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Background: Perakine reductase (PR) is an AKR involved in the Rauvolfia alkaloid biosynthetic network.
Results: Three-dimensional structures of PR and the A213Wmutant complex with NADPH were solved.
Conclusion: PR folds as an unusual �8/�6 barrel and undergoes unexpected conformational changes upon NADPH binding.
Significance:PR represents the foundingmember of the newAKR13D subfamily and provides a structural and cofactor binding
template for the AKR13 family.

Perakine reductase (PR) catalyzes the NADPH-dependent
reduction of the aldehyde perakine to yield the alcohol raucaf-
frinoline in the biosynthetic pathway of ajmaline in Rauvolfia, a
key step in indole alkaloid biosynthesis. Sequence alignment
shows that PR is the founder of the new AKR13D subfamily and
is designated AKR13D1. The x-ray structure of methylated
His6-PRwas solved to 2.31 Å. However, the active site of PRwas
blocked by the connected parts of the neighbor symmetric mol-
ecule in the crystal. To break the interactions and obtain the
enzyme-ligand complexes, the A213W mutant was generated.
The atomic structure ofHis6-PR-A213WcomplexwithNADPH
was determined at 1.77 Å. Overall, PR folds in an unusual �8/�6
barrel that has not been observed in any other AKR protein to
date. NADPH binds in an extended pocket, but the nicotina-
mide ribosidemoiety is disordered. UponNADPHbinding, dra-
matic conformational changes and movements were observed:
two additional �-strands in the C terminus become ordered to
form one �-helix, and a movement of up to 24 Å occurs. This
conformational change creates a large space that allows the
binding of substrates of variable size for PR and enhances the
enzyme activity; as a result cooperative kinetics are observed as
NADPH is varied. As the foundingmember of the newAKR13D

subfamily, PR also provides a structural template and model of
cofactor binding for the AKR13 family.

Enzyme-catalyzed biosynthesis and chemo-enzymatic
synthesis of pharmacologically active, plant-derived monot-
erpenoid indole alkaloids have attracted interest in recent
years (1–5). A detailed knowledge of the participating
enzymes is an indispensable requirement for further pro-
gress in this field. One of the largest alkaloid synthetic net-
works is the Rauvolfia serpentina metabolome. In this net-
work we detected perakine reductase, which is involved in a
side route of metabolism that branches from the main ajma-
line pathway (Fig. 1) and leads to the biosynthesis of dihy-
droperaksine (6, 7). As an antiarrhythmic drug, ajmaline is
well known to act as an antagonist at sodium channels of the
heart muscle (8, 9).
Functional overexpression in Escherichia coli together with

extended substrate studies recently allowed advanced bio-
chemical characterization of PR (6). The NADPH-dependent
PR showed a relaxed substrate preference because three groups
of structurally diverse compounds were reduced to their corre-
sponding alcohols: two bulky alkaloids, ten medium-sized cin-
namic aldehyde derivatives, and four small (nitro)-benzalde-
hydes (6). In contrast to PR, other enzymes ofRauvolfia alkaloid
biosynthesis exhibitmuch higher substrate specificity (10). The
absence of both a Rossmann fold (11) and the catalytic motif
Tyr-Xaa-Xaa-Xaa-Lys (12) excluded PR as a member of the
short chain dehydrogenase/reductase superfamily. However,
the presence of a functional catalytic tetrad Asp52, Tyr57, Lys84,
and His126, as proven by site-directed mutagenesis, and the
presence of other residues highly conserved in aldo-keto reduc-
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tase enzymes (AKRs),2 i.e. Gly20, Gly47, Asp121, Pro133, Gly154,
Asn167, Pro192, Gln196, and Ser252, indicate affiliation of PR to
theAKR enzyme family (13). Furthermore, sequence alignment
and preliminary x-ray analysis of a methylated PR mutant sup-
port the view that PR represents a novel member of the AKR
superfamily (6, 14). In fact, PR would be the first example of a
plant AKR involved in indole alkaloid biosynthesis in contrast
to the plant AKR-type codeinone reductase, which is involved
in isoquinoline alkaloid metabolism (15).
We now describe x-ray analyses of a methylated N-terminal

