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One of the serious bottlenecks in structural genomics projects is
overexpression of the target proteins in soluble form. We have
applied the directed evolution technique and prepared soluble
mutants of the Mycobacterium tuberculosis Rv2002 gene product,
the wild type of which had been expressed as inclusion bodies in
Escherichia coli. A triple mutant 16T/V47M/T69K (Rv2002-M3) was
chosen for structural and functional characterizations. Enzymatic
assays indicate that the Rv2002-M3 protein has a high catalytic
activity as a NADH-dependent 3a, 20B-hydroxysteroid dehydro-
genase. We have determined the crystal structures of a binary
complex with NAD* and a ternary complex with androsterone and
NADH. The structure reveals that Asp-38 determines the cofactor
specificity. The catalytic site includes the triad Ser-140/Tyr-153/
Lys-157. Additionally, it has an unusual feature, Glu-142. Enzymatic
assays of the E142A mutant of Rv2002-M3 indicate that Glu-142
reverses the effect of Lys-157 in influencing the pKa of Tyr-153. This
study suggests that the Rv2002 gene product is a unique member
of the SDR family and is likely to be involved in steroid metabolism
in M. tuberculosis. Our work demonstrates the power of the
directed evolution technique as a general way of overcoming the
difficulties in overexpressing the target proteins in soluble form.

Large-scale genome sequencing projects have provided a huge
amount of information on gene sequences. However, for a
considerable fraction of the predicted gene products, we are far
from being able to assign their functions. In some cases, there
may be no sufficient sequence similarity to homologous proteins
with known function. In other cases, functional assignment on
the basis of sequence similarity alone is ambiguous, because
proteins sharing conserved sequence motifs often serve a variety
of molecular functions. As the three-dimensional structure of
proteins is intimately coupled with the molecular function, the
structure of a protein may provide clues for its molecular
function. The validity of this approach has been demonstrated by
several examples (1-3), and a number of large-scale structural
genomics projects have been initiated (4, 5).

One of the most serious bottlenecks in structural genomics
efforts lies in the expression of target proteins in soluble form (6,
7). This difficulty severely limits the overall success rate of
current structural genomics projects. Many polypeptides fail to
fold into their native state and accumulate as insoluble inclusion
bodies when they are overexpressed heterologously in Esche-
richia coli, the most frequently used expression system at present.
One of the most successful approaches for overcoming this
difficulty is site-directed mutagenesis of one or a few amino acid
residues. However, it generally requires extensive trial-and-
errors to find out the proper amino acid substitutions, which will
result in improved solubility of the expressed proteins, because
it is difficult to predict the necessary changes. For example, a
structural study on the catalytic domain of HIV integrase
required a systematic replacement of hydrophobic residues (8,
9). As an efficient method of obtaining mutant proteins with
improved solubility in E. coli expression systems, the directed
evolution technique using GFP as a folding reporter was pro-
posed (10). In this experiment, the gene encoding the target
protein is subjected to random mutations and soluble mutants
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are selected from a mutant library of the target protein fused to
the N terminus of GFP, because there is a good correlation
between folding of the target protein expressed alone and the
fluorescence of E. coli cells expressing GFP fusions (10). Here
we report a successful application of the directed evolution
approach to a target protein of the structural genomics project
on Mycobacterium tuberculosis (11, 12).

