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Abstract

The crystal structure of the ternary complex of horse
liver alcohol dehydrogenase (LADH) with the co-
enzyme NADH and inhibitor dimethyl sulfoxide
(DMSO) has been refined by simulated annealing
with molecular dynamics and restrained positional
refinement using the program X-PLOR. The two
subunits of the enzyme were refined independently.
The space group was Pl with cell dimensions a =
518, b=44.5¢c=946 A, a =104.8, B =102.3 and
vy = 70.6°. The resulting crystallographic R factor is
17.3% for 62440 unique reflections in the resolution
range 10.0-1.8 A. A total of 472 ordered solvent
molecules were localized in the structure. An analysis
of secondary-structure elements, solvent content and
NADH binding is presented.

Introduction

Horse-liver  alcohol  dehydrogenase (LADH)
(alcohol:NAD™" oxidoreductase, E.C. 1.1.1.1) cata-
lyzes the transfer of two electrons and one proton
between primary or secondary alcohols and NAD ™.
The enzyme is a dimer of two subunits each consist-
ing of 374 amino acids (Jornvall, 1970). Each subunit
is divided into two domains — the catalytic domain
with two Zn(II) ions and the coenzyme-binding
domain which has a typical dinucleotide a/B8 fold
(Brindén, Jornvall, Eklund & Furugren, 1975; Ross-
man, Liljas, Brindén & Banaszak, 1975).

The physico-chemical properties of LADH have
been extensively studied by biochemical and specro-

* Present address: Department of Molecular Biophysics, Lund
University, Box 124, S-221 00 Lund, Sweden.

1 Author for correspondence.

1 Present address: Institute of Molecular Biology and
Biotechnology, PO Box 1527, GR-71110 Heraklion, Greece.

©1994 International Union of Crystallography
Printed in Great Britain — all rights reserved

scopic techniques. The three-dimensional structures
of three conformational states of the protein have
been studied by crystallographic methods (Zeppe-
zauer, Soderberg, Bridndén, Akeson & Theorell,
1967; Eklund er al., 1976; Eklund et al., 1981,
Cedergren-Zeppezauer, Andersson, Ottonello &
Bignetti, 1985). These structures represent the apo-
enzyme as well as complexes with NADH, coenzyme
analogues, inhibitors or substrates (for reviews see
Eklund & Brindén, 1983; Cedergren-Zeppezauer,
1986).

Depending on the crystallization conditions and
on the presence of coenzyme, substrate or inhibitors,
different crystal forms of LADH have been obtained.
The apo-enzyme crystallizes in an orthorhombic
space group (C222,) with the two subunits of the
dimer related by a crystallographic twofold axis.
Ternary complexes with NADH and substrate or
inhibitor bound to the active site of the enzyme form
crystals in either space group C222,, P1, P2, or C2
Bridndén, 1965; Zeppezauer, Soderberg, Brindén,

keson & Theorell, 1967; Eklund et al., 1981).
However, none of these structures were refined to
high resolution. Thus, for the orthorhombic open-
enzyme form data were collected to 2.4 A resolution
and refined to a crystallographic R factor of 19%,
while the triclinic closed complex with NADH and
the inhibitor dimethyl sulfoxide (DMSO) was only
partially refined at 2.9 A resolution.

The X-ray structures of the apo-enzyme and its
complexes revealed two major conformational states.
The open conformation of the apo-enzyme, charac-
teristic of the orthorhombic crystals, and the closed
consisting of the ternary complex with NADH and
DMSO (space group Pl). The two enzyme forms
were found to be related to each other by a rigid-
body rotation of the catalytic domains by about 10°
with respect to the central core of the dimer and a
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rotation of about 1° of the coenzyme-binding
domains with respect to each other around an axis
approximately perpendicular to the molecular two-
fold axis (Colonna-Cesari et al., 1986).

The closed form of LADH has been observed only
in monoclinic or triclinic crystal forms. The absence
of a crystallographic twofold axis relating the sub-
units of the dimer in these space groups could be
interpreted as an indication of coenzyme-induced
asymmetry between the subunits (Brindén, Jérnvall,
Eklund & Furugren, 1975). The structure of the
ternary complex of LADH-NADH-DMSO clearly
demonstrated the similarity of the overall fold of the
two subunits after the conformational transition.
However, the resolution of the X-ray model did not
allow a detailed comparison of the two subunits to
be performed. Recent developments in X-ray
detection techniques combined with the high inten-
sity of synchrotron radiation sources opened up
possibilities for high-resolution good quality data
from crystals of large protein complexes to be col-
lected in a reasonable time. We present here the
refined structure of the ternary complex of LADH
with NADH and DMSO at 1.8 A resolution. The
refinement at this resolution permitted, for the first
time, an accurate description of the parameters of
secondary-structure elements, metal-coordination
geometry, atomic displacement parameters and the
solvent structure of the enzyme. The data are also
used to solve the controversial question concerning
subunit dissimilarities. The coordinates and structure
factors have been deposited with the Protein Data
Bank (Bernstein et al., 1977).*

Crystallization, data collection and processing

The enzyme, horse-liver alcohol dehydrogenase, was
purchased from Boeringer. Crystals of the complex
of LADH with NADH and DMSO were prepared
from 2-methyl 2,4-pentandiol (MPD) in 0.05 M Tris-
HCl, pH 8.4 as described earlier (Eklund et al.,
1981). The space group is P1 and cell dimensions are
a=51.8, b=445 c=946A, a =1048, B=1023
and y = 70.6°.

Three-dimensional data were collected from three
crystals at the EMBL beamline X31 at the DORIS
storage ring, DESY, Hamburg. The ring was operat-
ing at 3.7 GeV and 40-90 mA with approximately
3 h between injections. The monochromator, a single
crystal of Si channel-cut along the (111) face, pro-

* Atomic coordinates and structure factors have been deposited
with the Protein Data Bank, Brookhaven National Laboratory
(Reference: 20HX, R20HXSF). Free copies may be obtained
through The Managing Editor, International Union of Crystallog-
raphy, 5 Abbey Square, Chester CH1 2HU, England. (Reference:
GRO0277).

LIVER ALCOHOL DEHYDROGENASE-NADH COMPLEX

Table 1. Summary of data collection

Detector Imaging plate of EMBL, Hamburg
X-ray source Beamline X31
Wavelength of X-rays (A) A =1.009
Crystal size (mm)

Crystal 1 2x0.9x0.7

Crystals 2 and 3 1x0.7x0.5
Collimator apertures (mm)

Crystal 1 04x04

Crystals 2 and 3 03x0.3
No. of images 198
Oscillation range (°) 1 for crystal |

3 for crystals 2 and 3

Total No. of measured 194817

reflections
No. of unique reflections 62440
Resolution range (A) 10-1.8
Completeness (%) 88.5

Reerge* 0.08
For the entire data set
55369 reflections had 7> o (88.7%)
51105 reflections had 7 > 20 (81.8%)
47426 refiections had /> 30 (76.0%)

* The merging R factor is defined as Z|f, — (I)|/Z1, where I, is an
individual intensity measurement and (I} is the average intensity
for this reflection.

vided monochromatic X-rays. The crystals were
mounted on a e-rotation axis of an Enraf-Nonius
camera. Data collection proceeded at 277 K.

