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ABSTRACT: Rat liver 3x-hydroxysteroid dehydrogenasen(8iSD, E.C. 1.1.1.213, AKR1C9) is a member

of the aldo-keto reductase (AKR) superfamily which inactivates circulating steroid hormones. We have
proposed a catalytic mechanism in which Tyr 55 acts as a general acid witk italpe being lowered

by a hydrogen bond with Lys 84 which is salt-linked to Asp 50. To test this mechanism, residues at the
active site were mutated and the mutant enzymes (Y55F, Y55S, K84M, K84R, D50N, D50E, and H117A)
were purified to homogeneity from agscherichia coliexpression system. Spectrophotometric assays
showed that mutations of Tyr 55 and Lys 84 gave enzymes that were apparently inactive for steroid
oxidation and reduction. All mutants appeared inactive for steroid reduction. The catalytic efficiencies
for steroid oxidation were reduced-40-fold for the Asp 50 mutants and 300-fold for the H117A mutant.
Fluorescence titration with NADPH demonstrated that each mutant bound cofactor unimpeded. Equilibrium
dialysis indicated that the competitive inhibitor testosterone form&ABPH -testosterone complexes only

with the Y55F, Y55S, and D50N mutants with values 10-fold greater than those for wild-type. Therefore

the loss of steroid oxidoreductase activity observed for the Tyr 55 mutants cannot be attributed simply to
an inability to bind steroid. Using a highly sensitive radiometric assay in which the conversitf€pf [
5a-dihydrotestosterone (DHT) té4C]-3a-androstanediol @-Diol) was measured, the rate enhancement
(keafknonca) for the reaction was estimated to be % 6L0°. Using this assay, all mutants formed steroid
product with decreases in an overall rate enhancement’ef. It was found that Tyr 55 made the
single largest contribution to rate enhancement. This is the first instance where point mutations in the
conserved catalytic tetrad of an AKR yielded enzymes which were still catalytically active. This enabled
the construction of pH V& profiles for the reduction of{fC]-50-DHT catalyzed by the tetrad mutants.
These profiles revealed that the titratable group assigned to the general licid B0 + 0.42) was
eliminated in the Y55F and H117A mutants. The pH-independent vallgsolvas decreased in the
H117A and Y55F mutants, by 2 and 4 log units, respectively. pk.y@pp) profiles for the oxidation

of [®H]-3a-Diol showed that the same titratable grougK (& 7.50 + 0.30) was eliminated in both the
Y55F and K84M mutants but was retained in the H117A mutant. Since only the Y55F mutant eliminated
the titratable group in both the reduction and oxidation directions it is assigned as the catalytic general
acid/base. The differential effects of His 117 and Lys 84 on the ionization of Tyr 55 are explained by a
“push—pull” mechanism in which His 117 facilitates proton donation and Lys 84 facilitates proton removal
by Tyr 55.

Mammalian hydroxysteroid dehydrogenases (HSpisly inactive metabolites and regulate the occupancy and activa-
pivotal roles in the biosynthesis and inactivation of steroid tion of steroid hormone receptors. Mammalian HSDs belong
hormones. In steroid target tissues, HSDs act as molecularto two protein superfamilies: the short-chain dehydrogenase/
switches by converting potent hormones into their cognate reductases (SDR)LJ and the alde-keto reductases (AKR)

2, 3.
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involved in bile acid biosynthesislQ, 1. In contrast, REDUCTION Yss - '
prostatic ®-HSD regulates occupancy of the androgen f R PH optimum = 6.0
receptor by convertingd-dihydrotestosterone (6DHT, a

potent androgen) to ddandrostanediol @-Diol, a weak

androgen) 12). Recently, we have shown that human type 03 o N2y
2 30-HSD can perform this function in prostatg)( These \H\/ }\{
3a-HSDs share high sequence identity and strueture (O

function studies performed on one are pertinent to the rest. I

Rat liver 31-HSD (AKR1C92E.C. 1.1.1.213) was the first AN A

HSD identified as a member of the AKR superfamily, and 3

it is the most thoroughly characterized. This enzyme exhibits H Hj\ D50

a bi—bi ordered kinetic mechanism in which NAD(P)(H) ‘(j N,

binds first and leaves last). Direct hydride transfer occurs N

from the C4 position of the nicotinamide ring to the acceptor J

carbonyl at C3 of the steroid substrate. The reaction is ”

stereospecific, in which the 4-piRhydrogen is transferred ~ OXIDATION -~ vss Kss pH optimum - 9.0
2

to form a 3r- or axial alcohol 13). Hydride transfer is
facilitated by polarization of the acceptor carbonyl and

because HSDs are nonmetalloenzyniek (9, this occurs 0—H

from the A-face of the cofactor to thgface of the steroid @

by either an amino acid or water molecule acting as a general H

acid. The reaction is reversible, so the same group may act 0‘/)
as a general base in steroid oxidation. /%
X-ray crystal structures of several AKRs provide insight < o
into the identity of the general acid. Human and porcine
aldose reductase were the first AKR structures determined ol
and revealed ar{f)s-barrel fold (L6, 17). These structures N
identified four ionizable residues (Tyr 48, Lys 77, His 110,
and Asp 43) in close proximity to the nicotinamide ring of FIGURE 1. Proposed catalytic mechanism fou-BiSD catalysis.
bound NADP. These residues are positionally conserved
in porcine aldehyde reductasts| and a fibroblast growth ~ mMechanism of aldose reductas®t(27, 2§ and aldehyde
factor induced AKR 19). Rat liver 3:-HSD shares 58%  reductase5). Mutation of the conserved tyrosine and lysine
sequence similarity with human aldose reductase, which Produced inactive enzymes. However, the ability of these
allowed the crystallographic structure determination of the active site mutants to form ternary complexes was not
apo 3-HSD, the 3-HSD-NADP* binary complex and the examined. Therefore, it is unclear whether the loss of
3a-HSD-NADP*testosterone ternary complex by molecular activity was due to the removal of a catalytic residue or an
replacementZ0—22). These are the only structures deter- inability to bind substrate.
mined for an HSD member of the AKR Superfam”y. The In this Study, we have performed site-directed mUtageneSiS
positional conservation of the tetrad residues Tyr 55, Lys On the residues of the catalytic tetrad @f-BISD to assess
84, His 117, and Asp 50 indicated a catalytic mechanism in for the first time the individual contribution of each residue
common with other AKRs. The binary complex revealed a 10 kearand steroid binding in an AKR family member. Our
water molecule in the proposed anionic b|nd|ng site, indicat- results indicate that Tyr 55 is essential for steroid oxidation
ing the site potentially occupied by the carbonyl group of a and reduction. Interestingly, all the mutant enzymes were
3-ketosteroid substrate. This water molecule was displacedshown to be catalytically active using a sensitive radiometric
by the C3-ketone of testosterone in the ternary complex assay in whichf'CJ-5a-DHT is reduced to fC]-3a-Diol.
structure, effectively ruling out water as the immediate proton Estimates of rate enhancemekga{knonca) for each of the
donor. mutants showed that Tyr 55 is the major contributor to rate
The optimal position of the conserved Tyr in each of the €nhancement. pH g, profiles support the assignment of
AKRs suggests that this residue functions as the general acid/ Yf 5> as the general acid/base but in order to achieve this

