Crystal structure of a carbonyl reductase from Candida
parapsilosis with anti-Prelog stereospecificity
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Abstract

A novel short-chain (S)-1-phenyl-1,2-ethanediol dehydrogenase (SCR) from Candida parapsilosis
exhibits coenzyme specificity for NADPH over NADH. It catalyzes an anti-Prelog type reaction to
reduce 2-hydroxyacetophenone into (S)-1-phenyl-1,2-ethanediol. The coding gene was overexpressed in
Escherichia coli and the purified protein was crystallized. The crystal structure of the apo-form was
solved to 2.7 A resolution. This protein forms a homo-tetramer with a broken 2-2-2 symmetry. The
overall fold of each SCR subunit is similar to that of the known structures of other homologous alcohol
dehydrogenases, although the latter usually form tetramers with perfect 2-2-2 symmetries. Additionally,
in the apo-SCR structure, the entrance of the NADPH pocket is blocked by a surface loop. In order to
understand the structure—function relationship of SCR, we carried out a number of mutagenesis—
enzymatic analyses based on the new structural information. First, mutations of the putative catalytic
Ser-Tyr-Lys triad confirmed their functional role. Second, truncation of an N-terminal 31-residue pep-
tide indicated its role in oligomerization, but not in catalytic activity. Similarly, a V270D point mutation
rendered the SCR as a dimer, rather than a tetramer, without affecting the enzymatic activity. Moreover,
the S67D/H68D double-point mutation inside the coenzyme-binding pocket resulted in a nearly 10-fold
increase and a 20-fold decrease in the k.,/K;; value when NADH and NADPH were used as cofactors,
respectively, with k.., remaining essentially the same. This latter result provides a new example of a
protein engineering approach to modify the coenzyme specificity in SCR and short-chain dehydro-
genases/reductases in general.
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Structure of C. parapsilosis carbonyl reductase

The (S)-specific carbonyl reductase (SCR, also known as
S-specific alcohol dehydrogenase) from Candida para-
psilosis is an NADPH-dependent member of the classical
enzyme family of short-chain dehydrogenases/reductases
(SDRs) and has strong potential for biotechnological appli-
cations (Wei et al. 2000). It is the only known SDR that
catalyzes the enantioselective reduction of 2-hydroxy-
acetophenone to produce the valuable, optically active 1-
phenyl-1, 2-ethanediol with high yield and chiral purity
(Wei et al. 2000; Cao et al. 2006; Supplemental Fig. 1). In
turn, 1-phenyl-1, 2-ethanediol is a versatile chiral build-
ing block for the synthesis of numerous pharmaceuticals,
agrochemicals, pheromones, and liquid crystal products.
Using microbial expression systems to prepare the pure
and active enzyme in large quantities should enable the
commercial production of pure chiral alcohol compounds
for industrial usage. Given the importance of SCR in or-
ganic synthesis, the scr gene of C. parapsilosis has been
cloned and overexpressed in Escherichia coli. A review
on the properties of this enzyme has recently become
available (Nie et al. 2007).

A number of structural studies have been performed on
SDR enzymes from different sources, including mannitol-
2-dehydrogenase from Agaricus bisporus (MtDH) (Horer
et al. 2001), R-specific alcohol dehydrogenase from
Lactobacillus brevis (RADH) (Schlieben et al. 2005),
B-ketoacyl reductase from E. coli (FabG) (Price et al.
2001), and Drosophila alcohol dehydrogenase (ADH),
the latter of which is the most widely characterized
member of the SDR family in terms of substrate specific-
ities (Benach et al. 1999; Smilda et al. 2001). Most SDR
enzymes have a core structure of 250-350 residues in
length and are often found in either dimeric or tetrameric
forms (Jornvall et al. 1995). In the tetrameric form, the
subunits are always observed to assume 2-2-2 symmetry
in which subunit interfaces are described by three
orthogonal dyad axes, conventionally termed P, Q, and
R (Tanaka et al. 2001). On the other hand, dimeric SDR
proteins are found to mimic the dimer interface of either
the P- or the Q-symmetry-related interface in the tetramer
(Grimm et al. 2000; Kristan et al. 2005). All available
three-dimensional (3D) structures of SDR subunits dis-
play a characteristic Rossmann-fold structure consisting
of a central seven-strand parallel B-sheet flanked by a-
helices (Liese et al. 1996; Oppermann et al. 2003). The
active site, located at the C-terminal end of the major
parallel B-sheet, includes the Ser-Tyr-Lys catalytic triad,
as well as both a coenzyme- and a substrate-binding site
(Lesk 1995). This region of the 3D structure is highly
conserved at the primary sequence level, including an N-
terminal TGxxxGxG motif (Horer et al. 2001) as part of
the nucleotide-binding region, and the Ser-Tyr-Lys cata-
lytic triad that forms a proton relay system (Oppermann
et al. 2003).

