSH. No isotope or [°H,]-HMGSH with the E67L enzyme (Figure 6B). This
effects were observed on the second-order rate constants ofuggests that a burst in the NADH production also occurs
either HMGSH or NAD for the wild-type enzyme, indicat-  with the E67L enzyme, indicating that a step following the
ing that both the substrates had a high commitment for hydride-transfer step is rate-limiting. On the basis of the
catalysis. closeness of the off-rate of NADHdnapn in Table 2) to

The isotope effects on the steady-state constants of thethe turnover of HMGSH (Table 3), this slowest step in the
E67L enzyme are similar to those observed with the wild- kinetic pathway of HMGSH oxidation by the E67L enzyme
type enzyme. Whereas the isotope studies in which theis likely to be the release of the coenzyme. This is also
concentration of HMGSH was varied could be carried out consistent with the small isotope effect on the turnover of
at a constant saturating NADIt was not possible to saturate HMGSH with the E67L enzyme (Table 4).
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FIGURE 6: Presteady-state analysis of HMGSH oxidation by wild-
type FDH and the E67L enzyme. (A) Solution containing/82

FDH and 1 mM NAD" in 50 mM potassium phosphate at pH 7.5
was mixed with a solution of 1 mM NADand 0.55 mM HMGSH

(or [Hz-HMGSH) in the stopped-flow apparatus at 26, and

the increase in absorbance at 340 nm was monitored. The data wer
fitted to eq 2: A = A,e ™ + St+ C, using the Applied Photophysics
software.A is the absorbance of the reaction mixture in the flow
cell that is plotted against tinte Parameterk, S A,, andC are the

a
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is hydride-transfer. The results of the isotope effect studies
with HMGSH would be consistent with a rapid equilibrium
addition of substrates if the initial ternary complex undergoes
an isomerization step that greatly increased the commitment
for hydride transfer. Under this proposition, the commitments
of the substrates could be low at the stage of formation of a
binary complex but become high once the ternary complex
is formed. The structural evidence that there is no significant
domain movement upon binding of the coenzyme (or 12-
HDDA) in FDH but there is a 3domain movement upon
formation of the FDHHMGSH-NAD(H) ternary complex

is consistent with the notion that an isomerization occurred
in the kinetic pathway after the ternary complex is formed
(11, 14).

The isotope effect studies on the E67L and R368L
enzymes also support the isomerization step of the £DH
HMGSH-NAD™ ternary complex. There is no increase in
the P(V/K) of HMGSH, even though the binding of glu-
tathione adducts, GSNO and HMGSH, are adversely affected
in the E67L enzyme. This would happen if HMGSH has a
high internal commitment factor-like isomerization of the
FDH-HMGSH-NAD™ ternary complex before the hydride-
transfer step. Such a step could overcome the drop in the
external commitment factor, resulting from the decrease in
(tehe affinity of HMGSH for the E67L enzyme. The small
difference in thé®V of HMGSH for the wild-type FDH and
R368L enzyme, despite a 6-fold difference in their turnover
(Tables 3 and 4), suggests that even after decreasing the

burst rate, slope, amplitude, and constant, respectively, that areaffinity for the coenzyme by 20-fold there is still an isotope-

obtained from curve fitting. The steady-state rate was calculated
from the slopeS using the enzyme active-site concentration
(obtained from the NADH titration) and the extinction coefficient
of NADH. The burst rate ) with the protiated and deuterated
HMGSH was found to be 155 2.1 and 73.8+ 0.2 s1,
respectively. The steady-state rate with the protiated and deuterate
HMGSH was found to be 1.1 0.01 and 1.0+ 0.002 s1,
respectively. (B) Solution of 14M E67L enzyme and 1 mM NAD

in 100 mM potassium phosphate at pH 7.5 was mixed with a
solution of 3.65 MM HMGSH (orH,]-HMGSH) and 1 mM NAD

in the same buffer at 30C, and the increase in absorbance at 340
nm was monitored. Fitting the data to eq 2 yielded a burst kate,
of 1.09 + 0.006 and 1.04+ 0.005 st for the protiated and
deuterated HMGSH. The steady-state rates were found to be 0.2
4+ 0.001 for the protiated and deuterated HMGSH.

Identical progress curves for NADH production with the
same concentrations of HMGSH art#lf]-HMGSH indicate

that there is no isotope effect during the transient phase of

HMGSH oxidation. This suggests that the hydride-transfer

insensitive step that is partially rate-limiting in the kinetic
pathway of HMGSH oxidation in the R368L enzyme. Thus,
isomerization of the FDHHMGSH-NAD™ ternary complex

and coenzyme release are partially rate-determining steps

Huring the oxidation of HMGSH. Inconsistency between our

earlier steady-state studieS) (and current isotope effect
studies is also observed during the oxidation of 12-HDDA.
These differences, however, could have been caused by the
different pH used in these studies.

