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ABSTRACT. Rat liver 3x-hydroxysteroid/dihydrodiol dehydrogenase{dSD) inactivates circulating steroid
hormones and is involved in polycyclic aromatic hydrocarbon (PAH) carcinogenesis. It is the only HSD
of known structure in the aldeketo reductase (AKR) superfamily and may provide a paradigm for other
mammalian HSDs in this family. The structure of the-BSD-NADP* binary complex has been
determined at 2.7 A resolution and refined to a crystallograpsactor of 23.4% with good geometry.

The model is similar to other binary complexes in the AKR superfamily in that NADRds at the
C-terminal end of am/$ barrel. However, it is unique in that NADPis bound in two alternate
conformations, probably because of the lack of a salt-linked “safety belt” over the pyrophosphate bridge.
The structure supports a previously proposed catalytic mechanism for carbonyl reduction in which Tyr
55 is the general acid, and its effectiviéis lowered by the adjacent Lys 84. We present evidence that
the structurally distinct short-chain dehydrogenase/reductase (SDR) superfamily may have convergently
evolved a similar catalytic mechanism. Insight into substrate binding is offered by a crystal packing
contact in which a neighboring molecule inserts a tryptophan residue (Trp 227) into an apolar cleft in
3a-HSD. This cleft is proximal to the bound NADRofactor and contains a surface of apolar residues
(Leu 54, Trp 86, Leu 122, Phe 128, Phe 129, Leu 137, Phe 139), making it a likely candidate for the
substrate-binding site. Thus, in forming this crystal contact, Trp 227 may mimic a portion of a bound
steroid. In addition, we propose that a water molecule in the active site indicates the position of the
hydroxyl oxygen in a 8-hydroxysteroid substrate. Knowledge of the position of this water molecule,
combined with the stereochemistry of hydride transfer, suggests thatfthee of a bound steroid will be
oriented toward the side of the apolar cleft containing Trp 86.

Hydroxysteroid dehydrogenases (HSOshy pivotal roles but have very different three-dimensional structures. Com-
in the biosynthesis of all steroid hormones including gluco- parison of SDR and AKR enzymes may provide insight into
corticoids, mineralocorticoids, androgens, progestins, andtheir structural/functional relationships.
estrogens. In steroid hormone target tissues they reversibly Rat liver 3x-hydroxysteroid/dihydrodiol dehydrogenase
inactivate steroid hormones by interconverting a single (3a-HSD) (EC 1.1.1.213)is a monomeric oxidoreductase
carbonyl/hydroxyl group. In this way, HSDs act as molec- with dual NAD(P)(H) cofactor specificity and a molecular
ular switches by regulating the binding of steroid hormones weight of 37 029 (Pawlowski et al., 1991). It was the first
to their receptors, ultimately modulating the transcription of HSD to be assigned to the AKR superfamily and is known
target genes in the nucleus. HSDs belong to at least twoto reduce biologically active 3-ketosteroids of the androstane
distinct protein families: the short-chain dehydrogenase/ (C19), pregnhane (C21), and cholane (C24) series (Mukhatriji,
reductase (SDR) and ald@&eto reductase (AKR) super- 1982). These reactions lead to the inactivation of circulating
families (Jornvall et al., 1995; Bruce et al., 1994). HSDs androgens, progestins, and glucocorticoids, as well as the
belonging to these two groups interconvert similar substratesbiosynthesis of bile acids. 6cBHSD also functions as a
dihydrodiol dehydrogenase (DD). In this role, it oxidizes
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lographic structure determination of apo-8iISD by mo- enzyme were stored at70 °C in a glycerol-containing
lecular replacement at 3.0 A resolution (Hoog et al., 1994). buffer. Before use, enzyme was thawed and dialyzed against
Now, we have determined the structure of the-BSD- three changes of buffer (10 mM potassium phosphate, pH
NADP* binary complex at 2.7 A resolution. 7.0, 1 mM EDTA, 1 mM 2-mercaptoethanol). Dialyzed

cDNAs and deduced amino acid sequences for other HSDsenzyme was concentrated to 10 mg/mL, and the binary
reveal that many belong to the AKR superfamily. These complex was prepared by adding a 10-fold molar excess of
include human prostatea3HSD which is involved in NADPH. It was later determined by absorption spectroscopy
androgen metabolism (Lin et al., 1995; Dufort et al., 1995), at 260 and 340 nm that, under the crystallization conditions,
human DD2 and DD4 which also function as-BISDs which involve acidic pH, NADPH is oxidized to NADP
(Deyashiki et al., 1994; Stolz et al., 1993; Khanna et al., Binary complex crystals were grown by hanging drop
1995), murine liver 13-HSD (Deyashiki et al., 1995), and  vapor diffusion with seeding from 27% (w/v) poly(ethylene
rat and rabbit ovarian 28HSDs (Miura et al., 1994; Lacy ~ glycol) (PEG) 4000, 0.19 M ammonium acetate, 0.10 M
et al., 1993). On the basis of the high sequence identity sodium acetate, pH 4.6 (final p& 5.7), and 1.3% (v/v)
that exists between HSDs in the superfamily, toeBSD- dimethyl sulfoxide. Hanging drops containing 10 mg/mL
NADP* binary complex may provide insight into cofactor binary complex produced only multiple crystals which were
and substrate binding and catalysis in these other mammaliarinsuited to X-ray analysis. Hanging drops containing 5 mg/
HSDs. mL binary complex produced small single crystals with good