In this work, we report the crystal structure of SCR
from C. parapsilosis. We identified three novel features
from this SCR structure: (1) an extended N-terminal
peptide that stabilizes the Q-axis-related dimerization;
(2) an unusual tetramerization that is devoid of 2-2-2
point-group symmetry, particularly in the R-axis-related
dimer interface; and (3) two of the four potential NADPH-
binding sites in the tetramer are occupied by surrounding
peptides in the apo-enzyme form. Using site-directed muta-
genesis, we constructed several mutants involved either in
intersubunit interactions, the conserved catalytic triad, or
the phosphate-binding loop of the coenzyme-binding site.
The results of these mutations provide greater understand-
ing of the catalytic mechanism underlying the stereo-
selective reduction of S-specific alcohol dehydrogenase.

Results and Discussion

Crystallography study and overall structure
of an SCR molecule

SCR is a member of the classical SDR family of enzymes
(Liese et al.1996; Oppermann et al. 2003). A single sub-
unit of SCR comprises 279 residues. The crystal structure
of apo-SCR was determined using molecular replacement
methods and refined at a 2.69 A resolution to a final Ryork
of 20.5% (Rgee of 26.4%), with good stereochemical
properties (Table 1). The crystal form belongs to the
space group P2,2,2, with cell dimensions of a = 104.7 A,
b=142.8 A, and ¢ = 151.8 A. Eight SCR molecules (i.c.,
chains A—H) were identified per asymmetric unit (asu)
and were organized into two tetramers, namely ABCD
and EFGH. The cores of these subunits superimpose well
with each other; the root-mean-square deviation (rmsd)
between 204 pairs of Ca atoms ranges from 0.3-0.5 A
(including residues 14-116, 146-169, and 196-272).
However, their surface loop regions surrounding the
active site assumed drastically different conformations.
Accordingly, they can be divided into two groups: A, C,
E, and G belong to one group, and B, D, F, and H belong
to the other. Each SCR subunit has approximate dimen-
sions of 48 X 55 X 65 A.

The final refined model is comprised of most of the
crystallized polypeptide, with the exception of some ter-
minal or loop regions (Fig. 1). One asymmetric unit con-
tains 113 ordered solvent molecules (modeled as water)
with refined B-factors <49 A2, Each subunit is composed
of a coenzyme-binding domain, which folds into a
classical o/f3 Rossmann-fold, i.e., a seven-strand parallel
B-sheet (BC-BB-BA-BD-BE-BF-BG) flanked on both
sides by a-helices (Ghosh et al. 1991) as shown in Figure
2 and in the sequence alignment of SCR with selected
members of the SDR family shown in Figure 3. Based on
a comparison with homologous structures, the putative
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Table 1. Data collection and refinement statistics

Data collection

Space group P2,2,2;
Cell dimension (A)
a 104.7
b 142.8
c 151.8

Resolution range (10\) 41.7 (2.9)*-2.7

Total no. of reflections 817,392
No. of unique reflections 65,214
Completeness (%) 99.9 (100.0)
Redundancy 7.3 (7.4)
1/3 (1) 11.2 (6.6)
Rinerge (%)° 142 31.7)
Refinement
No. of reflections in working set 60,001
No. of reflections in test set 3215
Ryork (%)° 20.5
Rfree (%)C 264
Root mean square deviation
Bond length (;\) 0.008
Bond angles (°) 1.14
Average B-factor (Az)
Total 43.1 (56.5)°
Main chain 42.1
Water 34.9
Side chain 443
Residues in Ramachandran plot (%)°
Most favored 90.6
Allowed 9.2
Generously allowed 0.2
Disallowed 0.0

#Numbers in parentheses correspond to the highest resolution shell.
meerge = Zhalli = In|/Zpalm, Where ; and I,,, are the observed intensity
and the mean intensity of related reflections, respectively. Values in
parentheses indicate high-resolution shell.

“Ryork = 2||Fo — F|[/Z|Fy|. Rpyee = Z1||Fo — Fe|/Zr|Fo|, where T is a test
data set of 5.1% of the total reflections randomly chosen and set aside prior
to refinement. .

dWilson B-factors calculated using a 4 A cutoff.

¢Calculated using PROCHECK.

catalytic triad (Oppermann et al. 2003) of SCR is believed
to comprise of Serl172, Tyr187, and Lys191, which are
located at the C-terminal end of the parallel {3-sheet.
Although they are conserved between MtDH and SCR,
their side chain conformations in the NADP-free crystal
form differ dramatically from those in the MtDH-NADP”*
complex structure (PDB code: 1H5Q). The loop between
BF and oG contains one small helix (aFG, residues 230—
238), which is responsible for substrate specificity among
the different enzymes within the SDR family (Ghosh
et al. 1994; Tanaka et al. 1996; Benach et al. 1998; Mazza
et al. 1998; Yamashita et al. 1999). Furthermore, SCR
contains an extended N-terminal peptide (i.e., residues 1—
25) and a short helix (residues 26-30) projecting out from
the core domain that might stabilize the oligomer (see
below). In the refined structure, the A, C, E, and G
subunits contained two mobile regions within loop
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regions around residues 125 and 180, respectively. In
contrast, the B, D, F, and H subunits contained one mobile
loop in the region of residues 129-138. There are five Cys
residues in each SCR molecule, but none of them are
involved in disulfide bond formation. There are 12 Pro
residues in each SCR subunit. In each subunit of the final
refined model, only Pro16 of the N-terminal peptide has a
cis conformation and is directly involved in the SCR
dimerization (Nordling et al. 2001).