The M. tuberculosis Rv2002 gene encodes a 260-residue pro-
tein, with a calculated molecular mass of 27,030 Da. It belongs
to the short-chain dehydrogenase/reductase (SDR) family, be-
cause it contains the characteristic dinucleotide binding motif
GXXXGXG (residues 14-20) and the YXXXK (residues 153-
157) sequence motif. It has been annotated as fabG3, a homolog
of B-ketoacyl ACP reductase (KAR) from M. tuberculosis
(fabG1, Rv1483) (13), which is the second enzyme in fatty acid
elongation cycle, on the basis of amino acid sequence similarity
(identity of 31% in a 241-residue overlap). Among KARs, the
highest sequence identity is observed with that from Bacillus
halodurans (38% in a 244-residue overlap). It also shows signif-
icant sequence similarity toward L-3-hydroxyacyl-CoA dehydro-
genase involved in fatty acid B-oxidation (35% identity in a
204-residue overlap with the one from rat brain; Swiss-Prot,
070351) and 3e, 20B-hydroxysteroid dehydrogenase (HSD)
(49% identity in a 243-residue overlap with the one from
Streptomyces hydrogenans; Swiss-Prot, P19992). Because it shows
significant sequence similarity toward various SDR family en-
zymes with diverse functions, its molecular or biological function
cannot be unambiguously inferred from its primary sequence
data alone. Functional assignment of the Rv2002 gene product
will be greatly facilitated by its structural and functional char-
acterizations, for which a considerable amount of the protein is
required. Because it was initially expressed as inclusion bodies in
E. coli, soluble mutants were prepared by applying the GFP-
based directed evolution technique and this enabled us to
perform further studies on the triple mutant I6T/V47M/T69K,
designated as Rv2002-M3. Crystallization of the triple mutant
was reported previously (14). Here we report the results of our
structural and functional characterizations. Our work suggests
that the Rv2002 gene product is a unique member of the SDR
family and may be involved in steroid metabolism in M. tuber-
culosis. This study also demonstrates that directed evolution is a
powerful approach to overcoming the difficulties in protein
overexpression.

Materials and Methods

GFP-Based Directed Evolution. Each round of GFP-based directed
evolution consisted of two stages (10). The first stage was
preparation of a mutant library of GFP fusions by introducing

Abbreviations: SDR, short-chain dehydrogenase/reductase; NAD, nicotinamide adenine
dinucleotide; HSD, 203-hydroxysteroid dehydrogenase; KAR, B-ketoacyl ACP reductase.

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.rcsb.org (PDB ID codes 1NFR for the NAD* complex of the selenomethionine crystal,
1NFF for the NAD* complex of the native crystal, and 1NFQ for the androsterone/NADH
complex of the native crystal).
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random mutations into the Rv2002 gene through error-prone
PCR and DNA shuffling. The next stage was selection of E. coli
colonies from the mutant library, which showed brighter fluo-
rescence compared with the wild type. GFP fused at the C
terminus of the Rv2002 protein serves as a reporter for proper
folding of the upstream protein. Mutant Rv2002 genes from the
selected colonies, which showed enhanced fluorescence, were
used for preparation of a mutant library in the next round. After
three rounds of forward evolution without backcrossing with the
wild type, we finally selected five mutants with the greatest
fluorescence improvement and checked their solubility. Muta-
tion sites were identified through DNA sequencing of both
strands.

Preparation of mutant library. The Rv2002 gene was amplified by
PCR using the wild-type gene cloned into the C-terminal
His-tagging vector of Waldo (10, 14) with Pfu (exo+) DNA
polymerase (Stratagene), and the PCR product was randomly
cleaved with DNase I (GIBCO/BRL) at 15°C for 3 min by using
Mn?" as the metal cofactor. DNA fragments were reassembled
with Pfu (exo—) DNA polymerase (Stratagene) without primers
of the Rv2002 gene. An additional PCR in the presence of the
primers elongated the partially reassembled gene fragments to
its full length. Reassembled genes were digested with Ndel and
BamHI (New England Biolabs) and were ligated into the GFP-
fusion vector (10) by using T4 DNA ligase (GIBCO/BRL) and
transformed into DH10B cells (GIBCO/BRL) by electropora-
tion. The plasmid library of mutants was recovered from the
resuspension of mutant colonies on LB-agar plates.