The three-dimensional structure of the binary complex morphology after streak seeding. These small crystals were
reveals the mode of cofactor binding and provides a structuralWashed in 50% mother liquor and used as macroseeds in
explanation for some observations on the stereochemistryfesh crystallization drops. The macroseeded crystals grow
of the reaction. Previous mechanistic studies established thaf© & Size of 0.50 mnx 0.25 mmx 0.05 mm and belong to
30-HSD is a class A dehydrogenase that transferptheR space grouf2; with unit cell dimensiong = 46.9_A, b=
hydrogen from C4 of the nicotinamide ring to the acceptor 139-1 A c=533A, andf = 113.5. Assuming two
carbonyl of a 3-ketosteroid substrate. The structure explains™olecules per asymmetric unit, the Matthews number
the 4pro-R hydrogen specificity in terms of the amino acid (Matthews, 1968) is 2.2 ADa, consistent with the finding
side chains interacting with the nicotinamide ringx-8SD of two independent cross-rotation function solutions (dis-
also displays a sequential ordered kinetic mechanism incussed below). _
which pyridine nucleotide binds first and leaves last and in  X-ray Data Collection. All data were collected at room
which binding and release of cofactor is rate limiting for emperature. Initially, data to 3.2 A were collected from
oxidation as well as reduction, implying that a conformational ©ne crystal (0.20 mmx 0.20 mm x 0.05 mm) using a
change may occur on binding NAD(P)(H) (Askonas et al., Siemens area detector. Data were collgcted for 45 s using
1991). Comparison of the apo and binary complex-8SD O._17° ¢ scans at a crystal to detector dlstance_of 140 mm
structures reveals some minor changes in side chain positiondVith 20 = 10° andA = 1.54 A. The data were integrated
upon cofactor binding. However, a loop (loop B), which and scaled using the programs )§DS and XSCALE (Kab;ch,
was expected to undergo a large conformational change based988). A total of 28 823 reflections were merged to give
on similarity to other AKR structures, is involved in a crystal 9728 out of 10 274 possible unique reflections at 3.2 A with
contact, and we cannot determine whether there is a changdimerge = 0.079. Higher resolution data to 2.7 A were later
in this loop upon cofactor binding. collected from one_bmary complex_crystal (0.50 nm025

In addition to revealing features of cofactor binding, the mm x 0.05 mm) using an RAXIS-Il image plate. Oscillation

binary complex model provides insight into substrate rec- g?ggﬁg\r’f&? Ecglfgrtz%frrﬁi': ;\;vg E?Sslglntz %g:gstg:ygitsatgfggg
ognition and catalysis. First, the C4 position of the nicoti- ' y

S o of 110 mm and a wavelength of 1.54 A. The data were
namide ring lies at the base of an apolar cleft which is thus . ; :
implicated in substrate binding. A crystal packing contact Lﬂf%gtsg an_flesizlgg us'&ng)t';/ll%?';;“23%‘?21420,{.1322) i?g
in this cleft may mimic some features of steroid binding. suite ( ): lons w

Second, a water molecule forming hydrogen bonds with Tyr mﬁrgf.d to ?g’% if’ 123| ?Ut Of.tﬁlm? 22} Opg;zlble unique
55 and His 117 may indicate the position of the hydroxyl or retiections at <. resolution WitRmerge = 1).155.

carbonyl oxygen in a substrate, which allows us to propose Molecular_ Replacement.The binary complex structure
a model for the orientation of a bound steroid based on V&S determined by molecular replacement using the pro-

stereochemical constraints. Third, analysis of the three-gramai ISSXD_PL%RI (arunge:, }92332 The 3,[0 A rfesoI_L(thlon
dimensional structure combined with mutagenesis data 3P0 & model (Hoog et al., ) consisting of residues

; : ; .. 1—308 provided the search model in a cross-rotation function
supports a previously proposed catalytic mechanism which ~ . . X
invrc))rl)ves Tylra 55 andyL?/s 84 (Hoog e%/tal., 1994). Finally, using data in the resolution range-15 A. The top peaks

superposition of the active site tyrosine/lysine pair o 3 in the rotation function were 7¢8and 7'47. above the mean
HSD and 3,208-HSD (a SDR superfamily member) sug- and were related by a noncrystallographic 2-fold rotation axis

gests that these functionally similar, yet structurally distinct in thex—2 plane, consistent with the 222 symmetry observed

._in the self-rotation function® = 90.0,® = 90.00,x =
enzymes may have convergently evolved a common reaCtlon180.O;1P — 90.0,d = 0.00,x = 180.0).

mechanism. A translation search was carried out in two dimensions (
EXPERIMENTAL PROCEDURES and z). The first molecule was positioned using the top
rotation function solution, and a translation function was

