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Abstract:

The 1PB-hydroxysteroid dehydrogenase from the funGuoshliobolus lunatus (173-HSDcl) is an
NADPH-dependent member of the short-chain dehydrogenase/resdusipsrfamily, and it
functions as a dimer that is composed of two identical subunitsoBstructing the appropriate
mutants, we have examined the M204 residue that is situated in tieyceebinding pocket, for
its role in the binding of the coenzyme NADP(H). We have alsoiestuthe importance of
hydrophobic interactions through F124, F132, F133 and F177 fsH$Dcl dimer formation.
The M204G substitution decreased the catalytic efficiency pfHSDcl, suggesting that M204
sterically coerces the nicotinamide moiety of the coenzynee tim appropriate position for
further hydride transfer. Phenylalanine substitutions introduceéldeatlimer interface produced
inactive aggregates and oligomers with high molecular masses, sugdestitigese hydrophobic
interactions have important roles in the formation of the active dimer.

1. Introduction

Enzymes that belong to the short-chain dehydrogenase/reductase €Esp&family are
functionally very heterogeneous and they have low sequence ider(tioesit 15-30%)
(Oppermann et al., 2003). However, they have several distinct sequenfeimotimmon and
display highly similaro/p folding patterns with a centrglsheet, known as the Rossmann fold
(Oppermann et al., 2001, Oppermann et al., 2003). The majority of the &DRs NAD(P)(H)-
dependent oxidoreductases and use very diverse substrates (Oppermann et al., 2003).
There are several conserved sequence motifs in the clasBiBafgdnily proteins, and two of
these form part of the coenzyme binding region. The amino deoms the p6-strand
([KRIX[NS]xxxPGxxxT) are in close contact with the nicotinamide etpiand it has been
suggested that they can affect the direction of the reactionafing acids from the second
motif (TGxxxGxG,p1l-strand and1-helix) are situated around the adenosine moiety; these have
structural roles in the coenzyme binding region and determine coergyaaificity (Kallberg et
al., 2002).

Most of the SDRs function as dimers and tetramers (Jornvall, t995), and to date, the only
SDR members that are known to function as monomers are pordinalé&scarbonyl reductase
and human carbonyl reductases 1 and 3 (Ghosh et al., 2001; Miura et al.,2688%al SDR
tetramer has a 2-2-2 symmetry, with two different intex$alsetween the subunits. The contacts
across the P axis are between subunits 1 and 2 (and between 3 andsé)ttee R axis, are
between subunits 1 and 3 (and 2 and 4), and across the Q axis, aenlsittuenits 1 and 4 (and
2 and 3) (Andersson et al., 1996). In most dimeric SDRs that have hadttheture solved
crystallographically, the most extensive contacts are those spaannogs the Q-axis of
tetrameric SDRs; these involve a pair of helices from each memoie andaF), thus forming a
four-helix bundle (Fig. 1) (Jornvall et al., 1995). This mode of dimeomzats sterically
impossible in &-HSD/carbonyl reductase, where dimerization takes placeheiagPtaxis and
involves thenG-helix and3G-strand of each subunit (Grimm et al., 2000; Hoffman et al., 2007).
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The 1B-hydroxysteroid dehydrogenase from the filamentous fu@gpabliobolus lunatus (17B-
HSDcl) was the first fungal SDR to be purified and cloned (lakiRizner et al., 1999). It is an
NADPH-preferring enzyme and it preferentially catalysesersible oxidoreductions of
androgens and estrogens at the C17 position (LaniSnik Rizner et &, ,K¥an et al., 2003).
178-HSDcl contains all of the typical motifs of the classicBIRSfamily (LaniSnik RiZzner et al.,
1999). Two threonines (T202 and T200) from the [KR]X[NS]XxXXP@¢KT 202) motif are in
close contact with the nicotinamide moiety, and we have alreaadied their role for
interactions with NADP(H) (Kristan et al., 2003, Kristan et al., 2)0Blere we have studied the
role of the neighbouring M204 in the binding of the coenzyme NADP(H) (Fig. 2).

