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Cystathionine p-synthase (CBS) domains are small motifs that are present in
proteins with completely different functions. Several genetic diseases in
humans have been associated with mutations in their sequence, which has
made them promising targets for rational drug design. The protein MJ0100
from Methanocaldococcus jannaschii includes a DUF39 domain of so far
unknown function and a CBS domain pair (Bateman domain) at its C-
terminus. This work presents the crystallographic analysis of four different
states of the CBS motif pair of MJ0100 in complex with different numbers of
S-adenosyl-L-methionine (SAM) and S-methyl-5'-thioadenosine (MTA)
ligands, providing evidence that ligand-induced conformational reorgani-
zation of Bateman domain dimers could be an important regulatory
mechanism. These observations are in contrast to what is known from most
of the other Bateman domain structures but are supported by recent studies
on the magnesium transporter MgtE. Our structures represent the first
example of a CBS domain protein complexed with SAM and/or MTA and
might provide a structural basis for understanding the molecular mechan-
isms regulated by SAM upon binding to the C-terminal domain of human
CBS, whose structure remains unknown.

© 2009 Elsevier Ltd. All rights reserved.
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The cystathionine B-synthase (CBS) domain pro-
teins comprise a large superfamily of evolutionarily
conserved proteins that are present in all kingdoms
of life." CBS domains are 60-residue-long motifs that
were originally discovered in the enzyme CBS and
consist of a three-stranded pB-sheet and two a-helices
packed according to the sequence B-a—B—p-a.>’

0022-2836/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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CBS domains regulate enzyme activity based on the
concentration of AMP/ATP or other adenosine
derivatives, and their importance is underlined by
the range of hereditary diseases in humans associated
with mutations in their sequence.‘H1 Thus, they are
promising targets for the development of novel
drugs.'"> Comparison among CBS domains of iso-
functional proteins from different species shows a
highly conserved fold despite the low degree of
sequence similarity.>'* CBS domains usually occur in
tandem pairs, forming a so-called CBS pair or
Bateman module' in which both CBS subunits are
related by a pseudo-2-fold symmetry axis running
parallel with the central B-sheets. Some proteins such
as 5’-AMP-activated protein kinase (AMPK) and its
homologs have revealed tetra-repeat units,'> but even
hepta-repeats have been detected in some genomes.'*
Nowadays, the crystal structures of several tandem
CBS domains have been elucidated.'”>* In all these
structures, both head-to-head and head-to-tail asso-
ciations of the Bateman modules have been
observed,?! though the forces directing their final
assembly are not known. These assemblies include a
total of four CBS domains per structural module and
have been baptized as “CBS modules”.”

The cleft between two CBS domains of a Bateman
module is the binding site for the adenosyl
group.'®?%?>% Interestingly, the crystal structures
of the complexes CIC5-ADP/ATP'® and AMPK-
ATP/AMP/ADP/5-aminoimidazole-4-carboxa-
mide ribonucleoside monophosphate'®?%**** raise
the question of whether a CBS pair has one or two
nucleotide binding sites, since two symmetry-
related cavities are formed at both sides of the
central p-sheets.”!

But what is the effect exerted by a ligand when it
binds to a CBS domain? Although there is experi-
mental evidence that the binding of adenosyl groups
to the CBS pairs of inosine monophosphate
dehydrogenase,'’ AMPK,*® and CBS?” has an
influence in the catalysis of these proteins, the
structural information available does not elucidate
how the adenosyl compound binding is transduced
to the corresponding catalytic domains. Taking into
account the high number of motifs to which CBS
domains can be fused (168 different architectures
annotated in the Pfam database), it seems reasonable
to think that the physiological functions and binding
partners of these motifs may vary considerably
between different proteins.”® Several studies have
revealed a first glimpse of the structural basis of
ligand binding by eukaryotic CBS domains, a subject
currently attracting considerable interest.!6-19,20,22,23
In contrast to initial assumptions, recent studies on
the transporter MgtE revealed that CBS domain
proteins can undergo large conformational changes
in the presence of metal ions.***’ The available
information seems to indicate that the physicochem-
ical properties of specific ligands are tied to the type
of response that these molecules induce in the
proteins interacting with them. To gain further
insight into the structural features involved in the
recognition of new ligands by CBS domain proteins

and the mechanisms by which these proteins
modulate the function of other domains, we sought
to identify new putative binding sites that might
potentially recognize nucleotides different from
AMP/ADP/ATP, which have already been studied
extensively by other authors.'*'%'??2 CBS motifs are
unusually abundant in archaea.” Therefore, organ-
isms such as the hyperthermophile Methanocaldococ-
cus jannaschii>' offer excellent models for the
characterization of novel adenosyl binding sites.
The genome of M. jannaschii encodes 15 CBS domain
proteinst, which differ significantly in their compo-
sition and presumably in their abilities to bind to
different ligands.

The open reading frame of gene mj0100 from M.
jannaschii (UniProtKB/Swiss-Prot entry Q57564)
encodes a polypeptide chain of 509 amino acids
with a molecular mass of 56,458 Da. Its sequence
contains two domains: a DUF39 (Pfam database
PF01837) domain (residues 15-320) of so far un-
known function and a CBS domain pair (CBSI1,
residues 392-445; CBS2, residues 458-506). Al-
though no ready hypothesis for function can be
assigned, MJ0100 homologs share the same domain
composition and are found primarily in Euryarch-
aeota, and most represented in methanogens.
MJ0100 homologs are found in what may be a
transcriptional unit with a gene encoding a probable
ferredoxin with two Fe;S; signatures including
proteins such as MJ0099 from M. jannaschii, AF1185
from Archaeoglobus fulgidus, MTH854 from Metha-
nothermobacter thermautotrophicus, or MmarC7_0603
from Methanococcus maripaludis among others. This
puts MJ0100 very likely to be an oxidoreductase of
some form as methanogenic Archaea, like many
bacteria, often group genes with dedicated metabolic
functions.

