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ABSTRACT. The human glutathione-dependent formaldehyde dehydrogenase is uniqgue among the structurally
studied members of the alcohol dehydrogenase family in that it follows a random bi bi kinetic mechanism.
The structures of an apo form of the enzyme, a binary complex with substrate 12-hydroxydodecanoic
acid, and a ternary complex with NADand the inhibitor dodecanoic acid were determined at 2.0, 2.3,
and 2.3 A resolution by X-ray crystallography using the anomalous diffraction signal of zinc. The structures
of the enzyme and its binary complex with the primary alcohol substrate, 12-hydroxydodecanoic acid,
and the previously reported binary complex with the coenzyme show that the binding of the first substrate
(alcohol or coenzyme) causes only minor changes to the overall structure of the enzyme. This is consistent
with the random mechanism of the enzyme where either of the substrates binds to the free enzyme. The
catalytic-domain position in these structures is intermediate to the “closed” and “open” conformations
observed in class | alcohol dehydrogenases. More importantly, two different tetrahedral coordination
environments of the active site zinc are observed in these structures. In the apoenzyme, the active site
zinc is coordinated to Cys44, His66 and Cys173, and a water molecule. In the inhibitor complex, the
coordination environment involves Glu67 instead of the solvent water molecule. The coordination
environment involving Glu67 as the fourth ligand likely represents an intermediate step during ligand
exchange at the active site zinc. These observations provide new insight into metal-assisted catalysis and
substrate binding in glutathione-dependent formaldehyde dehydrogenase.

Human glutathione-dependent formaldehyde dehydro- FDH is a highly conserved and ubiquitously expressed
genase (FDH) is a class Il alcohol dehydrogenase that, inform of ADH that has been suggested to be progenitor of
addition to its activity toward primary alcohols and alde- all isozymes within the family4). In constrast to the more
hydes, metabolizes biologically important glutathione adducts well-studied members of the ADH family, it obeys a random
such as S-(hydroxymethyl)glutathione (HMGSH) and S- bi bi kinetic mechanism8). Despite this kinetic difference,
nitrosoglutathionel—3). These latter two activities implicate  FDH has the same overall fold as other alcohol dehydro-
FDH as an important component of two widespread cellular genases and functions as a homodimer of two identical
processes in living cells, viz. formaldehyde detoxification subunits with no evidence of cooperativit®, (9). Each
and the nitric oxide signaling3( 4). FDH shows poor  subunit is made up of two domains: a coenzyme binding
catalytic efficiency for short-chain aliphatic alcohols such domain that forms much of the subunit interface and a
as ethanol and prefers long-chain alcohols sueh-bgdroxy catalytic domain located at the ends of the dimer. The active
fatty acids as substrate§)( The poor catalytic efficiency  site is located in the cleft between the coenzyme-binding
toward short chain alcohols can be enhanced by the additionand catalytic domains. There are two zinc atoms in each of
of medium-chain fatty acidsy. the subunits. One zinc atom is in the active site and functions

as a Lewis acid to activate alcohols during catalysis. The
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1 Abbreviations: 12-HDDA, 12-hydroxydodecanoic acid; HMGSH, ,pOSition (,)f the catalytic and coenzyme-binding domains was
S—(hydroxymethyl)glutathione, ADH, alcohol dehydrogenase; FDH, intermediate between the fully “open” and fully “closed”
human glutathione-dependent formaldehyde dehydrogenase. domain conformations described for horse alcohol dehydro-

2The structure factors and atomic coordinates of the apoenzyme, i~ i inati
FDH-12-HDDA binary complex, and FDHVAD *-Dodecanoic acid genase. Furthermore, the catalytic zinc coordination geometry

ternary complexes have been deposited in the Brookhaven Protein Datdliffered from the well-characterized tetrahedral coordination
Bank under ID codes 1M6H, 1M6W, and 1MAO, respectively. found in all other ADH isoenzymes whose structure was
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known. In the FDHNADH binary complex, the zinc  applying a bulk-solvent correction to the low-resolution data
exhibited a pentacoordinate environment in one of the active and individual restrained isotropic temperature factors for
sites, with Glu67 positioned as a fifth ligand in addition to all the atoms. The nonbonded ionic radius of active site zinc
the standard ligands Cys44, Cys174, and His66 and a watewas reduced from 1.57 to 0.75 A in the ion parameter file
molecule. The present study describes the structures of apopf CNS to maintain ligand geometry observed in high-
binary alcohol, and inhibitor ternary FDH complexes that resolution structures of horse liver EE isoenzyrhé, (L5).

further explore its random substrate binding mechanism andVisual inspection of the resulting models during refinement

active site zinc coordination structures.

