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ABSTRACT: To understand the catalytic mechanism of an enzyme, it is crucial to determine the
crystallographic structures corresponding to the individual reaction steps. Here, we report two crystal
structures of enzymesubstrate complexes prior to reaction initiation: tropinone reductase-Il (FR-II)
NADPH and TR-I-FNADPH-—tropinone complexes, determined from the identical crystals. A combination

of two kinetic crystallographic techniques, a continuous flow of the substrates and Laue diffraction
measurements, enabled us to capture the transit structures prior to the reaction proceeding. A structure
comparison of the enzymesubstrate complex elucidated in this study with the enzypreduct complex

in our previous study indicates that one of the substrates, tropinone, is rotated relative to the product so
as to make the spatial organization in the active site favorable for the reaction to proceed. Side chains of
the residues in the active site also alter their conformations to keep the complementarity of the space for
the substrate or the product and to assist the rotational movement.

An enzyme structure determined by X-ray crystallography Scheme 1
is both temporally and spatially averaged. Since most 0 (i (i) W)
enzymatic reactions are completed in less than a second, Haon ormard Hyon
which is much shorter than the period of time required for . reacign . .
data collection, the visualization of discrete steps in an TR!I*NADPHY S5, «——FEP Py «—TRII+ NADP *h oH
enzyme-catalyzed reaction is highly unlikely under normal o Jhdteied
conditions (). Indeed, most published structures of enzyme ) "°’("S"°)“e © e “""(f")“’"e
substrate complexes are nonproductive complexes, with 1 2 1 2
substrate analogues or inhibitors, or with mutant enzymes. . )
To understand the detailed catalytic mechanism, we shouldtroPinone to g-hydroxyl group and produces pseudotropine
obtain the structure of the productive enzyrsebstrate  (¥-tropine; Scheme 1). TR-Il is a 260-residue homodimeric
complex, the so-called true Michaelis complex. enzyme mainly found in the biosynthetic pathways of tropane

Tropinone reductase-l (TR-II: EC 1.1.1.23@atalyzes alkaloids in some medicinal plant®,(3). The deduced

. . sequence of TR-II indicates that this enzyme is a member
the NADPH-dependent reduction of a carbonyl group of of the short-chain dehydrogenase/reductase fargjlyThe

first crystallographic structure of TR-Il was reported together
#The atomic coordinates and the structure factors have beenwith the structure of tropinone reductase-l, a homologous

deposited in the Protein Data Bank, www.rcsb.org [PDB codes lipe i ; ihi ;
(TR-Il~NADPH complex) and 1ipf (TR-H NADPH--iropinone com- protein that also reduces tropinone but exhibits a different

plex)]. reaction stereospecificityd].
* Corresponding author. Phone:81-791-58-1825. Fax:+81-791- In the process of the TR-II catalytic reaction, four states
58-1826. E-mail: katohiro@spring8.or.jp. of the enzyme can be identified as described below since an

§ Structural Biochemistry Laboratory, RIKEN.

1K ey enzymatic NADP(H) oxidoreduction is described as a one
yoto University. . . . .
% Rigaku Corporation. step reaction with an ordered mechanism: (i) E, the free
" Membrane Dynamics Research Group, RIKEN. enzyme; (ii) ESS,, the enzyme with the substrates [NADPH
@ Nara Institute of Science and Technology. (Sy) and tropinone (§] prior to reaction initiation; (iii) ERP,
#Fukui Prefectural University. th ith th ducts INADRP dw-tropi
L Abbreviations: TR-Il, tropinone reductase-i:tropine, pseudot- € enzyme wi € products [ R 1)_ andy-tropine
ropine; E, the free enzyme state of tropinone reductase;/INSDPH; (P,)] just after the reaction is completed; and (iv) the free

$, tropinone; R, NADP*; P,, pseudotropine; ES;, tropinone reduc-  enzyme again after releasing the products (Scheme 1). The

tase-I-FNADPH—tropinone complex (the enzymsubstrate complex ; _ ;
state): ERP,, tropinone reductase-HNADP" —pseudotropine complex crystallographic structures of TR-II determined thus far were

