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ABSTRACT. The oxidation of alcohol to aldehyde by horse liver alcohol dehydrogenase (LADH) requires
the transfer of a hydride ion from the alcohol substrate to the cofactor nicotinamide adenine dinucleotide
(NAD). A quantum mechanical tunneling contribution to this hydride transfer step has been demonstrated
in a number of LADH mutants designed to enhance or diminish this effect [Bahnson, B. J., et al. (1997)
Proc. Natl. Acad. Sci. U.S.A. 942797-12802]. The active site double mutant Fhe- Trp/ValPr% —

Ala shows a 75-fold reduction in catalytic efficiency relative to that of the native enzyme, and reduced
tunneling relative to that of either single mutant. We present here two crystal structures of the double
mutant: a 2.0 A complex with NAD and the substrate analogue trifluoroethanol and a 2.6 A complex
with the isosteric NAD analogue CPAD and ethanol. Changes at the active site observed in both complexes
are consistent with reduced activity and tunneling. The NAififluoroethanol complex crystallizes in

the closed conformation characteristic of the active enzyme. However, the NAD nicotinamide ring rotates
away from the substrate, toward the space vacated by replacement26f widh the smaller alanine.
Replacement of PR& with the larger tryptophan also produces unfavorable steric contacts with the
nicotinamide carboxamide group, potentially destabilizing hydrogen bonds required to maintain the closed
conformation. These contacts are relieved in the second complex by rotation of the CPAD pyridine ring
into an unusual syn orientation. The resulting loss of the carboxamide hydrogen bonds produces an open
conformation characteristic of the apoenzyme.

Horse liver alcohol dehydrogenase (LADttptalyzes the  The active site, located at the base of the cleft between the
first and rate-limiting step in alcohol metabolism, the two domains, contains a tetracoordinate zinc cation. Three
oxidation of alcohol to aldehyde. This reaction requires the of the zinc ligands are supplied by the enzyme. In the “open”
transfer of a hydride ion from the alcohol substrate to the form of the apoenzyme, the active site is accessible to solvent
cofactor NAD. Despite the fact that LADH is one of the and the fourth zinc ligand is occupied by water. When
enzymatic systems most extensively studied to date, thecofactor binds, it induces a transformation to a “closed” form
mechanism of the hydride transfer step remains an area ofof the enzyme. This isomerization step requires a rotation
active investigation. Studies presented here and elsewheref the catalytic domain relative to the coenzyme binding
(1) suggest a link between active site structure, enzyme domain, resulting in a narrowing of the interdomain cleft
conformation, and the catalytic hydride transfer step. and a more hydrophobic environment at the active sfe (

LADH is a dimeric protein with each 40 kDa monomer 3). This rearrangement facilitates displacement of water by
consisting of a catalytic and a coenzyme binding domain. alcohol as the fourth coordination ligand of the catalytic zinc

and places the zinc-bound substrate close to the C4 position

t Supported in part by NSF Grant MCB-9514126 (J.P.K.), an NIGMS pf the cpfactor's nic'otinamide ring. The isomerization step
postdoctoral fellowship training grant (B.J.B.), and an NIH Molecular S required for hydride transfed,(5).
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* Crystallographic coordinates have been deposited in the Brookhaven Once the enzyme adopts the closed form, the substrate

Protein Data Bank under file names 1A71 and 1A72 for the NAD and and cofactor are sufficiently close to allow direct transfer of
CPAD mutant complexes, respectively. _ a hydride ion from the alcohol secondary carbon to the C4
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Phé?3— Trp/VaP®®— Ala double mutant; NAD, nicotinamide adenine of the product is partially rate-limitingj, masking detection

dinucleotide; CPAD, 3-p-ribofuranosylpicolinamide adenine dinucle- pf a possible tunneling effect. Mutants were designed .tO
otide. increase the off rate of product aldehyde to make the hydride
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tranSfe_r step more rate-limiting, thereby un_maSkmg the Table 1: Data Collection and Refinement Statistics for the FO3W/
tunneling effect. The product off rate was increased by v203A LADH Complexes

shrinking the size of the substrate binding pocket through
the addition of steric bulk. Bulk was introduced by mutation

