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ABSTRACT. The crystal structure of NAD-dependent alcohol dehydrogenase frBacillus stearother-
mophilusstrain LLD-R (htADH) was determined using X-ray diffraction data at a resolution of 2.35 A.
The structure of homotetrameric htADH is highly homologous to those of bacterial and archaeal
homotetrameric alcohol dehydrogenases (ADHs) and also to the mammalian dimeric ADHs. There is one
catalytic zinc atom and one structural zinc atom per enzyme subunit. The enzyme was crystallized as a
binary complex lacking the nicotinamide adenine dinucleotide (NAEofactor but including a zinc-
coordinated substrate analogue trifluoroethanol. The binary complex structure is in an open conformation
similar to ADH structures without the bound cofactor. Features important for the thermostability of htADH
are suggested by a comparison with a homologous mesophilic enzyme (55% identity);défBndent
alcohol dehydrogenase froEscherichia coli To gain insight into the conformational change triggered

by NAD™ binding, amide hydrogendeuterium exchange of htADH, in the presence and absence of NAD

was studied by HPLC-coupled electrospray mass spectrometry. When the deuteron incorporation of the
protein-derived peptides was analyzed, it was found that 9 of 21 peptides show some decrease in the
level of deuteron incorporation upon NALChinding, and another 4 peptides display slower exchange
rates. With one exception (peptide number 8), none of the peptides that are altered by bouh@i&AD

in contact with the alcoheisubstrate-binding pocket. Furthermore, peptides 5 and 8, which are located
outside the NAD-binding pocket, are notable by displaying changes upon NAidding. This suggests

that the transition from the open to the closed conformation caused by cofactor binding has some long-
range effects on the protein structure and dynamics.

