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ABSTRACT. 113-Hydroxysteroid dehydrogenase type 1 §1HISD1) catalyzes the conversion of 11-
dehydrocorticosterone to its active form corticosterone in rodents (or cortisone to cortisol in humans).
The reductive reaction of the 11-keto to 11-hydroxyl is the pivotal switch in the activation of glucocorticoids.
An excess of active glucocorticoids has been shown to play a key role in metabolic disorders such as
diabetes and obesity. Therefore SiSD1 represents an important therapeutic target for the treatment of
these diseases. To facilitate the iterative design of inhibitors, we have crystallized and determined the
three-dimensional structures of a binary complex of muringiSD1 with NADP(H) to a resolution of

2.3 A and of a ternary complex with corticosterone and NADP(H) to a resolution of 3.0 A by X-ray
crystallography. The enzyme forms a homodimer in the crystal and has a fold similar to those of other
members of the family of short chain steroid dehydrogenases/reductases (SDRs). The structure shows a
novel folding feature at the C-terminus of the enzyme. The C-terminal helix insertions provide additional
dimer contacts, exert an influence on the conformations of the substrate binding loops, and present
hydrophobic regions for potential membrane attachment. The structure also revealgsHd®01 achieves

its selectivity for its substrate.

Glucocorticoids play important roles in a variety of improved lipid and lipoprotein profile, hepatic insulin
physiological and cellular processes, including the regulation sensitivity, and glucose tolerance have also been reported
of metabolic enzymes, inflammatory responses, and bloodfor the 115-HSD1 gene knockout miceés). The phenotype
pressurel—3). The active hydroxyl form of glucocorticoids  of transgenic mice overexpressingstHSD1 selectively in
binds to nuclear receptors and subsequently influences genadipose tissue has shown marked insulin resistance and
transcriptions. The two isoforms of #4HSDs catalyze the  hyperlipidemia 4). Further studies of these transgenics also
interconversion between the 11-keto forms and the active linked overexpression of BtHSDL1 to hypertensior6j. 1153-
11-hydroxyl forms of glucocorticoids (Figure 1). Type 1 acts HSD1 inhibitors have been synthesized and shown to be able
as a reductase, whereas type 2 acts as a dehydrogenase. ta lower the expression levels of gluconeogenic enzymes and
level of cortisol regulation is achieved by the differential blood glucose and thus provide some degree of validation
tissue distribution of the two isoforms. AHSD1! is for the therapeutic potential of this class of inhibito.
expressed predominantly in liver, adipose, and brain, and Improving the potency and pharamaceutical properties of
type 2 is expressed mostly in kidney. 115-HSD1 inhibitors will be critical for the successful

A variety of diseases, including insulin resistance/type 2 discovery of effective human therapeutic agents.

diabetes, dyslipidemia, and obesity, are induced by gluco-  113-HSD1 belongs to the SDR family of enzymes and

corticoid excess. The therapeutic potential oBHSD1  ses NADPH as a cofactor. This family is characterized by
inhibition has been demonstrated by gene knockout andy consensus GXXXGXG nucleotide binding motif and a
transgenic mouse modeld)( Specifically, 13-HSD1 null conserved S-Y-K catalytic triad. Only the tyrosine residue

mice were found to resist high-fat diet-induced obesity. An s completely invariant. While most SDRs are soluble

The atom St d structure factors [PDB entries LY5R enzymes, 13-HSD1 is linked to the endoplasmic reticulum

e atomic coordinates and structure factors entries _ ; i

for the binary complex of murine BtHSD1 with NADP(H) and (ER) memprane by an_N terml_nal sm_gle t_ransmembrane
1Y5Mfor the ternary complex of J&HSD1 with corticosterone and ~ S€gment with the catalytic domain localized in the lumen of
NADP(H)] have been deposited in the Protein Data Bank. the ER 8, 9). Although native 18-HSD1 is glycosylated,
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Ficure 1: Reaction scheme in vivo. IHSD1 acts as an oxoreductase converting dehydrocorticosterone to corticosterone in rodents and
cortisone to cortisol in humans using NADPH as a cofactof-HiED2 acts as a dehydrogenase catalyzing the reverse reaction using NAD

as a cofactor. Dehydrocorticosterone and cortisone are the inert forms of the hormone, whereas corticosterone and cortisol are the active
forms of the hormone.