We recently reported the crystallization and the
preliminary crystallographic analysis of the CBS
domain pair of MJ0100.>> Here, we describe the
crystal structure of four different states of the CBS
motif pair, in complex with different numbers of S-
adenosyl-L-methionine (SAM) and S-methyl-5'-
thioadenosine (MTA) ligands. Our study reveals
that each ligand binds at a different site, triggering
an “open-to-closed” conformational change that, to
our knowledge, represents the first example of a
“dynamic” response of a CBS module upon binding
of adenosyl groups and reveals two novel SAM- and
MTA-binding motifs that should assist in structure-
based design of compounds binding at these sites.

Results

Target selection

We set out to compare and contrast the predicted
protein sequences of M. jannaschii against all known
CBS domain protein-ligand complexes from differ-
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ent organisms with the aim of identifying novel
binding motifs. To address this issue, we first
performed multiple sequence alignments® and
three-dimensional (3D) theoretical models**>°
using the available information on public databases.
Subsequently, we focused our attention on those
amino acid residues that potentially constitute the
ligand binding cavities of each protein (Fig. 1) and
divided them in three structural blocks: (i) residues
from the flexible loop preceding the first strand of the
B-sheet of each CBS domain (f1 and p5 in Fig. 2), (ii)
residues from the second strand of the pB-sheet (32
and B6in Fig. 2), and (iii) residues located at the third
strand of each p-sheet (37 and p3 in Fig. 2) and the
first two turns of the following helix (H4 and H2 in
Fig. 2 for CBS1 and CBS2, respectively). As shown in
Fig. 1, the highest diversity was found in the first
block. The second group contained a conserved
proline residue and maintained the hydrophobic
environment that stabilizes the adenine ring of the
adenosyl group, but the third block turned out to be
the most conserved among the proteins studied.
This latter section shelters the recognition motif (G-
h-x-S/T-x-5/T-D) for the ribose-phosphate moiety
of molecules such as AMP in AMPK,“S’]9 Ta0289
from Thermoplasma_acidophilum, or PF1953 from
Pyrococcus furiosus.”® In agreement with previous
observations on mammalian AMPK,? those bind-
ing sites lacking the conserved aspartate that H-
bonds the hydroxyls of the ribose ring of the
nucleotide (i.e., AMPK _cbs;,_sitel, PH1780_cbs;,_
site2, or MJ0868_site2 in Fig. 1) were not included in
the list of potential adenosyl-binding sites. Finally,
we grouped the putative binding sites according to
their plausible chance to bind phosphate- or non-
phosphate-containing nucleotides by comparing the
residues structurally equivalent to those forming the
AMP-binding motif. As shown in Fig. 1, in MJ0100,
the Ser/Thr residues preceding the last aspartate of
the AMP-binding motif'® are substituted by a
negatively charged (E499) and a bulky hydrophobic
residue (W438), respectively, which would interfere
with phosphate binding in both sites of the protein,
suggesting that they might be more compatible with
other adenosine derivatives. Accordingly, MJ0100
was considered as a promising target that poten-
tially might bind nucleotides that do not contain
phosphate groups.

Construct design

Previous studies suggested that the full-length
M]J0100 has a strong tendency to aggregate, making
physical studies of the protein very difficult.??
Alternatively, and based on sequence alignments
and on published structures of CBS domain
pairs, 17323637 3 recombinant truncated form of
MJ0100 comprising amino acid residues 381-509
(hereafter denoted as C381) was expressed and
purified to near homogeneity. This protein, missing
~380 N-terminal residues, forms dimers and does
not exhibit the aggregating properties of the full-
length species.’ Using this construct, we were able

to obtain the first native and selenomethionine (Se-
Met)-labeled protein crystals of C381 belonging to
space group P2,2,2; and diffracting to 3.1 and 3.5 A,
respectively.’” In order to investigate whether we
could improve the quality and stability of the
crystals, we designed two new constructs, namely,
C386 (residues 386-509) and C388 (residues 388—
509), using the 3D structure of C381 as a template.
We concluded that constructs shorter than C388
would have probably destabilized the resulting
species since they would eliminate the interactions
existing between the N-terminus and the loop
between strand p5 and helix H3 (see Fig. 2). This
was later confirmed by our crystal structures, since
these interactions are mainly represented by hydro-
gen bonds between the main-chain carbonyl oxygen
of residues T388, E464, and E466 and the NH
peptide of V390, K391, and V468. Additionally, a
salt link is formed between K391 (in helix HA) and
D465.

Overall structure

The overall structure of the three protein con-
structs C381, C386, and C388 (hereafter denoted in
general as MJ0100c) shows the expected fold for a
CBS domain pair (Fig. 2). It comprises two tandemly
repeated CBS motifs, which are hereafter denoted as
the CBS1 (residues 394-450) and CBS2 (455-509)
domains, respectively. CBS1 is made up of three a-
helices and a p-sheet composed of four strands of
topology 11213|41. Similarly, CBS2 has three o-
helices and a B-sheet with three strands 51617]. An
additional B-strand (31*) formed by residues 395-
396 is observed in the MJ0100c structure when a
ligand molecule occupies the binding cavity (site A)
located underneath. The N-terminus of MJ0100c has
a short relatively unstructured segment that pre-
cedes a single turn of a-helix (denoted as HA) that
can be considered to be the beginning of the CBS1
domain structure (Fig. 2). Similarly, a turn related by
pseudo-2-fold symmetry (HB) constitutes the begin-
ning of domain CBS2. The two CBS domains are
related by approximate 2-fold symmetry and share
34.5% identity over 54 residues where C* atoms can
be superimposed with a 0.321-A root-mean-square
deviation (rmsd). Two clefts measuring approxi-
mately 15 Ax10 Ax8 A and related by a dyad axis
running parallel with the B-sheets constitute the two
putative ligand binding regions within each mono-
mer (Fig. 2). These clefts are formed by the 3-sheets
of both CBS1 and CBS2 domains and are composed
of hydrophobic and charged residues. The first cleft
(hereafter denoted as site A) is formed by p2 and B7,
the loop between HA and p1, the N-terminus of
helix H4, and the C-terminus of H1 (Fig. 2). The
second cavity (denoted as site B) is formed by p3
and p6, the loop between 24 and p5, the N-terminus
of helix H2, and the C-terminus of H3 (Fig. 2).
Within the monomer, ligand binding cavities are not
connected, but they are separated by the walls
formed by amino acid residues 420423 and 495498
in site A and 434-437 and 481-484 in site B. The final
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models of the protein chains begin at residues 386—
388 and end between residues 504 and 506. The
monomers in these crystals have roughly the same
conformation, with an rms distance that varies from
0.34 to 0.88 for their equivalent C* atoms, being
higher when a monomer with occupied binding
sites is compared with a subunit in which the ligand
cavities are empty.

