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Abstract

Cystathionine p-synthase (CBS) domains are found in myriad proteins from organisms across the
tree of life, and have been hypothesized to function as regulatory modules that sense the energy
charge of the cell. Here we characterize the structure and stability of PAE2072, a dimeric, tandem
CBS domain protein from the hyperthermophilic crenarchaeon Pyrobaculum aerophilum. Crystal
structures of the protein in unliganded and adenosine monophosphate (AMP)-bound forms,
determined at resolutions of 2.10 A and 2.35 A respectively, reveal a remarkable conservation of key
functional features seen in the y subunit of the eukaryotic AMP-activated protein kinase (AMPK).
The structures also confirm the presence of a suspected intermolecular disulfide bond between the
two subunits that is shown to stabilize the protein. Our AMP-bound structure represents a first step
in investigating the function of a large class of uncharacterized prokaryatic proteins. In addition, this
work extends previous studies that have suggested that, in certain thermophilic microbes, disulfide
bonds play a key role in stabilizing intracellular proteins and protein-protein complexes.
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INTRODUCTION

It is now clear that disulfide bonding is a common, naturally occurring effector of stability in
proteins from certain thermophilic microbes. For many years, observations on the reductive
nature of the cytoplasm in well-studied organisms supported the idea that disulfide bonds could
not play a significant role in stabilizing intracellular proteinsl; 2,3, 4 However, an
accumulation of crystal structures revealing intracellular disulfide bonds in proteins from
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various thermophilic organisms challenged the universal validity of this dogma®; & 7; 8; 9;
0 . Subsequent structural, biochemical, genomic, and proteomic investigations by our group
and others have now established that disulfide bonding is in fact a common feature in proteins
from a certain subset of thermophilic archaea and bacterial®; 11; 12;13; 14,15, 16 geveral
of these proteins have been characterized, and in each case removal of the dISU|fIde(S) by
chemical reduction or mutagenesis results in a significant decrease in thermostablllty
13,14 These findings support the notion that the widespread disulfide bonding observed
represents a stabilizing structural adaptation to life at high temperature. Although the
underlying cellular redox systems of these organisms have only begun to be explored, several
lines of evidence suggest that an enzyme referred to as PDO (Proteln Disulfide Oxidoreductase)
is a key player in facilitating intracellular disulfide bondlng ;15,173

Recently, a proteomics study in Pyrobaculum aerophilum identified a number of oligomeric
protein complexes containing intermolecular disulfide bonds12, one of which was PAE2072,
a protein of unknown function containing two tandem cystathionine B-synthase (CBS)
domains1®. CBS domains are ubiquitous in proteins from all three kingdoms of life, in many
cases occurring in conjunction with enzymatic or transmembrane domains. Their importance
is underscored by the range of heredltary diseases associated with mutations in the CBS
domains from various protems2 The best-studied of these is the y subunit of AMP-activated
protein kinase (AMPK), an energy-sensing kinase with homologs in all eukaryotes that is
central to the control of cellular metabolism?L. The vy subunit, composed of four tandem CBS
domains, senses the energy charge of the cell by competitively binding AMP and ATP and
regulates the kinase activity of the catalytic a subunit accordingly. Recent structures of core
apy AMPK heterotrimers from three species have revealed the architecture of the inter-subunit
interactions in the complex22? 23; 24 Many other CBS domains have also been shown to
specifically bind adenosine derivatives such as AMP, ADP, ATP, or S-adenosyl methionine,
leading to the idea that CBS domains may generally function as regulatory modules that
regulate the activity of effector domains in response to the energy charge of the cell20, If this
hypothesis is correct, intriguing questions are posed by the existence of a large, uncharacterized
class of prokaryotic “standalone” CBS domain proteins such as PAE2072, which consist of
only the sensor modules without any effector domain: What are the activities being regulated?
Which CBS domain proteins affect which activities? What are the mechanisms of regulation?

Here we report crystal structures of the homodimeric, tandem CBS domain protein PAE2072
unliganded and in complex with AMP. The structures reveal strong conservation of the
functional features seen in the y subunit of AMPK, providing a starting point for investigating
the function of standalone CBS domain proteins in prokaryotes. We also characterize the
contribution of an intermolecular disulfide bond to the stability of the protein, extending
previous studies on disulfide bonding as a stabilizing adaptation in certain prokaryotes.