HSD1 has a low affinity for its substrate. The reportég DNA sequence-confirmed plasmid was carried out atG7
of the enzyme, ranging from low micromolar to submicro- during the initial growth phase and then shifted to°20for
molar values, is higher than the low nanomolar free- chemical induction.

circulating substrate concentratidk?(13). One explanation Cell paste was suspended in 20 mM Tris (pH 8.0), 150
for this paradox is that the local concentration of the substrate mm NaCl, and 5 mM benzamidine. The cell suspension was
is higher at the ER membrane. The biophysical characteriza-proken with two passes through a microfluidizer, and mixed
tion of the enzyme has yielded controversial results on the yjth g puffer containing 5% glycerol, 0.1% Triton X-100,
oligomerization state of the active enzyme due to the gnd 5 mM imidazole. The mixture was loaded on a-Ni
complications resulting from the presence of detergent for NTA column. The Ni-NTA eluate was concentrated and
this membrane-associated protein. Both dimeric and tet- processed by size exclusion chromatography (Sephacryl
rameric forms of the enzymes have been observed in solutions200, Pharmacia) in 20 mM Tris (pH 8.0), 200 mM NaCl,
(12, 14). 0.1% Triton, 5% glycerol, and 2 mM EDTA. The pool from
Here we present the structures of the catalytic domain of the S200 column was concentrated and frozen&1°C. A
murine 13-HSD1 bound to NADP(H) in the presence and frozen sample was thawed and passed through a Pierce
absence of the product corticosterone. The structure reveal€Extracti-Gel D column using the same buffer without the
a unique arrangement of the two C-terminal helices relative detergent at room temperature and concentrated to 25 mg/
to other SDRs. These helices make additional cross-subunitmL for crystallization experiments.
interface contacts, and contribute to the conformations of  crystallization and Data CollectionThe enzyme was
the substrate binding segments. They also contain a C|USter(:rystaIIized by the vapor diffusion method using hanging
of hydrophobic residues on the protein surface that might drops. The protein sample was mixed with an equal volume
be embedded in the membrane lipid bilayers. The atomic o \vell solution of 1.8 M LSO, and 0.1 M HEPES buffer
structure will aid in understanding the molecular basis for (pH 7.5) at room temperature. The crystals belong to space
steroid recognition and in the structure-based drug designgroupp4122 with two molecules in the asymmetric unit with
of potent and selective inhibitors of AHSD1. the following cell dimensionsa = b = 96.72 A andc =
219.30 A. A heavy atom derivative of the crystal was
EXPERIMENTAL PROCEDURES obtained by adding 1 mM ethylmercuric chloride to the
Expression and PurificatiarMurine 113-HSD1 (residues ~ Ccrystal drop. The ternary complex was obtained by soaking
24-292) is expressed iBscherichia colwith a His; tag at 0.05 mM corticosterone and 1 mM NADPH into the crystal.
the amino terminus. A PCR fragment comprising residues Data were collected at beamline 5.0.2 at the Advanced Light
24-292 (GENPEPT entry S75207) was amplified and Source using an ADSCQ315 detector and processed using
subcloned into the NdefXhol sites of a proprietary plasmid ~HKL2000 (16). The cell dimensions for the ternary complex
expression vector1§). PCR primers were designed to are close to the native crystali = b = 96.99 A andc =
generate a gene fragment encoding residues2®2 with 218.15 A. The data statistics are summarized in Table 1.
addition of a 5 Ndel site and a'3Xhol site. The 5primer Structure Solution and Refinementhe phases were
also added coding sequence downstream of the Ndel siteobtained by single isomorphous replacement with the
for the histidine tag. The amplified PCR product was digested anomalous signal method using SOLVE?). The overall
with Ndel and Xhol and subcloned into the plasmid figure of merit (from 40 to 2.5 A) was 0.3. The electron
expression vector. Fermentation Bf coli containing the density map was further improved using DM in the CCP4
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Table 1: Refinement Statistics for the Binary Complex, Hg
Derivative, and Ternary Complex of #4HSD1

binary Hg ternary
complex derivative complex

Ruergé (%) (last shell) 7.4(45) 8.9(60) 6.1(22.5)
min 2.3 . 3.0
no. of measurements 918692 515636 637975
no. of unique data 47146 47146 21295
no. of reflectionsff > 0) 43963 21295
completeness (%) 93 98.3
total no. of atoms 4424 4276
R-factoi® (%) 21.9 21.0
ree” (%0) 25.0 24.7
no. of water molecules 148 0
no. of sulfate ions 4 0
no. of octane molecules 2 0
no. of corticosterones 0 2
no. of NADPHs 2 2
rms deviation
bond lengths (&) 0.0828 0.119
bond angles (deg) 1.786 1.763
Ramachandran regich&o)
residues in most favored regions 90 87.7
residues in additional allowed regions 9.7 11.4
residues in generously allowed regions 0.2 0.8

