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Structure of a Hyperthermophilic
Tungstopterin Enzyme, Aldehyde
Ferredoxin Oxidoreductase

Michael K. Chan, Swarnalatha Mukund, Arnulf Kletzin,
Michael W. W. Adams, Douglas C. Rees*

The crystal structure of the tungsten-containing aldehyde ferredoxin oxidoreductase
(AOR) from Pyrococcus furiosus, a hyperthermophilic archaeon (formerly archaebacte-
rium) that grows optimally at 100°C, has been determined at 2.3 angstrom resolution by
means of multiple isomorphous replacement and multiple crystal form averaging. AOR
consists of two identical subunits, each containing an Fe,S, cluster and a molybdopterin-
based tungsten cofactor that is analogous to the molybdenum cofactor found in a large
class of oxotransferases. Whereas the general features of the tungsten coordination in this
cofactor were consistent with a previously proposed structure, each AOR subunit un-
expectedly contained two molybdopterin molecules that coordinate a tungsten by a total
of four sulfur ligands, and the pterin system was modified by an intramolecular cyclization
that generated a three-ringed structure. In comparison to other proteins, the hyperther-
mophilic enzyme AOR has a relatively small solvent-exposed surface area, and a relatively
large number of both ion pairs and buried atoms. These properties may contribute to the

extreme thermostability of this enzyme.

The recent discovery of life at tempera-
tures of 100°C or higher is having increas-
ing ramifications in biology and biotechnol-
ogy (1-4). One of the fundamental ques-
tions arising from the study of these hyper-
thermophilic  organisms concerns the
structural and energetic basis of protein sta-
bility at extremely high temperatures, under
conditions where many proteins from me-
sophilic organisms would be denatured. As
part of a coordinated effort to establish the
structural and functional properties of these
intriguing macromolecules, we have initiat-
ed the structure determination of several
proteins from hyperthermophilic organisms
(5). We now describe the structure of one of
the more unusual of these proteins, the
aldehyde ferredoxin oxidoreductase (AOR)
from the hyperthermophilic archaeon Pyro-
coccus furiosus (T, = 100°C); this protein
catalyzes the reversible oxidation of alde-
hydes to their corresponding carboxylic ac-
ids with the accompanying reduction of the
redox protein ferredoxin.

AOR was discovered because of the un-
usual growth requirement of P. furiosus for
the third-row transition element tungsten
(6, 7). Many enzymes utilize first-row tran-
sition elements at their active sites, but only
two second- or third-row transition metals,
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tungsten and molybdenum, have such a
biological role (8). Hence, one of the crit-
ical questions in studying proteins contain-
ing tungsten or molybdenum focuses on
understanding the intrinsic properties that
contribute to the incorporation of these
metals compared to more traditional first
row transition elements. The versatile re-
dox chemistry of molybdenum and tungsten
enables enzymes containing these elements
to catalyze fundamental steps in the biolog-
ical utilization of carbon, nitrogen, and sul-
fur. All tungsten and molybdenum enzymes,
with the notable exception of the FeMo-
cofactor of nitrogenase, belong to a family
known as oxotransferases, which catalyze
the transfer of an oxo group to or from
substrate in a two-electron redox reaction

(9-11). Although most members of this

Fig. 1. Comparison of molybdop-
terin structures. (A) Rajagopalan’s
model of the molybdenum cofactor
consisting of a single molybdop-
terin (MPT) ligand bound to molyb-
denum (71, 21); (B) the structure of
the bis(MPT) ligand determined
from x-ray analysis of the P. furio-
sus AOR protein; (C) proposed NH2
structure of molybdopterin guanine
dinucleotide (MGD) based on the
revised MPT structure. A single
molecule of MGD and related li-
gands could possibly coordinate
metals in a similar fashion to the
bis(MPT) ligand by utilizing the sug-
ar hydroxyl oxygens in place of the
second dithiolene group.
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family are molybdoenzymes, including xan-
thine oxidases that convert xanthine to uric
acid, sulfite oxidases involved in the metab-
olism of sulfur, and nitrate reductases that
form nitrite from nitrate, several tungsten-
containing enzymes have been isolated
(12). To date, these tungstoenzymes have
been found mainly in thermophilic anaer-
obes, and function either in CO, activation
or, as in the case of P. furiosus AOR, in the
conversion of aldehydes to carboxylic acids.