Structure Determination

PAE2072 was recombinantly expressed in Escherichia coli, purified to homogeneity, and
crystallized (see Materials and Methods). No special care was taken concerning the disulfide
bond during either purification or crystallization other than the omission of reducing agents
from all buffers. Non-reducing SDS-PAGE showed that the disulfide bond in PAE2072 was
present in nearly quantitative yield at the end of the purification procedure. Although the
oxidation state of the cysteines during expression in the E. coli cytoplasm was not investigated,
we surmise based on the chemically reducing nature of the E. coli cytosol that the disulfide
bond is probably formed during purification at some point after lysis of the cells. The structure
of unliganded PAE2072 was determined to 2.10 A resolution by molecular replacement (see
Table 1 for scaling and refinement statistics). The crystallographic asymmetric unit contained
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two molecules arranged in a parallel or head-to-head fashion (Figure 1). These two molecules
in the crystal were interpreted as the biological dimer due to the large interfacial surface area
and the presence of the expected intermolecular disulfide bond between cysteines 120 and 120"
Crystals of PAE2072 in complex with AMP were obtained by crystallization of the protein in
the presence of 2.5 mM nucleotide. The structure of the PAE2072-AMP complex was
determined to 2.35 A resolution by molecular replacement, using the unliganded structure as
a search model (Table 1). Two of the dimers seen in the unliganded structure were contained
in the asymmetric unit of this crystal, and this interpretation of the biological unit was further
reinforced by the observation that the nucleotide binding sites are formed by constellations of
residues from both subunits of the dimer (see below). The final models of the protein chains
begin at residue 2 in all cases and end between residues 129 and 132 (out of 138 in the full-
length protein).

General structural features

The overall structural features of the dimer are highly similar between the unliganded and the
AMP-bound structures. Comparison of the protein backbones in the two structures yields an
RMSD of 0.71 A over 254 C,, atoms. Therefore, the following observations concerning the
general structural features of PAE2072 apply to both forms of the protein. A similar lack of
conformational change has been observed in structures of the y subunit of AMPK complexed
with various adenine nucleotides?3; 24; 25, and is potentially significant for interpreting the
mechanism of regulation by this class of proteins. The PAE2072 dimer forms a disk-like
structure approximately 55 A tall, 45 A wide, and 25 A thick (Figure 1). As expected based
upon examination of other CBS domain protein structures, the two tandem CBS domains in
each protein chain are related by pseudo two-fold symmetry to form a single “Bateman
domain”26. In the case of PAE2072, the two CBS domains account for the entire polypeptide.
We therefore refer to the protein as a “standalone” CBS domain protein, indicating the lack of
other, non-CBS domains. Within each CBS domain, the B-a-p-p-a fold typical of this family
is conserved. However, an additional small helix is present at the N-terminus of each CBS
domain, and the last helix of the second domain (CBS2) is interrupted by an approximately 85
degree kink directly after the cysteine residue involved in the disulfide. The major interface
between the two tandem CBS domains is formed by a conserved hydrophobic core between
two beta sheets that surround the pseudo-dyad running through the center of the subunit.
Another inter-domain interaction involves packing of the small helix at the N-terminus of each
CBS domain against the other domain to form an additional pair of hydrophobic cores. This
helix is followed by a well-ordered, extended segment without secondary structure that leads
into the first strand of the three-stranded beta sheet.

The dimeric interface

The dimeric interface of PAE2072 is formed by the four main alpha helices from each of the
two subunits, two from each of the CBS domains. In most dimeric CBS domain proteins the
pseudo two-fold axis within each subunit is roughly orthogonal to the dimeric interface, which
presents the peculiar possibility that dimerization could result in either parallel or anti-parallel
assemblies. A review of the available structures of dimeric tandem CBS domain proteins
revealed that examples of each type of dimer can be found (parallel: PDB codes 1Y5H, 1PVM,
1VR9, and 1YAV; anti-parallel: PDB codes 1050, 1PBJ). The structures of PAE2072 reported
here show that it is a parallel dimer, such that CBS1 interacts with CBS1' and CBS2 interacts
with CBS2’ (Figure 1). The existence of the stabilizing disulfide bond linking CBS2 and CBS2’
strongly implies that this is the biologically relevant arrangement of the subunits. Unambiguous
density is observed for the disulfides in both structures in simulated annealing omit maps
(Figure 2A), and the geometries of the disulfides are compatible with previously determined
consensus geometrie327, although the disulfides in the AMP-bound structure are slightly
extended compared to that in the unliganded structure. The dimeric interface buries 1884 A?
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of surface area per subunit (23% of the total surface area of each subunit) and is dominated by
two large hydrophobic patches, one in each CBS domain (Figure 2B). In addition, there is a
large network of interacting charged and polar side chains from residues of both subunits at
the center of the disk-like dimer, but these interactions appear to be more important for ligand
binding than for dimerization (see below).