Oligomeric state of the protein

The asymmetric units of the six crystal habits
studied (P212121, P21212, Pl, P61, C2221, and C222)
contain 10, 4, 4, 2, 2, and 1 molecules, respectively
(Table 1). Our crystallographic analyses revealed
that in all the cases, two MJ0100c subunits associate
to form parallel (“head-to-head”) dimers, which are
elliptical disks with an aqueous pore in the center
(Fig. 3). These dimers were interpreted as the
biological unit, due to the large interfacial surface
area between both monomers, which is in agree-
ment with previous gel- f11trat1on and dynamic light-

scattering studies on MJ0100c.*> However, in con-
trast with previous reports on other CBS domain
proteins that showed a unique arrangement, four
different conformations were found for MJ0100c,
which basically differ in the angle adopted between
the two associated monomers (A and B) (see Fig. 3).
The first type of dimer (hereafter denoted as “Open-
1”7 or OP1) adopts an open disk-like conformation,
in which the angle between A and B is approxi-
mately 23°. OP1 is represented by the C388 structure
determined from C222; crystals and by one of the
two dimers found in the asymmetric unit of the P1
speaes (rmsd =0.314 A) (Fig. 3). The dimer interface
in OP1 is the smallest (789 A2) among the four
different MJ0100c oligomers and comprises amino
acid residues of the helices H1, H2, H1*, and H2* of
the CBS1 and CBS1* subdomains. OP1 is mainly
stabilized by hydrophobic interactions contributed
by aliphatic residues 1407, M408, A411, and 1415
(from helix H1) and 1440, A441, 1444, and A445
(from helix H2) of complementary monomers and
by hydrogen bonds existing between S437 and
5437* and between the main-chain carbonyl oxygen
of A445 and the amino group of K412. Difference
density could be clearly seen and unambiguously
interpreted for the adenosyl moiety of a unique
molecule of SAM located in site B of one of the
monomers in both crystal forms (Fig. 4; Table 2). An
additional unidentified density corresponding to a
much smaller molecule was also detected in site B*
of the second monomer. The site A and A* cavities

were found empty in OP1. The second type of
association (OP2) also adopts an open disk-like
conformation but shows a smaller angle (12°)
between subunits (Fig. 3). OP2 is represented by
the second dimer of C388 found in the asymmetric
unit of the P1 crystals. As in OP1, the dimer
interface (833 A?) comprises only amino acid
residues of helices H1 and H2 of symmetric CBS1
subdomains. Interestingly, two molecules of SAM
(instead of one) were found, one in site B of
monomer A and the other in site B* of monomer
B, respectively, while sites A and A* remained
empty (Fig. 3; Table 2). The third conformation
(OP3), represented by constructs C388 and C386
(Table 1), crystallizes in space groups P6; and C222,
and consists of a more compact (still open) disk in
which the angle between subunits i is reduced to 9°
(Fig. 3). The dimer interface (1045 A?) is bigger than
that in OP1 and OP2, and new direct or water-
mediated H-bond interactions are formed involving
residues N479, S473, S502, R503, and E499. In the
P6, crystals, two molecules of SAM were found in
sites B and B*, respectively, with sites A and A*
being empty (Fig. 3; Table 2), whereas the C222;
species showed four molecules of MTA in sites A,
A*, B, and B*. Finally, the fourth conformation
(CL1, “closed-17), which was independently
adopted by the three protein constructs, crystallizes
in space groups P2,2,2,, C222, P2,2,2, and C222,
and can be described as an elliptical closed disk-like
parallel dimer that is approximately 55 Atall, 45 A
wide, and 25 A thick (Fig. 3; Table 1). The overall
structural features of CL1 are highly similar to those
previously reported for other “closed” head-to-head
dimers such as PAE2072,'* TA0289,°° or the
hypothetical protein Ykul [Protein Data Bank
(PDB) code: lyav]. In CL1, the extensive dimer
interface (1518  A?) involves exposed hydrophobic
residues on helices H1 and H2 of subdomain CBS1
packing against their complementary partners of
CBS1* and vice versa. In contrast with the OP1, OP2,
and OP3 conformations, in CL1, the exposed
hydrophilic residues D469, S476, and N479 of
helix H3 and E499, S502, R503, and K509 of helix
H4 of CBS2 interact with their complementary
residues of CBS2* and vice versa. This indicates
that approximately 1450 A® are buried when the
M]J0100c dimer evolves from the fully open to the
closed conformation. In CL1, helices H3 and H3*
are sandwiched between helices H3*-H4* and H3-
H4 of the complementary monomer, respectively.
This allows the side chain of residue F505 to be
buried in the hydrophobic environment provided

Fig. 1. Sequence alignment of residues constituting the potential binding sites of the M. jannaschii CBS proteins against
those found in protein-ligand complexes from different organisms. Assuming MJ0100c as reference, the binding cavities
can be described as formed by three blocks of residues: (i) the loop following HA + 3 1-strand in site A (loop following HB +
B5-strand in site B), (ii) strand 32 or 36 in sites A and B, respectively, and (iii) strand 7 in site A (or 3 in site B) + helix H4 in
site A (H2 in site B). The PDB code for each entry is on the left. For known protein-ligand complexes, the corresponding
ligands bound at each site are also indicated. The dimerization orientation of the subunits [head-to-head (H.H) or head-to-
tail (H.T)] is indicated on the right. Residues involved in mteractlons with the phosphate moiety of AMP and included in
the AMP-binding motif (Gly-h-x-Ser/ Thr-x-Ser/ Thr-Asp)'® are marked with a red asterisk. Additional residues interacting
with the phosphate group and not included in this motif are marked with a blue asterisk.
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Table 1. Native MJ0100c: statistics for data collection and refinement

