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ABSTRACT: Rat liver 3x-hydroxysteroid dehydrogenasex(BISD), an alde-keto reductase, binds NADP

in an extended@nti-conformation across amuf3)s-barrel. The orientation of the nicotinamide ring, which
permits stereospecific transfer of theoro-Rhydride from NAD(P)H to substrate, is achieved by hydrogen
bonds formed between the C3-carboxamide of the nicotinamide ring and Ser 166, Asn 167, and GIn 190
and bys-stacking between this ring and Tyr 216. These residues were mutated to yield S166A, N167A,
Q190A, and Y216S. In these mutanksNAPPH) increased by 211-fold but without a significant change

in KNAPH) | Steady-state kinetic parameters showed KgdtAPP" increased 13151-fold, and this was
accompanied by comparable decreasésiiK,VAPP". By contrastK,VAP" increased 4 8-fold, but changes

in kea/ KnVAP* were more dramatic and ranged from 23- to 930-fold. Corresponding changes in binding
energies indicated that each residue contributed equally to the binding of NADP(H) in the ground and
transition states. However, the same residues stabilized the binding of NAD(H) only in the transition
state. These observations suggest that different modes of binding exist for NADP(H) and NAD(H).
Importantly, these modes were revealed by mutating residues in the nicotinamide pocket indicating that
direct interactions with the'zhosphate in the adenine mononucleotide is not the sole determinant of
cofactor preference. The single mutations were unable to invert or racemize the stereochemistry of hydride
transfer even though the nicotinamide pocket can accommodateabtittand synconformers once the
necessary hydrogen bonds are eliminated. Whpro-R-[*H]NADH was used to monitor incorporation

into [*C]-5a-dihydrotestosterone, a decrease in3He*C ratio was observed in the mutants relative to
wild-type enzyme reflecting a pronounced primary kinetic isotope effect. This observation coupled with
the change in the binding energy for NAD(P)(H) in the transition state suggests that these mutants have
altered the reaction trajectory for hydride transfer.

Hydroxysteroid dehydrogenases (HSDs) play pivotal roles this family, the nicotinamide ring lies in an extendsgh
in the biosynthesis and inactivation of all steroid hormones. conformation with respect to the ribose ring and 4hgro-S
They belong to two protein families: the short-chain hydrogen is transferred to the substrate. Crystallographic
dehydrogenases/reductases (SDRs) and the-&kto re- studies of SDRs bound with NADindicate that the enzyme
ductases (AKRs). Members of both families use nicotinamide forms one or two hydrogen bonds with the C3-carboxamide
cofactors for the stereospecific oxidoreduction of steroid group to lock the orientation of the nicotinamide ring in
hormones but possess structurally different binding domains position @, 3). By contrast, AKRs are monomeric and have
for the cofactor. SDRs are multimeric and contain a an @/f)s-barrel motif @, 5). The nicotinamide ring adopts
Rossmann fold for binding the nucleotide cofactiy. (In ananti-conformation, and the enzyme catalyzes the transfer

of the 4-pro-R hydrogen to the substraté-+9).
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these residues suggested that they contributed toward binding
NADP(H) in both the ground state and the transition state.
However, the same residues contributed toward binding
NAD(H) in the transition state only. These findings suggest
that different binding modes exist for NADP(H) and NAD-
(H) and that these modes are revealed by mutating residues
that surround the nicotinamide (headgroup) as opposed to
the 2-AMP (tail group). These point mutations were insuf-
ficient to either invert or racemize the stereochemistry of
hydride transfer even though the nicotinamide pocket can
accommodate botlanti- and synconformations once the
hydrogen bonds are eliminated. However, stereospecific
transfer of the4-pro-R tritide was reduced reflecting a
pronounced primary kinetic isotope effect. This isotope effect
and the change in transition-state binding energy for NAD-
(P)(H) observed in the mutants suggest that the reaction
trajectory has been altered.

EXPERIMENTAL PROCEDURES

. 1 Atomic interactions bet the nicotinamide d Materials. The primers used for PCR-based site-directed
FIGURE 1. Alomic Interactions between the nicolinamide ring and  mytagenesis were synthesized by Gibco BRL. Goat anti-
22n?g|]g)'(ng7§’_00ket residues in thax31SD-NADP™testosterone rabbit 1gG-horseradish peroxidase conjugate and 4-chloro-
1-naphthol were purchased from BioRad. The polyclonal