17B-HSDcl is dimer under native conditions (LaniSnik Rizner et al., 1998uctural model
(Lanidnik Rizner et al., 2000) and a recently resolved crystaltsteu¢our unpublished data)
identified salt bridges/H-bonds (between R129 and E117/D121, and between H1118h)d D
and strong hydrophobic and aromatic interactions (for F120, F124, F132, F133aRbfg the
oE andaF helices of both of the subunits that can stabilize dimerizatiastég et al., 2005b).
Previously, the roles in dimerization of H111 and R129 were examinestaK et al., 2005b),
where the H111L, H111A and R129D mutations were constructed, with thefaelectively
disturbing the ionic interactions between monomeric subunits and intngdwiectrostatic
repulsion (R129A). The H111L and R129L mutations both render@eHSDcl monomeric,
while the H111A mutant was dimeric. Despite conserved secondargtuses, monomers
showed no enzymatic activity. In the present study, we have ex@ithieeoles of amino acids
F124, F132, F133 and F177 (Fig. 1) in dimer formation, and investigated the ingeodh
dimerization for enzymatic activity.

2. Materials and methods

2.1. Construction, expression and purification of the mutated proteins

The mutant proteins were prepared using the Quick Change Il B#etddl Mutagenesis Kit
(Stratagene) and the pGexBtASDcl expression vector. The following primers were used (only
forward primers are shown, with the mutations introduced underlined):

M204G: 5-CGGTACCGTGACAGATGGOTCCACGAGGTCTCGZ

F124A: 5-GAGTTTGACCGCGTCGCAMGCCTCAACACCCG-3

F132A: 5-CCCGAGGCCAGGCTGICGTCGCTCGLC-3'

F132/133A: 5'-CCCGAGGCCAGGCGGM@ICGCTCGCGAGGC -3

F177A: 5-GCCGTCGACTCCGCGTTCGCATTTTCTCAAAGG -3’

All of the proteins were prepared as a glutathione S-transf¢@ST)-fusion proteins in BL21-
Al Escherichia coli cells (Invitrogen) and purified by affinity binding to glutathiongpBa&rose,
followed by cleavage with thrombin, as described previously (LaniSizikeR et al., 1999). The
purities of the proteins were checked by SDS-PAGE. Four pgabf ®ample was denaturated in
Laemmli sample buffer (10 min, 95 °C), applied onto 12% polyacrylanatéeagd visualized by
Coomassie Blue staining. Protein aliquots of approximately 0.05 pg wsad for Western
blotting. Electrophoresis and transfer were performed as des@ibedhere. Rat monoclonal
antibodies against BHSDcl (Kristan et al., 2003) were used as primary antibodiesr(ioVe
incubation at 4 °C). The secondary antibodies were peroxidase-conjggateahti-rat IgG+IgM
(H+L); Jackson ImmunoResearch Laboratories Inc., West Grove, Bérarya, USA), diluted
1:5000 and incubated for 2 hours at 25 °C. Colour was developed using Supétsgh&lico
Chemiluminiscence Substrate (Pierce Biotechnology). PAGE undederaturing conditions
was performed on 9% acrylamide gels with 5 pg protein, as dedagoreviously (Kristan et al.,
2003).
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2.2. Determination of enzymatic activities

Activity staining

The screening for activities of the expressed proteins waedaut by activity staining, as
described previously (Kristan et al., 2003). Briefly, following PA@&der non-denaturing
conditions, the gels were equilibrated in (final concentrations) 50Tm#/buffer, pH 9.0, with
0.5 mM NADF, 0.5 mM substrate 4-estrenepidl-3-one and 1.5 mM-cyclodextrine. The
activity staining was started by the addition of 0.1 mM phenazinbasgfate and 0.3 mM
nitroblue tetrazolium salt (final concentrations). The gels werehiated in the dark at 4 °C until
the colour developed.