Purification and Crystal Growth.Homogeneous@&HSD calculated using data in the resolution range-45A. A

from male Sprague-Dawley rat livers was prepared using single peak was observed of 6.&bove the mean. The
the published procedure (Penning et al., 1984). Aliquots of second molecule was oriented using the noncrystallographic
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symmetry observed in the self-rotation function, and a 136 and residues 22%33), while maintaining tight restraints
translation function was calculated to position it in thez on all other residues in the model. The model was best fit
plane. The top solution for this oriented molecule wa®8.7 to the averaged density by refining against the real and
above the mean. The relatiyevalue was established by imaginary components, resulting in a vect@tfactor of
translating the second molecule relative to the first, producing 43.2%. Because of the tight NCS restraints, the two
a solution with a peak height Gr8above the mean. molecules in the asymmetric unit are virtually identical, with
Modeling and Refinement of the Model to X-ray Data. a root-mean-square difference of 0.005 A for all non-
Refinement was performed using the programs in X-PLOR hydrogen atoms excluding loop residues 4336 and 225
(Brunger, 1992a) with strict noncrystallographic symmetry 233. The final model contains 305 (residues2b, 30—
(NCS) constraints imposed for all but the final round. 221, and 225311) out of 322 residues in the protein.
Atomic coordinates obtained from molecular replacement Because of side chain disorder, two segments were modeled
were refined against the 3.2 A data set for 20 cycles with as polyalanine (molecule 1, 22829; molecule 2, 228
the entire molecule modeled as a rigid body, resulting in a 231).
crystallographidR-factor Rerys) of 42.4%. Prior to atomic
refinement using the 2.7 A data set, several loops (residuesRESULTS AND DISCUSSION
1-6, 131-137, and 236-234) were deleted from the model . o
because of close crystal contacts. A typical round of Binary Complex Structure and S'T'Ia.”ty to Apa-:B-ISQ
refinement consisted of conjugate gradient minimization and The structure qf the @H.SDNADP binary complex is .
simulated annealing refinement against 12 308 observedSnNown schematically in Figure 1. As expected, the protein
structure factor amplitudes between 5 and 2.7 A. A subset f0ld of the binary complex is similar to that of ape34SD
of 1386 structure factor amplitudes was used to monitor the (Hoog et _al., _1994)' The protein chain formseif barrel,
free R-factor Rred) (Brunger, 1992b). After 50 initial cycles  With @ cylindrical core of eight parallg-strands surrounded
of conjugate gradient minimizatioRyes was 40.0% an@eys by e|ght_on—hellces running antiparallel to the. strands. The
was 32.8%. Conventional difference maps were calculated, CONnections betweea-helices ands-strands in the barrel
and residues 46 were rebuilt, NADP was modeled into motif are short loops of less than 10 residues with four

electron density in the active site, and protein side chain andexceptio_ns: two helice.s at the (_:-terminal end of the barrel
main chain atoms were fit, resulting Reee = 34.4% and  (H1, residues 239248; H2, residues 296298) and two

Reyst= 25.4%. Several rounds of rebuilding and refinement, loops protruding from the C-terminal end of the barrel (loop
including the modeling of an alternate conformation for A residues 117143; loop B, residues 217238) (Figure

NADP* (which was indicated by difference density in both 1b)'. A B-hairpin sgals the N'tefmi”?' end of the barrgl
molecules in the asymmetric unit), decreaagh andReys: (residues #17), while the C-terminus is a 23-residue coil,
to 29.4% and 23.4%, respectively. However, the electron of which the last 11 residues are disordered. Although there

density was still poor for portions of the two extended loops are nige _cysteine residues,_ there are no disuliide bonds.
A and B (residues 131136 and 22+233). To further NADP* binds at the C-terminal end of the barrel, perpen-

improve the quality of the phases, the electron density wasd'CL.Jlar to the barrgl axis, ywth'the adenine ring at the
2-fold averaged and solvent flattened, which permitted periphery and the nicotinamide ring toward the core of the
modeling of the loops and confirmed the NADBodel. barrel.

Molecular Averaging and Salent Flattening. Two-fold The protein backbones of apa31SD and the binary
molecular averaging and solvent flattening was done with complex are very similar, with an overall rms difference
programs in the PHASES package (Furey & Swaminathan, between @ atoms of 0.7 A, excluding 24 residues with rms
1990). Molecular masks for averaging and solvent flattening differences>2 A (residues %5, 25-33, 133-136, 225-
included the core of the molecule (residuesZB, 30-130, 232, 250-251, and 307‘308) These residues are distant
137-220, and 234308), which is identical in the two from the cofactor binding site and near crystal packing
molecules in the asymmetric unit related by 2-fold NCS. contacts, so their movements are probably unrelated to
Extended loop regions which had the potential to deviate NADP* binding. The largest change caused by crystal
from the NCS were included in molecular masks for solvent Packing is at the N-terminus, where residues6lform a
flattening but not averaging (residues 13136 and 22% coil preceding the first strand in thghairpin, and move as
233). Initial phases were calculated from the core model, Much as 23 A relative to the apoenzyme structure. Although
not including the coordinates for NADRand loop residues  all of the large main chain movements in the binary complex
131-136 and 223+ 233. Five iterations of solvent flattening ~ appear to be caused by crystal packing, several side chains
and seven iterations of alternating averaging and solventundergo smaller movements that can be attributed to NADP
flattening usingF, coefficients converged with aR-factor ~ binding (discussed below).
betweenr, andF,, (the result of back transformation of the Quality of the Model. The quality of the refined binary
averaged map) of 13.2%. complex model can be assessed from the statistics given in