Members of the AKR superfamily, such as human aldose rabbit anti-rat 8-HSD antiserum has been describ@@)(
reductase, aldehyde reductase;t8SD, 173-HSD, and 2@- NAD(H) and NADP(H) were purchased from Boehringer-
HSD, share more than 45% amino acid sequence identityMannheim. Deuterated ethanol (ethadgl-99% D atom
(12—16). Most AKRs exhibit specificity toward NADP(H),  excess) was purchased from Cambridge Isotope Laboratories.
whereas 8-HSD displays dual pyridine nucleotide specific- All unradiolabeled steroids were obtained from Steraloids.
ity and is able to use either NADP(H) or NAD(H) for the Radiolabeled [#H]NAD* (250 «Ci/mmol) was purchased
oxidoreduction of steroids. The amino acid residues that bind from Amersham Pharmacia BiotecK¢]-50-DHT (50 mCi/
the nicotinamide cofactor are virtually identical in all known mmol) was obtained from NEN DuPont. Whatman DE-52
AKRs (5). In the 3x-HSD-NADP* binary complex structure,  was from Baxter; Sepharose-Blue, Sephadex G100, Poly-
there are 14 residues that directly contact NAQP). The buffer 74, and PBE 94 were purchased from Pharmacia
nicotinamide ring (or headgroup) formsrestacking interac-  Biotech. Centriplus 10 concentrators were from Amicon, Inc.
tion with the side chain of Tyr 216 at the core of the barrel Yeast alcohol dehydrogenase (430 units/mg),3MBD (35
and is oriented to maintain its stereochemistry by a network unit/mg) fromP. testosteronip-glyceraldehyde-3-phosphate
of three hydrogen bonds between the C3-carboxamide groupdehydrogenase (120 units/mg) from rabbit muscle, and yeast
and the side chains of Ser 166, Asn 167, and GIn 190 (Figure3-phosphoglyceric phosphokinase (1600 units/mg) were
1 shows the interactions in thee3HSD-NADP*-testosterone  obtained from Sigma-Aldrich. NADP specific alcohol
complex). These interactions permipro-Rhydride transfer ~ dehydrogenase frorh. mesenteroidewas purchased from
from the A-face of the pyridine nucleotide cofactor to the Research Plus, Inc. All other compounds were ACS grade
p-face of the steroid substrate, and as a resultahi- or better.
antiperiplanar 1,4-dihydronicotinamide ring in NADPH is Mutagenesis, Expression, and Purification of Recombinant
oxidized to the planar form. Theé-phosphate group on the  Wild-Type and Mutant@HSDs.The pKK-3a-HSD expres-
AMP moiety (or tail group) of NADP forms a hydrogen  sion vector and details of the PCR-based site-directed
bond and a salt bridge with Ser 271 and Arg 276, respectively mutagenesis protocols have been previously descri®iBd (
(7). Mutagenesis studies with other AKRs have examined The forward and reverse primers used to produce the S166A,
the roles of amino acids that contact thed®1P moiety (L7— N167A, Q190A, and Y216S mutants are listed below,
19) and indicate that the salt bridge that forms between the respectively: 5dCTATTGGGGTGGCCAACTTTAACTG-
enzyme and the'phosphate of the AMP moiety is a major 3, 5-dCAGTTAAAGTTGGCCACCCCAATAG-3; 5'-dT-
reason most AKRs prefer NADP(H) over NAD(H). How- TGGGGTGTCCGCCTTTAACTGCAG-35-dCTGCAGTT-
ever, no systematic studies have been performed to elucidattAAAGGCGGACACCCCAA-3; 5-TGTGTGCAACGCA-
the roles of the residues that bind the nicotinamide ring GTGGAATGTCA-3, 5-dTGACATTCCACTGCGTTGCA-
(headgroup) of the dinucleotide in either AKRs or SDRs. CACA-3; 5-dTTCTGGTTTCCTCCTGCACGCTGGG-3