(the enzyme-product complex state); EStropinone reductase-H either in an unliganded forn#] or complexed with NADP
NADPH complex. andiy-tropine 6). The former would be regarded as the free
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Table 1: Laue X-ray Diffraction Data and Refinement Statistics

Data Statistics

first data (TR-I-FNADPH)

second data (TR-HNADPH—tropinone)

solution condition 4 mM NADPH
space group P6,22
cell dimensions a=b=886A
c=338.9A
images () 7
reflections
observedif) 149781
unique €) 24 496
redundanc¥(n) 6.11
completeness arg-mergé (%) compl
0—5.39 A 81.5
5.39-4.28 A 87.4
4.28-3.73A 86.8
3.73-3.39A 86.6
3.39-3.15A 86.7
3.15-2.96 A 87.5
2.96-2.82 A 86.2
2.82-2.69 A 87.2
2.69-2.59 A 86.5
2.59-2.50 A 82.8
cumulative 85.9
Refinement
resolution (A) 16-
10-25A
R-factor/Ryee

rms deviations
bond length (A)
bond angles (deg)
dihedral angles (deg)
improper angles (deg)

4 mM NADPH 110 mM tropinone
P6,22

a=b=886A
c=337.2A
7
155 667
24 567
6.34

R-merge compl R-merge
7.9 81.8 8.8
8.4 87.9 9.1
10.7 87.2 10.4
12.7 86.6 11.8
16.8 86.9 15.2
19.9 87.5 18.6
22.4 87.5 21.9
24.1 88.9 23.7
26.3 87.2 26.3
28.0 84.3 27.0
13.4 86.5 13.4

Statistics

25A

0.195/0.268 0.197/0.265

0.007 0.008
1.302 1.332
24.569 23.812
0.669 0.685

a Redundancy= number of observations/number of unique reflectidrR-merge= Y ||F|2 — <|F|?> |/3|F|3, calculated for singlet reflections.
¢ R-factor= Y ||Fo| — |Fc| |/3|Fo| (5% randomly omitted reflections were used Rike).

enzyme E state, and the latter as the enzypreduct
complex ERP, state. To elucidate the catalytic mechanism
of TR-II in detail, it is crucially important to know the
structure of enzymesubstrate Michaelis complex, the 53
state. Here, we present the structure of the TRNADPH—
tropinone complex, the BS, state Michaelis complex,
together with the TR-HNADPH complex structure at 2.5
A resolution. To capture the structure of the Michaelis
complex, we applied a multiwavelength Laue X-ray diffrac-

the flow at room temperature. Then the same crystal was
irrigated with the same solution containing an additional 110
mM tropinone at a flow rate of 1.0 mL miA. After 15 min

of irrigation, the second data series (for TR-NADPH—
tropinone complex) was collected. For each series of
experiments, seven polychromatic X-ray exposures (30 ms
each) were recorded at different spindle axis positions, and
all exposures were carried out within 15 min. Under the
experimental conditions, the kinetic constants of TR-II as

tion method with a crystal saturated by a large excess of apparenK, for NADPH, for tropinone, andt., values were

substrate.

EXPERIMENTAL PROCEDURES

Laue Data Collection with Flow-Cell ExperimentR-II
from Datura stramoniumwas expressed and purified as
described previouslygj. The crystals of TR-II complexed
with NADPH were obtained by cocrystallization in the
presence of 4 mM NADPH using lithium sulfate as a
precipitant ). Laue diffraction data were collected at BL-
18B station, Photon Factory, at room temperature ‘@b
by the use of Weissenberg/Laue camera for macromolecula
crystals with 430 mm crystal-to-detector distance and Fuji
40 x 80 cm imaging-plates. The TR-Il crystal for data
collection was mounted in a flow cell (0.7 mm in diameter)
(7). In the first place, a solution containing 4 mM NADPH,
0.1 M HEPES-Na, pH 7.5, 2.0 M £$0O,, and 1 mM DTT
was passed across the crystal at a rate of 0.1 mLhim
ensure NADPH binding. The first data collection series (for
TR-11—NADPH complex) was started 15 min after initiating