Data were recorded using an imaging-plate scan-
ner designed and built at the EMBL Hamburg out-
station by J. Hendrix and colleagues. The scanner
was controlled by a MicroVAX computer. Two-
dimensional images were transferred directly to a
computer disk for subsequent analysis and integra-
tion of the diffraction pattern. During the collection
of high-resolution data many of the strong low-
resolution reflections were saturated. Because of limi-
tation by the dynamic range of the scanner, collec-
tion of more than one data set, each with a different
exposure time, was necessary.

The images were evaluated with a modified version
of the MOSFLM film-processing package (Leslie,
Brick & Wonacott, 1986). Unless otherwise stated
subsequent calculations were performed using the
CCP4 program suite supplied by the SERC
Daresbury Laboratory (1979). The ROTAVATA/
AGROVATA programs were used to merge the data
and to extract the unique set of reflections. The
program TRUNCATE (French & Wilson, 1978) was
used to convert the intensities to structure-factor
amplitudes. Details of the data collection are pre-
sented in Table 1.

Restrained refinement

Initial model

The starting model for the refinement was the
coordinate set of the triclinic ternary complex refined
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Table 2. Course of the refinement of Zn—-LADH

Step 1 2a 2b
Resolution
Lower limit (A) 8.0 8.0 8.0
Higher limit (A) 2.0 2.0 1.8
No. of reflections 45666 45666 62260
Typet P SA+P SA+P
SA temperature (K) 3000 3000
No. of cycles 60* 40 40
No. of waters 0 0 0
R value (%) 31.8 27.1 273

3 4 S 6 7
8.0 8.0 8.0 10.0 10.0
1.8 1.8 1.8 1.8 1.8

62260 62260 62260 62440 62440
SA+P P B P P
2000

40 120 — 120 80
296 280 280 391 472
23.1 222 18.5 17.8 17.2

* The resolution was gradually increased in 0.2 A steps from 3.0 to 2.0 A with 60 cycles of refinement at each step.
t P, positional refinement; SA, simulated-annealing refinement. B,,,, overall anisotropic temperature-factor refinement.

by H. Eklund at 2.9 A resolution (unpublished
results). 13 solvent molecules were present in this
model. The starting R factor calculated with the
present data was 31.7% at 3.0 A resolution. In order
to investigate the possible differences between the
two subunits of the enzyme, refinement was carried
out treating the whole dimer independently without
imposing any symmetry restraints on the subunits.

The structure was refined in several steps by a
combination of positional refinement and simulated
annealing with the program X-PLOR (Briinger,
Karplus & Petsko, 1989) implemented on a Convex
C201 computer. Standard X-PLOR topology and
parameter files were employed in the refinement of
the protein and the coenzyme NADH. Table 2
summarizes the course of the refinement.

Step 1. The initial structure was subjected to 60
cycles of positional refinement, which reduced the
crystallographic R factor from 31.7 to 22.1% in the
resolution range 8.0-3.0 A. Successive extension of
the refinement to 2.0 A resolution in 0.2 A steps with
60 cycles of positional refinement at each resolution
interval was followed by 20 cycles of restrained
B-factor refinement. The resulting crystallographic R
factor was 31.8% in the resolution range 8.0-2.0 A.
Several test runs were performed to find the optimal
number of cycles for the positional and B-factor
refinements. We found the general procedure
described by Briinger (1988) satisfactory with slight
modification of the cycle numbers depending on the
amount of the preceding model building and the
resolution range.

Step 2. The refinement was continued with a
simulated-annealing cycle run at 3000 K with the
slow-cooling protocol (Briinger, Krukowski &
Erickson, 1990) including structure-factor ampli-
tudes in the resolution range 8.0-2.0 A (Table 3).
The positions of the Zn(II) ions in the model were
fixed during this step and the following cycles of
positional refinement with a harmonics potential con-
stant of 418.4 kJmol~' A~2 (100 kcal mol ™' A~?).
The van der Waals radii for the Zn(II) ions were kept
artificially low (0.55 A) to minimize contacts with the

Table 3. Simulated-annealing refinement protocol for

LADH
Stage  Description
1 Determination of weight W,
2 Positional refinement. 4-= 0.0
3 Molecular dynamics, 1.5 ps, T = 3000 K (or 2000 K, seec Table
2), time step = | fs, velocity scaling every 25 fs, A-=0.2
4 Positional refinement, 40 cycles
5 Restrained B-factor refinement, 15 cycles

Notes: The total potential energy of the system in X-PLOR is given
by E.. = E; + E,, where the empirical energy term E; is a function
of all atomic positions of the system describing internal stereoche-
mical interactions and E, is an effective potential energy consisting
of weighted differences between observed (/F,|) and calculated
(IF]) structure-factor amplitudes. E,= W, /N, W, [|F,h)—
k|F(h)[]>, where N, is a normalization factor and W, is an
additional weight, which relates E, to the empirical potential
energy E. A indicates how far any atom can move before an
update of the first derivatives of E, is enforced (see Briinger ez al.,
1989).

liganding cysteine S atoms, histidine N atom and
DMSO O atom. This allowed the refinement to be
carried out without application of restraints to the
distances between the metal and its ligands. The
crystallographic R factor was 30.2% after simulated
annealing and 40 cycles of positional refinement.
Another 20 cycles of restrained B-factor refinement
brought the R factor to 27.1%. The following
simulated-annealing cycle was run with a similar
protocol, but with data in the extended resolution
range 8.0-1.8 A. The crystallographic R factor drop-
ped from 30.4 to 29.1% after simulated-annealing
and positional refinement and to 27.3% after
restrained B-factor refinement.

Step 3. 2F, — F. and F, — F, maps were calculated
and the model was rebuilt using FRODO (Jones,
1978) implemented on an Evans & Sutherland PS330
graphics station. The program PEAKMAX was used
to locate potential solvent sites above the 3o level of
the F, — F. map. The predicted sites were examined
on the graphics screen and about 300 out of 500
located by the program were inserted into the model.
The selection was based on several criteria — distance
from the protein chain, distance from other solvent
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molecules and hydrogen-bonding possibilities. A
large number of positive peaks appeared in the F, —
F, density due to errors in protein-atom positions.
All side-chain and main-chain atoms with poor or no
density at the 1.50 level of the 2F, — F, density map
were assigned zero occupancy.

The model was subjected to a new cycle of
simulated-annealing refinement at 2000 K with a
slow-cooling protocol similar to the previous one.
The positions of the water molecules were fixed by a
harmonics potential constant 125.5 kJ mol™' A~2
(30 kcal mol ' A~2) and the harmonics energy term
was switched on during all the following stages. The
R factor after cooling, positional refinement and
restrained B-factor refinement was 23.1%.

