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ABSTRACT. Tropinone reductase-Il (TR-Il) catalyzes the NADPH-dependent reduction of the carbonyl
group of tropinone to #@-hydroxyl group. The crystal structure of TR-Il complexed with NAD&nd
pseudotropineg-tropine) has been determined at 1.9 A resolution. A seven-residue peptide near the
active site, disordered in the unliganded structure, is fixed in the ternary complex by participation of the
cofactor and substrate binding. Thetropine molecule is bound in an orientation which satisfies the
product configuration and the stereochemical arrangement toward the cofactor. The substrate binding site
displays a complementarity to the bound substraterépine) in its correct orientation. In addition,
electrostatic interactions between the substrate and Glul156 seem to specify the binding position and
orientation of the substrate. A comparison between the active sites in TR-Il and TR-I shows that they
provide different van der Waals surfaces and electrostatic features. These differences likely contribute to
the correct binding mode of the substrates, which are in opposite orientations in TR-Il and TR-Il, and to
different reaction stereospecificities. The active site structure in the TR-Il ternary complex also suggests
that the arrangement of the substrate, cofactor, and catalytic residues is stereoelectronically favorable for
the reaction.

Tropinone reductase-ll (TR-Il, EC 1.1.1.236) is a key Scheme 1

enzyme in the biosynthetic pathway of tropane alkaloids o 8

which include medicinally important compounds such as HeNG
hyoscyamine (atropine) and cocaine. TR-Il catalyzes an S5—
NADPH-dependent reduction of the 3-carbonyl group of 6 ! \
tropinone to g-hydroxyl group and produces pseudotropine Tropinoneo
(y-tropine; Scheme 1). The enzyme fr@atura stramonium

is a dimer of identical 28 kDa subunit)( The deduced NADPH

sequence of TR-Il indicates that this enzyme is a member TRl TRl
of the short-chain dehydrogenase/reductase (SE:R)ily. NADP*

catalytic activities 2).

There is another tropinone reductase in the metabolic
pathway, tropinone reductase-l (TR-l, EC 1.1.1.206). TR-I Tropine y-Tropine
reduces the same substrate tropinone but produces tropin
with an a-hydroxyl group, which has a different diastereo-
meric configuration from the product of TR-Il (Scheme 1).

Members of this family have a highly conserved Tyr-X-X- Hae—N Hoe—N
X-Lys sequence which is thought to be essential for their % N
OH
H

pDespite this difference of reaction stereospecificity, TR-II
and TR-I share 64% identical amino acid residu®s lfave
similar K, values for NADPH, and catalyze thgro-S

Th dinates have been d red with the Brookh Brote hydride transfer to tropinonel). Therefore, it is of interest
€ coordinates have been deposited wi € brooknaven rrotein i i i i
Data Bank for immediate release (accession code 2ae?). to elucidate the structural basis for the reaction stereospeci

* To whom correspondence should be addressed. ficity and substrate specificity of both TRs.
§ Kyoto University. Crystallographic analysis of TR-1l and TR-I has revealed
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UESRE. enzymes §). The architectures of NADP(H) binding sites
#Nara Institute of Science and Technology. in both TRs are also similar, suggesting similar binding
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chain dehydrogenase/reductase; TR, tropinone reducjas@pine, tures; TR-1I and TR-I presumably bind their substrates in
pseudotropine. different orientations toward thero-Shydride of NADPH
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in order to catalyze the production of different tropine Table 1: Statistics of Data Collection and Structure Refinement

isomers. Further crystal structure analysis is heeded to prove

this presumption and to reveal the detailed architecture
required for substrate binding.