Modeling and Refinement of Loop$he electron density ~ Table 1. All data between 5 and 2.7 A were used in the
produced by averaging and solvent flattening was very good refinement, yielding a crystallographiefactor of 23.4% for
for the cofactor, and somewhat improved for the loops, 12 308 reflections and a frelR-factor of 29.4% for 1386
permitting residues 225233 and 131136 to be modeled.  reflections. There are two molecules in the asymmetric unit
Even so, residues 22224 were still disordered. In addition, related by 2-fold noncrystallographic symmetry. The refined
a distinct peak of electron density appeared in the active sitemodel includes a single NADP molecule per protein
and was modeled as a water molecule. An additional round molecule, which exists in two alternate conformations with
of refinement was carried out using loose NCS restraints for relative occupancies of 65% and 30%, and a single water
the loops that differ in the two molecules (residues-132 molecule per protein molecule, which was modeled into
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FIGURE 1: 30-HSD-NADP™ binary complex structure. (a, top) Stereo figures of the 2.7 A resolution model of the binary complex with a
schematic representation of the protein backbone (top view). The color varies from dark blue (N-terminus) to red to white (C-terminus). All
non-hydrogen atoms of the high occupancy conformation of NABf shown in green. Secondary structural elements are labeled. The
residue numbers in each segment are as follggtairpin 1, 7- 9;5-hairpin 2, 15-17; 1, 20-22; a1, 32-43; 32, 48-50; a2, 58-70;

B3, 80-85; a3, 95-106; /4, 111-116; a4, 144-156; 35, 160-166; o5, 170-177; 36, 188-192; a6, 200-209; 57, 212-216; H1,
239-248; a7, 252-262; 38, 265-269; a8, 274-280; H2, 290-298. (b, bottom) Stereo figures of the binary complex model (side view).
The view is rotated 90about the horizontal axis relative to panel a. Loops A (residues-143) and B (residues 21238) are labeled.
Although chain breaks are not shown, portions of two loops (residue2and 222-224) are disordered, as are the C-terminal residues
312—-322. All figures except 2, 5, 8, and 9 were prepared using SETOR (Evans, 1993).

model. A single overall temperaturB)(factor of 29 & was

Table 1: Quality of the 8-HSD-NADP™* Binary Complex Structure .
fit to the data.

free R-factor (%} 29.4 ] .

crystallographidR-factor (%} 23.4 The binary complex model compares favorably with other

resolution range (A) 52.7 structures at this resolution; 88% of the backbone dihedral

R'Vt')s d;?"a“‘t)rf]‘s f/&om target geometry 0.012 angles of the refined model are in the most favored regions
bggd :r?g{ess(ge)g) 17 of the _Ramachandran plot as defined by the_stereochemistry
dihedral angles (deg) 25.2 checking program PROCHECK (Laskowski et al., 1993).
improper angles (deg) 1.5 The model also fits the electron density maps well, as

no. ‘r’cf)tr:i’:'hydmge” atorhs 4906 assessed by manual inspection and real space correlation
,F\’IADP+ 102 coefficient plots (Jones et al., 1991). Although there are
water 2 several residues for which the real space correlation coef-
total 5100 ficient indicates relative disorder, virtually all are in loops

single overalB-factor (&) 29 or chain termini which are expected to be more mobile.

* Refactor = 3l |Fo(h)| — IF(W)I/ZnlFo(M)], whereF, and F, are In addition, the model has generally high 30D profile

the observed and calculated structure factor amplitudes for the reflection Bowi L 1991). indicafi h id
with Miller indices h = (h,k). The freeR-factor is calculated fora  Scores (Bowie et al., ), indicating that residues are

“test” set of reflections which were not included in atomic refinement compatible with their environments in the three-dimensional
(Brunger, 1992b)® Two molecules in the asymmetric unitTwo structure (Figure 2). There is, however, one segment of
conformations of NADP were modeled in each of the two active sites, polypeptide chain, which includes Trp 227, that has an
one with 65% occupancy and the other with 30% (see text). average profile score below 0.2 (Figure 2, broken line). This

segment (loop B) makes packing contacts with a noncrys-
difference density in the active site. Of the 322 amino acids tallographic symmetry-related molecule in the crystal. In
in the protein, 305 were modeled into the electron density. particular, Trp 227 binds in an apolar cleft which influences
Portions of two loops (residues 229 and 222-224) and its environment. Thus, when crystal contacts are included,
the C-terminus (residues 31322) were classified as the average profile score near residue 227 increases dramati-
disordered, and these residues were not included in thecally (Figure 2, solid line).
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W7 iirout oot o and a salt bridge. In particular, several interactions between
0.9 — With crystal contacts 3a-HSD and the 2phosphate may be the reason NADPH
0.8 (Kqg = 195 nM) binds more tightly than NADHKy4 = 160
o 07 uM). Ser 271 and Arg 276 form hydrogen bonds and a salt
S 06 bridge with the 2phosphate in NADP (see Figure 5b), and
i} 05 although the Arg 2782 -phosphate salt bridge is unusually
“§ 0.4 long, it may also provide some binding energy. These
e 43 residues are highly conserved and perform similar roles in
0.2 other AKR binary complex structures (Wilson et al., 1992;
0.1 Y El-Kabbani et al., 1995; Wilson et al., 1995), suggesting the
27 ability to bind NADP(H) with high affinity is important for
25 50 75 100 125 150 175 200 225 250 275 300 enzyme function in the superfamily.
Residue number Comparison of the apoenzyme and binary complex