Dimer conformer OP1 OP1, OP2 OP3 OP3, CL1 CL1
Data collection
Space group C222, P1 P6, C2224 P2,2,2, P2,2:2 Cc222
Protein construct C388 C388 C386 C388 C381 C386 C386
Unit cell parameters

a (A) 57.69 46.99 114.65 58.671 80.95 101.66 50.96

b(A) 83.59 49.70 114.65 165.794 118.93 64.53 71.48

c(A) 106.40 59.12 45.02 122.997 173.33 86.31 86.37

a (%) 90 80.11 90 90 90 101.661 90

R () 90 75.85 90 90 90 64.527 90

v (°) R 90 64.04 120 90 90 86.311 90
Cell volume (A%) 513,081.3 121,513.2 512,503.6 1,196,428.7  1,677,463.1 566,191.4 314,637.7
Molecules per asymmetric unit 2 4 4 10 4 1
Resolution (A) 50-2.6 50-1.6 50-2.6 50-2.9 50-3.1 50-1.95 50-1.8
Reym” (%) 9.2 (22.3) 5.6 (31.2) 12.5 (48.7) 9.6 (47.4) 7.4 (28.5) 11.8 (41.0) 7.1 (27.5)
Mean I/ ol 27.2 (5.1) 21.8 (2.6) 21.4 (3.3) 29.8 (6.2) 18.43 (5.08) 17.1 (3.4) 30.8 (6.1)
Completeness (%) 91.9 (68.9)  95.6 (78.4) 98.2 (87.6) 99.9 (100) 98.2 (99.1) 99.9 (98.8) 98.9 (92.5)
Redundancy 8.2 (5.4) 3.2(2.3) 11.7 (9.2) 13.8 (13.0) 6.6 (5.7) 7.1 (6.0) 9.4 (6.2)
Radiation wavelength ( A) 0.8726 0.8726 0.8726 0.9790 0.9340 0.8726 0.8726
Mosaicity (°) 0.42 0.38 0.86 0.85 0.65 0.44 0.27
Refinement
Number of reflections/Unique 229,790/ 361,355/ 351,592/ 532,547/ 201,817/ 507,094/ 244,152/

8425 61,168 10,654 13,555 31,157 42,417 15,273

Number of working reflections 7364 55,517 9961 12,845 28,783 40,171 14,353
Number of test reflections 355 2796 500 670 1531 2323 752
Ruork® (%)/Reree" (%) 22.1/25.9 20.2/22.9 23.1/29.1 23.4/33.4 25.1/34.3 21.5/26.9 21.6/22.9
Number of atoms

Protein 1871 3732 1890 3733 9629 3803 973

Ligand (SAM/MTA) 54/N/A 135/N/A 54/N/A 54/100 243/40 108/80 27/20

Glycerol 6 30 N/A N/A N/A 12 N/A

Water . 83 534 43 N/A N/A 375 172
Average B-factors (A?)

Protein 40.7 21.1 58.6 58.9 94.5 225 20.2

Ligand (SAM/MTA) 35.3/N/A  233/N/A 62.2/N/A 52.0/63.7 101.8/131.6 21.4/34.4 19.6/28.6

Glycerol 76.3 32.6 N/A N/A N/A 34.5 N/A

Water 38.0 35.9 61.7 N/A N/A 33.8 38.7
rmsds .

Bond lengths (A)/angles (°) 0.019/1.985 0.008/1.144 0.016/1.720 0.012/1.623 0.016/1.749  0.026/1.905 0.009/1.159
Ramachandran plot statistics (%)

Residues in most favored 94.9 99.4 94.1 97.3 86.6 98.1 100

regions
Residues in additional allowed 5.1 0.6 5.9 7.3 9.8 19 0
regions
Residues in disallowed regions 0 0 0.4 3.7 0 0

One crystal was used per data set. Values in parentheses are for the highest-resolution shell.

N/ A not applicable.
;ym =Y Xi | I(kl) — I/ Ly 3l (k).
work Z |F F I /ZF

¢ Riree=2, | Fo—F.| /3 F,, calculated using a random 5% of reflections that were not included throughout refinement.

by residues V468, V471, A472, M475, V496, 1393,
1501, L504, and G506 of the symmetric CBS2*
subunit, acting as a “buckle” that contributes to
keeping the dimer closed (Fig. S1). Besides a closed
conformation, difference density clearly showed the
presence of four adenosyl-derivative molecules
bound to CL1 (Figs. 3 and 4). These molecules
were interpreted as SAM in sites B and B* and as
MTA in sites A and A¥*, respectively. Co-crystalli-
zation experiments of construct C388 with MTA
showed that the CL1 conformer can also be adopted

when three ligand molecules bind to the protein
(one MTA at site A and two SAM at sites B and Bx)
(Fig. 3; Tables 1 and 2).

A DALI® search for structural homologs of
MJ0100c identified several uncharacterized CBS do-
main proteins such as NE2398 (2rc3, Z score=18.0,
rmsd=1.4 A), PAE2072 (2rif, Z score=18.0, rmsd =
1.8 A), ATU1752 (3thm, Z score=17.7, rmsd=1.7 A)
MJ0922 (2p9m, Z score=17.6, rmsd=1.8 A)
RV2626C (1ySh, Z score=17.0, rmsd=1.6 A),
PH1780 (2yzq, Z score=16.5, rmsd=1.9 A), ST2348

Fig. 2. 3D structure of MJ0100c. (a) Schematic representation of the MJ0100c monomer. The molecule consists of two
tandemly repeated CBS domains, namely, CBS1 and CBS2, which are related by a dyad axis (represented with broken
lines). The a-helices (red) and p-strands (yellow) in the two domains are numbered. (b) The MJ0100c monomer after 90°
rotation around the horizontal axis. Each monomer contains two potential ligand binding cavities located at opposite

sides of the central p-sheets (broken lines).
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(b)

R457
\
N458

M455
_ vas| ’L
; 1434 \

--...,1460

Y478

'N479

Fig. 4. Ligand binding sites of MJ0100c. (a) MTA-binding site (site A) of the CL1 conformer, as observed in C222 and
P2,2,2 crystals. MTA is represented in cyan. A molecule of SAM bound at the neighboring site B is in green. (b) SAM-
binding site (site B) of the OP1 conformer, which crystallizes in space groups P1 and C222;. SAM adopts two different
conformations (“extended” (cyan) and “folded” (yellow), which have been superposed. (c) Site B of MJ0100c in the CL1
conformer. The SAM molecule (cyan) is in its folded state. Residues colored yellow are donated from the neighboring
subunit. A molecule of MTA bound at the neighboring site B* is in green. (d) Site B of MJ0100c (CL1 conformer) with
bound MTA (cyan). 2F,—F. maps are contoured at 1.0 o.