The catalytic site in these oxotransferase
enzymes is a labile, oxygen-sensitive, metal
cofactor consisting of a tungsten or molyb-
denum ion bound to an organic component.
This ligand, termed molybdopterin (MPT),
was first identified by Rajagopalan and co-
workers (13), who isolated and characterized
its di(carboxamidomethyl) derivative by flu-
orescence and mass spectroscopy. While ad-
ditional studies have demonstrated that all
eukaryotic molybdoenzymes contain this
unmodified form of MPT, prokaryotic forms
usually contain an alternative version with
either a GMP (14-17), CMP (18, 19),
AMP (17), or IMP (17) nucleotide append-
ed to the molybdopterin via a pyrophos-
phate linkage. The role of the additional
nucleotide in the chemistry of this system is
unknown. As with molybdenum enzymes,
all tungsten oxotransferases contain either
the MPT or modified MPT ligand (20). The
model for the molybdenum cofactor pro-
posed by Rajagopalan et al. (11, 21) based
on biochemical and spectroscopic analyses,
consists of a single MPT ligand bound to
molybdenum via two dithiolene sulfurs, as
shown in Fig. 1A. Direct confirmation of
this model, however, has been hindered by
the lack of a three-dimensional structure for
any molybdenum or tungsten oxotrans-
ferase. To establish the structural features of
tungsten and MPT cofactors, and to gain
insight into the structural origins of thermal
stability in hyperthermophilic proteins, we
determined the structure of P. furiosus AOR
with x-ray diffraction methods.
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The growth of P. furiosus and purifica-
tion of AOR under anaerobic reducing
conditions have been described (7). De-
tails of the crystallization and structure
determination are provided in Table 1.
The AOR model contains 9888 total at-
oms (123 atoms in five cofactor sites, 9386
protein atoms and 379 water molecules)
and has been refined to an R factor of
0.155 for 55520 observed reflections in
the resolution range between 10 and 2.3
(no o cutoff, 89 percent complete), with
root-mean-square deviations from ideal
bond distances and angles of 0.009 A and
2.58°, respectively. The AOR molecule
(Fig. 2, A and B), consists of two identical
605 residue (66 kD) subunits of known
sequence (22). Three different types of
metal sites are found in the AOR protein
dimer; an Fe,S, cluster and a tungsten
cofactor that are contained within each
subunit, and a single tetrahedral metal
atom located at the dimer interface. The
Fe,S, cluster and tungsten cofactor within

one subunit are in close proximity, but the
mononuclear center is positioned ~25 A
from these groups. The Fe,S, clusters and
tungsten cofactors in different subunits of
the dimer are separated by ~50 A.

Structure of the metal sites. The
mononuclear site is symmetrically coordi-
nated by Glu**? and His*®® from each
subunit in a tetrahedral fashion. The met-
al site is tentatively identified as iron on
the basis of anomalous scattering of the
atom and a metal analysis of the AOR
protein although direct confirmation of
this assignment by Mossbauer spectrosco-
py is needed. Because of the ~25 A dis-
tance between this site and the other met-
al centers, this mononuclear metal is not
likely to play a redox role; rather it may be
involved in stabilizing the protein dimer
at high temperatures.

The tungsten cofactor fits into a pocket
located at the center of each subunit (Fig.
2). The structure of this site (Fig. 3) reveals
that the molybdopterin does bind to the

metal via the dithiolene sulfurs, as proposed
by Rajagopalan et al. (21). Surprisingly,
however, two molybdopterin molecules, in-
stead of the expected one molecule, are
coordinated to the tungsten. The arrange-
ment of the tungsten and the two pairs of
dithiolene sulfurs may be described as a
distorted square pyramid, with an angle be-
tween the planes of the molybdopterin li-
gands of ~97°. No protein ligands are co-
ordinated to the tungsten atom, although
our analysis of the electron density around
the tungsten suggests that two additional
coordination sites may be occupied by glyc-
erol or oxo ligands (or both) to yield an
overall distorted trigonal prismatic arrange-
ment at the tungsten site. The glycerol
presumably comes from the protein storage
buffer and may represent a substrate analog.
Unless substantial rearrangements in the
tungsten coordination sphere occur during
substrate oxidation, the presence of two
MPT ligands in AOR enforces cis coordi-