In this work, we used site-directed mutagenesis to inves- 5-dCCCAGCGTGCAGGAGGAAACCAGAA-3 The un-
tigate the roles of Ser 166, Asn 167, Gln 190, and Tyr 216 derlined bases indicate the mutated codons. The flanking
which are thought to be important in binding the nicotinamide forward and reverse primers weredCCGGCTCGTATAAT-
ring of the cofactor, based on the crystal structure of the GTGTGGA-3 and 3-dCAGACCGCTTCTGCGTTCT-3
3a-HSD-NADP complex {7). The effect of mutating these  The mutants were generated by two rounds of PERZ2).
residues on dissociation constants and steady-state kineticThe first round of PCR used the mutated primers and the
parameters was different for NADP(H) as compared to that flanking primers to generate the fragment containing the point
for NAD(H). Changes in the binding energies on mutating mutations at either the' ®r 3 end. Then the second round
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of PCR was used to amplify the mutants with the flanking observing the rate of change in absorbance of pyridine
primers after annealing the first-round PCR products together.nucleotide at 340 nme(= 6270 Mt cm™2) in 1-mL systems
The final PCR products were ligated into the pKIE-BISD at 25°C using a 1-cm path length cuvette. The steady-state
expression vector lacking the mutated fragment. Dideoxy- kinetic parameters for androsterone oxidation were deter-
sequencing ensured fidelity of the mutant constructs. The mined with varied steroid concentration (+%5.0 uM
mutant expression vectors were used to transform competenandrosterone at 2.3 mM NAD(P)and for androstanedione
E. coli DH5a cells, and the overexpressed proteins were reduction with varied steroid concentration (63 uM
purified as described@) with the exception of the N167A  androstanedione at 18M NAD(P)H). The kinetic param-
mutant. eters for NAD(PJ reduction were determined at 78M
The N167A mutant was purified via a similar protocol, androsterone by varying the NAD(Pgoncentrations (170
except chromatofocusing (PBE 94) and gel filtration (G-100) 2300 uM NAD™ and 2.6-2300 uM NADP') and for
chromatography steps were introduced between the DE-52NAD(P)H oxidation at 3%M androstanedione with varying
cellulose column and Sepharose-Blue column to remove NAD(P)H concentrations (3:5180 uM NADH and 0.5~
contaminating proteins. In this method, proteins eluted from 180 uM NADPH). Oxidation reactions were performed in
the DE-52 column were dialyzed overnight in buffer A (25 100 mM potassium phosphate buffer, pH 7.0, and the
mM imidazole/HCI buffer, pH 7.4, containing 1 mM EDTA, reduction reactions were performed in 100 mM potassium
1 mM S-mercaptoethanol, 20% glycerol) and then loaded phosphate buffer, pH 6.0. All reactions were initiated by the
onto the PBE 94 column. After equilibration with £Q5 addition of enzyme. Calculation &, andK, values used
bed volumes of buffer A, the protein was eluted with buffer the ENZFITTER nonlinear regression analysis program to
B (mixture of 1 volume of Polybuffer 74/HCI, pH 5.0, with  fit untransformed data with a hyperbolic function, as orig-
8 volumes of 20% glycerol containing 1 mM EDTA, 1 mM inally described by Wilkinson2), yielding estimates of the
B-mercaptoethanol). Purity of the eluted protein was checkedkinetic constants and the associated standard errors.
by SDS-PAGE, and the desired fractions were collected and Molecular Modeling Studies to Accommodate the syn-
dialyzed overnight in buffer C (25 mM potassium phosphate Conformation of NADP. Molecular modeling studies were
buffer, pH 7.0, containing 1 mM EDTA, 1 mM-mercap- performed on a Silicon Graphics Indy workstation by
toethanol, 20% glycerol). Protein was then loaded on a utilizing the program QUANTA (Molecular Simulations,
Sephadex G100 column and eluted with buffer C. The protein Inc.). The rat liver 8-HSD-NADP*-testosterone complex
was concentrated using the Centriplus 10 concentrators,was used as the starting structure (1AFS, PDB fi&).(In
dialyzed overnight against buffer D (10 mM potassium this structure, the nicotinamide ring is in anti-conformation
phosphate buffer, pH 7.0, containing 1 mM EDTA, 1 mM so that the A-face of the ring lies toward tfiface of the
p-mercaptoethanol, 20% glycerol), and further purified by steroid to permitd-pro-R hydride transfer (Figure 1). To
Sepharose-Blue chromatography. determine whether the structure could accommodate the
SDS-PAGE was used to assess final protein purity, and nicotinamide ring in theynconformation and perm#-pro-S
protein concentration was determined by the method of hydride transfer, the hydrogen bonds between the carbox-
Lowry (23). Immunoblots confirmed the identity of all amide group and residues Ser 166, Asn 167, and GIn 190
expressed proteins using a 1:1000 dilution of the polyclonal were eliminated and the nicotinamide ring with then
rabbit anti-rat &-HSD sera 71535 24). Homogeneous conformation was docked into the site.
mutant enzymes were stored -aB0 °C. Enzyme activity Synthesis of 4-pro-R- and 4-pro-84|NADH. The ste-
was monitored using a standard assay system containing 10@eospecifically labeled4-pro-R- and 4-pro-S{*H]NADH
mM potassium phosphate buffer, pH 7.0, 2.3 mM were synthesized enzymically from P#INAD* by the
NAD(P)*, and 75uM androsterone with 4% acetonitrile as method of Leowus et al28,29) and Askonas et al9f with
cosolvent. minor modifications. Thet-pro-S[*H]NADH was synthe-
Determination of K Values for NAD(H) and NADP(H)  sized using yeast alcohol dehydrogenase to catalyze the
by Fluorescence TitratianKy values for the binding of  stereospecific oxidation of ethanol using J#INAD* as
cofactors to recombinant wild-type and the mutant enzymes cofactor. The system contained 20 mM sodium pyrophos-
were determined by measuring protein fluorescence on aphate buffer, pH 10.0, 2% (v/v) ethanol, 18¥ unlabeled
Perkin-Elmer 650-10S spectrofluorometer following the NAD™, and 0.5uM [4-3H]NAD™* (2 uCi/nMol), and the
incremental addition of NAD(H) (35300 x«M) and reaction was initiated by adding yeast alcohol dehydrogenase.
NADP(H) (80 nM—4.0 uM). Each 1-mL sample contained The reaction mixture was then lyophilized. Thepro-R
0.5uM protein in 10 or 100 mM potassium phosphate, pH [*H]NADH was synthesized using glyceraldehyde-3-phos-
7.0 [NAD(P)"] or pH 6.0 [NAD(P)H] buffer at 25°C. The phate dehydrogenase to catalyze the stereospecific oxidation
total volume change from addition of cofactors was less than of glyceraldehyde-3-phosphate using®M}NAD * as cofac-
2%. The samples were excited at 290 nm with fluorescencetor. The system contained 100 mM Tris/HCI buffer, pH 8.0,
emission scanned from 300 to 500 nm at 120 nm/min with freshly hydrolyzedoL-glyceraldehyde-3-phosphate diethyl
excitation and emission band-pass each set at 5 nm. Un-acetal (7.3 mM), 1 mM adenosiné-&iphosphate (ADP), 3.3
transformed fluorescence data were plotted as percent changemM cysteine/HCI, 20 mM KHPQ,, 2% (v/v) acetonitrile,
in fluorescence at emissiohmax (YAF) versus cofactor 330 uM unlabeled NAD, and 0.5uM [4-°H]NAD™*, and
concentration. Fitting of these data to a saturation absorptionthe reaction was initiated by adding both 3-phosphoglyceric
isotherm by ENZFITTER provided an estimate of tKe phosphokinase and glyceraldehyde-3-phosphate dehydroge-
and the associated standard err@$).( nase. The final product was loaded on a DE-52 cellulose
Steady-State Enzyme Kinetickitial velocities were column, equilibrated with 10 mM Tris/HCI buffer, pH 8.0,
measured in a Beckman DU-640 spectrophotometer byand then eluted with the same buffer containing 50 mM
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NaCl. _The fracFions_V\_/ith the highest absorbancg_ at 340 nm Table 1: Purification of Recombinantt3HSD and Its Nicotinamide
and tritium radioactivity were pooled and lyophilized. The pocket Mutants
final product was redissolved in 10 mM potassium phosphate

