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Reaction$

Udo C. T. OppermanhCharlotta Filling* Kurt D. Berndtf Bengt Perssoi Jordi Benach, Rudolf Ladenstei,and
Hans Jonvall**

Department of Medical Biochemistry and Biophysics, Karolinska Institutet, S-171 77 Stockholm, Sweden, and
Center of Structural Biochemistry, Karolinska Institutet, NOVUM, S-141 57 Huddinge, Sweden

Receied July 22, 1996; Résed Manuscript Receed October 28, 1996

ABSTRACT. Mutagenetic replacements of conserved residues within the active site of the short-chain
dehydrogenase/reductase (SDR) superfamily were studied using prokargétigs-Biydroxysteroid
dehydrogenase g8175-HSD) from Comamonas testosteroas a model system. The results provide
novel data to establish Serl138 as a member of a catalytically important “triad” of residues also involving
Tyrl51 and Lys155. A Ser- Ala exchange at position 138 results in an almost compke89(9%) loss

of enzymatic activity, which is not observed with a SefThr replacement. This indicates that an essential
factor for catalysis is the ability of side chain 138 to form hydrogen bond interactions. Mutations in the
NAD(H) binding region, in strandg8A, D, and adjacent turns, reveal two additional residues, Thr12 and
Asn87, which are important for correct binding of the coenzyme and with a differential effect on the
reactions catalyzed. Thus, mutation of Thrl2 to Ala results in a complete loss gf#tiehydrogenase
activity, whereas the 3-oxoreductase activity remains unchanged. On the other hand, a T12S substitution
yields a protein with unaltered catalytic constants for both reactions, revealing that a specific hydrogen
bond is critical for the dehydrogenase activity. Our interpretation of the available crystal structure of
30/203-HSD from Streptomyces hydrogenasisggests a hydrogen bond in that enzyme between the Thr12
side chain and the backbone NH of Asn87 rather than the coenzyme, indicating that this hydrogen bond
to the 8D strand might determine a crucial difference between the reductive and the oxidative reaction
types. Similarly, mutation of Asn87 to Ala results in an 80% reductiok.g%K, in the dehydrogenase
direction but also unchanged 3-oxoreductase properties. It appears that the binding ofd\AB protein

is influenced by local structural changes involving strg@ifitland turngA to oB.

Short-chain dehydrogenases/reductases (SDRs) constitutef different SDR enzymes have revealed a conserved Tyr-
a protein family with highly diverse functions in pro- and X-X-X-Lys segment (residues 15155 in the $/175-HSD
eukaryotes [for recent reviews, cf. Krozowski (1994) and sequence) essential for catalytic activity of SDR proteins
Jarnvall et al. (1995)]. All known three-dimensional struc-  (Jarnvall et al., 1981; Krook et al., 1990, 1992; Persson et
tures reveal a highly similar one-domair3 pattern. Well-  al., 1991; Obeid & White, 1992; Chen et al., 1993; Ensor &
conserved primary structure elements are restricted to certainraj, 1994). However, recent investigations (Ghosh et al.,
segments in the sequence, indicating a possibly common fold,1994; Jonvall et al., 1995) also highlight several other amino
active site, reaction mechanism, and coenzyme and substratgcid residues as important in substrate binding and catalytic
binding regions (Persson et al., 1991). Essential parts of conversion. Structure alignments of short-chain dehydro-
the coenzyme binding site, as established by X-ray crystal- genases/reductases, based on the available data of hydroxy-
lography (Ghosh et al., 1991, 1994, 1995), and comparisonsgtergid and prostaglandin dehydrogenases and other SDR
(Persson et al., 1991 dhwall et al., 1995), are located in enzymes (Ghosh et al., 1994, 1995; Krook et al., 1993,

the N-terminal part and consist of a “Rossmann fold” 5 ghese et al., 1992: Tanaka et al., 1996), demonstrate