His6-PR and its A213W mutant complex with the cofactor
NADPH. These crystal structures show that PR is an AKR, that
it contains an unusual �8/�6 barrel, and that it undergoes a
novel conformational change upon binding NADPH not seen
previously in AKR members. Extended sequence alignment
suggests that PR is the founding member of a new AKR13D
subfamily.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—R. serpentinaPR cDNA
(GenBankTM accession number AY766462) was cloned into
pQE-2 vector and expressed as N-terminal His6-tagged fusion
protein in E. coli M15 strain (Qiagen). Bacteria were grown at
25 °C for large scale enzyme production, and the conditions for
cultivation, induction and purification of recombinant PRwere
the same as previously reported (6, 14).
Site-directed Mutagenesis—Site-directed mutagenesis was

performed to generate the PR-A213W point mutant by using
the QuikChangeTM site-directed mutagenesis kit (Stratagene,

La Jolla, CA). The wild type PR was cloned into pQE-2 as a
template, and the following oligonucleotides were used as
primers to introduce the mutation: A213W forward primer,
5�-d-GGT CTT TTT TGG GGG AAG GCC-3�, and A213W
reverse primer, 5�-d-GGCCTTCCCCCAAAAAAGACC-3�.
Protein Methylation—Because of unsuccessful crystalliza-

tion of native PR, reductive methylation was chosen to modify
the protein surface. The purified enzyme was dialyzed against
potassium phosphate (KPi) buffer (50mM, pH 7.0) and concen-
trated to 10 mg/ml for the subsequent methylation. Methyla-
tion was performed by dimethylamine-borane and formalde-
hyde as previously reported (14, 16).
NADPH Kinetic Behavior—The kinetic properties of

NADPHwere determined bymonitoring product formation by
HPLC with seven different NADPH concentrations (2–80 �M)
in the presence of substrate (4-nitrobenzaldehyde) (0.2 mM)
under standard conditions with 5 �g of purified His6-PR in KPi
buffer (50 mM, pH 7.0) in a total volume of 200 �l. The enzy-
matic reactionwas initiated by addingNADPH. After 15min of
incubation at 30 °C, the reaction was terminated by adding 200
�l of methanol, and the sample was subjected toHPLC tomon-
itor product formation at 254 nm (Waters 2487 detector) with
Lichrospher 60 RP-select B column (250 � 4 mm). Acetoni-
trile/water (1:4, pH 2.3) were used asmobile phase at a flow rate
of 1 ml/min.
Size Exclusion Chromatography—Determination of relative

molecular weight and oligomerization state of recombinant
methylated and unmethylated His6-PR (6 mg/ml applied) was
performed onHiPrep Sephacryl S-200 column using KPi buffer
(50mM, pH 7.0) at a flow rate of 0.5ml/min. For calibration, the
following proteins were used: glucose oxidase (Aspergillus
niger) (150 kDa), BSA (67 kDa), ovalbumin (45 kDa), and�-chy-
motrypsin (25 kDa).
Crystallization—Crystallization of methylated His6-PR was

accomplished by the hanging drop vapor diffusionmethod. The
dropswere set up bymixing 2�l ofmethylated enzyme samples
(5.5 mg/ml, 10 mM Tris-HCl buffer, pH 7.0, 1 mM DTT, 10 mM

EDTA) with 2 �l of reservoir solution (25% v/v PEG 4000, 0.1
mM sodium citrate, pH 5.6) and equilibrated against 1 ml of
reservoir solution at 20 °C for 7 days. Methylated His6-PR-
A213W was also crystallized under the same conditions as
methylated His6-PR.