The NADPH-dependent oxidoreduction of TRs is likely
to proceed by a sequentiaHi mechanism with the enzyme
binding the substrate and cofactor simultaneously. To
elucidate the important intermolecular interactions relevant
to the catalytic mechanism, it is necessary to analyze

structures of TRs complexed with both the substrate and the

cofactor at high resolution. There are four possible combina-
tions of a cofactor and a substrate for making a ternary
complex of TR: in the TR-II case, (a) NADPH and tropinone
(the forward reaction complex), (b) NADRandy-tropine
(the reverse reaction complex), (c) NADRNd tropinone
(a nonproductive complex), and (d) NADPH apetropine
(another nonproductive complex). It has been reported that
the rate of the reverse reaction of TR-II is much slower than
that of the forward reactiordj. Thus it is expected to make
a stable productive complex of TR-Il with NADPand
y-tropine (combination b).

In this study, we have determined the structure of TR-II
from D. stramoniuncomplexed with NADP andzy-tropine
at 1.9 A resolution. This structure reveals the substrate and

(1) Data Collection

space group P6,22

cell dimensions (A) a=b=288.6
c=338.3

subunit/asymmetric unit 2

Vi (A%Da) 3.39

Vsl (%) 63.7

resolution (A) 1.9

observed reflections 195899

unique reflections 54120

completeness (%) (overall/last shell)
Rmergd (%) (overall/last shell)

85.6/77.9 (£:930 A)
8.4/24.7

(2) Refinement

cofactor binding mode in the enzyme. The structure also
indicates that ligand binding orders a peptide in the active
site that is unobservable in the apoenzyrBe The active
site structure provides an insight into the architecture of the
TR-Il active site for its stereospecific oxidoreduction.

MATERIALS AND METHODS

Crystallization. TR-II from D. stramoniunwas expressed
in Escherichia coliand purified as previously described) (
y-tropine was synthesized and purified according to the
published procedurer).

Crystals of the TR-II ternary complex were obtained by
cocrystallization with the ligands using the hanging-drop
vapor diffusion method. Two microliters of the protein
solution (15 mg/mL TR-II, 4 mM NADP, 20 mM-tropine,

5 mM Tris-HCI, pH 7.5, and 1 mM DTT) was mixed with

2 uL of the reservoir solution (0.1 M HEPES, pH 7.5, 1.7

M Li,SQ,, and 1 mM DTT) to form a hanging drop, and the

drop was equilibrated over 1 mL of the reservoir solution at
20 °C. K, values for the substrates and cofactors of TR-II

resolution (A) 10.6-1.90
protein atoms 3950
ligand atoms 116
water molecules 236
R-facto/Ryee (%) 17.2/20.6
rms deviations
bond length (A) 0.007
bond angles (deg) 1.275
dihedral angles (deg) 23.836
improper angles (deg) 0.806
averageB (A?)
main chain 16.0
side chain 20.7
solvent 32.3
@ Rmerge = || — V1. P Rfactor = ||Fo| — |F¢||/|Fo| (5% randomly

omitted reflections were used f&ee).

Data collection and processing statistics are presented in
Table 1.

Structure Determination.The structure of the TR-II
complex was solved by molecular replacement with AMORE
(10), using the coordinates of the TR-Il apoenzyme deter-
mined with the multiple isomorphous replacement method
(5) (PDB entry 2ael) as a search model. A single subunit
was used. A cross-rotation function, calculated from the data
in a 10-3.5 A resolution range, showed two prominent peaks
with heights of 9.&r and 6.9%. During the translational search,
both enantiomeric space group§;22 andP6s22 were tried,
and clear solutions for both rotation functions mentioned
above were detected in space groBf;22. One of the
solutions was fixed, and the search for the other translational
solution was repeated. The model was refined as two rigid
bodies using AMORE with a correlation coefficient of 0.734
and arR-factor of 31.9% for the range of 8.5 A. Electron
densities for the bound NADRy-tropine, and residues from

have been reported as several tens to hundreds micromolangs to 201, which were not included in the search model

range under a physiological conditiod)( Single crystals
(approximately 0.8« 0.4 x 0.4 mm) were harvested after 2
weeks. These crystals have a space groupGe?2 or P6s-
22 and unit cell dimensions af = b = 88.6 A andc =
338.3 A (Table 1).

