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ABSTRACT. Formaldehyde, a major industrial chemical, is classified as a carcinogen because of its high
reactivity with DNA. It is inactivated by oxidative metabolism to formate in humans by glutathione-
dependent formaldehyde dehydrogenase. This N&Bpendent enzyme belongs to the family of zinc-
dependent alcohol dehydrogenases with 40 kDa subunits and is also called AQH®D#1. The first

step in the reaction involves the nonenzymatic formation of $tfaydroxymethyl)glutathione adduct

from formaldehyde and glutathione. When formaldehyde concentrations exceed that of glutathione,
nonoxidizable adducts can be formed in vitro. Bahydroxymethyl)glutathione adduct will be predominant

in vivo, since circulating glutathione concentrations are reported to be 50 times that of formaldehyde in
humans. Initial velocity, product inhibition, dead-end inhibition, and equilibrium binding studies indicate
that the catalytic mechanism for oxidation ${hydroxymethyl)glutathione and 12-hydroxydodecanoic
acid (12-HDDA) with NAD" is random bi-bi. Formation of an-HADH-12-HDDA abortive complex

was evident from equilibrium binding studies, but no substrate inhibition was seen with 12-HDDA. 12-
Oxododecanoic acid (12-ODDA) exhibited substrate inhibition, which is consistent with a preferred pathway
for substrate addition in the reductive reaction and formation of an abortNAE*-12-ODDA complex.

The random mechanism is consistent with the published three-dimensional structure of the formaldehyde
dehydrogenasBlAD* complex, which exhibits a unique semi-open coenzyraalytic domain conforma-

tion where substrates can bind or dissociate in any order.

Human glutathione-dependent formaldehyde dehydroge-formate, which is either oxidized to carbon dioxide or
nase or the class Il alcohol dehydrogenase (ADH& an incorporated via normal metabolic pathways into the one-
important component of cellular metabolism for the elimina- carbon pool of the body6j.

tion of formaldehyde from environmental and endogenous  Hyman glutathione-dependent formaldehyde dehydroge-
sources. Formaldehyde is a potent irritant and sensitizing nase (hereafter called formaldehyde dehydrogenase, FDH)
agent that causes lacrymation, rhinitis, pharyngitis, and pjays an important role in formaldehyde detoxification by
contact dermatitis because of its reactiviy. Formaldehyde  catalyzing the oxidation of its addu&(hydroxymethyl)-
also induces tumors in nasal epithelium of rés4). Itis ~ gjytathione (a spontaneous adduct formed between glu-
classified as a group 2A carcinogen on the basis of animalathjone and formaldehyde, Figure 18, to Sformylglu-

and human studies). The cellular strategy for dealing with  tathione with concomitant reduction of a molecule of NAD
formaldehyde is to initially oxidize it to the less reactive o NADH. SFormylglutathione is then hydrolyzed to glu-
tathione and formic acid by a hydrolasa.(
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and R21-AA11635 from the National Institutes of Health. As aﬂ alcohol dehydrog_enase_,hformalk():lehydfe gehyd;(_)ge
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4686. .
*ndiana University School of Medicine. patterns of gene expressml).(FQrmaIdehyde dehydrogenase
$ Stevens Institute of Technology. ' ' belongs to class 11l (ADH3). Like other alcohol dehydroge-
! '/_r\‘d'a”g. U”{"ers'ty‘P“trdtl’e U.?.'Vetfs'ty t""ht '”d'a”apo“sa_ ase | N2ses, formaldehyde dehydrogenase is composed of two
ccoraing to a recent classincation, the gene encoading class . . . . . .
alcohol dehydrogenasg-ADH) or the glutathione-dependent form-  identical 40 kDa subunits forming a homodimer that contains
aldehyde dehydrogenase is called ADH3. ( 4 mol of zinc per dimer. It prefers long-chain alcohols such

2 Abbreviations: FDH, formaldehyde dehydrogenase; 12-HDDA, 12- as w-hydroxy fatty acids as substrates versus short-chain

hydroxydodecanoic acid; 12-ODDA, 12-oxododecanoic acid; 12- ; ; _
ADDA. 12-aminododecanoic acid: HMGSHS (hydroxymethyl)- alcohols such as ethand)( The Michaelis-Menten con

glutathione; IPTG, isopropyl-p-thiogalactopyranoside; ADH, alcohol  Stant, Km, of formaldehyde dehydrogenase for ethanol is
dehydrogenase{C]HCHO, 13C-labeled formaldehyde. greater tha 2 M (10).
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Ficure 1: Adducts of glutathione and formaldehyde. (A) Structures
of the major adducts formed in a mixture of glutathione and
formaldehyde as reported previousB2). The marked carbon (*)
originates from formaldehyde. (B) Absorbance of a mixture of
glutathione and formaldehyde. The initial 2 mM glutathione solution
in 0.1 M phosphate buffer (pH 7.5) had an absorbance of 0.338.
Variable amounts of formaldehyde were added (traced eor-
respond to 1, 6, 15, and 60 mM formaldehyde, respectively) and
the absorbance of the mixture observed at 240 nm1CNMR

of a mixture of 2 mM glutathione and 50 mM3C]HCHO. Peak

| corresponds td&-(hydroxymethyl)glutathione. Peaks Il and I
correspond to compoundis andlll in panel A, respectively. The
structure of the compound at 88 ppm was not identified.

The importance of formaldehyde dehydrogenase activity
for the cell is evident from the fact that it is highly conserved
throughout evolution and is expressed in all mammalian
tissues studied so fad{). Phylogenetic analysis suggests
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densed chromatin, leading to the suggestion that it may
protect DNA from formaldehyde modificatiori4).

Reports of the kinetic mechanism of human liver form-
aldehyde dehydrogenase have been conflicting. The kinetic
mechanism was found to be sequential random bi-bi for
S(hydroxymethyl)glutathione oxidatiorl§, 16) but ordered
for octanol (0). Furthermore, an allosteric regulatory site
was proposed for glutathione in addition to binding sites for
S(hydroxymethyl)glutathionel®). In this study, we report
the characterization of adducts formed with formaldehyde
and glutathione and the identification of the reaction mech-
anism of formaldehyde dehydrogenase for oxidation of
S(hydroxymethyl)glutathione and 12-HDDA determined by
steady-state kinetic analysis and equilibrium binding studies.