171+ 2.5 uM, 94.9 + 4.8 uM, and 1.194+ 0.02 s?,
respectively (see below). Judged by these results, substrate
concentrations of the flowing solution and its flow rates in
this study were high enough to ensure the saturation of the
enzyme molecules in the crystal with the substrates and to
achieve the steady staté)( Also, the modest catalytic rate
allows substrate diffusion and binding events to successfully
compete with enzyme catalysis, enabling the accumulation
of the enzyme-substrate complex in the crystal.

Data Processing and Structure Determinatidrhe dif-
rfraction data were processed with the Daresbury Laue suite
of programs 8) with some in-house modifications by T.
Higashi. It is worth noting that the energy deconvolution
was performed based on Ren and Moffat's algorithg)) (
resulting in the uniform distribution of the completeness over
the resolution bins (Table 1). Structure refinement was carried
out with X-PLOR 3.851 10) using the atomic coordinates
of the TR-II-NADP*—y-tropine complex (PDB code:
2ae?) B). The parameter and topology files for NADPH and
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tropinone were generated with XPLO2D1j. Refinement and tropinone were determined by monitoring the enzyme
included rigid body, positional, and individual B-factor steps, activity with various concentrations of NADPH or tropinone
followed by manual rebuilding with TURBO-FRODQ2). at a fixed saturating concentration of tropinone (4 mM) or
Crystallographic occupancy estimation for the bound sub- NADPH (0.2 mM), respectively. The protein concentration
strates was carried out with a grouped, unrestrained oc-was determined according to Bradforti4) using bovine
cupancy refinement protocol in CN33) with settings of serum albumin as a standard. Kinetic constants were
each substrate molecule as a group, the occupancy value fodetermined by direct fitting to the Michaelid/lenten equa-
the other part at 1.0, and B-factor values fixed at the final tion with the Marquardt method.
refined values. The estimated occupancy values were not
included in the refinement process or the final models, and RESULTS AND DISCUSSION
1.0 was used instead. Data Collection StrategyTl he rate of the forward reaction
Single-Crystal Spectrophotometiylicrospectrophotomet-  of TR-II is much faster than that of the reverse reactidn (
ric measurement was carried out on a single TR-II crystal 15) (Scheme 1). To capture the structure of the TR-II
using PMA50 system (Hamamatsu Photonics, Japan) with aenzyme-substrate complex prior to the reaction proceeding,
Xe lamp and mirror objective lenses at room temperature. we adopted two strategies in the X-ray experiment: continu-
Spectra were collected using a 0.05 mm diameter light beamous supply of the substrates to the crystal and fast data
and exposure timesfol s with 100x integration per collection. Continuous supply of the substrates to the crystal
spectrum. Absorption spectra of (i) the TR-NADPH was required to secure binding of both substrates to the
crystal, (i) the TR-IEFNADPH—tropinone crystal with flow, enzyme, and this was accomplished by the continuous flow
and (iii) the TR-I-NADPH—tropinone crystal without flow  of NADPH and tropinone through the flow-cell at a fast flow
were measured with (a) the TR-INADPH crystal with a rate. The remarkably large solvent content (c.a. 69%) and
0.1 mL/min flow of a solution containing 4 mM NADPH, small intermolecular contacts around the active site in the
(b) the same crystal with a 1.0 mL/min flow of a solution crystal used in this study probably allow smooth substrate
containing 4 mM NADPH and 110 mM tropinone, 15 min diffusion and exchange in the crystal. In addition, we used
after initiating the flow, and (c) the same crystal 15 min after a slightly shifted reaction pH (pH 7.5) from the optimal pH
stopping the flow, respectively. Compositions of the solutions (around pH 5.3-6.5 2, 15)) to retard the catalytic rate of
and the other experimental conditions were the same as thos¢he enzyme and thus to enable the accumulation of the TR-
at the data collection. A reference spectrum was recorded atll enzyme-substrate complex in the crystal. The data
the same position of the crystal after completion of the measured from the crystal using a further shifted reaction
reaction and substitution with a solution containing 4 mM pH as pH 10.0, however, gave no clear electron density for

NADP* without tropinone.