@ Rmnerge = 2 |li — OOVY l;, wherel; is the intensity of an individual
measurement andlis the mean intensity of this measuremérf-
factor= 3y ||Fobd — |Fcad /Y |Fobd, WhereFqpsandFcqcare the observed
and calculated structure factor amplitudes, respectiVé®y.. was

calculated using a subset (8%) of randomly chosen data that was

excluded from refinement.As calculated using PROCHECK in the
CCP4 suite 18).

suite (L8). The final figure of merit was 0.75 after solvent
flattening by DM. The model was built using QUANTA
(Accelrys). The model was refined using CNX9j, and the
refinement statistics are summarized in Table 1.

RESULTS

Overall Fold of the SubunitsThe final model contains

two monomers that form a homodimer. There is clear

electron density for residues 2289 for each monomer.

Zhang et al.

Rgpresentatlve electron density maps ar(? shown in Figure 2FIGURE 2: Electron density map contoured at fbr corticosterone
Wlth the atomS Iabeled fOI’ the tWO d|fferent Structure (a) in the ternary Complex and NADPH (b) in the b|nary enzyme_

solutions. The @ trace of one monomer is shown in Figure
3. The overall fold is similar to those of other SDR family

members 20). The consensus fold consists of the central

seven-stranded parallgi-sheet, flanked by six parallel
o-helices (Figure 3). There are four sharhelix insertions
relative to the consensus fold (Figure 4xEF (residues
171-174) betweernE andoF, oFG (residues 226228)
betweensF andaG, and two sequential heliceal1 and
aH2) following SG. TheoFG insertion is also part of the
substrate entry loop (residues 24831). HelicesaH1 and

oH2 are located at the C-terminus of the enzyme. The

The map was calculated using thg=@ — |F¢| coefficients and
final model-derived phases.

subunits superimpose well on each other with an rms
deviation of 0.24 A for the backbone atoms in the NADP-
(H) complex and an rms deviation of 0.31 A for the ternary
complex. The two subunits are related by a pseudo-2-fold
axis, designated as tiigaxis using the convention described
by Ghosh 21) (Figure 5). The total buried surface area of
the dimer interface is largey5129 A2

AlthoughaH1 andoH2 do not make direct contacts with

pseudo-2-fold axis places the amino termini on the same facethe substrate, they make intimate interactions with two of
of the dimer so that the amino-terminal residues for each the substrate binding loops in the other subunit. This is in
chain point in the same direction toward the membrane. The contrast to the &-HSD structure in which the C-terminus
orientation of the N-termini makes it possible for the cluster wraps back on the same subunit and forms part of the
of the solvent-exposed hydrophobic residues on C-terminal substrate-binding site2). HelicesaH1 andaH2 in 115-
helicesaH1 andaH?2 to become embedded in the membrane. HSD1 may support the substrate binding loops to adopt the

Contrary to previous studie8)( none of the cysteine residues

proper conformations to accommodate the substrate. The

form disulfide bonds. The closest approach of the cysteinessegment of residues 27284 (H2) interacts with the EF—
is made by C213 and C241, but the sulfur atoms are moreoF turn (residues 174178) in the substrate binding loop

than 8 A apart.
Subunit InterfaceThe enzyme was crystallized with a

(residues 176183) as described below. The segment of
residues 283288 (@H2) makes contacts with residues 231

dimer in the asymmetric unit. The structures of the two 233 (@FG—aG loop), the C-terminal residues of the substrate



Crystal Structure of Murine J3HSD1 Biochemistry, Vol. 44, No. 18, 200%951

Ficure 3: Stereoview of the J3-HSD1 monomer @ trace drawn by Insightll (Accelyrs Inc.). The corticosterone and cofactor NADPH
are respresented with a stick model. Residues are numbered every 10 residues. Substrate-binding segments are colored differently, with
residues 121126 in green, residues 17183 in purple, and residues 23831 in cyan.

entry loop (residues 216231). The only major interactions  phosphate neutralizing arginine residue at the equivalent
of helicesatH1 andaH2 with the same subunit are between position does not have the stacking interaction with the
two nitrogens of the guanidinium group of R273 atH2 adenine group. In the trihydroxynaphthalene reductase
and the two carboxylate oxygens of D191oiR. C-Terminal structure, R39 that comes from a different structural element
cross-subunit contacts have also been observed for two othemteracts with the 2phosphate of NADPHZ7). While it