Ficure 2: 3D—1D profile window plot. The 3B-1D profile score structures reveals that several side chains undergo confor-
(Bowie et al., 1991) is averaged over a 21-residue window and mational changes upon NADPoinding (Figure 6). The
plotted versus residue number for molecule 1 alone (broken lines) largest changes occur near the adenine ring, where the side

and in the presence of its noncrystallographic symmetry mate, : - o P S
molecule 2 (solid lines). In the crystal, the labeled segment chain of Arg 276 is repositioned, moving its guanidinium

containing Trp 227 is inserted into an apolar cleft in molecule 2. 9roup 5 A' and vacating the cavity where the adenine ring
Residues 228233 of one molecule and residues 13B5 of the binds. In its new position, the side chain of Arg 276 forms
other also form a crystal contact. Residues-29, 222-224, and a hydrogen bond and salt bridge with thephosphate of
312-322 are disordered and were not included in the model. NADP*. In order to accommodate the new position of Arg
. ) 276, Asn 273 adopts different side chain torsion angles
Structure of the Cofactor Binding SitdMembers of the andy.. Ser 271 and Glu 279 also move to bind NADP
SDR and AKR superfamilies use different structural motifs (Figure 6). These conformational changes could contribute

for binding cofactor. SDR superfamily members have a , the rate-limiting binding of cofactor observed in the kinetic
Rossmann nucleotide-binding fold (Rossmann et al., 1974; jochanism (Askonas et al., 1991). In contrast, side chains

Jornvall et al., 1995) whereas AKR superfamily members paar the nicotinamide ring undergo only slight changes.

bind cofactor through interactions with residues at the  1nq Safety Belt in@&HSD. The 31-HSD-NADP* binary
C-terminal end of theu/s barrel (Wilson et al., 1992, El-  ¢omplex structure differs from other AKR structures such
Kabbani et al., 1995; Wilson et al., 1995). Like other AKR o4 5dose reductase; in the latter structure, the pyrophosphate
superfamily members, HSD binds NADP through  yjqge of the cofactor lies in a tunnel formed by salt links

interactions with residues in or near the C-terminal ends of |, veen Asp 216 in loop B, Lys 21, and Lys 262. These
severaf-strands 1, 52, 55, 36, 57, and$38) and aru-helix salt links, referred to as a safety belt, lock the cofactor in
(a8) (Figures 1 and 3). _ the binding site and are formed or broken by a conforma-
The electron density map shows clearly that NADB  tjonal change in loop B upon binding or release (Wilson et
bound to &-HSD in two conformations that are rather g 1992; Borhani et al., 1992). Analogous salt links have
similar (Figure 4). The only atoms that significantly differ peen found in other AKR superfamily structures (El-Kabbani
between the two conformations are in the pyrophosphateet g|., 1995: Wilson et al., 1995).
bridge joining the bases. There are two distinct positions  The fact that binding and release of cofactor is rate limiting
occupied by the adenosin€-phosphate and O%atoms  in the reaction catalyzed by@HSD (Askonas et al., 1991)
(Figure 4). The bases and sugars are identical in bothgyggests that similar conformational changes in loop B may
conformations. The predominant conformation, with 65% occur. However, sequence analysis reveals that two of the
occupancy (high occupancy conformation), is essentially the sajt-linked residues in aldose reductase (Asp 216 and Lys
same as in the binary complexes of aldose reductase (Wilsorp1) have no direct counterparts ire-HSD because of
et al,, 1992),_a|dehyde reductase (El-Kabbani et al., 1995),insertions in two loops, suggesting that-BISD has an
and FR-1 (Wilson et al., 1995). The low (30%) occupancy gjtered or absent safety belt (Wilson et al., 1995). An altered
conformation is unique and is probably permitted by the lack safety belt could conceivably be formed by a nearby lysine
of salt links found in other AKR superfamily structures (the (Lys 28) and aspartic acid (Asp 224). Other HSDs in the
“safety belt”, discussed below). AKR superfamily contain sequence insertions and may also
The orientation of NADP in the cofactor binding site is  have modified safety belts.
determined by several hydrogen bonds and salt bridges In the binary complex, crystal packing results in loop B
(Figure 5). At the core of the barrel, the nicotinamide ring (Trp 227) binding to an apolar cleft (discussed below), which
stacks against the side chain of Tyr 216 and is oriented by does not allow the potential safety belt to form. Because of
a network of three hydrogen bonds between the carboxamidethis packing interaction, it is possible that loop B does not
group and the side chains of Ser 166, Asn 167, and GIn 190.adopt its normal solution conformation, which might involve
These interactions would permit thepde-R hydrogen in a safety belt. However, the presence of this crystal contact
NADPH to point away from Tyr 216 and toward the active could also indicate that the safety belt is weak or nonexistent;
site (Figure 5a), consistent with the known stereochemistry otherwise, loop B would not be free to move and the packing
of the reaction. These four side chains are identical or contact would not be formed.
conservatively replaced among virtually all members of the  |mplications for Binding Steroid Hormones and Other
AKR superfamily. Ligands. Only a crystal structure with bound substrate or
At the periphery of the barrel, the adenosing52 inhibitor will provide an atomic model of howB3HSD
diphosphate portion of NADPis bound by hydrogen bonds recognizes apolar ligands. However, the binary complex
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Ficure 3: Location of the cofactor binding site. Stereo figures showing thdv&ckbone of the protein and all non-hydrogen atoms of the
high-occupancy conformation of NADPSide chains of residues that interact with both conformations of NA&® shown and labeled.
Atomic interactions betweenoBHSD and NADP are shown in Figure 5.