base in catalysis. However, the observed pH-dependenceifunctional role a novel “pushpull” mechanism is pro-
for carbonyl reduction reveals an ionizable group witha p posed. In this mechanism His 117 facilitates proton donation

value of ~7.5-8.5 for most substrate®3—25). We and and Lys 84 facilitates proton removal by Tyr 55 by alteri'ng
others proposed a mechanism for catalysis in which the p "€ Hb and the [ of this residue, respectively. This
of 10.5 for tyrosine was lowered by forming a hydrogen bond Mechanism may be applicable to all AKR family members.
with Lys 84 which in turn is salt-linked to Asp 506, 20,

26), Figure 1. Site-directed mutagenesis has been performedEXPERIMENTAL PROCEDURES

to test the role of the active site residues in the catalytic

oo}

\

NH

.

Materials. The DNA Synthesis Service in the Department
of Chemistry at the University of Pennsylvania synthesized

*The nomenclature for the alddeto reductase superfamily was 1ha primers used for PCR-based site-directed mutagenesis
recommended by the 8th International Symposium on Enzymology & ’

Molecular Biology of Carbonyl Metabolism, Deadwood, SD, June 20~ NADP™, NADH, and NADPH were from Boehringer-
July 3, 1996 2). Mannheim. All steroids were obtained from Steraloids.
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Radiolabeled [9,2H(N)]-testosterone (92.5 Ci/mmol), [4€]-
50-DHT (58.3 mCi/mmol), and [9,*H(N)]-3a-Diol (40.0
Ci/mmol) were purchased from NEN DuPont. All other

Schlegel et al.

rescence (%AF) at emissionimax (340 nm) vs NADPH
concentration. These data were fit to a saturation absorption
isotherm by ENZFITTER which provided an estimate of the

compounds were ACS Grade or better and obtained from Ky and the associated standard error. Transformation of these

Sigma.

data used the LineweaveBurk equation to generate a linear

Mutagenesis, Expression, and Purification of Recombinant plot of 1/%AF vs 1/[NADPH].

Wild-Type and Mutant &HSDs. The pKK-3a-HSD ex-

Measurement of Binding Constants for Testosterone to the

pression vector and details of the PCR-based site-directedeE-NADH Complex. Binding of [H]-testosterone to the
mutagenesis protocols were previously described, as well asE-NADH binary complex was measured by equilibrium

the construction of the Y55F mutang@). Site-directed
mutagenesis to produce the Y55S, K84M, K84R, D50N,
D50E, and H117A mutant enzymes used the following
oligonucleotide primer pairs, respectively:'-&&&CTTA-
TTTGTCCGAAGTAGAA-3 and 3-dTTCTACTTCGGA-
CAAATAAGC-3'; 5'-dTATACTTCAATGCTTTGGAGC-

3 and B3-dGCTCCAAAGCATTGAAGTATA-3; 5'-
dTATACTTCAAGGCTTTGGAGC-3and 5-dGCTCCAAA-
GCATCCTTGAAGTATA-3; 5-dCGCCATTTTAACTCT-
GCTTAT-3 and 3-dATAAGCAGAGTTAAAATGGCG-3;
5'-dCGCCATTTTGAGTCTGCTTAT-3and 3-dATAAG-
CAGACTCAAAATGGCG-3; and 3-dTATATTATTGCT-
TTCCCAATGGCT-3and 8-dAGCCATTGGGAAAGCAA-
TAATATA-3'; underlined codons indicate the site of the

dialysis @9) using microdialysis chambers constructed
according to Orr et al., 199534§). Since steroid binding
does not occur in the absence of NADH, corrections for
nonspecific binding were not necessary. Determination of
the K4 values for the binding of®H]-testosterone to wild-
type rax-HSD and mutant & HSDs were determined by
Scatchard analysis using the ENZFITTER program.
Fluorometric Measurement of Androsterone Oxidation
Each 1-mL reaction mixture contained 50 mM triple buffer
pH 9.0, 2.3 mM NADP, and 75«M androsterone with 4%
AcN as cosolvent, and the reaction was initiated by the
addition of enzyme. The formation of NADPH was meas-
ured by monitoring the fluorescence emission of NADPH
at 450 nm (slit-width 5 mm) with excitation at 340 nm (slit-

mutation. Dideoxy sequencing ensured fidelity of the mutant width 5 mm) on a Perkin-Elmer model 650-10M fluorometer
constructs. The mutant expression vectors were used toat 25°C. A standard curve was constructed by monitoring

transform competeriEscherichia coliDH5a cells, and the

the AF at 450 nm with incremental additions of NADPH,

overexpressed proteins were purified as previously describedwhich permitted rates of fluorescence change to be calculated

for wild-type recombinant&HSD (r3o-HSD) (29). SDS-
PAGE was used to analyze protein puri80), and protein

concentrations were determined by the method of Lowry 3a-Diol Oxidation

(31). Immunoblots on the purified proteins were performed
as previously describe@).
Steady-State Enzyme Kineticdnitial velocities were

as nmoles of NADPH formed per mig%).

Radiochemical Measurement of-®HHT Reduction and
In the reduction direction, the assay
system contained 200M NADPH and 35uM [“C]-5a.-
DHT (40 000 cpm) in a final volume of 106L of 50 mM
triple-buffer at pH 6.0. In the oxidation direction, the assay

measured on either a Gilford 260 spectrophotometer or asystem contained 2.3 mM NADRand 35:M [3H]-3a.-Diol
Beckman DU-640 spectrophotometer by observing the rate (100 000 cpm) in a final volume of 1Q€L of 50 mM triple-
of change in absorbance of pyridine nucleotide at 340 nm buffer at pH 9.0. These reactions were initiated by the