total vol total activity total prot specific activity purifn yield

buffer, pH 6.0. In each case the specific radioactivity was (mL)  (umol/min)  (mg) (umol/min/mg) factor (%)
calculated by measuring the absorbance at 340 nm using Recombinant wt 8-HSD
€ = 6270 Mlcm™® and by counting an aliquot of the sonicate 63 156.3 12827 0.12 1 100
radiolabeled cofactor. DEggﬁu,ose 14 545 844 0.65 53 349
Stereospecificity of Hydride Transfdthe stereospecificity ~ Blue- 7.5 49.6 321 155 127 317
. Sepharose
of hydride transfer catalyzed by the mutant enzymes was S166A
determined using stereospecifically radiolabeled cofactors asg,icate 55 73 1432.6 0.005 1 100
hydride donors and'{C]-5a-DHT as the hydride acceptor. DE-Sﬁ | 17 3.5 104.9 0.03 6.6 47.8
A 3-mL reaction system was used with 75/ ['“C]-50.- cellulose
- 4.8 3.1 32.5 0.10 189 42.8
DHT (3.5 x 10° cpm/nmol) as substrate and 1801 [H]- Sepharose
NADH (1—1.8 x 10* cpm/nmol) as cofactor. The reaction Q190A
was initiated by addition of either the wild-type or mutant sonicate 68 49  1869.0 0.003 1 100
enzyme and was quenched when no more absorbance chand&22 = 1° 41 1088 004 142 824
was observed. The steroid product was extracted with water-Biue- 6.0 3.3 40.6 0.08 30.3 659
saturated ethyl acetate (8 2 mL), vacuum-dried, and Sepharose
redissolved in 0.1 mL of methanol. The radioactive steroid . 6o - Y2161'>z_)37 . 003 L 100
was applied to 20x 20-cm thin layer chromatography plates 5r'sy g 335 25 oar 159 704
(Whatman Inc.) and developed in toluene:ethyl acetate (3: cellulose
1, viv) (30). Wild-type 3-HSD was used as a positive B'“gépharose 6.1 306 87.9 0.81 264 651

control for4-pro-Rhydride transfer and the 3/g#ydroxy-
steroid dehydrogenase froi. testosteroniwas used as
positive control ford-pro-Shydride transfer.

Synthesis and Purification of 4-pro-R-NADPB-pro-R-
NADPD was synthesized by the method of Viola et 8IL)(
with the following modifications. The reaction was per-
formed in 10 mM sodium pyrophosphate, pH 10.0 af25
with excess deuterated ethanol and 1 mM NADs shown).

cofactor, using NADP-specific L. mesenteroideslcohol Determination of Dissociation Constants for Cofactors in
dehydrogenase. The reaction was followed to completion by yhe Muytants3a-HSD displays an ordered kinetic mechanism
monitoring the change in absorbance at 340 nm. The reactiony, \vhich pyridine nucleotide binds first and leaves et (
mixture was then subjected to anion-exchange chromatog-as 5 result the formation of the binary complexes
ra_phy on a Whatman DE-52 column, equilibrated in 50 mM E-NAD(P)H and ENAD(P)*, can be measured by titrating
Tris-HCl, pH 8.0, and eluted using a gradient of 50 MM 6 inrinsic protein fluorescence upon the incremental
Tris-HCI, pH 8.0, to 500 mM Tris-HCl, pH 8.0. The purity  4qgition of cofactor. To compare thé values obtained for

of the eluted NADPD was determined on the basi®@ll e wild-type and mutant enzymes directly with steady-state
Asao (2.3 or less), and thelconc_(lentranon was calculated usingyinetic parameters, all measurements were performed in the
Aaao, With €340 = 6270 M cm™, same buffer used for steady-state kinetics (Table 2). Under
these conditions the S166A, Q190A, and Y216S mutants
exhibited a 2-10-fold increase in th&NPPH and a 4-11-

Expression and Purification of Recombinant Wild-Type fold increase in th&N*OP" versus wild-type enzyme. With
and Mutant 3--HSDs.Wild-type 3-HSD and the S166A, poth cofacto.rs., Y216S mutant exhibited the Iarge_st increase
N167A, Q190A, and Y216S mutants were overexpressed iniN Ka. Surprisingly, theK*°® was unchanged in these
E. coli DH5a. cells and purified to homogeneity (Table 1). Mutants.