The crystals of methylated His6-PR-A213W complex with
NADPH were obtained by cocrystallization. Prior to crystalli-
zation, the enzyme solutions were incubated with a 3-fold
molar excess of NADPH for 2 h at 4 °C to form the complex.
The crystallization of the methylated His6-PR-A213W and
NADPH complex was carried out under the same conditions as
methylated His6-PR. The same crystallization conditions were
used for the unmethylated His6-PR-A213W andNADPH com-
plex, with the exception that the enzyme samples were in KPi
buffer (50 mM, pH 7.0).
X-ray Data Collection and Processing—All the PR crystals

were cryoprotected with 20% glycerol added to the reservoir
solution before flash cooling in a stream of nitrogen at 100 K.
Diffraction data of methylated His6-PR crystals were col-

lected at BW7B beamline at the European Molecular Biology
Laboratory Outstation (Hamburg, Germany). The data were

2 The abbreviations used are: AKR, aldo-keto reductase; PR, perakine reduc-
tase; KPi, potassium phosphate; STR1, strictosidine synthase; RMSD, root
mean square deviation.

FIGURE 1. Functional role of PR. PR is located in a side route branching from
the ajmaline biosynthetic pathway leading to dihydroperaksine and extends
the metabolic network of Rauvolfia monoterpenoid indole alkaloids. (STR1,
strictosidine synthase, EC 4.3.3.2; PNAE, polyneuridine aldehyde esterase, EC
3.1.1.78; VS, vinorine synthase, EC 2.3.2.160; VH, vinorine hydroxylase, EC
1.14.13.75; CPR, cytochrome P450 reductase; H� � transformation under
acidic conditions).
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integrated, scaled, and merged with the HKL2000 software
package (17). A platinum derivative was derived after the incu-
bation of the methylated His6-PR crystals with 21% PEG 4000,
0.1M sodiumcitrate, pH5.6, and 10mMK2PtCl4 for 20min. The
multiwavelength anomalous diffraction data collection around
the Pt-LIII edge was performed at theMX-beamline BL14–2 of
Helmholtz Zentrum Berlin at BESSY II using a SX165 CCD
detector (Rayonix, Evanston, IL) and DTB goniostat (Marre-
search, Norderstedt, Germany) at 100 K (supplemental Table
S1A). The data processing was performed by XDS (18).
The crystals of the methylated His6-PR-A213W, its complex

withNADPH, and the unmethylatedHis6-PR-A213Wcomplex
with NADPH were all measured at PX III beamline at Swiss
Light Source (Villigen, Switzerland). Program XDS (18) was
applied for data processing.
Structure Solution and Refinement of theMethylatedHis6-PR—

The crystal structure of the methylated His6-PR was solved with
multiwavelength anomalous diffraction method using the pro-
gram SHELXC/D/E (19). The initial model (60% of the full struc-
ture) was built using RESOLVE (20). This model was used as a
starting model in the MRSAD protocol of Auto-Rickshaw (21)
against the peak data set for the phase improvement and for the
model completion. 85% of the full structure was built automati-
cally. First refinement was performed using REFMAC (22). The
modelwas further improved in several rounds of refinement using
automated, restrained refinementwith the programPHENIX (23)
and by interactive modeling with Coot (24).
Structure Determination of the Methylated/Unmethylated

His6-PR-A213W Complex with NADPH and apo His6-PR-
A213W—The internal processing script at SLS was utilized for
initial data processing that uses XDS (18), Labelit (25), MOS-
FLM (26), and phenix.xtriage (23). Molecular replacement was
performed withMOLREP within the CCP4 suite (27) using the
refined methylated His6-PR structure as a search model. The
refinement was performed as described above. NADPH was
identified in the first electron densitymap based on the phase of
the molecular replacement solution and was included in the
model of the methylated and unmethylated His6-PR-A213W.
The refinement statistics are listed in Table 1 and supplemental
Table S1B. The final model was analyzed with the program
MolProbity (28). All of the figures were prepared using PyMOL
(29).
Supplemental Data—The followingmaterials are available in