St”!cgl”e J(Roslfnlar}n 138?"(;'19;‘2 )‘2’ ItC-I?I a;((éjlnser;ed bUtihat these residues are close to the catalytic center but also
variable (Jenvall etal., ) Gly-X-X-X-Gly-X-Gly pattern propose a more complicated architecture of the active site.
(residues 1319 in the $/175-HSD sequence). Compari- , ) i
sons, chemical modifications, and site-directed mutagenesis N order to establish the roles for these residues, which

are strictly conserved in most SDR structures thus far known
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Table 1: Designations, Positions, and Sequences of imidg;olg, and ,20 mM _TriS/HC| (pPH 7.9). To aVOi(_j
Oligonucleotides used for Mutagenesis Reactions precipitation and inactivation of the enzyme, the preparation
was immediately subjected to a buffer change [20 mM Tris/
HCI (pH 7.9), 100 mM NacCl, and 5 mM DTT] on Sephadex

designation mutation nucleotide sequence<33')

e frizAl o GeAcCAcCAGEGACeaGLace G-50 or G-25 (Nick or NAP columns; Pharmacia). The
s The128er - CTGGCA CCA CCA GAG ACC AGE GCC cleavage of the N-terminal His tag was achieved by use of
sieA Serl6Ala  GACCCA CAC CGG CGG CAC CAC CAG thrombin (Boehringer Mannheim) in the recommended
N87A Asn87Ala  CAG GAT GCC GGC AGC GTT GAC CAG CAC digestion buffer [20 mM Tris/HCI (pH 8.4), 150 mM NacCl,
S138A Ser138Ala  CAG CTC GAT ACC GCG GCC ATA TTG and 2.5 mM CagG] for 16 h at 4°C. Cleavage of the His
S138T Ser138Th  CAG CTC GAT ACC GTG GCC ATA TTG ATG ATG GAG CC tag and efficient purification were confirmed by separation

on 15% SDS/PAGE using a tricine-based buffer system and
subsequent amino acid analysis on an LKB Alpha Plus amino
acid analyzer after hydrolysis of the protein. Purifications
and subsequent kinetic experiments were performed mini-
mally four times.
SDS/PAGE and Western Blot AnalysiSDS/PAGE was

MATERIALS AND METHODS performed according to Laemmli (1970), with 10% separat-

Molecular Cloning and Mutagenetic Replacements in the ing gels. Blotting after electrophoresis was carried out using
Prokaryotic 3/173-Hydroxysteroid DehydrogenaseMo- the semidry technique (Kyhse-Andersen, 1984), and immu-
lecular cloning of B/178-HSD (EC 1.1.1.51) fromC. noreactive proteins were detected with alkaline phosphatase-
testosteroniATCC 11996 (DSM, Deutsche Sammlung fu  coupled secondary antibodies (Bio Rad) with nitro blue
Mikroorganismen, Braunschweig, Germany), was carried out tetrazolium (NBT) and bromochloroindolyl phosphate (BCIP)
by generating a PCR product from the genomic DNA using as chromogenic substrates. Primary antibody serum against
Vent polymerase (New England Biolabs) with sequence purified 33/173-HSD from C. testosteroniwas kindly
specific primers encompassing the complete gene (Abalainsupplied by Dr. S. Genti-Raimondi (University of Cordoba,
et al., 1993) and containing compatible restriction sites for Argentina) and was purified further by adsorption to protein
further cloning. The resulting PCR product was cloned into A-Sepharose (Pharmacia) according to the manufacturer’s
the Ndd/BanHI restriction sites of the pET 29a vector instructions.
(Novagen), containing an'Fsite, thus allowing single- Analysis of Enzyme Actty and Determination of Kinetic
stranded DNA rescue by superinfection with helper phage Constants Enzyme activities were measured as NAD(H)-
R 408 (Stratagene). These constructs were used for mu-dependent 8 and 1p-oxidoreductase activities, by the
tagenetic replacements. The complete DNA sequence wasabsorbance at 340 nm and using a molar extinction coef-
determined by use of the Taq dye deoxy terminator cycle ficient of 6.22 mM™* cm™! for NADH. Confirmation of
sequencing kit (Applied Biosystems) or the Sequenase Kit steroid products, after extraction with diethyl ether, was
(Amersham) and was found to be identical to the sequenceachieved by thin-layer chromatography on silica plates.
reported (Yin etal., 1991). Site-directed mutagenesis of the Reactions were performed in 1.0 mL at 26 under the
(+) strand was carried out with the Sculptor mutagenesis following conditions: dehydrogenase reactions, 20 mM Tris/
kit (Amersham), based on the phosphorothioate techniqueHCI (pH 8.5) and 25Q:M NAD*, varying the amount of
(Taylor et al., 1985) using the oligonucleotides shown in steroid; and reductase reactions, 20 mM Tris/HCI (pH 7.0)
Table 1. Sequence analysis of the respective regions usuallyand 10QuM NADH, varying the amount of steroid. Steroids
displayed mutation efficiencies of greater than 75%. DNA used as substrates for the activity measurements were
of selected mutant plasmids was digested viitid and testosterone (J#HSD), androsterone (17-oxoreductasg); 3
BanHI restriction endonucleases, and inserts released werel 2a-dihydroxy-53-cholanoic acid (3-HSD), and &-dihy-
cloned into theNdd/BarHI restriction sites of the pET 15b  drotestosterone (3-oxoreductase). Determination of Michae-
vector (Novagen), resulting in an N-terminal His tag lis constants for the reduced and oxidized coenzyme was
sequence with an integrated thrombin cleavage site in theperformed at a 100M steroid substrate concentration with
overexpressed recombinant protein. The DNA sequence andvaried coenzyme concentrations but with other reaction
the correct reading frame of each mutant were confirmed conditions as described above. Cleavage of the His tag did
by use of the sequencing methods described above. Fomot alter the enzymatic properties compared to those with
molecular cloning and sequence analysis, XL Blue MRF the uncleaved recombinant protein. Enzymatic constants
cells (Stratagene) were used, whereas for subsequent expregK,, k.a, andk.a/Kmn) were calculated by use of tHég.P
sion of recombinant proteins, the constructs were transformedsoftware (Biosoft, Cambridge, U.K.) for the 3-oxo anfl 3
into BL21 DE 3 cells (Novagen). reaction, which displayed Michaetidvlenten kinetics. Sta-