Soectrophotometric assay

The reduction of 4-estrene-3,17-dione and oxidation of 4-estrgheli¥one (50-10QuM) in
the presence of coenzymes NADPH and NAQFD-100uM) by wild-type 1PB-HSDcl and its
mutants (0.uM) was followed on a Beckman DU diode array spectrophotometer, equiptie
the Peltier thermostability unit. The time-course of changebgordance at 340 nm was
measured from 7 to 1,000 s. All measurements were carried out inNMQthaosphate buffer, pH
8.0, at 25 °C. The progress curves were analyzed as described pyefiansnik Rizner et al.,
2000, Kristan et al., 2005a), and the classical kinetic paramktges)dk.,, were derived for the
active proteins (Kristan et al., 2005a).

3. Results and discussion

All of the 17B-HSDcl mutants were prepared by site-directed mutagenesigexpvessed irk.

coli, and purified. The purities of the expressed proteins were chegkeBd® PAGE, where all

of the proteins appeared as bands with the expected molecular ma8skdbfa, and were
recognized by anti-BFHSD antibodies (Fig. 3). Their solution molecular masses were
determined by non-denaturing PAGE, where differences in mobitifidsese proteins were seen
(Fig. 4a).

Therole of Met204 in the binding of the coenzyme

In proteins from the SDR superfamily, the coenzyme binds to themenazy an extended
conformation, with the adeningng in ananti conformation and the nicotinamide ring irsya
conformation. Amino-acid residues from the C-terminal part offflstrand are in close contact
with the nicotinamide moiety of the coenzyme, and they contributeetodrrect accommodation
of the nicotinamide moiety (Kallberg et al., 2002; Persson et al., 2003; Shi et al., 2004).

In 17B-HSDcl, two threonines (T200, T202) have previously been shown to inteithcthe
nicotinamide of NADPH (Kristan et al., 2003, Kristan et al., 2005a¢ W204 is close to the
two threonines, and it is conserved across some of the SDR super&dthough its role has
never been defined. M204 can thus be seenaj@0B-HSD from Streptomyces hydrogenans
(M189) (PDB code 2HSD) (Ghosh et al., 1994), trihydroxynaphtalene ctaestu and
tetrahydoxynaphtalene reductase fravlagnaporthe grisea (M215 and M215) (PDB codes
1YBV and 1JA9, respectively) (Andreson et al., 1996; Liao et al, 2001)jcelensn reductases
from Aspergillus parasiticus (M195) andEmericella nidulans (M197) (EBI Databases), and also
in mammalian carbonyl reductases: mouse (M187) (pdb code 1CYD)k@anal., 1996), pig
(M234) (pdb code 1N5D) (Ghosh et al., 2001) and human (M234) (pdb code 1IWMAkéran
al., 2005). The crystal structures have revealed that the correspaneihgnine is positioned
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right above the nicotinamide ring, and it probably provides stasicef for the correct
accommodation of the pyridine nucleotide part of the coenzyme. Wétstdos M204 of 1B-
HSDcl by glycine and decreased enzyme activity was liyitiietected by activity staining after
native PAGE. Kinetic constants were determined for M204 mutant and then congptoreadvild
type. Theke values for NADPH and NADPdecreased 127-fold and 35-fold, and Kme values
increased 43-fold and 833-fold, respectively (Table 1). These kwend increaselm values
contribute to a lower specificity constaqt/Km for both cofactors (6xEefold and 2.5x16fold,
for NADPH and NADP, respectively) (Table 1). Bearing in mind thapa#SDcl is already a
‘bad’ enzyme, such further drastic decreases in its catgbhpgwer with the M204G mutant
confirms that M204 provides an important contribution in the correct acodamon of the
nicotinamide moiety during the enzymatic reaction.