(e = 6270 M1 cm ) in 1 mL systems at 25C using a 1

addition of enzyme. All reactions were incubated ar@7

cm path length. Kinetic measurements were made using aand aliquots were removed at various time points. The

triple buffer system containing 50 mM sodium phosphate,
50 mM sodium pyrophosphate, and 50 mM (3-[(1,1-di-
methyl-2-hydroxyethyl)amino]-2-hydroxypropanesulfonic acid)
(AMPSO) at pH 6.0 for steroid reduction and at pH 9.0 for
steroid oxidation. Measurements of tkg andk., values
for androsterone oxidation were made at 2.3 mM NADP
with varied steroid concentrations (3:85.0 uM) in 4%

reaction rate was linear over the time course. Reactions were
guenched by the addition of 4Q4 of ethyl acetate, and
the resulting extracts were evaporated to dryness and
redissolved in 4@L of methanol and applied to LK6D Silica
TLC plates. Chromatograms were developed in chloroform;
ethyl acetate (4:1 v/v). The positions ai®OHT (Rs value

= 0.44) and &-Diol (R value= 0.25) were identified by

AcN. Kinetic constants for androstanedione reduction were reference to standards and were visualized by spraying with

measured at 180M NADPH with varied steroid concentra-
tion (3.0-30uM) in 4% AcN. All reactions were initiated

a 1:1 methanol/kB0O, solution and heating. The amounts
of substrate and product were quantitated by scraping the

by the addition of enzyme and were corrected for nonenzy- corresponding sections of the TLC plate into a toluene-based

matic rates. Calculation of ak.,s and K, values used the
ENZFITTER nonlinear regression analysis progr&®) o
fit untransformed data to a hyperbolic functi@8| yielding

scintillation fluid, measuring!fC]- or [*H]-radioactivity with
a scintillation counter, and converting the corrected cpm into
nmoles of product using the final specific radioactivity of

estimates of the kinetic constants and their associatedthe isotope used in the assay. Extraction efficiency was

standard errors.

Determination of Binding Constants for NADPH by
Fluorescence Titration Measurements of the binding con-
stants for NADPH to wild-type 1&-HSD, and the Y55F,

consistently between 85 and 90%6).

pH-Rate Profiles k.o and Ky, values for either andros-
tanedione reduction or androsterone oxidation were calcu-
lated for wild-type r&-HSD from initial velocities performed

Y55S, K84M, K84R, D50N, D50E, and H117A mutants over a wide range of pH values using the triple buffer system.
were made by titrating the protein fluorescence on a Perkin- This buffer system was used so that the same ions were
Elmer model 650-10M fluorometer following the incremental employed to maintain pH over the entire range studied. This
addition of NADPH (0-2.5 uM) (29). Untransformed negated concerns that different ions may have differential
fluorescence data were plotted as percent change in fluo-effects on enzyme activity and ensured that the resultant plots
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of log keat VS pH were continuous. pH rate profiles féC]-
50-DHT reduction and3H]-3a-Diol oxidation catalyzed by
wild-type r3a-HSD and tetrad mutants were conducted at a
single concentration of substrate (M) using the triple
buffer system. This substrate concentration is 10 tiigs
for 5a-DHT and 8 timed<, for 3a-Diol observed with wild-
type and represents the limit of steroid solubility. Thus the
initial velocities measured are the maximal velocities that
can be determined and refléét.{(app). The resultant values
of Vima{(@pp) were normalized and plottedlag(app) vs pH.

In analyzing these data, estimates df,pand K, were
obtained along with the pH-independent val@® 6f the
measured paramet¥r(k.a{app)). The best fit of these data
to the Cleland programs HABELL, HBBELL, BELL, and
WAVL was determined on the basis of the standard error of
the fitted parameter, the lowest valueafor residual least-
squares, and the randomness of the residds (

RESULTS

Expression and Purification of Wild-Type and Mutant 3

HSDs To test the proposed enzymatic mechanism (Figure
1), we performed site-directed mutagenesis on the four

conserved residues implicated in catalysis by the X-ray
crystal structures of rat liverc3HSD and its complexes.
Wild-type and mutant&HSD cDNA constructs were used
to transform DH&%. E. coli. The resultant mutant enzymes
were overexpressed and purified to homogeneity to yietd 20
40 mg of each mutant. One exception was the Lys 84
mutants which were obtained in quantities of onty/8mg.
SDS-PAGE analysis confirmed the purity of each enzyme.
Immunoblot analysis using rabbit anti-rat-BISD anti-serum

Biochemistry, Vol. 37, No. 10, 1998541

Table 1: Kinetic Comparisons between Wild-Type and Mutant
Forms of 31-HSD

androsterorfe
KealKm
enzyme Keat (Min~2) Km (uM) (min~t uM1)
wild type® 75+ 3 6.6 1.1 11.4
D50N 8.3+ 0.3 8.7+ 1.0 1.0
D50E 112+ 6 40+ 5 2.8
H117A 22+0.1 59+ 5 0.04
androstanediorie
Keal Km
enzyme Keat (Min2) Km (M) (min~t uM™1)
wild type 32+ 2 <3 ND
all mutants ND NDe NDe

aReactions performed at pH 9.0. See “Experimental Procedures”
for buffer composition® No detectable rates were measured for
androsterone oxidation using up to 1@g/mL of Y55F, Y55S, K84M,
or K84R mutants® Reactions performed at pH 6.9Accurate deter-
mination of theKr, value is not possible since the absorbance changes
at substrate concentrations (63K, are too small to measure
accurately® Not detectable at 10@g/mL of enzyme.

Table 2: Kinetic Constants for NADPReduction Catalyzed by
Wild-Type and Mutant Forms of @HSD?

KealKm
enzyme Keat (Min™2) Km (uM) (min~t uM™1)
wild type 69.1+ 4.5 104+ 30 0.66
D50N 8.2+ 0.2 164+ 13 0.05
D50E 90+ 20° 1140+ 560 0.08
H117A 1.3+ 0.1 88.2+ 18.8 0.02

aReactions performed using Z8M androsterone at pH 9.0 under
the same conditions as described for Table 1. No detectable rates were
measured using up to 1Q@/mL of Y55F, Y55S, K84M, or K84R.

(38) demonstrated that each mutant was purified to a single ” Did not reach saturation.

immunoreactive species (data not shown). The immunoblots

indicated that the correct protein had been purified even whenpoth DSON and H117A mutants were similar to that for wild-

the mutant enzyme had no detectable activity in a spectro-

photometric assay.
Kinetic Comparisons for Steroid OxidoreductionTo

type r&a-HSD. Surprisingly, th&wapp+ Value for the D50E
mutant was increased 10-fold. Since we were unable to reach
saturation of the D50E mutant with NADPthe kinetic

assess the effect of each mutation upon reduction andeonstants for the cofactor have a larger associated standard

oxidation, thek.s and Ky, values for the substrate pair

androstanedione and androsterone were determined using
NADP(H) as cofactor in a spectrophotometric assay. Each
mutant was unable to reduce androstanedione. Only the Tyr

55 and Lys 84 mutant enzymes were devoid of activity in
both directions (Table 1). This observation is consistent with
the crucial role of these two residues in the proposed

mechanism. Comparison of the kinetic constants for an-

drosterone oxidation catalyzed by wild-typexr8iSD and
the D50N mutant showed that theg; value for the mutant
was decreased 10-fold, resulting in an overall 12-fold
decrease in the catalytic efficiency. The D50E mutant
displayed modest increases in thg: and K, values for

error.

