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ABSTRACT: A“-3-Ketosteroid-B-reductase (§-reductase) precedes-diydroxysteroid dehydrogenasexf3
HSD) in steroid hormone metabolism. Both enzymes are members of thelatwreductase (AKR)
superfamily and possess catalytic tetrads differing by a single amino acidh-HED, the tetrad consists

of Tyr55, Lys84, Asp50, and His117, but a glutamic acid replaces His117-neductase. By introducing

the H117E point mutation intoc3HSD, we engineered/®reductase activity into the dehydrogenase.
Homogeneous H117E03HSD reduced the double bond in testosterone to fofrdiBydrotestosterone
with keat = 0.25 mim? and Ky, = 19.04uM and reduced the double bond in progesterone to generate
53-dihydroprogesterone witki,t= 0.97 mirrt andK, = 33.0uM. These kinetic parameters were similar

to those reported for homogeneous rat livgfrBductase [Okuda, A., and Okuda, R. (1984Biol. Chem

259 7519-7524]. The H117E mutant also reducegt@ihydrosteroids to 3,3a-tetrahydrosteroids with

a 600-1000-fold decrease Ika/Km versus wild-type 8-HSD. The ratio of B-reductase:@HSD activity

in the H117E mutant was approximately 1:1. Although the H117A mutant redté¢&dketosteroids,

the 3x-HSD activity predominated because thgdihydrosteroids were rapidly converted to the J-
tetrahydrosteroids. The pHate profiles for carboncarbon double-bond and ketone reduction catalyzed
by the H117E mutant were superimposable, suggesting a common titratable gkgup 3) for both
reactions. In wild-type @HSD, the titratable group responsible for 3-ketosteroid reduction h&s ap

6.9 and is assignable to Tyr55. The pkate profiles for 3-ketosteroid reduction by the H117A mutant
were pH-independent. Our data indicate that Tyr55 functions as a general acid forobbt&CB and
5B-reductase activities. We suggest that a protonated Glul17 increases the acidity of Tyr55 to promote
acid-catalyzed enolization of th&“-3-ketosteroid substrate. Further, the identity of amino acid 117
determines whether an AKR can function as/réductase by reorienting the substrate relative to the
nicotinamide cofactor. This study provides functional evidence that utilization of modified catalytic residues
on an identical protein scaffold is important for evolution of enzymatic activities within the same metabolic
pathway.

The alde-keto reductase (AKR)superfamily contains two  tion-specific and stereospecific interconversion of steroid
classes of steroid transforming enzymes: the hydroxysteroidalcohols and ketones. In peripheral tissues the HSDs
dehydrogenases (HSDs) and th&3-ketosteroid-B-reduc- inactivate steroid hormones, but in steroid target tissues they
tases (B-reductases)l~7). The HSDs catalyze the posi- modulate steroid hormone action by converting active steroid

hormones into their cognate inactive metabolit®s (The

T This work was supported by NIH Grant DK47015 (to T.M.P.). A Sﬁ_redUCtas-eS reduce the Cafrbmrbon d.OUble bond in® :
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Ficure 1: 53-Reductase andoBHSD activities catalyzed by the AKR superfamily. Testosterdneprogesteronell(), 53-DHT (111 ),

56-DHP (V), 53,3a-THT (V), 53,3a-THP (VI), 7a-hydroxycholest-4-en-3-on&(l ), 53-cholestane-@-ol-3-one ¥IIl ), and $-cholestane-
3o, 7a-diol (IX) are shown.

(17—-19) studies have elucidated the catalytic mechanism of contrast, the interaction between Tyr55 and Hisll7 is
3a-HSD and how steroids bind to this protein. These essential for the reduction of 3-ketosteroids. This interaction
findings may be applicable to other HSDs in the AKR alters the K, of the tyrosine, allowing it to function as a
superfamily. In contrast, biochemical characterization of the general acid so that it can protonate the substrate ketone.
56-reductases is less complete. Purification of rat liyer 5  Comparison of the tetrad residues in oxidoreductases of the
reductase allowed kinetic studies of the enzyi@e, @1), AKR superfamily with those of the rat and humagp-5
and recent cloning of cDNAs for/Breductase from human reductases shows conservation of the tetrad except that
(AKR1D1) (6) and rat (AKR1D2) 5) showed that these His117 is a glutamic acid in bothfsreductases?). This
proteins are 52.1% and 54.3% identical in amino acid comparison suggested thgt-Eeductase activity in the AKR
sequence to rat livera3HSD, respectively. Testosterone, superfamily may result from a single amino acid substitution
a substrate for Sreductase, is a competitive inhibitor for in the catalytic tetrad.