Ficure 4: Electron density map, calculated wity amplitudes and averaged phases, contoured atd&r@ind the two conformations of

NADP™ in the active site. NADP coordinates were not used in calculating initial phases for averaging, so this region of the electron
density is unbiased by the model. (a, top) The high-occupancy conformation (65% occupancy). (b, bottom) The low-occupancy conformation
(30% occupancy). All map calculations used data in the resolution ranger5A.

model allows us to identify the probable apolar substrate- 4 A of eight residues in the apolar cleft (Figure 7). Although
binding cleft and to make several predictions about substratethe electron density for portions of the flanking loop is
recognition based on (1) a fortuitous crystal packing contact diffuse, Trp 227 is well ordered (Figure 7b). We suggest
that may mimic a portion of a bound steroid hormone or that Trp 227 may mimic a portion of the distal end of a
other ligand, (2) an active site water molecule that is likely bound steroid hormone or other ligand on the basis of the
to correspond to the position of the substrate carbonyl or following observations: (1) Trp 22nteracts with Trp 86,
hydroxyl, and (3) site-directed mutagenesis data. which is implicated by site-directed mutagenesis in binding

30-HSD interacts with several types of apolar substrates steroid hormones (Jez et al., 1995), (2) the distance between
of varying sizes and shapes, including hydroxysteroids, PAH Trp 227 and C4 of the nicotinamide ring is comparable to
trans-dihydrodiols, hydroxyprostaglandins, and aromatic the length of a steroid nucleus or PAtrans-dihydrodiol
ketones. These substrates are likely to bind to an apolar cleft(~11 A), and (3) 92% of the solvent-accessible surface area
formed by Leu 54, Trp 86, Leu 122, Phe 128, Phe 129, Leu of Trp 227 is buried, as would be expected for a bound
137, and Phe 139 on one side, Phe 118 and Met 120 on theapolar ligand. Graphic modeling of steroid ligands based
bottom, and residues from the C-terminus and possibly Trp on the position of Trp 227and a bound water molecule
227 with its associated loop on the opposing side. Because(discussed below) shows that these ligands could fit into the
Trp 227 is involved in a crystal contact, the model does not apolar cleft but would require some accommodating struc-
provide its position in solution. However, mutations of Trp tural changes.
86 and Trp 227 to tyrosine reduce steroid hormone binding  The crystal contact provides insight into some of the
up to 7-fold and 20-fold, respectively, suggesting that both conformational changes that may occur wherHSD binds
residues are located in the steroid-binding cleft (Jez et al., ligands. It might be expected that the C-terminus will be
1995). This cleft could accommodate steroid hormones andinyolved in substrate binding, analogous to residues—298
other substrates and is proximal to the residues involved in 303 in aldose reductase (residues 3661 in 3x-HSD),
catalysis, as well as the nicotinamide ring. which undergo a conformational change upon binding the

In this crystal form, part of the apolar cleft is used to create inhibitor zopolrestat (Wilson et al., 1993), and residues-303
a crystal packing contact when loop B extends away from 315 (residues 3%+1322 in 3x-HSD), which are involved in
the surface of the other molecule in the asymmetric unit and substrate specificity and catalytic efficiency (Bohren et al.,
Trp 227 of this neighboring molecule (Trp 22Binds within 1992). The binding of Trp 2274n the apolar cleft similarly
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FIGURE 5. Atomic interactions binding NADPto 30-HSD. Stereo figures of the cofactor-binding site in approximately the same orientation
as in Figure 3. The NADPmolecule is shown in ball-and-stick representation with atom sizes proportional to van der Waals radii. Hydrogen
bonds and salt bridges are indicated by broken lines. (a, top) Nicotinamide ribose monophosphate portion ofaitAEH side chains
of 30-HSD to which it binds. (b, bottom) Adenosiné 2-diphosphate portion of NADPwith the side chains of &HSD to which it
binds. The 5 phosphate and O&toms of the low-occupancy conformation of NAD&re shown in dotted lines. These are the only atoms
whose positions significantly differ between the high- and low-occupancy conformations. This figure was prepared using MACIMDAD
(Molecular Applications Group, Palo Alto, CA).