Formation of Binary and Ternary Complexes in Mutant
30-HSDs We have previously shown that native rat liver
30-HSD and wild-type r&-HSD can form ENADPH and
E-NADH -testosterone complexes, but not atelStosterone
complex @6). This is consistent with the ordered-thi
kinetic mechanism in which pyridine nucleotide binds first
and steroid binds second. To measure the effect of each
mutation on pyridine nucleotide binding the protein fluo-
rescence of each mutant was titrated with NADPH. Each
enzyme exhibited &4 value for NADPH similar to wild-
type rdx-HSD (Table 3). This result demonstrated that the

androsterone oxidation resulting in a 4-fold decrease in the catalytic tetrad is not critical for binding NADPH. The X-ray

catalytic efficiency. In contrast, the H117A mutant dem-
onstrated a 30-fold decrease in thg value and a 10-fold
increase in th&, value resulting in a 300-fold decrease in
the catalytic efficiency for androsterone oxidation. Of these

crystal structure of the IADP* binary complex predicts
that a total of 12 residues running from the base of the steroid
binding pocket to the periphery of thes barrel are involved

in cofactor binding. The ability of each mutant to bind

two residues His 117 appears to be more important than AspNADPH unimpeded with nanomolar affinity indicates that

50 for steroid oxidation, but neither are essential. The kinetic
constants for NADP reduction catalyzed by these mutants
were also determined, Table 2. Tke values are consistent
with those presented in Table 1. Thgnapp+ values for

the amino acid substitutions made have not resulted in an
alteration of this extended pocket and suggests that the global
structure of the protein has not been affected by these
mutations.
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Table 3: Cofactor and Inhibitor Binding Constants for Wild-Type Table 4: Specific Activities for Steroid Oxidation and Reduction
and Mutant Forms of & HSD Catalyzed by Wild-Type and Mutant Forms of-3{SD and
Estimated Rate Enhancement fax-BHT Reduction

NADPH? testosterorte_ 5a-DHT reduction
enzyme Ka (NM) Kq (uM) relative Bmax activity (nmol mirmr® mg-?) rate enhancement
wild type 190+ 9 3.2+1.0 1.0 enzyme androsterohe  5a-DHT® (Keat'Knonca)
Y55F 120+ 10 32+ 18.0 0.38 -
Y555 400+ 13 33+ 15.0 0.51 wid type 1985 e . 260
K8aM 400+57 507 NE® Y55S ND? 0.05 1.7x 10°
K84R 180+ 22 >50 NE K8AM ND 0'45 1'5 106
D50N 210+ 16 30.0+ 5.5 0.85 K84R 217 56 2 1 é 10
DoOE s 2 NE DSON 167 24.6 8.3 10/
_ ) .

D50E 941 14.3 4.8 10

aE-NADPH complex measured by fluorescence titration. H117A 36.6 55 1.9« 10

b E-NADH -testosterone complex measured by equilibrium dialysis using
[®H]-testosterone. See “Experimental Procedures” for details of both
methods® The lowBax values observed are due to an inability to reach
saturationd No binding detectable at the limit of testosterone solubility.
¢Not estimated.

a Activity determined by fluorometric assay described under “Ex-
perimental Procedures® Activity determined by radiochemical assay
as described under “Experimental Procedurésiot detectable.

.

Binding of testosterone (a competitive inhibitor) to the jfﬁ-ﬂgﬁ dﬁ: @5._.._‘ v : #ﬁ ﬁ?ﬁa‘?

E-NADH complex of each mutant was also measured by

equilibrium dialysis and revealed that the catalytic tetrad was

essential to maintain steroid binding affinity (Table 3). The

binding of testosterone could not be detected in the Lys 84,

His 1197, and D50E mutants suggestinga> 50 uM. In BT =% .---“--.
contrast the binding of testosterone was detectable in the

D50N enzyme, thé&,y value was increased 10-fold relative

to wild-type rax-HSD. Both Tyr 55 mutants bound test- — Ze-andmstanadecl —w - —_—— -
osterone with a 10-fold increase in th& value. In the

Y55F, Y55S, and D50N enzymes tBg.x vValues were low

relative to wild-type r&-HSD due to the inability to reach _ ) _
saturation, and the resultaig values have large associated FIGURE 2: Radiochemical assay ob®DHT reduction catalyzed

: - . by wild-type and mutant forms of3HSD. 35uM [4C]-5a-DHT,
standard errors. This 10-fold changedais insufficient to 200 «M NADPH and enzyme were incubated in 50 mM triple

explain the complete loss of enzyme activity in the Tyr 55 pyffer buffer, pH 6.0, at 37C. Samples were extracted, resolved
mutants. The Tyr 55 mutants were the only enzymes that by TLC, and visualized by autoradiography. Key: (nonenzymatic)
were able to form both binary and ternary complexes that no enzyme2 h incubation; (WT) 3.Qkg, 5 min; (D50E) 7.4ug,

; Wity et ; 10 min; (D50N) 7.8ug, 10 min; (Y55S) 30.9.g, 60 min; (Y55F)
were devoid of enzyme activity in both directions in the 26.2,5, 60 min: (KSAM) 28.4u0, 60 min: (K84R) 19.8.g, 60
spectrophotometric assays. min; (H117A) 13.0ug, 10 min.