MATERIALS AND METHODS

was carried out using the program ). Solvent molecules
were added as indicated by the presence of strong electron
density peaks inF,—F: maps within hydrogen-bonding

All chemicals used in this study were obtained from Sigma distance to appropriate protein atoms. The topology and
Chemical Co. Recombinant human FDH was expressed inparameter files for 12-HDDA and dodecanoic acid were

E. coli and purified according to published procedur8s (
with the following modification to obtain coenzyme-free
enzyme. The enzyme was eluted with 2M NaCl from the
Mimetic Blue 2 column (ProMetic Biosciences, Inc.) instead
of using a NAD" gradient. The purified enzyme was stored
at—20°C in 50% glycerol (v/v), and glycerol was removed
prior to crystal growth by gel filtration.

Crystal growth.Crystals of the apoenzyme were grown
using the sitting-drop vapor-diffusion method at@ from
a 15-20 mg/mL enzyme solution equilibrated with 0.1 M
potassium phosphate buffer pH 6.8.1, 100uM ZnS0O,, 1
mM DTT, and 12-15% PEG8000. Crystals grew as rec-

tangular rods after 8 days and reached full size in about 2

weeks. Crystals of the FDH2-HDDA (12-hydroxy-

dodecanoic acid) binary complex were obtained by soaking

the apoenzyme crystals with fresh crystallization buffer
containing 2 mM 12-HDDA for 3 days. Crystals of the FBH
NAD*-dodecanoic acid complex were obtained by initially

soaking the crystals of apoenzyme with crystallization buffer

containing 2 mM dodecanoic acid for 2 days. Following this,

the crystals were then transferred to freshly prepared crystal-

lization buffer containing 2 mM dodecanoic acid and 2.5
mM NAD™ for 3 h. For data collection, a quick two-step

made using the XPLO2D progran 7).

RESULTS

Structure solution and analysiStructures of the apo-FDH,
the FDH12-HDDA binary complex, and the FDNAD*-
dodecanoic acid ternary complex were determined at 2.0,
2.3, and 2.3 A resolution, respectively, by Multiwavelength
Anomalous Dispersion (MAD) using the absorption edge for
the four covalently bound zinc atoms within the ADH dimer,
which is comprised of a total of 746 amino acids. Despite
the very weak anomalous signal from the four zinc ions
(signal equivalent to~16 electrons), the structures were
successfully phased without the aid of the preexisting model
(Table 1). Following the solution and improvement of the
phases using the programs SOLVE and RESOLVE, the
previously obtained FDHNAD(H) binary complex structure
(9) was adjusted to fit the MAD map. The crystal packing
in these three new structures were nearly identical and a
functional dimer formed the asymmetric unit. The data
collection and refinement statistics are found in Tables 1 and
2.

The three models of all the structures are of good quality

soaking procedure was used to introduce 21% (v/v) PEG40o(T@ble 2), with no nonglycine residues in the disallowed

into the standard crystallization buffer before flash-freezing

the crystals at-165°C in a gaseous nitrogen stream. Initial
analysis of the diffraction using an Raxis llc image plate

regions of their respective Ramchandran plots (not shown).
All three structures have two potassium and two phosphate
buffer ions bound to the protein surface. The apoenzyme

detector and a Rigaku RU 200HB rotating anode generator@"d the FDH12-HDDA binary complex models have an

revealed cell dimensions of 7% 79 x 310 A and a
spacegroup oP432,2. The crystals were stored in liquid
nitrogen following this preliminary analysis and shipped to
the NSLS/Brookhaven National laboratory for high-resolu-
tion data collection.

Data collection and structure solutioA three-wavelength
Multiwavelength Anomalous Dispersion (MAD) data set was
collected for each different enzyme form using the Zn-

additional buffer phosphate ion bound within their coenzyme-
binding site.