30-HSD (22), indicating that both proteins can bind the same  We sought to test this hypothesis by engineering steroid
steroid at their respective active sites. double-bond reductase activity into rat livex-BISD. Muta-

The three-dimensional structures of the AKRs display an tion of His117 into either a glutamate or an alanine
(a/B)g-barrel motif that binds NAD(P)(H) cofactor in an introduced B-reductase activity into @HSD with varied
extended conformation so that hydride transfer occurs from effects. The H117E mutant functioned as both @ 5
the 4pro-(R) hydrogen of the cofactor to the substrate reductase and ao3HSD. The B-reductase activity of the
carbonyl (7, 23—26). This implies that both &HSD and mutant was comparable with that of homogeneous rat liver
58-reductase exhibit the same stereochemistry of hydride 53-reductase 20, 21). Surprisingly, the H117A mutant
transfer, and this is observed7 28). Oxidoreductases of possessed a detectablg-®ductase activity but remained
the AKR superfamily catalyze a common reaction mecha- predominantly a8-HSD. We propose that Tyr55 functions
nism by using a tetrad of amino acids, Tyr55, Lys84, Asp50, as the general acid for bothadHSD and $-reductase
and His117 (numbered according t@-8ISD), at the active activities and that the identity of the amino acid at position
site (16, 29—31). In the proposed mechanism, Tyr55 117 plays arole in determining whether an AKR can function
functions as the general acid/base. Recent site-directedas a B-reductase. This study supports the concept that new
mutagenesis of rat liver®3HSD revealed a “pushpull” enzyme activities can evolve in a metabolic pathway by
mechanism involving other residues of the tetrd@)( The modification of the catalytic residues within a conserved
interaction between Tyr55 and Lys84 is essential for oxida- Structural motif.
tion of the 3r-alcohol. This interaction lowers theKp of
the tyrosine, allowing it to function as a general base so that MATERIALS AND METHODS
it can deprotonate the substrate alcohol. A salt bridge Materials Primers for PCR-based site-directed mutagen-
between Lys84 and Asp50 facilitates this interaction. In esis were purchased from Gibco. All steroids were obtained
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from Steraloids; the nicotinamide cofactors were from observed in the first 5 min. Determination of tkg; and
Boehringer-Mannheim. Radiolabeled Y#]testosterone K, values for 4-androstene-3,17-dione (24D.0uM) and
(57.3 mCi/mmol), [4**C]progesterone (55.4 mCi/mmol), and 4-pregnen-28-ol-3-one (2.5-50.0uM) reduction used the
[4-1“C]-50.-dihydrotestosterone (DHT) (58.3 mCi/mmol) spectrophotometric assay system described above. Kinetic
were purchased from NEN/DuPont. Whatman LK6D TLC constants for reduction offsandrostan-1/3-ol-3-one [%-
plates were bought from Fisher. All other reagents were dihydrotestosterone,/SDHT (Il )], 5a-androstan-17-ol-
ACS-grade or better and were obtained from Sigma. 3-one (s-dihydrotestosterone p5DHT), 53-pregnane-3,20-
MutagenesisExpressionand Purification of Recombinant  dione [53-dihydroprogesterone, /sDHP (V)], and 5o-
Wild-Type and Mutant & HSDs The pKK-3x-HSD ex- pregnane-3,20-dione were obtained spectrophotometrically
pression vector and details of the PCR-based site-directedunder the same assay conditions by varying substrate
mutagenesis protocols have been described elsewh8re (  concentration (2.550.0 M) at a constant NADPH con-
Generation of the H117E mutant used the following oligo- centration (20Q:M).
nucleotide primers in the forward and reverse directions, pH—Rate Profiles To determinek.,:andK, values over
respectively: 5dTTTATATTATTGAATTCCCAATGGC- a range of pH values, a buffer system containing 50 mM
3 and 3-dGCCATTGGGAATTCAATAATATAAA-3' (un- sodium phosphate, 50 mM sodium pyrophosphate, and 50
derline denotes mutated codon). Generation of the Y55F mM (3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hydroxypro-
and H117A mutants has been previously descrii8d16). panesulfonic acid) (AMPSO) was used in place of the
Ligation of theHindlll fragment (+251 to +1059 bp) of potassium phosphate buffer. The triple buffer system
the H117E PCR product into pKKe3BHSD(Y55F) lacking maintains constant ionic strength over the pH range used
the corresponding fragment generated pK&+3SD(Y55F/ and negates the concern that different ions could have
H117E). Dideoxy sequencing ensured fidelity of the mutant differential effects on enzyme activity. Initially, the pH
constructs. Recombinant wild-type and mutant3SDs rate profiles for testosterone and progesterone reduction
were purified fromE. coli sonicates by DE-52 cellulose catalyzed by the H117E mutant were determined radio-
anion-exchange and Blue Sepharose affinity column chro- chemically to ensure that onlyfs&dihydrosteroids were
matographies with protein quantification, SBBAGE, and formed over the first 5 min of the reaction at the chosen
Western blot analysis performed as previously describ8d (  pH. The logk.a: and log k.a/Km) data were then generated
Standard Radiometric AssayAssays contained 100 mM  spectrophotometrically with initial rates calculated from the
potassium phosphate buffer (pH 7.0), 2.3 mM NADPH, 4% first 2 min of the reaction. The pHrate profiles were fitted
acetonitrile (ACN), and 30 000 cpm of radiolabeled steroid to HBBELL, BELL, or WAVL as described by Clelan®8).
(the final concentration was 5M testosteronel §, 50 uM
progesteronelk), or 35uM 50-DHT in a 100uL reaction RESULTS
volume at 25°C. Reactions were quenched with ethyl Identification of B-Reductase Actity in Rat Liver 3o.-
acetate and extracted. The extracts were evaporated tiHSD Mutants To test whether a point mutation could
dryness, redissolved in methanol, and applied to Whatmanintroduce B-reductase activity into&HSD, we generated
LK6D TLC plates. Chromatograms from reactions with the H117E mutant and purified the expressed protein from
testosterone were developed twice in chloroform/ethyl acetateE. coli. As controls, the previously characterized recombi-
(4:1, viv), while those from reactions witha®DHT were nant wild-type ®%-HSD and the H117A mutant were
developed once in the same solvent system. The chromato-overexpressed and purified. Each protein appeared as a
grams from reactions with progesterone were developed oncesingle homogeneous band of the same molecular weight by
in toluene/ethyl acetate (3:1 v/v). Visualization and quan- SDS-PAGE; and each was immunoreactive with rabbit anti-