Ligand binding by PAE2072

Analysis of crystals of PAE2072 grown in the presence of AMP resulted in a structure with
four molecules of AMP bound per dimer, or one AMP per CBS domain (Figure 3A). Simulated
annealing omit maps show clearly interpretable density for the nucleotide in each of the eight
binding sites in the asymmetric unit (Figure 3B). Overall, the structural basis of nucleotide
binding by PAE2072 is nearly identical to that observed in the cytoplasmic domain of the
chloride transporter CIC-528 and the v subunit of AMPK?23; 24,25 (Figure 3D), except that
both potential binding sites per subunit are occupied in PAE2072. This is reflected in a strong
conservation of the AMP-binding amino acid residues between the two pseudo-symmetry
related binding sites per subunit, despite the low overall sequence identity (18%) between the
CBS1 and CBS2 domains. The binding sites are located at the interface between the two CBS
domains in each subunit, such that residues from both CBS domains contribute to nucleotide
coordination. The adenine base in each binding site is sandwiched in a hydrophobic pocket,
with aliphatic side chains (Val33/Val113 and Val50/11e98) packing against both sides of the
purine ring. Protein backbone groups appear to provide both positive and negative determinants
of base specificity by hydrogen bonding to nitrogens 1 and 6 of adenine (Val13/Leu35 and
11e78/His100), while sterically precluding accommodation of the 2-amino group of guanine
(Proll and Ser76). The side chain of an aspartate residue in each binding site (Asp55 and
Asp118) forms an interaction with the 2" and 3" hydroxyls of the ribose ring that has been shown
to be essential for ligand binding in the CBS domains of clc-528. Finally, the phosphate of
each AMP makes several contacts with polar and basic side chains concentrated in the center
of the disc-like dimer. The locations of the four phosphates in each dimer can be described by
arhombus with sides of slightly less than 9 A, and the network of interactions connecting them
suggests that ligand binding may be cooperative (Figure 3C). Notably, the imidazole ring of
His100 makes symmetric interactions with the phosphates of both AMP molecules bound in
each subunit, while Arg99 makes direct contacts with one intra-subunit phosphate and water-
mediated contacts to the phosphates of both of the AMP molecules bound in the opposite
subunit. Overall, six arginines (three from each subunit) are involved in coordinating the four
phosphate groups of the bound nucleotides, and several more basic residues are located nearby.
Only two negatively charged side chains (Glu53 and Glu53’) participate in this network of
interactions surrounding the AMP phosphates. Ina PAE2072 dimer lacking bound nucleotides,
such a concentration of positively charged side chains would be expected to create considerably
unfavorable electrostatic interactions. Consistent with this idea is the observation that in the
unliganded structure, four well-ordered sulfate ions from the crystallization solution occupy
essentially identical positions to those of the phosphate groups in the AMP-bound structure
(Figure 1).

Sequence-structure analysis of Pyrobaculum CBS domain proteins

A search of the Pfam database (release 22.0)29 revealed sixteen different proteins in the P.
aerophilum genome that contain recognizable CBS domains. Remarkably, fourteen of these
are standalone CBS domain proteins, more than were found in any other organism in the Pfam
database. Two of the fourteen CBS domain proteins in P. aerophilum contain a large number
of CBS domains (four in PAE2364 and seven in PAE3169), whereas the other twelve proteins
are composed of two tandem CBS domains. These latter twelve formed the basis for a multiple
sequence alignment (Figure 4A). The residues involved in binding AMP in PAE2072 were
nearly universally conserved across the twelve proteins in the alignment; out of 132 total
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putative ligand-binding residues (twelve residues in each of the eleven other proteins), only
two substitutions likely to affect contacts to adenine nucleotides were found. This degree of
conservation stands out in view of the much lower similarity between the proteins over their
full length; pairwise alignments yielded average values of 36% identity and 60% amino acid
similarity. Aside from the termini, the segments of the multiple sequence alignment containing
the most variation map to 1) the prominent loop connecting strands 2 and 3 of CBS1, and 2)
the N-terminal, extended portion of CBS2, including the small N-terminal helix. In the
structures of fission yeast, budding yeast, and mammalian AMPK, the surface defined by
precisely these regions of the y subunit is responsible for the interactions with the other subunits
of the heterotrimeric complex (Figure 4B)22; 23; 24

Structural adaptations to high temperature

Although several structures of prokaryotic standalone CBS domain proteins were available,
the lack of data on the stability of these proteins precluded a meaningful analysis of possibly
stabilizing structural adaptations in PAE2072. However, it is noted that the main features likely
to contribute to the stability of the protein are several large hydrophobic cores (including the
dimeric interface) and the intermolecular disulfide bond.