There are differences in the lattice contacts near the active
sites of individual subunits in the asymmetric unit. Residues
near the B-subunit active site make two additional crystal
contacts than those near the A-subunit active site. These
additional crystal contacts are close to the loops comprised
of residues 4758, 361-367, and 291298. Fewer crystal

absorption edge on the X12B beamline at NSLS/Brookhaven contacts also make the active site in the A-subunit more
National laboratories. The highly redundant data (greater thanaccessible than that in the B-subunit. The catalytic domain
13 observations per unique reflection) were integrated andof the A-subunit has higher overall temperature factor than

scaled with the program HKL2000 in space graeqs2;2

the catalytic domain in the B-subunit, reflecting this environ-

(10). The phases were solved using the program SOLVE ment.

(12) and improved using the program RESOLVE). After
placing the FDHNAD(H) binary complex model in the

Overall Structural changes in FDH complex&ery small
differences are observed in the catalytic domain conformation

MAD map, the structure was manually fitted and then refined of the three FDH complexes reported here (Figure 1). The

using the program CNS1@). In the initial stages of

position of the catalytic domain in these complexes is similar

refinement of all structures, noncrystallographic symmetry to the one observed in the previously reported FRAD(H)
restraints of 100 kcal/mol were applied to the main chain binary complex9) and intermediate between the “open” and
atoms in the dimer and 10 kcal/mol for the side chain atoms. “closed” positions observed in the horse liver ADH8{
These restraints were removed in the later cycles of refine- 20). Since the crystal packing contacts in our structures and
ment. All models were refined against all available data by the previously reported FDINAD(H) binary complex differ,
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Table 1: Data Collection Statistics

MAD inflection MAD peak MAD remote native
Apoenzyme
wavelength (A) 1.2833 1.2823 1.2770 0.9790
observations (total/unique) 885,886/55,055 754,323/55,165 772,477/55,706 508,528/64,501
completeness (%) 94.7 (83.6) 94.7 (83.8) 94.4 (83.7) 96.1 (87.6)
Rimergé” 6.5 (31.7) 6.6 (31.6) 6.8 (34.5) 6.9 (43.8)
l/ol2 40.1 (6.9) 34.1(5.9) 34.1(5.7) 24.2 (4.3)
resolution (A) 26-2.1 20-2.1 20-2.1 30-2.0
unit cell (A) 79.1,79.1, 311 78.6, 78.6, 310
SOLVE/RESOLVE FOM 0.63 (20-2.2)
FDH:12-HDDA Binary Complex

wavelength (A) 1.2837 1.2827 1.2667
observations (total/unique) 972,317/44,036 1,037,848/44,113 1,039,956/43,971
completeness (%) 98.2 (86.4) 98.3(86.9) 98.9 (90.6)
Rmergd® 9.5 (36.5) 9.8(36.5) 9.2 (28.8)
I/ol? 30.4 (5.1) 30.7(5.4) 37.4 (7.5)
resolution (A) 20-2.3 20-2.3 20-2.3
unit cell (A) 78.6, 78.6, 309

SOLVE/RESOLVE FOM

0.64 (19.8-2.5)

FDH:NAD":Dodecanoic Acid Ternary Complex

wavelength (A) 1.2836 1.2835 1.2652
observations (total/unique) 923,229/50,418 862,994/50,362 912,188/44,569
completeness (%) 99(93.8) 99(93.2) 99.8(98.4)

Rmergd® 9.9(32.6) 10.2(36.1) 10(32)

/o138 30.9(5.6) 28.3(4.8) 33.6(9.0)

resolution (&) 262.2 20-2.2 20-2.3

unit cell (&) 78.7,78.7, 311

SOLVE/RESOLVE FOM

0.66 (19.8-2.5)

2 Data from the highest resolution shell is shown in parenthé$Risge=

Inl/Y 1n, wherel; is an observed intensity anglis the average

nklli —

of the observed equivalentsFigure of Merit for all the reflections to the indicated resolution.