Overexpression and Purification of Wild-Type and Mutant tistical analysis was performed by variance analysis followed
36/178-Hydroxysteroid Dehydrogenase ProteinRecom- by the Bonferroni or least significance difference (LSD) test.
binant proteins were overexpressed in BL21 DE3 cells grown  Circular Dichroism Spectroscopy.Circular dichroism
in LB medium by addition of 1 mM IPTG as soon as the (CD) spectroscopy was carried out using an AVIV model
liquid culture had reached an optical density at 600 nm of 62DS circular dichroism spectropolarimeter (Aviv, Lake-
0.6. After 2.5 h, the cells were harvested and lysed using awood), equipped with a dual-syringe titration device. Puri-
French Press or sonication. The resulting supernatant fromfied recombinant enzyme preparations were analyzed in 10
a 10 min centrifugation at 1509@vas loaded to a His-Bind ~ mM Tris/HCI buffer (pH 8.5), 100 mM NaCl, and 2 mM
resin column (Novagen). After a washing step, the protein DTT at a concentration of 0.5 mg/mL by measurement of
was eluted essentially in a pure form with 0.5 M NaCl, 1 M the ellipticity as a function of wavelength at 0.5 nm

We analyzed the influence of these mutations on enzymatic
activity, protein folding, stability, and immunological reac-
tivity.
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increments between 260 and 190 nm &C4 A 1 2 3 4 5 6 7
Equilibrium Unfolding Experiments by GUHCI Denatur- kDa

ation. Equilibrium unfolding experiments for175-HSD

wild-type and mutant proteins were performed using guani- 94 =

dine hydrochloride (GuHCI). The extent of protein unfolding 67=

was measured by the change in ellipticity at 222 nm at 43 =

constant protein and variable GUHCI concentrations. The N v ww e o = @

resulting denaturation curvegx, vs [GUHCI]) were trans-

formed into the fraction of unfolded proteify, as a function

of denaturant concentration using eq 1. e e v e e -

f, = (0° + MIGUHCI] — 6, )/[6y° + M[GUHCI] —
(6y° + my[GuHCI])] (1)

20
where6y° and 6y° represent the circular dichroism values
(222 nm) of the native and unfolded states of the protein,
respectively, at the concentration used in the experintegt.
is the experimentally obtained CD value (222 nm) at a given
denaturant concentrationmy and my are the calculated
slopes of the pre- and post-transition regions, respectively.
The transformed data were fit using nonlinear regression to —10
eg 2, which assumes a monomolecular two-state equilibrium
(Santoro & Bolen, 1988).