Screening. The mutant plasmid library was transformed into
B834(DE3) cells (Novagen), and the cells were plated directly
onto nitrocellulose membranes on a LB-agar plate. After incu-
bation at 37°C for 10 h, the membrane was transferred onto a
LB-agar plate containing 1 mM isopropyl-B-D-thiogalactopyr-
anoside (IPTG) and incubated for 5-6 h for induction. The 40
brightest colonies were picked and transferred onto the master
plate. The master plate was incubated at 37°C for 14-16 h, and
its replica was made on a nitrocellulose membrane. The replica
membrane was incubated on a LB-agar plate at 37°C for §-10 h,
transferred onto a LB-agar plate containing 1 mM IPTG, and
incubated for an additional 4-6 h for induction. Colonies
(10-20) showing significant fluorescence improvements over the
wild type were selected, and the cell mass of selected colonies on
the plate was recovered. A mixture of plasmids from them was
used as the starting template for PCR in subsequent rounds of
directed evolution.

Site-Directed Mutagenesis. Three double mutants (I6T/V47M,
16T/T69K, V47M/T69K) and three single mutants (I6T, V47M,
T69K) of Rv2002 were prepared by removing the mutations from
Rv2002-M3 using the QuikChange Site-Directed Mutagenesis
kit (Stratagene). S140A, E142A, and Y153F mutants of
Rv2002-M3 were prepared with the same kit. The mutations
were confirmed by sequencing.

Overexpression and Purification. The soluble mutant Rv2002-M3
was overexpressed and purified as reported (14). The selenome-
thionine-substituted Rv2002-M3 protein was expressed in E. coli
B834(DE23) cells, by using the M9 cell culture medium contain-
ing extra amino acids. DTT (10 mM) was added during purifi-
cation. E142A, Y153F, and S140A mutants of the Rv2002-M3
protein were overexpressed and purified as Rv2002-M3.

Enzyme Assay. Cofactor specificity. Reductase activity was measured
by using progesterone as a substrate in the presence NAD(P)H.
Assays were performed at 30°C with the following components:
125 uM progesterone, 100 mM sodium cacodylate, pH 6.0, 150
uM NAD(P)H and 1.0 uM purified Rv2002-M3 protein. The
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conversion of NAD(P)H to NAD(P)* was monitored spectro-
photometrically at 340 nm.

Optimal pH. The optimal pH for dehydrogenase activity was
determined at 30°C by using androsterone as the substrate under
conditions of 0.5 uM purified Rv2002-M3 protein, 0.5 mM
NAD*, 50 uM androsterone, and 100 mM of an appropriate
buffer. The optimal pH for reductase activity was determined
with progesterone and NADH.

Specific activity toward putative substrates. Reductase activity was
measured at 30°C against acetoacetyl-CoA and progester-
one, and dehydrogenase activity was measured against L-3-
hydroxybutyric acid and five different steroid compounds (an-
drosterone, epiandrosterone, 20a-hydroxyprogesterone, 2083-
hydroxyprogesterone, and 17B-estradiol). The reaction mixture
contained 100 mM sodium cacodylate (pH 6.0), 1 uM purified
Rv2002-M3 protein, 125 uM of each putative substrate, and 0.15
mM NADH for reduction (or 1 mM NAD™ for oxidation).
Determination of kinetic parameters. K., and k., were determined on
three steroidal substrates (androsterone, 203-hydroxyprogester-
one, and progesterone), for which relatively high activities were
measured in the above assay. Changes in NADH concentration
were monitored for the initial 5 min at 30°C for the substrate
concentration ranging from 1 to 100 uM.

Crystallization, Data Collection, and Structure Determination. Details
of crystallization and crystallographic methods are published as
supporting information on the PNAS web site, www.pnas.org.
Table 2, summarizing the statistics for x-ray data collection,
phasing, and model refinement, is also published as supporting
information on the PNAS web site.