NAD*-dependent alcohol dehydrogenase (ADHEC liver and Baker's yeast ADHs. In terms of quaternary
1.1.1.1) catalyzes the reversible oxidation of a wide range structure, the eukaryotic ADHs tend to be homodimers,
of aliphatic and aromatic alcohols to their corresponding whereas the prokaryotic ADHs usually are homotetramers.
aldehydes or ketones using NARs the cofactorl). ADH While there is a wealth of structural data on eukaryotic
is found in many different organisms, including bacteria, ADHSs, it is only in recent years that crystal structures of
yeast, plants, and mammals. Most ADHs require zinc at the bacterial and archaeal ADHs have been repor8eBj.
enzyme active site. ADHs are divided into three classes based NAD'-dependent alcohol dehydrogenase frBarcillus
on their monomer chain lengtR)( Of interest in the present  stearothermophilusstrain LLD-R (htADH) is a homo-
paper are the class | enzymes, examples of which are horse
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tetrameric enzyme with a molecular mass of 36 338 Da and out following the procedures of Cannio et aR5 and
339 amino acid residues per subunit. It shares about 31% ofGuagliardi et al. 26). Subsequently, the htADH gene was
its sequence identity with horse liver alcohol dehydrogenaseamplified directly by PCR from the genomic DNA of
(HLADH). Just as in HLADH and other mammalian dimeric  Bacillus stearothermophilustrain LLD-R (NCIMB 12403)
ADHs, htADH has two zinc atoms per subunit. One of these and ligated into the expression vector pET-24p(o give
is responsible for the catalytic function of the enzyme, while the plasmid pET-ADH, as described elsewhe2d) (
the other adopts a structural role. The enzyme source The expression and purification was carried out following
organism, B. stearothermophilusstrain LLD-R, has an  the reported procedur®%) with minor modification. The
optimum growth temperature of 7& and is classified asa enzyme htADH was overexpresseddscherichia colBL21
moderate thermophile. Thermophilic enzymes have been(DE3) cells. The cells were grown for 24 h at 3, har-
studied extensively for the purpose of assessing their potentialvested, lysed, and centrifuged. The supernatant was heated
use as high-temperature biocatalysts in organic synth8ses ( at 65 °C for 15 min and again centrifuged to remove
10). A search has ensued to better understand the structuralnsoluble material. The supernatant was first passed through
features, which confer enhanced thermostability, on thesea fast flow DEAE-Sepharose column (Amersham Bio-
proteins in the hope of using protein engineering to produce sciences), and the fractions with ADH activity were pooled,
biocatalysts with improved properties]( 12). concentrated, and passed through a Sephacryl S300-HR
Now generally observed in many enzyme-catalyzed hy- column (Amersham Biosciences). The enzyme was further
drogen-transfer reactions, the incorporation of quantum purified by affinity chromatography using an Affi-Gel blue
mechanical tunneling parameters are necessary to explaircolumn (Biorad) and eluted with a salt gradient. The final
experimental kinetic data that accurately compare the rateyield was~9 mg/L of culture with a specific activity of 380
constants of hydrogen-, deuterium-, and tritium-labeled units/mg (60°C). The homogeneity of the purified recom-
substrates and their temperature dependeti®}e The ADH binant enzyme was confirmed by SBBAGE.
enzyme system has developed as a paradigm for the study Protein Crystallization and Data Collectiohe enzyme
of the protein-mediated factors that control hydrogen tun- htADH was placed in a small 10-mL pressure cell with a
neling (@4). Site-directed mutagenesis of HLADH has YMS30, 30 kDa cut-off membrane (Amicon). The protein was
allowed the expression of quantum behavits)(and even exchanged into a 20 mM potassium phosphate buffer (KPi)
suggested a structural and possibly a dynamic role for theand 4 mM DTT (pH 7) at £C for approximatet 4 h under
tunneling component of the hydride transfé6,(17). This argon gas, with repeated additions of the exchange buffer.
developing wealth of experimental data in the ADH system The exchanged sample was then concentrated under the same
has prompted several groups to formulate theoretical methodsconditions to a concentration of 20 mg/mL. Protein crystal-
to correlate ADH kinetics, structures, and dynamit8— lization conditions were obtained by hanging drop vapor
22). When the ADH is moved to a thermophilic form, the diffusion using commercially available screens (Hampton
observation of tunneling in the htADH enzyme was shown Research). Drops were prepared at°5by mixing 2 ulL
to correlate with a functionally relevant protein dynamic of the protein stock solution with an equal volume of the
transition that happens &t30 °C (23, 24). These previous  well solution. One condition was found to grow crystals,
studies provide experimental evidence for a role of thermally which was optimized to a final crystallization condition of
excited enzyme fluctuations in modulating enzyme-catalyzed 12% trifluoroethanol, 12% PEG 4000, and 100 mM HEPES
bond cleavage. What is lacking is an atomic-resolution (pH 7.5) at 25°C.
structure to relate to the dynamics involved. Diffraction data were collected using an ADSC Quantum-4
Here, we report the three-dimensional structure of a CCD detector on beam line Al at the CHESS synchrotron.
substrate-alcohol binary complex of alcohol dehydrogenase The detector distance was set at 200 mm, and an X-ray
from B. stearothermophilustrain LLD-R at a resolution of ~ wavelength of 0.908 A was used. The data collection
2.35 A. This complex offers the first step toward a structural temperature was-180 °C. Crystals were transferred to a
picture of functionally relevant dynamic behavior. We cryo buffer containing 25% (v/v) PEG 400, flash-cooled in
compare and contrast the structure to available homologousa pool of liquid nitrogen, and then mounted on the goniom-
tetrameric ADHs and to a representative mammalian dimeric eter. The data were collected usingdscillation scans for
ADH, HLADH. The most intriguing insight into the en-  atime interval of 20 s per frame. A total of 140 frames were
hanced thermostability and associated temperature-dependenjollected from one crystal. Integrated reflection intensities
kinetic behavior of htADH is obtained by comparing htADH were obtained from DENZO and scaled with SCALEPACK
to its nearest available structural homolog, mesophilic (28).
EcADH. We also report the amide hydrogeteuterium Crystal Structure Solution and Refinemertte diffraction
(H/D) exchange data of htADH with and without NAD  data were indexed based on a primitive orthorhombic unit
bound, as studied by mass spectrometry. The H/D exchangecell with cell dimensions = 68.3 A,b=138.2 A, anct =
results reveal that alterations in the exchange rates, which158.7 A. After the diffraction data were indexed, it appeared
are linked to conformational changes upon NABInding, likely that there were four ADH subunits in the crystal
occur not only in the inferred cofactor pocket, but also in asymmetric unit, implying a solvent content of about 50%.
some regions that do not appear to be directly involved in The crystal structure of htADH was solved by molecular
cofactor binding. replacement using a search model based on the crystal
structure of NAD -dependent alcohol dehydrogenase from
EXPERIMENTAL PROCEDURES E. coli, ECADH (3). Coordinates for the crystal structure of
Cloning, Expression, and Purification of htADBIloning, the holo form of ECADH were obtained from Hans Eklund
expression, and purification of htADH were originally carried prior to Protein Data Bank (PDB) submission. This structure
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consists of four subunits, three of which have a bound NAD structure 40). This composite alignment was then matched
cofactor, while the remaining subunit is in an open (NAD  to the B. stearothermophilustrain LLD-R sequence using
free) conformationd). The tetramer has approximately 222 CLUSTALW (41). Finally, the alignment was cleaned up
noncrystallographic symmetry (NCS). The search model wasby taking out 1ljvb and 1e3j and then pruning any gaps
constructed by replacing the three closed subunits with openpresent in both theE. coli and B. stearothermophilus
subunits. The newly modeled tetramer using the open sequences. After subunit A was built, a complete tetramer
subunits was generated from the original open subunit by was assembled by generating subunitsiBfrom subunit
applying the appropriate NCS operators. The final molecular A using the NCS operators.
replacement search model included this modeled tetramer The tetramer was refined in CNS by simulated annealing
of open subunits with all residues except glycine mutated to using torsion-angle dynamics. Care was taken to ensure that
alanine. the same test-set reflections were used in this step that were
A molecular replacement solution was obtained using used in the rigid-body refinement step. NCS restraints were
AMOoRe (29, 30). The rotation map gave four peaks of height applied to the tetramer. All atoms were restrained using a
6 o that were higher by 2.6 than the next-highest peaks in  restraint weight of 300 kcal/mol A After this, 30 cycles of
the map. These four peaks were interpreted to represent théndividual temperature-factor refinement were run. NCS
four orientations at which the search model would overlay temperature-factor restraints were applied to all atoms of the
an object with 222 NCS. Translation searches in the spacetetramer. For these stefRyorking aNdRiee (42) started out at
group P2,2,2, for any of these orientations produced 0.409 and 0.396, respectively, and dropped to 0.295 and
convincing solutions. The maximum peak height was-10 0.311, respectively, after refinement. A combined-phase
12 o, and the next-highest peaks were lower by43r than electron density map was generated and used in the next
those of the best solutions. round of model building. The density-modified phases were
Rigid-body refinement was run in CN8J), starting from combined with those of the refined partial model. The
the final molecular replacement solution. Each subunit of combined-phase map was averaged using RAVE to strongly
the tetramer was refined as an independent rigid bgyking enforce the 222 noncrystallographic symme#$, @4). This
was 0.477 using a resolution range from 10 to 3 A. Only map showed reasonably clear connections filling all six
minimal orientation changes of each subunit relative to the sequence gaps in the structure. After building these regions,

others were observed. the model lacked only the two residues closest to the C
Density modification technique82—35) were appliedto  terminal of each subunit. The model was refined again by
the crude molecular replacement phases using B/36). simulated annealing, followed by temperature-factor refine-