CD (mdeg)

190 200 210 220 230 240 250 260
Wavelength (nm)

Ficure 1: SDS/PAGE, immunoblot, and CD spectra of recombi-
] ) ] ) nant $/174-HSD wild-type and mutant enzymes. (A, upper panel)
whereR is the gas constanCnq is the midpoint of the  SDS/PAGE: lane 1, wild type; 2, T12A; 3, T12S; 4, S16A; 5,
denaturation curve, anah is the denaturant dependence of N87A; 6, S138A; and 7, S138T. Protein (0.4§) was applied to

AG (m val lculat ing the linear extrapolation €ach lane. Coomassie Blue staining. (A, lower panel) Western

m(é;th(()d' Igauci Clzglé a \?v%elgG g_ Ago ei n”neGuaI-?C(Z)la ° blot: The same protein-loading pattern as in SDS/PAGE was used.
. ! ). o n-u [_ X ]. Samples were transferred to nitrocellulose membranes and incubated

Alternatively, the raw experimental data were fit directly to  with anti-33/178-HSD antibodies. For visualization of the immu-

f = e_(mIRT)([GUHC”_Cmid)/[l 4 e_(m/RT)([GUHC”_Cmid)] (2)
u

eqg 3 (Santoro & Bolen, 1988). noreactive protein, an alkaline phosphatase-coupled detection system
was utilized. (B) CD spectra of wild-type and mutant proteins
gexp: [9N° + mN[GuHCI] + (9U° + measured from 260 to 190 nn@)wild type, (0) T12S, () T12A,
—(MRTY(IGUHCI—C (2) S16A, (triangle pointing left) N87A,%) S138A, and (triangle
m,[GuHCl))e (MRD(GUHC mId)]/[l + pointing right) S138T.

g (MRD(GUHCT=Cmid} (3) type protein. Six independent mutagenetic replacements at

i i ) four positions (Table 1) were constructed in the pET 29a

The use of eq 3 is preferred as estimates of the error in theplasmid. The mutants were reinserted into the pET 15b
fitted. parameters are more rigorpu;. Reversibility_of the system, expressed, and purified as described above. Typi-
reaction was.demonstrated by comm_dence of unfolding and cally, 15-20 mg of purified protein per liter of culture was
folding experiments. The concentration of the GUHCI stock gpiained. All mutants could be expressed to a similar extent
solution was determined by refractometry (Nozaki, 1972). \sing the BL21 DEEscherichia colistrain. The purity of

Protein Determination. Protein concentrations were mea- he protein samples was analyzed by SDS/PAGE (Figure
sured by analysis of the absorbance at 280 nm and byja)" No contaminating proteins were detected, confirming
analysis of the total amino acid composition with an LKB ' {h¢ efficiency of the purification scheme. The mutations did
Alpha Plus analyzer after hydrolysis in evacuated tubes with ot change the overall recognition of the mutant proteins by

6 M HCl and 0.5% phenol. Calculations from the Spectro- anti.33/178-HSD antibodies, directed against the wild-type
photometric measurements were performed by using & molarezyme (Figure 1A).

extinction of the protein of 18.02x 10° mol™* cm™, Effects of Mutations on Protein Folding and Stabilityo
corresponding to a protein concentration of 1.5 mg/mL at gxclude the possibility that incorrectly folded proteins were
an OD of 1.0 in 6 M GuHCI, produced, CD spectroscopy witf$/3 78-HSD wild type and