Step 4. Once again the model was inspected.
About 100 water molecules were deleted from the
structure as having high B values (>80 A?). Residues
2-6 of the N-terminus of both subunits were exten-
sively rebuilt using an omit F, — F. density map.
Other residues with poor density were also checked
with a series of omit maps and rebuilt whenever the
positions of the side chains were visible in the map.
84 new water molecules were included manually
during the graphics sessions by inspection of the
F, — F, density map at the 3o level. The model was
refined with 120 cycles of positional refinement fol-
lowed by 20 cycles of restrained B-factor refinement.
The R factor dropped to 22.2%.

Step 5. After a few more sessions of rebuilding and
refinement we were surprised to find that the R
factor did not improve further and in some cases it
even became higher. It seemed that the stucture was
stuck in an incorrect local minimum. Several
simulated-annealing cycles with different cooling
protocols were run with data in different resolution
shells, with and without water molecules, but all
these efforts did not lead to any improvement in the
R factor. As a result we had to doubt the correctness
of the positive peaks in the F, — F. density map,
which were taken as guidelines during model-
rebuilding sessions. It was noticed that some peaks
appeared close to the heavier atoms of the structure
[main-chain O atoms, cysteine and methionine S
atoms, Zn(II) ions] and could not be removed by
model rebuilding and refinement. The only expla-
nation for this could be an inherent anisotropy of the
experimental data (Sheriff & Hendrickson, 1987). A
tendency of LADH diffraction data to possess aniso-
tropy was observed earlier (Eklund et al, 1981).
When this was realized, 15 cycles of overall aniso-
tropic B-factor refinement were carried out with
X-PLOR and the calculated components of the over-
all anisotropic B factor were applied to the observed
structure-factor amplitudes. The values of the aniso-
tropic B-factor components (expressed in U, where

BU=87TUU) WwEere as follOWSZ U” = _0012, U22=
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0.04, U33:0.12, U12= _001, U13= —0.01 and U23
=0.02 A2. The subsequent restrained individual iso-
tropic B-factor refinement with the corrected data set
resulted in a significant decrease of the R value from
22.2 to 18.5%.

Step 6. The model was again inspected. Many of
the spurious F,— F, density peaks had now dis-
appeared and this facilitated rebuilding of the struc-
ture. The main-chain atoms were generally in correct
positions and did not need manual rebuilding except
residues 1-3 at the N terminus of both subunits as
well as residues 133-135 in the B subunit. These
residues consitute a loop localized on the surface of
the protein. However, the same loop was well resol-
ved in the 4 subunit.

Some of the methionine residues were incorrectly
built in earlier steps due to spurious positive densities
around the S atoms in the map. Those were correc-
ted. The number of water molecules was increased to
about 400.

The model was subjected to 120 cycles of posi-
tional refinement and 20 cycles of individual iso-
tropic B-factor refinement. The weighting factor W,
which gives a relative weighting of the X-ray term
with respect to stereochemical terms in X-PLOR was
kept during the positional refinement at about twice
the value calculated by the program. We felt that this
gave a better convergence of the refinement, without
leading to serious deterioration in model geometry
(rm.s. deviation of bond length from ideality
increased from 0.019 to 0.023). The R factor after
this stage was 17.8%.

Step 7. New density maps were calculated. Only
those residues which were affected by the last rebuil-
ding and those in which some of the atoms were
assigned zero occupancy were inspected. About 50
new water sites were located. Some additional peaks
were found close to CB atoms of residues Cys281
and Cys282 in both subunits. These peaks were not
caused by errors in the model and were considered to
be due to discretely disordered side chains. The
positions of the alternative side-chain conformations
were built into the model.

As mentioned earlier the two subunits of the
LADH dimer were refined independently. Conti-
nuous checks during the course of the refinement
showed that the conformations of the main- and
side-chain groups in the subunits were approaching
each other. During the final refinement step the
r.m.s. differences between the side chains of the
subunits were calculated and residues showing r.m.s.
values higher than 0.5 A were checked. Those which
needed some correction in either of the subunits were
rebuilt. Most of these residues were located on the
surface of the protein. Residues with no density
(occupancy = 0) were left in their positions and no
attempts were made to bring them into similar con-
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formations in the two subunits (see a later section for
a comparison of both subunits).

The model was subjected to 80 cycles of positional
refinement with the weighting factor W, reset to the
value calculated by X-PLOR. This was followed by
15 cycles of B-factor refinement. The final R value
was 17.3% with all the measured data in the resolu-
tion range 10.0-1.8 A included and with a total of

04
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02

R factor

0.1

02 0.3 04 0.5 0.6

1/d (A"
Fig. 1. The Luzzati plot of final R factor against resolution. The
lines estimated for a series of average coordinate errors (0.2 to

0.5 A) are also shown. The interception of the axes is at 1/d =
0.15A°.
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472 ordered solvent molecules in both subunits of the
dimer. The occupancies of residues Cys281 and
Cys282 in the A subunit and Cys281 in the B subunit
were refined and gave approximate values of 0.2 and
0.8 for the two conformations.

The geometry of the final model was of good
quality with r.m.s. deviations from ideality of
0.014 A for bond lengths and 2.91 and 25.95° for
bond angles and torsion angles, respectively.

Quality of the model

Fig. 1. shows the Luzzati plot (Luzzati, 1952) for the
refined structure of LADH. The average coordinate
error estimated from the plot is about 0.24. This
value is in good agreement with those found earlier
for protein structures of similar resolution (Hubbard
& Blundell, 1987).

The distribution of main-chain torsion angles
(¢,¢) for the LADH dimer are shown on the
Ramachandran plot (Ramachandran & Sasisek-
haran, 1968) in Fig. 2. A contour map showing the
core (inner lines) and the allowed regions (outer
lines) of (¢,¥) values as defined by Morris,

150
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50

v or

-50 }

-100 f

-150

Fig. 2. The Ramachandran (¢, ¢)
plot (Ramachandran &
Sasisekharan, 1968) for the
refined model of LADH-
NADH-DMSO complex.
Circles correspond to glycines,
crosses to all other residues. The
contour map corresponds to the
core (inner lines) and allowed

-50 0
¢ ()

50

regions of (¢, ) values accord-
ing to Morris, MacArthur,
Hutchinson & Thornton (1992).

100 160
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MacArthur, Hutchinson & Thornton (1992) is super-
imposed on the plot. The a/B nature of LADH is
apparent from the two biggest clusters of points in
the diagram.