titation were as previously describeto]. rat 3a-HSD antiserum upon Western blot analysis (not
Measurement of SteaBtate Kinetic Parameters foi’s shown).
Reductase andd@3HSD Actuity. Thek.,andK, values for [*“C]Testosterone was used as a substrate to survey the

testosterone and progesterone reduction catalyzed by thepurified wild-type 3x-HSD and the H117E and H117A
H117E mutant were determined with varied steroid concen- mutants for B-reductase activity (Figure 2). As expected,
trations (2.5-50.0 uM) in the standard radiometric assay. wild-type 3o-HSD exhibited no B-reductase activity. The
Initial rates were calculated from aliquots of reactions in H117E mutant generated a product that comigrated in TLC
which only the B-dihydrosteroid product was detected over analysis with 3-DHT. However, this mutant also reduced
the time course employed. Estimates of the kinetic constants53-DHT to 53-androstane-®,173-diol [55,3a-tetrahydrotes-
were obtained from ENZFITTER3Q). For comparison, tosterone; B,3o-THT (V)] during the assay. The TLC
measurement of initial velocities for reduction of testosterone system used could resolve other stereochemical products that
and progesterone with a Beckman DU-640 spectrophotometemmay arise from testosterone reduction (i.e;BHT and 5-
were performed in parallel by observing the rate of change androstane-®,173-diol). These products did not appear in
in absorbance of pyridine nucleotide at 340 nim= 6270 any of the reactions. Thus, mutation of His11l7 into a
M~ cm™) in 1 mL systems. Reaction components (100 glutamic acid introduced a stereospecifii:'e@ductase activ-
mM potassium phosphate, pH 7.0, and 4% ACN) were ity, but the H117E mutant retainedadHSD activity.
identical to those used in the standard radiometric assaysSurprisingly, the H117A mutant also reduced testosterone,
except that 20@aM NADPH and no radiolabeled steroid was but the primary product observed in this reaction wa.8&-
used. For these measurements, calculation of initial veloci- THT. This indicated that 8HSD and B-reductase activi-
ties used only the first 2 min of data. Independent measure-ties were also present in the H117A mutant.

ments with the radiometric assay confirmed that when 200 Kinetic Characterization of the H117E and H117A Mu-
uM NADPH was substituted, only/dihydrosteroids were  tants Time courses were conducted wifi¢]testosterone
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Ficure 2: Detection of B-reductase activity in the H117E and
H117A mutants. Purified recombinant wild type-HSD and the
His117 mutants (1615 ug each) were incubated with 50 [14C]-
testosterone in the absence)(and presenceX) of 2.3 mM
NADPH for 30 min in the standard radiometric assay as described

Jez and Penning

Table 1: Kinetic Parameters of the3d1SD H117E Mutant for
55-Reductase Activity

Keal Km

substrate Keat(MiN™) Ky (M) (Min~¥mM™1)
testosterone 0.2% 0.02 19+ 4 13.0
4-androstene-3,17-dione  0.340.07 22+ 10 15.0
progesterone 0.9%0.12 33+ 8 29.0
4-pregnen-2Q-ol-3-one  0.28+ 0.01 20+ 3 15.0

a All reactions were performed spectrophotometrically in potassium
phosphate buffer (pH 7.0) and 4% ACN as described under Materials
and Methods. Allke: and Ky values were determined with the
ENZFITTER program2) and are expressed as a measE forn =
4.

The H117A mutant reduced“C]testosterone and“C]-
progesterone but thesedihydrosteroids did not accumulate

under Materials and Methods. Positions of authentic standards forto the same degree as observed with the H117E mutant;

substrate and products are indicated by the arrows.