SDRs, 1B-HSD (23) and (R)-hydroxyacyl-CoA dehydro-  appears that a neutralizing arginine residue interacting with

gease 25). the 2-phosphate of NADPH is required to distinguish

As in theQ-axis interfaces in other SDRs, thegtHSD1 whether an SDR will use NADPH or NADH as a cofactor,
dimer interface also consists of a four-helix bundleodt the arginine residue can occur at different locations in the
andaF from each monomer. In addition to the helilxelix primary sequence.

interactions, helix-loop packing also occurs at the interface. ~ The backbone atoms of tR&LGLI?*8loop in 115-HSD1

Four segments are involved in the intermolecular contacts: form four hydrogen bonds with the nicotinamide of the
127-152 (3D—0akE turn andaE), 174-204 (@EF—oF turn cofactor: L215 O and C5N (3.4 A), G216 O and C4N (3.0
andoF), 229-233 @FG—aG turn), and 267288 @H1and  A), 1218 N and O7N (2.7 A), and 1218 O and N7N (3.3 A).

aH2) (Figure 5). ThggD—oE turn (F129) packs againgF; Hydride transfer occurs on C4 of nicotinamide in five-S
the aEF—aF turn (residues 174178) packs againstH2, configuration during catalysis. Therefore, the conserved
and theaEF—oF turn (residues 176179) packs againstF. interaction of the backbone carbonyl group of G216 with

Cofactor NADP(H) Binding Siteln the crystals grown  the pro-R hydrogen of C4 of the nicotinamide has been
without the addition of corticosterone, an NADP(H) molecule suggested to be important for catalys8); The Pro-Gly
was bound in the enzyme (Figure 2b), even though no sequence, equivalent to L215 and G216 of-HSD1, is
additional NADP(H) was added during the protein purifica- preferred for SDR enzymes. Although this sequence has
tion or crystallization process. The conformation and orienta- variations, the three hydrogen bonds between C4N, O7N,
tion of NADP(H) are very similar to those found in other and N7N of the nicotinamide and the enzyme backbone
SDRs, shown in Figure 3. It sits in a cleft formed by seven atoms have been observed in all the known SDR structures.

segments of the enzyme: residues-48, 65 and 66, 9t The backbone carbonyl group of L215 also forms a hydrogen
93,119-121, 168 and 169, 183187, and 215222 (Figure bond with the L171 backbone nitrogen atom. Most of the
3 and Table 2). SDR enzymes also have similar hydrogen bonds such as

The NADP(H) makes extensive polar and charged interac- L215 in 113-HSD1: the carbonyl group of L215 with the
tions with the enzyme, as shown in Table 2 and Figure 6. backbone nitrogen atom of the residue after the catalytic
The hydrophobic interactions are mostly through the nico- serine and with C5 of nicotinamide. However, L215 interac-
tinamide and adenine portions of the cofactor. The nicoti- tions do not appear to be essential for catalysis, because in
namide makes contacts with the corticosterone and the sidethe structure of the rat ®-hydroxyacyl-CoA dehydroge-
chain of L215. The orientations of the nicotinamide and nase, equivalent interactions of L215 are abs2B}. (
adenine are also stabilized through polar or charged interac- The catalytic residue K187 makes bifurcated hydrogen
tions as shown in Table 2. The side chain R66 neutralizesbonds with O4 and O5 of the nicotinamide ribose, whereas
the negative charge of thé-ghosphate of NADP(H) and  the OH group of catalytic residue Y183 is hydrogen bonded
makes hydrophobic stacking interactions with the adenine with O5 of the same ribose. Similar interactions have been
of NADP(H). However, in human J#HSD (26), the 2- observed in most known SDR structures. This is consistent
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Mouse MAVMKNYLLPILVLFLAYYYYSTNEEFRPEMLQGKKVIVTGASKGIGREMAYHLSKMGAH
Human MAFMKKYLLPILGLFMAYYYYSANEEFRPEMLQGKKVIVTGASKGIGREMAYHLAKMGAH
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Mouse VVLTARSEEGLQKVVSRCLELGAASAHYIAGTMEDMTFAEQF IVKAGKLMGGLDMLILNH
Human VVVTARSKETLQKVVSHCLELGAASAHYIAGTMEDMTFAEQFVAQAGKLMGGLDMLILNH
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Mouse ITQTSLSLFHDDIHSVRRVMEVNFLSYVVMSTAALPMLKQSNGSIAVISSLAGKMTQPMI
Human ITNTSLNLFHDDIHHVRKSMEVNFLSYVVLTVAALPMLKQSNGSIVVVSSLAGKVAYPMV