NADPH concentration was calculated from the difference
absorbance at#o nm— A4zo0 nm The millimolar concentration
of the TR-II-NADPH—tropinone complexg, in the crystal
with the flow was evaluated from the following equation:

[{NADPH concentration in (i) (17.3 mMy
4 mM x solvent content in (i) (0.689)x d +
4mM x (0.7 mm—d))/[{c+ 4 mM x
solvent content in (i) (0.688)x d + 4 mM x
(0.7 mm— d)] = Abs(i)/Abs(ii)

by assuming the TR-HNADPH crystal (condition i) has
100% occupancy of NADPH, the concentration of NADPH
of the solution inside and around the crystal was 4 mM, the
diameter of the capillary was 0.7 mm, and the crystal
thicknessd, was 0.2-0.4 mm, as usually observed values.
The occupancy of the TR-HNADPH—tropinone complex

in the crystal with flow (condition ii) was calculated using
an enzyme concentration in the crystal of 17.4 mM. The
occupancy of the TR-HNADPH—tropinone complex in the
crystal without the flow (condition iii) was estimated from
the ratio of Abs(iii)/Abs(i), by assuming the crystal settled
to equilibrium and the NADPH/NADPratios in the crystal
and the surrounding solution were the same.

Enzyme Assay and Kinetic AnalysiBR-1I enzymatic
activity was measured spectrophotometrically by monitoring
NADPH oxidation at 340 nm using a molar absorption
coefficient of 6200 M* cm™* for NADPH. Reactions were
performed in 0.1 M HEPES-Na, pH 7.5, 2.0 M,50,, and
1 mM DTT at 15°C. The apparenk, values for NADPH

tropinone at the active site (data not shown). The flow-cell
method is also useful to collect several data sets from one
crystal under different conditions by changing the composi-
tion of flowing solution. Thus, we collected two data sets
from the same crystal in two distinct states, one in the
complex with NADPH and the other complexed with both
NADPH and tropinone, which was realized by introducing
tropinone within the same crystal. Such an experiment made
it possible to depict the structural differences of the enzyme
with or without tropinone, under otherwise identical condi-
tions.

The best strategy for attaining fast and high-resolution data
collection under the current experimental conditions is
considered to be a Laue experiment with a highly brilliant
white X-ray beam from a synchrotron and a large detector
area, for the following reasons: (1) As the crystal has a large
unit cell, a large area detector such as a large imaging plate
(IP) is necessary, and a relatively small area CCD detector
is not appropriate. (2) The crystals should not be frozen
during synchrotron data collection for the flow-cell experi-
ment, thus requiring quick data collection to avoid radiation
damage on the crystal. A conventional monochromatic data
collection with IP, however, needs a certain amount of time.
(3) The fast flow rate we employed on the flow-cell experi-
ment sometimes causes a positional shift or movement of
the crystal during data collection. A short exposure Laue
experiment overcomes this problem. (4) Attempts on freeze-
trapping of the TR-Il enzymesubstrate complex that the
reaction was initiated by soaking the substrate in the crystal
were unsuccessful and only yielded distorted diffraction
spots, indicating the high heterogeneity of the molecular
species in the crystal under nonsteady-state conditions (data
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Ficure 1: Difference electron density maps (contoured at@®.&round the TR-Il active site. (A) TheA-weightedF, — F. simulated
annealing (SA)-omit map and the refined structure of the TRNIADPH complex (the first data series). The final refined model (omitting
NADPH and water molecules) was subjected to simulated annealing run (1000 K), and the electron density map was calculated from the
resultant structure. (B) TheA-weightedF, — F; SA-omit map and the refined structure of the TRINADPH-tropinone complex (the