MATERIALS AND METHODS

All chemicals were obtained from Sigma-Aldrich.

Expression and Purification of Recombinant Formalde-
hyde Dehydrogenas&hey-ADH cDNA clone was obtained
from Goldman et al.X7). Using a PCR-based method, three
changes were made in the open reading frame (deletion of
the N-terminal sequence of MetAsn18; substitution of Asp
and Phe for Tyr185 and Leu264, respectively) to obtain a
sequence that matched thADH cDNA sequence reported
by Sharma et al.18). The cDNA was subcloned into the
pKK223-3 expression vector (Pharmacia Biotech Inc.) and
the correct sequence verified by dideoxynucleotide sequenc-
ing. For expression, a starter culture of 50 mL of TB broth
containing 50Qug/mL ampicillin was inoculated with 1 mL
of a frozenEscherichia coliTG-1 cell stock that had been
transformed with the expression vector. After about 3 h, this
culture was used to inoculate a 20 L culture of TB broth
containing 12 g of yeast extract, 12 g of peptone, and 4 mL
of glycerol per liter, with 17 mM KHPQO,, 72 mM K;HPQ,,
and 50ug/mL ampicillin. WhenAsgs was equal to 0.60.8,

0.1 mM isopropylj3-p-thiogalactopyranoside (IPTG) was
added to induce expression. Following the addition of IPTG,
the cells were grown for an additionat-80 h at 15°C before
harvesting with a concentrator (Millipore Pellicon) equipped
with a 0.45um filter. The concentrated cells were centrifuged
at 450@ for 20 min, and the cells were lysed in a bead beater
(Bio-Spec, Bartlesville, OK) in 10 mM Tris buffer (pH 8.0)
containing 1 mM benzamidine, 14M zinc sulfate, and 2
mM DTT (lysate buffer). The purification of FDH from the
cell lysate was similar to that described &3, ADH from

E. coli (19). Briefly, the lysate was centrifuged at 100@00
for 30 min. The supernatant was added to DE52 ion-
exchange resin (Whatman Inc.), preequilibrated with the
lysate buffer. The unbound protein was collected, and the
buffer was exchanged with fresh lysate buffer by ultrafil-
tration (Millipore Minitan, Bedford, MA) until the conduc-
tivity of the enzyme solution was identical with that of the
lysate buffer. The enzyme was then loaded onto a Mimetic
Blue-2 affinity column (Promimetic Biosciences Inc., Bur-
tonsville, MD) equilibrated with the lysate buffer, and
enzyme-containing fractions were elutediwé 0 to 10 mM
NADT gradient. Active fractions were directly loaded onto

that formaldehyde dehydrogenase is the evolutionarily oldesta Q-Sepharose column (Sigma-Aldrich) equilibrated with the

form of alcohol dehydrogenasé?, 13). Biochemical and

lysate buffer, and the enzyme was elutedhwétO to 0.5 M

immunocytochemical studies have shown that the cytosolic NaCl gradient. The fractions were analyzed by SIPAGE,

formaldehyde dehydrogenase is also localized over con-

and the purified enzyme>90%) was concentrated using an
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Amicon Centriprep concentrator to a concentration of 20 mg/

mL. The enzyme was stored at20 °C in 50% glycerol.
Yields were about 140 mg of purified protein per 20 LEof
coli culture.

Sanghani et al.

K [HMGSH]
®" ([GSHJ, — [HMGSH])([HCHO], — [HMGSH])

()

where [GSH]and [HCHO] are the calculated concentrations

The enzyme activity was assayed spectrophotometrically of glutathione and formaldehyde in the observation window,

at 25°C in 100 mM glycine buffer (pH 10) containing 4.7
mM cinnamyl alcohol and 2.5 mM NAD by using a

respectively, and [HMGSH] is the calculated concentration
of S(hydroxymethyl)glutathione from the amplitudes of the

Lambda 6 spectrophotometer (Perkin-Elmer). Enzyme activ- reaction.

ity units were expressed as micromoles of NADH produced
per minute using an absorbance of NADH of 6.22 mM

Synthesis of 12-ODDA12-ODDA was prepared by
oxidizing 12-HDDA using pyridinium dichromate according

cm ! at 340 nm. The purified enzyme after Q-Sepharose to the method of Corey and Schmid®Qj with minor

chromatography had a specific activity of 5.1 units/mg.

modifications. Briefly, 1.4 g of 12-HDDA was dissolved in

Protein concentrations were determined by the Bio-Rad 750 mL of dried dichloromethane by stirring and warming
protein assay using bovine serum albumin as the standardat 35°C in a round-bottomed flask. After the mixture was

Analysis of the Glutathione and Formaldehyde Reaction
Using *C NMR and UV Spectrophotometi§pectrophoto-

allowed to cool to 25°C, 12 g of pyridinium dichromate
was added with brisk stirring. After 15 min, the mixture was

metric measurements were performed at 240 nm on a Perkinevaporated at reduced pressure at room temperature. Fifty
Elmer Lambda 6 spectrophotometer. Adduct formation was milliliters of a 60:40 mixture of dichloromethane and

initiated by mixing the glutathione and formaldehyde stock

acetonitrile was added to the residue, and the mixture was

solutions in 100 mM potassium phosphate (pH 7.5) at 25 loaded onto a silica column equilibrated with the same

°C. The change in absorbance at 240 nm following the
initiation of the reaction was monitored with time.

solvent mixture. The column was eluted with the same
mixture, and fractions were collected. 12-ODDA was the

13C NMR was used to analyze the structure of adducts first compound to elute from the column, and the fractions

formed when glutathione an#*C]JHCHO were mixed under
the conditions used in the spectrophotometric analyd.

were pale yellow. Fractions were analyzed by TLC with an
80:20 dichloromethane/acetonitrile mixture as the develop-

NMR measurements were taken at 75.4 MHz on a Varian ment solvent. Compounds were identified on TLC plates with

UNITY-300 NMR spectrometer equipped with a high-
stability variable-temperature controller and 10 mm broad-