Table 2: Refinement Statistics

apoenzyme FDH:12-HDDA binary FDH:NAD":dodecanoic acid
(native) complex (remote) ternary complex (remote)

amino acid residues 746 746 746
solvent molecules 901 672 555
Ruork(Riree) 18.5(21.8) 19.2 (22.6) 19.3(22.4)
averageB-factor 23.30 25.35 29.50
rmsd bonds (A) 0.005 0.005 0.006
rmsd angles (deg) 15 1.41 1.49

it is probable that the intermediate or “semi-open” catalytic
domain conformation in FDH is independent of crystal
packing interactions.

multiple conformations in the active site, as judged from its
discontinuous electron density as well as its relatively high-
temperature factors. Although the electron density for 12-

There are three notable localized movements involving HDDA in the original MAD map was discontinuous, it was

residues 4758, 291298, and 363367 in the three FDH

strong at the carboxyl end of the molecule (Figure 2). This

complexes reported here. These residues line the active sitesuggested that the carboxyl group of 12-HDDA was a major
and show movement only in the A-subunit, where they are point of contact for 12-HDDA in the FDH active site. A
not constrained by lattice contacts. The loop comprised of simulated-annealindg-,—F. omit map showed continuous

residues 291297 is drawn inward by the binding of 12-
HDDA in the FDH12-HDDA binary complex (Figure 1).
However, the loop is clearly mobile and moves back to its
original position in the FDHNAD *-dodecanoic acid ternary
complex (Figure 1). Residues 438 are also drawn toward
12-HDDA in the FDH12-HDDA binary complex (Figure
1), although not to the extent as residues2248. Residues
361367, which are drawn over the mouth of active site in

positive electron density for the carboxyl group of 12-HDDA
and the next 810 carbon atoms, beyond which the density
decreased. Contouring the electron density at a lower level
shows continuous density up to the active site zinc. Although
occupancy assignments at the resolution of these structures
are not entirely reliable, our analysis suggests that the
hydroxyl group of 12-HDDA coordinates to the active site
zinc >50% of the time, with a water molecule occupying

the apoenzyme, retract in the binary and ternary complexesthe zinc site the remainder of the time. Accordingly, we have

to open up the active site further.
Interactions in the substrate-binding site of FD&lthough

modeled the complex to show the predominant binding mode
of the substrate (Figure 2). The carboxyl group of 12-HDDA

12-HDDA and dodecanoic acid have similar structures, there interacts with GIn111, Arg114, and Lys283* (*from the other

are differences in their interactions in the FDH active site.

subunit). Residues GIn111l and Lys283 have identical

These differences appear to be influenced by the presenceonformations in each of the three FDH complexes reported

of the coenzyme in the FDIMAD *-dodecanoic acid ternary

here. Arg114 has been implicated in the binding of HMGSH

complex. In the absence of coenzyme, 12-HDDA adopts as well asw-hydroxyacids 21). The side chain of Arg114
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Ficure 1: Structural differences between FDH complexes with different bound ligands. Residue288and 301320 of the coenzyme-

binding domain in the A-subunit of FDH2-HDDA binary complex (green) and FBNAD*-dodecanoic acid ternary complex (red) were
aligned on to the corresponding residues in the apoenzyme (blue) using the LSQKAB routine of the CCP4 program package. Residues
47-58, 291298, and 361367, lining the active site are marked. The catalytic zinc, NABnd dodecanoic acid are shown. All the

figures were generated using Swiss-Pdb Vievéd) @nd rendered using POVRay for windows (downloaded from www.povray.org).

FIGURE 2: Interactions between 12-HDDA and FDH in the binary complex. The residuesntii of the 12-HDDA molecule in the
A-subunit of the FDH12-HDDA binary complex are shown. The electron density contoured at one standard deviation of the original MAD
map for 12-HDDA, GIn111, Argl14, Lys283, and active site zinc is displayed in light brown colorFJhE. omit map density for the
substrate contoured at 2.5 standard deviations is also shown in blue.

exhibits two conformations in three FDH structures reported van der Waals contacts with Tyr92, Leul09, Met140,
here. Examples of these two conformations are illustrated Gly292, and Ala317 from the A-subunit and Val308 and
in the binary and ternary complexes where Arg114 interacts Thr309 from the B-subunit. In the B-subunit of the binary
differently with the bound 12-HDDA and dodecanoic acid complex, the van der Waals interactions of 12-HDDA
molecules (Figures 2 and 3). In the active site of the involve Val293, 11e93, Tyr92, Ala317, and Val308 from the
A-subunit, the long hydrophobic chain of 12-HDDA makes A-subunit.
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Ficure 3: Interactions of dodecanoic acid (LAU) in the FEMAD *-dodecanoic acid ternary complex. The fin&,2F. map (contoured
at one standard deviation) showing electron density for dodecanoic acid in the A-subunit of the ternary complex.