50

50

Testosterone B Progesterone
4 5B,3a-THT 4 58,3a-THP
© 8
° 3 g 3 g
2 N %
5 °
g ?|5p-DHT g 21 5%
f=s
1 - 1 °© o o
5B-DHP
0 0
60 120 180 240 0 60 120 180 240
time (min) time (min)
5q 5
c OTestosterone D Progesterone
O
4 o 4
° 5B,30-THT ° N 58,30-THP
g 3 o .982 3 o
k7 17}
o 2 > T 2 ©
£ ° IS
c ; €,
©  5pDHT 5p-DHP
0 0
0 60 120 180 240 0 60 120 = 180 240
time (min) time (min)

Ficure 3: Time course for the reduction of testosterone and
progesterone catalyzed by the purified H117E and H117A mutants.
Incubation of purified H117E (12.Bg) with [*“C]testosterone (A)

or [*C]progesterone (B) or purified H117A (132y) with [14C]-
testosterone (C) or{C]progesterone (D) was monitored with
aliquots taken at intervals from 0 to 240 min and developed by
TLC as described under Materials and Methods. Thkfe3-
ketosteroid substrate®) and the B-dihydrosteroid A) and %,3a-
tetrahydrosteroid productslj are indicated on the graphs. Values
shown are the mean for = 3 with a standard deviation of less
than 10% for each time point.

instead the B,3o-tetrahydrosteroids were the major products
(Figure 3C,D). In the H117A mutant, the rates &f-3-
ketosteroid disappearance corresponded to the rates observed
for tetrahydrosteroid formation (Figure 3C,D). Despite a
large excess ofA*-3-ketosteroids, the /Bdihydrosteroids
were barely detectable and were rapidly converted to the
583,3a-tetrahydrosteroids by theo3HSD activity of the
H117A mutant. The inability to measure the formation of
58-dihydrosteroids reliably with the H117A mutant prohib-
ited accurate determination of the kinetic constants for its
5B-reductase activity. However, on the basis of the rate of
disappearance of th&*-3-ketosteroid substrate, the H117A
mutant had estimated specific activities of 0.6 nmol of
testosterone reduced min(mg of protein)* and 1.7 nmol

of progesterone reduced min(mg of proteiny'. These
values were approximately 90-fold lower than the specific
activities of the H117A mutant for the reduction #-BDHT

and P-DHP, indicating that the &HSD activity predomi-
nated.

The kinetic constants for the reduction of the carbon
carbon double bonds in testosterone, progesterone, 4-an-
drostene-3,17-dione, and 4-pregnenx2f)-3-one catalyzed
by the H117E mutant were determined by either radiometric
or spectrophotometric assays (Table 1). Both assay methods
gave similark.o andKp, values for testosterone and proges-
terone reduction. As reduction of the last two steroids could
only be followed spectrophotometrically, the values reported
for all A%-3-ketosteroids are those determined by this method.
It was found that the H117E mutant exhibited simikas;

and [“C]progesterone as substrates to monitor the progressvalues to those reported for nativ-feductase purified to

of the H3-reductase andd3HSD activities in the histidine
mutants. The H117E mutant reduced testosteronesto 5
DHT (Figure 3A). However, as the concentration ¢f-5
DHT increased, the®HSD activity of the mutant reduced
56-DHT to 53,30-THT. Likewise, a time course of the
H117E mutant with J*C]progesterone as substrate showed
a similar product pattern in whichfeDHP appeared first
and was subsequently reduced B fFregnan-a-ol-20-one
[58,30-tetrahydroprogesterone s Ba-THP (VI)] (Figure
3B). Based on the initial rates @f*-3-ketosteroid disap-
pearance and appearance ¢f-dihydrosteroid products
(Figure 3A,B), the specific activities of the H117E mutant
were 4.1 nmol of testosterone reduced niifmg protein)*
and 9.8 nmol of progesterone reduced miinimg of
proteiny .

homogeneity from rat liver and demonstrated only 10-fold
higher K, values g0). For example, the H117E mutant
reduced testosterone tg-WHT with ks = 0.25 mir! and

Km = 19.0uM, while native B-reductase hak. = 1.30
min~! and K, = 2.30 uM for testosterone. Similarly,
reduction of progesterone t@®HP by the H117E mutant
occurred withkee = 0.97 mim? andKr, = 33.4uM, while
native %-reductase exhibit&q = 1.80 min'! and K,
2.20uM for progesterone. Purified nativggFeductase has
no reported 8-HSD activity 0, 21).

The kinetic constants for the reduction gf-5and -
dihydrosteroids catalyzed by wild-typex3HSD and the
histidine mutants were also determined (Table 2). Previ-
ously, we reported that the reduction of androstanedione by
the H117A mutant was not detectable in the triple buffer
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Table 2: Kinetic Parameters of Wild-TypexdHSD and the H117E A 2
and H117A Mutants for 3-Ketosteroid Reduction
substrate wild type H117E H117A -
58-Androstan-1-ol-3-one &
Keat (Min~2) 57+ 4 0.29+0.08  4.4+0.7 3 0
Km (uM) 6.0+£20 31+16 37+ 11 —
KeafKin (Min"YmM~%) 9500 9.4 120 2 1
5o-Androstan-1p-ol-3-one
Keat (Min~2) 13+1 b 0.51+0.04
Km (M) 6.0+15 b 20£2 2t
Keal Km (MiN"YmM~1) 2200 b 26 5 6 7 8 9 10
58-Pregnane-3,20-dione pH
Keat (Min~2) 29+1 0.27+£0.01 4.6+15
Km (M) 3.0+0.30 15+2 61+ 30 B _ 4 o_ o -
KealKm (Min"¥YmM~1) 9700 18 75 = ~o
5a-Pregnane-3,20-dione = 3
Keat (Min~t) 52+10 b 0.38+0.02 £
Km (uM) 56+10 b 21+8 £ |
KealKem (Min"YmM-1) 930 b 18 X 2 v
a All reactions were performed spectrophotometrically in potassium g
phosphate buffer (pH 7.0) and 4% ACN as described under Materials o 1 )
and Methods withk.candK, values determined with the ENZFITTER =
program 82) and expressed as a me&ar8E forn = 4. ® Not detectable 0
spectrophotometrically with up to 1Q@y of protein. s 6 7 3 9 10