The role of the disulfide bond in protein stability was tested by thermal and chemical
denaturation of PAE2072 proteins with and without the disulfide. Because the melting
temperature of PAE2072 is above the boiling point of water even in the absence of the disulfide
(data not shown), thermal denaturation experiments were conducted in the presence of
moderate amounts of the chemical denaturant guanidinium hydrochloride (GdmHCI).
PAE2072 exhibited a large decrease in circular dichroism at 86 °C in 3.5 M GdmHCI, indicative
of an unfolding transition (Figure 5A). Addition of the disulfide reducing agent dithiothreitol
under otherwise identical conditions lowered the apparent melting temperature to 58 °C, a
change of nearly 30 degrees, strongly suggesting that the intermolecular disulfide bond
contributes significantly to the stability of the protein at high temperatures. Chemical
denaturation of wild-type PAE2072 and a C120S mutant lacking the disulfide provided
additional support for this interpretation. The midpoint of GdmHCI denaturation of the wild-
type protein was approximately 4.6 M, while the midpoint for the C120S mutant was
approximately 3.8 M (Figure 5B). Although chemical denaturation of both wild-type PAE2072
and the C120S mutant was for the most part reversible, a small amount of aggregation upon
refolding (data not shown) prohibited calculation of equilibrium thermodynamic parameters.

DISCUSSION

Several recently published studies have revealed a first glimpse of the structural basis of
nucleotide binding by eukaryotic CBS domains, a subject currently attracting considerable
interest22: 23; 24,25, 28 \\/e have demonstrated that a prokaryotic, standalone CBS domain
protein binds AMP, and that the structural basis for nucleotide coordination is essentially
identical to that seen in the CBS domains of AMPK and human CIC-5. This strong conservation
of the ligand binding mechanism across proteins from such phylogenetically distant organisms
supports the hypothesis of Hardie and coworkers that CBS domains generally function as
energy-sensing modules that bind adenosine derivatives20. However, a pair of studies on
transmembrane transporters has presented evidence for alternative mechanisms of regulation
by CBS domains. In the first study, the tandem CBS domain pair in the cytoplasmic domain
of the osmoregulatory ABC transporter OpuA was shown to regulate transporter activity as a
function of intracellular ionic strength30. To our knowledge, the ability of the CBS domains
in this system to bind nucleotides has not been tested. Another study provided crystallographic
evidence that the dimer of tandem CBS domain pairs in the cytoplasmic domain of the bacterial
magnesium transporter MgtE changes conformation upon binding magnesium ions at specific
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sites, suggesting a possible homeostatic regulation mechanism3L. Due to significant
differences in the regions of the MgtE CBS domains that correspond to the binding sites in
PAE2072, it appears unlikely that MgtE is capable of binding adenine nucleotides in a similar
manner (Figure 3D). Thus, it appears that some CBS domains sense signals in the cell other
than energy charge. Nevertheless, the strong conservation of the mechanism of nucleotide
binding observed in AMPK, CIC-5, and PAE2072 supports the idea that many CBS domains,
and perhaps most of those in standalone CBS domain proteins, sense cellular energy charge
by binding adenosine derivatives. Given the critical nature of this function to the metabolism
of the eukaryotic cell, as evidenced by the many inherited diseases associated with mutations
that affect nucleotide binding in CBS domains 0 itis likely that standalone CBS domain
proteins in prokaryotes also play important roles in cellular metabolism.

The lack of conformational change upon ligand binding observed in our structures also mirrors
results recently obtained in the AMPK system, and supports the model of a regulatory
mechanism based mainly upon electrostatic differences at the nucleotide binding site. These
differences would result from the contribution of charge from the phosphate group(s) of bound
nucleotides?3: 24, Previous studies of ligand binding by eukaryotic CBS domains have
provided comparisons of structures with various nucleotides bound (i.e. AMP, ADP, ATP, and
ZMP), demonstrating that the structural rearrangements involved in accommodating additional
phosphate groups are limited to changes in the conformations of a few side chains, whereas
large differences in electrostatic potential are observed?3; 24; 25; 28 Although we did not
obtain crystals of PAE2072 in complex with ATP, based upon our AMP-bound structure it
appears that PAE2072 could readily accommodate ATP in one or more of the four binding
sites in an identical manner. A major contribution of the present study is that we reveal for the
first time structures of a CBS domain protein in both the unliganded and nucleotide-bound
states. Our structures show that binding of the nucleoside portion of the ligand induces
essentially no change in the protein structure. Therefore, a combination of several structural
studies has now demonstrated that the most significant property of adenosine nucleotide-
binding CBS domain proteins affected by the presence and identity of bound ligand is the
electrostatic potential at the binding site. Presumably, interactions with effector proteins will
be different in the AMP- and ATP-bound states as a result of the additional negative charge
from ATP, leading to regulation of effector protein activity. The conservation of this principle
across such distantly related proteins both strengthens the proposal that it is important for the
regulation of AMPK activity by the y subunit23: 24 and suggests that this mechanism of
regulation is conserved in prokaryotic CBS domains.