(2ef7, Z score=15.6, rmsd =2.5 A), or TA0289 (2gh1,
Z score=15.4, rmsd=1.9 A) as well as proteins of
known function such as inosine monophosphate
dehydrogenase (2qh1, Z score=15.7, rmsd=2.1 A),
Mg?* transporter MgTE (2yvy, Z score=16.2,
rmsd=2.0 A), or y-AMPK (AMPK subunit gamma-
1) Quv4, Z score=15.0, rmsd=1.8 A). All of them
form parallel dimers, being ST2348, RV2626C, and
PH1780 in an open conformation and the rest
forming closed dimers. To our knowledge, MgtE is

the only known case_ that can adopt an open and a
closed conformation.?*?° As in MJ0100c, none of the
four reported open dimers deposited in the data-
bases have all the potential binding sites occupied.

MJ0100c binds MTA and SAM
During the purification steps of MJ0100c, an

absorption peak at 260 nm was observed for those
fractions containing the target protein. This peak

Fig. 3. (a) Ribbon representation of the four MJ0100c dimers: OP1, OP2, OP3, and CL1. The displacement of both
subunits that takes place during the open-to-closed conformation change is indicated by arrows. (b) Representation of the
molecular surface and electrostatic potential of one face of the head-to-head dimers of MJ0100c. There are another two
binding sites in the other face of the dimers. The average distances measured from the center of site A to that of site B* (at
the same side of the dimer) range from approximately 28 A in OP1 to 20 A in CL1. In CL1, the closest approach distances
between nucleotides bound at sites A and B* (or A*-B) are 4.7 A.
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Table 2. Summary of the MJ0100c conformations
crystallized

MJ0100c conformer Angle (°) Site A Site B Site A* Site B*

OP1 23 — SAM — —

OP2 12 — SAM — SAM
OP3 9 — SAM — SAM
OP3 9 MTA MTA MTA MTA
CL1 0 MTA SAM MTA SAM
CL1 0 MTA SAM — SAM

The angle seen between monomers A and B and the nature of the
ligands occupying the four sites of each MJ0100c subunit are
indicated.

was associated only with MJ0100-derived material
since absorption maxima shifted towards 280 nm
after denaturation with 6 M guanidinium chloride
(GnCl) and subsequent dialysis against 100 mM
Hepes, pH 7.5, and 1 mM DTT buffer (Fig. 5f).
Taking into account that MJ0100 was annotated as

an unknown function protein, the identification of
this species was considered an important issue in
characterizing the macromolecule, since it might
give clues about its natural function. To identify this
material, we subjected it to matrix-assisted laser
desorption/ionization time-of-flight/mass spectro-
metric analysis (see details in Materials and Meth-
ods and Supplementary Material). Accurate mass
determination revealed the presence of SAM and its
degradation product MTA. It is worth mentioning
that SAM and/or MTA was never added during
purification or crystallization. Hence, MJ0100c must
have scavenged these molecules from its Escherichia
coli host during overexpression and not released
them during purification. In agreement with the
mass spectrometry data, the analysis of the 2F,—F.
and F,—F. exp(ipc) electron density maps confirmed
the presence of adenosyl-derivative ligands that had
been co-crystallized with the macromolecule (Fig. 4).
These molecules remained bound to MJ0100c

500
(a) 300 1

Fig. 5. Mass spectra of (a) native
400 and (b) denatured C381 proteins.
200 The peaks at m/z=28,695.022,
| —_—— 14,428.011, and 7216.821 Da corre-
300 ¥ i 28695,022 spond to [2M+H]+, [M+H]+, and
. b [M+2H]*", respectively. C381 has a
El E g 1007 theoretical M,, =14,426.9 Da includ-
< 216,821 8 ing the first methionine at the N-
£ 200 1 s e terminus. (c) Mass spectra of native
3 | C381 in the range 0-1000 Da (top)
o :0.000 oo g o0 versus a blank (bottom). Peaks at
100 - i () m/z=399.085 and 298.075 corre-
spond to SAM and MTA, respec-
. tively. The peak at m/z=250.013
) " - drifts of a fragmentation of SAM
4 | T ; T =5 involving the loss of the methionyl
10000 20000 60000 group and subsequent reorganiza-
m/z (Da) tion of the ribose ring. (d) Mass
spectra of the non-proteic filtrate
300 — (b) solution obtained after denatur-
— ation of C381 with 6 M GnCl. The
1 peaks at m/z=399.099 and
200 1 298.067 Da correspond to SAM
150 and MTA, respectively. Peak at
100 m/z=250.062 Da is equivalent to
- . that at 250.013 Da shown in (a). The
5 507 peak at m/z=298.067 Da observed
£ 9 | i ; = | in blank (which is very weak
£ 14000 14200 14400 14600 14800 15000 compared with the peak corres-
3 600 ponding to MTA at 298.067 Da)
C a0l i i assigned to an interfering mass. (e)
100 ] | Denatured and filtered protein | Mass spectra of pure SAM (from
i SIGMA) for comparison. (f) Optical
300 absorption spectra of native and
200 denatured MJ1-381. Blue, native
100 MJ1-381 protein extracted from
0] gel-filtration chromatography.
: ! : J ; Gray, MJ1-381 denatured with
14000 14200 14400 14600 14800 15000 6 MyGnC1 The absorption maxima
m/z (Da) shift towards 280 nm as a conse-