The mutant enzymes gave single bands~&7 kDa on Steady-State Kinetic Properties of the Mutarseady-
SDS-PAGE, which were immunoreactive with rabbit anti- state kinetic properties of the recombinant enzyme and the
rat 30-HSD antiserum upon Western blot analysis. The three mutants S166A, Q190A, and Y216S were compared
specific activities for androsterone oxidation were 1.55, using NAD(P) as the cofactor and androsterone as substrate
0.096, and 0.08@mol/min/mg for recombinant wild-type in the oxidation direction and NAD(P)H as the cofactor and
enzyme, S166A, and Q190A, respectively, with NABS androstanedione as the substrate in the reduction direction
cofactor. The specific activity of Y216S was 0.8mol/min/ (Table 3). N167A exhibited no detectable rate in either
mg with NADP' as cofactor. NADP was used in this case, direction under the conditions of this spectrophotometric
as the activity of Y216S was undetectable with NARII assay. The remaining mutants had profound effects on the
proteins were obtained in high yield except the N167A steady-state kinetic parameters, and the most pronounced
mutant, which was expressed poorly and could not be effects were seen when NAD(H) was used.

purified without the additional steps of chromatofocusing and K NAPP" increased 13151-fold in the mutants, and this
gel filtration chromatography. Purified N167A was obtained change was reflected by a comparable decreask.ih

in low yield, and three preparations gave a total of 3.5 mg K,NAPP*, The similar changes ik, andk../K, observed in

of protein; the catalytic activity of this mutant toward steroid these mutants suggest that their predominant effect is on

a Activity measurements were performed under standard assay
conditions of 100 mM potassium phosphate, pH 7.0, containing either
2.3 mM NAD" (wild-type, S166A, and Q190A) or 2.3 mM NADP
(Y216S), 75uM androsterone, and 4% acetonitrile at 5.

was extremely poor and could only be detected by using a
radiometric assay with*{C]-5a-DHT as substrate (data not

RESULTS
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Table 2: Ky Values of Cofactors for @HSD and Its Mutants Determined by Fluorescence Titration
recombinant recombinant
nucleotide wt 3a-HSD? (uM)  wt 3a-HSD M)  S166A «M) S166A/wt QI190A M) QI190A/wt  Y216S M)  Y216S/wt
NADPH 0.2+ 0.01 0.4+ 0.02 1.0+0.1 2.3 1.5+0.1 3.6 42405 10.0
NADP* 0.4+£0.01 0.9+0.1 3.6+0.1 4.2 7.0£1.6 8.2 9.3 3.3 10.9
NADH 182+ 28 120+ 7 104+ 5 0.9 107+ 5 0.9 139+ 9 1.2
NAD* 212425 174+ 17 124+ 13 0.7 1714+ 10 1.0 1314+ 3 0.8

a All fluorescence titration measurements were performed in 100 mM potassium phosphate, pH 7.0, except column 1 which was performed in
10 mM potassium phosphate, pH 7.0, and these values were in accord with those previously régprted (

Table 3: Kinetic Comparison of Nicotinamide Pocket Mutants
Using NADP(H) as Cofactér

Table 4: Kinetic Comparison of Nicotinamide Pocket Mutants
Using NAD(H) as Cofactdr

recombinant

recombinant

substrate wt 30-HSD  S166A/wt Q190A/wt Y216S/wt substrate wt 30-HSD  S166A/wt  Q190A/wt Y216S/wt

androsterone androsterone

Keat (Min~2) 39.0+1.2 2.4 3.8 2.0 Keat (Min~1) 98.1+ 8.5 0.2 0.2 0.01

Km (M) 41+05 4.2 8.7 24.1 Km (uM) 44.1+7.8 1.3 35 8.7

KeafKim (Min—1 M2 9.5 0.6 0.4 0.08 KeafKm (Min1uM-2) 2.2 0.1 0.05 0.001
NADP* NAD*

Keat (Min~1) 43.7+0.1 1.6 2.1 1.08 Keat (Min—1) 76.4+ 4.1 0.2 0.2 0.01

Km (uM) 524+0.6 13.3 40.6 151.5 Km (uM) 821+ 124 5.6 4.0 7.9

KealKm (Min=1 uM~1) 8.4 0.1 0.05 0.01 KealKm (Min=1 uM~1) 0.09 0.04 0.03 0.001
androstanedione androstanedione

Keat (Min~1) 33.5+3.7 1.2 0.6 0.06 Keat (Min—1) 18.64+0.2 0.5 0.2 ND

Km (M) 3.9+ 0.6 1.1 1.6 1.1 Km (uM) 3.9+0.6 15.2 30.4 ND

Keal Km (Min~t uM~1) 8.6 1.2 0.4 0.05 KealKm (Min~tuM~1) 4.8 0.03 0.01 ND
NADPH NADH