Solvent flattening, histogram matching, and NCS averaging ment using CNS. The values Bfioring aNd Riee dropped to
were performed. Phases were generated for all reflections0.261 and 0.276, respectively. An unaveraged combined-
(41.4-2.35 A). A bulk solvent correction was applied using phase map and a purely model-phased map were used in
a solvent mask generated by CNS. The NCS operators werehe next round of model-building. These maps suggested that
obtained by pair-wise overlays of one subunit (labeled the NCS restraints were too tight in some regions>Pras
subunit A) with each of the other three subunits (labeled identified as ais-proline and modeled accordingly. The two
B—D) in CNS. A monomer mask for averaging was residues closest to the C terminal of each subunit were built
generated in NCSMASK30 ) by forming an atom mask into the difference density.
around subunit A with an atomic radius of 3.0 A. The solvent  Trifluoroethanol (TFE) ligands, one per subunit, were
mask was generated by first surrounding the tetramer with identified in close proximity to the catalytic zinc atoms and
a mask with an atomic radius of 3.0 A. Then, this mask was added to the structure. Trial coordinates for TFE were
extended, using the space-group symmetry operators, to fillobtained from PDB 1a714f). CNS and O database files
a complete unit cell. Next, one cycle of DM was run, and were obtained from XPLO2D4g). In addition, nine TFE
the solvent mask internally generated by DM was output. molecules were identified in the ordered solvent shell
Finally, these two masks were merged and examined in thesurrounding the tetramer.
program O 87). The mask was edited slightly so as to Water molecules were placed during successive cycles of
uncover a few internal regions, which were incorrectly model building and refinement. Tentative locations were
assigned to the solvent region. A total of 25 cycles of density found from electron density difference maps (coefficients
modification were run. Fo, — Fc). These locations were checked against the pro-
After the density modification procedures, the electron tein model using ak, — F. difference electron density map
density maps were of reasonable quality and were used toand an annealedF3 — F. composite omit map. Putative
build 290 of the 339 residues of subunit A. The starting water sites not residing in a significant omit map density or
model for building was the NAD-free subunit of ECADH those too close to or too far away from protein atoms were
superimposed onto subunit A of the rigidly refined tetramer. rejected.
Each residue of the partially built model was mutated to that The noncrystallographic symmetry restrained model was
predicted by a hypothetical alignment of thecolisequence  fine-tuned during the final stages of refinement. Side chains
with that of the htADH title structure. The hypothetical were released from restraints if the electron density maps
alignment was obtained as follows. STAMBg| was used suggested that the restraint model did not apply to them. The
to align the structure of ECADH with two closely related structural and catalytic zinc atoms and their coordination
proteins: PDB 89) 1jvb, alcohol dehydrogenase from the spheres were not restrained. Residues 78l and the four
archaeonSulfolobus solfataricu§SsADH) (7); and 1e3j, residues closest to the C terminal were refined freely. In all,
ketose reductase (sorbitol dehydrogenase) fidemisia 2238 of the 2554 non-hydrogen atoms of each subunit were
argentifolii (BaKR), which was used to solve the coli restrained. To determine the appropriate restraint weight, a
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series of simulated annealing runs was made as the reStra'mi'able 1: htADH Crystallographic Refinement and Model Statistics

weight was varied from 0 to 300 kcal/moRAThe besRee
occurred when the restraint weight was 50 kcal/mdlhis
was the restraint-weight value used to bring the refinement
to convergence.

The final model of htADH had 4 subunits of 339 amino

acid residues each, both a structural and a catalytic zinc atom

per subunit, 1 TFE ligand per subunit active site, 9 TFE

molecules remote from the active site, and 332 ordered water

molecules. A final &, — F; annealed composite omit map
for this model was used to confirm the validity of the chain
trace and the final model. The finRlyorking 8Nd Reree Values
were 0.214 and 0.252, respectively.

Structure Rendering and AnalysBtructurally corrected
sequence alignments were performed with STAN8) and
displayed using ALSCRIPT4(7). Secondary-structure as-
signments were made using DSSB)( Structure superposi-
tions were calculated using LSQKAB®, 49). Salt-bridge
interactions were obtained from CONTACB(Q). Figures
1, 3, and 5 were made using MOLSCRIP30)f, POV-
SCRIPT (E. Peisach and D. Peisach), and POVRAY
(www.povray.org). The electron density contours in Figure
3 were produced using CNS1), CCP4 80), and RAVE
(43, 44). Structure stereochemistry and data quality were
validated using PROCHECK3(, 51) and SFCHECK 30,
52), respectively.

Amide H/D Exchange by Mass Spectrome®gptides used
for H/D exchange analysis were identified by MS/MS
sequencing conducted “on-the-fly” as peptides eluted from
the capillary column, as described previousB3)( The
exchange reactions were initiated by adding:L®f a newly
thawed protein solution~0.5 mg/mL, 50 mM KPi at pH
7.4, 250 mM KCI, and 2.5 mM DTT) with or without 100
mM NAD™ to 90uL of D,O. After the incubation at 10C,

Data Collection

resolution range (A) 41:42.35
completeness (%) 87.5
unique reflections 51591
Riergé 0.068
Refinement
subunits/asymmetric unit 4
protein atoms 10216
heteroatoms 86
solvent atoms 332
average temperature factorgA 37.9
F\)Workingb 0.214
Rired® 0.252
RMSD from Ideal Geometry
bonds (A) 0.007
angles (deg) 1.30
dihedrals (deg) 23.60
impropers (deg) 0.85
Ramachandran Plot
core (%) 91.3
allowed (%) 8.2
generously allowed (%) 0.4
disallowed none
Estimated Coordinate Error
from Luzzati plot (A) 0.36
from oa (A) 0.28
@ Rmerge = Z|lo — l4/Z|l4l, wherel, is the observed intensity ard

is the average intensity, with the sums being taken over all symmetry-
related reflections? R factor = X|F, — F|/Z|F,|, whereF, is the
observed amplitude anBc is the calculated amplitudeRiee is the
equivalent ofRyorning, €XCept it is calculated for a randomly chosen set
of reflections (5%) that were omitted from the refinement procég8s (

¢ Error estimates are based Bpe. The methods of Luzzatie@) and
Read 69), respectively, were used.

number of exchanging amideA ¢+ B + C) from the total
number of backbone amideNl) in the peptide, excluding

the exchange reaction was quenched by lowering the pH toy, proline residues.