Measurement of Steroid Oxidoreduction in Mutawt- 3
HSDs The spectrophotometric assay used to measure(Figure 2), indicating that steroid reduction had not been
enzyme activity has a limit of detection of 1 nmol/min. Since completely abolished. The Y55F, Y55S, and K84M mutant
it was possible that the Tyr 55 and Lys 84 mutants were enzymes each possessed significantly less than 1% of wild-
still catalytically active but exhibited enzymatic rates below type activity, affirming the importance of both these residues
the sensitivity of this assay, we employed more sensitive to catalysis (Table 4). This is the first instance where product
fluorometric @5 and radiometric assays3€). In the formation has been observed in an AKR after the active site
fluorometric assay, which uses androsterone and NAB®  tyrosine and lysine residues have been mutated.
substrates, the production of NADPH was monitored by  Estimates of d vs koncat  Since all of the mutant enzymes
exciting the sample at 340 nm and measuring fluorescencecould still be robust catalysts relative to the noncatalyzed
emission at 450 nm. This method provided a 100-fold rate, the radiochemical assay was used to provide estimates
increase in sensitivity relative to the spectrophotometric of rate enhancemenkg/kionca). 1N this assay the specific
assay. Mutation of Asp 50 and His 117 gave active enzymesactivities for each enzyme were measured in the presence
with low specific activities relative to wild-type t3HSD of 35uM 5a-DHT. This substrate concentration is consider-
(Table 4), and these values are consistent wittkthealues ably greater than thK, of 2.0 uM for wild-type r3o-HSD
presented in Table 1. The Y55S and K84M mutants were and represents the limit of steroid solubility so that the
once again inactive using this fluorometric assay. Using this resultant specific activities are a reflection of the maximal
assay the Y55F mutant was found to possess less than 0.04%ttainable velocities and were used to compkggapp).
of wild-type r3o-HSD activity. Using this assay we were unable to detectCiol formation

A radiometric assay that measured the conversiokGi{ in the absence of enzyme for up to 20 h. The enzymatic
50-DHT to [**C]-3a-Diol was also employed. This assay rate for the wild-type enzyme was shown to be linear up to
is 2500-fold more sensitive than the spectrophotometric assay4 h. The limit of sensitivity for this assay 4 h (0.4 pmol/
and allows direct observation of the formation of steroid min) can then be considered an upper limit for the non-
product. Unlike androstanedione reduction, conversion of enzymatic rate, where = [S] knoncat  USINg these estimates
50-DHT to 3a-Diol was detectable in all the tetrad mutants for ke and knoncas We calculated the rate enhancement for
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FiIGURE 3: (A) Log ket vs pH for steroid oxidoreduction catalyzed by wild-type and mutant formsxefiSD: androstanedione reduction
(O) and androsterone oxidatio®) catalyzed by wild-type enzyme. (B) ldga.{app) vs pH for {*C]-50-DHT reduction catalyzed by
wild-type and tetrad mutants ob3HSD: wild type ©), K84R (@), D50N (»), H117A @), K84M (v), and Y55F (0). (C) log kea{app)
vs pH for PH]-3a-Diol oxidation catalyzed by wild-type and tetrad mutants @fi3SD: wild-type ©), D5ON (a), K84R @), H117A @),
Y55F @), K84M (V). Lines indicate best fit to the equations described by Clel&7yl (

each mutant (Table 4). The Tyr 55 mutant enzymes oxidation of PH]-3a-Diol catalyzed by the tetrad mutants.
exhibited a decrease in rate enhancement of 4 orders oflt was thought that the mutation which eliminates the
magnitude relative to wild-type t(8HSD. In contrast, Lys titratable group with a significant concomitant decrease in
84 mutants showed a decrease of 3 orders of magnitude inthe pH-independent value &f,;would identify the mutated
rate enhancement, and the Asp 50 and His 117 mutantsresidue as the general acid or base. Furthermore, these
showed a decrease of only 2 orders of magnitude in ratestudies could provide information on the significance of
enhancement relative to wild-type enzyme. This comparison hydrogen bonds and salt bridges that may exist between
emphasizes the primary importance of Tyr 55 in the chemical tetrad residues and their contribution to the catalytic mech-
mechanism and suggests that the remaining residues have anism. Plots of lod:a: vs pH in an ordered bibi reaction
facilitatory role. reflect the pH-dependency of all kinetic steps where as plots
pH-Rate Profiles for Wild-Type 8HSD. Our observa-  0f log kealKm vs pH reflect the pH-dependency of the binding
tion that Tyr 55 is the single largest contributor to rate- Of the second substrate (steroid) and the rate of isomerization
enhancement suggested that it may function as the protonof the central complexkg) (40). Estimation ofk.sassumes
donor/acceptor and led us to examine the effect of pH on that the initial velocity was measured at saturation. Satura-
catalysis more closely. The pH-dependency of steroid tion was achieved with the wild-type enzyme but for some
oxidoreduction catalyzed by wild-typea3HSD was exam- mutants the maximal velocity was that determined at the limit
ined using the substrate pair androstanedione and androsof steroid solubility, i.e.Vma{@pp). Consideration was given
terone. Thek.y: value for androstanedione reduction de- tO measuringy/S at low substrate concentrations which is
creased with increasing pH, revealing an ionizable group with effectively equivalent t&/na/Kn. However, initial velocities
a pKp value of 7.0+ 0.11 that must be protonated for were not measured &hgth Ky, or 0.35uM 5a-DHT since
maximal activity (Figure 3A). Thé& Vvalue for androsterone  these could only be obtained if stoichiometric rather than
oxidation increased with increasing pH. Thus androsterone catalytic quantities of mutant enzymes were used and steady-
oxidation requires that an ionizable group with K&, value state kinetics would not apply. In the experiments that follow
of 8.10 + 0.20 that must be deprotonated for maximal 109 Vima{app) was measured and normalized tokegapp).
activity (Figure 3A). Although, the ¢ values for andros- For [“C]-50-DHT reduction, it was found that a ldga;
tanedione reduction and androsterone oxidation differ by vs pH plot for wild-type enzyme gave a titratable group with
almost a full pH unit, the pH v&.(app) plots are mirror g K, = 6.51, which was similar to the titratable group
images of one another and probably reflect the influence of observed for androstanedione reduction (Figure 3B and Table
different amino acid residues on the same titratable group.5). Importantly, the Y55F, H117A, and D50N mutants
Therefore, an averageKpralue of about 7.5 was attributed  eliminated the titratable group observed in wild-type enzyme.
to this group. A similar residue with apvalue of 7.0 for ~ Asp 50 is not a candidate for the general acid/base since
bL-glyceraldehyde reduction has been tentatively identified mutation of this residue had only minor effects on the
as Tyr 48 in aldose reductas@4( 39, which is analogous  catalytic efficiency for androsterone oxidation and rate
to Tyr 55 in -HSD. TheKn value for steroid oxidoreduc-  enhancement. This suggests that either Tyr 55 or His 117
tion catalyzed by wild-type@HSD could not be determined  may function as the general acid for steroid reduction. The
accurately in the triple buffer system over the pH range Y55F mutant had a much greater effect on the pH-
utilized. This would require using substrate concentrations jndependent value ok.{app) than the H117A mutant,
so low that the resultant absorbance changes would besuggesting that Tyr 55 is the most important contributor to
difficult to detect, and hencke/Km vs pH plots were not  the rate-limiting step, which is now presumably proton
constructed. donation. Surprisingly, the K84M and K84R mutants
pH-Rate Profiles on Tetrad Mutantd/ith the availability retained the titratable group and catalyzed a pH-dependent
of the sensitive radiochemical assay, pH rate profiles were reduction reaction. Inthe K84R mutant thi&, of the group
also determined for the reduction dfC]-5a-DHT and the was shifted to a more basic pH.
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Table 5: K Values fork.{app) Obtained for Substrate Oxidoreduction Catalyzed by Wild-Type and Mutant Fornest&B