Keat (Min~1) 47.3+55 0.8 0.6 0.04 Keat (Min—1) 23.3+15 0.2 0.1 ND

Km (uM) 22+08 2.2 8.1 4.9 Km (uM) 31.2+ 4.6 5.7 10.7 ND

KealKm (Min1uM-1) 215 0.4 0.1 0.01 KealKm (Min1uM-2) 0.7 0.04 0.01 ND

a All activity measurements were performed in a 1-mL system at 25

a All activity measurements were performed in a 1-mL system at 25

°C, and rates were determined by measuring the change in absorbancéC, and rates were determined by measuring the change in absorbance
of pyridine nucleotide at 340 nm; see details under Experimental of pyridine nucleotide at 340 nm; see details under Experimental
Procedures. ND, not detectable. Procedures. ND, not detectable.

cofactorK, (Table 3). The effects on the kinetic parameters (DD4) (19) and support the observation that these enzymes

for androsterone were less dramatic: kaeof androsterone
increased 4 24-fold and thek., increased 24-fold resulting

in catalytic efficiencies that were decreased by oniy12-
fold. In the reduction direction, the mutants displayed
minimal effects on th&,, and k.o values for NADPH and

bind NADP(H) tighter than NAD(H). When NADPH was
used as cofactor, mutations of Ser 166, GIn 190, and Tyr
216 led to a loss of 0:51.3 kcal/mol in ground-state binding
energy and 0.62.7 kcal/mol in transition-state binding
energy. When NADPwas used as cofactor, these mutations

androstanedione, the exception being the Y216S mutant forled to a loss of 0.81.4 kcal/mol in ground-state binding

which k.,"APPH decreased by 17-fold.

By contrast,K,NAP* only increased 48-fold, but Key
values decreased403-fold, resulting in changes in catalytic
efficiency of 23-930-fold (Table 4). Thus the predominant
effect of these mutants is dg.. For the substrate andros-
terone, the effects o, values were relatively modest and
the decreases ik./Kn were primarily due to the decreases
in keae In the reduction directioko"*PH and Kk @ndrostanedione
decreased by-214-fold for the S166A and Q190A mutants
andKNAPH andK androstanedionncreased by similar amounts.

Changes in Cofactor Binding Energy in the Mutanige

energy and 1.22.9 kcal/mol in transition-state binding
energy. These data indicated that of the three residues, Tyr
216 contributed the greatest to the cofactor binding energy
in both the ground and transition states. When NAD(H) was
used as cofactor, the contributions toward the ground-state
binding energy from Ser 166, GIn 190, and Tyr 216 were
minimal. However, all three residues contributed significantly
toward the transition-state binding energy, with changes in
energy varying from 1.8 to 4.0 kcal/mol.

Examination of the Stereospecificity of Hydride Transfer
in the MutantsIn 3a-HSD, the nicotinamide ring adopts an

also investigated the role of these mutants in disrupting the anti-conformation with respect to the ribose ring. This

binding interactions between the enzyme and cofa@ay (
33) (Table 5). The contribution to ground-state binding
energy was determined by the equatidRkAG, = —RT In-
[(Kg)wt!(Kg)mud. The contribution to transition-state binding
energy was calculated from the equatiohAGy,™ = RTIn-
[(Keal Kt/ (Keal Km)mud - We found that the wild-type@HSD
contributes 3.1 kcal/mol more toward binding NADP(H) as
compared to NAD(H), most of which are likely due to the
electrostatic link between Arg 276 and théphosphate
group on the AMP moiety of NADP(H)34). TheseAAG,

conformation is dictated by hydrogen bonds formed between
the enzyme and the C3-carboxamide group. Modeling studies
indicated that if the hydrogen bonds were eliminatexyia
conformation could also be accommodated at the active site.
To examine the roles of the mutated residues in maintaining
the stereochemistry of hydride transfer, we synthesized
stereospecifically labeled-pro-R{*H]NADH and 4-pro-S-
[BHJNADH and used them as hydride donors for the
reduction of }*C]-50-DHT (Table 6). When4-pro-R{3H]-
NADH was used as the hydride donor, f&4C ratio was

values are also similar to those obtained for human aldose4.1 for wild-type 3-HSD and decreased by 50% in the

reductase 21) and human dihydrodiol dehydrogenase 4

mutants suggesting that a decrease in the incorporation of
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Table 5: Effects of Mutants on Cofactor Binding Energy m-BSD?

rwt 3a-HSD — S166A rwt 3x-HSD — Q190A rwt 3-HSD— Y216S
modification  AAGy (kcal/mol)  AAGy™ (kcal/mol)  AAG (kcal/mol)  AAGy™ (kcal/mol)  AAGy, (kcal/mol)  AAGy™ (kcal/mol)
NADPH 0.5 0.6 0.8 1.5 1.3 2.7
NADP* 0.8 1.2 1.3 1.8 14 2.9
NADH —-0.1 1.9 -0.1 2.9 0.1 -
NAD* -0.2 1.8 —0.01 2.0 -0.2 4.0

arwt 3a-HSD, recombinant wt&HSD; AAG, = —RTIN[(Ka)w/(Kg)mud and AAGy™ = RTIN[(Kead Km)wt/ (Keal Km)mud, WhereR is the gas constant
andT is temperature in Kelvins.