NAD —trifluoroethanol CPAD

of Phé3to tryptophan, which adds an additional hydrophobic ZpaA():e group spée %2521
ring at the base of the binding pocket. Kinetics of this FO3W p (a) 4.1 742
mutant revealed an isotope effect deviating from the semi- c(A) 92.6 179.2
classical range in the direction expected from tunnelig (¢ (deg) 103.0 90.0
o , ,  (deg) 87.9 90.0
A second motivation for mutant design exploits the ° (deg) 70.7 90.0
hypothesis that active site geometry has evolved to optimize monomers/asymmetric unit 2 1
the tunneling component of the hydride transfer procgs ( {otal reflections measured 77199 16 939
Thermal fluctuations in protein conformation can signifi- l&:'q“?o/?;ﬂ“t'onsw"(') = 10] :7381046 71%388
cantly enhance tunneling by shortening the distance betweenmaximum resolutiontnin (A) 2.0 2.6
donor and acceptor atoms along the reaction coordiate ( completeness tdwin [%, I/ 77.1 76.9
9). In LADH, the active site is sandwiched between the () > 1] .
catalytic and coenzyme-binding domains. In the closed golmglelt]e”ess i [%, 1/ 423 43.0
conformation, thermally induced interdomain motion could  5())all data) 75 6.0
compress the distance between the nicotinamide ring andm/o(1)(last shell) 2.0 2.0
substrate. The back face of the nicotinamide ring makes data range used in refinement (A) 1620 8.0-2.6
hydrophobic contact with the highly conserved residueal Ef(%()o %) %g'g a17'6
which might be expected to influence the hydride transfer ;o joviations '
distance between donor and acceptor. As predicted, mutation bond lengths (&) 0.008 0.013
of Val?® to less bulky side chains results in reduced rates  bond angles (deg) 17 2.0
and changes in isotope effects consistent with reduced dihedral angles (deg) 24.0 25.3
lin _ improper torsions (deg) 1.4 1.6
tunneling () no. of waters 179 83

To test the structural assumptions behind these mutations,  a Final R not calculated (see the text).
we examined crystal structures of ternary complexes of the
LADH active site single mutants FO3W and V2038 (The
single F93W mutant displays isotope effects characteristic
of a significant tunneling contribution, with a catalytic
efficiency comparable to that of the wild type enzynT. (
The relative conformation of the cofactor and trifluoroethano
substrate analogue in the F93W mutant structure does, in
fact, approximate that of an active ternary complex in the

closed conformationlj. In contrast, the V203A mutant F93W/V203A LADHNAD—Trifluoroethanol Complex.
shows reduced tunneling and an almost 40-fold reduction in The F93W/V203A double mutant was expressed and purified
catalytic efficiency relative to that of FO3WIL), The crystal as described7). Protein was dialyzed against 50 mM Tris
structure pf the V203A mutant shows_ a 'comprom.ised buffer (pH 8.4 at 4°C) and concentrated to 13 mg/mL in
catalytic site geometry, with the NAD nicotinamide ring  three washes using Centricon 50 centrifugal concentrators
rotating away from the substrate, toward the gap left by (Amicon, Beverly, MA). A 10-fold molar excess of NAD
replacement of thg adjacent.bu_lky valine at posi;ion 203 with (Boehringer Mannheim, Indianapolis, IN) was added to the
the smaller alaninelj. This increases the distance for concentrated protein solution, followed by trifluoroethanol
hydride transfer in the ground state structure. (Aldrich, Milwaukee, WI) and PEG 400 (Fluka, Ronkonko-
Given the contrasting kinetic and structural properties of ma, NY) to concentrations of 5 mM and 4% (v/v), respec-
the two single mutants, examining the double LADH mutant tively. The solution was filtered through a 0.48 cellulose
FO3W/V203A was of particular interest. The V203A/F93W acetate filter (Costar, Cambridge, MA). Crystals were grown
double mutant shows a 75-fold reduction in catalytic ef- by vapor diffusion at 4°C from 4 uL drops equilibrated
ficiency relative to that of the native enzyme, and reduced against wells containing Tris buffer (pH 8.4), 5 mM
tunneling relative to that of either single mutad).( We trifluoroethanol, and 18% PEG 400 (v/v).
present here the structures of two complexes of the double pata were obtained from a single loop-mounted crystal
mutant FO3W/V203A. One structure contains the normal washed briefly €30 s) in a drop of buffer containing
cofactor NAD and the substrate analogue trifluoroethanol. trifjyoroethanol, NAD, and 30% PEG 400 and then flash-
These ligands are the same as those used in the single mutanozen and maintained at170°C in a stream of dry nitrogen
structures 1). The second double mutant complex was gas (1). Data were collected using an R-AXIS Il area
crystallized with ethanol as the substrate and the isostericqetector with a Cu rotating anode source running at 50 kV
NAD analogue, CPAD, as a cofactor analogue. CPAD and 100 mA. The oscillation method was used, with an
contains a neutral pyridine ring in place of the nicotinamide exposure time of 40 min per degree per frame, a crystal-to-
ring (10). detector distance of 100 mm, and nd&fset. Frames were
Comparison of the four mutant complexes examined to indexed and reduced, and reflections were scaled, integrated,
date suggests that measured differences in catalytic efficiencyand averaged using the HKL packad®@)( Crystal data and
and hydride tunneling can be interpreted, in part, by observedintensity statistics are given in Table 1.

structural differences in the ground state active site com-
plexes. Comparison of these structures also suggests that
differences in dynamic behavior of the protein may play a

| contributing role in modulating tunneling.