2.4 and the temperature t6Q and was followed by pepsin

digestion of the protein. The resulting peptides were analyzedResSULTS

on a reversed-phase capillary column (POROS 20 R1,

PerSeptive) coupled to a QStar Pulsar quadrupole time-of-

flight mass spectrometer with a normal electrospray interface
(PE Biosystems). The maximum time from the initiation of
digestion to the elution of any peptide was 22 min. Zero
time point controls (the “artifactual in-exchange” control)
were performed by adding a quench buffer to the protein
solution prior to the exposure to,D. Measured peptide
masses were corrected for artifactual in-exchange=a0,
normalized to 100% BD, and corrected for back-exchange
following the method described by Resing et ab3)(
Typically, 12 data points were collected with the shortest
incubation time 67 s and the longest incubation time of
130 min. Kinetics of exchange using corrected peptide
masses were fit by NLSQ to the equatiovi= N — Ae k!

— Be™kt — Ce™Xd!, whereN is the total number of amides

The tetrameric structure of htADH is the first structure
solved of ADH fromB. stearothermophilusThe structure
shares many similarities with other ADH structures. The
closest match is thE. coli ADH, with which it shares 55%
identity. The structure reported is a binary complex with the
alcohol-substrate analogue TFE. Refinement and model
statistics are shown in Table 1. The high quality of the model
is supported by a reasonabR factor, clear and fully
interpreted electron density maps, and a stereochemical
quality supported by favorable Ramachandran plot results
(Table 1). The structural features that highlight its similarities
and differences with other ADHs will be summarized below.
Furthermore, the title structure allows site-specific interpreta-
tion of amide H/D exchange data to be interpreted. Here,
the impact of cofactor binding is presented, making predic-

exchanging over the observed time course for each individualtions regarding the, as yet, unsolved structure of the binary

peptide, and\, B, andC correspond to the number of amides
exchanging with rate constaritg k;, andks, respectively.

complex of htADH with NAD".
Quaternary Structure of htADHA ribbon diagram of

The enzyme is in its native state under the H/D exchange htADH is shown in Figure 1. The enzyme is a homotetramer
conditions. The rate constants, k,, and ks have been  where the subunits are related by three mutually perpen-
measured under EX2 conditions, so that what is measureddicular 2-fold molecular axes. The axes are parallel to the
is the equilibrium between the open and closed forms of the horizontal, vertical, and normal directions of the drawing.

protein Kops = (KopedKeiosd x Kex]. The number of non- The axis normal to the drawing relates the subunit pairs A/D
exchanging amide hydrogens is calculated by subtracting theand B/C. The quaternary structure is thus a dimer of these
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Ficure 1: Ribbon diagram for htADH. Subunits-AD are colored blue, turquoise, green, and red, respectively. Dimers similar to HLADH
are formed by the subunit pairs A/D and B/C. Catalytic zinc atoms are colored yellow, and structural zinc atoms are colored magenta. The
222 NCS axes lie along the horizontal, vertical, and normal directions of the figure view.

subunit pairs. Furthermore, the tertiary structure of the A/D structurally corrected sequence alignment (Figure 2) of these
or B/C dimers is highly similar to the dimeric mammalian structures identified 190 residues that were structurally
ADH enzymes %4). Contacts between the subunit pairs A/C equivalent and hence constitute a conserved core of the ADH
and B/D are mediated by the loops surrounding the structuralfold. The lone mammalian sequence in Figure 2 stands out
zinc atoms, which are colored in magenta. Hence, the with two significant insertions compared to the bacterial
structural zinc atom binding loops play a role in enzyme enzymes. Compared with the title structure, the RMSD for
oligomerization. the G, atoms of the protein core afford the following
As is the case with each of the homologous ADHs, the similarity ranking: NAD'-free ECADH, 0.86 A; NAD-
subunit of the title structure is divided into two functionally bound EcCADH, 1.16 A; apo-SsADH, 1.34 A; apo-HLADH,
different domains. Residues 15085 comprise the cofactor-  1.39 A; apo-BaKR, 1.48 A; NADRfree TbADH, 1.80 A;
binding domain, while residues-1149 and 286-339 fold apo-CbADH, 1.80 A; NADP-bound TbADH, 1.82 A; holo-
into the catalytic domain. The two domains are separated HLADH, 1.88 A; and holo-CbADH, 1.95 A.
by a deep cleft that spans the entire width of the subunit. The tetrameric enzymes can be divided into two groups
Near the bottom of this cleft is the catalytic zinc atom, shown based on their zinc content. HtADH, ECADH, SsADH, and
in Figure 1, colored in yellow. Each cofactor domain pairs BaKR have both structural and catalytic zinc atoms, while
tightly with that of a neighboring subunit, resulting in TbADH and CbADH have the catalytic zinc atom but lack
extendeq’ sheets, which run along the front and back sides the structural zinc atom. In all but one of the structures of
of the tetramer and whoge strands stack roughly parallel  the former group, the structural zinc atom showed tetrahedral
to the vertical axis of Figure 1. The subunit pairs forming coordination by four cysteine residues. The exception is
these extendefl sheets are the dimers mentioned above that SSADH, where a glutamate residue replaces one cysteine
are similar to dimeric mammalian ADHs. (Figure 2). The most common coordination of the catalytic
Comparison to Other Tetrameric Alcohol Dehydrogenases. zinc atom is the type first observed in HLADH, where three
The structures of a number of tetrameric ADHs have been of the four ligands are Cy% His?!, and Cy%*® (htADH
published, to which the title structure may be compared. numbering). In CbADH and TbADH, the final cysteine
There are an apo, a holo, and a mutant form of ADH from residue is replaced by aspartate. In BaKR, the glutamate
Clostridium beijerinkii(CbADH), PDB 1ped, 1kev, and 1jgb, residue adjacent to Hisreplaces the final cysteine residue
respectively 4, 5, 8); NADP*-free and NADP-bound forms as the third ligand. In EcADH, SsADH, CbADH, and

of ADH from Thermoanaerobacter brockiTbADH), PDB TbADH, this same glutamate can serve as the fourth zinc
1bxz and 1ykf, respectivelyd-6); NAD*-free and NAD - ligand, displacing a water molecule normally present in
bound forms (in the same crystal) of holo-EcADB);(the cofactor-free enzyme subunit3)(

apo form of SSADH 7); and the apo form of BaKR4(). A notable difference among the compared structures is