Role of Glu-67 in the Kinetic Mechanism of FDHMhe

4coordination of the active-site zinc to Glu-67 increased its

distance from the water molecule and weakened their
interaction (Figure 1). This appeared to facilitate ligand
exchange at the active-site zinc because the incoming ligand
could easily displace the loosely held water. Hence, substi-
tuting Glu-67 with Leu was expected to decrease the
efficiency of the mutant enzyme in capturing the alcohol or
aldehyde substrate for catalysis. Steady-state studies with the

step is not the rate-determining step in the presteady-statéz67) "enzyme concur with the structural studies and show

phase of HMGSH oxidation by the E67L enzyme. Thus,

that Glu-67 is more important for capturing the substrates,

substituting Glu-67 with Leu slows down the rate of a step HMGSH, GSNO, and 12-HDDA, for catalysis than for the
before the hydride-transfer step to eliminate the isotope effethoenzyme. However, the role of Glu-67 in the kinetic

in the transient phase of NADH production.

DISCUSSION

Presence of an Isomerization Step in the Kinetic Pathway
of the Oxidation of HMGSHThe burst in the production of
NADH and high commitments of both of the substrates
observed during the oxidation of HMGSH is not consistent
with the rapid equilibrium random mechanism of FDH that
had been deduced from the initial velocity studis (n a

pathway of 12-HDDA is different from that in the kinetic
pathway of HMGSH and GSNO.

The impairment in the efficiency of the E67L enzyme in
capturing GSNO and HMGSH for catalysis is contributed
significantly by the reduced affinity of the mutant enzyme
for these polar substrates. This is evident from the inability
of GSNO to saturate the enzyme active site (Figure 5) and
a suggestive, 1500-fold increase in #igof HMGSH (Table
3). The decrease in the efficiency of the E67L enzyme in

rapid equilibrium random mechanism, the substrates have acapturing 12-HDDA, on the other hand, is not significantly