nation for the substrate and oxo groups,

Table 1. Summary of AOR structure determination. Native and derivative
data sets for each of the three crystal forms (42) were collected from single
crystals at room temperature on either a RAXIS imaging plate system or a
Siemens area detector mounted on rotating anode generators producing
CuKa (A = 1.54 A) radiation. Diffraction data sets were processed with
either RAXIS (provided by Rigaku), XENGEN (43), or XDS (44) software, as
appropriate, and then locally scaled to the native data set for that crystal
form with the use of the program package ROCKS (45). An additional native
data set for crystal form 1 was collected at A = 1.08 A at the Stanford
Synchrotron Radiation Laboratory, with a MAR imaging plate detector, and
processed with MOSFLM (46). Data collection statistics from native and
derivative crystals are summarized below. The positions of five anomalous
scattering sites in crystal form 1 were determined from inspection of the
anomalous difference Patterson maps, calculated from a native data set
collected on the RAXIS system. Because of changes in the scattering
factors for Fe and W between 1.54 A and 1.08 A, the Fe,S, clusters and W
sites were initially differentiated on the basis of anomalous Fourier maps
calculated from data sets collected at these two wavelengths. In addition to
anomalous scattering phasing information for crystal form 1, different Pt

derivatives could be obtained by varying the time (12 hours to 2 weeks) of
soaking crystals of each form in 10 mM K,PtCl,. The locations of the heavy
atom sites were determined by difference Fourier analysis and refined in
PHARE (47) to generate initial experimental phases for each crystal form.
The figure of merits for crystal forms 1, 2, and 3 to 3.0 A resolution were
0.60, 0.50, and 0.41, respectively. The multiple isomorphous replacement
phases were refined by noncrystallographic symmetry averaging within and
between the different crystal forms (48). The initial polyalanine model was
built with TOM/FRODO (50), and the final model was constructed with the
program O (57) as the sequence became available. The TNT program (52) was
used for the initial stages of the model refinement, and positional and B factor
refinements at the latter stages were calculated with X-PLOR (53). Model
phases calculated at each stage were combined with the experimental phas-
es to generate improved maps. All heavy atom derivative Pt sites were located
near histidine or methionine side chains. The model quality was also assessed
with the programs PROCHECK (54), VERIFY-3D (55), and ERRAT (56), which
were consistent with a correct structure. More than 90 percent of the (¢, ¥)
angles of the AOR model are in the most favored regions of the Ramachan-
dran plot (54), and the secondary structure regions are listed in (57).

Crystal parameters

Space
Crystal group a b c a B Y z
A A (0 ) ) ©)
Native 1 P2,2,2, 80.9 108.3 159.8 90.0 90.0 90.0 8
Native 2 P1 85.5 54.1 85.4 105.3 93.5 93.4 2
Native 3 P1 55.7 67.0 85.2 95.4 86.6 92.9 2
Data collection and processing statistics
Data Rego- Reflections Com- . Isomor- Sites Phasing
set lution plete Rsym phous (No.) powert
A) Measured Unique (%) R factort :

Native 1 2.32 237,105 56,373 92.4 0.049 58§ 1.33
SSRL 3.0 86,751 22,541 79.0 0.086
PtCl, 1 2.37 114,240 35,556 62.1 0.095 0.096 2 0.68
PtCl, 2 2.67 242,839 37,676 92.5 0.120 0.149 8 1.37
Native 2 2.95 56,398 26,114 74.8 0.090 48 0.67
PtCl, 3 2.05 227,138 81,661 84.5 0.124 0.154 8 1.43
Native 3 2.30 106,070 48,579 82.7 0.074 4§ 0.97
PtCl, 4 2.31 103,475 48,981 82.8 0.078 0.206 10 1.4

R, describes the agreement between multiple observations of symmetry related reflections, based on the absolute value of the intensity differences.

sym
between native and derivative structure factor amplitudes.