pH
system by a spectrophotometric assk§).( However, inthis ~ Ficure 4: pH dependence offsreductase andHSD activities

study we used a potassium phosphate buffer and differentcatalyzed by wild-type &HSD and the H117E and H117A

steroid substrates that yielded measurable rates for 3-ketonutants. (A) logkea versus pH and (B) logkta/Km) versus pH

. . . . profiles for §3-DHT reduction catalyzed by wild-typeo3HSD ([O)
ster_0|q reduction with this mutant. The H117A mutant and the H117A A) and H117E ©) mutants and for testosterone
exhibited 56-140-fold decreases in thea/Km values for reduction catalyzed by the H117E) mutant. All assays were

3-ketosteroid reduction versus wild-type enzyme and affected performed spectrophotometrically with the triple buffer system as
bothk.s (6—25-fold decrease) anid, (3—22-fold increase).  described under Materials and Methods.

The H117E mutant decreased the/Kn, values for 3-keto-
steroid reduction by 6001000-fold compared to wild type,
with the largest effect observed dg,. On the basis of

comparison of théa/Kn values, the H117A mutant was a with an observed 1ofold decrease il (16). In this study

superior @'HSD relative to the H117E mutant. _ the inflection point was also eliminated in the H117A mutant
Comparison of theke./Km values for the reduction of \yith 5 100-fold decrease in the pH-independent valueof
testosterone and progesterone catalyzed by the H117E mutary,, 58-DHT reduction. This pH profile was similar to that
with those for the reduction of the corresponding- 5 previously reported for the H117A mutant whea-BHT
dihydrosteroids revealed that they were 1.5-fold higher for \; o« sed as substrate6f. These results implied that a
double-bond reduction (Tables 1 and 2). Although the ,rqi5nated His117 interacts with Tyr55 through a potential
H117A mutant displayed decreased catalytic efficiency for proton relay to facilitate ketone reduction in-34SD (16).

has assigned this titratable group as the catalytic tyrosine,
which is Tyr55 in 3-HSD (16, 30, 31). For example,
mutation of Tyr55 in 8-HSD eliminated this inflection point

ketone reduction refative to wild-typex3HSD, thesekea/ The logkex versus pH profiles for reduction of testosterone
Km.v.alues are clearly superior to _those fq@—.feductase and H-DHT catalyzed by the H117E mutant were super-
activity, which could not be determined for this mutant.  jmn6sable and indicated that both reactions used the same

Our results also indicated that4lihydrosteroids were the titratable group with a i§, = 6.3. The H117E mutant also
preferred substrates for wild-typer3HSD and both histidine showel a 2 log unit decrease in the pH-independent value
mutants. Wild-type 8-HSD and the H117A mutant had  of k., for 58-DHT reduction versus wild-type 3HSD.
4—11-fold higherk/K, values for reduction of A/Rcis- These data suggest that thi,pf Tyr55 was shifted to a
ring fused steroids than for the AtBansring fused steroids.  more acidic pH in the H117E mutant and that a protonated
In the spectrophotometric assays, the H117E mutant reduceds|u117 facilitates both the/Breductase and theaBHSD
56-dihydrosteroids but failed to reducecslihydrosteroids. activities.

pH Dependence offbReductase andi3HSD Actiities. The log keafKm) versus pH profile for B-DHT reduction
The pH dependence &f,;andk../K, for wild-type 3o-HSD catalyzed by wild-type &HSD is essentially flat up to pH
and the histidine mutants were determined over a pH range9.0. The inflection point i, = 6.9 observed in the lok.4
from 5.5 to 10 (Figure 4). The measured parameters obtainedversus pH plot is eliminated due to a systematic decrease in
from fits of the experimental data are given in Table 3. The K as pH increases, resulting in an increase in catalytic
log kear versus pH profile for the reduction of8DHT efficiency. In contrast, logkt./Km) versus pH profiles for
catalyzed by wild-type enzyme showed an inflection point 53-DHT reduction catalyzed by the H117A mutant showed
with a K, = 6.9 and was similar to those reported for a 2 log unit decrease versus wild type and gave an inflection
reduction of &-DHT and androstanediond ). Previous point of pK, = 9.0. This inflection point results from a
work on 3-HSD, aldose reductase, and aldehyde reductasefurther decrease in catalytic efficiency due to a pH-dependent
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Table 3: X Values for the Kinetic Constants ofSDHT and Testosterone Reduction Catalyzed by Wild-TypeHSD and the H117E and
H117A Mutants

enzyme substrate parameter equation Ka p PKp ca

wild type 53-DHT Keat WAVL NA® 6.90+ 0.10 86.0+ 2
KealKm HBBELL NA 10.00+ 0.10 5600+ 260