Ficure 6: Side chain movements in the active site upon cofactor binding. Stereo figures showing all non-hydrogen atoms in residues
270-279 in apo &-HSD (Hoog et al., 1994) (broken lines) and in the-BSD-NADP* binary complex (solid lines). All non-hydrogen

atoms of the high-occupancy conformation of NAD&e shown in thick lines. Residues which undergo side chain movements with rms
differences>2 A are labeled.

involves some C-terminal residues io-BISD. Residues  structures of aldose reductase and its inhibitor complexes
306—308 undergo a conformational change, and residues(Harrison et al., 1994; Wilson et al., 1992, 1993), and it
309-311 are ordered in the binary complex structure, seems likely that the oxygen atom in the carbonyl or hydroxyl
whereas they are disordered in the apoenzyme structure. Irgroup of a substrate will bind here as well. On the basis of
addition, Tyr 310 makes van der Waals contacts with Trp this assumption and knowledge of the stereochemistry of
227, forming part of the apolar cleft (Figure 7). Itis likely hydride transfer, we propose that theface of a bound
that the C-terminus also undergoes conformational changessteroid will be oriented toward the side of the apolar cleft
to accommodate steroid hormones or other ligands and formsthat contains Trp 86.
part of the apolar cleft. Implications for the Catalytic MechanisniThe catalytic

A bound water molecule in the active site provides mechanism of 8HSD involves direct hydride transfer of
additional information about substrate binding. This water thepro-R hydrogen from the C4 position of the nicotinamide
molecule forms hydrogen bonds with two of the amino acid ring to the acceptor carbonyl at C3 of the steroid substrate
residues implicated in binding and catalysis, His 117 and (Askonas et al., 1991). SincendHSD is a nonmetallo-
Tyr 55 (Figure 7a). In particular, Tyr 55, which may be the enzyme, the presence of a general acid to polarize the
proton donor (discussed below), is 3.1 A from this water acceptor carbonyl is required to facilitate the reduction
molecule. Oxygen atoms in water and in inhibitors have reaction. In the oxidation direction, the same amino acid
been observed at this position in several crystallographic may function as a general base. Identification of the amino
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Ficure 7: Crystal packing contact in the apolar cleft. Residues in the symmetry-related molecule are indicated with primed numbers. (a,
top) Stereo figures of the crystal contact between Trg 28d the apolar cleft (top view). Trp 22@nd a bound water molecule may mimic
portions of a bound ligand. Side chains in the apolar cleft (Leu 54, Trp 86, Phe 118, Met 120, Leu 122, Phe 128, Phe 129, Leu 137, Phe
139, Tyr 310) are shown, as well as Trp 22hd two residues involved in substrate binding and catalysis (Tyr 55 and His 117). The
high-occupancy conformation of NADHs also shown. The active site water molecule is represented by its oxygen atom depicted as a
cross. (b, bottom) Stereo figures of electron density, calculatedRyitmplitudes and averaged phases, contoured ardund Trp 227

and the residues in the apolar cleft with which it interacts at a distancstdk.

yr 55 Tyr 55
Lys 84 Asp 50 Lys 84 _;A/sp 50
fais 117 ¢ Zéis 17 e

FiIGURE 8: Residues near the nicotinamide ring. Stereo figures showing Asp 50, Tyr 55, Lys 84, His 117, and the high-occupancy conformation
of NADP™. The active site water molecule is represented by its oxygen atom. Hydrogen bonds are shown as broken lines. This figure was
prepared using MACIMDAD (Molecular Applications Group, Palo Alto, CA).

acid residue which functions as the general acid is an 3a-HSD) has also been implicated in catalysis in aldose
important step toward understanding the catalytic mechanismreductase on the basis of its position aid,which is near
of this enzyme. the pH optimum of the reaction (Liu et al., 1993).

A catalytic mechanism has been proposed farH8SD The catalytic mechanism ot3HSD has been investigated
and other enzymes in the AKR superfamily which involves by site-directed mutagenesis of these four residues. These
three residues near the nicotinamide ring (Figure 8). In this experiments show that Asp 50 and His 117 mutants have
mechanism, a tyrosine (Tyr 55 ino3HSD) acts as the low residual activity for steroid oxidation (B. P. Schlegel,
general acid, a lysine (Lys 84 imx3HSD) decreases th&p manuscript in preparation). In contrast, a Y55F mutant was
of the tyrosine by hydrogen bonding to it, and an aspartic found to be inactive using steroid substrates, while retaining
acid (Asp 50 in &-HSD) is salt-bridged to the lysine (Bohren the ability to form ENADPH and ENADH testosterone
et al., 1994; Hoog et al., 1994). A histidine (His 117 in complexes with th&, for the binding cofactor unchanged.
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Ficure 9: Comparison of AKR and SDR enzymes in which the protein folds differ but the active site residues superimpose. Stereo figures
of active site residues in)BHSD (blue) superimposed with those in,203-HSD, a member of the SDR superfamily (yellow) (Ghosh et

al., 1994). All non-hydrogen atoms in Tyr 55, Lys 84, His 117, and nicotinamide ribose inthSB-NADP™ binary complex and in Ser