EXPERIMENTAL PROCEDURES
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The FO3W/V203A-NAD complex is isomorphous to the The F93W/V203A LADH-CPAD complex is isomor-
1.8 A LADH—NADH complex determined by Al-Karadaghi  phous to the open form native apoenzy®® (and the native
et al. (13). The latter served as the initial phasing model apomonomer was used as the phasing model. Initial
for an isomorphous replacement solution using X-PLOR conjugate gradient an&-factor refinement proceeded as
version 3.1 {4). The model was subjected to grouped rigid above. The B, — F. andF, — F. omit maps confirmed the
body refinement, with each monomer domain serving as an mutations and showed density corresponding to the adenine
independent group. The resulting model was used toend of the CPAD inhibitor. In this case, the structure was
generate initiaF, — F; and &, — F. maps with mutated  subjected to alternating cycles of simulated annealing and
residues, inhibitor, and cofactor omitted. The tryptophan at manual model building, as described previoug§, 3). At
position 93 and cofactor were manually fit to the resulting each stage, omit maps were used to fit successively larger
electron density. Initial maps clearly indicatéeehdo sugar ~ fragments of the CPAD dinucleotide.

pUCkeI’S for both cofactor moieties. Puckers were restrained Force and topo|ogy parameter f”es for CPAD were based
through subsequent stages of refinement. Harmonic re-on the X-PLOR NAD files. Parameters for the pyridine end
straints were also applied to the cofactor adenine and of the CPAD ligand were modified on the basis of ab initio
nicotinamide moieties to maintain planarlty. Refinement was calculations using Gaussiangzq_ Harmonic restraints
carried out with parchcsdx.pro and tophcsdx.pro parameteryere used to maintain the CPAD adenine ribose in-a 2
and topology files 14, 15) and the X-PLOR NAD param-  endo pucker and the pyridine ribose in‘ahdo pucker.
eters. Map display and model building were carried out with The planes of the pyridine ring and its carboxamide

the program CHAIN 18). . substituent were restrained to lie within°36f each other,
The ]n|t|al cqmplex was subjgcted to 100 steps of with the carboxamide amino group cis to the adjacent
constrained conjugate gfad'e”‘ refinement, folloyveq .by 10 pyridine nitrogen. This conformation is favored 410 kcal/
steps of overalB-factor refinement and 20 steps of individual o) oyer the trans carboxamide conformation, as determined
B-factor refinement.Ryee andR were monitored throughout by ab initio methods described previousBE[. Computa-
(17). The trifluoroethanol substrate analogue was manually tions suggest that, in this position, a carboxamide amino

fitted at this stage and again subjected to conjugate gr‘fj‘diemhydrogen forms strong charge transfer interactions with the

alnd B-fa(f.tor refinemegt. S(ijmuladted gnnealing usi_ng hthe pyridine nitrogen. This carboxamide conformation differs
slow-cooling strategy1) produced no improvement in the by ~180° from that used for NADH in an analogous

”?tOde'* resutlting_li_r;]an i?hqreatsécieea;ndfno Chantge in acti\_/t? q LADH —imidazole complex Z6) (see Results). The car-
Site geometry. - Thus, this stage ot reinement was omitted. ,,, » mige group in NAD(H) lacks the adjacent nitrogen and

Maps calculated at this_ stage were usgd to p!acc_a 1r9 SOIVentshows a 2-4 kcal/mol preference for the trans conformation
molecules on the basis of the following criteria: a peak (25)

height of at least 2@®on anF, — F. map, 1.& on a &, —

F. map, and reasonable intermolecular contacts. Manual
refitting of the ligand cofactor and the coordination geometry '~ s . -
of the catalytic zinc was performed, and the charge on the Prior toocomplete f|tt|ng_ Of. the ligandRiee = 30.3% ank .
zinc, its ligands, and the substrate were switched off. The — 23.7%. Due to the limited completeness and r'eg,olutmn
van der Waals radius of the zinc was set to 0.65 A ang °©f the data, all data were used in subsequent fitting and
harmonic constraints were applied to the four catalytic zinc reflnement. SA omit maps were _calculateq for the region
coordination distances in each monomer. This model Wassurroundlng the cofactor binding site to provide an unbiased

subjected to a third round of conjugate gradient Brfdctor check of th? CPAD conformation2{). Annea}ing was
teooerformed with the CPAD molecule, and all residues within

refinement. Conjugate gradient refinement was then repea . . .
jugate 9 P d 3 A of the ligand were omitted. Resulting maps supported

with all constraints released. The final model showe he final ” f the aden ; h hosoh
reasonable zinc coordination geomety. Refinement statistics{€ fIinal position of the adenine moiety, the pyrophosphate
bridge, the pyridine ribose, and the carboxamide group.