Dodecanoic acid is significantly more ordered in the active either through its adenosine phosphate moiety or through
site of the inhibitor ternary complex (Figure 3) compared the 2-hydroxyl of the nicotinamide ribose.
with the 12-HDDA molecule in the binary complex. Within Zinc coordination state in FDH complexe§he ligand
the active site, the carboxyl group of dodecanoic acid forms environment of the active site zinc shows distinct changes
the same interactions as those described earlier for thein the different FDH structures. We utilized the anomalous
carboxyl group of 12-HDDA. The long hydrophobic chain signal from zinc to experimentally phase our structures so
of dodecanoic acid extends away from the carboxyl-binding that the positions of the active site zinc ions in these
site toward the catalytic zinc, with a path similar to that complexes could be directly assigned without the bias
observed for the 12-HDDA molecule. The terminal methyl inherent in phases obtained through molecular replacement.
group of the inhibitor appears to approach the zinc site In the apoenzyme, the active site zinc has four ligands,
closely, leaving no apparent room for a water molecule similar to other ADHs (Figure 4a)1Q, 20, 22). This
between the end of the acyl chain and the active site zinctetrahedral coordination environment has three ligands
ion. The presence of a water molecule between the inhibitor contributed by the enzyme (Cys44, His66, and Cys173), and
and the active site zinc seems unlikely because the electrora water molecule occupies the fourth coordination site. The
density was continuous from the carboxyl end up to 2.7 A highly conserved amino acid, Glu67, is 4.5 A from the zinc
from the active site zinc and the inhibitor could account for in both the subunits of the apoenzyme (Figure 4a). The
all the observed electron density. Direct mass spectrometricdistance between Glu67 and the catalytic zinc is similar to
analysis of the dodecanoic acid used for the crystallization that observed in all non-Class Ill ADH structures. This
work showed no contamination (data not shown). The particular orientation of Glu67 is stabilized by hydrogen
hydrophobic contacts made by the acyl chain of the inhibitor bonds between its carboxylate oxygens and the guanidine
are similar to those observed for 12-HDDA. nitrogens of Arg368, similar to that observed in all other

Interactions in the coenzyme binding sitethe coenzyme- ~ ADH structures.
binding site, only the residues projecting from the catalytic = The binding of 12-HDDA does not appear to influence
domain undergo a minor shift in their position upon the coordination environment of the active site zinc except
formation of the inhibitor ternary complex. These side chain by displacing the zinc bound water molecule when the
movements are a consequence of the small movement in thénydroxyl group of 12-HDDA coordinates with zinc in the
catalytic-domain in the ternary complex. In both the apo- FDH-12-HDDA binary complex. In this complex, Glu67 is
enzyme and the FDH2-HDDA binary complex, a buffer 4.7 A from the active site zinc and interacts with the
phosphate ion occupies the pyrophosphate binding site, whereguanidium group of Arg368 and a water molecule, as in the
it interacts with Arg368 and His45. His45 is a highly apoenzyme.
conserved residue among FDH isozymes and has three The ligand environment of the active site zinc undergoes
conformations in the structures reported here. All of these a more dramatic change upon formation of the FRAD*-
conformations result from rotation about thg-€Z4 bond dodecanoic acid ternary complex. The active site zinc is
and enable His45 to interact with the bound phosphate ordisplaced 2.1 A from its position in the apoenzyme and
the conenzyme in different ways. In the FENAD®- toward the back of the active site and Glu67 (Figure 4b,c).
dodecanoic acid ternary complex, His45 has two conforma- This movement of the catalytic zinc reorients its ligands,
tions, suggesting that His45 can interact with the coenzyme, Cys44, His66, and Cys173 in order to accommodate the
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8173 8173

FiGurRe 4: Coordination environment of the active site zinc in the apo form of FDH and-NBB *-dodecanoic acid ternary complex. (A)
Electron density for the active site zinc and its ligands in the original MAD map contoured at one standard deviation for the apoenzyme.
(B) Electron density for the active site zinc and its ligands and dodecanoic acid (LAU) in the original MAD map contoured at one standard
deviation for the FDHNAD *-dodecanoic acid ternary complex. (C) The relative positions of the active site zinc and its ligands in the
apoenzyme (red) and FBNAD*-dodecanoic acid ternary complex (blue) are displayed. The coenzyme binding domains (residues 180
289 and 30%320) of the apoenzyme and the ternary complex were aligned before comparing the coordination environment of active site
zinc in the apoenzyme and the FENAD *-dodecanoic acid ternary complex.
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displacement (Figure 4c). Cys44 and Cys173 exhibit larger binding in FDH, there is a single partially open catalytic-
changes in conformation than does His66. Repositioning of domain position coupled with highly flexible loops near the
the zinc and its ligands appears to transmit structural changesnouth of the active site. The relatively stable domain
throughout the catalytic domain that cause the shift of other conformation apparently keeps the key substrate-binding