X-ray Data Collection and Processini-ray diffraction
data of the TR-Il complex crystals were collected on the
ID14/EH3 beamline at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) at room temperature with
a wavelength of 0.918 A using a 40 80 cm Fuji imaging
plate detector. The crystal to film distance was 360 mm and
the detector  angle was 0. The oscillation range was’3

coordinates, were clearly defined at this stage. The model
of the residues from 195 to 201 was built with TURBO
FRODO (11). Refinement was carried out using X-PLOR
3.851 (2). In subsequent positional refinement and group
B-factor refinement, NADP and v-tropine models were
included to fit the Fourier maps. The coordinates, parameter
file, and topology file fory-tropine were generated using
QUANTA and CHARMm (Molecular Simulations Inc.). The
model was then subjected to several cycles of positional
refinement, individuaB-factor refinement, and rebuilding
against data in the resolution range of-109 A. Water
molecules were included using WATERHUNTER3]. The

and the exposure time was 60 s (two passes of 30 s exposuregeometry of the model was monitored throughout the

The data up to 1.9 A resolution were processed with DENZO
and SCALEPACK 8). The final data set was put on a quasi-
absolute scale using TRUNCATE of the CCP4 pack&je (

refinement using X-PLOR and PROCHECK4). Statistics
on the refinement and the model geometry are presented in
Table 1.
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FIGURE 1. Superposition of the subunit structures of the unliganded TR-Il and FRADP*—1-tropine complex. Coordinates were
superimposed using the program LSQKA®.(The Gx backbones of the unliganded TR-1l and the ternary complex are shown in light gray
and dark gray, respectively. The positions of residues 194 and 202 are shown. Tyr155, Glu205, bourtd &apPtropine are illustrated

in ball-and-stick models. The figure was generated by MOLSCRBJ. (

Measurement of the NADPH Content in Reaction Mix- elucidated structure of the TR-Il complex (and therefore its
tures.The amount of NADPH in reaction mixtures of TR-1l  ligands) is considered to reflect that of TR-II in solution at
was measured spectrophotometrically. Reaction mixtures Athe equilibrium state. Thus, we estimate the ratio of the
(0.1 M HEPES, pH 7.5, 1.7 M L8Oy, 1 MM DTT, 4 mM substrates to the products in the crystal from that of reaction

NADP*, 20 mMy-tropine, and 1.0 or 5.0M TR-Il) and B mixtures. TR-II in solution was allowed to react to reach
(0.1 M HEPES, pH 7.5, 1.7 M k8O, 1 mM DTT, 4 mM the equilibrium in two different conditions: one which is
NADPH, 20 mM tropinone, and 1.0 or 54M TR-II) were similar to the crystallization condition (the reverse reaction

allowed to reach an equilibrium state at 20 for several condition) and another which is similar but containing
days. The NADPH concentration of each solution was NADPH and tropinone instead of NADRindy-tropine (the
calculated from the absorbance at 340 nm using a molarforward reaction condition). Then NADPH contents in these

absorption coefficient of 6200 M cm™2. solutions were measured. Both solutions of the reverse and
forward reaction conditions reached an equilibrium about 4
RESULTS AND DISCUSSION days after the reaction began, and they exhibited a similar

NADP*/NADPH ratio; the proportions of NADPH to the
total dinucleotide contents in both the reverse and forward
reaction conditions were 4.1% after 10 days of incubation.
The results suggest that more than 95% of the TR-Il molecule
in the crystal existed as a complex with NADRand
y-tropine. Thus NADP and y-tropine models rather than
NADPH and tropinone models were used in the refinement
process and further discussion.