Therole of hydrophobic interactionsin dimer formation

We have shown previously that wild-type3tASDcl is active as a dimer (LaniSnik Rizner et al.,
1999). Examination of the three-dimensional model and crystal structuittngal 1B-HSD
(LanisSnik Rizner et al., 2000; our unpublished data) has allowed the icktndii of salt bridges/
H-bonds (H111, E117, D121, R129, D187) and strong hydrophobic and aromatic interactions
(F120, F124, F132, F133, F177) across the Q-axis. To prevent dimerizatior3-6fSDel,
several mutants were prepared that were expected to weakemydhaphobic interactions
(F124A, F132A, F132/133A and F177A).

To our surprise, all of the phenylalanine substitutions resultechantive oligomers and
aggregates (Fig. 4). Even a single phenylalanine substitution prévergeformation of the
correct dimer. Presumably the surface of thosB-H®Dcl mutants was too hydrophobic to
remain exposed to the solvent and (random) packing of the monomersedc&imilar effects
were also seen in dimeric humar3iIHSD type 1 (Puranen et al., 1997) dhbsophila alcohol
dehydrogenase (Chenevert et al., 1995). The mutated proteins (L11BE/dhd A170E+F172
for 17BHSD1 and A159T for alcohol dehydrogenase) formed inactive aggregates.

To determine how important the masking of tite andaF helices is for enzyme activity, we
compared the structures of monomeric carbonyl reductases (Ghokh 2604; Miura et al.,
2008). These are indeed monomeric, but they all have a predomiaamlical subdomain that
covers and stabilizes the two helices. However, the prevention of tike nanformation also
resulted in a loss of the enzyme activity. This can be expléaipede stability of thexE andaF
helices and the correct orientation of the catalytic residues #46/K171 of the interior side of
the aF helix. Another SDR member, glucose dehydrogenase Bacilus megaterium IWG3,
functions as a tetramer, although it reversibly dissociatesnatiive monomers at high pH, due
to weaker hydrophobic interactions and a lack of salt bridges in the Q-ietévfamamoto et al.,
2001). Those results thus demonstrate that only upon dimerization thatkbyic residues are
brought into the positions that allow the substrate conversion. Additiontdilys been described
that the enzyme may undergo conformational changes during thlyscat and for this the
stability of these two helices might be important (Ratnam et al., 1999; Ueda2€04).

4. Conclusions
Using site-directed mutagenesis, we have investigated M204Bafi$Dcl, which is situated in
the coenzyme-binding pocket, for its role in the binding of the coenzyAi2PiH), and the
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importance of hydrophobic interactions (involving F124, F132, F133 and F177 residues)
dimer formation. The substitution of M204 with G decreased the datadyticiency and
indicates that M204 provides steric coercion to the nicotinamide ynafi¢ghe coenzyme for it to
take up the appropriate position for further hydride transfer. Phanydal substitutions
introduced at the dimer interface resulted in inactive oligoméhshigh molecular masses. The
site-specific substitutions introduced and structure/function asalydicate the importance of
hydrophobic interactions in the nativetASDcl conformations.

6
Page 6 of 15



Acknowledgements
This work was supported by a P1 -170 research grant and a youaghesegrant to M.B., both

from the Slovenian Research Agency. The authors thank to Dr. Chris Berrie fai ceéiding of
the manuscript.

7
Page 7 of 15



5. References

Andersson, A., Jordan, D., Schneider, G., Lindqvist, Y., 1996. Crystal strudttine ternary
complex of 1,3,8-trihydroxynaphthalene reductase fidagnaporthe grisea with NADPH
and an active-site inhibitor. Structure 4, 1161-1170.

Chenevert, S.W., Fossett, N.G., Chang, S.H., Tsigelny, I., Baker, M. EW.Re, 1995. Amino
acids important in enzyme activity and dimer stability fDrosophila alcohol
dehydrogenase. Biochem. J. 308, 419-423.

EBI Databases, Protein Databases, CluSTr Dataldase//www.ebi.ac.uk/Database@une
2008)

Ghosh, D., Sawicki, M., Pletnev, V., Erman, M., Ohno, S., Nakajin, S., Duax, W.L., 2001.

Porcine carbonyl reductase. J. Biol. Chem. 276, 18457-18463.