Also included for comparison purposes are apo and holo the variation of the conformation at PP¢htADH number-
forms of a representative dimeric mammalian ADH, HLADH, ing) and equivalent residues. This proline was refined as a
PDB 8adh and 2ohx, respectivel$4 55). A composite cis-proline. Although this residue lies within a structurally
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HtADH v Sec!
EcADH L 55
SeADH T 41
HLADH v 36
BakR 5 M
ToADH F a2
ChADH hd a0
Domain

HADH_ss

Ficure 2: Structurally corrected sequence alignment of ADH. The htADH sequence is on top, and its secondary structure is aligned on the
bottom. Numbering is based on the htADH sequence. The catalytic domain is colored turquoise and the cofactor domain is colored magenta.
Residues binding the catalytic and structural zinc atoms are colored yellow and green, respectively. Glutamate residues, which have been
observed to bind the catalytic zinc atom as a fourth ligand, are colored purple. Boxes enclose the 190 structurally equivalent residues used
for aligning sequences by STAMBE). The column labeled “Seq ID” at the end of the alignment reports the sequence identity of the ADH
sequences relative to the htADH sequence. The alignment was prepared using SIAMRJ displayed using ALSCRIPRTY).

L

Ficure 3: Catalytic Zn site of htADH. The catalytic Zn atom, colored orange, is in a distorted tetrahedral coordination by side-chain
heteroatoms of residues C§sHis®!, and Cy%*8. The alcoholic oxygen of the substrate analogue TFE occupies the fourth site in the
coordination sphere. Coordination distances range from approximately 2.0 to 2.5 A. The hydroxyl oxyge @fdEed line) is presumed

to mediate the proton abstraction from the substrate during catalysis. The electron density is from the final NCS-avgrage@@nealed
composite omit map contoured at lu5

similar region of the alignment of homologous ADH of htADH is consistently closer to the cofactor-free form of
structures (Figure 2), there is a great deal of variation at this each protein than to the corresponding cofactor-bound form.
position. Three of the homologous structures also have Figure 3 is a plot of the enzyme active site showing the
proline in this position, but for only two of these, HLADH  catalytic zinc atom, its coordination sphere, and*§hwhich

and SsADH, the proline adopts a cis conformation. is expected to play an important role in catalysis. The zinc
Alcohol-Substrate Binding in the Aci Site.The title coordination environment is a distorted tetrahedron. Three
structure is a binary complex lacking the NARRofactor. of the zinc ligands are those expected from the alignments

Protein crystal screening is currently underway to obtain a with mammalian ADHs, namely, side-chain heteroatoms of
closed form ternary complex structure. It is important to note Cys*®, His®l, and Cy%*®. The oxygen of the substrate
that the binding of the substrate analogue TFE in the active analogue TFE occupies the fourth coordination position. The
site has not caused the enzyme subunit conformation to closehydroxyl group of Th#° lies within 3.3 A of this oxygen. In
This is apparent from the structure similarity ranking of the proposed enzyme mechanis®6)( the proton on the
various ADH structures relative to htADH (see above). In alcoholic oxygen is transferred first to the Thhydroxyl
pair-wise comparisons, the similarity of the conformation group, then to the 'Zhydroxyl group of the nicotinamide
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MKAAVVEQFKEPLKIKEVEKPTISYGEVLVRIKACGVCHTDLHAAHGDWPVKPKLPLIPGHEGVG
1 2 3
IVEEVGPGVTHLKVGDRVGIPWLYSACGHCDYCLSGQETLCEHQKNAGY SVDGGYAEYCRAAADY
4 5 6 7

VVKIPDNLSFEEAAPIFCAGVTTYKALKVTGAKPGEWVAIYGIGGLGHVAVQYAKAMGLNVVAVD
8 9 10 11 12

IGDEKLELAKELGADLVVNPLKEDAAKFMKEKVGGVHAAVVTAVSKPAFQSAYNS IRRGGACVH
13 14 15 16

GLPPEEMPIPIFDTVLNGIKIIGSIVGTRKDLQEALQFAAEGKVKTIIEVQPLEKINEVEFDRMLK
17 18 19 20

GQINGRVVLTLEDK
21

Ficure 4: Primary sequence of htADH with the peptide fragments labeled. A total of 21 peptides generated by pepsin digestion are
numbered starting from the N terminus. Peptides located in the cofactor-binding domain are colored green, and peptides located in the
substrate-binding domain are colored red.

100 4

ribose of the cofactor, then tod® of His*, and finally to
the solvent.

Alternate Catalytic Zinc Site Obsexd in Two Subunits.
At the completion of the htADH structure analysis, a final g
F, — F. difference map was calculated to search for extreme ‘g
values of residual positive or negative electron density. &
Normally, these peaks and holes indicate regions that may&
need to have the model built in or deleted, respectively. Two a
features worth noting are-2.5 A from the catalytic zinc
atom of either subunit A or C. The peaks stand out as the
most pronounced features of the map. Overlays of the open
subunit of holo-EcADH onto either subunit A or C suggest
that each of these peaks represents an alternative zinc site
of low partial occupancy, where the fourth zinc ligand is

|mW/O NAD oW/ NAD |

(%)

80

123 4567 8 91011121314 1516 17 1819 20 21
Peptide Number

&

GIuf? Partial zinc occupancy was also suggested by compar- 14 .
ing the catalytic zinc temperature factors for all four subunits. £ 12 Peptide 11 £ 20 Peptide 16
Those for subunits A and C are above 58 #hile that for g1 g s
B is below 30 & and that for D is below 40 A Because of g . % o
the resolution limitations of the X-ray diffraction data to 2.35 I sunand B {‘Vﬁ
A, the alternate conformations suggested were not refined § 2 W § s
and therefore were not presented in the final model submitted 0020 40 60 80 100120140 0830 40 60 80 100130140
to the PDB. Time (min) Time (min)

Amide H/D Exchange by Mass SpectrometyD ex- 12 10
change was performed at 2@ with and without NAD %10 Peptide 17 % 8 Poptide 20
(10 mM) present, and the exchange experiments and data g 8 g 6 .
analysis were carried out following the procedures described < 6 //")—4—' S 4 P
above. The independent activity assay confirmed that the g M7 § 1