Sequence alignments reveal that SCR shares the same
level of structural similarity with MtDH, FabG, RADH,
and PED (Fig. 3), although SCR possesses a longer N-
terminal peptide. In general, we observe more conserved
residues at the beginning and ends of secondary structural
elements than in their interior, indicating that one role of
these conserved residues might be to define boundaries of
the core of the Rossmann-fold where the active site and
other functional apparatus can be formed.

As discussed earlier, the highly conserved sequence
regions include an N-terminal Gly-rich motif with se-
quence TGxxxGxG (around position 45 in SCR), the
N(A)NAG motif (about position 120), and the catalytic
triad of Ser172, Tyr178, and Lys191 residues (Price et al.
2001; Schlieben et al. 2005; Hoffken et al. 2006). These
three primary regions cluster together in the 3D structure
around the active site, and their functional importance has
been probed by several mutational and structural studies
(Oppermann et al. 1997; Filling et al. 2002). The other
side of the active site is lined by the insertion loop
between BE and oF. In addition, structural comparison

Figure 1. Quaternary structure of the tetramer of SCR. The four subunits
(A-D) are labeled and colored differently. (Arrows) Local dyad symmetry
axes; the tetramer is viewed along the peudo R-axis. Disordered regions are
labeled with boundary residue numbers and implicated with dots.
Structural figures were prepared with the program PyMOL (DeLano
Scientific).



Structure of C. parapsilosis carbonyl reductase

N

Figure 2. Structural overview of the SCR subunit. (Red) The novel N-
terminal peptide, (cyan) a-helices, (magenta) [3-strands. Secondary struc-
tures and both N and C termini are labeled.

with MtDH suggests that the NADPH specificity (relative
to NADH) in SCR is likely to be imposed by the back-
bone amide groups of Asn66, Ser67, and His68 and the
side chains of Ser43, Ser67, and His68.

Oligomerization

The eight SCR molecules in an asu form four dimers: A—
B, C-D, E-F, and G-H. Each is related by the so-called
Q-axis dyad symmetry (Fig. 4) and has approximate
dimensions of 50 X 70 X 70 A. These A-B type dimers
can be superimposed well with each other; the rmsd for
408 Ca pairs of their core domains also ranged from 0.3
to 0.5 A. Three major regions in the primary sequence are
involved in this dimer interface: the N-terminal peptide,
the helix aG, and the strand BG (~Val 270). The major 3-
sheets from the two subunits appeared to join together at
the edge of BG, forming an extended one; however, no
hydrogen bond was formed. Each subunit in such a dimer
buries a solvent-accessible surface area (SAS) of 2700-
2850 AZ. This interface is structurally conserved among
most SDR proteins. For example, the A-D dimer in
MtDH (1H5Q) may superimpose to the A-B dimer of
SCR with an rmsd of 1.3 A for 401 Ca atoms (using a
3.0 A cutoff). Nevertheless, the N-terminal peptide in
SCR is 27 residues longer than that of MtDH. In the case
of SCR, 1850 A? (i.e., about one-third) of the buried SAS
was contributed by the N-terminal peptide (residues 1-30)
and its counterpart. This extra N-terminal peptide seals the
dimer interface, presumably providing additional stability
to the Q-axis-related A-B type dimer.

The A-B type dimers further dimerize to form two
tetramers in the asu, namely (A-B)—(C-D) and (E-F)-
(G-H). The dimer—dimer interface is formed via the
helices aE and oF at the A-C end and via the loop
around Leul83 at the B-D end (Fig. 3). A total SAS of
1500 A2 from each dimer is buried in the interface. The
tetramer has approximate dimensions of 70 X 70 X 90 A.
The two tetramers superimpose well with each other
(rmsd of 816 Ca pairs was only 0.4 10%), suggesting that
the tetramer is a preexisting species in solution under the
crystallization condition. However, the interface between
subunits A and C, which is more similar to the canonical
tetramer interface of SDR proteins, visibly differs from
the interface between subunits B and D. The two dyad
axes of the A-B and C-D dimers are off by ~15° and 4 A
(Fig. 1). The total surface area buried during tetrameriza-
tion by the A type subunit is ~3950 A? (28%), and that by
the B type subunit is 3200 A% (22%). Therefore, the
tetramer has a broken 2-2-2 symmetry, and there were
three types of dimer interfaces in the tetramer, namely A—
B, A-C, and B-D. We also observed a slightly different
crystal form (data not shown) having a similar crystal
packing as the above-discussed crystal form, but with cell
parameters a = 101.1 A, b = 146.0 A, and ¢ = 159.8 A.
The corresponding cell parameter change in the ¢ direc-
tion was 5% between the two forms. The ABCD and
EFGH tetramers from the two crystal forms had rmsds of
0.49 and 0.45 A (for all Ca) with their counterparts,
respectively, further supporting the preexistence of the
tetramer in solution.