* * * * % % * *
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Mouse APYSASKFALDGFFSTIRTELYITKVNVSITLCVLGLIDTETAMKEISGIINAQASPKEE
Human AAYSASKFALDGFFSSIRKEYSVSRVNVSITLCVLGLIDTETAMKAVSGIVHMQAAPKEE

* * % * k% * % *

oG BG aH1 oH2

a » Rl = ]

250 g 260 270 280 290

Mouse CALEIIKGTALRKSEVYYDKSPLTPILLGNPGRKIMEFFSLRYYNKDMFVSN 292
Human CALEIIKGGALRQEEVYYDSSLWTTLLIRNPCRKILEFLYSTSYNMDRFINK 292

Ficure 4: Sequence alignment of murine and humapi-HSD1. Arrows or cylinders above the sequence indicate secondary structures.
Residues contacting the steroid are denoted with an asterisk, whereas residues contacting NADPH are denoted with a dash; 81% of the
residues are identical.

with the catalytic mechanism in which K187 maintains the (oEG,aEF—aF turn, andaF), and 216-231 3F—aFG turn,
orientation of the nicotinamide ribose and aids in deproto- aFG, and aFG—oaG turn). The detailed interactions are
nation of the hydroxyl of Y183232). shown in Figure 6. The corticosterone is mostly buried with
Substrate-Binding Sitd=or both structures determined in  only 13% of its surface accessible to the solvent. The polar
the presence and absence of corticosterone, there is strongxygens at opposite sides of the substrate are open to solvent
electron density in the substrate-binding site (Figure 2a). In by two different channels. The possible hydrogen bonds are
the structure grown in the absence of substrate, a detergenlisted in Table 2. Thex-side of the corticosterone interacts
molecule is observed and was modeled as an eight-carborwith residues G216, L217, T220, T222, A223, E226, 1227,
chain bound in the steroid-binding site with an extended and 1231 of the substrate entry loop of residues-2281,
conformation leading toward the bulk solvent. For the and the nicotinamide from the cofactor. The total buried
crystals soaked with corticosterone, the molecule is clearly surface area between the substrate and NADP(HpBB A2,
visible in the difference density maps. We presume that it is Theo-side of corticosterone makes contacts with 1121, T124,
still in the reduced state because excess NADPH (1 mM) and L126 from the binding loop of residues 12126 and
was added with corticosterone (0.05 mM) to form the ternary S170, L171, A172, Q177, 1180, and Y183 from the binding
complex. The resolution of these structures is not sufficient loop of residues 179183. The hydroxyl groups of catalytic
to determine the oxidation state of the reactants. They canresidues S170 and Y183 interact directly with the O11 atom
be modeled into the electron density equally well in either of corticosterone.
oxidation state. The lack of a structural preference for the 021 and 020 hold a trans conformation in the refined
substrate or product is consistent with the reversibility of model. This orientation was the best fit to the original
the enzyme. electron density maps and maintained that orientation
In the corticosterone complex structure, the corticosterone throughout subsequent refinement. It should be noted that
is positioned between three substrate-binding segments ofthe trans conformation in steroids has not been observed
the protein: residues 121126 (3D—oE turn), 170-183 before. Considering the medium resolution of the X-ray data,
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Table 2: Polar Interactions between Corticosterone, NADPH, and
115-HSD1 (subunit A) in the Ternary Complex

atom in atom in 1B-HSD1
corticosterone and NADPH distance (A)
03 Q177 N2 45
03 L217 N 3.9
0o11 S1700 3.1
011 Y183 OH 2.8
020 T124 N 45
021 T222 O 3.6
021 NADP(H) O1N 2.9
021 NADP(H) N7N 34
atom in atomin 1-HSD1
NADPH and corticosterone distance (A)
O7N 1218 N 2.7
C4N G216 O 3.0
C5N L2150 34
N7N 1218 O 3.3
N7N T2200 3.3
N7N corticosterone O4 34
N7N NADP(H) O1N 3.0
04 K187 Nz 3.2
04 N119 O 2.7
05 K187 Nz 3.2
05 Y183 OH 2.7
O2N 146 N 2.9
O2A T2220 3.0
O1A T2220 3.7
O1A G45N 4.0
O1A K44 Nz 4.0
O3 K44 N 3.3
o3 S430 3.7
o4 1121 N 3.8
N1A M93 N 2.8
N6A T920 3.3
02 S430 3.8
OP1 R66 N 3.0
OP1 R66 N 2.7
OP2 S67 N 3.3
OoP2 S430 35
OP3 R66 NH2 2.9

members. While the pocket is composed of mostly hydro-
phobic residues, the hydroxyl groups of Y183 and S170 and
the backbone nitrogen atoms of L171 and A172 provide
potential polar interactions with inhibitors. The two solvent