Ten non-glycine residues from each subunit were
found in the left-handed helical region of the
Ramachandran plot: Lys18, His34, Argl33, Leul4l,
Ser144, Lys188, Asn259, Ser298, Phe319 and Lys338.
All these residues are associated either with turns or
positioned at the C-terminal ends of a-helices and
will be discussed later. Isoleucine 368 with torsion
angles of (—99, —86°) and (—99, —95°) in the 4
and B subunits, respectively, is in the high-energy
region of the Ramachandran plot. It is positioned at
a sharp corner where the protein backbone changes
direction immediately before strand 3 (residues
369-374) of the sheet B-1. An extensive hydrogen-
bonding network around Ile368 seems to contribute
to the stabilization of this conformation. Thus, the
main-chain NH groups of Ile368 and Arg369 make
hydrogen bonds to OG1 of Thr347 and C=0O of
Leu345, while the C=0 group of Arg369 forms a
hydrogen bond to the main-chain NH of Thr347.
Both C=0 groups of Ile368 and Ser367 interact
through solvent molecules with the coenzyme group
O1PA. The conformation of the cysteine residues
Cysl74 in A (—158, —72°) and B subunits (— 164,
—74°) is essential for the coordination of the cataly-
tic Zn(II).

60

B factor 50
(A%)
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50 100 150 200 250 300 350
Sequence residue No.
(a)

B factor
(A%)

50

40
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10

50 100 150 200 250 300 350
Sequence residue No.
(b)

Fig. 3. The B factors (A?) averaged over side-chain atoms of the 4
(a) and B (b) subunits of LADH.
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Table 4. Side-chain atoms with undefined positions in
the electron-density map after the refinement

Subunit A

Arg84 CD NE (o74 NH1 NH2
LysS CB CG €D CE Nz
Glu256, CG CD OEl OE2
Lys135, 330 CG CD CE NZ

Lys10, 99, 104, 226 CD CE NZ

Glul07, 366 CD OEl OE2

GIn191 CD OE1 NE2

Metl18 CG SD SE

Serl CB oG

Lys8, 159, 185, 212, 248 CE NZ

Glu78 OE1 OE2

Lys19, 159, 247, 339 Nz

Subunit B

Arg84 CD NE CZ NH1 NH2
Lys5, 135 CG CD CE Nz

Glul7, 78, 107, 353 CG CD OE! OE2
Lys18, 99, 135, 226, 338 CD CE NZ

Ginl191 CD OEl NE2

Metli8 CG SD CE

Serl CB oG

Lysl113, 159, 248 CE NZ

Argl33 cz NHI

Asn259 OD1 ND2

Glu3s7 CG CD

Lys8, 39, 104, 330 Nz

A plot of the temperature factors averaged over
side-chain atoms versus residue number for the two
subunits is presented in Figs. 3(¢) and 3(b). The
average B-factor value for all protein atoms is 27 A2
and with water molecules included is 29 A2. The
average B values for the catalytic and coenzyme-
binding domains were 24 and 27 A%in the A subunit
and 25 and 31 A% in the B subunit, respectively. In
comparison to other protein structures these values
are rather high. A similar high average value of the B
factors has been observed for the Cu(II)-substituted
ternary complex of LADH (unpublished results).
This probably depends on loose crystal packing in
the lattice and on the anisotropy of the diffraction
data (Kuriyan, Petsko, Levy & Karplus, 1986). The
higher average B factor for the catalytic domain
suggests significant interdomain fluctuations as was
predicted earlier on the basis of conformation energy
analysis (Colonna-Cesari et al., 1986).

The values of the B factors correlate well with the
location of the residues in the structure. Thus, the
highest values are observed for surface loops and
turns, while the lowest correspond to the active-site
residues and parts of the nucleotide-binding region.

The electron-density map of the final model was of
good quality with well resolved positions of the
majority of main- and side-chain atoms. Residues
with atoms for which there was no significant density
are listed in Table 4. In total there were 49 residues
in both subunits with one or more of their atoms
missing in the electron density (about 130 out of
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5568 atoms in the structure). Ten of these residues
belong to the coenzyme-binding domain and the rest
to the catalytic domain. All of these are exposed to
solvent and their side-chain conformations are not
restricted by interactions with other parts of the
protein.

One particularly poor region of the electron-
density map was that of the solvent-exposed turn
consisting of residues Cys132-Lys135 in the B subu-
nit. Both the main- and side-chain atoms of this turn
lacked clear density and their positions could not be
defined unambiguously. However, the hydrogen-
bonding pattern is characteristic for a type I B-turn
with C=0 of Cys 132 hydrogen bonded to NH of
Lys135 (2.81 A).

The effect of the refinement at high resolution can
be demonstrated by a least-squares superposition of
the initial and final models. The mean r.m.s. differen-
ces for backbone and side-chain atoms were 0.54 and
1.35 A (1.1 A for all atoms) after the superposition
of the CA atoms.

Some examples of the effect of the refinement on
the atomic model are presented in Figs. 4 and 5. The
conformation of the side chain of Gin124 is shown in
Fig. 4 before and after the refinement together with
the corresponding final electron-density map. The
initial position of the side chain had considerable
error for this residue. Fig. 5 shows helix al (residues

S
R

Fig. 4. A stereo plot showing the conformation of GIn124 before
(thin lines) and after the refinement (thick lines) superimposed
on 2F, — F, electron-density map at the 1.5¢ level.

E2 S51A E2 S1A

G 4BA G 484

Fig. 5. A stereo plot of helix a1 (residues 46-56) is shown before
(thin lines) and after the refinement (thick lines).
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Cys46-Thr56), which is located in the region of the
active site of the enzyme and participates in Zn(II)
coordination (Cys46) and in coenzyme binding. The
positions of the CA atoms in the initial model agree
well with those of the refined model, but the posi-
tions of the carbonyl O atom and side-chain atoms
along the helix have shifted. As an example, the
distance between the catalytically important OG of
Serd8 and NE2 of His51 changed from 3.87 A in the
initial model to 5.05 A after refinement.

Description of the structure of LADH

The overall fold of the apo- and holo-forms of
LADH and the interactions between the two sub-
units and between NADH and the protein have been
presented earlier (Eklund et al., 1976; Eklund et al.,
1981; Eklund, Samama & Jones, 1984). In this paper
we focus on the analysis of the secondary-structure
elements and the hydrogen-bonding pattern, metal-
coordination geometry, solvent structure and on the
comparison of the conformations of the two subunits
in the enzyme. We also present an analysis of the
interactions of the coenzyme with solvent molecules
and protein groups.

Secondary-structure elements

The secondary-structure elements were defined
using the program DSSP (Kabsch & Sander, 1983).
The hydrogen-bonding pattern was checked with the
program HBOND and additionally using FRODO.
Main-chain hydrogen bonds were defined when
C=0--N and O--H distances did not exceed 3.30
and 2.5 A, respectively.

Distortions at the N- and C-termini of helices in
protein structures are very common and need to be
defined properly for correct secondary-structure
assignments (Richardson & Richardson, 1989).
Baker & Hubbard (1984) introduced a classification
of a-helix terminal distortions based on the
hydrogen-bonding pattern. We follow their classifi-
cation. Residues forming 3,,- and w-type bonds at
N- or C-terminal ends of helices were included in the
definition of helices but not used in the calculation of
the mean (¢,) hydrogen-bond parameters.