0.04% bromocresol spray2l). Fractions containing 12-
ODDA were combined, and the dichloromethane in the

band probe. All sample volumes were 2.5 mL. Samples were solvent mixture was evaporated. 12-ODDA in the acetonitrile

buffered with 100 mM potassium phosphate (pH 7.5) and
included 0.8 mL ofH,0 for field-frequency locking. Spectral

mixture was diluted 10-fold with water, and the solvent was
removed by freeze-drying. The purified pale white compound

parameters were as follows: sweep width, 5280 Hz; numberwas analyzed by TLC and electrospray ionization mass

of data points, 8192; recycle delay, 6.3 s; number of
transients, 256tH decoupling, frequency modulated during
acquisition only; and pulse width, 80Processed spectra
were zero-filled to 16 384 data points and Fourier trans-
formed with 5 Hz line broadening. The temperature was
maintained at 25C during the NMR experiment.
Determination of the Equilibrium Constant for Formation
of S-(Hydroxymethyl)glutathione Using Stopped-Flow Kinet-
ics. Stopped-flow kinetics were assessed at'@5using an
Applied Photophysics SX-18MV instrument. These experi-
ments were initiated by mixing varying concentrations of
glutathione (0.755 mM) with formaldehyde (0.5 mM) in
0.1 M phosphate buffer (pH 7.5). The formation &f
(hydroxymethyl)glutathione was monitored spectrophoto-

spectrometry (Finnigan LCQ instrument). Mass spectrometric
analysis showed an ion awz 213.7 [(M — H)7]. The
compound was found to be greater than 90% pure and devoid
of the starting material 12-HDDA.

Kinetic MethodsEnzyme activity was assayed by moni-
toring the production or depletion of NADH at 340 nm while
studying the reaction in the forward [oxidation &
(hydroxymethyl)glutathione or 12-HDDA] or reverse (reduc-
tion of 12-ODDA) direction, respectively. Enzyme activity
units are expressed as micromoles of NADH produced or
utilized per minute at 340 nng(Hydroxymethyl)glutathione
studies were performed in 100 mM potassium phosphate (pH
7.5) at 25°C in cuvettes with a path length of 10 cm. The
initial concentrations of glutathione and formaldehyde to be

metrically at 240 nm. Exponential traces were analyzed by mixed for a desiredS-(hydroxymethyl)glutathione were
nonlinear regression analysis using the Applied Photophysicscalculated using eq 2 with Keq of 1.77 mM™. In all the
software. The data were fit to the single-exponential equation experiments, the ratio of initial glutathione concentration to

(eq 1):
A=Ag“+C 1)

whereA is the absorbance of the mixture at 240 mw,is
the amplitude, and, t, andC are the observed rate constant,

that of formaldehyde varied from 2 to 800. During each
assay, glutathione and formaldehyde were allowed to equili-
brate for 2 min in 100 mM potassium phosphate (pH 7.5) at
25°C before addition of the remaining components to initiate
the assay. Studies involving 12-HDDA or 12-ODDA were
performed under the same conditions [100 mM potassium

time, and constant, respectively. The amplitude was plotted phosphate (pH 7.5) at 2&], with cuvettes with a path length

against the final glutathione concentration to obtain the

of 5 or 10 cm.

change when all of the formaldehyde had been converted to All studies were performed on a Perkin-Elmer Lambda 6

S(hydroxymethyl)glutathione. This allowed us to calculate
the amount ofs-(hydroxymethyl)glutathione formed at each
glutathione concentration. Th&.q was calculated using eq
2:

UV —visible spectrophotometer. Estimates of the initial rates
were obtained from linear regression of absorbancies with
durations from 15 s to 5 min. Less than 15% of the substrate
was consumed over the reaction time course.
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Data AnalysisThe initial velocity data were fit to either  binding studies were conducted using-6aLl2 uM enzyme
the Michaelis-Menten mechanism (eq 3) or the two- in a volume of 3 mL.

substrate sequential mechanism (eq 4). Binding of 12-HDDA to the ENADH complex was
monitored by measuring the enhancement in resonance
VinadAl energy transfer of FDH-bound NADH after addition of 12-
v= [A]TK 3) HDDA. In these studies, AM enzyme was preequilibrated
m with 5 uM NADH to ensure that-99% of the enzyme was
V,lAlB] in the ENADH complex. 12-HDDA was added in incre-
v (4) ments, and the enhancement in resonance energy transfer

KiaKp 1 Ke[A] + K [B] + [Al[B] was assessed by exciting at 290 nm and monitoring the

S ) emission at 460 nm.
The data from dead-end and product inhibition studies were  Fqr determination of dissociation constants, the maximal
fit to one of the linear inhibition equations for competitive change in fluorescence when all of the enzyme was bound
inhibition (eq 5), noncompetitive inhibition (eq 6), or py jigand was calculated initially by fitting the observed

uncompetitive inhibition (eq 7). changes in fluorescence at a given ligand concentration to
the Michaelis-Menten equation. The concentrations of the
_ VinalAl 5 bound and free ligand were calculated at each total ligand
v= K (1+ [/ Ky + [A] ) concentration. The data were then analyzed by the Scatchard
equation to determine the number of binding sites and the
Vinad Al ©) dissociation constant of the ligand.
U =
Kn(1 + [/ Kig) + [AIL + [1)/K;) RESULTS
VinalAl % Identification of the Conditions for the Formation of
U = _ . .
K., + [Al1 + [IVK,) S-(Hydroxymethyl)glutathione UsinC NMR and UV

SpectrophotometryGlutathione and formaldehyde yield
different adducts depending on the pH and initial concentra-
tions of glutathione and formaldehyde. Several of these
adducts that exist in equilibrium have been identified (Figure
1A) (22). The rate and conditions under which these adducts
form have not been characterized because of the reversibility
of their formation and the difficulty of their detection.
Previous studies of the kinetic mechanism of glutathione-
dependent formaldehyde dehydrogenase uSifitydroxym-
ethyl)glutathione as the substrate have not identified the
adducts formed in the assals( 16). Appearance of adducts
without a free primary hydroxyl group that can be oxidized
would either decrease th&(hydroxymethyl)glutathione
available or act as inhibitors for the enzyme reaction.

The ionized sulfydryl group of glutathione absorbs at 240
nm. This property has been used to estimate the dissociation
constant forS-(hydroxymethyl)glutathione formatiorl).