Results and Discussion

Preparation of Soluble Mutants by Directed Evolution. The wild-type
Rv2002 with a C-terminal hexa-histidine tag was expressed as
inclusion bodies in E. coli (Fig. la). Several approaches to
overcoming this difficulty may be considered. The first approach
is refolding. However, the yield of refolding of misfolded pro-
teins is usually so low that refolding is not generally applicable
for structural studies, which require a large amount of properly
folded proteins. The second approach is introduction of point
mutations by site-directed mutagenesis. This is an inefficient and
limited way of exploring the sequence space for soluble expres-
sion, requiring extensive trial-and-errors, and is unlikely to
succeed if multiple mutations are necessary for soluble expres-
sion. Another approach may be exhaustive trials of other cell-
based or cell-free expression systems. However, it could be very
time-consuming and costly to construct a number of different
expression vectors, including eukaryotic expression systems, and
to test them under different conditions. Gateway cloning tech-
nology (Invitrogen) offers convenience in construction of dif-
ferent expression vectors, but commercially available destination
vectors for E. coli expression are currently very limited. Com-
pared with the above approaches, directed evolution is generally
applicable for many structural studies and offers an advantage
that soluble mutants can be engineered conveniently in a short
period without sacrificing the high yield, low cost, and speed of
E. coli expression. Therefore, we applied the GFP-based directed
evolution technique (10) to obtain soluble mutants of Rv2002,
and several of them showed dramatically improved solubility on
E. coli expression (Fig. 1a). Each of these mutants carried three
to five point mutations, among which V47M and T69K were most
common. All of the mutation sites fall outside of the conserved
sequence motifs of the SDR family (Fig. 1b), except K157R in the
mutant M1. We chose a triple mutant Rv2002-M3 for structural
and functional studies, because it showed a maximum improve-
ment in solubility and contained the smallest number of point
mutations. Our subsequent structural analysis confirmed that
the three point mutations (I6T/V47M/T69K) of Rv2002-M3 are

Yang et al.



B8 32 53 85

tot ppt sup
s2p
I6T
V4™ V4™ V4™ V4™ V4™
A52G
TESK TE9K T69K T69K
*K157R
T201s8 T2018
L203P L203P
Y2188
G241D

POCHDOPG0
I R S

250 260
HHNDFGAVEVSSQPEWVT

GAGPGAEDEAGRSA

VGDFELGDEPAAPD

i
3

1n
LTALRAFPKPTLR
iL

QVFRE
FARKL ﬁE’IPLRKF

v Three mutations in Rv2002-M3: I6T, V47M & T69K
. Resid forming sub te-binding pocket
“* Catalytically important residues

Fig. 1. GFP-based directed evolution, sequence alignment, and overall subunit structure of the Rv2002-M3 protein. (a) Fluorescence of the resuspended cells

harboring genes encoding the wild-type or mutant Rv2002 proteins in a GFP-fused form and expression test of the wild-type or mutant Rv2002 proteins in a
nonfused form. WT, wild type; M1-M5, soluble mutants; tot, total cell; ppt, precipitant fraction; sup, supernatant fraction. The mutations of each mutant are
listed. The arrow indicates the expressed Rv2002 proteins and the asterisk signifies the mutation at a conserved residue of the SDR family. (b) Sequence alignment
of Rv2002 with other SDRs. Rv1483, B-ketoacyl ACP reductase (fabG1) from M. tuberculosis; KAR, B-ketoacyl ACP reductase from B. halodurans; HAD,
L-3-hydroxyacyl-CoA dehydrogenase from rat brain; 3a,20b-HSD, 3,203-hydroxysteroid dehydrogenase from S. hydrogenans; 3a-HSD/CR, 3a-hydroxysteroid
dehydrogenase/carbonyl reductase from Comamonas testosteroni; 17b-HSD, 173-hydroxysteroid dehydrogenase from human; CR, lung carbonyl reductase from
mouse. This figure was produced with aiscrieT (32). (c) Ribbon diagram of the Rv2002-M3 monomer in complex with NADH and androsterone. Carbon, nitrogen,
oxygen, and phosphorus atoms are in green (or black), blue, red, and purple, respectively. All figures of structures in this paper were produced with mMoLscriPT

(33), BoBscripT (34), and RASTER3D (35).

all located far from the substrate-binding pocket, the cofactor-
binding pocket, the catalytic site, and the subunit interface (Fig.
1c), as discussed in more detail below. Thus, it is reasonable to
expect that these mutations would have only a minor effect on
the function and structure.