We have also shown that eleven other standalone CBS domain proteins in P. aerophilum exhibit
essentially universal conservation of the residues responsible for nucleotide binding and,
intriguingly, that the most variable sequence segments of these proteins are localized to a single
surface patch that corresponds precisely with the region responsible for intersubunit
interactions in fungal and mammalian AMPK y subunits22: 23; 24 These observations are
compatible with a model in which the standalone CBS domain proteins in P. aerophilum
specifically interact with different effector proteins whose activity they regulate, with the
variable surface patch contributing to interaction specificity. We submit this as a hypothesis
that requires further testing. Although our results do not yield any clues concerning the
identities of the interacting effector proteins, they would presumably be involved in processes
in which regulation by energy charge would be advantageous. It is of note that AMPK appears
to be strictly eukaryotic; no prokaryotic homolog of AMPK has been described. It is possible
that non-homologous (or undetectably homologous) kinase domains interact with and are
regulated by standalone CBS domain proteins in prokaryotes, thereby forming prokaryotic
energy-sensing kinase complexes that serve physiological roles analogous to that of AMPK.
Alternatively, standalone CBS domain proteins may interact directly with and regulate the
activity of metabolic enzymes in a more allosteric fashion, without making use of a central,
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intermediary kinase. The large number of standalone CBS domain proteins in the P.
aerophilum genome would seem to support the latter possibility; however, this is an unusual
feature of this particular organism and should not be taken as evidence for the allosteric
regulatory model in general.

The intermolecular disulfide bond in PAE2072 was shown to contribute to the stability of the
protein, and provides another example of the use of intracellular disulfide bondin% asa
stabilizing structural adaptation in the proteins of certain thermophilic microbeslL: 15 This
initially controversial ideal®: 16 s now established among those studying proteins from
thermophilic organismsl5. Furthermore, recent studies have revealed unusual geometrical
mechanisms by which disulfide bonds stabilize some thermophilic proteins. For instance, the
two subunits of the dimeric citrate synthase from P. aerophilum were found to be topologically
interlinked by an intramolecular disulfide bond in each subunit, such that the polypeptide chains
are catenated and cannot untangle from each other while the disulfides are intact!2. A similar
situation was noted earlier by Guss and coworkers32. Those surprising results raised the
possibility that disulfide bonding and complex chain topology could combine to provide novel
stabilization strategies in proteins from thermophiles. A subsequent study supported this
hypothesis by using engineered disulfide bonds to investigate the effects of disulfide bonding
and topology on the stability of the naturally slipknotted protein alkaline phosphatase33. In
the structure of PAE2072 reported here, the disulfide bond does not appear to introduce any
particularly unusual features into the chain topology of the protein dimer. Further studies on
disulfide-bonded protein complexes from P. aerophilum and other disulfide-rich organisms
will be required in order to determine how often and in what variety disulfide bonding might
be used to generate stabilizing topological features in these systems.

In summary, we provide evidence for strong conservation of the key functional features seen
in the y subunit of AMPK in a CBS domain protein from a phylogenetically distant organism.
Our results confirm and extend previous studies on eukaryotic CBS domains to provide support
for a model in which prokaryotic, standalone CBS domain proteins interact with and regulate
the activities of effector proteins by binding adenine nucleotides in a manner that depends upon
the energy charge of the cell. At present there are not sufficient data to confidently predict the
identities of the effector proteins, but given the central roles of CBS domains in eukaryotic
metabolism it is likely that they also play important roles in the cellular physiology of
prokaryotes. We have initiated functional studies on this large class of prokaryotic proteins,
and provide a hypothesis that should guide future experiments. Finally, we add another example
to the growing list of intracellular proteins from disulfide-rich thermophiles that are stabilized
by disulfide bonds.