are summarized in Table 1. i .- .
F93W/V203A LADHCPAD Complex. Crystals of the ~ However, the electron density for the CPAD pyridine ring
LADH mutant F93W/V203A complexed with the inhibitor was less well defined, suggesting high mobility.
CPAD (10) were obtained as described above, with several The only side chain that required significant manual
modifications. Protein was dialyzed against 50 mM Tris Manipulation relative to the apoenzyme structure wasArg
buffer (pH 8.4 at 4°C) containing 4% (v/v) ethanol, @ residue that appears in different positions depending on
concentrated to 10 mg/mL, and a 10-fold molar excess of the complex22, 28). In our structure, this arginine is rotated
CPAD was added to the solution prior to filtration. X-ray away from the inhibitor, as is seen in the structure of the
grade crystals were obtained by vapor diffusion &4rom ~ Wild type enzyme with the inhibitor§STAD andS$SAD (22).
4 uL drops equilibrated against reservoirs containing 50 MM Following annealing, 83 ordered solvent molecules were
Tris buffer and 1+13% (v/v) ethanol. Crystals were added to the model using the criteria described above. A
mounted with mother liquor in sealed quartz capillary tubes. 4o peak consistently appearedia — Fc maps in the region
Diffraction data were collected at8 1 °C on a Xentronics  of the fourth coordination ligand of the catalytic zinc. This
area detector with a Cu rotating anode X-ray source operatingelectron density may represent coordinated ethanol, as
at 60 kV and 50 mA. Data were collected using an observed in previous LADH complexe23). Although

Cross-validation using aRyee test set was insensitive to
the conformation at the pyridine end of the CPAD ligand.

oscillation width of 0.28, exposure times of24 min/frame, ethanol was present in the crystallization medium, the
a crystal-to-detector distance of 16 cm, andfao®fset of resolution was insufficient to orient it in the model. Thus,
20°. Data were processed using XDS softwat®, (20). the zinc ligand was modeled as a single water molecule,

Crystal data and intensity statistics are given in Table 1. although this was insufficient to account for all of the electron
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Ficure 1: F, — F. maps of the cofactor binding region of the FO3W/V203A LADH mutant complexed with NAD (A) and the NAD
analogue CPAD (B). In the NAD complex (A), the density corresponding to the bound trifluoroethanol substrate analogue is also shown.
Maps are contoured in red at the 2.6A) and 2. (B) levels. Ligand models and adjacent residues are shown in white.

density in the region. The “substrate” water was refined to or indole side chainHsige chaiy- The change in energyAE)
a final coordination distance of 1.76 A. induced by the presence of the side chain is then equal to

The final model was subjected to 120 steps of conjugate Ecomplex = (Enicotinamide + Eside chaid (31). Calculations for
gradient minimization with all constraints removed. This complexes containing the CPAD analogue were performed
was followed by 10 steps of overdHactor refinementand  in the same manner, using a 2-carboxamide, 4-methyl
20 steps of individualB-factor refinement. Refinement pyridine moiety in place of the methyl-substituted nicotina-
statistics are summarized in Table 1. mide ring.

Ab Initio Calculations. Ab initio calculations using
Gaussian9429) were performed on model complexes to RESULTS
quantify the effects of the PPe— Trp substitution on the
stability of the ligand carboxamide group hydrogen bonds. V203A/FO3W-NAD

Models for the NAD complexes contained a nicotinamide The ternary complex with the double mutant, NAD, and

ur;%r\gggnabrgﬁgzylbse?v?lzztﬁiﬂ;Ocnarggxgm%'g'Lér:)Sgrgggnt'hetrifluoroethanol crystallizes in a closed conformation iso-

main chain amide proton and carbonyl oxygens of residuesg?;pfgﬁ/uesggr;h?éf;ecvﬁr &TDs]gggez_Fgg)w %lgij)r:i(nfﬁ

292, 317, and 319 were modeled by a formamide proton P ' ) .

and two formaldehyde oxygens, respectively. The side chain between_ba_lckbone atoms of the_ do_uble mL'lﬁt\ant and the native

of residue 93 was modeled by either a phenyl group with a enzyme in its c_;losed_ conformation is 0.32 A. _There are two
crystallographically independent monomers in the dimeric

methyl substituent for the native PR@r an indole moiet : : .
y y asymmetric unit. The monomer structure does not display

for the Tr@® mutation. Groups were placed in the same the “h | " of th talvii d cofactor bindi
relative geometries as observed in the native and mutant' € "NYPerciosure - of the catalylic and cotactor binding
domains observed in the V203A single mutahk. (

closed complex crystal structures. The influence of the “side
chain” on H-bond stability was determined as follows. Each ~ The NAD cofactor is bound in an extended conformation
component of the model (methylnicotinamide ring, forma- in the narrowed cleft between the catalytic and cofactor
mide and formaldehyde groups, and methyl-substituted binding domains (Figure 1A). NAB and substrate
phenyl and indole rings) was minimized separately at the enzyme interactions are generally similar to those observed
HF/6-31G* level B0). A single-point energyE was then in higher-resolution ternary complexes of the native enzyme
obtained using the BPW91 density functional model with a and are described belowly 33). However, the FO3W/
6-31G basis se80). This energy was obtained for the entire  V203A mutations do produce two significant effects on
complex Ecompiey, the nicotinamide ring and formamide and cofactor binding at the active site. As might be expected,
formaldehyde H-bonding groupEcotinamiad, and the phenyl deviations from normal substrate and cofactor binding