Table 6: Stereochemistry of Hydride Transfer Catalyzed by the NADP"testosterone complex indicates that the aromatic ring

Mutants Using JH]-4-pro-R-and PH]-4-pro-SNADH of Tyr 216 is involved in ar-stacking interaction with the
R— nicotinamide ring. The formation of three hydrogen bonds
. e between Ser 166, Asn 167, and GIn 190 with the C3-

wo e aaa carboxamide substitutent of the pyridine ring of NADP
o Sec é/ O{\O\C \ﬁ/ maintains theanti-conformation necessary for the stereospe-

) &n, PRV, cific transfer of the4-pro-R hydrogen to the 3-ketosteroid

<3H (7). Our site-directed mutagenesis studies on these residues

Tn,
s OH
nk)ﬁ“\qm‘ showed that they played an important role in binding
or HNoC O Lor NADP(H) but not NAD(H) in the ground state.

Mutation of Asn 167 resulted in the most impaired

Anti-antiperiplanar Syn-antiperiplanar enzyme, and its catalytic activity could only be detected by
. . wt  recombinant a radiometric assay. The remaining mutant enzymes (Y216S,
reactions ratio_3f-HSD wt3a-HSD S166A Q190A ¥216S  (3190A, and S166A) exhibited decreased binding affinity for
4-pro-R[BHINADH 3H:4C  ND 41 24 23 19 11 in bindi
Ao SPHINADH SHAC  12.4 o6 56 o2 O NADP(H) by 2—11-fold (Table 2). The changes in binding

— : : : energy were consistent with the role of Tyr 216wstacking

#H:1C ratio in steroid product at the completion of the reactions. 5nd the contribution of hydrogen bonds from the remaining

two residues (Table 5). The increaseKinobserved were
4-pro-Rtritium had occurred. Whe#-pro-Sf*H]NADH was also reflected in the steady-state kinetic parameters for
used as hydride donor, th#d:1“C ratio was 12.4 in the ~ NADP'. These mutations led to corresponding increases in
positive control (3/13-HSD reactions) and 0.6 in the KVAP"" and the decrease ik./Km could be explained
negative control (8-HSD reactions) confirming that the predominantly by the change li,. Significantly, the impact
incorporation of the4-pro-R hydrogen is more than 95%  on K,"PP™ was much larger than oli,,VAPPH. This differ-
stereoselective. Previous studies have estimaethce ence may arise due to the fact that the nicotinamide ring of
hydride transfer to be better than 98% stereoselective in NADP* is more planar than that of NADPH and the binding
A-face specific dehydrogenase&8). When the mutants were  pocket may prefer to accommodate this conformation over
substituted, the’H:*“C ratios did not increase above the the boat-shaped conformation of the reduced cofactor. These
negative control, which suggests that there was no increasenutants did not affeckKy values of NAD(H), and changes
in the incorporation of thé-pro-Shydrogen into J*C]-5a.- in KnNAPH) were small. However, the effect dga/Kny, was
DHT in the mutants. Thus the decrease in tHe'“C ratio dramatic, indicating that the chemical step was affected in
catalyzed by the mutants is not a reflection of an inversion each mutant. Our findings suggest that these residues are
of stereochemistry but more likely reflects a primary kinetic important for maintaining transition-state binding energy.
isotope effect on hydride transfer. This hypothesis was  pifferences in the Binding Modes of NADP(H) and
supported by determining the primary kinetic isotope effect NAD(H). Several observations suggest that the binding modes
in wild-type 3u-HSD and the mutant Q190A usidgpro-  for NADP(H) and NAD(H) are different. First, mutations in
RNADPD, in which the®kea/Kpy of wild-type 3o-HSD was  the Ser 166, GIn 190, and Tyr 216, residues known to have
0.8 for androstanedione but was 1.6 in mutant Q198%).(  jmportant interactions with NADP(H), have no effect on
For an ordered bi-bi reactioks/Kn, reflects the b|r_1d|ng and g MO (Table 2). Second, changes in the steady-state kinetic
release of the second substrate and the chemical 36p ( parameters indicate that while these mutations predominantly
affectK,NAPP*, the effect is less dramatic d,VAP", while

DISCUSSION profound effects were observedkg/KNP* (Tables 3 and

In this paper, we report the first systematic studies 4). The effect on catalytic efficiency is likely to reflect
examining the role of conserved residues in AKRs that are changes in the chemical step. This is borne out by a
involved in binding the nicotinamide ring (headgroup) of calculation of the change in free energies associated with
the dinucleotide NAD(P)(H). Our data show that these the binding of NAD(P)(H) in the ground and transition states
residues contribute to the high-affinity binding for NADP- in the various mutants. These results show that while the
(H) but do not influence the binding of NAD(H), whereas binding of NADP(H) is adversely affected in both the ground
the reaction trajectory with both cofactors is defined by these and transition states, the binding of NAD(H) is adversely
residues. affected only in the transition state. Thus these mutants only