Description of the StructureThe TR-Il dimer is very
symmetrical and the & coordinates of the two subunits
(hereafter referred to as subunits A and B) are superimposed
with a root-mean-square deviation (rmsd) of 0.14 A,

Ternary Complex of TR-IThe ternary complex including
TR-Il, NADP*, and y-tropine was crystallized under a
completely different condition from that of the unliganded
TR-Il, and it gave crystals with different space group and
cell parameters. Although the unit cell dimensions were large
and the solvent content was rather high (Table 1), the crystals
diffracted well to a high resolution, 1.5 A, on the third station
of beamline ID14 at the ESRF. The diffraction data up to
1.9 A resolution had sufficient accuracy and allowed an
analysis of the structure. The final model of the TR-II
NADP*—y-tropine complex was a dimer including all
residues except for the first N-terminal residue, which was N _
found to be cleaved after purification frokh coli (data not Therefore, the structure O_f subunit A is con5|der_ed repre-
shown). The model was refined to Rifactor of 17.2% and sentative of the two subunits hereafter. The subunit structure

- f the ternary complex is shown in Figure 1; it is e/
Riee Of 20.6% for the reflections between 10.0 and 1.9 A 0 . )
resolution. The model has 91% of the residues in the mostdOUny wound protein with a Rossmann fold for NADPH

favored Ramachandran regions with no residue in the b_inc_iing. Overall, the structure of the ternary comp!ex s

disallowed regions similar to that of the unliganded TR-I6) and has essentially
The ligands of the TR-Il ternary complex were assumed the same segondary structure assignments. A supt_erposition

to be in a certain equilibrium state between substratesOf the subunits of the ternary complex and the unliganded

+ _ i i-
(NADP* andy-tropine) and products (NADPH and tropi 2The NADPH content plateaued between 4 and 10 days, and after

none) of the reverse reaction. Since TR-Il has catalytic 19 days of incubation, the NADPH content proceeded to decrease due
activity even in the crystalline state (data not shown), the to its decomposition.
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FIGURE 2: (a) Stereoview of the electron density map at 1.9 A resolution for the ligands, NAdbly-tropine at the active site in subunit

A. The Fo —

F. omit map, contoured at the 3Hevel, was calculated with the refined model excluding the ligands. The figure was

produced with TURBG-FRODO (11). (b) Stereoview of they-tropine and NADP binding sites-tropine (above) and NADP(below)

are illustrated in thick lines. The figure was generated by MOLSCRBJ. (

structure using 252 out of the 259 residues showed an rmsd2b. The NADP molecules bind at the bottom of the cleft
between @ atoms of only 0.41 A (Figure 1). between the small lobexG'"' andaG') and the core domain

This ternary complex further revealed the structure of the (the remaining main part with the Rossmann fold, defined
protein backbone and side chains between residues 195 anih ref 5). The NADP' is found in an extended conformation.
201. These residues, which are disordered and not modeledrhe nicotinamide ring is in theynconformation and has its
in the unliganded TR-II structure, were clearly visible in the B face oriented toward thg-tropine, consistent with pro-S
electron density map of the complex and were modeled ashydride transfer. Both ribose rings have the'-@8do
ana-helical structure. The corresponding peptide in the TR-l puckering.

structure is also a helixeG" (5). Thus we define this
segment agG"'. This helix is connected t8F (N-terminal
side) andaG' (C-terminal side) with two loop regions,
Gly190-Thr194 and l1le201Asp203, respectively. The
length of aG" is three residues shorter than TR-I, and the
C-terminal side loop is longer instead.

NADP* Binding SiteThe electron density corresponding
to NADP* andy-tropine was very well defined (Figure 2a).
A close-up view of their binding sites is shown in Figure

Figure 3 shows the environment of the NADBinding
site. The nicotinamide ring and pyrophosphate moiety make
polar interactions with the main chain of 1le192 and the side
chains of Thr194 and Ser195. These residues are located in
the N-terminal side loop or the N-terminal partod®”. These
interactions are likely to be responsible for holding the loop
structure, and therefore the positiona®" is fixed in the
complex. In addition, Glu205, which is the N-terminal
residue ofaG' and interacts with an adjacent subunit in the
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domain, directly above the B face of nicotinamide ring of
H NADP* molecules. The electron density map showed the
o NH” piperidine ring to be in the chair form with the Gldroup
3_10'%3 oa"'é.as on the nitrogen atom in equatorial position with respect to
Hgﬁ this ring. The conformation of-tropine in the b_inding _site
a0 50 N HO was the same as that of the structure of fezopine, which
O'H.‘.' N N OH g \(/\éa; determined independently with X-ray crystallography
-..‘.. o ", .