residues away from the coenzyme-binding domain by-0.4
1.5 A, depending on their distance from the active site zinc.
The observed shift can be described as & fiation of the
catalytic domain away from coenzyme-binding domain,
leading to a slightly more open domain position. The inner
coordination sphere of the catalytic zinc ion now includes

residues in the proper position for catalysis, while the mobile
nature of the loops near the mouth of the active site provides
the needed flexibility for binding the varied substrates utilized
by FDH. This is consistent with the random addition of
substrates exhibited by FDH and the ability of this enzyme
to accept substrates as diverse as HMGSH and 12-HDDA.

the side chain of Glu67. As a consequence of these new The volume of the active site of FDH is substantially larger
interactions, Glu67 breaks its previous association with than that observed in horse ADH, which explains the
Arg368 and rotates to coordinate with the zinc (Figure 4c). preference of FDH for long-chain alcohols/aldehydes and
The active site zinc retains tetrahedral coordination geometry,glutathione adducts such as HMGSH and GSNO as sub-
but now Cys44, His66, Glu67, and Cysl73 are the four strates. The majority of the active site is comprised of
ligands. Glu67 is 2.4 A from the active site zinc and the hydrophobic residues that project from all sides. At the base
terminal methyl group of the dodecanoic acid is located7 of the substrate-binding site, a polar binding pocket is formed
A from the active site zinc. by the presence of GIn11l, Argl14 ,and Lys283. Several
DISCUSSION studies have probed the importance of this positively charged

pocket in the preferential binding of physiological substrates
The initial structural and kinetic studies on horse liver such as HMGSH. Site-directed mutagenesis studies of
ADH (18, 19, 23, 24) established the basis for interpreting Argl114 suggest that it plays a critical role in the binding of
the structure-function relationships within the alcohol de-

both 12-HDDA and HMGSHZ1). An w-carboxylate group
hydrogenase enzyme family and NARlependent oxido- on a long chain alcohol increases the second-order rate

reductases. All of the structurally studied mammalian alcohol constant by more than an order of magnitude over a similar
dehydrogenases, except FDH, predominantly follow an alcohol lacking such a grou,(27). The orientation and
ordered bi bi kinetic mechanism with primary alcohols where interactions of 12-HDDA and dodecanoic acid in the FDH
the coenzyme is the first substrate to bind and the last productl2-HDDA and FDHNAD *-dodecanoic acid complexes are
to leave the enzyme during a catalytic cy@8,(24). In horse also consistent with these observations. In the FI2H
liver ADH, binding of the coenzyme induces the catalytic- HDDA binary complex, the strong and continuous electron
domain to move by 10toward the coenzyme-binding density near the carboxyl end of 12-HDDA suggests that
domain. This conformational change narrows the active site the anchoring point of the molecule in FDH active site is
located in the cleft between the two domains and brings key the carboxyl group.

active site residues into position for catalysi§) The two Argl14 has two conformations in the three structures
domain positions observed in the apoenzyme and holo-reported here (Figures 2 and 3). The conformation in which
enzyme of horse ADH have been referred to as “open” and it bends away from the carboxyl group of the substrate
“closed”. Among the alcohol dehydrogenase structures solved(Figure 3) appears to predominate when the substrate is
so far, the domain motion between the apo- and holoenzymebound in the active site (like in the ternary complex). Thus,
of horse liver alcohol dehydrogenase is the largest. Inter- Arg114 could participate in the binding of 12-HDDA in two
mediate positions of the catalytic domain have been observedways: (i) a direct role in substrate binding brought about
in binary and ternary complexes of class | cod liver and class by a small rotation of the side chain thereby placing the
Il mouse liver alcohol dehydrogenaseXs,(26). However, guanidium group appropriately for the hydrogen bonding
the structures of the respective apoenzymes have not beeinteraction; or (ii) an indirect role in substrate binding by
reported. Hence, domain movement has been inferred to beaffecting the orientation of amide moiety of GIn111 condu-
present in all vertebrate ADHSs by extrapolation to the horse cive to hydrogen bonding interaction with the carboxyl group
EE isozyme. The intermediate catalytic-domain position in of the substrate. On the basis of the structural evidence, we