second data series). The final refined model omitting NADPH, tropinone, and water molecules was used for SA-omit map calculation in
a similar manner as described in panel A. (C) Tfeweighted Fo(TR-11—NADPH—tropinone)— Fo(TR-I1—NADPH)]c.c. difference

electron density map with superposed structures of the FRHADPH and TR-I-FNADPH—tropinone complexes shown in cyan and

yellow, respectively. The phase for the map was back-calculated using the same model as used in panel A. Coordinates were superposed
with LSQKAB (23). (D) The cA-weighted F, — F, maps (contoured at 1&) and theF, — F. maps (contoured at 24) of the second

data series. TheR2 — F, positiveF, — F, and negativéd-, — F. maps calculated with the final refined model of the TRINADPH—

tropinone complex are shown in green, blue, and red, while those calculated with the product complex modeNABRRT —1-tropine

complex; see Table 2 footnote) are show in yellow, cyan, and pink, respectively. The structures of the finally refinedNARPIH—

tropinone complex model and the product complex model are shown in yellow and white, respectively. The figures were generated with
TURBO-FRODO (2).

not shown). Therefore, we collected the Laue diffraction data indicate that both NADPH and tropinone bound to the
at BL18B, Photon Factory, using 48 80 cm IP. This enzyme during the second data collection series and that the
enabled us to collect two full data sets from one crystal before Michaelis complex formed in the flow cell. The substrate
the crystal was damaged. Since the TR-II crystal gives rise binding was further supported by thg(TR-Il—NADPH—

to streak-free Laue spots, indicating low mosaicity, this tropinone)— Fo(TR-1I—NADPH) difference electron density
crystal is ideally suited for Laue techniques despite its large map, showing the electron density corresponding to tropinone
unit cell size. Data collection statistics are presented in Table (Figure 1C). The occupancies for the bound substrates in
1, together with model refinement statistics. The resultant both data sets were considered to be nearly 100%. This was
electron density maps were also of good quality, as comparedjudged by the occupancy refinement with CNS, which
to maps from monochromatic data with the same resolution derived the value as in the range of 1-010 with a similar
limit. Although in this paper a typical data set from a single degree of B-factors as that of the protein part (Table 2), and
crystal is reported, the results were reproducible with two by the electron density, which showed a similar magnitude

other data sets. as that of the surrounding protein models without significant
Michaelis Complex Structure CapturetheF, — F. omit residual density (Figure 1D).
map of the second data series (TRINADPH—tropinone To confirm that the obtained structure corresponds to the

complex) clearly showed the electron density of both enzyme-substrate complex ES1S2, the reaction states of the
NADPH and tropinone, while th&, — F. omit map from TR-Il crystal were monitored separately with a BVis

the first data series (TR-HNADPH complex) showed only ~ microspectrophotometer under conditions identical to those
the electron density of NADPH (Figure 1A,B). These results of the data collection (Figure 2). The absorbance at 340 nm
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Table 2: Summary of the Average B-Factors and Occupancies of the Model

NADPH or NADP*" tropinone ony-tropine Tyrl59 protein water

B (A?) occh B (A?) occ? B(A> occ® B(AY) B(A?
first data A chain 11.4 1.04 7.2 1.14 14.7 2.2
(TR-1I—NADPH) B chain 16.8 1.02 9.0 1.04 15.3
second data A chain 11.4 1.00 235 1.10 10.1 1.06 14.3 €23.8
(TR-1I—NADPH-—tropinone) B chain 16.2 1.03 37.6 1.05 8.1 1.02 14.4
second data, product moflel A chain 12.7 1.02 22.4 1.11 10.4 1.07 13.8 22.4
(TR-II—=NADP*—1-tropine) B chain 15.0 1.03 32.0 1.08 7.1 1.01 13.8
monochromatic data A chain 13.1 1.02 24.4 1.04 12.4 1.06 17.9 32.3
(TR-II—=NADP*—1-tropine) B chain 19.8 0.98 35.8 1.05 13.5 1.06 18.6