76 *

The binding site shows a high degree of complementarity
to the substrate (Figure 4a). The total buried surface for
@ m y-tropine is 299 A& which is 98% of the surface area for

O=P=0 % freey-tropine. The binding site has a pocket which comple-

‘ 0 ments the C6C7 methylene bridge of the substrate at the
corresponding position. If the substrate were bound to the
active site in the opposite orientation, steric clashes between
the methylene bridge and residues in the binding site, such
as Glul56, would occur. The van der Waals contacts between
a substrate y-tropine or tropinone) and TR-II likely
contribute to proper substrate orientation.

The binding site is mainly surrounded by hydrophobic
residues (Vall47, Vall91, Leul96, Val197, Leu210, Leu213),
most of which are located in helicesG" (195-201) and

Leu196 /NH3 -

\H NF_ ) oG (204-210) (Figure 4b). Since these residues are
Cys65 | positioned near the nonpolar part ftropine, such as the
‘ methyl group and the methylene bridge, a significant part
FiGure 3: Schematic view of the interactions of NADRith TR- of the binding energy is likely to be derived from these

||: Possible hydrogen_ bonds a_lre indicated W_ith dashed lines. The hydrophobic interactions. Furthermore, Glul56 is located
distances (observed in subunit A3.4 A) are in angstroms. near the amine moiety of the substrate (the distance between
the carboxyl group of Glul56 and the amine moiety of the
substrate is about 2.8 A). The electrostatic interaction be-
tween the positive charge of the amine moiety of the substrate
and negative charge of Glul56 is likely to fix the position

unliganded crystal, makes a hydrogen bond with Tyrl55
located in the core domain of the same subunit in this
structure (Figure 1). We suggest that this interaction acts as

ahlock for tk|1e prg_per pc;]siti:qr]inghqf;]Gf' iln the gompleﬁ. of the substrate, which is orienting its side (the opposite
These resu tS. N .|cac;[.e t d aw h'? 'z oca;e near tdeh side of the seven-membered ring from the methylamine side)
TR-Il active site, Is disordered while the substrate and the .44 thepro-Shydride of NADPH. This binding orienta-

cotjactor dlo not ﬁ'nd at the_ actlr\]/e 5||tqe an? becobme;\js f'ﬁd tion of the substrate is essential to produce fkheydroxyl
and completes the active site when the cofactor binds. This o, i tropinone reduction of TR-II. The-tropine binding

fixed O‘.G” IS altqlsobconzdert:ed to prO\;]I_d(;J] necessary c?mprI]e— mode observed in this structure is in accordance with the
mentarity to the bound substrate, which is important for the assumption from the unliganded structug. (