Overall Tertiary and Quaternary Structures. We have determined
the crystal structures of the Rv2002-M3 protein as a binary
complexwith NAD* at 1.8 A resolution and as a ternary complex
with androsterone and NADH at 2.4 A. In both the binary and
ternary complex structures, the protein model includes amino
acid residues 2-245. The C-terminal 15 residues as well as the
hexa-histidine tag have no electron density and are apparently
disordered in the crystal. Each subunit comprises a single
domain containing the characteristic dinucleotide-binding fold
(Rossmann fold). Its central B-sheet consists of seven parallel
B-strands BC-BB-BA-BD-BE-BF-LBG and is flanked on each
side by three parallel a-helices, («A, aB, aF) or (aC, aD, oF)
(Fig. 1c). Additionally, it contains four 3;o-helices. Conforma-

Yang et al.

tions of the two (or four) monomers in the asymmetric unit of
the binary (or ternary) complex crystal are essentlally identical,
with rms deviations of 0.17 g (or 0.06-0.08 A) in the binary (or
ternary) complex structure for 244 Ca atom pairs. Two loop
regions (residues 52-54 and 131-132) and both N- and C-
terminal regions show the largest deviations. Structural changes
on binding androsterone are mainly localized to the substrate-
binding loops. Corresponding subunits in the binary complex
with NAD™ and in the ternary complex with androsterone and
NADH show rms deviations of 0.21-0.22 A for 244 Ca atom
pairs, with the largest Ca deviations of 0.74-1.17 A at Ala-52,
Asp-53, Glu-98, Asp-99, and Trp-193. The latter three residues
are close to the substrate binding loops, whereas the former two
residues belong to a loop with high B-factors. In the crystal, four
chemically identical subunits form a tetramer of the 222 molec-
ular symmetry with approximate dimensions of 65 A x65A X
75 A. The buried solvent-accessible surface area in the interface
between subunits related by the P/Q/R axis is 1,430/1,500/770
A? per monomer. The P axis interface, formed by the residues
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Table 1. Steady-state kinetic analysis of the Rv2002-M3 protein

Substrate keat, min—1 K, M keat/Km, min= 1T M~1 Activity*, %
Oxidation
Androsterone 7.6 2.4 X 1073 3.1 X 105 100
Epiandrosterone — — — 3
20a-hydroxyprogesterone — — — 2
20B-hydroxyprogesterone 43 1.7 X 1075 2.6 X 10° 69
17B-estradiol — — — 4
L-3-hydroxybutyric acid — — — ND*
Reduction
Progesterone 1.2 3.3 X 1076 3.6 X 10° 22
Progesterone, with NADPH* — — — NDT

Acetoacetyl-CoA —

— — 1

*Relative to the specific activity on androsterone, which is set to 100%.
"No detectable activity was measured with 1.0 uM purified Rv2002-M3 protein.
*All other putative substrates were assayed with NAD* (for oxidation) or NADH (for reduction).

202-240, encompass the helix aF, strand BG, and 3p-helix G3.
Hydrophobic residues of helices aD and «F that are exposed on
the subunit surface contribute mainly to the Q axis interface by
forming a four-helix bundle about the Q axis. The two subunits
related by the R axis swap their C-terminal loop regions (resi-
dues 241-245). The R axis interface also includes the 3;¢-helix
G4 and two loop regions (residues 145-147 and 197-200).

Cofactor and Substrate Specificities. The reductase activity of the
Rv2002-M3 protein was measured by using progesterone as the
substrate in the presence of either NADH or NADPH. The
optimum pH for the reductase activity was found to be ~6.0
(data not shown), similarly to other SDRs (15). The reductase
activity measurements showed a definite preference of NADH
as the cofactor (Table 1). This cofactor specificity is consistent
with the structural observation. In the crystal structures of both
the binary and ternary complexes (Fig. 2a), the side chain oxygen
atoms of Asp-38 form hydrogen bonds with two oxygen atoms of
the adenosine ribose of NAD(H), thus restricting the binding of
NADP(H). A similar mode of NAD(H) binding was observed in
other NAD(H)-dependent enzymes (16, 17). In comparison, two
basic residues make strong electrostatic interactions with the
2'-phosphate group of NADPH in the NADPH-dependent
enzymes (18).