H117A 56-DHT Keat BELL 5.80+0.10 10.0G+ 0.30 24+ 0.2
KealKm HBBELL NA 9.00+ 0.10 40+ 9

H117E B-DHT Keat HBBELL NA 6.40+£ 0.03 0.52+ 0.02
KealKm HBBELL NA 5.10+ 0.6C d

H117E testosterone Keat HBBELL NA 6.30£0.12 0.87+ 0.15
KealKm HBBELL NA 5.50+ 0.4C° d

apH-independent values fde, and ke Km are expressed in units of mihand min¥/mM~1, respectively, and for the WAVL and BELL fits
represent the highest valuédNA, not applicable® These values have larger associated errors because the extrapolations were’yfaktes.are
not given forC because the error was greater than the value since the plots did not plateau. All reactions were performed in the triple buffer system.

Testosterone 5a-DHT
I 1 [ 1
WwT Y55F  H117E Y55F/H117E wWT Y55F  H117E YS5FH117E
1 17 1T 1
NADPH: - 4+ - + - 4+ - 4 -+ - o+ -+ = 4+

Ll L L Lol el

5B-DHT —

- Sa—androstane
3a, 17B-diol

5B—androstane
30, 17B-diol -

Ficure 5: Elimination of 31-HSD and $-reductase activities by the Y55F/H117E double mutant. Purified recombinant wild-type 3
HSD (10ug), H117E (12.59), and the Y55F/H117E double mutant (1) were incubated with eithet{C]testosterone of{C]-5a-DHT

in the absence—) and presencet) of 2.3 mM NADPH for 30 min in the standard radiometric assay as described under Materials and
Methods. Positions of authentic standards are noted.

increase irKy,. These data show that in wild type enzyme the AKRs use a common general acid (Tyr55) for reduction
His117 is important for both catalysis and steroid binding. of both ketones and carbewmarbon double bonds. This
The H117E mutant gave lod&/Km) versus pH profiles  work shows that the identity of the amino acid 117 in the
that were superimposable for the reduction of bg#F8AT catalytic tetrad can determine if an AKR functions as a
and testosterone. These plots were similar to those describedteroid B-reductase. Finally, this study provides functional
for plots of log kear versus pH obtained with this mutant.  evidence that mutation of a common catalytic tetrad on a
Further, inspection of the changesip versus pH showed  conserved structural motif is important for evolution of

these values increased with pH leading to steeper titrationenzyme activities within the same metabolic pathway.
curves in the log K../Km) profiles for both activities.

Together, these results indicate that at high pH the negatively Insights on AKR Catalysis by Engineering-Reductase

charged Glul17 adversely affects the reduction and bindingACti’f ity into 30"HSD', Structural .and Kinetic st.udies have
of both 5-DHT and testosterone. elucidated the reaction mechanism of the oxidoreductases

Tyr55 as the General Acid for thggEReductase andd3 in the AKR superfamily but have not addressed how fie 5
HSD Actiities. To test the role of Tyr55 as the general reductases of the superfamily function.a-8iSD, aldose
acid for both 3-HSD and B-reductase activities, the Y55F/ reductase, and aldehyde reductase share an identical catalytic
H117E double mutant was overexpressed, purified, andtetrad (Tyr55, Lys84, Asp50, and His117) in which the
assayed for both enzymatic activities. As expected, wild type tyrosine functions as the general acid/balg 29-31). Our
30-HSD did not reduce }fC]testosterone and the H117E results are consistent with the mechanism proposed for
mutant functioned as g3sreductase (Figure 5). The Y55F  ketone reduction catalyzed by rat lives-34SD (16). The
mutant was severely impaired for reduction6€]-5a-DHT. salient features of this reaction are hydride transfer from
However, the Y55F/H117E mutant did not catalyze reduction NAD(P)H to the C3-ketone of the steroid with Tyr55 acting
of either 3-ketosteroids ak*-3-ketosteroids. These results as the general acid and His117 participating in the proton
are consistent with Tyr55 acting as the general acid for both relay. This study suggests that th&fductase activity uses
3a-HSD and B-reductase activities. similar features. First, the reaction is NADPH-dependent.
Second, based on the ptrate profiles of the H117E mutant
DISCUSSION and the lack of activity in the Y55F/H117E double mutant,

Guided by the three-dimensional structure of rat liver 3 ~ Tyr55 also serves as the general acid for carbcarbon
HSD and sequence comparisons of steroid-metabolizingdouble-bond reduction. Finally, the légyversus pH profile
AKRs, we successfully engineered-feductase activity into  of the H117E mutant suggests that a protonated glutamic
3a-HSD with a point mutation. Our results indicate that acid facilitates double-bond reduction.
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Ficure 6: Alternate mechanisms for carbenarbon double-bond reduction. (A) Double-bond reduction proceeding via initial protonation

of the ketone at C3 and subsequent formation of a carbonium ion intermediate. (B) Double-bond reduction proceeding via initial hydride
transfer to C5 and subsequent formation of an enolate anion. (C) Proposed mechanism for double-bond reductionHSEhé1B17E

mutant and native Sreductase, in which a protonated Glu117 facilitates the reaction catalyzed by Tyr55, the general acid.