139, Tyr 152, Lys 156, and nicotinamide ribose in thie2ZZ)3-HSD-NAD* binary complex are shown. The water molecule ¢al3SD that

may mimic the carbonyl oxygen in a 3-ketosteroid substrate is represented by its oxygen atom in red. The superposition was based on the
nicotinamide ring position, excluding the carboxamide substituent at the C3 position. The reason for excluding this substituent was that
3a,205-HSD transfers th@ro-S hydrogen, while 8-HSD transfers th@ro-R hydrogen, so that although the nicotinamide rings lie in the

same plane, they are flipped I'8@lative to one another and the carboxamide groups do not superimpose. This figure was prepared using
MOLSCRIPT (Kraulis, 1991).

Although the affinity for steroid was reduced over 30-fold HSD, it was noted that its sequence contains this motif at
(Pawlowski & Penning, 1994), this decrease is insufficient residues 205209 (Tyr-Cys-Lys-Ser-Lys), and it was hy-
to explain the complete loss of catalytic activity, suggesting pothesized that Tyr 205 was the general acid. However, the
that Tyr 55 could be the general acid. Similarly, Lys 84 apoenzyme structure revealed that the consensus sequence
mutants are inactive, suggesting this residue is involved in js |ocated ino-helix 6 (Hoog et al., 1994) and is distant from
the catalytic mechanism (B. P. Schlegel, manuscript in the active site. This observation suggested Tyr 205 was not
preparation). involved in catalysis by &HSD, which was later confirmed

The binary complex model and the inactive Tyr 55 and by site-directed mutagenesis (Pawlowski & Penning, 1994).
Lys 84 mutants support the proposed catalytic mechanism . .
inywhich Tyr55is th%pgeneral Fa)lciollaand in whigh this function _“\though the Tyr-X-X-X-Lys sequence is not essential for

may be facilitated by Lys 84. Tyr 55 is close to the C4 catalysis in 8-HSD, there is a tyrosine/lysine pair near
" . .
position of the nicotinamide ring and forms a hydrogen bond NADP™ in the active site of the binary complex (Tyr 55 and

with the water molecule that may indicate the position of LYS 84; see Figure 8). Like the SDR tyrosine/lysine pair,
the carbonyl oxygen in a 3-ketosteroid substrate (Figure 8). these residues are virtually invariant in the AKR superfamily
In order for Lys 84 to interact directly with the water and have been implicated in catalysis. The fact that SDR
molecule (and hence the substrate carbonyl), the enzymeand AKR HSDs interconvert similar substrates, using the
would have to undergo conformational changes involving same conserved amino acid side chains suggested that they
Lys 84, His 117, and Tyr 55. On this basis, it is less likely might have similar catalytic mechanisms although their
that Lys 84 would act as the general acid, leaving Tyr 55 as primary sequences and protein folds differ. To explore this
the most viable candidate. It should be noted that His 117 hypothesis, we superimposed the active sitesxeHSD and
also interacts with the water molecule and is in a reasonablethe SDR enzyme @_203-HSD (Ghosh et al., 1994) on the
position to participate in catalysis, although the enzyme pasis of the nicotinamide ring positions and examined the
retains low activity upon its mutation. positions of active site residues (Figure 9). Remarkably, the
Comparison of AKR and SDR Enzymes: Superposition oxygen atoms in the tyrosine hydroxyl groups superimpose
of Active Site Residues Suggests @engent Bolution to a to within 0.5 A. The lysine residues also adopt similar
Common Catalytic Mechanismin addition to the AKR  positions with their amino groups separated by 2.2 A. In
superfamily, the structurally distinct SDR superfamily (Jorn- addition, the N2 atom of His 117 in 8-HSD and the
vall, 1995) includes several HSDs. Enzymes in the AKR hydroxyl group of Ser 139 in®203-HSD are separated by

and SDR families share no significf':mt sequence id_entity O only 1.7 A and are both within hydrogen-bonding distance
structural homology, although they interconvert similar, and .5 the water molecule in@&HSD that may indicate the
in some cases identical, substrates. Known structures in theposition of the substrate carbonyl

SDR superfamily include human placentafiMSD (Ghosh
et al., 1995), bacterial 8208-HSD (Ghosh et al.,, 1994), ~ Thus, although AKR and SDR superfamily enzymes have
and rat liver dihydropteridine reductase (Varughese et al., completely different protein folds, the conserved tyrosine/
1992). lysine pair is present in similar positions in both. In addition,

Within the SDR superfamily, members share a consensusHis 117 and Ser 139 are present in similar positions and are
active site sequence Tyr-X-X-X-Lys. The invariant tyrosine highly conserved in their respective superfamilies. Our
and lysine residues are essential for catalysis (Ensor & Tai, Observation of the superposition of the active site residues
1991; Chen et al., 1993; Obeid & White, 1992) and are in the two superfamilies suggests convergent evolution of a
located in the active site (Ghosh et al., 1994, 1995; Varughesecommon reaction mechanism, involving a lysine and a
et al.,, 1992). Prior to the structure determination of 3  tyrosine which may act as the general acid.
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