Active Site Modifications in a LADH Mutant Biochemistry, Vol. 37, No. 26, 1998299

|/ Faaw
/ {Faaw Muﬁ
V2008,

Ficure 2: Comparison of active site structures of complexes between NAD, trifluoroethanol, and three LADH mutants: F93W (cyan),
FI3W/V203A (magenta), and V203A (gray). The trifluoroethanol substrate analogue is at left. Overlaps of the two (F93W and F93W/
V203A) or four (V203A) crystallographically independent NAD nicotinamide rings are at center, viewed edge-on along the glycosidic
bond. The side chain of residue 203 is at right. van der Waals surfaces are drawn for the FO3W and F93W/V203A mutants. Nicotinamide
overlaps are based on a least-squares alignment of the eight independent cofactor binding domains from the three mutants. The nicotinamide
ring in FO3W is in van der Waals contact with ¥& In both V203A and FO3W/V203A, the nicotinamide ring rotates (curved arrow) to

fill the gap left by the substitution with alanine. Further rotation of the rings is prevented by steric contacts Witfol F93W/V203A

and with Th#8 for both mutants (not shown). Displacement of substrate observed in V203A is blocked by the-Phg mutation in

FI93W and F93W/V203A (Figure 3).

combine features observed in both the FO3W and V203A to the increase in distance between the reacting carbons
single mutants. (below).

NAD Cofactor Binding and Nicotinamide Ring Rotation. NAD Cofactor Binding and Carboxamide Interactions.
The cofactor nicotinamide ring rotates away from the Despite its rotation, the NAD carboxamide oxygen maintains
substrate, into the space left by replacement of¥alith its hydrogen bond with the main chain nitrogen of Bhe
the smaller alanine side chain (Figure 2). The normals to and the carboxamide amino group donates hydrogen bonds
the nicotinamide planes in the two monomers are rotated byto the carbonyl oxygens of V& and Al&7 (Figure 3).
an average of 7toward mutated residue 203, relative to the These cofactorside chain hydrogen bonds are seen in all
position observed in both the wild type enzyme and the closed-form complexes between LADH and either NAI3, (
FI93W single mutantl). The center of the ring is also shifted 32—36) or isosteric NAD analogues28, 28). Cofactor
by an average of 0.3 A toward position 203. Rotation and analogues which are unable to form these carboxamide
displacement of the nicotinamide ring compromise the enzyme hydrogen bonds bind in the open conformation,
catalytic geometry (Figure 2). The distance between the suggesting that these interactions are required to maintain
hydride-donating methylene carbon on the trifluoroethanol the closed conformation of the complex3( 26, 32, 37).
substrate analogue and the accepting carbon C4 on theThese cofacterenzyme interactions are potentially desta-
nicotinamide ring is increased by0.4 A relative to that bilized by the FO3W mutation.

seen in the single FO3W mutarit)( Interference by the larger T¥pside chain in the double
This increase in distance is observed in the V203A single mutant may limit the role of the carboxamide oxygen as a
mutant as well, albeit to a greater extent (Figure 2). The hydrogen bond acceptor from the main chain NH of #he
plane of the nicotinamide ring in the V203A complex shows (Figure 3). Replacement of PRevith the bulkier tryptophan
an average rotation of 2Qoward mutated residue 203)( side chain causes severe crowding of both the nicotinamide
An equal displacement of the nicotinamide ring in the FO93W/ carboxamide group and its amide proton donor (Figure 3).
V203A double mutant is prevented by close steric contacts The Tr#3 Cy2 carbon is 3.1 A from the nicotinamide
between the carboxamide oxygen and the larger tryptophancarboxamide oxygen, placing the €12 hydrogen within
side chain at position 93 (see below). In both single and ~2.0 A of both the carboxamide oxygen and the main chain
double mutants, further rotation of the nicotinamide ring amide proton donor of residue Phe By comparison, the
toward AlZ% is also prevented by van der Waals contacts closest proton on PR&n the native closed complex (attached
with residue Th¥’8 In the double mutant, reductions in to Ce2) is more tha 3 A from both the carboxamide oxygen
tunneling are likely to arise from several effects, in addition and the main chain amide proton. The mutated®sjde
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contacts with llé**and I1€%° and the adenine ribose hydroxyl
groups forms hydrogen bonds with Z3pand Ly$?%. NAD
torsion angles in the phosphate region show some variability
between monomers, with associated variability in water-
mediated contacts with the adenine phosphate oxygen O2PA.
Polar interactions between A¥§ and the nicotinamide
phosphate oxygen O1PN are also lengthened relative to those
observed in the native complex and the FO93W mutant.
However, most solvent-mediated interactions identified in
other moderate- and high-resolution native complexes are
preserved in the double mutant. These include solvent-
mediated interactions between the NAD phosphate oxygens
and residues 367, 368, 369, 201, and 203 83).