the online version of this article: supplemental Table S1A show-
ing multiwavelength anomalous diffraction data collection and
phasing statistics of methylated His6-PR, supplemental Table
S1B showing x-ray data collection and refinement statistics of
methylated apo His6-PR-A213W and unmethylated His6-PR-
A213W complex with NADPH, supplemental Fig. S1 showing
residue Ala213 of methylated His6-PR and its nearby region,
supplemental Fig. S2 showing size exclusion chromatogram of
methylated and unmethylated His6-PR, supplemental Fig. S3
showing NADPH binding site, supplemental Fig. S4 showing
two symmetric holo His6-PR-A213W molecules in the crystal
packing, and supplemental Fig. S5 showing structural compar-
ison of PR and a “generic” AKR to display the diversity in the C
terminus.

RESULTS AND DISCUSSION

Overall Structure of PR—The final three-dimensional struc-
ture model of apo methylated PR was derived following refine-
ment of the 2.31 Å data set with 18.9% Rwork and 23.7% Rfree
(Table 1) and contained 312 amino acid residues and 54 water
molecules. Therewas no defined electron density for two loops,
which are residues 26–30 and 221–239.
Methylated apo PR folds into an unusual �/�-barrel consist-

ing unexpectedly of only six �-strands (�1–�6) with eight
�-helices that pack along the outside of the �-strands (Fig. 2, A
and B). Because of the two missing �-strands, the last two
�-helices, �7 and �8, are directly connected by a loop (Fig. 2C).
Up to now, all other three-dimensional structures identified for
AKR members fold as (�/�)8-barrels with eight parallel
�-strands and eight �-helices, also known as a triose phosphate
isomerase barrel (13, 30). Some typical AKR structural features,
such as the �-hairpins (B1 and B2), which cover the top of the
barrel at the N terminus, the two helices (H1 and H2), which
pack together along the outer barrel, and three large loops
(Loops A, B, and C) at the C terminus, are conserved in PR;
however, there are also some striking differences when PR is
compared with other AKRmembers (Fig. 2,C andD). Different
fromotherAKRmembers, the barrel structure of PR starts with
an �-helix instead of a �-strand. In addition, the decoration of
the structure with five �-strands, named OOB1–5 (out of bar-

TABLE 1
PR X-ray data collection and refinement statistics

Structure mPRa
mPR-A213W �

NADPHb

Data collection
Wavelength (Å) 0.8148 1.0
Total reflections 213,159 337,656
Unique reflections 16,975 37,054
Mosaicity 0.908 0.183
Resolution (Å) 20-2.31 (2.43-2.31) 48-1.77 (1.82-1.77)
Completeness (%) 96.8 (93.0) 97.6 (80.0)
I/�(I) 33.5 (5.4) 49.4 (3.38)
Rmerge (%)c 7.9 (34.9) 4.6 (37.4)
Space group C2221 P3221
Unit cell (Å) a � 58.8, b � 93.0,

c � 143.0
a � b � 55.1, c � 209.8

Refinement statistics
Rwork

d/Rfree (%)e 18.9/23.7 19.1/21.1
No. of protein atoms 2480 2227
No. of water
molecules

54 358

No. of NADP� atoms 31
RMSD bond
length (Å)

0.015 0.012

RMSD bond angle (°) 1.513 1.494
Average B-factors (Å2)
Protein 55.3 23.7
Water 50.4 36.6
NADP� 26.8

Ramachandran
analysis (%)

Most favored region 96.7 96.8
Allowed 3.3 3.2
Disallowed 0.0 0.0

Protein Data Bank
code

3UYI 3V0S

a mPR, methylated His6-PR wild type.
b mPR A213W � NADPH, methylated His6-PR-A213W complexed with NADPH.
c Rmerge � �Ii��Ii��Ii, where Ii is the average intensity value of the equivalent
reflections.

d Rwork � �(�Fo � Fc�)/��Fo�, where Fo and Fc are the observed and calculated
structure factors, respectively.