It is unknown whether double-bond reduction Af-3- acid to facilitate the enolization step. The resultant 3,4-enol
ketosteroids occurs by a stepwise or concerted mechanismproduces cationic character at C5 and allows hydride transfer
Akhtar et al. 84) proposed that steroid double-bond reduction from NADPH to thefs-face of the steroid C5. Finally, the
may occur by a two-step mechanism in which either enol can tautomerize to generate thg-dshydrosteroid
protonation or hydride transfer is the initial step. Af-3- product. Alternatively, as proposed forseductase, the
ketosteroids, protonation at C3 would generate an enol andenol may dissociate from the enzyme and reprotonate
a partial positive charge or a carbonium ion at C5 (Figure nonenzymatically in solution3(7).
6A). This would permit hydride transfer to th:face of A similarity exists between the reaction mechanism/f 5
the steroid at C5 followed by tautomerization and protonation reductase and that &f>-3-ketosteroid isomerase. Two recent
at C4. Alternatively, hydride transfer could occur first at structures oPseudomonad®-3-ketosteroid isomerase sup-
C5, forming an enolate anion (Figure 6B), with protonation port assignment of Tyrl4 as the general acid and suggest
at C4 completing the reaction. Although both the carbonium that both this tyrosine and Asp99 hydrogen-bond with the
ion and enolate anion are unstable, the transition state ofC3 oxygen of the bound steroid3§ 39). Likewise,
the reaction may resemble one of these two intermediates.experimental evidence based on the binding of substituted
Using primary and solvent kinetic isotope effects, others have p-phenols toA5-3-ketosteroid isomerase in which the cata-
shown that in aldose reductase (a related -akito reduc- lytic base (Asp38) was mutated may support this pattern of
tase) proton donation is slower than hydride transfer, hydrogen bonds4(0). However, Mildvan and co-workers
providing evidence for an oxyanion intermediate during the (41) have demonstrated by NMR that Asp99 forms a strong
catalytic mechanisnB(). This oxyanion intermediate would  low-barrier hydrogen bond with Tyrl4, making it a better
be equivalent to the enolate in Figure 6B. Thus the oxyanion acid catalyst. In the AKRs with/Breductase activity, we
hole at the AKR active site36) could stabilize the negatively  propose that Glu117 hydrogen-bonds with Tyr55, making it
charged enolate. However, substitution of His117 by Glul17 a better acid catalyst so that acid-catalyzed enolization of
could compromise this situation in the H117E mutant and the steroid enone can occur. On the basis of the three-
the native B-reductases. Finally, as noted fax®-3- dimensional structure of rat livero3HSD, a glutamic acid
ketosteroid isomerase§), the extremely apolar nature of at position 117 could interact with either the steroid ketone
the steroid binding site would present an unfavorable or Tyr55. However, the observed acid shift in thi€,pf
environment for generation of a formally charged species Tyr55 in the H117E mutant for bothSereductase activity
during the reaction mechanism. This would suggest a and 3-ketosteroid reduction plus the loss of pH dependence
mechanism in which enolization precedes hydride transfer. of ke in the H117A mutant suggests that Glu117 interacts