quence of the loss of the bound ligands. Pink, filtrate containing the non-proteic fraction obtained after removal of

denatured MJ1-381.
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throughout purification and crystallization. How-
ever, the exact chemical nature could not be
determined unambiguously with the diffraction
data only. The occupancy of the four potential
binding cavities varied depending on the crystal
habit from one molecule (in P1 crystals) to two (P1,
(€222, and P6, crystals), three (C222;), or four
(C2224, P2,2,2, and C222 crystals), and this coincid-
ed with different aperture degrees of the MJ0100c
dimers (Fig. 3). Strikingly, not a unique but two
different types of adenosyl-derivative molecules,
namely, SAM and/or MTA, were observed in
different crystal habits, with SAM always being
located in site B (and/or B*) and MTA in site A
(and/or A*) of the corresponding dimers.

Ligand binding sites

M]J0100c contains two CBS domains that associate
to form a compact structure with a cleft between
domains. As mentioned above, each subunit shows
two different cavities (site A and site B), which are
related by a dyad axis and are located at opposite
sides of the p-sheets (Fig. 2). These cavities have
been proven to be the potential binding site for
adenosyl groups in CIC5 and AMPK.'®'#720222% [
M]J0100c, sites A and B, though clearly distinct, exhibit
a high degree of similarity in overall structure
regarding the adenosyl binding site (Fig. 4). As in
other adenosyl-derivative-bound structures,*'#!%2%
MTA and SAM are bound by interactions similar to
those of AMP/ADP or ATP. In both cases, the
adenine base is stabilized in a predominantly
hydrophobic binding pocket via stacking interactions
with aliphatic residues, namely, 1399, 1419, 1422, and
1495 in site A (Fig. 4a) and equivalently 1460, 1480,
and 1434 in site B (Fig. 4b and c). The adenine rings
are further stabilized by a network of hydrogen
bonds between the 6’-amino exocyclic groups and the
backbone carbonyl oxygen of residues 1399 and H421
in site A and 1460 and G482 in site B and also
between the 1’-aza groups and the main-chain
nitrogen atoms of 1399 and 1460 in sites A and B,
respectively. In addition, there are water-mediated
hydrogen-bond interactions between the N1 of the
adenine rings and the main-chain nitrogen atoms of
1399 (site A) and 1460 (site B), respectively, and also
between the N3 of the adenine rings and the main-
chain carbonyl oxygen atoms of P397, H417, and
S395 (in site A) and Y478 and N479 (in site B). As
observed in other CBS domain proteins,'**’ protein
backbone groups (P397, site A; N458, site B) sterically
preclude potential accommodation of the two-amino
group of guanine derivatives. The ribose moieties are
bound in polar pockets in which the free hydroxyl
groups are hydrogen bonded to the side-chain
carboxyl of D500 and of D439 in sites A and B,
respectively, as well as to the hydroxyl of S395 (site
A) and T456 (site B). In addition, there are water-
mediated hydrogen-bond interactions between the
hydroxyl groups of the ribose rings and residues
R503 and E499 in site A as well as with K442 in site B.
Both K442 and R503, which are located three

positions after the aspartates D439 and D500, are
strongly conserved (Fig. 1) and play an important
role in stabilizing the position of the aspartates D439
and D500 within the crevice by forming a salt link
with them. Though the location of the adenosyl
moiety is well maintained in both sites A and B, we
found important differences in the position of the
methionyl group of SAM in site B, which varied
depending on the conformation of the dimer. By this
means, SAM adopts two different conformations in
our protein complexes. The methionyl group fluc-
tuates between an “extended” and a “folded” form
when just one molecule of SAM is bound to the
MJ0100c dimer (OP1 conformation) (Fig. 4). On the
contrary, a “folded” SAM occupies sites B and B* in
the OP3 and CL1 conformations of the dimer (Fig. 4).
An intermediate situation is observed in OP2, in
which the molecule of SAM is always folded in site B
of monomer A, while its alkyl group is fluctuating
between an extended and a folded state in site B* of
monomer B (Figs. 3 and 4). In its extended state, the
methionyl group of SAM runs parallel with the
aromatic ring of W438 with its amino and carboxyl-
ate groups pointing towards the hydrophilic pocket
provided by the side chain of residues N418, N420,
and E499 of the second subunit.

In the open dimers OP1 and OP2, SAM adopts an
alternative folded conformation (Fig. S3a), which is
stabilized through interactions with residues of the
CBS2 subdomain and involves direct or water-
mediated H-bonds between the carboxylate group
of SAM and the side chains of T436, S437, and H421,
as well as between the amino group of the ligand
and 5481, H421, and the main-chain oxygen of 5479.
Additionally, water-mediated H-bonds are formed
between SAM and residues S437 and E499 of the
second monomer. In the OP3 and CL1 conformers,
SAM is found in a slightly different folded state with
respect to that observed in OP1 and OP2 (Fig. S3b).
In this case, the carboxylate group of SAM is
stabilized via H-bond interactions with the hydroxyl
group of 5481 and by water-mediated H-bonds with
T436, H421, and W438 of the subunit that contains it,
as well as with N420 of the complementary subunit.
The amino group of SAM H-bonds N479 and
additionally interacts with residues E499, N418,
and R503 via direct or water-mediated H-bonds.