enzyme substrate equation Ky pKp ca

wild type androstanedione HBBELL NA 7.0+£0.11 48.9+- 6.4

wild type androsterone HABELL 8.1 0.20 NA 86.0+ 18.6
wild type 50-DHT WAVL NA 6.5 +0.42 42,1+ 3.2
K84R 5-DHT HBBELL NA 8.8+ 0.12 2.52+ 0.30
D50N 50-DHT BELL 5.8+ 0.08 pH-independent 0.780.04
H117A 50-DHT BELL 5.6 £0.05 9.8+ 0.05 0.27+ 0.01
K84M 50-DHT WAVL NA 6.8 +£0.35 0.076+ 0.03
Y55F 50-DHT NA pH-independent 0.004: 0.0005
wild type 3o-androstanediol WAVL 7.50.30 NA 74.5+ 8.5
D50N 3o-androstanediol WAVL 9.6t 0.15 NA 229+ 2.4
K84R 3o-androstanediol WAVL 7.4-0.18 NA 1.55+ 0.09
H117A 3o-androstanediol WAVL 7.8 0.17 NA 0.93+ 0.09
Y55F 3o-androstanediol pH-independent NA 0.022.003
K84M 3a-androstanediol pH-independent NA 0.086.002

2pH independent values fdg.{app) are expressed in units of minand for the WAVL fits are the highest valugsNA, not applicable.

For [PH]-3a-Diol oxidation, logk.a Vs pH plots for wild- factor and steroid binding vs those involved in the chemical
type ra-HSD gave a titratable group with &Kp = 7.5, step.

similar to that observed for androsterone oxidation (Figure  Effects of Tetrad Mutants on Cofactor BindingVe have
3C and Table 5). This titratable group was eliminated by previously shown that the rate-limiting step in the ordered
the Y55F and K84M mutants, which catalyzed pH- bi—bi reaction catalyzed by 8HSD is the binding and
independent reactions yielding.{(app) values that were release of cofactor, and it was conceivable that the tetrad
reduced by 3.5 and 4 log units, respectively. Importantly, mutants were inactive because this step had been influenced.
log kea{@pp) vs pH plots for the H117A mutant showed the we discount this argument for several reasons. First, we
same inflection point as wild-type. Thus His 117 cannot be have independently measured the effect of these mutants on
the general base for steroid oxidation. This observation now the binding of NADPH at pH 7.0 and shown that there is no
only permits His 117 to act as an acid in the reduction effect onKq for cofactor. At this same pH, the tetrad mutants
direction. As only the Y55F mutants gave ldg(app)  have a profound effect ok.(app), indicating that a step
values which were pH-independent in both the reduction and other than NADPH binding is being affected. Second, others
oxidation directions, this argued in favor of this residue acting have shown that in aldeketo reductases the titratable group
as both the general acid/ base catalyst. responsible for cofactor binding has = 9.4 23). Thus
plots of 1Kgnappn VS PH gave an inflection point of 9.4.
DISCUSSION This group is most likely assignable to Lys 262 which is
A plethora of kinetic, crystallographic, and mutagenesis known to interact with the 'Zphosphate of 2AMP of the
data pertaining to the AKR superfamily has led to the nucleotide 19). This titratable group is not evident in the
proposal that a conserved tetrad of Tyr 55, Lys 84, Asp 50, PH vs rate profiles for any of the tetrad mutants. Third, of
and His 117 or their equivalent catalyzes a common reactionthe tetrad residues mutated only Asp 50 is implicated by the
mechanism. In this mechanism, hydride transfer from the 3-HSD binary complex structure to be involved in cofactor
nicotinamide ring is facilitated through polarization of the binding; when this residue was mutated to Glu, there was a
substrate carbonyl by the conserved tyrosine, which acts asl0-fold increase ity for NADPH. This effect may be due
a general acid. It was proposed that thé, palue of this to disruption of the hydrogen bond that exists between the
tyrosine was lowered by a hydrogen bond with the conserved carboxyl group of Asp 50 and the-Bydroxyl group on the
lysine which was salt-linked to an aspartate. Our report is ribose of the nicotinamide cofactor, in the binary and ternary
the first in which an HSD of the AKR superfamily has been complex structures2(l, 22.
analyzed by site-directed mutagenesis to assess the role of Effect of Tetrad Mutants on Testosterone Bindititach
each residue of the active site tetrad in the binding of active site residue is involved in steroid binding as measured
NADPH, substrate, and catalysis. This study shows that theby the formation of the ENADH-testosterone complex by
mechanism proposed in Figure 1 requires modification. It equilibrium dialysis. No significant steroid binding was
provides evidence that Tyr 55 acts as the general acid/basaletected for the Lys 84 and His 117 mutants at the limit of
using a novel “pushpull” mechanism that utilizes different  testosterone solubility. This is not true of the Tyr 55 mutants,
members of the tetrad to catalyze reduction and oxidation. which were the most catalytically impaired. They retained
This mechanism may be applicable to all AKRs. the ability to form ternary complexes with a 10-fold increase
Initial steady-state kinetic analysis of the tetrad mutants in Kq for testosterone. This 10-fold increase corresponds to
of 30-HSD using androsterone and androstanedione asa AAG of 1.3 kcal/mol and could represent the loss of the
substrates in a spectrophotometric assay was in agreementontribution of the hydrogen bond that exists between the
with the proposed mechanism. For steroid oxidation, the C3 ketone of testosterone and the hydroxyl group of Tyr 55
Tyr 55 and Lys 84 mutants had no detectable activity while observed in the ternary complex structu28)( The decrease
the Asp 50 and His 117 mutants were active. In the in steroid affinity in the tyrosine mutants cannot explain the
reduction reaction, all the mutants were catalytically inactive complete loss of enzyme activity in the spectrophotometric
based on these assays. However, these data could noassays. Based on the-3HSD-NADP™-testosterone ternary
distinguish between residues involved in nicotinamide co- complex £2), Asp 50 and Lys 84 do not make any contact
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with bound testosterone, yet mutations of these residuesdione/androsterone substrate pair (determined spectrophoto-
affect steroid binding. It is possible that these mutations metrically) and for the &-DHT/3o-Diol substrate pair
disrupt the anionic binding site formed by the active site (determined radiometrically). TheKp values determined
residues and thereby indirectly affect steroid affinity. for 3a-HSD are similar to those reported for glyceraldehyde