MATERIALS AND METHODS

Protein expression, purification, and crystallization

The PAE2072 gene (GenBank accession number AE009855.1) was cloned from P.
aerophilum genomic DNA into the pETM11 expression vector. The resulting construct
contained an N-terminal, TEV-cleavable (His)g tag, which, after cleavage by TEV protease,
left a Gly-Met-Ala tripeptide at the N-terminus in place of the initial methionine. The C120S
mutant was made using the Quikchange 11 site-directed mutagenesis kit (Stratagene). Wild-
type and C120S PAE2072 were expressed and purified in an identical fashion. The expression
vectors carrying the wild-type and C120S PAE2072 genes were transformed into Rosetta™ 2
(DE3)E. coli cells (Novagen). Cells were grown in LB in the presence of 30 mg L1 kanomycin
at 37 °C until the ODgpq reached 0.8. Protein expression was induced by addition of 1 mM
isopropyl-thio-B-D-galactopyranoside and allowed to proceed for 4.5 hours before cells were
harvested. Cells were lysed by sonication in 12.5 mM Tris/12.5 mM MOPS pH 7.5, 0.1%
Tween?20. Lysates were treated with DNase and Protease Inhibitor Cocktail (Sigma) before
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being cleared by centrifugation. Lysates were then subjected to a heat purification step at 75 °
C for 15 minutes, and the precipitate was pelleted by centrifugation. PAE2072 was purified
from the resulting supernatant by nickel affinity chromatography on a HisTrap HP column
(Pharmacia) and eluted in the presence of 125-200 mM imidazole. Purified protein was
dialyzed into 50 mM Tris pH 8.0, 75 mM NaCl, 1 mM DTT, 0.5 mM EDTA, diluted to 1 mg
mL 1, and cleaved by incubation with TEV protease (1 mg TEV per 10 mg PAE2072) overnight
at room temperature. Pure PAE2072 lacking the N-terminal (His)g tag was collected in the
flowthrough of another nickel affinity chromatography step, dialyzed into 30 mM Tris pH 7.2,
30 mM NaCl, concentrated to 9.3 mg mL™1 (wild-type) or 6.9 mg mL~1 (C120S), and stored
at 4 °C. Protein concentrations were determined by the Bio-Rad version of Bradford’s dye-
binding assay 34, Crystals of unliganded PAE2072 were obtained by hanging drop vapor
diffusion at room temperature. The drop contained 1 L of the reservoir solution (0.1 M HEPES
pH 6.0,0.17 M LiSOy4, 16.5% PEG3350) mixed with 1 uL of the concentrated protein. Crystals
were transferred to paraffin oil for a few seconds before flash freezing at 100 K. Co-
crystallization of PAE2072 with AMP was performed by hanging drop vapor diffusion,
following pre-incubation of the protein with AMP at a concentration of 5 mM. Plate-like
crystals were routinely obtained using a reservoir solution of 0.2 M lithium acetate pH 7.8—
8.0, 13.5% PEG3350; however, these crystals were deemed unsuitable for data collection due
to anisotropic diffraction that did not exceed a resolution of 3.0 A. A single, large, three-
dimensional crystal was obtained in condition 24 (1.0 M CsClI) of the Additive Screen HR2-428
(Hampton Research) using a reservoir solution of 0.2 M lithium acetate pH 7.8, 13.5%
PEG3350. The ratio in the drop of protein/AMP to reservoir solution to additive was 5:4:1, for
a final AMP concentration of 2.5 mM and a final CsCl concentration of 0.1 M. The crystal was
transferred to reservoir solution supplemented with 30% glycerol for a few seconds before
flash freezing at 100 K.

Data collection, structure determination, and refinement

Diffraction data from the unliganded crystals were collected using a Rigaku FR-D rotating
anode X-ray generator equipped with an R-axis 1V++ imaging plate detector (Rigaku). Data
extending to 2.10 A were processed using DENZO/SCALEPACKS3®. Phases were obtained
by molecular replacement using PHASER36 and the coordinates from a single subunit of the
M. tuberculosis Hypoxic Response Protein | (PDB code 1Y5H; M.L. Sharpe et al.,
unpublished) as a search model, which shares less than 20% sequence identity with PAE2072.
An initial model was built using the graphics program Coot3” and refined using CNS simulated
annealing and conjugate gradient least squares refinement38, Subsequent rounds of model
building and refinement were carried out in Cootand REFMAC39tointroduce TLS anisotropic
displacement parameters into the refinement. The final model had R and Ree Values of 20.0%
and 24.3%, respectively. A dataset from the AMP-bound crystal was collected at the Advanced
Light Source, beamline 5.0.2, using an ADSC Quantum 315 CCD detector to record the data.
Diffraction data extending to 2.35 A were processed using DENZO/SCALEPACK. Phases
were obtained by molecular replacement using PHASER and the coordinates from the
unliganded PAE2072 dimer as a search model. An initial round of refinement using CNS
simulated annealing and conjugate gradient least squares refinement was followed by iterative
rounds of model building and refinement carried out in Coot and REFMAC. TLS parameters
and strong non-crystallographic symmetry constraints were utilized throughout, although the
NCS constraints were released during the last round of refinement. The modeling of cesium
ions was aided by the appearance of peaks in an anomalous difference Fourier map, attributed
to the anomalous scattering of cesium (3.8 anomalous electrons) at 1 A wavelength. The final
model had R and Ryee Values of 23.9% and 29.4%, respectively. The refinement statistics for
both models are given in Table 1. The geometric quality of the models was assessed with the
structure validation tools ERRAT40, PROCHECK4L, and VERIFY3D#2. ERRAT reported
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overall quality factors of 96.7% for the unliganded structure and 93.2% for the AMP-bound
structure.