To investigate the substrate specificity, we checked the cata-
lytic activity of Rv2002-M3 against various putative substrates,
including acetoacetyl-CoA, L-3-hydroxybutyric acid, and several
steroidal compounds. Rv2002-M3 showed no detectable activity
for oxidation of L-3-hydroxybutyric acid and only an insignificant
activity for reduction of acetoacetyl-CoA. On the other hand, we
could measure significant activities for oxidation of andros-
terone (3a-hydroxy-Sa-androstan-17-one) and 20B-hydroxy-
progesterone (4-pregnen-20B-ol-3-one), and for reduction of
progesterone (4-pregnen-3,20-dione). The oxidation activi-
ties against 17B-estradiol (1,3,5-estratriene-3,17B-diol), epian-
drosterone (3B-hydroxy-5Sa-androstan-17-one), and 20c«-
hydroxyprogesterone (4-pregnen-20a-ol-3-one) were very low
(Table 1). To summarize, Rv2002-M3 showed the highest activity
as NAD*-dependent 3, 203-HSD among the enzymatic activities
tested. Our structural and functional characterizations of the
Rv2002-M3 protein indicate that the Rv2002 gene product is less
likely to play a catalytic role as either KAR (generally NADPH-
dependent) in the fatty acid synthetic pathway or L-3-hydroxyacyl-
CoA dehydrogenase (generally NAD*-dependent) in the fatty acid
B-oxidation pathway. It is more likely to play an uncharacterized
role in steroid metabolism in M. tuberculosis. Interestingly, a
possible link between steroid and M. tuberculosis infection and
intracellular survival was proposed (19, 20). Further studies on the
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role of steroid and steroid metabolism in M. tuberculosis could
provide new insights into its pathogenesis.

Cofactor and Substrate Binding at the Active Site. The modes of
cofactor binding in both the binary complex with NAD* and the
ternary complex with androsterone and NADH are similar. The
NE and NH1 atoms of Arg-17 form hydrogen bonds with two
oxygen atoms of the phosphate group in the adenine side of
NAD(H). Asp-38 forms hydrogen bonds with two oxygen atoms
of the adenosine ribose and plays a key role in determining the
cofactor specificity, as mentioned above. We attempted cocrys-
tallization of the Rv2002-M3 protein with acetoacetyl-CoA,
17B-estradiol, progesterone, and androsterone in the presence of
either NAD* or NADH. However, only the androsterone com-
plex gave an interpretable electron density for the bound sub-
strate in the substrate-binding pocket (Fig. 2a), whereas a poorly
defined electron density was observed for progesterone and no
electron density was observed for acetoacetyl-CoA and 173-
estradiol. These crystallographic observations are in good ac-
cordance with the results of our enzymatic assays toward these
putative substrates (Table 1).

The steroidal ring of androsterone is bound in a pocket formed
by the three loop regions, 92-94, 147-150, and 193-199, making
contacts with the side chains of Leu-92, Ile-94, Thr-147, Cys-150,
Tyr-153, Val-194, Ile-198, and Phe-199 (Fig. 2b). The reactive O3
atom of androsterone is directed toward the nicotinamide ring
of NADH. The 147-150 loop is adjacent to the conserved
sequence motif YXXXK (residues 153-157), whereas the 92-94
and 193-199 loops are highly variable in sequence and length
among SDR family members (Fig. 1b). A structure-based se-
quence alignment (Fig. 1b) indicates that the 193-199 loop is
shorter by five residues compared with that of 3, 203-HSD from
S. hydrogenans (16, 21).