resolution. §Native anomalous scattering sites.
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tMean fractional change

fRatio of the heavy atom scattering amplitude to estimated phasing model error, calculated to 3 A
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which would have stereochemical conse-
quences for the mechanism of the oxotrans-
fer reaction. The side chains of residues
Glu?'? and His*® are in the vicinity of the
substrate binding site on the tungsten and
could participate in proton transfers associ-
ated with oxidation-reduction reactions.
In addition to interactions between the
dithiolene sulfurs and tungsten, the two
MPT ligands are also linked through their
phosphate groups, which coordinate axial
sites of the same magnesium ion. The two
MPT ligands are approximately related by a
twofold rotation about an axis that passes
through both the tungsten and magnesium
sites. The magnesium ion exhibits octahe-
dral geometry. In addition to the two coor-
dination sites filled by phosphate oxygens,
two waters bind at cis sites on the side
facing the tungsten atom, and the two back-
bone carbonyl oxygens from residues Asn®?
and Ala'® bind at cis sites on the Mg
directed away from the tungsten. The two
waters form part of an intricate, asymmetric
hydrogen bonding network within the
tungsten cofactor (Fig. 3B). Each water is

hydrogen-bonded to at least one phosphate
oxygen and an N-5 nitrogen of the pterin
ring, with one of the two waters also within
hydrogen bond distance of the ether oxygen
of one of the MPT ligands. The origin of
this slight asymmetry is due to the hydrogen
bonding of the side chain of Arg’® to the
ether oxygen of the other MPT group.
The refined AOR structure also indi-
cates that the MPT ligand itself is slightly
different from that previously postulated
(Figs. 1 and 3). The crystallographic analy-
sis, as illustrated by the electron density
map shown in Fig. 3A, reveals that the
MPT groups in AOR contain a third ring
formed by closure of the side-chain hydrox-
yl with the pterin ring at C-7. Such a
cyclization would not be unprecedented in
that related compounds have been synthe-
sized (23). A plausible mechanism for for-
mation of the third ring would be by attack
of the side-chain hydroxyl on the C-7 car-
bon of a 5,6 dihydropterin (Fig. 1). Provid-
ed that this ring closure is reversible, there
is no inconsistency between the three-
_ringed structure seen in the protein, and the

Fig. 2. Structure of the AOR protein. (A) Ribbons diagram of the AOR dimer viewed perpendicular to the
dimer twofold axis. The secondary structures are color-coded with a helical regions as light blue, g sheet
regions as red, and the remainder as green. Atoms in the cofactors are colored by elements, with carbon
as black, nitrogen as blue, oxygen as red, sulfur as yellow, phosphate as magenta, magnesium as
orange, iron as purple, and tungsten as cyan. (B) Stereodiagram of the polypeptide chain of a single AOR
subunit. This figure was prepared with the programs MOLSCRIPT and Raster 3D (568).
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two-ringed form observed for the isolated
pterin (11, 21). The nonplanar structure of
the pterin ring system seen in AOR is con-
sistent with a reduced form for the protein-
bound pterin, which would likely be equiv-
alent to a dihydropterin (possibly the 5,6-
dihydropterin) in the ring-opened form.
This revised MPT structure may be a com-
mon feature in all molybdopterin-contain-
ing enzymes.

The revised MPT structure may also be
relevant to the structure of the various
dinucleotide derivatives found in other mo-
lybdenum-cofactor systems (Fig. 1). Com-
parison of the dimolybdopterin to the mod-
ified molybdopterin dinucleotides reveals
an overall similarity. In each case, two ar-
omatic base systems attached to potential
bidentate liganding groups are connected
via a phosphate backbone. It is possible that
molybdenum or tungsten cofactors contain-
ing these modified MPT dinucleotides do
have a structure similar to that observed in
AOR, with the only difference being re-
placement of the second pterin in AOR by
a nucleotide, and consequent metal ligation
by the sugar hydroxyl oxygens. There is
precedent for metal coordination by sugar
hydroxyl groups in this fashion (24). Such
binding may help to explain why the sugar
ring is the only common feature among the
modified molybdopterin dinucleotides, and
why differences appear to exist in the liga-
tion of the Mo sites in different molybdoen-
zymes. An alternative possibility is that the
nucleotide-containing end of the modified
MPT cofactor could adopt a somewhat dif-
ferent conformation, that would permit
metal coordination by groups on the nucle-
otide ring or, perhaps by protein side
chains.