FiGure 5: (a) Ribbon diagram of the BIHSD1 dimer. Subunit A cha_nnels ﬁn el_thﬁ.rb_enddof Fhe ster0|d-b|nd|t?g S|te| pm(;"de
is colored blue, and subunit B is colored green. Segments of residued ©910ns where inhibitor design efforts may be exploited.
127-152, 174-204, 229-233, and 267288 at the interface of The oEF a-turn (residues 172174) immediately follow-

the dimer are colored purple in subunit A and red in subunit B. A ing the catalytic residue S170 exists in all known SDR

stick drawing of corticosterone and NADPH is also shown. (b) ; ; ; ; ;
Different orientation of panel a with a 18@otation of theY-axis. structures that contain a catalytic serine residue. It was first

In both panels a and b, the two subunits are related bytagis described in the structure of rat F{Bhydroxyacyl-(;oA
perpendicular to the paper. dehydrogease2@). The SDRs that do not contain the

catalytic serine residues, e.g., enonyl-ACP reducta8p (

3.0 A, we cannot rule out the possibility that 021 may hold also lack thexEF o-turn. In the 1B-HSD1—corticosterone
an energetically more favorable cis conformation with respect structure, the hydroxyl group of S170 forms two possible
to 020. The energy loss due to the missing intramolecular hydrogen bonds with two backbone nitrogen atoms, L171
hydrogen bond of 021 and 020 in the trans conformation N (~2.7 A) and A172 N ¢3.2 A) in aEF. These two
may be compensated by favorable interactions with the backbone amide groups serve as hydrogen bond donors to
cofactor. 021 acts as both a hydrogen bond acceptor fromthe S170 hydroxyl group and position the proton of the OH
N7N of the nicotinamide and a hydrogen bond donor to the group of S170 close to the gdoxygen of the corticosterone.
O1N atom of the NADPH. This important proton network suggests that tieF turn

Although SDRs share a similar fold, their substrate-binding plays an essential role in catalysis. This is consistent with
loops and the C-terminus of the enzyme have shown the mosthe structural conservation aEF among the SDRs with an
divergent conformations. Consequently, the overall shape,S-Y-K catalytic triad.
solvent accessible regions, and polar composition of the The residues of the steroid-binding sites show minimal
steroid-binding groove are very different among SDR movement upon binding of substrate. The only significant
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Ficure 6: Stereoview of 18-HSD1 binding sites of corticosterone and cofactor NADPH. C atoms of corticosterone, NADPH, and the
enzyme are colored yellow, purple, and blue, respectively. O atoms are colored red, and N atoms are colored blue. Figures were produced
in Insightll (Accelyrs Inc.).

conformational change is that the hydroxyl group of S170 different conformations with molecule A of the human
turns 90 toward the corticosterone and forms a hydrogen enzyme. This segment is part of the substrate entry loop and
bond. It forms four possible polar interactions with L171 N has been observed to be the most flexible in most SDRs.
(~3.4 A), A172 N 3.4 R), G173 N (4.0 A), and Y183  The corresponding residues surrounding NAPDH in the
OH (~3.1 A) in the absence of the substrate. It might be human enzyme are almost identical to those in the murine
possible that after catalysis occurs, a hydrogen bond alsoenzyme with only one conservative substitution at position
forms between the OH groups of catalytic residues S170 and168: an isoleucine residue in mouse and a valine residue in
Y183 so that the interactions between the enzyme andhuman (Figure 7b).

product are weakened to facilitate the process of the product
leaving the active site.

In the SRD enzyme family, the segment containing
residues 216231 is called the substrate entry loop because
it often adopts different conformations in structures with and _ . : . AR