Catalytic Triad and Glu-142 in the Active Site. A possible catalytic
mechanism proposed for the SDR family involves a catalytic
triad consisting of conserved Ser, Tyr, and Lys residues (16, 18,
22, 23). The active site of Rv2002-M3 has a corresponding
catalytic triad Ser-140/Tyr-153/Lys-157. The tyrosine residue
was proposed to play a key role as a catalytic acid/base in
reduction/oxidation reaction. The lysine residue was proposed
to have dual roles. One is to contribute to positioning and
orientation of NADH through hydrogen bonding to two oxygen
atoms of ribose in the nicotinamide side of NADH (Fig. 2a). The
other is to facilitate the formation of the phenolate ion by
lowering the pKa value of the tyrosine hydroxyl group. The
conserved serine residue was proposed to form hydrogen bonds
with the substrate, the reaction intermediate, and the product

Yang et al.
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catalysis. (a) Stereo view of the catalytic site of Rv2002-M3 in complex with
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dehydrogenase activity. The Rv2002-M3-E142A mutant recovers the dehydro-
genase activity at basic pH, which is characteristic of other SDRs.
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and/or with the hydroxyl group of the conserved tyrosine
residue. When we prepared Y153F and S140A mutants of
Rv2002-M3, the enzymatic activities for both oxidation of an-
drosterone and reduction of progesterone were completely lost,
suggesting a similar mechanism for Rv2002-M3 as other SDRs
(24-206).

However, the structure reveals a unique feature of the active
site of Rv2002-M3, i.e., the presence of Glu-142 near the
catalytic residues, Tyr-153 and Ser-140, and the substrate (Fig.
2a). In other SDR enzymes (15, 16, 18, 27-30), a glycine, alanine,
serine, or valine residue is frequently present at the correspond-
ing position of Glu-142 (Fig. 1b). Interestingly, the two carbox-
ylic oxygen atoms of Glu-142 are within the distance of possible
hydrogen bonds with the O3 atom of androsterone (3.45-3.48
A) The O3 atom of androsterone also forms a hydrogen bond
with a nearby water molecule (2.85 A). This water molecule is
3.39 A away from the hydroxyl oxygen atom of Tyr 153 and 3.43
A away from the C4 atom of nicotinamide ring, the site of
hydride transfer in NADH (Fig. 2a). In the structure of the
binary complex with NAD™, there are three additional water
molecules, which are excluded from the active site on binding
androsterone.

In both structures of the binary and ternary complexes of
Rv2002-M3, the hydroxyl group of Ser-140 points away from
androsterone or Tyr-153, and forms a hydrogen bond with one
of the two carboxylic oxygen atoms of Glu-142 (Fig. 2a). This is
different from other SDRs, in which the hydroxyl group of the
conserved serine residue is oriented toward the reactive oxygen
atom of the substrate or the hydroxyl group of the catalytic
tyrosine residue. As mentioned above, the side chain of Glu-142
is located in the proximity of androsterone in the Rv2002-M3
structure, with its side chain interacting with the O3 atom of the
substrate and forming a strong hydrogen bond with Ser-140 (2.75
A between OE2 of Glu-142 and OG of Ser-140). Because this
unusual Glu occupies a key position in the active site of
Rv2002-M3, we explored its possible role by mutagenesis.

Glu-142 Reverses the Effect of Lys-157. Rv2002-M3 shows a pH
optimum at 6.0-6.5 for its dehydrogenase activity (Fig. 2c¢),
whereas other SDRs were reported to have the optimum pH
between 8 and 10 for the oxidation reaction (15). To check
whether this difference originates from the presence of Glu-142
in the active site, we prepared the E142A mutant of Rv2002-M3.
Its optimum pH for the reduction of progesterone shifted slightly
from 6.0 to 6.5 (data not shown) but its dehydrogenase activity
(for oxidation of androsterone) showed dual pH optima, one at
pH 6.0-6.5 and the other at pH 10 (Fig. 2c). We interpret this
result as follows. Glu-142 of Rv2002-M3 is not directly involved
in catalysis but its negative charge counteracts against the
positive charge of Lys-157, thus restoring the normal pKa of
Tyr-153. This pushes the second pH optimum of Rv2002-M3
from ~10 to ~12, at which pH the protein is unstable and loses
the catalytic activity. As a consequence, Rv2002-M3 with Glu-
142 at the active site does not show a pH optimum at ~10 for the