Electron paramagnetic resonance, mag-
netic circular dichroism, and resonance
Raman studies indicate that AOR con-
tains an Fe,S, cluster located near a para-
magnetic center (7). Indeed, the x-ray
structure reveals that the Fe,S, cluster is
positioned approximately 10 A from the
tungsten atom. The Fe,S, cluster is buried
~6 A below the van der Waals surface of
the protein. This arrangement is consistent
with the postulated role of the Fe,S, cluster
as an intermediary for electron transfer be-
tween the tungsten cofactor and ferredoxin,
the physiological electron acceptor of
AOR. Four cysteine ligands, provided by
the Sy of Cys?8, Cys?®!, Cys?®?, and Cys**4,
coordinate the Fe,S, cluster. Whereas the
first three Cys residues are part of a charac-
teristic iron-sulfur cluster binding sequence
(22), the polypeptide conformation of this
region is distinct from that adopted by
the Fe,S, binding site found in ferredox-
ins. The Fe,S, cluster is linked to one of the
two molybdopterins of the tungsten cofactor
by two distinct sets of interactions. The side
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chain of Arg’® bridges these two groups by
forming hydrogen bonds to an inorganic sul-
fur of the Fe,S, cluster, and to two sites on
the molybdopterin, the ether oxygen and a
phosphate oxygen. In addition, the Sy of
Cys**, an Fe,S, cluster ligand, is positioned
to accept a hydrogen bond from the pterin
ring nitrogen N-8, which is nearest the ether
linkage of the molybdopterin. These inter-
actions could provide electron transfer path-
ways between the two centers. Furthermore,
this arrangement suggests that the pterin
ligand does not merely play a passive struc-
tural role, but may be an active participant
in the redox chemistry of AOR.

Protein structure. The binding sites for
the tungsten cofactor and Fe,S, cluster are
located at the interfaces of the three domains
that are formed by each AOR subunit. The
location of redox centers at domain or sub-
unit interfaces appears to be a general prop-
erty of multicentered redox proteins (25).
Domain 1 (residues 1 to 210) forms a base on
which the saddle-like tungsten pterin cofac-
tor sits, while domains 2 (residues 210 to
417) and 3 (residues 418 to 605) surround
the opposite surface of the tungsten cofactor,
and provide residues that form specific polar
and ionic interactions with the different
metal centers. Each subunit exhibits a pseu-
do twofold axis that coincides approximately
with the twofold axis of the tungsten cofac-
tor. This rotation axes passes through the
center of domain 1, and approximately re-
lates domains 2 and 3. The twofold symmet-
ric arrangement of the polypeptide chain in
domain 1 is particularly striking (Fig. 4A).
The similarity of domains 2 and 3 is less
apparent, which may result from the in-
volvement of domain 2 in both generating
the dimer interface, and in providing most of
the Fe,S, cluster binding site.

Domain 1 consists primarily of 12 B
strands arranged in two six-stranded, pre-
dominantly antiparallel B sheets that are
related approximately by the twofold rota-
tion axis described above (Fig. 4A). The
two sheets are joined by antiparallel B sheet
interactions between the B strands contain-
ing residues 89 to 95 and 182 to 186. Res-
idues Asn®® and Ala'®3, which coordinate
the magnesium ion through their carbonyl
oxygens, are located within these two B
strands. Within domain 1 is residue Arg'®?,
which forms a salt bridge to the phosphate
group of the molybdopterin nearer the
Fe,S, cluster, whereas additional hydrogen
bonding interactions to the phosphates are
formed by the hydrogens on the main chain
amide nitrogens of residues 93, 95, 183,
185, and 186. Residue Arg’®, which hydro-
gen bonds both a molybdopterin ether oxy-
gen and an Fe, S, inorganic sulfur, is also
located within this domain.

The regular secondary structure of do-
mains 2 and 3 consists primarily of a heli-
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ces, with few B sheet regions. Although
these two domains are related approximate-
ly by the twofold axis described above, this
structural relationship is less apparent than
for domain 1 and the tungsten cofactor.
Consistent with an underlying structural
similarity between the two domains, resi-
dues 338 to 344 and 489 to 495 in domains
2 and 3, respectively, contain Asp-X-X-
Gly-Leu-(Cys or Asp)-X sequences, where
the Asp carboxylate group and Leu main
chain carbonyl oxygen are arranged to bind
the primary amine group of their respective
MPT ligand (Fig. 4, B and C). Asp>® and
Cys** interact with the secondary ring ni-
trogen, N-8, near the ether linkage, while
the amide nitrogens from the carboxy ter-
minal end of each motif, Thr*** and Leu*®?,
form a hydrogen bond with a secondary ring
nitrogen on the pterin. This sequence motif
occurs in both domains at the end of a
helices (Fig. 4C), with the Gly residue
adopting the left-handed helical (La) con-
formation characteristic of a helical capping
interaction (26). An additional polar inter-
action to one of the two MPT rings is
generated by a hydrogen bond between the
side chain of Lys**® and a pterin carbonyl
oxygen.