This structurally observed tetramer formation is con-
sistent with results from our molecular sizing exclusion
chromatography and analytical ultracentrifugation stud-
ies, which showed that SCR forms a homo-tetramer in
solution (Fig. 5).

Nonfunctional catalytic site in apo-SCR

The present crystal structure represents inactive forms of
the SCR enzyme. There are four structurally independent
active sites per tetramer, one in each subunit. The active
site distance (i.e., Ca distance between the two Serl127
residues) is 28 A for the A—B dimer and 25 A for both A—
C and B-D. The entrance of each subunit faces toward the
solvent. The two types of subunits exemplified by A and
B subunits assume two different conformations, both of
which are nonfunctional. In the A molecule, the catalytic
triad is fairly close to the active form, while the NADPH-
binding pocket is severely collapsed. In contrast, in the B
molecule, the catalytic triad is completely rearranged,
while the NADPH-binding pocket remains fairly intact.
In the A molecule, three primary sequence regions
block NADPH binding: The loop around residues in the
120s-loop C-terminal to BD occupies the adenine-binding
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Figure 3. Sequence alignment of SCR with selected members of the SDR family. (Red highlighting) Identical residues, (blue boxes)
conserved residues. Selected residue numbers of SCR are labeled above its sequence. Secondary structure elements of apo-SCR
(molecule A) are marked on the top of alignment; (blue dots) regions showing different conformations between molecules A and B. The
following highly conserved regions are indicated: the glycine-rich consensus sequence that is in contact with the pyrophospho bridge of
NAD(P) in SDRs, and the substrate-binding loop. (Hollow arrows) The three residues of the catalytic triad, Ser172, Tyr187, and Lys191.
(Green highlighting) Residues invisible in molecule A of the refined structure; (solid triangles) residues located in the A-B dimer
interface (<3.0 A). The abbreviations of protein names used in the alignment are as follows: SCR, (S)-1-phenyl-1, 2-ethanediol
dehydrogenase from Candida parapsilosis (GenBank ID: DQ675534; PDB ID: 3CTM); MtDH, mannitol-2-dehydrogenase from
Agaricus bisporus (AFO53764; 1H5Q); RADH, R-specific alcohol dehydrogenase from Lactobacillus brevis (AJ544275; INXQ); ACP,
B-ketoacyl reductase from E. coli (19714462; 1101); and PED, (S)-specific 1-phenylenthanol dehydrogenase of the denitrifying
bacterium strain Ebnl (56312783; 2EWS). This figure was prepared with the program ESPript (http://espript.ibcp.fr/ESPript/cgi-bin/
ESPript.cgi/), and the alignment was manually adjusted based on 3D structural superposition.

pocket; the 170s-loop C-terminal to BE is situated in
the nicotinamide-binding site; and a short 3, helix in the
region of 220s, C-terminal to BF, is rotated toward the
nicotinamide-binding site. In particular, Val121 occupies
the nicotinamide ribose position, and Thr122 and Alal23
would overlap with both the ribose of adenine and its
phosphate group. Near the active site, the A—C type dimer
interface remained the same as that in the canonical SDR
tetramer as exemplified by MtDH (1H5Q). Although the
backbones of two of the catalytic triad residues, Tyr187
and Lys191, remain in the “normal” conformation, their
side chains assume nonfunctional rotamers. On the other
hand, a backbone trace of the 170s-loop, where the cata-
lytic Ser172 resides, showed a major difference from that
of the canonical SDR, and the loop blocks the entrance of
the NADPH coenzyme. The side chain of Serl72 moves
by ~5 A relative to the canonical SDR and potentially
forms hydrogen bonds with the backbone carbonyl oxy-

1416 Protein Science, vol. 17

gen of Glyl20 and the side chain of Aspl44. The con-
formational change around Ser172 forces the side chains
of the other two catalytic residues, Tyr187 and Lys191, to
adapt their nonfunctional rotamers.