RESULTS mutants was performed. These proteins had essentially
indistinguishable CD spectra between 260 and 190 nm
Mutagenesis and Expression of Recombinant Enzymes(Figure 1B), indicating that the loss of enzyme activity in
Cloning of the $/175-HSD gene fronC. testosteronATCC the S138A and T12A mutants (Table 2) is not due to major
11996 into the vector pET 15b and subsequent overexpres-structural changes in the protein. The integrity of the mutant
sion resulted in a 30 kDa fusion protein with an N-terminal 33/175-HSD compared to that of the wild-type protein could
His tag sequence. The recombinant protein could be purified also be judged by comparison of GUHCI denaturation curves
in one step using metal chelate chromatography followed (Figure 2). The midpointsQyiq) obtained by nonlinear
by removal of the His tag sequence by use of thrombin. The regression (eq 3) are presented in Table 3. Except for T12S
kinetic constant¥, ke.a, andk.o/Km were determined and  and N87A, all mutant proteins exhibited a stability toward
found to be of the same order of magnitude as for the wild- GUHCI similar to that of the wild-type protein. The
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Table 2: Kinetic Constants of Wild-Type and Mutant Forms 8f133-HSD from C. testosterosi

36-HSD 3-oxoreductase
Km Kcat kca{Km Km Kcat kca{Km
mutation location (x107¢ M) (x1min™Y)  (x108stM™Y)  (x10°M) (x1min™Y)  (x108stM™Y

wild type - 22.3 1.4 11 16.1 0.1 0.09
Thrl2— Ala cofactor binding na - - 15.8 0.1 0.08
Thr12— Ser cofactor binding 28.3 1.7 1.0 13.9 0.06 0.07
Serl6— Ala cofactor binding 27.6 14 0.9 238 0.1 0.08
Asn87— Ala cofactor binding 28.8 03 0.2 18.6 0.09 0.11
Serl38— Ala  active site na - - na - -
Serl38— Thr active site 18.8 15 1.3 14.2 0.06 0.07

aEnzymatic constants for thefS#-oxo steroid substrates were determined with,12a-dihydroxy-53-cholanoic acid (8-HSD) and
5a-dihydrotestosterone (3-oxoreductase) as described in Materials and Methods. Statistical significance was calculated by analysis of the variances
followed by Bonferroni or least significance difference (LSD) te%ts.< 0.05;n =5. ¢ na, no activity.
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Ficure 2: GuHCI denaturation of/8173-HSD and mutant forms

Depending on the amino acid substitution, several effects
on enzymatic constants were observed. Replacement of
Serl6 with Ala does not significantly change the catalytic
efficiency for any of the reactions tested, indicating the non-
essential nature of the Serl6 hydroxyl moiety for catalysis
in 36/178-HSD. Only the K, value was significantly
elevated for the 3-oxo-reductase reaction (23.8 vs 16.1) but
without effecting the overalk../Kn value. On the other
hand, substitution of Thr with Ala at position 12, located
between strangbA and helix aB (Benach et al., 1996),
abolishes all enzymatic activity except the 3-oxoreductase
reaction, which is unaffected. However, substitution of
Thr12 with Ser does not alter the activities and gives values
not significantly different from those of the wild-type
enzyme, indicating that a hydroxyl group at position 12 is
essential for catalysis.

Exchange of Asn87 for Ala also results in a mutant protein

followed by CD (222 nm). Symbols are as in Figure 1B. For details, with altered dehydrogenase properties, whereas the reductive
see Materials and Methods.

Table 3: Values folCnig andm as Obtained from Nonlinear
Regression of the GUHCI Denaturation Curves f8133-HSD
Wild-Type and Mutant Proteins Using eg 3

reactions are not influenced. THe./Kn values for the
oxidative reactions are reduced by0% (1.1 vs 0.2 for the
36-HSD reaction). The change irB3HSD activity can be
attributed to a lowered:, value (1.4 vs 0.3 for the wild
type and N87A, respectively).