e Rfree was calculated using 5% randomly excluded data from refinement.
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rel) (Fig. 2B), on the C-terminal side is a second notable differ-
ence. OOB1–2 are localized between �2 and �3, OOB3–4 are
found between Loop B and H1, and OOB5 is directly upstream
of Loop C (Fig. 2C). Two pairs of these �-strands, OOB1–2 and
OOB3–4, form a clamp that covers the C-terminal base of the
barrel, whereas the two connecting loops serve as the closing
lids. The unique topology of the PR overall architecture is
shown in Fig. 2C, and the topology of a representative AKR is
shown in Fig. 2D.
In the asymmetric unit cell there is only one PRmolecule, but

the two symmetric molecules are strongly connected in the
crystal packing (Fig. 3A). The interactions between the two
molecules occur at their C-terminal regions. The additional five
�-strands (OOB1–5), LoopC, and the C-terminal tail appear to
be tightly interwoven with a symmetry molecule (Fig. 3B) and
block the active site (Fig. 3A). To break the interactions
between the two molecules, the small residue Ala213 located in
the interface region between the two symmetric molecules was
mutated (supplemental Fig. S1 and Fig. 3B). A bulky Trp was
selected, and the PR-A213W mutant, which is still functional,
was generated to prepare PR complexes with cofactor and/or
substrate bound.

Two symmetric methylated PR molecules are packed
together tightly in the crystal form, but size exclusion studies
indicated that methylated PR occurs exclusively as a monomer
in solution (supplemental Fig. S2). Moreover, 80% of native
(unmethylated) wild type PR seems to exist as a monomer in
solution, whereas only 20% are in the dimeric state (supplemen-
tal Fig. S2).
Description of PR-Cofactor Complex—The final structure of

methylated His6-PR-A213W complex with NADPH was
refined to 1.77 Å resolution to an Rwork and Rfree of 19.1% and
21.1%, respectively (Table 1). The model is comprised of 289
amino acids (residues 1–24, 32–219, 243–310, and 328–336),
NADPH, and 358 water molecules. Compared with the apo
form of PR, there are more disordered residues in the NADPH
complexmodel, especially in the C-terminal region. The strong
interactions between the C-terminal residues of the two sym-
metric molecules found in the crystal packing of the apo form
explain the good electron density in this form. Mutation of
Ala213 to Trp disrupted these interactions and made the cofac-
tor-binding site available for ligand binding. However, in the
absence of these intermolecular interactions, some of the
C-terminal residues (residues 311–327), which folded as Loop

FIGURE 2. Overall structure of methylated His6-PR. A, the structure of methylated His6-PR displays an unusual �8/�6 barrel fold for an AKR enzyme. B, to show
the conformation of OOB1-OOB5 (purple) and Loop A–C, Fig. 2A is rotated by 90°. The long C-terminal tail is pointing away from the molecule. C, topology of
the methylated His6-PR structure. The disordered residues are in black dashed lines. D, topology of a representative AKR (3�-hydroxysteroid dehydrogenase,
AKR1C9). �1–�8, the �-helices; �1–�6, the �-strands in PR; �1–�8, the �-strands in a representative AKR (�1 and �8 (blue) are missing in PR); B1 and B2, the two
N-terminal �-strands of the hairpin; H1 and H2, the two additional �-helices. The three typical loops (Loops A, B, and C) for AKR enzymes are in green. All the
other loops are shown as black lines. The five additional out of barrel �-strands OOB1–5 at the C terminus are in purple. The N and C termini are marked with N
and C.
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C and OOB5 in the apo form, are nowmore flexible in the new
complex, and as such there is insufficient electron density to
permit complete structural determination in this region.
For the portion of the PR complex with NADPH that pro-