The B-sheets were defined by the parallel or anti-
parallel hydrogen-bonding pattern of neighbouring
residues to another section of the polypeptide chain
and by the respective torsional angles. We follow the
notation used by Eklund et al. (1976) for helices and
B-sheets except for the sheet forming the nucleotide-
binding fold, which we refer to as B-NAD in the
text. Unless stated otherwise, the individual (¢,i)



800

LIVER ALCOHOL DEHYDROGENASE-NADH COMPLEX

Table 5. Summary of dihedral angles in helices and Table 6. Summary of reverse-turn dihedral angles (°)

sheets in LADH with standard deviations for the
respective parameters in parentheses

Mean ¢ Mean ¢  Residues excluded from

Residues ©) ©) mean ¢, ¢ calculations
Helices
ald 46-56 —64(4) —34(7) Cys46 Gly55 Thrs6
alB -64 (4) -35(6)
a2A4 165-176 -73(3) —24(15) Prol6S Cys174 Phel76
a2B -73(14) -26(19)
adA 177-189 —-72(15) -—-43(12) Lys188 Vall189
aAB ~73(16) -43(12)
aBA 201-216 -67(7) —38 (6) Gly201 Ala214 Gly215
aBB -65(6) —39(6) Ala216
aCA 225237 -66(6) —38(6) Asn225 Lys226 Asp227
aCB —-65(4) -39(9) Val235 Gly236 Ala237
aDA 249-260 -64 (7) —38(10) Pro249 Ser258 Asn259
aDB -65(5) —37(8) Gly260
aFEA 271-282 - 64 (5) -41(8) Arg 271 Cys281 Cys282
aEB -67(5) -37(8)
S34 304-311 —66 (16) —33(8) Asn304 Gly31!
S3,0B —67(15) -31(6)
a3A 323-338 —65(8) —41 (5) Lys323 Ala337 Lys338
a3B -68(9) —39(6)
adA 354-365 -63(9) —-38(11) Lys354 Ser364 Gly365
a4B -64(8) -38(7)
Overall mean —65 (1) -38(3) a2, a4 and S3,¢excluded.
Sheets
B-14 =118 (26) 138 (21)
B-1B -122(30) 138 (22)
B-114 ~112(28) 138 (23)
B-1IB -110 (29) 143 (18)
B-1114 —-109 27) 135(25)
g-1lB -107(25) 134 (24)
B-NADH (A) ~116 (28) 138 (17)
B-NADH (B) -115(26) 138 (18)
Overall mean - 114 (28) 138 (22)

values presented in the text refer to the 4 subunit of
the enzyme. The respective values for the B subunit
are usually very close to those of the 4 subunit.

Helices

Each LADH subunit contains nine helices, four of
which are located in the catalytic domain and the
remaining five contribute to the formation of the
nucleotide-binding fold. Table 5 lists the mean (¢,#)
values for the helices. The overall mean (¢,¥) values
calculated excluding helices a2, a4 and S,, were
(—65, —38°). These agree well with the values (— 65,
—39°) presented by Morris, MacArthur, Hutchinson
& Thornton (1992) from the analysis of 119 well
refined (R <20%) high-resolution (<2.0 A) struc-
tures. The mean hydrogen-bonding parameters for
the LADH-NADH-DMSO complex, 3.02 and
2.09 A for N-+O and H--O distances and 155, 140°
for N—H--O and H--O=C angles, respectively,
agree well with the respective values presented by

Sequence
in one-
Residues @2 2 @3 5 Type letter code

14 Thr2--Lys5 -53 128 88 -—17
1B -55 128 94 -5 I TAGK
24 Glul6-Lys19 - 56 148 54 29
2B -60 141 65 15 11 EEKK
34 Lys32--Glu35 -57 137 63 24
3B -56 136 63 21 11 KAHE
44  Gly77--Val80 -59 144 86 -—17
4B - 58 135 87 2 11 GEGV
5A  Arg84--Asp87 -49 140 87 -—16
SB -49 132 9% -10 11 RPGD
64 Cyslll---Asnlld -67 -—11 -88 8
6B -64 -—-13 -91 8 I CLKN
74 Metl23-Glyl26 -62 -19 —-94 11
7B -62 -28 -83 5 I MQDG
84 Cysl32:-Lys135 57 34 80 -21
8B 53 39 74 -9 I CRGK
94 Phel40--Thri43 54 34 68 17
9B 49 35 62 20 r FLGT
104 Aspl53--Serl56 -56 —-42 —-61 —11
108 -61 -34 -70 -2 1 DEIS
114 Aspl61--Serle4 —-68 -—14 -—95 10
11B -63 -28 -85 11 1 DAAS
124 Thr190---Ser193 -6l 131 92 0
12B -55 132 89 -5 II TQGS
134 Asn242--Asp245 -49 -27 =75 -1l
13B -5 -35 -73 -8 I NPQD
144 Glu283-Tyr286 -71 -19 -100 -24
148 -70 -27 -91 -22 1 QEAY
154 Pro296--GIn299 —48 133 58 21
15B -50 136 63 19 11 PDSQ
164 Phe319---Phe322 59 23 77 0
168 65 18 77 3 I FGGF
174 Leu342-Leu3ds -52 -38 —-54 -25
178 -54 -40 -52 -25 1II LDPL
184 Asp343--Ile346 -54 -25 -83 -21
18B -52 -25 -87 -21 1 DPLI
194 Pro351--Lys354 —-49 -36 -67 -—17
198 ~-53 -33 -62 -24 1Nl PFEK

Baker & Hubbard (1984): 2.99, 2.06 A and 155, 147°.
Helices al, a2 and aD form a,-type distortions
with a 3,o-bond. Helices a3 and a4 immediately
follow turns 16 and 19 (Table 6). Probably for this
reason they do not need to form additional 3,,-bonds
and, therefore, begin with a normal a-helical bond.
Helices aB and aF also start with an i, i + 4 bond
type, while helix aC starts with two 3,,-type bonds
followed by a normal a-helical bond. All the residues
with C=O0 groups involved in the first 3,,-type bond
are in the B-region of the Ramachandran plot.
Compared to the N-terminal ends of the helices
there is less diversity in the type of distortions
observed at the C-terminal ends. Thus, helices a1, a3
and a4 from the catalytic domain and helices aB,
aC, aD from the coenzyme-binding domain all end
with a 1-6 bond (7r-type). This is followed by a 2-5
bond with residue 5 in helices al, a3, a4, aB and
aD (Gly55, Lys338, Gly365, Lys188, Gly215 and
Asn259) being in the «; conformation (a.,-
distortion). Helices aD and aFE also have a final
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hydrogen bond of 3,,-type, but the C=0O groups of
the preceding residues (Ala278 and Leu307) are
hydrogen bonded to the side-chain groups Ser265
and Arg312.