-mx 1073 . .

protein Conia (MOI/L) (kcalm];),(mom_) A replacement of Ser138 with Ala results in a close to
wild tvoe 0.652 0.01 5 58L 0.02 complete loss of all enzyme activities<0.04% residual
TlZAyp 0.65+ 0.01 6.43+ 0.02 activity compared to wild-type activities). However, sub-
T12S 0.55+ 0.01 457+ 0.02 stitution of Ser138 with Thr yields a mutant enzyme, which
S16A 0.61+0.01 6.84+0.02 is fully active. Enzyme constants for this mutant protein
NB7A 0.85+0.01 5.21+0.02 are not significantly different from those for the wild-type
S138A 0.63+0.01 6.23+ 0.02 S . . o

S138T 0.65¢ 0.01 6.00% 0.02 enzyme, indicating that a side chain hydroxyl at position 138

aData were transformed using the equations defined in Materials

and Methods.

midpoints obtained for T12S and N87A (0.55 and 0.85,
respectively), taken together with the CD data (Figure 1B),

indicate that the proteins are indeed folded.

is essential for catalytic activity.

We also determined the enzyme constants for the C17
position using testosterone and androsterone as substrates.
The results from these measurements are similar to those
obtained for the 8/3-oxo reactions, with the additional effect
that the T12A mutant enzyme did not exhibit 17-oxoreduc-
tase activity with androsterone as substrate. However, the

Effects of Mutagenetic Replacements on EnzymatieiActi compounds used in the C17 reactions display substrate
ties. Enzyme kinetic constantga, Km, andk.o/Kr, for steroid inhibition (Talalay & Marcus, 1956), and Michaelis constants
carbonyl reduction and hydroxysteroid dehydrogenase reac-for this steroid position were not determined.
tions involving position C3 of the steroid molecule were To find out if the 3/3-oxo activity differences of the
determined (Table 2) with the wild-type and mutant proteins. mutants vs those of the wild-type enzyme may be derived
The 3/175-HSD wild-type enzyme efficiently catalyzes the from pH effects on the reactions catalyzed, we tested all
B-hydroxy dehydrogenation of steroids of the androstane andreactions over a pH range from 7.0 to 9.5. The relative
bile acid series witlk../K, values of 1.1x 10° s~ M1 for activities of the mutants compared to that of the wild type
the 3 oxidation, whereas the reverse oxo reduction is 10 remained unchanged, showing that the functional effects
times less efficient (0.% 1P s M%) under the conditions  observed are due to side chain differences rather than to pH
employed. influences.
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Ficure 4: Proposed reaction mechanism of SDR HSDs with
possible interactions according to atomic distances as determined
from the crystal structures ofo3205-HSD (Ghosh et al., 1994)

and mouse lung carbonyl reductase (Tanaka et al., 1996). The dotted
arrow indicates the influence of Lys155 in lowering th€,of the
hydroxyl group of Tyrl51. PPRA depicts the pyrophosphate
ribosyl-adenine moiety of NADH.

G

at this position, since ouin vitro replacement of Serl138
with Thr yielded an active protein with identical catalytic
constants. However, some SDR proteins, like rat dihydrop-
teridine reductase dflebsiella aerogenesbitol dehydro-
genase, contain neither Ser nor Thr at this position. Our
results support the conclusion that a hydroxyl is important
FIGURE 3: View of the 3/175-HSD active site as determined by for the reaction to take place, but in some proteins, a modified
crystallographic analysis (Benach et al., ]_996)_ Residues now reaction mechanism might be involved in catalysis, since Ser
mutated, as well as the conserved Tyrl51 and Lys155, areis not completely conserved throughout all SDR structures.
highlighted by inclusion of their side chains. The figure was Figure 4 gives a possible mechanism for the SDR

generated by use of the program ICM (version 2.5, Molsoft LLC, . . L
Metuchen, NJ, 1996). The numbering of residues is based upondehydrogenase reaction with respect to the catalytic triad

the protein sequence determined (Yin et al., 1991). residues, coenzyme, and substrate. Notably, a similar
reaction mechanism is found in the related monomeric aldo-
DISCUSSION keto reductase superfamily (Bohren et al., 1989) with