vides a structure, there is similarity in the protein fold with the
PR apo form. For example the �8/�6 barrel of the two PR forms
can be superimposedwith RMSD� 0.3Å, but there are striking
differences when the C-terminal regions of both PR forms are
compared (Fig. 4). The most significant conformation change
occurs from residues 205 to 219. Residues 205–208 reside in
Loop B, which is an important part of the cofactor-binding site.
Loop B bends inward to the center of the barrel when NADPH
is not bound (Fig. 4A). However, it points outward and away
from the center of the barrel whenNADPH is bound.When the
two structures are superimposed in this region, an RMSDof the
main chains of 2.02 Å with a maximum deviation of 3.94 Å is
observed. The similar movement of Loop B is the most fre-
quently observed conformational change in AKRs upon cofac-
tor binding (13, 31, 32).
More severe conformational changes and accompanying

movements were observed in the immediate region down-
stream of Loop B, residues 209–219. The secondary structure
in this region contains two �-strands (OOB3–4) with a con-
necting loop in the apo form, but this changed surprisingly to
one �-helix in the NADPH bound (holo) form (Fig. 4B). The
RMSD of the main chains of this part of the structure between
the apo and holo form is 5.73 Å, and the maximum deviation is
12.5 Å. A second AKR enzyme with significant conformational
changes induced by NADPH binding is 2,5-diketo-D-gluconic
acid reductase A, which shows remarkable structural rear-
rangements (up to 8 Å) in the catalytic pocket upon cofactor
binding accompanied by a switch of an �-helix to an extended
�-strand (33). However, the conformational changes discussed
herein for PR are significantly more pronounced than those in
2,5-diketo-D-gluconic acid reductase A.
To better illustrate the space produced by this movement,

residue Phe92 in the connecting loop between OOB1 and
OOB2, which is located in themiddle of the relatively immobile
upper lid of the “clamp” (made of OOB1–2 and OOB3–4), was
selected as a marker of a stable position. Residue Gly214, which
directly faces Phe92, was selected as amarker of amovable posi-
tion. The distance between the two C� atoms of Phe92 and
Gly214 was 6.6 Å in the apo form (Fig. 4C), but upon NADPH

binding, the distance dramatically increased by 	5-fold to 30.3
Å (Fig. 4D). Consequently the “clamp” was completely open.
This conformation change creates enough space around the
catalytic site for substrate binding, e.g. the bulky alkaloids can
be accommodated.
To exclude the possibility that mutation Ala213 to Trp

induces the conformational changes and movements of resi-
dues 205–219, the crystallization of apo methylated His6-PR-
A213Wwas carried out. The x-ray structure of apo methylated
His6-PR-A213W was solved with 2.20 Å resolution (supple-
mental Table S1B). In the absence of the intermolecular inter-
actions that were disrupted by the mutation of Ala213 to Trp,
the C-terminal segments (residues 205–219 and 311–337) of
the apo A213Wmutant were much flexible in the crystals, and
there is insufficient density for the structure elucidation of
above mentioned residues. When NADPH was bound to the
A213Wmutant, there was clear density corresponding for res-
idues 205–219. The structural difference between apo and holo
forms of the mutant indicates that residues 205–219 are
involved in cofactor binding. Upon NADPH binding, this part
became ordered to form as an �-helix and was fixed to keep the
open form and provide enough space for the catalytic reaction
to proceed. This observation also confirms that NADPH bind-
ing is responsible for the positional and conformational
changes.
Crystallography was also performed on the unmethylated

His6-PR-A213W complex with NADPH (supplemental Table
S1B). The structure obtained at 2.33 Å had a RMSD of 0.7 Å
when the methylated and unmethylated PR forms were com-
pared and demonstrates that methylation had no significant
influence on the three-dimensional structures.
BindingMode of NADPH—The cofactor NADPHwas bound

in the C-terminal core of the barrel of PR and points toward the
active site, which is formed by the catalytic tetrad Asp52, Tyr57,
Lys84, and His126 at the center of the barrel, as in most AKR
enzymes (34, 35) (Fig. 5A). BecauseNADPH is easily oxidized to
NADP�, the crystal structures of PR complexes likely contain
NADP�. However, there was no clear density for the nicotina-
mide riboside moiety. The final structural model derived from
the 1.77 Å diffraction data set clearly defined the binding pat-
tern of this moiety of NADPH in PR (Fig. 5B and supplemental
Fig. S3). The density (corresponding to the adenine ring, the
ribose ring, the adenosine phosphate, and pyrophosphate) of