substrate recognition (described below). This TR-Il ternary complex also enables us to discuss
The 2-phosphate group of the adenine ribose of NADP jfferences of the active site structures between TR-Il and
makes electrostatic and hydrogen-bonding interactions withtr_| |n TR-I, the substrate is assumed to bind in the “upside-
Arg19 and Arg4l. The side chain conformations of these gown” orientation relative to the substrate in TR-Il in order
residues are changed from those found in the unliganded TR form a product (tropine) with a configuration different
IIl. The side chain of Argl9 interacts with Thrl194 in the fom that of the TR-II producty-tropine) €). Figure 4c
unliganded structure, in whiottG" is disordered and is Nt shows the active site in TR-I with tropinone binding in the
positioned properly for catalysis. In the ternary complex, predicted orientation. The TR-I active site also shows
however, the side chain of Argl9 flips toward thé 2 complementarity to the substrate. If tropinone were bound
phosphate group. Consequently, the @sition of Thr194 {5 TR.| in the opposite orientation, it would not fit well in
moved by 1.18 A toward the active site from the position in the binding site and it might be difficult to maintain the
th.e unliganded structure. Removing the interaction of Arg19 ~qrrect geometry for the reaction. As shown in Figure 4, the
with Thr194 may also be necessary to alla@" to take  yropinone binding site in TR-I has a different shape compared
the proper geometry for catalysis. The side chain of Arg41 g that of TR-II, and this difference arises from different kinds
also tilts toward the Zphosphate group. The distances of residues at the corresponding positions such as Leu165
between the guanidino group of Arg4l and the phosphate (TR-1) and Val153 (TR-II), 1le223 (TR-I) and Leu210 (TR-
group of NADP" are about 2.8 A (Figure 3). II), and Phe226 (TR-I) and Leu213 (TR-Il). These results
Other interactions with NADP present in this structure  indicate that TR-Il and TR-I exhibit several different amino
are similar to those in the TR-I structure complexed with acid residues in their active sites to provide complementarity
NADP™ (5) or structures of other SDR enzymes complexed to the substrate structures in their different correct binding
with cofactor or with both cofactor and substrald{22). orientations. The substrate orientations in TRs are further
y-Tropine Binding SiteThe y-tropine molecules were  supported by the electrostatic interactions. Glu156 in TR-l,
found in the cleft between the small lobe and the core which plays a key role to fix the substrate with an
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Ficure 4: Importance of complementarity between the substrate and the active sites of TR-1l and TR-I for stereospecific recognition. The
model of tropinone, the common substrate for the forward reaction of both TRs, is predicted and shown as the bound substrate in order to
compare the binding sites of TR-Il and TR-I. (a) Dotted van der Waals surfaces of the active site cavity in TR-Il. The tropinone model is
built using the tropane ring of boung-tropine in the TR-II ternary complex. Surfaces of the active sites are shown in purple and those of
tropinone in yellow. Abbreviations: NAP, NADR TPO, tropinone. (b) Schematic view of the active site in TR-1I. Tropinone is illustrated

in thick lines. The arrow indicates the viewing direction of panel a. (c) Dotted van der Waals surfaces of the active site cavity in TR-1. The
model of the tropinone molecule bound in TR-l was constructed as follows: the tropinone model of TR-Il shown in panel a was turned
over, and the plane of its carbonyl group is superimposed with the original one so as to maintain the geometry of the plane of the carbonyl
group toward thepro-S hydride of NADPH and the catalytic tyrosine residue, Tyrl71. Other settings are the same as in panel a. (d)
Schematic view of the active site in TR-I. The arrow indicates the viewing direction of panel c. Panels a and ¢ were generated with
TURBO—FRODO (1).

electrostatic interaction, is replaced by Val168 in TR-1, and of the substrate and compensate for the disadvantage of
Tyrl00 in TR-Il is replaced by His112 in TR-I. Even if the weaker electrostatic interaction (charge repulsion). In other
substrate in TR-I binds with the same orientation as in TR- words, TR-Il has stronger electrostatic interaction (charge
I1, the positive charge of His112 may cause charge repulsionattraction); therefore, it adopts a loop structure, which is more
with the substrate. The binding orientation of the substrate flexible and facilitates the turnover.

in TR-1is therefore fixed to the opposite of that in TR-II. In Enzymes of the SDR family including TR-I and TR-II
addition, the difference of electrostatic interactions in TR-1l contain a highly conserved Ser-Tyr-Lys triad at the active
and TR-1 might be responsible for the lengthad®"”. TR-I site, and mechanistic proposals have focused on the central
has about one turn (three residues) longét' than TR-II, role of these residues in catalysiss¢-18, 20, 22, 24, 2b

and the C-terminal residues inG" interact with the These conserved residues are in fact located around the
N-terminal residues inG'. This interaction is likely to hold ~ hydroxyl group ofy-tropine in the ternary complex of TR-
the position olnG" and to make the binding site more rigid. 1l (Figures 2b and 4b). The distance between the hydroxyl
Thus the active site in TR-1 might provide proper binding group ofy-tropine and Tyr159 @ (2.71 A) suggests that
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Ficure 5: Scheme of the proposed mechanism yotropine
oxidation. (a) The reaction implies the transfer of theropine
O3 proton (k) to Tyrl59 Q; and the nucleophilic attack of the
y-tropine C3 hydride (Id) on the nicotinamide C4 of NADP The
description in terms of the ybridized lone pair is used as the
nonbonding electron pairs of oxygen. (b) Orthogonal view of (a)
along the O3-C3 bond ofy-tropine. The spatial organization of
TR-II catalytic residues, NADP, y-tropine, and the orbitals of lone
pair electrons on the oxygen are illustrated.