In addition to maintaining specific bind-
ing interactions with the pterin, another role
for domains 2 and 3 may be to regulate
substrate access to AOR. With the use of a
14 A radius probe, a long hydrophobic

channel leading from the tungsten site to the
surface of the protein may be defined (27)
between these two domains. The nonpterin
coordination sites on the tungsten atom oc-
cupy one end of this cavity, consistent with
the role of these coordination sites in sub-
strate binding and catalysis. A 3,, helix
formed by residues 495 to 500 runs parallel to
the length of the cavity. Within this helix,
the side chains of Phe**® and Phe*”® are
directed in a parallel fashion toward the
central axis of the cavity. The channel seems
large enough to accommodate a variety of
substrates, which may help to explain the
ability of AOR to oxidize both aliphatic and
aromatic aldehydes. In contrast to AOR, the
tungsten-containing enzyme, formaldehyde
ferredoxin oxidoreductase (FOR), which is
also found in hyperthermophiles such as P.
furiosus and Thermococcus litoralis (22, 28), is
specific for small (one to three carbon) al-
dehydes. Pyrococcus furiosus AOR and T.
litoralis FOR appear to be structurally related
as their sequences are very similar [59 per-
cent with 38 percent identity (22)]. Hence,
different channel sizes in these two enzymes
might account for the differences in their
substrate specificities.

Although all molybdenum-tungsten
oxotransferase enzymes that have been
characterized contain similar pterin cofac-
tors, it is not yet known whether any of the
protein structural motifs found in AOR ex-
ist in the other enzymes. For example, with

Fig. 3. Structure of the tungsten cofactor. (A) F, — F_ omit-refined electron density map of the tungsten-
dimolybdopterin cofactor as viewed along the pseudo twofold axis. The contour level is three times the
standard deviation of the electron density map. (B) Stick diagram of the internal hydrogen bonding
network within the tungsten cofactor itself. The atom coloring scheme is the same as in Fig. 2, except that
carbon atoms are gray. (C) Ball-and-stick figure of the tungsten cofactor and Fe,S, cluster of AOR. (A)
and (B) were prepared with the program SETOR (59) and (C) was prepared with the programs MOL-

SCRIPT and Raster 3D (58). :
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the exception of T. litoralis FOR, only NH,-
terminal sequences are available for the
three other types of tungstoenzymes known:
carboxylic acid reductases (CAR) from ace-
togens, formylmethanofuran dehydroge-
nases from methanogens, and glyceralde-

hyde-3-phosphate ferredoxin oxidoreduc-
tase from P. furiosus (12, 22, 28). Of these,
only CAR shows similarity to the NH,-
terminal sequences of AOR and FOR (22).
In contrast, the complete sequences are
available for several molybdenum-contain-

Gly 341

Asp 343

Asp 338 ©

Asp 338

Asp 343

Fig. 4. Protein-molybdopterin interactions. (A) Ribbons diagram of the interaction of the tungsten cofactor
and domain 1, illustrating the B sheet arrangement and the overall twofold symmetry of both the domain
and the pterin cofactor. (B) Hydrogen bonding of the tungsten cofactor to domains 2 and 3. The

Asp 489

DXXGL(D,C)X motifs in both domains 2 and 3, which are approximately related by the twofold axis passing
through the cofactor, form multiple hydrogen bonds to each pterin ligand. (C) Ribbons diagram illustrating

the interaction of the pterin ligands of the tungsten cofactor with a-helical regions of domains 2 and 3 that

contain the sequence motif detailed in (B). This figure was prepared with the programs MOLSCRIPT and

Raster 3D (58).
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ing oxotransferases, including various xan-
thine oxidases and nitrate reductases. How-
ever, these show no similarity to the AOR
or FOR sequences (22). Thus, it is impor-
tant to establish the structures of other
oxotransferases to see whether these have
truly different structures or whether the un-
derlying structural similarity to AOR is ob-
scured by sequence divergence.