There are only two other examples where inhibitor binding reduction catalyzed by aldose and aldehyde reduct2des (
was measured in active site mutants of AKR proteins. 25) and for p-chlorobenzaldehyde reduction catalyzed by
Alrestatin binding to the Y48F, Y48H, and H110A mutants aldose reductas@®). Likewise, the K, value for steroid
of aldose reductase was measured by ultrafiltratidD). ( oxidation by 3t-HSD is similar to those determined for the
Significant binding was detectable only for the H110A oxidation of chlorobenzyl and benzyl alcohols in aldose
mutant and not in the Tyr 48 mutants. In another study, reductase 23). These results suggest that the conserved
binding of the noncompetitive inhibitor AL1576 to the Y49H tetrad in 3x-HSD, aldose reductase, and aldehyde reductase
mutant of aldehyde reductase was descril2&jl (Interpreta- catalyze a common reaction mechanism with a similar pH-
tion of these experiments on aldose and aldehyde reductasedependencies. The availability of a radiometric assay which
are clouded by several problems. Only single inhibitor can detect activity in tetrad mutants af-31SD provided us
concentrations were used, making calculatiorK@br Bmax with the unique opportunity to probe the pH-dependence of
values virtually impossible. Also, alrestatin and AL1576 are enzymes which have been considered “inactive.”
not structurally analogous to substrates of these proteins and We assessed the pH-dependencé]f5a-DHT reduc-
so may not reflect true effects on substrate binding causedtion and the pH-dependence ofH]-3a-Diol oxidation
by the active site mutations. The current study measuring catalyzed by the Y55F, H117A, K84M, K84R, and D50N
testosterone binding to mutantt31SDs provides a more  mutants and report the data as kg(app) vs pH. If plots
detailed account of the contribution of each residue to steroid of pH vs k.a{app) are a measure of the pH-dependency of
and hence substrate binding. all steps in the reaction, then we can rule out effects on the

Effects of Tetrad Mutants on Rate Enhancemért verify on and off rates for NADPH since th€; for the cofactor is
that the tetrad mutants ofbBHSD were inactive, we used unaffected in the mutants at pH 7.0. In contias{app) is
more sensitive fluorometric and radiometric assays. Surpris-significantly altered by the tetrad mutants at this pH.
ingly, in the fluorometric assay only the Y55S and K84M Furthermore, based on the binary complex structure Tyr 55,
mutant enzymes failed to give a detectable rate, and in theHis 117, and Lys 84 are not involved in cofactor binding.
radiometric assay all the active site mutants were able to This leaves only two terms that could affect the(app) vs
convert [“C]-5a-DHT into [*4C]-3a-Diol. This is the first pH plot, either theKqy for steroid (which was measured
instance where product formation has been directly demon-independently by equilibrium dialysis) must be increased or
strated in point mutants of the catalytic tetrad of an AKR. the k, step must be decreased. Effects on steroid binding
Several other groups have reported an extremely low are in general ruled out. The tetrad mutants Y55F, Y55S,
enzymatic rate when the AKR active site tyrosine was and D50N only resulted in a #B0-fold increase irKq for
mutated to a phenylalanine, serine, or histidigé, (29 or testosterone. Further, all mutants were able to catalyze the
when the lysine was mutated to methioni2g)( In many reduction of 35«M 50-DHT. To observe enzymatic rates
cases, mutant enzymes with low catalytic rates relative to in this concentration range suggests that significant binding
wild-type were considered “inactive”. Our ability to measure of steroid still occurred even though saturation was not
steroid reduction catalyzed by the tetrad mutants demon-achieved. These effects are insufficient to account for the
strates that this is clearly not the case. 2—4 log unit decreases in the pH-dependencykafapp)

As each tetrad mutant may be capable of catalyzing observed in the Tyr 55, His 117, and Lys 84 mutants and
significant rate enhancement over the noncatalyzed rate wesuggests that their major effect is kp With this interpreta-
compared thek.a/knoncatratios for each mutant. This com- tion, our data support the presence of a single titratable group
parison indicated that each residue contributed to the overallacting as the general acid/base; however, this bifunctionality
rate enhancement. We estimated that Tyr 55 is the mostis dependent upon contributions from different residues of
important contributor to rate enhancement and donates athe tetrad and suggests a new mechanism (Figure 4a).
factor of 10. At least a factor of 10 comes from steroid In the reduction reaction, the Y55F mutant eliminates the
binding, and a factor of #ds expected from a general acid titratable group with an inflection point of 6.5 and the pH-
catalyst 42). Thus, assuming that Tyr 55 is the catalytic dependence of the reaction. This mutant showed the largest
residue, we can account for 3.0f the rate enhancement effect on the pH-independent value kf{app) which is
assigned to this residue. The rate enhancemen} (hat decreased by 4-log units. Both of these effects are consistent
remains when Tyr 55 is eliminated is still substantial and with its proposed function as the proton donor in the
may be due to a propinquity effect brought about by the reduction reaction. The H117A mutant also eliminates the
proper positioning of the nicotinamide cofactor and steroid titratable group with a concomitant decrease in the pH-
substrate. Mutation of Asp 50, Lys 84, and His 117 all affect independent value df..{app) which is lowered by 2 log
steroid binding, and these mutations are accompanied byunits suggesting that the protonation state of this residue is
decreases in rate enhancement of-110°. It is pre- an important element of the reduction mechanism.
dicted that double and triple mutants of the catalytic tetrad In AKR structures, His 117 has been modeled in one of
will be required to completely abolish enzymatic rate two conformations. In the first conformation, the df the
enhancement. histidine points into the substrate binding pocket and is

Evidence That Tyr 55 Acts as the Catalytic General Acid clearly capable of interacting with the oxygen of a potential
in a “Push—Pull” Mechanism For wild-type 3x-HSD, substrate or a bound inhibitor at a distance of a3od and
similar pH-rate profiles were observed for the androstane- is unlikely to form a hydrogen bond with the tyrosinks(



3546 Biochemistry, Vol. 37, No. 10, 1998 Schlegel et al.

a
REDUCTION pH optimum = 6.0
Y55, R K84 Y55 R r K84
R — @ pK1 R : : H
H117 iN ® N—H TN pr— Q HI17 HNi_N Of----m--- B 60
X \ % \H AN 2 \
H H H I R H H R

YS5 g . K84 Y55 & p K84
) @ { P2 "~ @ N J
HI17 N N----- H=0------- H_N(D@% HI17 HN{ N P0—H - N y 60;
H H k’H o R
o R /
/1): D50 o) D50
) A
(0]
| Q Io
S
I@, NE, |(D\ NH,
N N/
| OXIDATION | pH optimum = 9.0

b
pK1
H2E-NADPH —R=0 HE-NADPH —R=0
HE-NADP+ __ ROH E-NADP+*— ROH
pK2

Ficure 4: Revised catalytic mechanism for AKR catalysis. (a) Chemical steps: (reduction) Tyr 55 acting as a general acid by donating its
proton to the acceptor carbonyl of the steroid, facilitated by protonation of the tyrosyl hydroxyl group by the imidazole ring of His 117 to
yield a group with a K, (oxidation) Tyr 55 acting as a general base by using its phenolate anion to abstract a hydrogen from the steroid
alcohol, facilitated by deprotonation of the tyrosyl hydroxyl group byetzenino group of lysine, to yield a group with &p (b) Enzyme

species involved in the reduction and oxidation reactions.