The level of absorption of glutathione decreased initially after
o T ) o addition of formaldehyde as previously reported (Figure 1B,

Equilibrium Binding StudiesThe binding of NAD" and  trace a) £6). The change in the absorption of the mixture
12-ODDA to the enzyme was examined by measuring the \yas influenced by the initial glutathione and formaldehyde
induced changes in intrinsic tryptophan fluorescence of FDH concentrations that were used. When the initial concentrations
upon binding. The changes in intrinsic tryptophan fluores- of gutathione were equal to or greater than that of
cence were measured at an excitation wavelength of 300 nm¢grmaldehyde, the level of absorption of the mixture rapidly
and an emission wavelength of 340 nm. All studies were decreased and remained constant for several minutes (Figure
conducted in 50 mM phosphate buffer (pH 7.5) at@5 1B trace a). The rate and extent of decrease in the absorption
and using a Fluoromax-2 fluorescence spectrometer (Instru-yas found to be proportional to the difference between the
ments S.A., Inc., Edison, NJ). The NADbinding studies  jnjtial concentrations of glutathione and formaldehyde.
were conducted by adding coenzyme in small increments to However, when the initial concentrations of formaldehyde
a 5uM enzyme solution in a volume of 1 mL. There was \yere higher than those of glutathione, the initial rapid
no significant inner filter effect at the maximal NAD  gecrease in the level of absorption was followed by a slower
concentration of 192M used in the studies. Binding studies jncrease in the level of absorption over a period of minutes
with 12-ODDA were conducted in a volume of 3 mL (Figure 1B, traces bd). The rate and extent of the initial
employing enzyme concentrations of 8.2 uM. decrease in absorption followed by its increase were de-

The extent of binding of NADH to the free enzyme was pendent on the excess of formaldehyde over glutathione.
determined by excitation of tryptophan at 290 nm and 3C NMR was used to identify the adducts formed when
monitoring the emission of NADH at 460 nm after resonance glutathione and formaldehyde were mixed. Under conditions
energy transfer from tryptophan to NADH. The NADH in which the initial concentration of glutathione was equal

In egs 3-7, [A], [B], and [I] represent the concentrations of
substrates A and B and inhibitor I, respectivédy, andVmax

are the MichaelisMenten constant and maximal velocity,
respectively. In eq 4K, and Ky represent the Michaelis
constants of substrates A and B, respectivklyrepresents
the dissociation constant of A for dissociation from th& E
binary complex. For a rapid equilibrium random mechanism,
eq 4 is symmetrical for both substrates. Hence, when B is
the varied substrate and A is the fixed varied substrate, the
constantkj, would now represent the dissociation constant
of B. Kj andKjs in egs 5-7 are the dissociation constants of
a dead-end inhibitor from the-B&-l ternary complex and
E-l binary complex, respectively. However, when egs75
were used to fit the data from the product inhibition
experimentK; andKjs are apparent inhibition constants of
the product inhibitor. Curve fitting was performed by
nonlinear regression analysis (GRAFIT, version 4.0.10).
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to or greater than that ofCJHCHO (conditions showing 10
absorption changes similar to that shown in trace a of Figure
1B), only peaks corresponding to fre&§JHCHO and
S-(hydroxymethyl)glutathione were observed, suggesting that
S-(hydroxymethyl)glutathione was the predominant adduct.
However, under conditions in which the initidPCI[HCHO
concentration was greater than that of glutathione (conditions
similar to that in trace d of Figure 1B), formation of two
additional adducts was evident by appearances of new peaks
in the NMR spectrum of the mixture (Figure 1C, peaks Il
IV). Peaks Il could be assigned to compounds-lii
shown in Figure 1A on the basis of the previously reported
chemical shifts 22). Thus,*C NMR and UV spectropho-
metric analysis showed th& (hydroxymethyl)glutathione
is the predominant (perhaps the only) adduct of glutathione
and formaldehyde in 100 mM phosphate buffer (pH 7.5)
during the time of the kinetic assays'T min), when the L e [ A s B s B S s
initial concentrations of glutathione were equal to or greater 0 04 0.8 1.2 1.6
than that _of fc_>rmaldehyde. o 1/[HMGSH],uM™!
Determination of.the EqU|I|br!um Constapt _for S-(Hy- Ficure 2: Initial velocity patterns for the oxidation of&
droxymethyl)glutathlone FormatiorThe equilibrium 90”' (hydroxymethyl)glutathione at 25C in 0.1 M phosphate buffer
stant for the formation of th&(hydroxymethyl)glutathione  (pH 7.5). Double-reciprocal plots showing the rates when the
adduct from glutathione and formaldehyde was determined S-(hydroxymethyl)glutathione (HMGSH) concentration was varied
using a stopped-flow apparatus to monitor the change in at various fixed levels of NAD: (O) 0.5, @) 1, (O) 2, (M) 3, and
absorbance of the mixture at 240 nm with time. Glutathione (&) 5 #M NAD". The HMGSH concentrations were calculated
L . using eq 2. The lines represent the fits of the data to eq 4. Table 1
was maintained at concentrations equal to or greater thang, s the values of constants calculated from the fit.
that of formaldehyde throughout the course of the experi-
ment. The changes in the level of absorption of the mixture Tpje 1: Kinetic Constants for the Oxidation of
followed single-exponential kinetics (similar to curve a of S (Hydroxymethyl)glutathione (HMGSH) and 12-HDDA by Human
Figure 1B). The amplitude was proportional to the amount Glutathione-Dependent Formaldehyde Dehydrogenase

. min.! mg
|

1/[Activity], nmol

of S(hydroxymethyl)glutathione adduct formed. The, varied substrate (A)  Ka (uM) Kia (M) Keat (Min~2)
value, calculated from eq 2, was found to be 1#70.13 HMGSH 080+ 02  184+40  623+31
mM. NAD* 047401  11.0+29  62.3+3.1

Initial Velocity, Product Inhibition, and Dead-End Inhibi-  12-HDDA 21+£1.7 69.0+£86  13.0+05
tion Studies of the Oxidation of S-(Hydroxymethyl)glutathione _NAD 51+04 17.0£23 13.0+05

and 12-HDDA.The kinetic mechanism was elucidated for aKinetic constants were determined at 25 in 0.1 M potassium
both S-(hydroxymethyl)glutathione and 12-HDDA. While the phosphate buffer (pH 7.5) by varying the concentrations of HMGSH