Nicotinamide Binding Residues Play Important Roles in affect the binding of cofactor in the actual bond-breaking
Cofactor Binding The crystal structure of theaBHSD- and bond-forming events. This would suggest that the binding
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of NAD(H) to 3a-HSD in the ground state is different from  while the mutants decreased th&4C ratio with the4-pro-

that of NADP(H) (Table 5). Third, previous fluorescence R-labeled cofactors, there was no concomitant increase in
stopped-flow studies have shown that while the binding of the3H:'4C ratio with the4-pro-Slabeled cofactors. The likely
NADPH is explained by a two-step model in which a loose explanation is that the decrease in the'“C ratio reflects a
complex, ENADP(H), isomerizes to a tight complex,E  primary isotope effect in the reactions catalyzed by these
*NADP(H), measured as a fluorescence kinetic transient, no mutants. This was examined by measuremefkgfK, for
such transient was observed with NAD(EYY. Further, that  wild-type enzyme (0.8) and measurement®&f./Kn, for
work showed that the kinetic transient had an obligatory Q190A mutant (1.6) using-pro-RNADPD (35). Although
requirement for the formation of an electrostatic linkage these data were generated with NADPD and the stereochem-
between Arg 276 and the-phosphate group of NADPH. istry of hydride transfer was defined with NADH, the
This interaction is not possible with NAD(HB4). These comparison is valid since we have shown that the nicotin-
data together provide compelling evidence for two modes amide pocket mutants affect the transition-state binding of
of cofactor binding with 8-HSD and that the head residues both NADPH and NADH.

contribute to these differences. Importance of Head and Tail Binding Residu&sudies
Influence of Nicotinamide Pocket Mutants qg.lBo-HSD in AKRs have shown that many of these enzymes display a
has an ordered bi-bi kinetic mechanis#), (and for such a (distinct preference for NADPH due to a salt bridge between
mechanismk reflects all steps on the reaction coordinate the 2-AMP (tail group) with a conserved Arg or Lys residue.
(37). Studies on recombinant human placental aldose reduc-Qyr studies show that by mutating the nicotinamide binding
tase showed that the movement of loop B (the nucleotide residues (headgroup) two modes of cofactor binding are
clamping loop) is the overall rate-limiting step, and stopped- revealed. Thus, the interaction betweerARP with the
flow studies indicated that the ENADP(H) — E-NADP- conserved Arg or Lys is not the sole determinant of cofactor
(H) isomerization event, prior to release of cofactor, was the binding preference. This is supported by studies with the
slowest step38). However, similar stopped-flow studies in  R276M mutant of &-HSD, in which the salt bridge between
3a-HSD showed that all events associated with cofactor Arg 276 and the 2phosphate of AMP is eliminated, and as
binding and release are much faster tiagp and that the 3 result the high-affinity binding for NADP(H) is decreased
E*-NADP(H) < E-NADP(H) event is not the rate-limiting  100-fold. However, these mutants still bind NADP(H) more
step overall for this enzyme. Since the binding and releasetighﬂy than NAD(H) by at least 1 order of magnitude4j.
of steroid is faster than the binding and release of cofactor, This observation suggests the critical need of the head
the chemical step would appear to be rate-limiting overall resjdues to contribute to high-affinity NADP(H) binding and
(9). Kinetic studies on nicotinamide pocket mutants indicated g supported by the changes iNAPH observed in the
that mutations altered the values kef; for NADP(H) and mutants. The residues that bind the headgroup also define
NAD(H), suggesting that the chemical step in these enzymesthe reaction trajectory in the wild-type enzyme since the
had been affected. Since all these residues are located at thgyytations affected the transition-state binding energy with
catalytic center, it is not surprising that mutating them will poth cofactors and introduced a pronounced primary kinetic
affect the conformation of the cofactor and ||kEIy alter the isotope effect. Our data also Suggest that residues without
optimal reaction trajectory3@, 40). function in ground-state binding could be recruited to play
Factors Influencing the Stereochemistry of Hydride Trans- important roles in transition-state binding. The structural basis
fer. SDRs and AKRs exhibit opposite stereospecificity of for the differences observed in binding NADRnd NAD*
hydride transfer. The question arises as to how two different by nicotinamide pocket mutants will have to wait the
enzyme superfamilies evolved to catalyze the same chemicaldetermination of the 8JAD* complex structure. Such a
reaction with the same cofactor, but with opposite stereo- complex may be difficult to obtain due to the low binding
chemistries. In 8-HSD, theanti-conformation adopted by  affinity that exists for NAD(H). The observation that residues
the nicotinamide ring is dictated by residues in the binding in the nicotinamide pocket contribute to different binding
pocket. Models of the &HSD ternary complex structure  modes for NADP(H) and NAD(H) may impact the inter-

predict that the pocket could accommodatyaconforma-  pretation of structurefunction relationships in many pyri-
tion if the hydrogen bonds provided by Ser 166, Asn 167, dine nucleotide-linked dehydrogenases.

and GIn 190 were eliminated (Figure 1). However, there are
some caveats concerning the model in which #yet ACKNOWLEDGMENT

conformation of cofactor is bound. First, there is no residue
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