Positive density clearly indicated the presence of
two molecules of MTA in sites A and A* of the
closed conformation CL1 of MJ0100c (Fig. 4). A
detailed analysis of the amino acid sequence of
M]J0100c (Fig. 1) evidenced that sites A and B show
some remarkable differences that may be responsi-
ble for their specific affinity for MTA and SAM,
respectively. These particular features specially
affect the p3—a2 region, which has been proposed
to contain a recognition motif (GhxS/TxS/TD,
where x is any amino acid and & is hydrophobic)
that determines the affinity for the ribose-phosphate
moiety in AMP/ADP/ATP binding proteins.'® In
MO0100c, the serine/threonine residues preceding
the conserved aspartate groups (D500 in site A and
D439 in site B) are E499 and W438 (Fig. 1). Thus,
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the presence of a negatively charged (E499) and a
bulky hydrophobic residue (W438) nearby the
putative location of the ribose rings would be
expected to create unfavorable interactions from
AMT/ADP/ATP binding and might preclude these
sites for binding phosphate-containing ligands. Our
structural analysis suggests that MTA could pre-
sumably bind to MJ0100 in site B. However, further
studies need to be done in order to determine its
provenance in our crystals and whether sites A and
A* would be suitable for SAM binding. Neverthe-
less, the 3D structures reported here suggest that
accommodation of SAM in site A would be much
less stable than that in site B, since it would not be
compatible with the H-bond network observed
between SAM and MJ0100c in site B. We were
also able to obtain crystals of MJ0100c complexed
with three adenosyl-derivative molecules per dimer
but not with MTA bound only in site A or A*. The
network of interactions connecting residues from
both MJ0100c subunits suggests that ligand binding
may be cooperative. Notably, residues N479 and
R503 make interactions with both MTA and SAM
molecules in each subunit.

Discussion

Since its discovery in 1997,' several 3D structures
of CBS domain proteins have been elucidated,”**
including a scarce number of protein-ligand com-
plexes (Fig. 1). Despite this effort, the biological role
of these domains is still largely unknown. One of the
main reasons is the considerable uncertainty about
their potential ligands and the essential features that
must be met by the sites interacting with them.
Accordingly, we are unaware of the effect of these
ligands on their corresponding targets and the
molecular mechanisms underlying its regulation. A
close examination of the amino acid sequences of
CBS domain proteins from different sources (Fig. 1)
suggests that each of their potential binding sites
might have a specific affinity for different molecules.
Several protein-ligand complexes seem to support
this idea, including mammalian y-AMPK (the
primary sensor of the intracellular energy status),
which contains three AMP binding sites, one of
which does not exchange with ATP,*® or protein
ATU1752 from Agrobacterium tumefaciens, which
complexes NADH and AMP at two different sites
(PDB code: 3fhm). The question immediately de-
rived from these data is whether binding of different
ligands at different sites might also exert distinct
effects in the structure of the corresponding partners.
At the moment, two different types of regulatory
mechanisms have been proposed. The first one
(herein denoted as “static”) claims that the nucleo-
side portion of the ligand induces essentially no
change in the protein structure, the electrostatic
potential at the binding site being the most signifi-
cant property of adenosine nucleotide binding.****
This “static” response would be involved in pro-
cesses in which regulation by energy charge would

be advantageous. According to this model, different
CBS modules would specifically interact with
different effector proteins (or domains) whose
activity they regulate, with a variable surface patch
contributing to interaction specificity.'* On the
contrary, the second type of mechanism (here
denoted as “dynamic”) involves dramatic confor-
mational changes in the protein structure upon
ligand binding. This dynamic behavior has just
been reported for the cytosolic domain of the
magnesium transporter MgtE, which revealed a
“closed-to-open” structural transition in the pres-
ence/absence of Mg®" ions.*** The findings of
Ishitani et al. suggested that the MgtE cytosolic
domain senses the Mg®* concentration in the
environment, and this enables a hinge motion of
the overall CBS module.?’ To our knowledge, no
dynamic response is known to occur upon binding of
adenosine derivatives. The study presented herein
provides a first structural characterization of such a
case, involving the CBS pair of protein MJ0100
complexed to SAM and MTA. Our crystallographic
analysis was conducted on three different constructs
containing the CBS pair located at the C-terminus of
the protein (named MJ0100c). We found that the
topology of the MJ0100c monomer is typical of that
seen in other CBS domain pair structures®'~**
(Fig. 2). In agreement with previous studies in
solution,** we established that MJ0100c forms a
dimer and that the most likely mode of dimerization
is a “head-to-head” association of both subunits.
Unexpectedly, four different conformations of the
dimer (named OP1, OP2, OP3, and CL1) could be
distinguished among the crystals studied (Fig. 3).
Three of these conformers (OP1, OP3, and CL1)
crystallized in more than one space group (see Fig. 3
and Table 1), suggesting that the observed species
might represent stable intermediate states, which
could be isolated. The four different conformers
basically differed in two main aspects: (i) the angle
adopted by the two subunits and (ii) the number of
ligands bound to the protein. In a first approach,
MJ0100c crystals were grown in the absence of
nucleotides; hence, the bound molecules might have
been scavenged from its E. coli host during over-
expression and not released during the purification
process. Two different type of ligands were com-
plexed to MJ0100c, namely, MTA (in sites A and A*)
and SAM (in sites B and/or B*). In no case did we
observe a reversed occupation of these two cofactors
or a dimer in which both sites (A and B) of monomer
A were occupied, while their complementary A*
and B* in the second monomer remained empty. In
the same way, we could not isolate a dimer in which
only cavities A and A* were occupied.

A detailed analysis of the electron density maps
from crystals containing the C381 and C386 con-
structs indicated that the N-termini might not play a
significant role in stabilizing the “closed” conforma-
tion of the dimer (this part of the protein was
disordered in all the data sets tested). However, since
the initial experiments carried out in the lack of
ligands yielded conformers OP3 and CL1 only for
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CBS H sapiens RZWWWHLRVQELGES -AJLEVLPTITCGHT IETLREKGFD
MJ0100 M jannaschii K3MK SPI TLVKDII. 9: IEAHsulsquAAK“I KHNIN

CBS H sapiens QAJV VDEAGVILEMVLG NMLSSELAGKVQPSDQVGKVIY
MJ0100 M jannaschii HL] 5 lllHlKLVII IESWDIAKA.AQN.KT IEEIMTRNVI

CBS H sapiens KQFKQIRLTDTLGRLSHI LEiDHE‘ALVVHEQIQYH STGKS
MJ0100 M jannaschii TAHE D EPVDHVA----—-— IK &SKYNI SGVPVVDDYRR---

CBS H sapiens SQRQMVFGV AI LLNFVAAQE
MJ0100 M jannaschii —-— - — VGIVIWSEDISRLFGGKK