. - - . or 12-HDDA and NAD" under initial velocity conditions. The data
hydroxyl group in 12-HDDA is a typical primary alcohol were fit to eq 4, and estimates of the parameters are shown with the

group whose oxidation by alcohol dehydrogenases has beenssociated standard errés, andKi, represent the MichaelisMenten
widely studied, the hydroxyl group i8-(hydroxymethyl)- constant and the dissociation constant with HMGSH, 12-HDDA, or

glutathione is attached to a carbon which is adjacent to anNAD™ as the varied substrate (A). The changing fixed substrate is
electron-rich sulfur, which could facilitate the transfer of identified as substrate B in eq 4. A molecular mass of 40 kDa was
hydride to the cofactor NAD. The instability ofSformyl- ~ USed 0 calculatie values.

ydride y y
glutathione {5) prevented the study of the reverse reaction,
but 12-ODDA was synthesized chemically by a one-step linear (data not shown). Thea for 12-HDDA oxidation was
oxidation of 12-HDDA and utilized for aldehyde reduction 26-fold higher at pH 10 than at pH 7.5.
kinetics. The effect of glutathione on the oxidation &(hy-

The alcohol oxidation reaction was studied by varying the droxymethyl)glutathione was studied to determine whether
substrate concentration§-(hydroxymethyl)glutathione or it is an allosteric activator as reported previously6)(
12-HDDA] at different fixed NAD™ concentrations. An  Equation 2 was used to calculate the initial concentrations
example of a double-reciprocal plot is shown in Figure 2. of glutathione and formaldehyde to obtain concentrations of
In contrast to previously reported nonlinear ploi§)( the free glutathione andS(hydroxymethyl)glutathione. Glu-
double-reciprocal plots fd&-(hydroxymethyl)glutathione and  tathione was not found to have a significant activating or
12-HDDA were linear and intersected on the left of the inhibitory effect onS-(hydroxymethyl)glutathione oxidation
ordinate, which is consistent with a sequential kinetic within the 0.}-2 mM range. Moreover, glutathione did not
mechanism. The data for both the substrates fit well to the have any significant inhibitory effect on 12-HDDA oxidation
sequential bireactant mechanism (eq 4). Kinetic constantat concentrations up to 5 mM.
values obtained from the nonlinear regression are shown in  Product and dead-end inhibition studies were performed
Table 1. The catalytic efficiencyk{a/Ka) of S-(hydroxym- to determine whether the kinetic mechanism was ordered or
ethyl)glutathione oxidation is about 125-fold higher than that random. 12-ODDA was utilized as the aldehyde product
of 12-HDDA at pH 7.5. The double-reciprocal plots of 12- inhibitor in these studies. Studies were carried out by varying
HDDA at fixed varying NAD" levels at pH 10 were also the concentrations of one of the substrat8ghydroxym-
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Table 2: Product and Dead-End Inhibition Patterns for the Oxidatio® (&fydroxymethyl)glutathione and 12-HDDA

variable substrate constant substtate product inhibitor type of inhibitioh Kis (M)
S-(hydroxymethyl)glutathione NAD (5) NADH C 0.13+0.01
NAD* S-(hydroxymethyl)glutathione (80) NADH C 0.28 0.03
NAD* 12-HDDA (100) NADH C 0.20+ 0.01
12-HDDA NADT (12.5) 12-ODDA C 0.5 0.04
NAD* 12-HDDA (30) 12-ODDA C 0.33: 0.02

Dead-End Inhibition Patterns Using Dodecanoic Acid as the Inhfitor
variable substrate constant substrate type of inhibitiorf Kis (uM) Kii (M)
S-(hydroxymethyl)glutathione NAD (100) C 23+1.8 —
NAD* S-(hydroxymethyl)glutathione (1.1) NC 3t 3.4 100+ 7.9
12-HDDA NAD™ (10) C 33+ 25 -
NAD™* 12-HDDA (60) NC 51+ 5.6 122+ 8.9

a|nhibition experiments were performed at Z5in 0.1 M potassium phosphate (pH 7.5). During each experiment, a minimum of five concentrations
of the varied substrate were used while the concentration of the other substrate was held at a constant value shown in parentheses. A minimum of
three inhibitor concentrations were used. KagandK; estimates are listed with their associated standard efr@ise concentration of the fixed
substrate is expressed in micromolar in the parenthé3de data were fit to a competitive, noncompetitive, or uncompetitive model. The type of
inhibition shown represents the best fit of the data to the given model as judgeg¥amalysis. In the case of competitive inhibition, the differences
in the 2 values obtained from the fits to competitive and noncompetitive models were not significant as judged-tstdtistics. However, the
Kii values obtained from the fit to noncompetitive model were not statistically significant.

ethyl)glutathione, 12-HDDA, or NAD] while keeping the 12
other substrate level constant in the absence or presence of
different amounts of one of the products (NADH or 12-
ODDA). The NAD' versus NADH, S-(hydroxymethyl)-
glutathione versus NADH, and 12-HDDA versus 12-ODDA
product inhibition patterns all fit linear competitive inhibition
(Table 2). These data are consistent with a random bi-bi
mechanism.

The competitive product inhibition pattern of NAversus
12-ODDA changed to nonintersecting noncompetitive inhibi-
tion pattern when the concentration of the fixed substrate
12-HDDA was increased from 30 to 2@ (Figure 3). The T
intercept replots were linear, but the slope replots were B s s e s B B B
curved and appeared to be parabolic. This suggests that 12- -0.1 0 0.1 0.2 0.3
ODDA was combining with more than one enzyme species. 1/[NAD*], uM

Additional support for the random mechanism was ob-
tained by examining the dead-end inhibition by dodecanoic
acid. Dodecanoic acid was found to be a competitive inhibitor
of S-(hydroxymethyl)glutathione and 12-HDDA, suggesting
that it binds in the alcohol-binding site (Table 2). The double-
reciprocal plots for inhibition of NAD by dodecanoic acid
at fixed levels of eithe(hydroxymethyl)glutathione or 12-
HDDA fit noncompetitive inhibition. The experiments sug-
gest that the inhibitor can bind before as well as after the
variable substrate NAD Hence, the data are consistent with
random addition of substrates to the enzyme during catalysis.