In molecule B, the NADP*-binding site is less scruti-
nized. The only major backbone conformational change
around the pocket is that of the short 3, helix C-terminal
to BF rotating toward the nicotinamide-binding pocket, as
in molecule A. In the new conformation, Ca of Ile223 is
shifted by 5.5 A relative to the canonical position
(1H5Q), and the side chain overlaps with nicotinamide
and its proximal phosphate group. The helix oF N
terminus, where two of the three catalytic triad residues
are located, is shortened by one turn compared with
molecule A. Consequently, the catalytic triad in molecule
B is arranged in a nonfunctional conformation. In partic-
ular, the Tyr187 side chain points toward the B-D dimer
interface within the tetramer instead of the potential
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Figure 4. Ribbon diagram of the Q-dimer of SCR. The dimer is viewed
along the Q-axis. (Salmon) Subunit A, (orange) subunit B, (green high-
lighting) the «E and oF regions and other structural differences between A
and B molecules. a-Helices, N and C termini are labeled. The disordered
regions are implicated with dots.

nicotinamide-binding site. Similarly, the catalytic Lys191
moves toward the protein surface and forms a hydrogen
bond with the side chain of Asp269. While aDE (residues
132-145) remains the canonical length in molecule A, as in
MtDH (1H5Q), the helix is completely dissolved in mole-
cule B. Instead, the corresponding peptide forms a small 3-
sheet with strand Gly120-Trp123 on one side and strand
Tle177-11e180 on the other side. The hydrogen bond network
is further extended by one backbone hydrogen bond be-
tween the carbonyl oxygen of Vall78 and the amide group
of Thr189, thus forming a mini, four-strand, mixed [3-sheet.
While neither the inactive form of A nor B affected the
A-B type dimer interface, the canonical P-axis-related
dimer interface was interrupted by the B form (Fig. 1).
The P-dyad symmetry-related A—C interface is likely to
be functional for the following reasons: First, it uses the
conserved four-helix bundle of oE and «F from the two
subunits. The interface is fairly extensive, with each
subunit burying ~1500 A2 SAS in the dimer interface.
Second, compared with MtDH, SCR has a shorter 180s-
loop. This truncation allows a structural complementation
of the unique, longer N-terminal peptide that extends to
the A—C type dimer interface. Third, the buried interface
is composed of many hydrophobic residues (including
Tyr134, Trpl137, lle141, Leul4s, Tyrl49, Tyr150, Alal85,
Alal92, Alal93, Leul97, and Leu201) that would other-
wise be exposed to the solvent. In contrast, the B-D inter-
face is minor; each subunit buries only ~360 A% SAS (Fig.
1). Formation of a functional catalytic triad in molecule B
would require reorganization of the B-D type interface.

Comparing our SCR structure with other known SDR
structures, we conclude that it contains two different
snapshots of the SCR inactive state in the absence of a
coenzyme. While the recombinant SCR protein clearly
showed full enzymatic activity (see below), it is not clear
why each Q-axis-related dimer is formed by a pair of
distinct A and B SCR molecules. Their interface has near-
perfect dyad symmetry, and thus it is unlikely that the two
molecules correlate their conformational changes through
communication across the interface. It is more probable
that the two molecules in a given A—B dimer may change
their two active site conformations independently in
solution, and the observed tetramer in the crystal is a
storage form for the apo-SCR. The substrate-binding loop
in SCR consists of residues 220-240. It is flexible in the
SCR structure, which is typical among SDR enzymes.

To test the probable effects of the cofactor on tetra-
merization, we compared the size exclusion chromatography
profiles of SCR samples in the presence and the absence of
NADPH. The results showed that, in both cases, SCR formed
homo-tetramers (Supplemental Fig. 2). It further suggests
that a conformational change in the SCR subunits induced
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Figure 5. Analytical ultracentrifugation analysis of SCR variants. (Top
two panels) Sedimentation velocity data and the systematic noise decom-
position. (Bottom three panels) Transformation to molar mass distributions
from the sedimentation velocity profile: 112 kDa, 100 kDa, and 60 kDa for
wild type (WT), A31, and V270D, respectively. The former two corre-
spond to tetramers; the latter one corresponds to a dimer in a buffer
containing 20 mM Tris (pH 8.0) and 150 mM NaCl.
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by NADPH binding converts the tetramer into an active form,
probably similar to the canonical 2-2-2 symmetrical one.

The conserved Ser-Tyr-Lys triad is essential for catalysis

In our apo-SCR crystal structure, the conserved catalytic
triad, Serl172-Tyrl178-Lys191, has varied, noncanonical,
and, presumably, nonfunctional conformations. To verify
their functional role, we constructed four mutants of
single-residue substitutions, S172A, S172T, Y187A, and
Y187F. The CD temperature scan showed that their
melting temperatures were 46°C, 48°C, 45°C, and 46°C,
respectively, all lower than the wild-type melting temper-
ature (52°C). While the activity of the conserved S172T
mutant was essentially the same as the wild type, the
enzymatic activities of S172A, Y187A, and Y187F were
undetectable (Table 2). These results indicate that the
crystallized recombinant protein of SCR is enzymatically
active in the presence of coenzymes and that it uses the
same conserved catalytic triad as other SDR proteins
(Winberg et al. 1999; Tanaka et al. 2001).