Helices al, a2 and aA4 are of special interest.
Helix a1 (residues 46-56) is the first helix along the
sequence and is located in the catalytic domain (Fig.
5). One face of the helix is exposed on the surface of
the enzyme and the other side forms part of the
active site and is also at the interface between the
two domains of the subunit. A hydrogen bond at this
interface has been formed as the result of overall
conformational change upon NADH binding
between main-chain C=0 of Thr56 and NH of
Asp297, a residue in the flexible loop 292-299. The S
atom of Cys46 provides one of the ligands to the
catalytic Zn(II) ion and several main-chain and side-
chain groups form hydrogen bonds to NADH -
main-chain NH, NH2 and NE of Argd7, OG of
Serd8 and NE of His51. The side chain of Arg47
also participates in an intrahelical salt bridge with
Asp50. Asp49, which is buried in the interior of the
protein, makes a hydrogen bond to the active-site
His67 and a deeply enclosed water molecule.

e e
, CA 165 - 7/\,\;\ hﬁ‘,A
(\\\/—(/7\'/ “ ( [ / “,475\{/1'/
\ \‘ —\ Iy/ \
\L\\/ > Y
S0 7
TN fo

174A
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e
Y

(b)

Fig. 6. A stereo plot of helices @2 (@) and a4 (b) (residues 165-176
and 177-189). Residues 181-189 constitute a m-helix of about
1.5 turns. Dotted lines show the hydrogen bonds.
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The hydrogen-bonding pattern of al is distorted
at several locations. The C=0 group of Cys46 forms
a 3,,-type hydrogen bond with the NH group of
Asp49 and the NH group of residue 48 is at a
distance of 3.4 A to SG46, possibly donating a
proton to the S atom. The hydrogen bonds formed
by the side-chain OG of Ser48, O2'N of NADH and
the O atom of DMSO stabilize the conformation of
Ser48. The distortions of the main-chain hydrogen-
bonding pattern observed in this helix might depend
on the interactions with the coenzyme, the inhibitor
and the zinc-metal centre, but for definite conclu-
sions to be made a well refined high-resolution struc-
ture of the apo-form of LADH is required.

The second helix comprising residues 165-189 is
divided into two halves — helix a2 (residues 165-176,
Fig. 6a), which belongs to the catalytic domain and
aA (residues 177-189, Fig. 6b) forming the link to
the coenzyme-binding domain (Eklund et al., 1976).
Cys174 provides the second sulfur ligand to the
active site Zn(Il) ion and together with Glyl173 and
Gly175 forms a kink at the end of helix a2 (Fig. 6a).
The (¢, ) angles in the 4 subunit for Glyl73 and
Glyl75 are (—66, —21°) and (—58,—49°), respec-
tively, and for Cys174 (— 158, —72°). The hydrogen
bond between the NH group of Gly175 and OE2 of
Glué68 and the bifurcated bond between C=0 from
Cys174 to OG1 and NH of Thrl178 seem to be of
primary importance for stabilizing this conforma-
tion. It should be noted that Glu68, a second buried
acidic residue around the zinc centre, is among the
most conserved residues in a variety of alcohol
dehydrogenases (Borras, Persson & Jornvall, 1989).

The mean (¢, ¢) values (Table 5) for helix a2 are
in the 3, region of the Ramachandran plot. Three
main-chain groups make hydrogen bonds only to
solvent molecules; C=0 and NH from Glul67, and
C=0 of Glyl73. There are also two intrahelical
side-chain to main-chain hydrogen bonds: OG of
Ser177 to C=0 of Ile172 and SH of Cysl170 to the
backbone amide N atom of the same residue.

Helix a4 contains a w-helix of approximately 1.5
turns comprising residues 181-189 (Fig. 6b). The
C=0 group of Gly181 makes a bifurcated hydrogen
bond to NH of Lys185 and Vall86. The two car-
bonyl O atoms of Ser182 and Alal83 interact with
NH of Alal87, Lys188 and Vall89 (the last being a
1-7 bond). The C=O0O groups of residues Alal84,
Alal87, Lys188 and Vall83 are solely hydrogen
bonded to solvent molecules, whereas the C=0O
group of Lys185 is bonded to NZ of Lys188. The
mean N-+O and H-O bond distances for residues
Gly181-Alal87 are 3.09 (0.13) and 2.21 (0.23) A and
the mean (¢, ¢) are [—78 (17), —41 (14)°]. These
differ significantly from the values for an ideal
ar-helix (— 57, —70°) calculated by Low & Grenville-
Wells (1953).
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Table 7. Metal-ligand distances and angular parameters for the ternary complex of LADH

Angle (°)
Atoms A subunit B subunit
Catalytic Zn(II), centre
SG46--M--NE67 114 112
SG46---M--SG174 130 130
NE67--M---SG174 105 108
SG46-M--O(DMSO) 105 103
SG174---M---O 103 102
NE67--M--O 93 94
Non-catalytic Zn(II), centre
SG97---M--SG100 108 105
SG97--M--SG103 113 117
SG100--M--SGll11 119 118
SG100---M--SG103 107 106
SG103--M--SGl11 108 107
SGI111---M---8G97 101 104

B-sheets

There are four B-sheets in each subunit of LADH.
Three of them form the core of the catalytic domain
(B-1, B-1I and B-111, notation of Eklund et a/., 1976).
The fourth is a six-stranded sheet of the coenzyme-
binding domain (8-NAD). The mean dihedral angles
for the sheets are listed in Table 5. The average
hydrogen-bonding parameters were 2.95 and 2.00 A
for N---O and H:---O distances, and 159 and 151 for
N—H---O and H---O=C angles, respectively. These
values are almost identical to those found by Baker
& Hubbard (1984) for B-sheets (2.91 and 1.96 A, 160
and 151°).

A comparison of the structures of the refined
ternary complex with that of the apo-enzyme
(Eklund et al., 1976) revealed some differences in the
hydrogen-bonding pattern between the strands con-
stituting sheets B-1 and B-II. For this reason we
modified the definition of the sheets and follow the
Protein Data Bank numbering of the strands. We
included strands 68-70, 4145, 369-374 and 345-352
(numbers 1, 2, 3 and 4, respectively) in sheet B-I and
strands 148-152, 3540, 71-77, 86-92 and 156-160
(numbers 1, 2, 3, 4 and 5, respectively) in sheet B-1I.
The two last strands belonged to sheet B-I in the
apo-enzyme structure. It is unclear whether the new
hydrogen-bonding pattern is a result of the transition
from the open to the closed form of LADH or
reflects a more accurate definition of secondary-
structure elements at high resolution.

Sheet B-III, which is a six-stranded B-barrel, only
needed some minor modification and consists of
strands 7-13, 22-29, 129-132, 62-66, 135-138 and
145-146. Sheet B-NAD is built up of strands
238-241, 215-223, 192-199, 262-268, 287-293 and
313-317.

Strands 4 of B-I and 3 of B-II include a bulge at
Thr347 and Glu74 with (¢, ¥) angles (—103, —21°)

Distance (A)

A subunit B subunit
SG46--M 223 2.20
SG174---M 2.32 2.26
NE67--M 2.15 2.04
O(DMSO)--M 226 2.13
SG97--M 2.37 240
SG100--M 2.32 2.36
SG103---M 227 2.30
SGl11--M 2.34 2.39

and (—91, —49°), respectively. Residue Thr347 is
positioned at a sharp corner directly after turns 17
and 18 (Table 6) which includes Leu342-Ile346 and
serves in altering the direction of the backbone of
strand 4. Four of the residues in the strands of sheet
B-NAD also have dihedral angles in the helical
region — Ala217 (—84, —26°), Thr238 (—85, —32°),
Asp263 (—76, —40°) and Val292 (—115, —34°).
These residues (with the exception of Thr238) are at
the second position either from the beginning or end
of the respective strands.