Ghosh, D., Wawrzak, Z., Weeks, C.M., Duax, W.L., Erman, M., 1994. The refined- thr
dimensional structure of 3 alpha, 20 beta-hydroxysteroid dehydrogendspoasible
roles of the residues conserved in short-chain dehydrogenases. Structure 2, 629-640.

Grimm, C., Maser, E., Mobus, E., Klebe, G., Reuter, K., Ficner, R., 2000. Tstalstyucture of
3alpha-hydroxysteroid dehydrogenase/carbonyl reductase @amamonas testosteroni
shows a novel oligomerization pattern within the short chain dehyniasgféeductase
family. J. Biol. Chem. 275, 41333-41339.

Hoffman, F., Sotriffer, C., Evers, A., Xiong, G., Maser, E., 2007. Utnaledeng oligomerization
in 3alpha-hydroxysteroid dehydrogenase/carbonyl reductaseCfoomamonas testosteroni:
anin silico approach and evidence for an active protein. J. Biotechnol. 129, 131-139.

Jornvall, H., Persson, B., Krook, M., Atrian, S., Gonzalez-Duarte, R., yeffer Ghosh, D.,
1995. Short-chain dehydrogenases/reductases (SDR). Biochemistry 34, 6003-6013.

Kallberg, Y., Oppermann, U., Jornvall, H.Persson, B., 2002. Short-chain
dehydrogenases/reductases (SDRs). Eur. J. Biochem. 269, 4409-4417.

Kristan, K., Deluca, D., Adamski, J., Stojan, J., LanisSnik Rizner, T., 200Bberization and
enzymatic activity of fungal 17beta-hydroxysteroid dehydrogenaom the short-chain
dehydrogenase/reductase superfamily. BMC Biochem. 6, 28.

Kristan, K., LaniSnik Rizner, T., Stojan, J., Gerber, J.K., KremmerAHamski, J., 2003.
Significance of individual amino acid residues for coenzyme and stébspacificity of
17B-hydroxysteroid dehydrogenase from the fun@ecehliobolus lunatus. Chem. Biol.
Interact. 143-144, 493-501.

Kristan, K., Stojan, J., Moéller, G., Adamski, J., LaniSnik Rizner, T., 2005anZyoee specificity

in fungal 17beta-hydroxysteroid dehydrogenase. Mol. Cell. Endocrinol. 241, 80-87.

Lanisnik Rizner, T., Moeller, G., Thole, H.H., Zakelj-MayrM., Adamski, J., 1999. A novel
17B-hydroxysteroid dehydrogenase in the fun@oghliobolus lunatus: new insights into
the evolution of steroid-hormone signalling. Biochem. J. 337, 425-431.

LaniSnik Rizner, T., Adamski, J., Stojan, J., 2000p-fkydroxysteroid dehydrogenase from
Cochliobolus lunatus: Model structure and substrate specificity. Arch. Biochem. Biophys.
382, 255-262.

Liao, D.l.,, Thompson, J.E., Fahnestock, S., Valent, B., Jordan, D.B., 2001. A stractoant
of substrate and inhibitor specificity differences between two naph#ductases.
Biochemistry 40, 8696-8704.

Miura, T., Nishinaka, T., Terada, T., 2008. Different functions between human redoom

carbonyl reductase 3 and carbonyl reductase 1. Mol. Cell. Biodhgamress.

8
Page 8 of 15



Opperman, C.T.U., Filling, C., Jornvall, H., 2001. Forms and functions of humareBBRnes.
Chem. Biol. Interact. 130-132, 699-705.

Oppermann, C.T.U., Filling, C., Hult, M., Shafgat, N., Wu, X., Lindh, M., Shafqataidling,

E., Kallberg, Y., Persson, B., Jornvall, H., 2003. Short-chain dehydrogendsetdses
(SDR): the 2002 update. Chem. Biol. Interact. 143-144, 247-253.

Persson, B., Kallberg, Y., Oppermann, C.T.U., Jornvall, H., 2003. Coenzyntfoastional
assignments of short-chain dehydrogenases/reductases (SDRs).Bidleinteract. 143-
144, 271-278.