Protein thermostability. One of the
striking properties of AOR is the extreme
thermal stability of the protein structure.
Although calorimetric studies of AOR sta-
bility have not yet been performed, the
temperature for optimum aldehyde oxida-
tion activity is more than 95°C, which sets
a lower limit on the temperature range for
AOR stability. Since AOR is the first hy-
perthermophilic enzyme to be structurally
characterized, and in the absence of a me-
sophilic counterpart for direct comparison,
an assessment of the origins of the thermal
stability of AOR must necessarily be based
on analysis of rather general features of
protein structure and stability established
primarily from mesophilic structures. The
primary, secondary and tertiary structures of
AOR are unexceptional for water-soluble,
globular proteins. The amino acid compo-
sition of AOR (22) is close to the average
observed for prokaryotic proteins, with the
exception of glutamine, which occurs at a
reduced frequency. The secondary structure
composition of AOR (45 percent helix and
14 percent B sheet) is also within the range
seen for water-soluble, globular proteins,
and the tertiary packing interactions be-
tween the a helices and B strands are also
standard. No disulfides exist in AOR and
although metal complexation will contrib-
ute to protein stability, the number of metal
binding sites is not exceptionally high.

The importance of ion pairing to stabil-
ity has been suggested from both structural
and genetic comparisons of mesophilic and
thermophilic proteins (29-31), although
some recent studies have questioned the
significance of the contributions of these
interactions to protein stability (32). To
evaluate the possible significance of electro-
static interactions for the thermostability of
AOR, we tabulated the numbers of ionic
interactions per residue for a sampling of 30
monomeric and oligomeric proteins [from
the Brookhaven Protein Data Base (33)]
that contained ~300 to ~2400 residues
(about half the size of the AOR monomer
to twice the size of the AOR dimer), for
comparison to the value determined for
AOR (Fig. 5A). The number of ionic inter-
actions per residue was defined as the dif-
ference between the number of interactions
between oppositely charged side chains and
the number of interactions between side
chains of like charge, divided by the total
number of residues in the protein. Interac-
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tions were defined as occurring between
polar (oxygen or nitrogen) atoms of poten-
tially ionizable side chains (Arg, Asp, Gluy,
His, and Lys) that are positioned =4 A
apart (34). The average number of ion-pairs
per residue indicated in Fig. 5A, ~0.04, is
close to that observed in Barlow and
Thornton’s earlier study (34). The data in
this comparison indicate that AOR does
contain a relatively high number of salt
bridges per residue, although other proteins
also have a similar percentage of stabilizing
ionic interactions. Thus, while ion pairs
may contribute to the stability of AOR,
they cannot represent the sole determinant
of thermostability.

Richards pioneered the application of
the concepts of molecular surface area and
volume to the analysis of macromolecular
structures (35). From this work, a general
picture of water-soluble globular proteins
has emerged emphasizing (i) the relatively
smooth, polar surface that minimizes the
surface energy in an aqueous environment,
and (ii) the efficiently packed, relatively
nonpolar interior. The solvent accessible
surface of AOR can be defined by means of
the ACCESS algorithm of Richmond and
Richards (36), the group radii of Chothia
(37), and a probe radius of 1.4 A. The
surface area for the AOR dimer and one
subunit are 35,740 A2 and 19,050 A2, re-
spectively, which indicates that about
1200 A? per subunit are buried in the
dimer interface. A dimeric protein the size
of AOR (134 kD) is expected to have
about a 17 percent larger accessible surface
area (41,800 Az) on the basis of a survey

of water-soluble oligomeric proteins (38).
The accessible surface area of AOR was
found to be 56 percent apolar, 27 percent
polar, and 17 percent charged, values
which are comparable to the values 57
percent, 24 percent, and 19 percent, re-
spectively, observed in a survey of water-
soluble proteins (39). Hence, the surface
of AOR appears to have reduced area, but
comparable polarity, when compared to
other globular protein structures.