Tight turns

19 turns characterized by an (i, i +3) hydrogen
bond were found in the structure of LADH. These
were classified according to Richardson (1981) and
Wilmot & Thornton (1988). The values of the
dihedral angles of the second and third residues,
which make the basis for the classification, are listed
in Table 6. With the exception of turns 1, 6 and 15,
the remaining turns are associated with the B-sheet
regions of the structure. Turn 1 is at the N-terminus
and turn 6 is in the core of the second zinc-binding
lobe. Turn 15 is located in the middle of a flexible
loop 294-297, which is crucial for the conforma-
tional transition of the protein (Cedergren-
Zeppezauer, Andersson, Ottonello, Bignetti, 1985).

The type I’ turns all have Gly in the i + 2 position.
Type II turns have Gly in this position in three cases,
one His (turn 3) and one Ser (turn 15). Main-chain
and side-chain groups in all the turns make between
two and four additional hydrogen bonds to main-
chain or side-chain atoms from other parts of the
structure or to solvent molecules. Turns 9 and 16 are
internal; turn 16 participates in NADH binding and
makes a hydrogen bond to a buried solvent mol-
ecule.
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Table 8. Classification of the ordered water molecules
in the ternary complex of LADH

A subunit B subunit
Type No. (B)(A?) No. (B)(AY)
(a) Total in both subunits 244 228
(b) Making 4 hydrogen bonds 39 40 39 39
(c) Making 3 hydrogen bonds 60 41 46 42
(d) Making 2 hydrogen bonds 55 52 58 SS
(e¢) Making 1 hydrogen bond 57 60 55 62

Table 9. Protein—water interactions in LADH crystals

Protein atoms  No. of waters  Mean distance (A) (B) (A?)
Peptide CO

A subunit 142 2.94 (0.26) 42
B subunit 125 2.97 (0.26) 43
Peptide NH

A subunit 59 3.03 (0.15) 36
B subunit 53 3.03 (0.15) 37
Side-chain O

A subunit 79 2.95 (0.26) 47
B subunit 70 3.00 (0.31) 47
Side-chain N

A subunit 31 3.02 (0.22) 48
B subunit 35 3.05 (0.25) 47

Zn-binding centres

Table 7 lists the refined parameters of the metal-
binding sites for the catalytic Zn(II), and non-
catalytic Zn(II),,. The error in M---L (metal-ligand)
bond length estimated from the Zn(II), S distances
in three LADH structures refined at high resolution
independently and with similar refinement protocols
[Cu(II)-substituted LADH-NADH-DMSO complex
and apo-LADH, unpublished results] is 0.03 A. This
value is higher than the respective values for the
restrained protein bond lengths (0.014). The M--L
distances for SG46, NE67 and O(DMSO) are very
close to each other and shorter than the
Zn(II)--SG174 distance. The same longer bond dis-
tance was observed for SG174 in the open form of
LADH (Eklund et al., 1976). The M---L distances for
the non-catalytic Zn(II), ion are typical for Zn(II)---S
complexes with tetrahedral coordination (2.252-
2.496 A) in small-molecule crystal structure (Vedani
& Huhta, 1990). A comparison of the L--M--L
angles between the catalytic and non-catalytic metals
shows that the geometry of the non-catalytic Zn(II),
centre is much closer to a tetrahedral geometry than
that of the catalytic Zn(II). site. One reason for that
could be the homogeneous ligand sphere of the
non-catalytic Zn(II), ion.

The hydrogen-bonding pattern around the active-
site Zn(II). has been described earlier (Eklund, Jones
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& Schneider, 1986). However, there are some
differences in the present refined model. The O atom
of the inhibitor DMSO is within hydrogen-bonding
distance of NE2 of His67 (3.11 A) and OG of Ser48
(2.64 A). This implies that both Ser48 and His67
might participate in orienting the substrate when it is
bound to the metal. The hydrogen bond from the
substrate through Ser48 to OQ2 of NADH is
thought to be part of a proton-relay system of
LADH.

Solvent structure

A total of 244 and 228 ordered solvent molecules
could be detected in the 4 and B subunits, respec-
tively. The assignment to each subunit was made on
the basis of the nearest protein group to which the
respective water molecule made contact. Water sites
with B factors up to 75 A? were included in the
refinement and subsequent analysis. At the end of
the refinement an F, — F, map was calculated with
those water molecules having B > 75 A? omitted. All
of these sites were located at the surface of the
protein. The water molecules were deleted from the
structure if no F, — F. density could be observed at
the 3o level.

Table 8 presents the classification of the water sites
and Table 9 describes the interactions between the
protein and water for those water molecules that are
directly hydrogen bonded to the protein. It can be
seen from Table 9 that the majority of the water
molecules are bound to O atoms in the protein, while
about 25% are bound to N atoms. The mean dis-
tances of water molecules to protein groups are
within the limits observed for hydrogen-bonding
contacts.

Coenzyme binding

The nicotinamide moiety binds in the interior of
the protein about 15 A from the surrounding solvent,
while the ADP-ribose-binding site is close to the
surface of the enzyme. This difference is reflected in
the average temperature factors of the two parts, 15
and 22 A2, respectively. From the values of the tor-
sion angles of the coenzyme bound to the two sub-
units (Table 10, for definitions see Reddy, Saenger,
Miihlegger & Weimann, 1981) it is seen clearly that
the conformations of the two NADH molecules are
identical. The puckering of the ribose sugar rings is
C2’-endo. This was clearly seen in the electron-
density map.

A schematic drawing showing hydrogen-bonding
interactions between NADH, the enzyme and solvent
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Table 10. Torsion angles (°) of NADH bound to subunits A and B of LADH

Adenosine
A B
78 78

Torsion angle A
04'—C1'—N9—C8
04'—C1'—N1—C6
04'—CI'—N9—C4
04'—CI'—NI—C2
C4—04'—CI'—C2’
04—C1'—C2—C3¥’
Cl1'—C2—C3—C4
C2—C3¥—C4—04'
C3—C4'—04—CY’
C3—C4—C5'—05’
04'—C4'—C5—05’
02—C2’—C3—03%’

76
—103 - 103
-1

-97
-7
41

-37
4]
=31
10
17
- 68
176
-28

-3
42
=31 -39
10 25
16 1
-76 49
169 - 69
-7 -37

NMN-ribose*
B

74

02
32
4
40
22

6
52
64
42

A
156
76
95
—167
61
- 169

Pyrophosphate chain
C4A—CS5A—0O5A—PA
C5A—0S5A—PA—OP3
PN—OP3—PA—OS5'A
PA—OP3—PN—OS'N
OP3—PN—OS5'N—CS'N
PN—OS5'N—C5'N—C4'N