. . . . . 2 5 2

enzyme is fully active after incubation for 150 min under g, 2
the exchange conditions. A total of 21 nonoverlapping 20 40 60 80 100 120 140 93 20 40 60 80 100120140

peptides generated by pepsin digestion have been identified Time (min) Time (min)

for H/D exchange analysis (Figure 4). The H/D exchange _ i
IGURE 5: (Top) Percentage of deuteron incorporation for each

de;crlbed here °T"y measures deuterf’:\tlon at backbon eptide at the end of the H/D exchange measurement (130 min).
amides, because side-chain deuterons will back-exchange tqgottom) H/D exchange time-course plots for four representative

hydrogen during LC/MS. For each peptide, the number of peptides that displayed a decreased deuteron incorporation upon
incorporated deuterons was obtained by calculating the NAD* binding [ligand-free htADH @), htADH and 10 mM NAD
difference between the weighted average mass of the peptidd©)]: The dashed lines indicate the number of maximum exchange-
before and after H/D exchange. The plots of incorporated able amide hydrogens within each peptide.

deuterons versus time were fitted with a three-exponential

model to give the exchange rate constdaik, andks and basis of their exchanging rates, the amide hydrogens can be
the number of corresponding exchanging hydrogens. On thecategorized into three groups: fast-exchanging hydrogens
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17 20

Ficure 6: H/D exchange displayed on htADH monomer. The two zinc ions and the modeled-in cofactor &tARolored yellow. The
cofactor-binding domain is on the left, and the substrate-binding domain is on the right. Peptides exhibiting a decrease in the deuteron
incorporation level or H/D exchange rate upon NADinding are labeled and colored. Peptides, which bind the cofactor, are colored
orange (15, 19), pink (16), red (17, 21), and magenta (11, 18, 20). Peptides that are not directly involved in cofactor binding are colored
green (6, 8, 12) and blue (5, 14). Peptides exhibiting no change in deuteron incorporation level are colored gray.

-
N

(kex > 1 min™1), intermediate-exchanging hydrogens (0.1 -8
min~! < ke < 1 min™?), and slow-exchanging hydrogens Peptide 14
(kex < 0.1 min?).

A total of 13 of the 21 peptides display changes upon g4
htADH binding of NAD", including nine peptides that show 5 o
a decreased deuteration level and four peptides that show & 2 5
decreased exchange rate (top of Figure 5). The exchang
time-course plots for four of the nine peptides showing 90 20 40 60 80 100120140 0 20 40 60 80 100120140
decreased deuteration level are shown in Figure 5 (bottom). Time (min) Time (min)
Most of the nine peptides are from the putative regions that
are involved in cofactor binding, including four peptides £6 +--------------- —————
located in the cofactor-binding domain (peptides 11;-15 8 Peptide 12
17) and three located in the substrate-binding domain g4
(peptides 19-21), as shown in Figure 6. However, there are ‘o
two peptides (peptides 5 and 8) that are not in direct contact £ 2
with the cofactor and that also show a decrease in the3
deuterat!o_n level. The time-course plots for the four pepti_desgoo %0 20 60 50 100130740 00 20 40 60 80 100150 140
that exhibit decreased exchange rates are shown in Figure Time (min) Time (min)

7. On the basis of the crystal struc@ure_,', peptide 18 is located Ficure 7: Amide H/D exchange time-course plots for the peptides
at the bottom of the cofactor-binding pocket, whereas hat displayed slower exchange rates upon NABnding. The
peptides 6, 12, and 14 appear not to be in any direct contactdashed lines indicate the number of maximum exchangeable amide
with the cofactor (Figure 6). The remaining eight peptides, hydrogens within each peptide [free htAD®), htADH and 10
which are mainly located in the substrate-binding domain, MM NAD™ (O)].

display almost identical deuteration levels and rates bEforeprevious observations that link thermally driven protein

and after NAD binding (see data in the Supporting fjyctuations and functions2@, 24, 27). The structure of a
Information). binary complex structure of htADH from the thermophilic
organismB. stearothermophiluand its comparison to the
DISCUSSION homologous mesophilic ADH frornk. coli is the first step
The comparison of the protein structure and function for toward understanding this dynamitunction link.
a specific enzyme from thermophilic, mesophilic, and even  “Open” Versus “Closed” Subunit Conformatiorit has
psychrophilic sources has gained a great deal of interest frombeen observed that cofactor binding in an ADH subunit
practical protein engineeringT) to basic science questions induces a change in the conformation of the catalytic domain
(58). This comparison in the ADH system now allows a relative to the cofactor domain. The catalytic domain rotates
structural perspective to be developed that helps explainso as to partially close the cleft separating it from the

-
o

6 Peptide 6

corporate:
Deuterons Incorporated

o N & O O

ed
rated
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o

Peptide 18

poral
o
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4]
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Table 2: Open/Closed Conformational Change for ADH Enzymes
Open/ClosetiForm Pairs

cofactor domain catalytic domain 10) 1) x t open form closed form
fit RMSD (A) fit RMSD (A) (deg) (deg) (deg) A PDB PDB
HLADH 0.430 0.304 94.14 76.44 9.66 —0.201 8adh 20hx
EcADH 0.520 0.482 84.03 83.45 12.21 —0.484 n. a. n. a.
ThADH 0.272 0.378 113.08 127.78 1.86 0.163 1bxz 1ykf
CbADH 0.374 0.453 97.04 —1.08 0.99 —0.946 1ped lkev
Closed Form HLADH as a Reference
cofactor domain  catalytic domain w ¢ X t open form closed form
fit RMSD (A) fit RMSD (A) (deg) (deg)  (deg) A PDB PDB
NAD *-free htADH 1.417 1.001 96.54 61.60 15.54 —0.888 1rjw 20hx
NAD *-free ECADH 1.389 1.075 97.82 72.92 18.95 —0.891 n. a. 20hx
Apo-SsADH 1.517 1.566 94.52 53.55 18.96 0.090 ljvb 20hx
Apo-BaKR 1.248 1.369 109.65 61.24 19.75 —-0.184 1le3j 20hx
NADP*-free ThbADH 1.295 1.612 104.58 60.24 9.64 0.641 1bxz 20hx
Apo-CbADH 1.273 1.557 96.14 49.40 8.36 0.310 1ped 20hx