Structural analyses

Surface area buried upon dimerization was calculated using the program AREAIMOL43,
which is distributed with the CCP4 suite of crystallographic program544. Omit maps of the
disulfide bonds and AMP molecules were made by deleting all atoms of Cys120 residues or
all AMP molecules, respectively, followed by simulated annealing and conjugate gradient least
squares refinement in CNS to reduce model bias. All figures of protein structures were made
using PyMOL45.

Sequence analyses

For the purpose of counting the number of standalone CBS domain proteins per organism in
Pfam, these were defined as proteins that: 1) contained one or more copies of Pfam Family
PF00571 (CBS domain pair), 2) contained no other domains recognized by Pfam, and 3) had
at least 70% of the length of their amino acid sequence covered by the PF00571 domain(s).
The multiple sequence alignment of the P. aerophilum standalone CBS domain proteins was
generated using T-COFFEE#6. The per-residue conservation scores for PAE2072 output by
T-COFFEE were used to color the protein according to sequence conservation in Figure 4.
Pairwise identities and similarities were calculated using the BLASTall program47.

Circular dichroism

Circular dichroism measurements were recorded using a Jasco J-715 spectrometer with a
Peltier temperature-controlled cell holder (Jasco). Samples for thermal denaturation analysis
were prepared by dilution of concentrated protein to a final concentration of 4.9 uM (0.75 mg
mL1) in 30 mM Tris pH 7.2, 30 mM NaCl, 3.5 M GdmHCI, with or without 1 mM DTT.
Samples were equilibrated for an hour at room temperature before CD measurements were
taken. The far-UV CD spectra of the protein in buffer and after incubation in 3.5 M GdmHCI,
1 mM DTT, or both were checked to ensure that these conditions did not induce structural
changes at 20 °C. Thermal denaturations were performed by monitoring the CD signal at 218
nm with a bandwidth of 2 nm while increasing the temperature linearly from 20-100 °C at a
rate of 1 °C min~L. Samples for chemical denaturation analysis were prepared by diluting stocks
of wild-type or C120S PAE2072 to a final concentration of 2.5 uM in 30 mM Tris pH 7.2, 30
mM NacCl, with varying concentrations of GAmHCI. Samples were allowed to equilibrate
overnight at 25 °C before CD measurements were taken. Each data point represents the CD
signal at 220 nm averaged over 45 seconds, with the temperature held constant at 25 °C. At
least two curves were collected for each denaturation experiment, and the raw CD data were
normalized for the purpose of comparison to the minimum (CDpin) and maximum (CDpyax)
CD signal on the temperature or GAmHCI range according to the equation:

Relative Ellipticity=[ CD, — CDpinl/(CDmax — CDmin)

T.[ GdmHCI]
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Pseudo 180°

Figure 1. Overall structure of PAE2072

The unliganded PAE2072 dimer is shown in cartoon representation, with each CBS domain
colored individually. The intermolecular disulfide bond between cysteines 120 and 120" is
shown as spheres, and the sulfate ions that occupy the same positions as the phosphate groups
of AMP in the AMP-bound structure are shown in stick representation. The dimeric two-fold
axis is indicated in black, and the pseudo two-fold axis in gray. The core B-a-B-p-a fold
conserved in CBS domain proteins is easily identifiable; an additional short helix punctuates
the extended N-terminus of each CBS domain.
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Figure 2. The dimeric interface

(a) Residues in the area of the disulfide bond in the unliganded structure are shown in stick
representation, and electron density from a simulated annealing 2F,-F; omit map in which
residues Cys120 and Cys120’ were omitted is contoured at 1.2 o, demonstrating clear density
for the disulfide bond. Similar density was seen for the disulfides in an omit map made using
the coordinates and structure factors from the AMP-bound structure. (b) A surface
representation of the dimeric interface of one subunit of PAE2072 is shown, colored according
to hydrophabicity. Red indicates regions of higher hydrophobicity, while blue indicates more
polar areas. The dimeric twofold axis is shown, and a prominent hydrophobic patch can be
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seen in each CBS domain. The sulfur atom of cysteine 120, representing the site of the
intermolecular disulfide bond, is colored white.
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Figure 3. Ligand binding by PAE2072