155
86
89
- 160
59
- 166

* NMN-ribose - nicotinamide ribose.

is presented in Fig. 7. Protein—coenzyme interactions
in the two subunits were identical. About 16 water
molecules are involved directly or indirectly (through
other groups) in interactions with the coenzyme. The
majority of these are located in the region around the
pyrophosphate bridge. Several new features of the
interactions of NADH with the protein were
revealed by the refinement at high resolution. Among
those in the adenine part of the coenzyme are the
hydrogen bonds from N7A and the ribose O2'A
through solvent molecules to NH1 of Arg271 and
ND2 of Asn225, respectively (Fig. 7). In the nicoti-
namide moiety there is a bond between O3’'N and the
main-chain NH of Val294. This last interaction
together with the bonds between main-chain C=0
of Val292 and N7N of the carboxamide and NH of
Asp297 with ThrS6, respectively, should be crucial
for stabilizing the conformation of the loop region
292-298. The movement of this loop is necessary for
the rearrangement of the domains during the transi-
tion to the closed form of LADH.

Several new NADH contacts were observed
between the catalytic domain and the pyrophosphate
bridge. It is seen from Fig. 7 that the O atoms O1PA,
O2PA, O1PN and O2PN are involved in an extensive
hydrogen-bonding network, which includes several
solvent molecules, main- and side-chain groups from
the catalytic and coenzyme-binding domains. It
seems that the pyrophosphate forms a bridge
between the domains of the subunits and between the
N- and C-terminal parts of the catalytic domain.
Two major interaction areas between the coenzyme
and the catalytic domain can be discerned from the
present model. One is made up of the residues from
helix al (Argd7, Ser48 and His51) and the other
from Leu362 (helix a4) and residues Ser367, Ile368
and Arg369 belonging to a loop preceding the N-
terminal strand 369-374 of sheet B-1. Apparently
these interactions are important for the conforma-
tional transition to the closed form of LADH.

Comparison of the two subunits

The data presented above for secondary-structure
elements, hydrogen-bonding pattern, solvent struc-
ture and metal-coordination geometry show clearly
the close similarity of the conformations of the two
subunits of LADH at the level of secondary-
structure and hydrogen-bonding parameters. A
residue-by-residue comparison was carried out by
calculating the r.m.s. differences for main- and side-
chain atoms after a least-squares superposition of the
subunits using the CA atoms of the polypeptide
backbone (program X-PLOR). The mean r.m.s.
difference for the final model was 0.22 A for back-
bone atoms and 0.34 A for side chains. Atoms with
undefined positions listed in Table 4 were excluded
from the comparison. The r.m.s. values obtained
from the comparison between the subunits can be
used as an independent estimate of coordinate errors
and is comparable with the error predicted from the
Luzzati plot, which was about 0.24 A. The corre-
sponding r.m.s. differences for the starting model
were 0.65 and 1.48 A for main-chain and side-chain
atoms, respectively. From these results it can be
concluded that within the experimental error the two
subunits are identical.

Concluding remarks

The present structure of the ternary complex of
LADH is the first to be refined at high resolution.
Many main-chain and side-chain atom positions
were defined with much higher accuracy, allowing
for substantial improvements to be made to the
model. The new model permitted a more precise
description of the secondary-structure elements, of
the internal parameters of the structure and solvent
interactions with the protein and with the coenzyme.
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The two subunits of the enzyme could be compared
with higher accuracy.

The new features observed for the interactions of
NADH with the protein provide some clues
regarding the coenzyme role in the conformational
transition of LADH. It was noted that Ile368 in the
present structure had main-chain torsion angles in
the high-energy region of the Ramachandran plot
(—99, —86°). However, the refinement of apo-
LADH at high resolution (unpublished results)
showed that the same angles were well inside the
allowed region of the plot (—77, —48°). In the
ternary complex of LADH with NADH and imida-
zole the enzyme remains in its open conformation
(Cedergren-Zeppezauer, 1983). The newly performed
refinement of this complex showed that (¢, ) angles
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of 11e368 in this case are (—71, —70°). Thus, not
only NADH binding, but also the transition to the
closed state is needed for the creation of a steric
strain in this region of the polypeptide chain. In their
analysis of steric strain in the polypeptide backbone
of protein molecules, Herzberg & Moult (1991)
showed that the relatively few sterically strained
conformations almost always have some functional
significance. However, additional studies will be
needed to understand the mechanism behind the
creation and release of such a strain.

An interesting question, which could be resolved
after the refinement of the present model, concerned
the possibility of the presence of solvent molecules in
the substrate channel of LADH. It was established
that the oxidation of the alcohol group of the sub-

Fig. 7. A schematic drawing showing the NADH molecule (shaded) and its interactions with solvent and protein main-chain and
side-chain groups. Dotted lines are hydrogen bonds. The drawing was designed by Bo Furugren.
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strate occurs by a transfer of a hydride ion from the
C1 atom that binds the hydroxyl group to the C4
atom of the oxidized form of the coenzyme. One of
the requirements for the hydride transfer to occur is
a hydrophobic environment in the neighbourhood of
the metal ion and in the substrate channel that
connects the active site with the surface of the mol-
ecule (Eklund & Bridndén, 1983). The channel is
approximately cylindrical, about 7 A in diameter and
20 A deep. It includes the so-called ‘bottle-neck’
region lined by hydrophobic side chains of residues
Leull6, Leul4l, Val294 and Ile318, approximately
8-10 A away from the active-site zinc ion. Molecular
dynamics simulations (Tapia, Eklund & Brindén,
1986) demonstrated that the ‘bottle-neck’ region
serves as an effective barrier preventing the penetra-
tion of solvent molecules into the substrate channel.
The present refined structure of the ternary complex
of LADH confirmed these resuits. The volume of the
substrate channel from the metal ion to the ‘bottle-
neck’ region was found to be solvent free. The water
molecule predicted by Tapia, Eklund & Brindén,
(1986) to exist just outside the ‘bottle neck’ was
found in the structure. It is positioned about 12 A
from the metal ion and does not make any hydrogen
bonds. Its temperature factor is rather high (59 /EZ)

which probably reflects a low occupancy. Three
other water molecules were found close to the sur-
face of the molecule [13 to 15 A from the Zn(II) ion].
One of them is hydrogen bonded to the carbonyl O
atom of Pro295 and to the second water molecule
which in turn makes a bond to a third one.

The comparison of the refined high-resolution
structures of the holo- and apo-forms of LADH will
provide more detailed information regarding the
conformational transition from the open to the
closed states of the enzyme and the possible effects
associated with crystal packing in different crystal
forms. This work is in progress.

We are grateful to Professor H. Eklund for pro-
viding the coordinates of the ternary complex of
LADH, which were used as a starting model in the
refinement and to Dr Z. Dauter for assistance in data
processing. This research was supported by the
Swedish Science Research Council and Sven och
Ebba-Christina Hagbergs Stiftelse.
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