Yamashita et al.

computational methods, and in most cases this angle was
calculated as obtuse angles between®l@ad 119 (28—
30). Thus the N-C4—Hc angle seen in the TR-Il ternary
complex is appropriate for the hydride attack on the NADP
nicotinamide ring. The reaction pathway for the reverse of
the reaction is the exact opposite of the pathway for the
forward direction. These results suggest that the arrangement
of the substrate, the cofactor, and the catalytic residues is
stereoelectronically favorable for the reaction proceeding.
The structure of TR-Il complexed with NADPand
y-tropine revealed the active site architecture of this enzyme
and the structure of the bound substrates. The part of the
active site in TR-Il,aG", that is flexible in the unliganded
enzyme is observed as ordered structure in the ternary com-
plex. Therefore, the active site seems to be arranged properly
for the catalytic reaction only after the substrates bind. The
active site architecture also provides the complementarity
between the active site and substrates to maintain its
stereospecificity and to make the catalytic reaction favorable.

Tyrl59 should be able to act as a general acid/base catalySACKNOWLEDGMENT

in the TR-II active site. Ser146 is within hydrogen-bonding
distance to the hydroxyl group gf-tropine from the opposite
direction of Tyr159. The distance between Lys163 &hd
Tyr159 Oy is 4.32 A, and Lys163 could reduce thipoof
Tyrl59 by electrostatic interaction. In addition, Lys163 is
also responsible for NADP binding (Figure 3b). These

observations are in agreement with the mechanism proposed . . : . L
g prop gProcessing with 1 figure and 1 table. This material is

in other SDR enzymes. The three catalytic residues are als
structurally conserved in TR-BJ.

Active Site Architecture and Implication for Catalysiis
TR-Il ternary complex structure also sheds light on the
catalytic mechanism for the oxidation ap-tropine to
tropinone, as the spatial organization of all participants is
now completely defined. The reaction implies the proton
transfer to Tyr159 @ from the hydroxyl group ofp-tropine
and the nucleophilic attack of the hydride at C3 on C4 of
the nicotinamide ring of NADP (Figure 5a). Since hydrogen

positions cannot be seen in electron density maps, we made 4

models of hydrogen atoms on O3 or on C3, defined gs H
and H., respectively, using QUANTA (Molecular Simula-
tions Inc.) with the theoretical ©H or C—H bond length.
The position of the I atom could be modeled unequivocally
with the tetrahedral coordination of the carbon atom. Though
the C3-03 bond can rotate freely, theskhtom was assumed
to be at the closest position to Tyr159 Gsince the proton
transfer is likely to occur under these conditions. The
hydrogen placed in this way was 1.75 A apart from Tyr159
Ony in subunit A.

The dihedral angle between E€3—03—Ho is observed
as 47.3. In this geometry, the orbital of the lone pair of
electrons on O3 is likely to be neanti-periplanar to H,
which is an energetically favorable conformation for elimina-
tion of Hc, proposed as stereoelectronic effe§,(27
(Figure 5b). In the ternary complex, the side chain of Tyr159
changed its conformation slightly from the unliganded
structure (the difference of thg angle is—6.0°) and seems
to take this favorable position because of the interactions
with y-tropine O3 and NADP O2N. Furthermore, the angle
between N-C4—Hc is observed as 101°4(Figure 5b).
Attack angles in model hydride transfer reactions and in

dehydrogenase reactions have been calculated by various

We thank Dr. B. L. Stoddard (Fred Hutchinson Cancer
Research Center) for critical reading of the manuscript.

SUPPORTING INFORMATION AVAILABLE

A detailed description of X-ray data collection and
available free of charge via the Internet at http://pubs.acs.org.
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