(a) A view of one of the two crystallographically independent dimers in the AMP-bound
structure shows the positions of the four bound AMP molecules. Note the lack of any significant
conformational change from the unliganded structure in Figure 1. (b) Difference density from
a simulated annealing Fo-F. omit map, contoured at 3.0 o, reveals readily interpretable density
for AMP. The coordinates from the final model are shown in stick representation. (c) Three
residues from each subunit (Arg99, His100, and Arg117) are involved in coordinating multiple
AMP molecules, which may suggest cooperative binding. Several well-ordered water
molecules form bridging interactions, and may indicate space where additional phosphate
groups, such as those on ATP, could be accommodated. The dimeric two-fold axis is indicated
in the center of the figure and runs perpendicular to the page; the pseudo two-fold is shown in
gray. (d) The mechanism of adenine nucleotide binding is strongly conserved in the CBS
domains of PAE2072 (both binding sites are shown), mammalian AMPK (PDB code 2VV92),
and human CIC-5 (PDB code 2J9L), but not in bacterial MgtE (PDB code 2YVY). The four
central beta strands of one subunit of PAE2072 were aligned with those of the tandem CBS
domains of MgtE (RMSD = 0.81 A over 20 C,, atoms) to model the potential position of a
bound AMP molecule. Strong steric clashes between the protein and the modeled AMP can be
seen, and no basic residues are in position to coordinate the phosphate residues. It therefore
seems unlikely that MgtE binds adenine nucleotides in a manner similar to that observed in
the other CBS domains shown here.
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Figure 4. Sequence-structure analysis of Pyrobaculum CBS domain proteins

(a) A multiple sequence alignment of 12 standalone CBS domain proteins from P.
aerophilum, generated using the alignment program T-COFFEE, revealed nearly universal
conservation of the residues involved in adenylate binding in PAE2072. Residues with side
chains (*) or backbone atoms (") that contact AMP are indicated. Two substitutions likely to
result in the loss of a contact are boxed. The sequences of two regions other than the termini
were found to be highly variable in this family of proteins (residues 40-46 and 71-84 in
PAE2072). The first 10 residues of PAE2961 and 27 residues of PAE2866.a are represented
by ellipses for clarity. (b) The regions of high sequence variability in Pyrobaculum CBS domain
proteins map to a single surface patch on PAE2072 which coincides precisely with the site of
interaction between the y subunit of AMPK and the o and 3 subunits. The four central beta
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strands of PAE2072 were aligned with those of the y subunit of S. pombe AMPK (PDB 1D
200X; RMSD = 0.88 over 20 C,, atoms) to model PAE2072 in the place of the y subunit. The
surface of PAE2072 is shown and colored according to sequence conservation; red indicates
highly conserved positions, while blue indicates highly variable positions. The o.and 3 subunits
of AMPK are shown in cartoon representation and can be seen to dock onto the surface patch
defined by the highly variable segments (blue and cyan). The AMP molecules bound to
PAE2072 are shown in sticks to emphasize their surface accessibility, which is presumably
important for the mechanism of regulation by PAE2072.
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Figure 5. Contribution of the disulfide bond to protein stability

(@) Thermal melts of PAE2072 in the presence and absence of DTT indicate a dramatic loss
of protein stability upon reduction of the disulfide bond. (b) Chemical denaturation of wild-
type PAE2072 and a C120S mutant also reveal a stabilizing role for the disulfide bond as
evidenced by the lower midpoint of denaturation for the mutant lacking the disulfide.
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Table 1

Summary of data collection and refinement statistics

Data collection

Unliganded PAE2072

AMP-bound PAE2072

Space group

P2,2,2

P4,2,2

Cell dimensions

a(A)bA).c(A) 57.8,98.5.51.6 55.7,55.7, 336.4
Resolution (A) 2.10 2.35

Rme# (%) 9.4 (45.2) 6.4 (37.3)

I/sl 17.7(4.18) 9.79 (2.67)
Completeness (%) 96.8 (95.7) 93.7 (99.6)
Redundancy 6.3 (6.0) 26(2.7)
Radiation wavelength (A) 1.5418 1.00
Refinement

Resolution (A)

51.50-2.10 (2.16-2.10)

18.91-2.35 (2.41-2.35)

Total no. working reflections

16361

19638

Total no. test reflections 873 1118
Ryaric Riree (%) 19.7/24.3 23.9/29.4
No. atoms

Protein 2089 3984

Ligand/ion 39 195

Water 161 66
Average B-factors (A?)

Protein 27.4 60.2

Ligand/ion 33.9 46.9

Water 33.6 45.5
R.M.S. deviations

Bond lengths (A) 0.008 0.005

Bond angles 1.2° 1.1°
Ramachandran plot statistics (%)

Residues in most favored regions 95.7 96.7

Residues in additional allowed regions 4.3 3.3

Residues in generously allowed regions| 0 0

Residues in disallowed regions 0 0
PDB ID 2RIH 2RIF

Values in parentheses are for the last shell.

o Rmerge=>" > Ilihkd) = TCRRD/ Y > " Ik

hkl i

"
Rwork = Z|Fobs — Fcalc [’ZFobs

£ . - . . )
Rfree = Z|Fobs — Fcalcl/ZFobs, calculated using a random set containing 5% of reflections that were not included throughout refinement
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