low commitment to catalysis and the rate-determining step

different from a drop in the affinity of the mutant enzyme
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for the substrate. This is evident from no effect on the effects on the binding of 12-HDDA, the larger decrease in
dissociation constant of 12-HDDAK(, in Table 2) and a  the efficiency of capturing 12-HDDA by the E67L enzyme
modest 4-fold increase in the dissociation constant of could be ascribed to the decreased rate at which 12-HDDA
dodecanoate for the E67L enzyme. The reason for thisforms a catalytically competent ternary complex.
difference lies in the role played by zinc coordination in the A glutamate residue (Glu-68) equivalent to Glu-67 in FDH
binding of these substrates. 12-HDDA is a long-chain alcohol is also important for catalysis in yeast ADH, as evident from
that can bind the FDH active site without initially coordinat- a respective 35- and 100-fold decrease in the turnover and
ing its hydroxyl group to the active-site zinc. This is evident catalytic efficiency of ethanol oxidation upon mutating it to
from the comparable affinities of dodecanoic adid € 33 glutamine 24). However, the effects on the kinetic pathway
uM) and 12-HDDA Kia = 69 uM) at pH 7.5 Q). For upon mutating the conserved glutamate residue are different
HMGSH and GSNO, on the other hand, coordinating to the in the yeast ADH and FDH. This could be explained by the
active-site zinc is absolutely essential for the binding, as different mutations made in the two enzymes and also could
evident from the lack of inhibition of FDH by glutathione be due to the differences in the kinetic pathway of the two
(9). enzymes. The conserved glutamate is reported to be less
The reduced efficiency of the E67L enzyme in capturing important inThermoanaerobacter brockDH, as evident
12-HDDA for catalysis stems significantly different from the from modest effects on the kinetic constants in the E60A
reduction in the rate of the hydride-transfer step during the mutant @5). Because the coordination environment of the
oxidation of 12-HDDA. An 11-fold decrease in the turnover active-site zinc is different ifT. brockii ADH (26), it is
of 12-HDDA accompanied with significant isotope effects possible that the role of the conserved glutamate is different
on the turnover suggests that the hydride-transfer step isin different coordination environments. Alternatively, it is
significantly slower in the absence of Glu-67. Glu-67, also possible that the water molecule found in the void
however, does not play any significant role in promoting created by replacing the bulkier glutamate side chain by that
the hydride-transfer step in the kinetic pathway of HMGSH. of smaller alanine is partially taking the role of the carboxy-
This is evident from the lack of an isotope effect on the late 25).
turnover of HMGSH by the E67L enzyme, even though there  Role of Arg-368 in the Catalytic Cycle of FDEquilib-
is a 2-fold decrease in it. The differential effects of Glu-67 rium binding studies with NAD and NADH indicate that
substitution on the hydride-transfer step during the oxidation Arg-368 plays an important role in the binding of the
of HMGSH and 12-HDDA can be explained on the basis of coenzyme. However, the importance of Arg-368 in the
altered electrostatics of the zinc environment. It is possible binding of the coenzyme is influenced by Glu-67 as indicated
that, at pH 10 used for 12-HDDA studies, the water molecule by the pH dependence of the equilibrium binding constant
is held more tightly by the active-site zinc than it would be of NADH. Arg-368 is less important for the binding of the
at pH 7.5 in the E67L enzyme. The hydride-transfer step coenzyme at pH 10 than at pH 7.5. The diminished role of
could then be occurring through a pentacoordinated zinc andArg-368 in the binding of the coenzyme at higher pH can
be slower. Formation of a pentacoordinated zinc in the ADH be explained by it becoming tied down by the ionized
active site has been reported earli2B)( Alternatively, it is carboxyl side chain of Glu-67. This is also consistent with
also possible that, in the absence of Glu-67, the waterthe observation that, in the absence of Glu-67 (E67L
molecule on the active-site zinc is never displaced by the enzyme), the dissociation constant for NADH stays un-
incoming substrate. The active-site zinc, under these cir- changed with pH, while in the presence of Glu-67 (wild-
cumstances, would be pentacoordinated during the hydride-type FDH), it increases by 14-fold with pH (Table 2).
transfer step, with three ligands from the protein and the Arg-368 also assists in capturing the substrates for catalysis
substrate and water molecule being the other two ligands.as evident from a 3- and 5-fold decrease in the respective
In the case of HMGSH and GSNO, hydride transfer may catalytic efficiencies of HMGSH and GSNO, even though
still occur efficiently because of the presence of an electro- their turnover by the R368L enzyme is 7-fold higher. The
negative sulfur atom next to the C1 carbon. The hydride apparent second-order rate constant of 12-HDDA is also
transfer through a pentacoordinated zinc may be slow when4-fold lower for the R368L enzyme. It is unlikely that Arg-
a primary alcohol is being oxidized. 368 substitution has altered the substrate-binding site, because
The decrease in the efficiency of capturing the substratesthe affinity of the inhibitor dodecanoic acid for the R368L
by the E67L enzyme also appears to be due to a decrease iknzyme is similar to that for the wild-type enzyme. It is
the rate at which the substrate forms a competent ternarypossible that Arg-368 facilitates the capture of the substrates
complex that undergoes hydride transfer. No isotope effect by steering the Glu-67 side chain into the right conformation
in the presteady-state phase of HMGSH oxidation with the for coordination with the active-site zinc when the coenzyme
E67L enzyme (Figure 6B) but a significant isotope effect in binds (Figure 1).
the presteady phase with the wild-type enzyme suggests that The partial displacement of the active-site zinc in both
a step other than hydride transfer has slowed in the absencéhe active sites of the FDWADP-ribose binary complex
of Glu-67. Because no significant effects on the coenzyme suggests Arg-368 to be one of the factors that link the binding
association are observed (Table 2), the step that slows dowrof the coenzyme to zinc movement. Whereas the active-site
from the Glu-67 substitution is likely to be the association zinc is completely displaced in the FBNAD(H) binary
of HMGSH or the isomerization of the ternary complex complex (Figure 1), its partial displacement in the FDH
before the hydride-transfer step. Similarly, the larger decreaseADP-ribose binary complex indicates that other interactions
in the second-order rate constant of 12-HDDA compared to of the coenzyme, possibly those of the nicotinamide ring,
that of NAD' by the E67L enzyme (Table 2) is not explained are also involved in the displacement of the active-site zinc.
by effects on the turnover alone. In the absence of significant It is possible that the nicotinamide ring is necessary for that
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small change in the conformation of the catalytic domain catalyze the oxidative and reductive reactions demonstrates
that moves the zinc ligands (Cys-44, His-66, and Cys-173) that substrates are able to coordinate the active-site zinc in
as the active-site zinc is being pulled by Glu-67 (Figure 1). the absence of Glu-67. However, it is clear that, in the
Thus, it appears that disruption of the interaction between absence of Glu-67, the rate at which the substrate forms a
Arg-368 and Glu-67 changes the conformation of Glu-67 to productive ternary complex is significantly lower than the
enable it to attract the active-site zinc (Figure 1). However, parent enzyme. This decrease in the rate at which the
the interactions of the nicotinamide ring are necessary to pushsubstrate associates productively with the enzyme could be
the active-site zinc along with its ligands toward Glu-67.  due to the difficulty in displacing the zinc-bound water by
Steps in the Binding of the Coenzyr8¢eps involved in the incoming substrate or the catalysis occurring through a
the productive binding of the coenzyme to the FDH active pentacoordinated zinc.
site can be imagined from the unique conformation of the
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