Initial Velocity, Product Inhibition, and Dead-End Inhibi-
tion Studies of the Reduction of 12-ODDFae kinetics of
aldehyde reduction were studied using 12-ODDA as the
aldehyde substrate. 12-ODDA exhibited partial substrate
inhibition at high concentrations (Figure 4A). This substrate
inhibition was more pronounced at lower NADH concentra- 12-ODDA, uM
tions (not shown). Higher NADH concentrations not only Ficure 3: Inhibition of glutathione-dependent formaldehyde de-
decreased the extent of substrate inhibition by 12-ODDA hydrogenase by 12-ODDA as the product inhibitor. (A) Double-

but also delayed the onset of its substrate inhibition. An €ciprocal plots showing rates when the NABoncentration was
: varied in the presence of 200 12-HDDA and ©) 0O, (®) 2, @)
apparenKpy, of 17 uM for 12-ODDA was calculated using  g"54'0) 10 uM 12-ODDA. Individual curves show the fit of

noninhibitory substrate concentrations. The double-reciprocaleach data set to eq 3. (B) The slope®) (and intercepts )
plots of the initial velocities against varying NADH con- determined in panel A are plotted against the 12-ODDA.
centrations at different fixed levels of 12-ODDA (varying

from noninhibitory levels to inhibitory levels) were linear, The pattern formed by the double-reciprocal plots with
and each fit the MichaelisMenten equation (Figure 4B). NADH as the variable substrate (Figure 4B) is described as

10

1/v,uMol '1.min.mg

Slope
15 x Intercept
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substrate inhibition. The interpretation of the product inhibi-
tion results of the aldehyde reduction was complex because
NAD™ was a competitive inhibitor of NADH at fixed
concentrations of 12-ODDA, whereas 12-HDDA was a
noncompetitive inhibitor of 12-ODDA reduction (Table 3).
The double-reciprocal plot of NADinhibition against 12-
ODDA yielded lines that curved upward as they approached
the 1b axis. The linear part of the plots best fit the
uncompetitive inhibition equation (eq 7) (Table 3). These
results are consistent with an ordered mechanism with NADH
binding first to the enzyme during aldehyde reduction or a
random mechanism with a preferred pathway and/or dead-
end complexes.

Activity, unit/pg

0 ] T T T T T T T T T
0 200 400 T . .
12-ODDA, uM The kinetic mechanism of the aldehyde reduction was

further investigated using dead-end inhibitor 12-aminodode-
B canoic acid (12-ADDA). During the search for substrate
analogs, 12-ADDA was found to be a competitive inhibitor
of both 12-ODDA and octanal. It was a noncompetitive
inhibitor of 12-HDDA and octanol, suggesting that it formed
the E12-ADDA and ENADH-12-ADDA dead-end com-
plexes. 12-ADDA was a noncompetitive inhibitor with
respect to NADH at constant levels of 12-ODDA (Table 3).
Thus, 12-ADDA could bind before NADH as well as after
it, further supporting a random mechanism for the reverse
reaction.

Equilibrium Binding Studie€quilibrium binding studies
were performed to determine whether both FBéenzyme
and FDHalcohol complexes are formed as predicted by the
random bi-bi kinetic mechanism. Quenching of native
enzyme fluorescence and resonance energy transfer was used
to assess the formation of binary complexes. NAdaused
a 25% reduction in intrinsic tryptophan enzyme fluorescence,
0 T : | ] T T T indicating formation of the BNAD™ complex. Binding

2 1 4 studies with 12-HDDA could not be performed because there
1/[NADH], u M was no significant fluorescence change observed. 12-ODDA
FiGure 4: (A) Dependence of the glutathione-dependent formal- caused a’510% decrease in enzyme fluorescence, evidence
dehyde dehydrogenase-catalyzed reaction rate on 12-ODDA con-of the formation of the EL2-ODDA complex. Resonance
e e Ay el 4% Ge et " enrqy wransfer from rypiophan o NADH was used 10
phosphate (pH 7.5). Using nonlinear regression, the data were fit Monitor the binding of NADH to the free enzyme (Figure
to the steady-state random equatios i[A]2 + j[Al/ k + I[A]2 + 5). The dissociation constaKy of NAD* was found to be
m[A] described by Ferdinand®2@), where [A] is the concentration  11.5uM (Table 4), which was in agreement with Kg, value
of 12-ODDA andi—m are constants with no apparent physiological - of 17 ;M (Table 1). The dissociation constants of NADH
Sgﬂgﬁe}niehzhi E%?s;a?éi;vge:redjginiotg Eag\)/. % ihioigglokwmg and 12-O_DDA of 43 and 110 nM,_respectiver, were lower
=121=38x10%+60x 105 m=19x 102+ 5.2 x than but in general agreement with th&jg values (Table
10-3. The fit of the data to the steady-state random equation was 2) corrected for the concentration of the nonvaried substrate.
found to be significant on the basis Bf statistics. (B) Double- 12-HDDA increased the level of resonance energy transfer

reciprocal plots showing rates when the NADH concentration was ; ; ;
varied at various fixed levels of 12-ODDA®] 4, (O) 8, @) 27, fr.(t)m _trhhg tryptoph{;m dlrth[t)H t?é\\ISHD l_;|Lzb %u[r)lg An tge ?Ctlve
(m) 100, and £) 220 uM 12-ODDA. Fitting the individual data ~ S''€- 'NIS Suggested that an - abortive
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settoeq 3 generated the lines. The s|o@)se(nd intercepts[ﬂ) Complex is formed. The dissociation constant of 12-HDDA
were determined from the fit of each data set in panel A to eq 3 for dissociation from the ®NADH-12-HDDA complex was
and are plotted against 1/[12-ODDA] in the inset. found to be 17QuM.

noncompetitive substrate inhibitio23), in which both the  p;scussioN

slope and intercept replots against 1/[12-ODDA] are hyper-

bolic (Figure 4B inset). We undertook the kinetic study of glutathione-dependent
Product and dead-end inhibition studies for the aldehyde formaldehyde dehydrogenase in an attempt to clarify dis-

reduction were performed to determine whether the substratesrepancies in reports of its kinetic mechanishg, (15, 16).

were adding randomly or in an ordered manner during Formaldehyde and glutathione combine in a nonenzymatic

catalysis. These studies involved adding one of the productsreaction to formS-(hydroxymethyl)glutathione, which is

of the reverse reaction (12-HDDA or NAfDas an inhibitor oxidized by this NAD-dependent dehydrogenase. The pH

while varying one of the substrates at fixed levels of another. dependence of the reactivity of nucleophilic groups in