FIGURE 3. Two symmetric methylated His6-PR molecules in crystal. A, the two symmetric molecules from the crystal packing are shown in yellow and green
surface presentation. The catalytic tetrad (Asp52, Tyr57, Lys84, and His126) of the molecule is in red (arrow). B, cartoon presentation of A. The additional five out
of barrel �-strands are grouped together as OOB1–2 and OOB3–5. The N and C termini are marked with N and C.
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NADPH lies in an extended groove that stretches from the cen-
ter to the edge of the barrel and is formed by the surface of
residues 205–208 fromLoopB, residues 277–282 from the loop
linking �7 and �8, and residues 285, 288, and 289 in �8. Many
AKR enzymes share a similar mode of cofactor binding across
the superfamily (13, 36, 37). However, except for the conserva-
tion of Ser205 and Asn289 in PR, all of the other residues directly
hydrogen-bonded with the cofactor are “nonclassical” when
compared with other AKR members (Fig. 5, C and D) (13, 38).
As the first example of a structure from the AKR13 family, the
PR structural model may provide valuable information on
understanding the role of cofactor binding residues across this
family.
The disordered nicotinamide riboside portion was therefore

modeled in its usual anti-conformation (Fig. 5,A and B) as seen
in other AKR members (36, 39). Sequence alignment shows
that several typical AKR cofactor binding residues, e.g. Asp52,
Ser156, Gln176, and Tyr204, were conserved in PR (Fig. 5, C and
D). These amino acids reside in the space surrounding the
active site, and the modeled nicotinamide ring supports their
important role in binding the cofactor. The asparagine next to
Ser156 is strictly conserved in the AKR superfamily and is an
important residue in cofactor binding. The hydrogen in �-N of
this asparagine forms a hydrogen bondwith the oxygen atomof
the carboxamide group in the nicotinamide ring, thereby stabi-

lizing thewhole ring.However, in PR this asparagine is replaced
by a glutamic acid, which could account for the disorder
observed in the binding of the nicotinamide ring.
It is obvious that the cofactor and substrate bind in different

regions of the enzyme and converge at the active site. Thereby,
the substrate of PR probably occupies the cleft made up of
OOB1–2 and the �-helix (switched from OOB3–4). Muta-
tion of A213W completely breaks up the interactions between
the OOB3–5, Loop C, and the C-terminal tail and successfully
opens the cofactor-binding site, but at the same time, interac-
tions fromOOB1–2 still exist. The crystallization pattern of PR
complex with NADPH shows that the loop bridging OOB1 and
OOB2 from the neighboring molecule partly occupies the
active site and the substrate-binding site (supplemental Fig. S4).
Our observations may explain why our trials to obtain the ter-
nary complexes of PR, cofactor, and substrates failed.
Kinetics of PR and Structural Changes—PR does not display

classical Michaelis-Menten kinetics. When the activity of wild
type PR was measured at constant substrate (4-nitrobenzalde-
hyde) concentration andNADPHconcentrationswere varied, a
sigmoidal velocity (v) versus [substrate] plot was obtained (Fig.
6). This result points toward cooperative binding of NADPH
(Hill coefficient � 1), which may lead to the enhanced reduc-
tase activity of the enzyme. The increase in vmay be accounted
for the significant conformational change of PR, which we