) with most of them being conservative substitutions: isoleu-
without substrate. In the BtHSD1 structures reported here, . . . .
the substrate entry loop does not change conformations wher €S at_ pos!tlons 180, 277, and 231 in the murineé enzyme
the reaction product is soaked in. One reason might be thatand valines in _the human enzyme. The ;ubst|tut|on ClOS?St
the detergent molecule in the substrate site holds the substrat& the c17 posm.on of the subsrate is reS|dye 226. The side
entry loop close to the steroid-bound conformation. Alter- chain of E226 in the h_uma_n enzyme pomts toward the
natively, it might be that the crystal lattice prevents dramatic SCIVeNt, and the g atom is aligned well with the £atom
conformational changes since the structure is obtained by©f A226 inthe mouse enzyme. The largest difference is Q177

soaking in the product. The rms deviation of structures with " Mouse, and Y177 in human enzyme, but this residue is
or without corticosterone is only 0.12 A. For many other NOt near the C17 position. Despite the fact that the different
SDR family members, two proline residues are postulated SPecies utilize slightly different forms of the steroid, there
as the hinges for the movement of the substrate entry loopa'® comparable kinetics for the human enzyme using the
as inE. coli 7a-HSD (22). However, in 1B-HSD1, there mouse substrate and the mouse enzyme will recognize the
are no corresponding prolines. human substrate. TH&, for cortisone in the mouse enzyme

Comparison of the Murine and Human Structur@ge IS 842.6+ 130.8 nM, and th&y, for the human enzyme is
murine and human enzymes share virtually identical folds 696.6+ 339.5 nM (unpublished data). The slight difference
and dimeric organization (Figure 7a). The rms deviation of in the K, of cortisone is consistent with the small changes
the G atoms of the murine and the human dimers (molecules in the substrate-binding site residues. There are no obvious
A and B from PDB entry 1XU7) is only 0.46 A. The two  clashes when the human substrate is modeled into the mouse
subunits of the murine dimer are more similar, with a C ~ active site; therefore, the murine A-HSD1 structure is a
rms deviation of only 0.13 A, whereas the.@ns deviation reliable model for the design of inhibitors of the human
of the two subunits of the human dimer is 0.42 A. The larger enzyme. Most of the conserved residues have similar
difference results from the different conformations of the orientations between the murine and human enzymes with
segment of residues 2233 in the human enzyme. The only one exception for S170 (Figure 7b), which has been
segment of residues 22233 in the mouse enzyme is aligned shown to be able to take different conformations in the
well with molecule B of the human enzyme and takes murine enzyme upon substrate binding.

Although the natural substrates for human and murirte 11
HSD1 are different by an additional hydroxyl group in the
C170 position, the active site residues are mostly conserved.
There are five amino acid substitutions (Figures 4 and 7b)
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FIGURE 7: (a) Stereoview of the superimposition oftGtoms of the murine and human/AHSD1. The @ atoms of the murine and

human enzymes are colored blue and purple, respectively. NADPH and corticosterone in the murine complex are colored blue. The two
segments that have a more pronounced structural difference, residue33®8nd 263-268, are labeled. ThedCatoms in these segments

of the murine enzyme are represented by spheres. (b) Stereoview of the steroid-binding site of the superimposed murine and human structures.
Carbon atoms of the murine are colored blue and the human atoms purple. The steroid carbon atoms from the murine structure are colored
yellow. The five nonconserved active site residues are indicated with the human residue in parentheses. The conserved serine 170 position
is shown for the murine structure as complexed with the steroid. The conformation of the human serine 170 occupies a similar position as
the murine binary structure in the absence of the steroid.

DISCUSSION oH1 andoH2 from each monomer form a pseudo-four-helix
_ bundle in this interface. Consequently, the hydrophobic
The structures of the murine gHSD1 complexes  region on the protein surface from the C-terminal helix
reported here provide a detailed analysis of the substratej,sertions becomes buried in this interface.
recognition and structural elements for catalysig-HSD1 Membrane-associated proteins are known to aggregate in
has been widely recognized as a potential therapeutic targe%olutions, so the observed dimadimer formation of the
for treatment of a variety of diseases such as diabetes typg, rine enzyme in the crystal lattice may be an artifact in
Il, obesity, hyperglycemia, and hypertension. The distinctive i3 The total buried area in the-axis dimer interface,
steroid-binding site revealed by the structure makes the 5129 R is consistent with other known interfaces:
enzyme an ideal target for structure-based inhibitor deSig”'however, the buried area of the dimadimer interface is
The arrangement of the C-terminal helix insertiomb|1 only ~618 A2 which is comparable to that formed by crystal
andaH2, is unique compared with the arrangements of other |attice contacts. In a study of protein interactions, the smallest
SDR family members. They play multiple roles in maintain- observed protein dimer interface wad150 A (31). Given
ing the enzyme structure. They form an extensive dimer the very small contact area in the dimefimer interface, it
interface, and interact with the substrate-binding loops. More s likely that the enzyme exists as a dimer with C-terminal
importantly, they present a large continuous hydrophobic helices buried in the membrane lipid bilayer while the
region on the protein surface for potential interactions with enzyme is linked to the ER membrane. The proximity of
the membrane lipid bilayer. the enzyme to the membrane suggests that a potentially
The recently reported humanA-HSD1 structure shows  higher substrate concentration in the ER membrane by
virtually the same fold as the mouse enzyme in both metabolism can drive the catalysis even though the enzyme
monomeric and dimeric formd.4). A tetramer of the enzyme  has low affinity for its substrate.
of the human enzyme was found in one crystallographic Interestingly, the C-terminal helix insertions that make
asymmetric unit and was proposed to be the functional unit extra dimer contacts result in an unusually large interface,
in vivo. In the murine enzyme, a crystallographic 2-fold axis ~5129 A&, 18.8% of the molecular surface. The “large”
perpendicular to the pseudo-2-fold axis of the dimer gives contact area in protein dimers ranges from 2000 to 4600 A
rise to a similar tetrameric organization. C-terminal helices according to a study of protein structures dated to 1398 (
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The large contact area might be needed as a fail-safe
mechanism to ensure that dimer formation is not disrupted
by the presence of a nearby membrane lipid.