Puranen, T., Poutanen, M., Ghosh, D., Vihko, P., Vihko, R., 1997. Characterization aifratruct
and functional properties of human pifiydroxysteroid dehydrogenase type 1 using
recombinant enzymes and site-directed mutagenesis. Mol. Endocrinol. 11, 77-86.

Ratnam, K., Ma, H., Penning, T.M., 1999. The arginine 276 anchor for NAD&(thtes
fluorescence kinetic transients in-Bydroxysteroid dehydrogenase, a representative aldo-
keto reductase. Biochemistry 38, 7856-7864.

Shi, R., Lin, S.X., 2004. Cofactor hydrogen bonding onto the protein main chainssreed in
the short chain dehydrogenase/reductase family and contributes catinamide
orientation. J. Biol. Chem. 279, 16778-16785.

Tanaka, M., Bateman, R., Rauh, D., Vaisberg, E., Ramachandani, S., ZhaRgnsen, K.C.,
Burlingame, A.L., Trautman, J. K., Shokat, K. M., Adams, C. L., 2005. An unbasked
morphology-screen for new, biologically active small moleculec. PLoS Biol. 3, 128.

Tanaka, N., Nonaka, T., Nakanishi, M., Deyashiki, Y., Hara, A., Mitsui, Y., 199¢stalr
structure of the ternary complex of mouse lung carbonyl reduatds8 A resolution: the
structural origin of coenzyme specificity in the short-chainydetigenase/reductase
family. Structure 4, 33-45.

Ueda, S., Oda, M., Imamura, S., Ohnishi, M., 2004. Transient-phase kinetiesstudithe
nucleotide binding to &hydroxysteroid dehydrogenase frdPseudomonas sp. B-0831
using fluorescence stopped-flow procedures. Eur. J. Biochem. 271, 1774-1780.

Yamamoto, K., Kurisu, G., Kusunoki, M., Tabata, S., Urabe, I., Osaki, S., 2001.|Gtystture
of glucose dehydrogenase froBecillus megaterium IWG3 at 1.7 A resolution. J.
Biochem.(Tokyo) 129, 303-312.

9
Page 9 of 15



Figurelegends

Figure 1. Ribbon diagram showing the dimerization of3dHSDcl across the Q-axis (left) and
the amino acids involved in the dimerization that were exchangedebgliiected mutagenesis

(right).

Figure 2. Part of the homology model structure with bound coenzyme NADPH w@strate
androstenedione, showing the residues that are important for caebayimng: T200 and T202,
as well as M204, which was replaced with glycine.

Figure 3. Western blot ofvild-type 1B-HSDcl and the F124A, F132A, F132/133A, F177A and
M204G mutants. Analysis was performed using monoclonal rat antibodigsstagecombinant
178-HSDcl and visualized with goat anti-rat IgG-horseradish peroxidase conjugate

Figure 4. A) Native PAGE. Wild-type 1#-HSDcl and the F124A, F132A, F132/133A, F177A
and M204G mutants were applied to native PAGE gels and stained watmaSsie BlueB)
Activity staining of the 1B-HSDcl mutants. Wild-type #HSDcl and the F124A, F132A,
F132/133A, F177A and M204G mutants were applied to native PAGE (as inllicatsivity
staining was performed with nitroblue tetrazolium and phenazetbasulfate in the presence of
4-estrene-1fF-ol-3-one and NADP.
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Table

Table 1

Kinetic constants (K, [UM], kear [S '], kear/Km [ pM™]) for the wild type 17p-hydroxysteroid

dehydrogenase from C. lunatus and M204G mutant with the coenzymes NADPH and NADP" at

pH 8 and 25 °C.

KmNADPH KmNADP+ kcatNADPH kcatNADP+ kcm /KmNADPH kcm /KmNADP+
Wild type 6.5 0.09 3.8 0.7 5.9x10° 7.3x10°
M204G 280 75 0.03 0.02 106 289
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