The N-terminal peptide stabilizes the SCR oligomer

Among the SDR proteins compared in Figure 3, SCR is
unique in possessing an extra long N-terminal peptide.
This region contains two short helical structures and
packs against neighboring subunits through extensive
interactions. We constructed a truncation mutant, A31,
by deleting the N-terminal 31 residues to verify the func-
tional role of this peptide region. From an enzymatic
assay of 2-hydroxyacetophenone reduction (Table 2), the
kinetic parameters K, and k., of this mutant were essen-
tially the same as those of the wild type, suggesting that
this additional N-terminal peptide has little to do with
active site formation and substrate binding. Furthermore,
the molecular weight distribution of the A31 recombinant
protein in analytic ultracentrifugation (AUC) analysis
showed a single tetramer peak (~100 kDa), which was
broader than the equivalent peak for the wild-type protein
(Fig. 5). This result indicates that A31 also forms a tet-
ramer in solution, which is similar to the wild type
(~112-kDa position) but is less stable. A CD temperature
scan indicated that the melting temperature of the A31
variant was 48°C, slightly lower than that of the wild-type
enzyme (52°C). Combined with the structural observa-
tions, these results indicate that the N-terminal peptide of
SCR contributes marginally to the stability of the SCR
tetramer but is not essential for its enzymatic activity.

Tetramerization is not required for SCR activity

Among the two major types of subunit interfaces, A-B
and A-C, the Q-symmetry-related interface between sub-
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units A and B is significantly more extensive (~5700 A?
total buried SAS); there is more than twice the SAS
buried in this interface as in the P-symmetry-related A—C
interface (~2250 A? total buried SAS). Previously,
effects of mutants that break the dimer at the A-C type
interface have been investigated in 173-HSDcl (Kristan
et al. 2005). Like most dimeric members of the SDR
family, the functional form of 173-HSDcl is an A-C type
dimer; breaking this dimer by point mutations results in
inactive monomers. To investigate a possible functional
role of the A-B interface, we introduced a dimer-breaking
mutation in the dyad symmetrical hydrophobic interface.
In particular, a tightly packed Val residue at position 270
in the BG strand was replaced with a negatively charged
residue, Asp, which was expected to disrupt the A—B type
dimerization without affecting the A—C interface. Consis-
tent with our prediction, AUC measurements confirmed
that the V270D mutant of SCR exists as a homodimer in
solution (Fig. 5). Gel-filtration also showed a single peak
at the 58 kDa position (data not shown). Thermal stability
of the V270D variant was analyzed using a CD temper-
ature scan, resulting in a 45°C melting temperature, 7°C
lower than that of the wild-type SCR. Furthermore,
kinetic analysis showed that the K,;, and k., of V270D
had slightly lower enzymatic activity than the wild type
(Table 2). Our results indicate that SCR may maintain its
enzymatic activity in a dimer form. This dimer likely uses
the A—C type interface, because the A—B type interface is
disrupted in the V270D variant and the B-D type
interaction would be too weak to maintain a dimer
independently.

S67D/H68D mutation switches cofactor specificity
from NADPH to NADH

For industrial applications, converting the cofactor spec-
ificity of an enzyme from NADPH to NADH would be
of great significance, as NADH is substantially cheaper
than NADPH. To explore the possibility of converting
SCR from a NADPH-dependent enzyme into an NADH-
dependent one, we constructed a double-point mutant,
S67D/H68D, making changes inside the so-called phosphate-
binding loop between BB and aC. As suggested by pre-
vious studies on other SDRs (Mittl et al. 1994), residues
located in this loop play a critical role in determining the
coenzyme specificity for NADH or NADPH. In particular,
carefully introduced aspartic acid residues would be ener-
getically unfavorable for the negatively charged 2'-
phosphate group of NADPH to bind, thus favoring NADH
over NADPH.

Compared with the wild-type SCR, this S67D/H68D
variant showed an increase in K,; for NADPH and a
decrease in K, for NADH; meanwhile, it maintained k.,
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essentially the same for both reactions (Table 2). The net
results of the S67D/H68D double mutation are a nearly
10-fold increase in the k.,/K,; value for NADH but a 20-
fold decrease in that for NADPH. The k.. /K,, ratio
between NADH and NADPH changes from 0.068 for
wild type to 13.8 for the mutant (~200-fold). Meanwhile,
in the CD thermal denaturation assay, the recombinant
protein of the S67D/H68D mutant showed similar thermal
stability to wild-type SCR. Therefore, we have success-
fully changed the coenzyme specificity of this enzyme
without disturbing its stability.

Our apo-SCR crystal structure does not provide a direct
structural explanation for the substrate specificity change
of the S67D/H68D mutant due to being trapped in a
nonfunctional conformation, and we were unable to deter-
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mine a crystal structure of SCR in complex with the
NADPH cofactor. Therefore, spectroscopic techniques
were employed to monitor structural changes during
cofactor binding. In a CD assay, the molar residue ellip-
ticity at 209 nm was used as a measurement of structural
transition from random coils to ordered secondary struc-
tures (such as helices) (Nakamura et al. 2006). As shown
in Figure 6, the absolute value of the CD signal increases
as the coenzyme concentration increases, suggesting that
coenzyme binding induces ordered structural components
in the enzyme (Nakamura et al. 2006). The saturated
molar residue ellipticities of the S67D/H68D variant for
NADH and NADPH were 3.22 X 10™* and 2.92 X 10™*
degree.cm”.dmol ', respectively; and those of wild-type
SCR were 3.07 X 10~* and 3.47 X 10~ degree.cm”.dmol ',
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Figure 6. CD analysis of cofactor binding in wild type and the S67D/H68D variant. (A) CD spectra of SCR and S67D/H68D with
NAD(P)H. The spectra are colored by concentration of NADH/NADPH from pink (lowest) to dark red (highest). (Black line) CD
spectrum of SCR only. (B) The molar ellipticities at 209 nm against coenzyme concentrations. The error bars represent the standard