Substrate Binding.The trifluoroethanol substrate analogue
remains in the active site, coordinated to the zinc cation via
its hydroxyl oxygen (Figure 3). The trifluoroethanol oxygen
also forms a hydrogen bond to $emhich in turn hydrogen
bonds to the O2ribose hydroxyl oxygen of the cofactor
(Figure 3). A hydrogen bond between the ribose @3d
His®! completes the first links in a putative relay system for
transport of the alcohol hydroxyl proton to solved2(43).
These interactions are preserved in the active single mutant
FIGURE 3: Active site resdues and ligands in the closed FO3W/ ternary complexesly.

V203A-NAD —trifluoroethanol complex. Hydrogen bonds and Zn - 40 single V203A mutant, the trifluoroethanol substrate

ligands are shown as dotted lines (only one enzy#we ligand to . -
Hiss? is shown for clarity). van der Waals surfaces are drawn around IS _displaced away from the cofactor, toward position 93

the nicotinamide carboxamide oxygen, the H-bond donating main (Figure 2). Substrate displacement in the V203A/F93W
chain amino proton of residue 319, and thg2€H atoms of double mutant is limited by the presence of the tryptophan
mutated residue TP Close steric contacts with T¥hdestabilize at position 93. The larger tryptophan forms a hydrophobic
the three carboxamide hydrogen bonds to residues 317, 319, and5y" pjocking further movement of the substrate deeper
292 required for maintaining the closed conformation of the enzyme. into the alcohol binding pocket (Figure 3). The substrate is
sandwiched between the side chains of *frand Sef?,
resulting in an apparent hydrogen bond interaction between
one trifluoroethanol fluorine and the hydroxyl oxygen of
Sef®, The same effect is observed in the single FO3W
mutant ().

chain is stabilized in its crowded site by a hydrogen bond
between the indole amide proton and the main chain oxygen
of Gly'3. These interactions are also observed in the FO3W
single mutant.

Close contacts between aromatic protons and nucleophilic
atoms lying within the plane of the conjugated ring are \/203A/F93W-CPAD
observed in both small moleculd8) and protein structures
(39-41). These contacts have been attributed to stabilizing The complex between the V203A/F93W double mutant
“weakly polar interactions” of electrostatic origiBg—40). and NAD, described above, crystallizes in the closed
This raises the question of whether the close %Fp conformation required for hydride transfer. However, the
carboxamide contact observed in the F93W mutant is FI93W mutation may destabilize this Catalytica"y active
energetically favorable. conformation by sterically interfering with formation of a

To quantitatively evaluate the effects of the F93W muta- Necessary enzymeeofactor interaction. o
tion on the critical nicotinamide carboxamide hydrogen Evidence for this hypothesis is offered by examlnatlon_of
bonds, ab initio calculations were performed on model native the crystal structure of the V203A/FO3W double mutant with
and mutant complexes (see Experimental Procedures). Re& second ligand, the NAD analogue CPAD (Chart 1). CPAD
sults indicate that the proximity of the PRside chain @2 is a nearly isosteric analogue of NAD in which the pyri-
proton in the native complex does stabilize the carboxamide dinium group is replaced by a neutral pyridine rir0x
main chain hydrogen bonds by0.5 kcal/mol. However, ~ The two ligands are otherwise identical:
the additional crowding of the carboxamide oxygen and its .
hydrogen bond donor by the larger indole ring in the®¥rp Chart 1. NAD Analogue CPAD
mutant destabilizes the nicotinamide end of the NAD CPAD (@)
complex by~2.3 kcal/mol.

As noted above, the nicotinamide carboxamide hydrogen NH
bonds appear to be necessary for maintaining the catalytically 2
active, closed form of the enzyme. Interference with these ON
carboxamide-enzyme interactions by the PRe— Trp
substitution may hinder formation of the closed conformation
in the double mutant. Observation of an open conformation
in the second double mutant complex discussed below
supports this hypothesis.

General Features of NAD Cofactor Bindind\s observed
in other complexes, the adenine ring forms hydrophobic OH OH

ADP o
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CPAD (mutant) open

NAD (mutant)

L1

CPAD (native) closed

Ficure 4: Comparison of active site residues and ligands in native and double mutant complexes with NAD or the isosteric analogue
CPAD. CPAD bound to native LADH (green) closely mimics the conformation of NAD bound to closed-form native LADH (not shown)

and the conformation of NAD bound to the closed-form double mutant FO93W/V203A (magenta). In the closed FO3WNMZE3Aomplex

(magenta), unfavorable steric contacts occur between the NAD carboxamide group and mutated re¥idueagemta van der Waals
surfaces). These contacts are relieved in the FO3W/V283RAD complex (cyan) by rotation of the pyridine ring to a syn conformation

(arrow). Loss of carboxamide hydrogen bonds to main chain atoms of residues 317, 319, and 292 (magenta dashed lines) results in an open
complex. These are replaced by carboxamide hydrogen bonds #° Amgl a phosphate oxygen (cyan dashed lines).