The shortaEF o-helix following the catalytic serine
residue is a conserved structural element for SDRs containing
the S-Y-K catalytic triad. We propose that thé&F helix
may play a crucial role in positioning the hydroxyl group of g
catalytic residue S170 and thus be essential for catalysis. It
will be interesting to see whether future SDR structures
maintain the correlation between the presence obBf
segment and the catalytic serine in the S-Y-K triad.

Despite the fact that the natural ligands for mouse and
human 1B-HSD1 are different, the murine structure will
provide a reliable model for the design of inhibitors for the
human enzyme. There are relatively few amino acid changes

in the active site. Moreover, we have identified a number of 11.

inhibitors that do cross react (unpublished data). Selectivity
between 1£-HSD1 and 1B-HSD2 is also essential for

human therapeutic use because they are antagonistic to eachyo.

other in vivo. Although some inhibitors such as glycyrrhetinic
acid and carbenoxolone can inhibit both enzymes, most of
the reported 13-HSD1 inhibitors are selective for type 1 3

9.

10.

Zhang et al.

Fleming, S., Mullins, J. J., Seckl, J. R., and Flier, J. S. (2003)
Transgenic amplification of glucocorticoid action in adipose tissue
causes high blood pressure in mideClin. Invest. 112 83—90.

7. Alberts, P., Engblom, L., Edling, N., Forsgren, M., Klingstrom,

G., Larsson, C., Ronquist-Nii, Y., Ohman, B., and Abrahmsen,
L. (2002) Selective inhibition of 13-hydroxysteroid dehydroge-
nase type 1 decreases blood glucose concentrations in hypergly-
caemic miceDiabetologia 45 1528-1532.

.Ozols, J. (1995) Lumenal orientation and post-translational

modifications of the liver microsomal Bthydroxysteroid dehy-
drogenase). Biol. Chem. 2702305-2312.

Odermatt, A., Arnold, P., Stauffer, A., Frey, B. M., and Frey, F.
J. (1999) The N-terminal anchor sequences ¢#-hgdroxysteroid
dehydrogenases determine their orientation in the endoplasmic
reticulum membrane]. Biol. Chem. 27428762-28770.

Blum, A., Martin, H. J., and Maser, E. (2000) Humansi1l
hydroxysteroid dehydrogenase type 1 is enzymatically active in
its nonglycosylated formBiochem. Biophys. Res. Commun. 276
428-434.

Atanasov, A. G., Nashev, L. G., Schweizer, R. A., Frick, C., and
Odermatt, A. (2004) Hexose-6-phosphate dehydrogenase deter-
mines the reaction direction of #Zhydroxysteroid dehydrogenase
type 1 as an oxoreductadeEBS Lett. 571129-133.

Maser, E., Volker, B., and Friebertshauser, J. (2002}- 11
Hydroxysteroid dehydrogenase type 1 from human liver: Dimer-
ization and enzyme cooperativity support its postulated role as
glucocorticoid reductasdiochemistry 412459-2465.

13. Frick, C., Atanasov, A. G., Arnold, P., Ozols, J., and Odermatt,

over type 2 82, 33). This is expected because there is only
15% sequence identity betweenstHSD1 and 18-HSD2.

This set of structure determinations provides significant aid
in the design of potent and selective inhibitors of44SD1

for the treatment of a number of human diseases. We have
developed a system in which the detergent molecule can be
replaced by a ligand in the crystal, so it is now possible to
soak in novel inhibitors for an efficient iterative rational drug
design process.
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