conserved Tyr and Lys residues. The role of Ser138 in SDR

To understand the role of amino acid residues lining the proteins in stabilizing and/or polarizing the carbonyl sub-
catalytic cavity in SDR proteins (Ghosh et al., 1994n3all strate, however, seems to be achieved by a conserved His
et al., 1995), we exchanged these residues by site-directedtesidue in the aldo-keto reductases (Barski et al., 1995).
mutagenesis and investigated the corresponding effects on Second, the mutations of residues found in strg@fand
the enzymatic activity, protein conformation, and stability. AD reveal factors important for the reaction direction of the
For orientation, Figure 3 provides a view of thg/B7- SDR hydroxysteroid dehydrogenases. The residues chosen
HSD active site, based on the partially refined three- for mutation were Thri12, Serl6, and Asn87, all being parts
dimensional structure of8174-HSD (Benach et al., 1996)  of the coenzyme binding site. Position 16, which in most
showing the positions of the mutated residues in relation to SDR sequences is a polar or charged residue like Ser, Lys,
the conserved Tyrl151 and Lys155. Our results reveal severalor Arg, can be replaced in thgs75-HSD by a nonpolar
aspects of importance in relation to the SDR superfamily. residue like Ala without gross change in activity, indicating

First, the concept of Ser138 adding to previously recog- that it is not participating in important hydrogen-bonding
nized Tyr151 and Lys155 (davall et al., 1995; Ensor & interactions with NAD(H). However, in NADP(H)-depend-
Tai, 1996), to form a catalytic triad (Ghosh et al., 1995) in ent SDR enzymes, basic residues at position 16 and 38
the SDR family, is strongly supported. The present results (numbering in B/175-HSD) confer specificity to NADPH
demonstrate the importance of hydrogen bonding at positionby forming electrostatic interactions with the ribose 2
138 involving the side chain hydroxyl. In most SDR phosphate (Tanaka et al., 1996). In NAD(H)-dependent
proteins, the Ser hydroxyl group appears to be able to form enzymes such ag3B8L75-HSD, these basic residues are not
hydrogen bonds to the reaction product (as in mouse lungstrictly conserved and are preceded at position 37 by an
carbonyl reductase; Tanaka et al., 1996) and/or to theaspartic acid residue. This carboxylate might result in
hydroxyl group of the conserved Tyr (Ghosh et al., 1994). electrostatic repulsion of th€-phosphate moiety, thereby
The role of this Ser residue might most likely be derive from conferring specificity to NAD(H) (Chen et al., 1991; Baker,
a stabilization by hydrogen bonding to the substrate, reaction1994).
intermediate, and product. It is not clear why in all SDR  Located in the turn betweg$A and aB, Thrl2 is highly
sequences thus far characterized Thr is conspicuously absentonserved in all SDR structures known. Mutation to Ala
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Table 4: Apparent Michaelis Constakt, for NADH and NAD* important for discrimination between the reductive and
with 38/178-HSD Wild-Type and Mutant Proteifs oxidative reaction direction in these proteins, and improve
K., for NADH K., for NAD* our knowledge of the catalytic requirements of the protein
protein (umol/L) (umol/L) family. In this respect, three-dimensional structures of the
wild type 216 83.2 Ser138 and Thrl2 mutants in complex with cofactor and
T12A 36.7 — steroid substrate will allow a more detailed examination of
T12S 21.7 90.4 the active site and give the opportunity to promote a general
S16A 22.1 85.3 understanding of the catalytic mechanism and architecture
gg@A 2_5'5 8_1'2 of short-chain dehydrogenases/reductases. Such a knowledge
S138T 23.1 59.0 is important for our insight into endocrinological and vascular

diseases, since SDR enzymes, especially hydroxysteroid
dehydrogenases like gAHSDs, $-HSDs, and 13-HSDs,

play central roles in steroid hormone synthesis, development
yields a protein that is only able to carry out the 3-oxore- of steroid hormone-dependent cancer forms, regulation of

ductase reaction and loses all other SterOid-metabOHZing blood pressure, and phase | metabolism of hormones and
activities. Nevertheless, a replacement with Ser results in axenobiotics, including carcinogens.

fully active enzyme and points to the importance of hydrogen

bonding also to this side chain. Since the crystal structure ACKNOWLEDGMENT

of 36/175-HSD is still under refinement (Benach et al., . . I .
1996), we chose the highly similar three-dimensional struc- R;&%E(';[ g ag{ﬁ%@;ﬁgwﬁggbgg'es by Dr. S. Genti-
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