The complex between CPAD and the V203A/F93W and Phé'®. As discussed above, these hydrogen bonds may
double mutant crystallizes in the open conformation char- be required to maintain the closed conformation of the
acteristic of the apoenzyme. The rms fit between backboneenzyme. Analogues lacking the nicotinamide moiedg)(
atoms of the double mutant in this complex and those of the or the carboxamide groupT) or otherwise constrained from
native enzyme in its open conformation is 0.42 A. However, adopting the required conformatio22 26) crystallize in
the complex between CPAD and the native enzyme crystal-the open form.
lizes in the closed forn2@). The conformation of the CPAD In the closed FO3WNAD complex (1), and the V203A/
ligand in the native complex very closely mimics the EFg3w—NAD complex described above, the cofactor nico-
catalytically active geometry of NAD observed in other tinamide ring is in the anti conformation, allowing its
closed-form ternary complexe23). This suggests that the  -5hoxamide substituent to maintain the hydrogen bonds
failure of the ligand to stabilize a closed FI3W/V203A |equired to stabilize the closed conformation (Figure 4).
complex is due in part to the double mutation. However, replacement of Py the larger tryptophan side

CPAD Cofactor Binding and the Aeg Site. The con-  chain in both of these closed mutant complexes results in
formation of the bound cofactor analogue in the open V203A/ an unfavorable steric contact with the carboxamide oxygen.
FO3W complex is unusual and instructive. The most striking This contact is relieved in the open V203A/F93WCPAD
feature of the bound ligand is that the pyridine base swings complex by rotation of the base and carboxamide group away
from an anti conformation in the native enzyme to a syn from Trp®® (Figure 4). The resulting syn conformation
conformation in the double mutant (Figure 1B). A com- constitutes a 155rotation relative to the anti conformation
parison of the CPAD structures in the wild type, closed seen in the closed structures.
complex and the mutant, open complex is shown in Figure  The question arises as to why the syn conformation is not
4. observed in the V203A/F93W NAD complex, which

In all closed complexes, the nicotinamide or analogous crystallizes in the closed form. NAD and CPAD, although
base adopts an anti conformation relative to the ribose sugarisosteric, are not identical, differing in both the charge and
This allows formation of the three carboxamide hydrogen position of the heterocycle anchoring the carboxamide group.
bonds to the main chain atoms of residues?¥alAla®Y’, Subtle differences in ligand binding at the active site are
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sufficient to shift the equilibrum between open and closed conformation and account for the increased mobility seen
forms of the enzyme in the crystallization mediu8) in this conformer (see Experimental Procedures).
Results from ab initio calculations on a closed CPAD model  General Features of CPAD Bindingnteractions with the
complex are similar to those obtained for the NAD model adenosine end of the CPAD ligand in the double mutant are
(above); the close proximity of the T¥pindole ring similar to those seen in both open and closed complexes of
destabilizes the CPAD carboxamigei@ain chain interactions.  the native enzyme and NADH. The adenine ring forms
Interestingly, these interactions are destabilized-By2 kcal/ hydrophobic van der Waals contacts with the side chains of
mol in the CPAD model, an energyl kcal/mol higher than  1le224 and 11&%°. Asp?? forms hydrogen bonds with both
that computed for the NAD complex (above). adenine ribose hydroxyl oxygens @2and O3A, and Ly$?8

In solution, it is likely that the V203A/F93W mutation donates a hydrogen bond to ‘@3
allows some degree of NAD binding in a syn conformation ~ The pyrophosphate region of the ligand molecule binds
similar to that observed for CPAD. A comparable effectis in the interdomain cleft. In the open conformation of the
seen in the analogous L203A mutant of yeast alcohol protein, this cleft is comparatively wide, allowing significant
dehydrogenastéwhere an increase in B-side specific hydride positional freedom for the phosphate bridge. This was a
transfers is also attributed to enhanced binding of NAD in region of high thermal factors and relatively poor definition
the syn conformation4d). Stereospecificity of hydride in our electron density, indicating possible positional disor-
transfer was not examined in the FO3W/V203A LADH der. Hydrogen bonds are observed between the pyrophos-
mutant. However, given the inability of the syn conforma- phate oxygen O2PN and the main chain oxygen of%al
tion to stabilize the closed form, the relative rate of hydride van der Waals contacts for the pyrophosphate bridge are
transfer to NAD in this alternative conformation is likely to  provided by GIy°%, Ala?°3 and Vaf®.
be quite low, as is the case in the yeast enzy##®. ( The pyridine ribose hydroxyl oxygen Q8 forms a

In the open CPAB-mutant complex, the CPAD pyridine  hydrogen bond with the main chain oxygen offffe This
ring is stabilized in the syn conformation by carboxamide same interaction is found in both the closed NADH complex
interactions different from those required to maintain closed and the open ADPR comple82). O2N forms a long (3.2
complexes. In this open complex, the carboxamide carbonyl A) water-mediated interaction with both the main chain and
oxygen forms a hydrogen bond with a terminal amino group a side chain oxygen of Giff. A second interaction is
of Arg3®%° (Figure 4). As a result, the carboxamide amide observed with the main chain oxygen of &f
nitrogen forms an intramolecular contact with a phosphate

oxygen (not shown).