I6T I6T I6T
v4T™ V4T™M

T69K TE9K

V47/M mutation in Rv2002-M3 and expression test. (a) V47M seems to contribute to a tighter packing of the hydrophobic core. (b) Expression test of

single or double mutants, which have one or two of the three point mutations 16T/V47M/T69K. tot, total cell; ppt, precipitant fraction; sup, supernatant fraction.
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dehydrogenase activity, unlike other classical SDRs, which lack
an equivalent Glu. Tyr-153 must be involved in the oxidation
reaction at acidic pH through some unknown mechanism, because
the Y153F mutant of Rv2002-M3 completely lost activities at both
acidic and basic pHs. To summarize, Glu-142 reverses the effect of
Lys-157 in influencing the pKa of Tyr-153 and its presence in the
active site makes Rv2002 a unique member of the SDR family.

Roles of Mutations in Solubility Improvement. How do 16T/V47M/
T69K mutations contribute to the improved solubility of the E.
coli-expressed Rv2002 protein? The 16T mutation site is in the
N-terminal loop, on the molecular surface (Fig. 1¢), with the OG
atom of Thr-6 interacting with the carbonyl oxygen atoms of
Gly-3 and Thr-6 itself through hydrogen bonding. The mutation
V47M on helix oB (Fig. 1¢) increases the hydrophobic contact
with Ala-21 and Val-24 in helix A, Phe-36 in the adjacent strand
BB, and Leu-51 in helix aB (Fig. 3a). It seems to contribute to
a tighter packing of the hydrophobic core, which is composed of
three secondary structure elements (strands BA, BB, and helix
aA), and consequently to the overall stability of the subunit.
T69K on helix aC (Fig. 1¢) and 16T certainly should increase the
intrinsic solubility of the folded protein, because these substitu-
tions occur on the molecular surface and enhance the polar
characteristics of the molecule. Other mechanisms may also
contribute to soluble expression, as evidenced by higher solu-
bility of the double mutant I6T/V47M compared with that of
V47M/T69K (see below). A major role of V47M mutation may
be lowering the kinetic barriers in folding pathway of Rv2002 by
enhancing the stability of the above-mentioned hydrophobic
core, which is formed by five residues (Ala-21, Val-24, Phe-36,
Val-47, and Leu-51). All of these residues are in the N-terminal
side of the polypeptide chain and the formation of this hydro-
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phobic core in the early stage of folding pathway may be
facilitated by the V47M substitution. An attractive suggestion
would be that the substitutions I6T and T69K primarily change
the intrinsic solubility and the V47M substitution affects the
folding kinetics. This suggestion is consistent with the idea that
the solubility of a recombinant protein is determined not only by
the intrinsic solubility of the folded protein but also by the
folding pathway in vivo (31).

Are all three point mutations 16T/V47M/T69K required for
soluble expression? To address this question, we prepared six
mutants carrying one or two of the above mutations. All three
single mutants (I6T, V47M, or T69K) were expressed as mainly
inclusion bodies. On the other hand, two double mutants,
16T/V47M and 16T/T69K, were highly soluble on E. coli ex-
pression and the other double mutant, V47M/T69K, showed
~30% soluble expression (Fig. 3b). For Rv2002, it would have
been difficult, if not impossible, to discover the soluble mutants
by a more rational approach of designing or predicting the point
mutations. In comparison, the GFP-based directed evolution
approach searches the mutation space in an efficient way and
thus allows one to obtain the desired soluble mutants more
readily. It is expected that the directed evolution approach to
overcoming the difficulties in protein overexpression will play an
important role in the future structural genomics research.
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