aThe basis vectors of the reference Cartesian coordinate system for these calculations are parallel to the 222 NCS axes of ADENd he
z axes depicted in Scheme 1 are parallel to the molecular axes relating subunits A and C, A and B, and A and D, respectively. To start the
calculation, the coordinates of the atoms of each cofactor-bound subunit were expressed in the reference Cartesian system. Then the domain
superpositions were performed as described in the text. Cofactor and catalytic domain fits were based on 89 and 101 structurally equivalent C
atoms, respectively. The anglesand ¢ express the domain rotation axis in spherical coordinates and are depicted in Scheme 1. Theisalue
the angle between the rotation axis and zfexis. The angle between tixeaxis and a projection of the rotation axis onto thyeplane is defined
as¢. The extent of open/closed-domain rotation that relates the movement of the catalytic domain is givencthe translation of the superposed
domain parallel to the rotation axis is given fhy® Open and closed forms of each ADH listed were compat@tie open form of each listed ADH
structure was compared to the closed-form structure of HLADH.

Scheme 1. Definition of the Domain Rotation Axes for the domain rotations of no less than abouf 1&hile TbADH

Values Presented in Table 2 and CbADH show very little rotational motion. In the lower
Z part of the table, the holo form of HLADH is the reference
t, structure for each superposition, and the open forms of the

structures listed are fit to it. This comparison allows an
estimate of the magnitude of the conformational change
® X associated with an open/closed transition for htADH. These
calculations are less precise than those given above, as
evidenced by the higher RMSD values for the atoms used
for fitting. Nevertheless, the ranking of thevalues should
r coincide roughly with the relative extent of domain rotation
expected in each case. On the basis of this, we conclude
Y that the domain rotations for SSADH and BaKR would be
more like that of ECADH than those of CbADH or TbADH.
- ® It is our prediction that the domain rotation for the title
X structure htADH will be between these extremes but closer

cofactor-binding domain. This conformational change has © that of ECADH.

been explained by a necessity to ensure a hydrophobic Mechanistic Importance of the Binary TFE Compléx.
environment in the active site, thereby facilitating hydride overlay of holo-HLADH with the title structure suggests that
transfer from the substrate to the nicotinamide ring of the TFE is bound unproductively, in the sense that the pro-R
cofactor 66, 59). To characterize this conformational change hydride would be pointing away from the,@tom of the

for htADH relative to the other ADHSs, each domain is treated hicotinamide ring. This has been observed before, in a ternary
as an independent rigid body. For any pair of subunits to be complex of HLADH, NAD", and bromobenzy! alcohob6).
compared, the cofactor domains are lined up; from this In that study, the authors show by modeling that ligand
orientation, the catalytic domains are then superposed. Therotation could bring the pro-R hydrogen with8 A of the
rigid-body motion for the last step represents the change in hicotinamide ring, a requirement for efficient hydride transfer
the conformation upon cofactor binding. The domain super- during catalysis. When the pro-R hydrogen is rotated to this
position results are presented in Table 2. In the upper partpOSition, no steric clashes with protein side chains are created.
of the table, those structures where both open- and closed-The situation with the title structure is analogous to that of
form structures are available are shown. The title structure the HLADH ternary complex. A model of the TFE rotation
htADH is not included here because a closed-form structure (data not shown) demonstrates that the ligand could be
has not yet been solved. Here, the closed-form structure ofbrought into a productive binding mode without generating
each listed ADH is the reference structure, and its corre- any bad contacts with the enzyme.