FDH:NAD(H) binary complex @) and the random bi bi
kinetic mechanism of FDHg) suggested that the structural

suggest that the later is more likely, but we cannot rule out
the former.

changes in FDH may not resemble those observed in horse Medium-chain fatty acids,810 carbons in length, activate

liver ADH. Accordingly, the catalytic-domain conformation
in the apo-FDH, FDH:12-HDDA binary, and FDH:NAD

the oxidation of short chain alcohols such as etha@plA
positively charged residue in the active site like Arg114 was

dodecanoic acid ternary complexes were determined andproposed to be important in the binding of the anionic group
compared with that of the FDH:NAD(H) binary complex. of the activator21, 27). The mechanism by which fatty acids
All comparisons were performed by aligning the “core” of enhance the oxidation of short chain alcohols is evident from
the coenzyme-binding domains (residues-1889 and 306 the FDHNAD*-dodecanoic acid ternary complex. The long-
320) of the two forms being studied. As opposed to the chain fatty acid binds to FDH through its carboxyl group
dramatic domain movement observed in horse liver ADH, and its long hydrophobic carbon chain interacts with apolar
very little domain movement was observed between apo, residues along the active site. The binding of slightly shorter
binary, and inhibitor ternary complexes of FDH (Figure 1). fatty acyl chains would reduce the dimensions of the large
The catalytic-domain position in these FDH complexes is FDH active site but leave room for the binding of short
about halfway between the fully open conformation and the alcohols at the zinc. Consequently, short-chain alcohols gain
fully closed form of horse liver ADH. Thus, for alcohol sufficient productive interactions at the catalytic zinc.
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A change in the coordination environment of active site environments is likely to proceed through a transient penta-
zinc is observed in the different FDH structures reported here. coordinated zinc intermediate with trigonal-bipyramidal
The presence of Glu67 in the inner coordination of the active geometry, where the solvent water molecule and Glu67
site zinc in the previously published FBNAD(H) binary occupy axial positions.
complex suggested a unique zinc-coordination environment It is possible that coordination of the active site zinc ion
in FDH. By determining the structures of the apoenzyme, by Glu67 represents an intermediate step in the catalytic
an enzyme:alcohol binary complex, and an inhibitor ternary pathway of all ADH isozymes2g). FDH and other ADHs
complex, we gain a more complete understanding of the have a similar overall structure and catalyze the same reaction
coordination environment of the catalytic zinc ion. These with different substrate specificities. Consequently, it would
structures show that Glu67 coordinates with active site zinc be expected that the catalytic steps are conserved between
only under certain conditions. Using molecular dynamic and FDH and other ADH isozymes. In addition, FDH is likely
quantum mechanical computations, Ryde proposed thatto have formed the basis for the development of new
Glu67 (Glu68 in horse liver ADH) could coordinate to the activities within the ADH family as gene duplication and
active site zinc intermittently during catalysis in horse liver subsequent divergence of these paralogous genes gave rise
ADH (28). However, the actual displacement of the active to new functions. The coordination of the catalytic zinc to
site zinc during these changes in coordination was an Glu67 would facilitate ligand exchange during catalysis and
unexpected finding in FDH. It is also evident from the explain why Glu67 is highly conserved in all ADHs. The
available FDH structures that the binding of coenzyme is importance of the negative charge of Glu67 is evident from
associated with the zinc movement that brings Glu67 into the decreased affinity for the substrate analogue trifluoro-
its coordination sphere. Whether the movement of zinc is ethanol, the decreased affinity for NADand the decreased
dependent on the oxidation state of the coenzyme is anturnover number exhibited by a GIn for Glu68 mutant form
important consideration. The likelihood of the coenzyme of Yeast ADH @0). Displacement of the active site zinc, in
being NAD' in the FDHNAD *-dodecanoic acid complex  addition to catalytic-domain movement, could represent the
is high because the crystals were obtained by initially soaking mechanism by which the coenzyme aids in the binding of
the apoenzyme crystals with the inhibitor dodecanoic acid substrates and release of products in other ADH isozymes.
followed by a second soak with a mixture of NACand
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