12-ODDA was limited to concentrations not showing glutathione is an important factor that determines which
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Table 3: Product and Dead-End Inhibition Patterns for the Reduction of 12-GDDA

variable substrate constant substtate product inhibitor type of inhibitioh Kis (uM) Kii (uM)
NADH 12-ODDA (20) NAD" C 6.5+ 0.41 -
12-ODDA NADH (5) NAD* UC or NC! - 32+25
12-ODDA NADH (5) 12-HDDA NC 245+ 30 233+ 40
Dead-End Inhibition Patterns Using 12-ADDA as the Inhilsitor
variable substrate constant substtate type of inhibitiorf Kis (uM) Kii (uM)
12-ODDA NADH (5) C 165+ 7.6 -
NADH 12-ODDA (30) NC 191+ 28 401+ 23

anhibition experiments were performed atZ5in 0.1 M potassium phosphate (pH 7.5). During each experiment, a minimum of five concentrations
of the varied substrate were used while the concentration of the other substrate was held at a constant value shown in parentheses. A minimum of
three inhibitor concentrations was used. KieandK; estimates are listed with their associated standard ef@tse concentration of the fixed
substrate is expressed in micromolar in parenthésHse data were fit to a competitive, noncompetitive, or uncompetitive model. The type of
inhibition represents the best fit of the data to the given model as judged frogd d@malysis. In the case of competitive inhibition, the differences
in the 2 values obtained from the fits to competitive and noncompetitive models were not significant as judged-tstatistics. However, the
Kii values obtained from the fit to noncompetitive model were statistically insignifi€arte double-reciprocal plot curved as it approached the
1/v axis. The linear portion of the curve fitted the uncompetitive model better than the other models.

adducts are formed. The ionization states of sulfydryl and 1.2e5

amino groups in glutathione direct the reaction of formal- 4 A

dehyde to forns-(hydroxymethyl)glutathione or N-alkylated 1e5 —

derivatives. Our*C NMR experiments indicate the$- © 1

(hydroxymethyl)glutathione is the only adduct formed when 2 80000

the glutathione concentration exceeds the formaldehyde 3 .

concentration at pH 7.5, suggesting that part of the disparity gsoooo —

between reports may result from the formation of nonoxi- S .

dizable adducts (Figure 1A, andlll ) when the concentra- i 40000 |

tion of formaldehyde exceeded that of glutathione. The .

circulating levels of glutathione and formaldehyde in vivo 20000 —

are about 5 and 0.1 mM, respectiveB4). Hence, unless .

much higher concentrations of formaldehyde are encountered, R e S i R R e
S-(hydroxymethyl)glutathione will be the predominant adduct 0 02 04 06 08 1 12 14
formed in vivo. NADH, uM

The initial studies of the kinetic mechanism for formal-
dehyde dehydrogenase, using eitt&(hydroxymethyl)-
glutathione or octanol as the substrate, suggested either
ordered or random bi-bi mechanisni€)( 15, 16). In some 0.1
cases, initial rate kinetics did not fit simple Michaetis
Menten relationships and glutathione was suggested to be
an allosteric regulator1@). In our experiments, all the
substrates except 12-ODDA fit simple Michaetiglenten
saturation kinetics. We found that the kinetics of the oxidative
reaction usingS-(hydroxymethyl)glutathione or 12-HDDA
as a substrate are consistent with a random bi-bi mechanism
that is in rapid equilibrium. The experiments for reduction
of 12-ODDA are consistent with a steady-state random
mechanism. 12-ODDA showed substrate inhibition, which i e o T o
is consistent with the presence of a preferred pathway for [Bound]
substrate addition in the reductive reaction and formation of 0 L A
an abortive ENAD*-12-ODDA complex. 0 0.2 0.4 06 0.8 1
Random addition of substrates to FDH in both the [NADH], free, uM
oxidative and reductive reactions (Scheme 1) is supported
by equilibrium binding, steady-state kinetic, and inhibition FiGURE5: Binding of NADH to glutathione-dependent formalde-
studies. Equilibrium binding studies enabled detection of Nyde dehydrogenase. The binding of NADH to FDH was monitored

. : . by following the resonance energy transfer where the emission from
three of the four possible binary complexes in the prOpOSEdthe tryptophans in the protein (excited at 290 nm) was absorbed

random bi-bi mechanism (Table 4). The competitive inhibi- by the NADH, which reemitted the light at 460 nm. (A) The
tion patterns for the oxidative reaction (Table 2) show that fluorescence at 460 nm with addition of NADH to 0.1@%/

both substrates in both directions bind to the free enzyme.enzyfggo()) or ?ﬁﬁert@d)' is plotted. Tge teXdCiFatign Vl\iav?gggthM
Dead-end inhibition studies with dodecanoic acid and 12- Was nm. The studies were conducted in > mL of oY m
ADDA show that 12-HDDA and 12-ODDA bind before as  Rnosphate buffer (pH 7.5) at 2&. (B) Scatchard analysis of the

. = data performed by nonlinear regression using Grafit 4.0.10. The
well as after NAD" and NADH, respectively. Competitive K, was estimated in this experiment to be 0.0450.002:M with
and noncompetitive inhibition of 12-ADDA against 12- a capacity of 1.02 binding sites per monomer.

o
o
®

e
o
)

[NADH], bound, uM
ot
o
H
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Table 4: Dissociation Constants for the Formation of Indicated _COL!'O_' _be explained by the fact thz_it at a 12'HDPA the
Enzyme Complexes As Determined by Fluorescence Spectrgscopy Inhibition by 12-ODDA was resulting from formation of the
E-12-ODDA complex and at 200M 12-HDDA the inhibi-
tion was resulting from the formation of both ' 2-ODDA
and ENAD*-12-ODDA complexes. Raising the concentra-
a Equilibrium binding studies were conducted at 25 in 50 mM tion of 12-HDDA from 30 to 20«M increased the apparent
potasgium phosphategbuffer (pH 7.5). The data were analyzed by aInhlbltlon constant of 12_ODDA for the free enzyme to a
Scatchard plot, and the estimates of the constants are shown with thd€Vel close enough to that for it to form theNAD*-12-
associated standard deviation. In the case of tNABH-12-HDDA ODDA complex. Thus, formation of #2-ODDA resulted
complex, theKq of 12-HDDA for the ENADH complex was calculated. in the slope effect, while formation of the:EAD"-12-
ODDA complex resulted in both slope and intercept effects
Scheme 1 (Figure 3B).
E:Alc Substrate inhibition by 12-ODDA was noncompetitive
E:NAD . . .
/ \ / \ since both the slope and intercept replots were hyperbolic
. \ / (Figure 4B inset). The most likely explanation for this
X E:NAD+:Ale —= E:NADH:Ald substrate inhibition is the presence of a preferred pathway