In general, minimization of the ratio of
surface area to volume increases the sta-
bility of an object by simultaneously re-
ducing the unfavorable surface energy and
increasing the attractive interior packing
interactions. Although the effects of sur-
face area variation on protein stability
have not been systematically explored, the
influence of variations in packing interac-
tions on protein stability, especially
through the formation or removal of cav-
ities, has been more extensively docu-
mented (40). Not surprisingly, the intro-
duction of cavities into a protein is often
associated with decreased protein stability.
The possibility that minimization of the
surface area to volume ratio might con-
tribute to the stability of AOR was com-
putationally assessed by evaluating the rel-
ative surface area and the number of bur-
ied atoms for the same set of proteins used
in the ion-pair calculation. The relative
surface area was obtained by first calculat-
ing the accessible surface area, A,, for a
particular protein, and then dividing by
the expected surface area for a protein of
that size. From a least squares fit of log
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(A,) as a function of log (N), where N is
the total number of atoms in the protein
model, the expected area, A, of a generic
protein as a function of N can be fit to the
equation:

A, = 15.0 NO%

which reproduces the observed areas to
within *+15 percent, comparable to the re-
sults of other studies (38, 39). An estimate
of the extent of surface area minimization
for a given protein is provided by the ratio
Ay/A.. Variations in the ratio from the
average value 1 reflect changes in the mo-
lecular shape or surface roughness (or both)
that alter the accessible surface area of a
particular protein. Evaluation of the effi-
ciency of packing is more complex, but a
relatively simple indicator is given by the
fraction of atoms in a protein with no (zero)
accessible surface area, np, because atoms
are only buried if completely surrounded by
other atoms. The larger the value of ng, the
greater the fraction of interior atoms that
are present in the structure, which provides
an estimate of the extent of atom seques-
tration from solvent exposure. The value ny
may be obtained directly from the surface
area calculation.

In terms of these parameters, low values
of Ay/A, and high values of ny correspond
to minimization of the ratio of surface area
to volume of a protein. Values of Ay/A, and
ng calculated for the set of proteins used to
establish A_ are illustrated in Fig. 5, A and
B. The more detailed examination of these
factors presented in Fig. 5B indicates that
the relative surface area and the fraction of
buried atoms in proteins are negatively cor-
related. Qualitatively, this observation
seems reasonable, since in general the great-
er the surface area of a protein, the more
atoms that will be on the surface and the
fewer atoms that will be buried, and vice
versa. The AOR structure simultaneously
exhibits both the minimum value for the
relative surface area ratio and the maximum
fraction of buried atoms, indicating that
AOR has a reduced ratio of surface area to
volume relative to other proteins. A plau-
sible inference from this result is that these
effects may be related to the enhanced ther-
mal stability of AOR. Consistent with this
inference, the same general trends (espe-
cially in the surface area) are seen for three
pairs of structures for which both mesophil-
ic and thermophilic structures are available
(PDB identifiers for the mesophilic and
thermophilic structures, respectively, are
indicated in parentheses): glyceraldehyde
phosphate dehydrogenase (1GPD and
1GD1), phosphofructokinase (1PFK and
3PFK), and phosphoglycerate kinase (PGK
and 1PHP), although this pattern is not
exhibited by lactate dehydrogenase (9LDT
and 1LDB). A role for improved packing in
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the enhanced stability of hyperthermo-
philic enzymes has been previously dis-
cussed on the basis of biochemical and bio-
physical comparisons of homologous en-
zymes from mesophilic and thermophilic
sources (41). The structural basis by which
the surface area is reduced and the fraction
of buried atoms is increased in AOR rela-
tive to other proteins remains an open ques-
tion, as is the energetic basis for the possible
correlation of these parameters with ther-
mal stability.

The AOR structure demonstrates that
hyperthermostability can be achieved with-
out requiring any new types of interactions
to stabilize the folded conformation. Rather
than being the consequence of one domi-
nant type of interaction, it appears that the
stability of AOR may reflect a number of
subtle interactions that both minimize the
surface energy while maximizing packing
and electrostatic interactions. [t remains to
be determined, however, if this is a general
feature of hyperthermophilic enzymes. Sim-
ilarly, to what extent the AOR structure is
representative of other molybdenum or
tungsten containing enzymes is also not
clear. Surprisingly, the family of proteins
represented by AOR shows no sequence
similarity to any other molybdoenzyme, yet,
the oxotransferase function of all of these
proteins is achieved with similar cofactors,
namely molybdopterin and typically one or
more iron-sulfur clusters. The structure of
the pterin site and an adjacent iron-sulfur
cluster determined in AOR may therefore
reflect a common motif in an apparently
diverse group of enzymes, whose unifying
feature is the use of a second or third row
transition metal in catalysis.
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