deviations estimated from data of three independent experiments.
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respectively. These data indicate that both coenzymes have
the ability to induce the random-to-ordered transition in
SCR variants. More importantly, NADPH has higher
inducing ability than NADH for the wild-type SCR, but
NADH has stronger inducing ability than NADPH for the
S67D/H68D variant. As a complementary approach, we
measured the formation of the enzyme—cofactor binary
complexes for the wild-type and S67D/H68D variants using
the fluorescence titration method. The fluorescence in both
cases was quenched by the addition of the coenzyme. The
data were analyzed by a modified model from a simple Hill
equation (Sakoda and Hiromi 1976; Nakanishi et al. 1997)
with consideration of cooperativity. The ratio of K; values
between NADH and NADPH for the S67D/H68D mutant
was 0.28, indicating a stronger preference for NADH; in
contrast, the ratio became 1.9 for wild type, indicating a
weaker binding for NADH (Table 2). Moreover, the
parameters obtained from the cooperative Hill equation
are <1 (Table 2), suggesting a negative cooperativity in the
NAD(P)H binding to both SCR variants. These spectro-
scopic results indicate that the adenine ribose moiety of the
coenzymes (particularly of NADH) favorably interacts with
the substituting aspartate residues (Nakamura et al. 2000).
For example, Asp67 may form a hydrogen bond with the
hydroxyl groups of the adenine ribose group of the coen-
zyme, as illustrated by previous crystal structures of NADH-
dependent SDRs (Ghosh et al. 1994; Varughese et al. 1994;
Jornvall et al. 1995; Tanaka et al. 1996).

Our results show that the double-point mutation S67D/
H68D inside the coenzyme-binding pocket converts the
coenzyme specificity of SCR from NADP(H) to NAD(H).
Our work thus provides a new example of a protein en-
gineering approach to modify coenzyme specificity in
short-chain dehydrogenases/reductases and will likely
have valuable industrial applications.

Materials and Methods

Microorganisms and chemicals

C. parapsilosis strain CCTCC M203011 was obtained from the
American Type Culture Collection (ATCC). The organisms were
cultivated as described previously (Liese et al.1996; Barzegar
et al. 2007). The enzyme and cofactors were purchased from the
Sigma-Aldrich Chemical Co., Inc. The substrate 3-hydroxyace-
tophenone was prepared using the method described by Liese
et al. (1996).

Protein expression and site-directed mutagenesis

The scr gene (GenBank ID: DQ675534) expression system in E.
coli was previously described by Nie et al. (2007). The pETSCR
plasmid was used as a template to generate recombinant plas-
mids coding for SCR mutants. Site-directed mutagenesis was
performed using standard protocols (Baik et al. 2005). The
mutations were verified by DNA sequencing. The oligonucleo-

tides used for mutations were summarized in Table 1, with the
mutated bases underlined.

Purification of recombinant enzymes

All recombinant proteins used were expressed as Hisg-tagged
proteins in E. coli strain BL21 (DE3) and purified first by
affinity chromatography on a Ni**-Sepharose column (His-Trap
Kit, Pharmacia). The pooled fractions were further loaded on a
Resource Q column (1 X 1 cm) equilibrated with the buffer
(20 mM Tris-HCI, pH 8.5) using an AKTA Protein Purifier
system (Pharmacia). It was followed by Superdex 200 (10/300
GL) chromatography in a buffer containing 20 mM Tris-HCl
(pH 8.5) and 150 mM NaCl in the presence or absence of
0.5 mM NADPH. All mutant enzymes were purified to homo-
geneity as judged by Coomassie Brilliant Blue staining of SDS-
polyacrylamide gel electrophoresis (PAGE) gels. The extinction
coefficient of 1.9 AU/M was used for all SCR variants.

Protein crystallization and data collection

The apo-SCR crystals were grown by the hanging-drop vapor
diffusion method in a buffer containing 18% (w/v) Polyethylene
glycol 2000 monomethyl ether (PEG2K MME) and 8% (v/v)
isopropanol, pH 8.5. A droplet was prepared by mixing an equal
volume (1.0 + 1.0 pL) of a protein solution containing 20 mg/
mL SCR in a buffer of 20 mM Tris-HCI (pH 8.5) and 150 mM
NaCl and a reservoir solution. Crystals obtained after 5 d of
growth were soaked into the cryo-protectant solution of 24%
(w/v) PEG2K MME and 6% (w/v) sucrose prior to data collec-
tion. Diffraction data were collected at beamline BL5SA of the
Photon Factory synchrotron facility (KEK, Tsukuba, Japan) and
processed with the HKL2000 program package (Otwinowski
and Minor1997). The data collection and processing statistics
are summarized in Table 1.