E
\ / \ / in the random mechanism and the formation of thiAD*-

ENAD" E:Ald 12-ODDA abortive complex during the reduction of 12-
\\\ . / ODDA for the following reasons. (a) The addition of
E:NAD":Ald substrates during the reduction of 12-ODDA is random. This
) ) . was evident from equilibrium binding studies, noncompeti-
ODDA and 12-HDDA, respectively, are consistent with the e supstrate inhibition studies, and dead-end and product
ability of 12-ADDA to bind the free enzyme. The noncom- jppibition studies in Tables 2 and 3. (b) The slope effects
petitive substrate |nh|b|§|on by 12-ODDA is also consistent (Figure 4B inset) with substrate inhibition by 12-ODDA
with a random mechanism. cannot result from the formation of theMAD *+12-ODDA
For random mechanisms exhibiting linear double-recipro- gportive complex alone. (c) Formation of asNAD*+12-
cal plots, the addition of substrates may be in rapid ODDA abortive complex was evident from 12-ODDA versus
equilibrium or at steady state with an equal rate through either NAD+ product inhibition experiments and could also give
of the binary enzymesubstrate complexes. The linear double- rise to substrate inhibition. (d) Nonhyperbolic initial veloci-
reciprocal plots (Figure 2) and competitive product inhibition ties of the kind observed with 12-ODDA (in Figure 4A and
patterns (Table 2) for the oxidative reaction are more replot of the data in Figure 4B as velocity vs [12-ODDA])
consistent with the rapid equilibrium mechanism where the are expected in a random bi-bi System where one of the
rate-determining step is after ternary complex formation. For ajternate pathways is kinetically favored over anot/28).(
bovine liver formaldehyde dehydrogenase, the rate-determin-Hence’ we suggest that the rate is slower through theE
ing step for the forward reaction was suggested to be one ofODDA complex. The addition of substrates during the
the product release steps, since no kinetic isotope effect waseduction of 12-ODDA should be in the steady state because
observed forS-(hydroxymethyl)glutathione oxidatior2§). substrate inhibition is not possible in a rapid equilibrium
Formation of ENADH-alcohol and ENAD*-aldehyde random mechanism unless one of the substrate binds
abortive complexes in the catalytic pathway has been abortively in the active site of the other one. Overall, the
described for various alcohol dehydrogenase isozy@@s ( kinetic data are consistent with the random bi-bi kinetic
27). Equilibrium binding studies yielded evidence for forma- mechanism shown in Scheme 1.

enzyme complex  Kg (uM) enzyme complex Kg (uM)

E-NAD™* 11.5+£ 2.7 E12-ODDA 0.11+ 0.05
E-NADH 0.043+£0.01 ENADH-12-HDDA 170+ 0.01

tion of an ENADH-12-HDDA abortive complex in FDH, The three-dimensional structure of human glutathione-
although it was not detected by steady-state kinetic methods.dependent formaldehyde dehydrogenase (class Ill alcohol
The dissociation constant of 12-HDDA for theNADH dehydrogenase) revealed unique features relative to published

complex was only 3-fold higher than i§, value determined  class | alcohol dehydrogenase structures that are consistent
kinetically and about 8-fold higher than its Michaetis  with the kinetic mechanism and substrate specificity reported
Menten constant (Tables 1 and 4). Despite the reasonablyhere. Class | alcohol dehydrogenases show a substantial
high affinity for the ENADH complex, 12-HDDA showed  conformational change upon binding of NAr NADH
no substrate inhibition up to concentrations of 1 mM at (29, 30). These dimeric enzymes have a coenzyme domain
saturating and unsaturating fixed levels of NAQtlata not  that forms the subunit interface and a catalytic domain
shown). This suggests that theNADH-12-HDDA abortive  |ocated away from the interface. The active site is situated
complex is not kinetically significant under steady-state in the cleft between catalytic and coenzyme domains. The
conditions. catalytic domain rotates by about°lfbllowing coenzyme
Even though the formation of an-HAD"-12-ODDA binding and limits coenzyme release from the active site in
complex could not be detected by fluorescence binding the closed conformation3(). The extent of the domain
methods, the product inhibition by 12-ODDA versus NAD  movement is similar in the binary and ternary complexes.
(Figure 3) and substrate inhibition during the reductive The domain movement and the binding of the coenzyme are
reaction (Figure 4) could be consistent with its formation. necessary for formation of the alcohol-binding sBé&-{34)
The 12-ODDA versus NAD product inhibition pattern  and the alignment of critical catalytic residues. Hence, the
changed from competitive to nonlinear noncompetitive as coenzyme-induced conformational change is consistent with
the concentration of the constant substrate, 12-HDDA, wasthe ordered bi-bi kinetic mechanism of class | alcohol
changed from 30 to 20@M (Table 2 and Figure 3). This  dehydrogenases with coenzyme binding to the free enzyme.
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The structure of the binary complex of formaldehyde

dehydrogenase with NAD[1TEH (35)] exhibits structural

features that are consistent with a random kinetic mechanism. -+
In this structure, the orientation of the catalytic domain
relative to the coenzyme domain is halfway between that
observed in the class | apo structure and the binary and/or 12.
ternary structures. This has been called the semi-open domain

structure 85, 36). The NAD" binding site in this semi-open

conformation is solvent-exposed, making coenzyme dis-
sociation possible without any domain movement. Further- ;,
more, substratesS-(hydroxymethyl)glutathione and 10-
hydroxydecanoate were easily modeled into the substrate-
binding site without any domain change in the semi-open 15.

conformation 85). Both NAD" and S-(hydroxymethyl)-

glutathione can readily diffuse from this ternary complex in
any order. The random bi-bi mechanism deduced from the ;-
kinetic and equilibrium binding studies is consistent with

this semi-open domain structurgdsj.

9.
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to bind the alcohol or aldehyde substrate in the absence of
the coenzyme and vice versa. Apoenzyme may have a semi-
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dehydrogenasBlAD™ binary complex structure3g). This

may allow the apoenzyme to bind the alcohol (or aldehyde)
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