aFor reference, the average B-factor and the occupancy values of the catalytic residue Tyr159 were estimated with the same manner and indicated.
b The occupancy values estimated as described in Experimental ProceédiliesB-factor values for water indicate the average values of over all
water molecules in the asymmetric uriifThe protein model from the second data and the product models (NAD&-tropine), instead of the
substrate models (NADPH and tropinone), were subjected to the simulated annealing (at 1000 K), positional, and B-factor refinefRdattomhe
of the resultant model is 0.19R{e. = 0.273).¢ PDB code 2ae25).

gave the similar statistics and electron density maps as the
15 substrate complex model (Table 2 and Figure 1D).
Rotational Maement of the Substrat&he structure of
the TR-II-NADPH-tropinone complex enabled us to
§ 10 compare the structures of E% and ERP,. The TR-II-
S NADPH—tropinone complex (ES,) exhibits small but
§ 0.5 significant structural differences at the active site, as
o compared with that of the TR-HNADP*—-tropine com-
0 plex (ERP,) reported previously) (Figure 3). TheF,-
320 340 360 380400 . 420 440 (ESS;) — Fo(EP:P,) difference electron density map showed
05 | several peaks around the binding substrate: one is a minus

peak at the hydroxyl group and the methylene bridge of
y-tropine, and the others are plus peaks above the methylene
bridge and below the methyl group. These peaks indicate
that the substrate molecule slightly changes its binding
orientation before and after the catalytic process. That is,
before the catalytic reaction, the carbonyl and the methylene
groups of tropinone are likely to be moved further from the
cofactor, whereas the methyl group is moved closer to the
cofactor, as compared with the produgt-{ropine) within

the crystal. This is a seesaw-like rotational movement (Figure
3). Similar peaks of the difference electron density around
the binding substrate were also found in another molecule
in an asymmetric unit, in the two other independent experi-

his indi hat th ority of th lecules i ments as described above, and in other difference maps
This indicates that the majority of the enzyme molecules in 5i0ated with phases derived from the other models,

the crystal are _trapped as an enzyrsebstrate complex_ including the protein models of the TR-INADPH-
under the experimental condition of the second data Se”estropinone complex (ES) structure and of the TR-H
Thus, the obtameq structure could be regarded asSES NADP*—y-tropine complex (EFP») structure but not ob-
although the reaction proceeded to some extent. When these e in'maps calculated using the first data series in this

supply of substrates was stopped, the absorbance greath; ,qv or the data measured at pH 10.0 (see Supportin
diminished, and the estimated occupancy of%:8ecreased ImL‘jor>r/nation). . P 0 ( Hpporting

wavelength (nm)

FIGURE 2: Spectroscopic analysis of the single TR-II crystal under
the same experimental conditions used for the data collection.
Absorption spectra of the TR-HNADPH crystal, the TR-K-
NADPH-—tropinone crystal with flow, and the TR-HNADPH—
tropinone crystal without flow are shown in cyan, yellow, and pink,
respectively.

somewhat changed with the introduction of tropinone to the
TR-1I-NADPH crystal, showing a decrease of the NADPH
content in the system accompanying the catalytic reaction.
The occupancy of the TR-HNADPH—tropinone complex

in the crystal under the continuous flow of the substrates
solution was estimated to be in the range of about .

to about 35%. The results were reproducible with two other

Implication for CatalysisThe movement of the substrate

measurements using independent crystals (data not shown)yescrined above is favorable for the geometry required for