FIGURE 4. Structure comparison of apo (pink) and holo (gray) forms of PR. A, superimposed apo and holo forms of PR to show the movement of Loop B upon
NADPH binding. Loop B is shown in purple in the PR apo form and in cyan in the holo form. B, superimposed apo and holo forms of PR to show the
conformational change and movement of two �-strands (OOB3– 4), which switched to one �-helix upon NADPH binding. C, surface presentation of the apo
form of methylated PR displays the “closed” conformation. D, surface presentation of the holo form of methylated PR illustrates the “open” conformation upon
NADPH (green) binding. The residues that mark protein movement Phe92 and Gly214, are in blue and orange. The residues that change position and conforma-
tion (residues 205–219) are in yellow. The active site (Asp52, Tyr57, Lys84, and His126) is in red.
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observed for the NADPH-bound structure (Fig. 4). The cofac-
tor likely opens the entry to the active center of PR, which rap-
idly and immediately triggers the reduction of the substrate.

The NADPH-induced conformational changes are consistent
with an ordered bi-bi reaction mechanism, (in which cofactor
binds first and leaves last), which is observed in other AKRs (13,
30). Once the second substrate binds, reduction likely utilizes
the conserved catalytic tetrad of Tyr, Lys, His, and Asp that lies
at the base of the substrate-binding site (40).
Classification and Aspects of Evolution—Multiple sequence

alignment and phylogenetic analyses established PR as an
AKR13 family member, founding the new subgroup of
AKR13D (Fig. 7). PR is also the first plant enzyme in this family
that up until now only contained proteins of bacterial and fun-
gal origin. Blast analyses indicate that PR type proteins are
absent from the animal kingdom. Furthermore, screening of
the NCBI database identified putative PR homologs in a diver-
sity of higher plant species, e.g.Medicago truncatula,Arabidop-
sis thaliana, Oryza sativa, Zea mays, and Picea sitchensis.
Alignment of R. serpentina PR and these putative homologs
showed high sequence conservation with 	70% of the residues
being identical. In comparison, strictosidine synthase (STR1),
the first enzyme in the biosynthetic pathway tomonoterpenoid
indole alkaloids (Fig. 1) (41), appears to be far less conserved.
Sequence identity between well characterized Rauvolfia STR1
and its putative homologs in the species listed above was only

FIGURE 5. Cofactor binding mode of PR. A, overall structure of methylated His6-PR-A213W complexed with NADPH (green) is shown in a similar orientation as
in Fig. 2A. The nicotinamide riboside moiety of NADPH (black) is disordered in the crystal. The catalytic tetrad (Asp52, Tyr57, Lys84, and His126) is in stick
presentation (cyan). B, a close-up of the catalytic site of methylated His6-PR-A213W with bound NADPH (green). The observed electron density (final 2Fo � Fc)
for NADPH was contoured at 1 �. Tyr204 (pink) is the conserved planar aromatic amino acid that in other AKRs stacks with the nicotinamide ring (compared with
A, rotated by 180°). C, NADPH binding in PR. The modeled nicotinamide riboside moiety of NADPH is in black. The position of Asn, which is strictly conserved
in other AKRs but absent in PR, is shown with a red circle. The amino acids which are involved in cofactor binding of PR but differ from the highly conserved
amino acids found in other AKRs, are in red. D, NADPH binding in a typical AKR (3�-hydroxysteroid dehydrogenase) (38).

FIGURE 6. Plot of initial velocity (v) versus NADPH concentration
observed for the reduction of 4-nitrobenzaldehyde catalyzed by PR.
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	40%. However, because of the high sequence diversity of pro-
teins such as STR1 that feature a six-bladed �-propeller struc-
ture and their lack of functional characterization, these putative
homologous proteins identified in silicomay not be functional
STR1 orthologs (42). Consequently, STR1 and the strictosidine
pathway would be absent in those species that otherwise seem
to harbor a well conserved PR. These observations and thewide
spectrum of PR substrates (6) suggest that although PR is
involved in the secondary metabolism of strictosidine in Rau-
volfia, it may play additional roles in other well conserved bio-
synthesis pathways in higher plants.
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