The syn ligand conformation observed here is similar to
that seen in a complex between native LADH, NADH, and

DISCUSSION

The V203A/F93W double mutant LADH shows a 75-fold
reduction in catalytic efficiency relative to that of the native

the inhibitor imidazole Z6). In this structure, the dihydroni- enzyme, and reduced tunneling relative to that of either the
cotinamide ring also adopts a syn conformation, the imida- \/203a or F93W single mutantlj. The structures of the

zole ligand having an effect analogous to that of the FO3W y,q qouble mutant V203A/F93W complexes described above
mutation. _ The.zinc—bound imid_azole stericqlly prevents the 5nd the two single mutant complexes described previously
nicotinamide ring from adopting the anti conformation 1y gyggest that perturbations in both ground state catalytic
required for closure of the enzyme. As a result, the three geometry and interdomain motion may influence catalytic

carboxamide hydrogen bonds are not maintained, and theggficiency and hydride tunneling. Several mechanisms may
complex crystallizes in the open forr2g). act in concert.

Alternative carboxamide interactions are also observed in  c|osed structures of both the V203Aand V203A/

the NADH—imidazole complex, although the carboxamide Fg3w—NAD complexes consistently demonstrate displace-
group is rotated by-180" relative to the position modeled  ment of the cofactor nicotinamide ring away from substrate,
_her_e @6). In the CPAD structure, ab initio calculations qward the gap left by removal of the bulky hydrophobic
indicate that the carboxamide group clearly favors the gige chain at position 203 (Figure 2). This increases the
conformation in which the amide nitrogen is adjacent to the gjstance between hydride donor and acceptor atoms in the
pyridine nitrogen (see Experimental Procedures). closed complexes relative to that observed in the native
Comparison of the imidazole and CPAD complexes enzyme {). This alteration in ground state catalytic
suggests that the second V203A mutation also facilitates geometry is consistent with the reduced catalytic efficiency
cofactor binding in the syn conformation. The A side of and tunneling observed in the V203A mutants. Even very
the dihydronicotinamide ring in the native imidazole complex small increases in barrier width can significantly decrease
forms van der Waals contacts with the side chain of’8al tunneling probability §, 9).
(26). Substitution by the smaller alanine at position 203 The increase in distance between C1 of alcohol and C4
allows the ligand to bind more deeply in the interdomain of the nicotinamide ring in V203A/F93W~0.4 A) is
cleft, with the pyridine ring forming van der Waals contacts approximately half of that observed in the single mutant
with the methyl group of AI&, and the pyridine ribose  \203A (~0.8 A) (1). Thus, the double mutant would be
forming contacts with the side chains of residue 293 and expected to show greater tunneling, on the basis of distance
268. Removal of the steric bulk of the valine methyl groups (j.e. ground state) considerations alone. Clearly, other factors

at position 203 may also provide the cofactor with additional ¢contribute to the reduced tunneling observed in the double
freedom to rotate about the C-glycosidic bond into the syn mutant.

Addition of steric bulk at position 93 in the FO3W mutants
may also destabilize one of the three adjacent carboxamide

2 Using LADH numbering.
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enzyme hydrogen bonds required to preserve the closedto be sterically incompatible with further narrowing of the
active conformation. Both the F93Wand V203A/FO3W- interdomain cleft (above).

NAD complexes show close steric contacts between the large  Thus, the V203A/F93W double mutation potentially (a)
Trp® residue, the nicotinamide carboxamide oxygen, and its destabilizes formation of the closed conformation of the
main chain amide proton donor of residue 317 (Figure 3). enzyme, (b) perturbs the catalytic geometry in the closed
Ab initio calculations indicate that these contacts destabilize conformation, and (c) inhibits vibrationally induced enhance-
the backbonecarboxamide bond. This is apparently nota ment of catalysis. The double mutant shows a 75-fold
severe limitation in the FO3W single mutant, which maintains reduction in catalytic efficiency relative to that of the native
a catalytic efficiency approximately half that of the wild type  enzyme, and reduced tunneling relative to that of either single
enzyme. Although hydrogen tunneling in FO3W is more mutant (). Mutations at the domain interface clearly
pronounced than that observed in all but one of the active produce subtle changes in the static ground state catalytic
site mutants examined, it is very likely reduced relative to geometry, and may perturb the dynamic behavior of the
that in the native enzymer). enzyme as well. Additional studies will test these hypoth-
In the V203A/F93W double mutant, the removal of steric eses.
bulk at position 203 may also allow the nicotinamide end of
the cofactor increased flexibility in adopting an alternative ACKNOWLEDGMENT
syn conformation. A similar effect is observed kinetically
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