sponding open-form structure is fit to it. The magnitude of A binary alcohot-substrate complex would be considered
the catalytic domain rotation, given by the parameter  an unproductive complex for HLADH, which is known to
suggests that there is no clear pattern relating these four casehave an ordered dehydrogenase mechanism, where cofactor
Dimeric HLADH and tetrameric ECADH undergo extensive binding precedes substratalcohol binding {). However,
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the htADH enzyme has been shown to follow a random conformational and dynamic changes caused by cofactor
equilibrium kinetic mechanism (Kohen and Klinman, un- binding for DHDR in comparison with htADH. These results
published), such that a binary alcohol complex is expected suggest that the regions removed from the cofactor-binding
to lie somewhere along the mechanistic trajectory of the pocket exhibit decreased dynamic mobility when the htADH
enzyme. The structural comparison of open and closed ADH enzyme adopts the closed-form structure.
structures, discussed above and presented in Table 2, lItisinteresting to note that a large region of the substrate-
definitively shows that the NAD-free TFE-htADH com- binding domain that consists of peptides4, 7, and 9 does
plex is predominantly an open-form structure. Here, it is not show any noticeable changes upon cofactor binding in
predicted that upon binding of the NADcofactor, the H/D exchange. An examination of the time-course plots of
htADH structure will be close to its catalytically active form. these peptides reveals that the exchange reaches equilibrium
It is likely that both NAD -free and NAD-bound forms within the first 20 min and is dominated by fast kinetic
of htADH are each an ensemble of open and closed components (see data in the Supporting Information). The
conformations, with the distribution of these conformations lack of slow-exchanging hydrogens and a low level of
in the crystallographically observed structure depending on deuteration indicate that this region is less flexible than other
their relative free energy. This can be inferred from the X-ray parts of the enzyme, as will be discussed in detail elsewhere
data analysis, in which alternate structural forms of htADH (27). This region was also found to undergo a temperature-
appear to exist in a close free energy balance. In two subunitsdependent transition to attain a more flexible state at elevated
of the tetramer, difference electron density peaks are temperatures2().
consistent with a minor conformation of the active site in  Factors Responsible for Thermophilic Bef@. Com-
which the zinc-bound TFE is replaced by a coordination to parison of thermophilic htADH with its nearest available
Glu®2 Glutamate-coordinated zinc has been observed in otherstructural homolog, mesophilic ECADH, suggests structural
ADHs. Karlsson et al.3) have argued that the replacement motifs that are responsible for the thermophilic behavior.
of glutamate for the zinc-bound water may be a necessarySeveral studies5( 8, 61, 62) have identified a variety of
step prior to substratealcohol binding. It should be noted factors, some or all of which have been shown to be
that all ADH sequences aligned in Figure 2 have a Glu beneficial for particular thermophilic proteins. Among them
residue at the position analogous to &lof htADH, thereby are the number and location of proline residues, salt bridges,
highlighting its probable functional importance. The crystal- and hydrogen bonds. Proline is thought to add rigidity to a
lographic evidence observed for htADH suggests that the polypeptide chain, making it less likely that a protein will
classical zinc-binding environment and the newly observed unfold, especially if the residue occurs in a flexible loop
glutamate-coordinated zinc may be nearly isoenergetic andjoining two segments of secondary structué&)( A com-
of functional significance. parison of the primary structures of htADH and EcADH
Amide H/D Exchange of Free and NABound Enzymes.  shows that the former has twice as many proline residues as
Considering that the dissociation constant of htADH for the latter, 18 versus 9 per subunit. Only 6 of the proline
NAD* at 10 °C is 0.72+ 0.08 mM as measured by residues are conserved. Of the 12 nonconserved residues, 5
fluorescence-quenching titratior2q), about 93% of the  appear to contribute to the thermophilic properties of htADH.
enzyme will form a complex with NAD and will be in the The first of these, PF4% aligns with an alanine residue in
closed form in the presence of 10 mM NADThe fact that ECADH. The Pré*? — Ala mutation has been shown to
the peptides (peptides 11 and-183) displaying the greatest promote the thermostability of htADH, as reported by
decreases in the deuteration level or exchange rate uporFiorentino et al. §2). In that study, the htADH enzyme
cofactor binding are from the regions responsible for NAD  activity at 75°C was measured as a function of the incubation
binding confirms the dominating role of the nucleotide- time. Whereas the wild-type enzyme showed 30% deactiva-
binding domain in cofactor binding. Peptides-421, which tion after 45 min, the activity of the P — Ala mutant
are located in the alcohekubstrate-binding domain and dropped 50% in 26 min. The remaining four prolines are
form the “lid” of the NAD"™-binding pocket, also exhibit  found in a stretch of 10 residues that form the pattern
substantial decreases in their deuteration level. The decreaseBXXPXXPXXP. These residues span sequence numbers 50
in the deuteration level or exchange rate for these peptides59 and lie in a region of the coiled conformation between
are due to the protection effect of domain closure and NAD ana helix and af strand (Figure 2).
binding, which prevents the access of the solvent to the amide A list of salt bridges for htADH was compiled and
hydrogens. However, an unexpected observation is that somecompared with that for ECADH. The number of salt bridges
peptides (peptides 5, 6, 8, 12, and 14), which appear not toin both enzymes is roughly equal. There are about 23 salt
be in direct contact with the cofactor, also show decreasesbridges per subunit in htADH versus about 19 per subunit
in their deuteration level or exchange rate. This cannot be in ECADH. The mesophilic enzyme has a slight edge in the
explained by the protection effect of the cofactor as shown number of intersubunit salt bridges, 17 versus 16 for htADH.
in Figure 6. The decreases must be caused by somelt appears that the salt bridge location, not merely the total
concomitant changes in the local structure and dynamicsnumber of salt bridges, may be an important factor in
accompanying the open/closed conformational change. Ourexplaining the enhanced thermostability of htADH. In this
observation that over half of the peptides (13 of 21) display regard, a salt bridge involving the residues Glwys'4, and
changes in H/D exchange upon cofactor binding is in sharp Lys'® is of particular interest because of its position and the
contrast to the H/D exchange study of the NADH-dependent fact that the interaction is not possible in ECADH. As Figure
E. coli dihydrodipicolinate reductase (DHDR§@). In that 8 shows, this surface salt bridge serves to tie togetheftwo
study, only 2 of 21 overlapping peptides displayed significant strands across a flexible loop. Further support for the idea
changes upon cofactor binding, indicating relatively small that this bridge plays a role in thermal stabilization comes
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Ficure 8: Salt bridge at the N terminus of htADH. The salt bridge
ties together twgs strands across a flexible loop. The salt bridge
cannot occur in mesophilic ECADH, nor in ADH-T, a less
thermophilic homologue of htADH. Hence, this interaction is likely
to contribute to the thermal stability of htADH.

from a comparison of the protein sequence of htADH with
that of ADH-T, a homologue from a less thermophilic strain
of B. stearothermophilug64). In the latter, the charged
residue Ly$* has been replaced by glutamine, thereby g
eliminating this salt bridge.

The hydrogen-bond results do not appear to explain the
enhanced thermostability of htADH over ECADH. There are

more intra- and intersubunit hydrogen bonds in the meso- g,

philic enzyme than in thermophilic htADH. On average, there

are about 395 hydrogen bonds per subunit in ECADH, versus
about 365 for htADH. There are 29 intersubunit hydrogen

bonds in the tetramer of ECADH, more than twice as many
as in htADH (12 in all).

We conclude that the enhanced thermostability of htADH ~ 11-

compared to mesophilic ECADH depends primarily on the ;5
proline number and location, less critically on the strategic
location of one or several salt bridges, and not at all on the
number of hydrogen bonds. These results underscore obser-1
vations reported by some autho6&{-67) that no one factor

is always responsible for the thermophilic behavior; that
usually a combination of factors is involved; and finally that
the combination of factors involved will be different for
different proteins.
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SUPPORTING INFORMATION AVAILABLE

H/D exchange time-course plots for the peptides that do
not show significant changes in deuteron incorporation upon
cofactor binding shown for peptides-4, 7, 9, 10, and 13
(Supporting Figure 1). H/D exchange time courses for
peptides that decrease in deuteron incorporation upon co-
factor binding shown for peptides 5, 8, 11,157, and 19
21 (Supporting Figure 2). This material is available free of
charge via the Internet at http://pubs.acs.org.
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