21). However, in the alternate orientatiof3j, the histidine the H117A mutant eliminates the titratable group and lowers
N, is angled more toward the tyrosine than the oxygen of the pH-independent value d¢€.(app) by 2 log units, the
bound inhibitors (citrate, cacodylate, and glucose-6-phos- reduction reaction would appear to be dependent upon a
phate) and could form a hydrogen bond with the hydroxyl proton shuttle between Tyr 55 and His 117, Figure 4a. The
group of Tyr 55. Thus it is unclear whether His 117 interacts D50N mutant also eliminates the titratable group with a more
with the oxygen of a bound substrate or inhibitor or the modest effect ok..{app). Asp 50 in the wild-type enzyme
hydroxyl group of Tyr 55. would be deprotonated as a carboxylate over the pH-range
In the pH-rate profiles for the reduction reaction, the K84M used for the reduction reactions. In all the AKR crystal
and K84R mutants do not eliminate the titratable group. The structures solved, this residue is involved in a salt bridge
overall (K of this group does shift to a more basic pH value Wwith Lys 84 (17—20). Our results show that mutations of
with the K84R mutant, suggesting that Lys 84 can influence His 117 and Asp 50 can eliminate the pH-dependency of
the K of Tyr 55. Since the inflection point is retained in  kea{@pp), suggesting that thep of Tyr 55 is affected by
the K84M mutant, which is incapable of shuttling a proton, several tetrad residues.
it is unlikely that a proton is shuttled between Tyr 55 and  In the oxidation reaction, the Y55F mutation eliminates
Lys 84 as originally proposed. When it is considered that the titratable group with a concomitant decrease in the pH-
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independent value dt..{app) of 4 log units. The H117A
mutant does not eliminate the titratable group in the oxidation
direction indicating that the protonation state of this residue
is not important in facilitating catalysis in this direction. In
contrast, the K84M mutant eliminates the titratable group
with a concomitant decrease in the pH-independent value
of kea@app) of 4 log units. The K84R mutant retains the
titratable group with only a 30-fold decrease in the pH-
independent value dfc.a{app). Thus the pH loda{app)
profile for the K84R mutant is not too dissimilar from that
for wild-type enzyme The differential effects of the K84M
and K84R mutants on the pH-rate profile clearly argue for
the presence of a residue in this position for steroid oxidation

Biochemistry, Vol. 37, No. 10, 1998547

these reductases do not behave as better bidirectional
catalysts. We have also proposed that HSDs that belong to
the AKR and short-chain dehydrogenase/reductase (SDRSs)

families have convergently evolved to retain the same

catalytic mechanism, if this is true the “puspull” mech-
anism may also be applicable to the SDRs. In a structural
comparison of the active sites of AKRs and SDRs we have
previously shown that Tyr 55, Lys 84, and His 117 of-3
HSD are positionally conserved with respect to Tyr 152, Lys
156, and Ser 139 of bacteriad2Q3-HSD (21, 49. If these
amino acid residues are functionally conserved then both His
117 and Ser 139 would facilitate proton donation from the
catalytic tyrosine. This issue could be investigated by

that can become positively charged. These results indicateconducting pH-rate profiles on mutants of the conserved Ser

that the interaction between Tyr 55 and Lys 84 is an essential
component for the oxidation reaction. Since His 117 does

in the SDR family.

not participate in the oxidation reaction, a proton shuttle is ACKNOWLEDGMENT

proposed between Lys 84 and Tyr 55. This could occur by
one of two mechanisms. First, Tyr 55 could exist as a formal
phenolate ion which requires a positive charge on the lysine
for stabilization. Second, a hydrogen bond between Tyr 55
and Lys 84 may result in sharing of a proton, thereby
producing a partial negative character at the tyrosine oxygen
which could then abstract the proton from the steroid alcohol
with the proton being shuttled to Lys 84, Figure 4a. The
D50N mutant showed a shift in th&of the titratable group

in the oxidation direction, indicating that the carboxylate
character of this residue is important in balancing the positive
charge that forms on Lys 84 in the reaction.

As the Y55F mutant is the only enzyme form that
eliminates the titratable group in the reduction and oxidation
direction, we assign this residue as the general acidfase.
The role of Tyr 55 as the catalytic residue is further supported
by the findings that Tyr 55 is the largest contributor to rate
enhancement, and that Y55F mutants still form binary and
ternary complexes. For Tyr 55 to act in a bifunctional
manner we invoke a “pustpull” mechanism for steroid
reduction and oxidation. In this new mechanism we account
for the differential effects on the H117A and K84M mutants
on the pH rate profiles. The pH-independent rates catalyzed
by the H117A mutants in the reduction direction and the
pH-independent rates catalyzed by the K84M mutants in the
oxidation direction suggest that His 117 facilitates proton
donation and Lys 84 facilitates proton removal by Tyr 55.
This is achieved by His 117 and Lys 84 effectively altering
the K, and K, of this residue. The enzyme species

involved in these reactions are reversible and this depends

upon the ionization of the participating residues which in
turn is governed by pH, Figure 4b.

3a-HSD is the only steroid metabolizing enzyme of the
AKR superfamily that has been studied in this detail. It is
likely that other HSDs of the superfamily will operate this
“push—pull” mechanism. Interestingly, the aldose and

aldehyde reductases function predominantly as reductases

yet they retain the same tetrad. Therefore it is unknown why

31n a previous preliminary repordf) we showed that the Y55F

and Y55S mutants catalyze 9,10-phenanthrenequinone reduction at a

robust rate. Further examination of the substrate specificity of these
mutants indicates that the catalytic activity retained is specific for
aromatic quinones. This observation will be the focus of a separate
manuscript that will deal with retention of a quinone reductase activity
in aldo—keto reductase mutants.

We thank Dr. Kapila Ratnam for her helpful scientific
discussions.
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