On the basis of this result, the enzyrmibstrate complex
(TR-II—NADPH—tropinone) was finally modeled and re-

the catalytic reaction mechanism of TR-Il. The reaction
requires the proton transfer to the carbonyl group of tropinone

fined against the second data (Tables 1 and 2). Even if thefrom the catalytic residue Tyr159:0and the nucleophilic

enzyme-product complex (TR-H-NADP*—-tropine) was

attack of the pro-S hydride of NADPH on the carbonyl

modeled and subjected to the refinement against the seconaarbon of tropinone. On the other hand, because the products
data, the positions and orientations of the ligands and residuesare simply the substrates for the reverse reaction, the,EP
in the resultant model were almost the same as those of the

substrate complex model (Figure 1D), reflecting the fact that
the substrates and the products only differ in one hydrogen
at C4-carbon in the nicotinamide ring of NADPH and
NADP*, or two hydrogen atoms at the C3-carbonyl group
of tropinone andp-tropine. The product complex model also

2 Please note that all tH& — F, difference maps in this study (Figure
1A—C and Figure 3) were calculated with the phases from the simulated
annealing (SA)-omit protein model, neither including the substrates nor
the products, so that they are free from the biases derived from the
interpretation of the ligands whether they are the substrates or the
products.
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ment were strictly kept in the ES, complex, then the attack
angle of the pro-S hydride of NADPH on the carbonyl carbon
of tropinone would be an acute angle (Figure 4B). To make
the attack angle obtuse, NADPH, or tropinone, or both should
rotate relative to the enzyme. In the {S5complex elucidated

in this study, the tropinone molecule exhibits a seesaw-like
rotation and significantly changes its orientation relative to
the enzyme to assume the favorable geometry for the hydride
attack (Figure 4C). Thus, on the side of NADPH, the
nicotinamide group alone exhibited only a subtle shift to
readjust the reaction geometry to tropinone (Figure 3). In
the refined models of tropinone, the rotation must be
underestimated so that the actual orientation of tropinone in
the ESS; state could be further rotated relative to the refined
model. This is because the crystal used in this study probably
contained a mixture of two populations, 55 and ERP;
complexes, as judged by the spectroscopic analysis described
above. The alignments in the TR-II active sites agree well
with the concept of the near attack conform22)( defined

as the required conformation for juxtaposed reactants to enter
a ftransition state. This conformer associated with the
Michaelis complex is considered to make important contri-
butions to the rates of enzymatic reactions.

Comparison of the Acte Sites of the ES;, and ERP,
StructuresThe active sites in both the ES and the ERP;
complexes showed a high degree of complementarity for
FIGURE 3: ACtiVe Site structures Of the TR-HNADPH—tI’OpinOI’le blndlng troplnone Ol/)_troplne (Flgure 5A,B) The reS|dueS

complex (the EES, complex) and the TR-HNADP*—1-tropine . L - . :
complex (the EFP, complex 6)) with the sA-weighted difference exhibit small but significant shifts for this complementarity.

map Fo(ESLS) — Fo(EPIP,)] ttearc (COntoured at 2.5). The phase For example, in the ES, complex, Glu156 moved as if to
for the map was back-calculated in a similar manner as describedpush down the amine group of tropinone; Ser148 moved as
in Figure 1B. Blue contours depict electron density that appears in if to assist the Glu156 movement; and Thr 200, Leu210,
the ESS, complex; red contours depict diminished electron density. and Leu213 swung away to avoid a steric crush with the

Residues of the ES, complex and the Eff, complex are shown . . B
in yellow and pink, respectively. Coordinates were superposed with Methyl group (Figure 3). The side chain of Tyr159 also

LSQKAB. Magnification of the tropinone binding region is shown changed its position slightly. These residue movements are
in the circled region. The figure was generated with TURBO- in accordance with the difference in the binding modes

FRODO. between tropinone angh-tropine, suggested from the,-

state can be regarded as an enzysubstrate complex for  (ESiS2) — Fo(EPIP,) difference electron density map. Besides
the reverse reaction. The reverse reaction implies the protontn€m. no large conformational change was observed between
transfer fromy-tropine to Tyr159 and the nucleophilic attack the ESS; and the ERP, complexes. The two structures are
of a hydride on NADP. The attack angles in model hydride SUPerposed with aroot-mean-square deviation (rmsd) of
transfer reactions and in dehydrogenase reactions have beefl-19 A. The positional shifts of the active site residues
suggested to be obtuse angless21). In the ERP, mentioned above would occur within a range of the same
complex, the observed arrangementyefropine, NADF, framework.