On this basis we propose the following mechanism for with Tyr55, not the steroid ketone. It is intriguing that the
the steroid double-bond reductase activity of the H117E mechanisms for isomerization af°-3-ketosteroids and for
mutant and the Sreductases of the AKR superfamily reducing A%-3-ketosteroids resemble each other and that
(Figure 6C). Following binding of NADPH and testosterone, catalytic residues responsible for both reactions are similar.
Tyr55 promotes acid-catalyzed enolization of thé-3- It is important to consider why testosterone and proges-
ketosteroid. Similar to the role of His117 in 3-ketosteroid terone are not substrates for native-BSD. There are no
reduction (6), a protonated Glul17 hydrogen-bonds with known examples of HSDs that reduce ketones when they
Tyr55 to lower the K, of the tyrosine, making it a stronger are present asy,fS-unsaturated ketones. In examining
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chemical precedents, methanolic borohydride will leave the secutive reactions for the biosynthesis of methionin&.in
o,f-unsaturated ketone af*-androstene-3,17-dione intact coli (45) and of isoleucine iBacillus subtilis(46) suggests
but will easily reduce the 17-ketone to yield the3idlcohol that gene duplication followed by divergence of function has
(42). The enone is resistant to reduction under these mild occurred. In mammals,/Breductase activity immediately
conditions because it is more thermodynamically stable thanprecedes &HSD activity in steroid hormone metabolism
a saturated ketone. Since reduction of a saturated ketone i9) and bile acid biosynthesid@). The sequence similarity
chemically preferred, testosterone and progesterone are nobf these proteins in both rat and human and the results
substrates for &HSD. Under harsher conditions borohy- reported here argue that divergent evolution from a common
dride will selectively reduce the ketone in 2-cyclopenten-1- ancestor that potentially catalyzed boff+eductase ando3
one @3). However, enzymatic formation of ax3alcohol HSD activities has occurred.
containing aA*%>-ene is not observed since reduction of the  Our results are consistent with a “chemistry first” view
enone occurs via hydride transfer to C5 and not by hydride of enzyme evolution. Jensed?) suggested that the evolu-
transfer to C3. This process is facilitated in the H117E tion of enzymatic activity occurs by recruitment of a protein
mutant by acid-catalyzed enolization of the enone. possessing a given catalytic machinery. This catalytic power
Role of Amino Acid 117 in Orienting Steroid Substrates is then harnessed to generate new activities either by
Our results also suggest that amino acid 117 may serve othemodifying substrate specificity or by partitioning of reaction
functions, such as orienting steroid substrates within the intermediates to form new products. Structural and sequence
pocket. The 8-HSD and B-reductase reactions are similar comparisons of protein superfamilies have formed the basis
but differ in the position to which hydride is transferred. Rat of this hypothesis. For example, all members of the enolase
liver 30-HSD binds testosterone at the active site as a superfamily of proteins, including mandelate racemase and
competitive inhibitor 22) and the ternary complex structure muconate lactonizing enzyme, share a common structural

(19) provides insight on why this enzyme does not function
as a B-reductase. The C5 of testosteroaéiA away from
the C4 of the nicotinamide ring, a position too distant to

motif and abstract thex-proton of a carboxylic acid,
generating an enolic intermediate that is subsequently
partitioned into different reaction products depending on the

permit hydride transfer. Since the C3 and C5 of testosteronearchitecture of the active site of each proted8{50). The

are 2.4 A from each other, an adjustment in the position of
the steroid must place C5 nearer theré-(R)-hydrogen of
the nicotinamide ring. Although the detailed structural
effects of the H117E and H117A mutants on steroid binding
are unknown, substitution of a glutamic acid or an alanine
for His117 may reposition the C5 of testosterone closer to
the C4 of the nicotinamide ring to permit hydride transfer
and generation of thefadihydrosteroid product. Previous
work on aldose reductase, an AKR that primarily metabolizes

existence of a number of large enzyme superfamilies,
including the AKRs and enolases, demonstrate that enzymes
can share a common structural scaffold but catalyze different
overall reactions. Assertions of the “chemistry first” idea
have relied solely upon comparative methods between
proteins of a given superfamily. By engineering-5
reductase activity into&HSD, we have provided functional
evidence supporting this concept.

On the basis of amino acid sequence comparisons, we

monosaccharides, has demonstrated the importance of thisdentified a single amino acid difference at the active site

conserved histidine for orienting 2-hydroxyaldehyde sub-
strates in the active sit0).

Wild-type 3u-HSD and the histidine mutants preferentially
reduce the C3 ketone offS&dihydrosteroids over &

between the oxidoreductases and tifer&uctases of the

AKR superfamily and proposed that the alteration determines

the enzymatic activity of an AKR protein7(. This
hypothesis was in part true. While the H117E mutant is

dihydrosteroids even though the histidine mutants adverselyunlikely to be “the” ancestral AKR, this mutant represents

affect bothk.,: (6—30-fold decreases) ari, (6—200-fold

an example wherebyo3HSD has been de-evolved into a

increases) for these substrates. This preference may havéorm that uses the same catalytic machinery for two distinct

mechanistic consequences for thereductase activity of
the H117E mutant. In&-dihydrosteroids, the C5 hydrogen
is a-oriented and the A/B-ring fusion is in trans, whereas
this hydrogen iss-oriented in the B-dihydrosteroids and
the A/B-ring fusion is in cis. This subtle difference has major
structural effects on the steroid. In the trans ring fusion,
the A-ring is planar with the steroid nucleus, but the A-ring
bends 90 relative to the steroid nucleus when the fusion is
in cis. In the H117E mutant hydride transfer from the
nicotinamide to C5 of the\*-3-ketosteroid, in which the
A-ring is roughly planar to the remainder of the steroid,
produces a8-dihydrosteroid with a 90bend in the A-ring.
Our results suggest that the substrate pocket of wild type
3a-HSD and the histidine mutants better accommodates A/B
cis ring-fused steroids and may permit binding of a bent
transition state during reduction af*-3-ketosteroids to /%
dihydrosteroids.

Evolution of Enzymatic Actity. Horowitz (44) originally

enzymatic activities. This result is consistent with the above
model of enzyme evolution. Since rat livee:3HHSD and

rat liver 53-reductase have only single enzymatic activities
(12, 20, 21), complete conversion of the H117E mutant into
a strict -reductase may require further modification of the
substrate binding pocket to optimize protesteroid interac-
tions.
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