Structure determination and refinement

The crystal structure of mannitol 2-dehydrogenase (MtDH, PDB
file 1H5Q) from Agaricus bisporus (Horer et al. 2001) was used
as a search model for molecular replacement. MtDH forms a
homotetramer with 2-2-2 symmetry, and one of its P-axis-
related dimers was successfully employed as the search model.
Nonconserved residues were changed to alanine with the SEA-
MAN program (Kleywegt 1996). The structure was initially
refined with CNS (Brunger et al. 1998), and the program
REFMAC (Murshudov et al. 1997) from the CCP4 suite (Col-
laborative Computational Project, Number 4 1994) was used for
final refinement. Manual model building and adjustments were
carried out with the programs Coot (Emsley and Cowtan 2004)
and O (Jones et al. 1991). Refinement statistics are summarized
in Table 1. Amino acid sequences of short-chain dehydroge-
nases/reductases were aligned using the program CLUSTALW
(Thompson et al. 1994). SAS were calculated with the program
EdPDB (Zhang and Matthews 1995). The stereochemical quality
of the final model was examined with the program PROCHECK
(Laskowski et al.1993).

Enzyme assay and kinetic experiments

Enzymatic activity of the SCR variants for reduction of 2-
hydroxyacetophenone was measured at 35°C according to the
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method described by Nie et al. (2007). One unit of enzyme
activity is defined as the amount of enzyme catalyzing the
reduction/oxidation of 1 pmol of NAD(P)H/ NAD(P)* per
minute under the assay conditions. Kinetic parameters were
measured and calculated using a Beckman DU-7500 spectro-
photometer, equipped with a Multicomponent/SCA/Kinetics
Plus software package and a thermostated circulating water
bath. Varied concentrations of substrate 2-hydroxyacetophenone
(0.5-20 mM), enzyme (10-200 wM), and cofactors NAD(P)H
(0.5-5.0 mM) in 100 mM phosphate buffer (pH 7.5) were used.
The reported values represent the average and standard devia-
tion calculated from at least three independent measurements.

Circular dichroism (CD)

CD measurements were carried out using a Jasco J720 spec-
tropolarimeter (JASCO, Inc.). Wavelength scan data were
collected from 190 to 260 nm in a phosphate buffer (pH 7.5)
with the following instrument settings: response, 1 s; sensitivity,
100 mdeg; speed, 50 nm/min; average of 30 scans. Scans were
repeated every 2°C or 5°C between 20°C and 70°C. The protein
concentration was ~3 uM in 50 mM Na/K phosphate buffer (pH
6.8). The decrease in CD signal with the increase of temperature
was recorded at the local minima of 209 nm.

Analytical ultracentrifugation (AUC)

SCR variants at a concentration of 0.5-1.0 mg/mL were used for
the AUC analysis with a buffer of 20 mM Tris-HCI (pH 8.0) and
150 mM NaCl. Sedimentation experiments were performed
using an XL-A analytical ultracentrifuge (Beckman Coulter)
equipped with a four-cell An-60 Ti rotor at 20°C. Sedimentation
velocity analysis was performed at 58,000 rpm. Data were
analyzed with the SEDFIT program (Pekar and Sukumar 2007).

Fluorescence experiment

Nucleotide binding to SCR was measured by monitoring the
quenching of intrinsic enzyme fluorescence upon incremental
addition of nucleotides. Emission spectra (300-500 nm) were re-
corded on an F-4500 fluorescence spectrophotometer (Hitachi)
at 280 nm excitation. The samples for measurements were
prepared at the final concentration of 3 uM enzyme and 30—
400 pM NAD(P)H in 50 mM Na/K phosphate buffer (pH 7.5).
The K, value was determined by the nonlinear least squares
method (Sakoda and Hiromi 1976; Nakamura et al. 2006). The
model (Equation 1) is expressed by a simple Hill equation with
consideration of Hill coefficient 4 and dissociation constant K.

_ o
kd +[L)"

where Y is fractional saturation of the enzyme (i.e., [occupied
sites]/[total sites]) (Bell and Dalziel 1975; Nakamura et al.
20006), and [L] (Lesk 1995) is the ligand concentration. The Hill
coefficient reflects the degree of cooperativity: The value 1 = 21
indicates the absence of cooperativity, # > 1 and A< 1 mean
positive and negative cooperativity, respectively (Nakamura
et al. 2006). The nonlinear fitting using this model was per-
formed with the software Origin version 7.5.
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Protein Data Bank accession code

The SCR structure has been deposited in the RSCB Protein Data
Bank with the accession number 3CTM.
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