and Tyrl59 was appropriate for the hydride attack on the Step-by-Step Visualization of the Catalytic Reactidme
NADP™ nicotinamide ring (5) (Figure 4A). If this arrange- two structures elucidated in this study, the TRINADPH

A B c

HaC~ Tyr159 H3C Tyr159 Tyr159
%f Hic—N o
. OH 3 .
y-tropine Y A tropinone Ojo tropinone k_,«HO
Hs Hs
Hg e \ Hg = \
A\« 4 NADPY A NADPH N\ NADPH
HaN N HzN N\ Hz N

AN

@) X @)

Ficure 4: Schematic drawings of the reaction geometry of the substrate, the cofactor, and the catalytic residue (Tyr159) in TR-II ternary
complexes. (A) The TR-HNADP*—1-tropine complex (EPP,). The hydride attack angle (highlighted in yellow) was observed as an
obtuse angleq). (B) The TR-II-NADPH—tropinone complex (ES;) with the same catalytic geometry as that of thg@BRomplex. The

hydride attack angle (highlighted in blue) would be acute. (C) The FNADPH—tropinone complex (ES;) with the geometry observed

in this study. The hydride attack angle (highlighted in yellow) would be obtuse.
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A the reaction pathway between the E and the ES1S2 steps in
detail, as the reaction is likely to proceed by an ordered
sequential mechanism, with the cofactor (NADPH; S1)
binding first. First, the electron density of the hetG",
which is disordered in the TR-II E state structud®, (was

ey clearly observed even in the TRINADPH complex (ES1),

S as well as in the TR-HNADPH-tropinone complex

£ty g / (ES1S2) (Figure 6). Some residues important for the cofactor

/ and substrate binding are locatedi@” (5). The backbone
G e R of the active site in TR-Il is arranged almost properly even
B et p o G when the cofactor (S1) is solely bound to the active site.
/ B Next, a comparison of the refined structures between the TR-
' [I—NADPH (ES1) and TR-H-NADPH-—tropinone (ES1S2)

B : complexes revealed small conformational changes at the side

chains of some residues, such as Serl46, Ser148, Tyrl59,

Vall91, Leul96, Thr200, and Leu210 (Figure 1C). These

L /) are the residues interacting with the cofactor and/or the

: N substrate, as observed in this study and previously (5). When

A (g Ny the substrate (tropinone; S2) binds to the active site, these

L”‘# el XTI N A TR\ residues probably rearrange their postures and provide

e e i) s ; complementarity to the binding substrate, as mentioned

e A above. No large main-chain conformational changes were
e observed between the TR-INADPH and the TR-K-
NADPH—tropinone complexes (€rmsd 0.23 A).

CONCLUSIONS
Ficure 5: Dotted van der Waals surfaces of the active site cavity ) ) ) o
in the TR-I-NADPH—tropinone complex (the BES, complex) The results obtained in this study indicate that the
and the TR-I-NADP*—y-tropine complex (the Ef, complex participants of an enzymatic reaction (the substrate, the
§5))-,(A) The TRk;” ESS, C%mmzx,- ﬁ,urfaces of tpe ?Ct'z’g)ST'tﬁ a?‘jR cofactor, and the catalytic residue(s)) are considered to
ropinone are shown in red and Indigo, respectvely. e - :
Il EP,P, complex. Color settings are the same as in panel A. The assume the most appropriate .geometry S0 a.s to a"OW.the
figures were generated with TURBO-FRODO. reaction to proce_ed at that point of the reaction. The s_lde
chains at the active sites of an enzyme are likely to adjust
the substrate orientation favorable for the reaction. An
enzyme should provide properly aligned reaction geometries

that are favorable for each reaction step.
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