B H
B2 3 4 5 ¢ 7K

Variable Average Conserved

Fig. 6 (legend on next page)
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the C386 and C381 constructs, we wanted to
investigate whether the different length of the
polypeptide chain might determine the conforma-
tion adopted by the MJ0100c dimer. Accordingly, we
crystallized the shortest C388 construct in the
presence of SAM and MTA to see whether we
were able to displace the MJ0100c dimer towards its
closed conformation. Co-crystallization with SAM
yielded a shower of needle-shaped crystals not
suitable for crystallographic studies. However, a
new type of crystals that belong to space group
C222; grew in the presence of MTA. These crystals
contained four independent molecules in the asym-
metric unit (Table 1) that formed three different
dimers upon application of the symmetry operators.
As we expected, these species showed a high degree
of occupation in their potential binding sites. Two of
them were complexed to four molecules of MTA and
adopted the OP3 conformation whereas the third
dimer contained one MTA molecule in site A and
two SAM molecules in site B and adopted the CL1
conformation. As it happened with some other
crystals analyzed, the protein must have scavenged
these SAM molecules from its E. coli host during
overexpression and not released them during puri-
fication. Thus, we can conclude that MTA by itself is
not able to promote the complete closure of the
dimer (CL1) even when it occupies all possible sites.
On the contrary, this can be achieved by binding two
molecules of SAM plus one MTA (Fig. 3).

Unlike other proteins of the family, the structural
features of dimeric MJ0100c are significantly differ-
ent between the unliganded and ligand-bound
structures. The implications of the large conforma-
tional change observed in MJ0100 are unclear,
although they may well play a role in the regulation
of the DUF39 domain, which is not present in our
constructs but is contained in the full-length MJ0100
protein. Taken together, our data demonstrate that
full occupation of the four potential binding cavities
seems to stabilize a closed conformer of the
homodimer. Conversely, when not all sites are
occupied, the CBS module adopts varying degrees
of openness based on the number of ligands bound
to the protein. The crystal structures presented
herein might represent snapshots of the following
molecular mechanism:

(1) First, one molecule of SAM would bind to site
B of monomer A through its adenosyl moiety.
Initially, the methionyl group of SAM would
be ranging between an “extended” conforma-
tion, in which practically no interactions with
the protein would take place and a “folded”
conformation that would establish new inter-

)

®)

actions with amino acid residues of the
monomer to which SAM is bound (OP1 en
Fig. 3). These new interactions would help to
fix the position of the methionyl group of SAM
inside the cavity. As result, a SAM-M]J0100c
complex would be formed in which monomer
A is slightly contracted, adopting a more
compact structure in which CBS1 and CBS2
subdomains rotate with respect to each other
by approximately 5° (see Movie 2). This
conclusion was obtained after structural com-
parison of both subunits in the OP1 conforma-
tion, one of which shows a bound molecule of
SAM at site B, whereas the other lacks the
cofactor. Our crystals revealed that this torsion
takes places around the loops connecting helix
HA with pl-strand and helix HB with pB5-
strand (Fig. 2), without affecting the second-
ary-structure elements within each block.
Moreover, H/D exchange analysis clearly
indicated that ligand binding produces a
reduction in protein structural dynamics and
a more rigid protein core but does not induce
secondary structural changes as demonstrated
by infrared data (see FTIR Analysis in Supple-
mentary Material). As a consequence of this
contraction, monomers A and B get closer to
each other, since they are bound through
hydrophobic interactions between helices H1
and H2.

Once the first molecule of SAM is bound and
fixed in its folded state at site B of the first
subunit, a second molecule of SAM would
bind in its extended form to site B* of
monomer B through its adenosyl group (OP2
en Fig. 3). Again, the methionyl group of this
second molecule of SAM would be oscillat-
ing between an “extended” and a “folded”
state analogously to what was previously
described. Consequently, monomer B would
follow the same behavior as that described
for the first subunit and the MJ0100c dimer
would progress towards conformation OP3
(Fig. 3), in which both molecules of SAM are
in its folded state (Fig. 3).

The last step of the mechanism would take
place upon binding of two molecules of MTA
at sites A and Ax of the CBS module,
respectively, and results progressively in the
closed conformations OP3 and finally CL1

(Fig. 3).

Fig. 6. Amino acid conservation between human CBS and MJ0100c from M. jannaschii. (Top) The figure depicts the
degree of conservation between the amino acid residues in both species according to a color coded shown underneath.
(Bottom) View at 180° of the same structure. The 3D structure of MJ0100c was used as 3D template. The sequence
alignment and color code assignment were done with Clustal W** and the ConSeq server [http://conseq.tau.ac.il]*’

respectively, and represented with PyMOL (DeLano Scientific, LLC).
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The open-to-closed conformational change ob-
served in MJ0100c is possible due to the intrinsic
features of the exposed amino acids of helices H1,
H2, H3, and H4, which are directly involved in
intersubunit interactions. While hydrophobic resi-
dues donated from helices H1 and H2 (Fig. S8) help
in maintaining both monomers together, acting as a
hinge during the molecular motion, the alternation
of hydrophilic and hydrophobic residues in helices
H3 and H4 weakens the interaction between the
CBS1 domains. Hydrophobic residues such as L504
or F505 located at the C-terminus of helix H4 might
contribute to stabilize the dimer in its closed
conformation CL1 (Fig. S1). Similar features have
been seen previously for protein TM0892 from
Thermotogamaritima (PDB code: 1VR9) in which the
hydrophobic surface of helices aA and B in the
second CBS motif mediates the self-association,
whereas the hydrophilic surface of the aA and oB
helices in the first CBS motif splays them away from
each other in the dimer.?!

The structure of MJ0100c presented here suggests
that residues 494-500 of CBS2 may represent a novel
recognition motif (GhxS/TxhD/E, where x is any
amino acid and & is a bulky hydrophobic residue) for
the SAM molecule (Fig. 4). This motif can also be
found in archaeal proteins such as MJ1404, MJ0729,
M]J1004, or MJ0188 (Fig. 1). In the same way, residues
433-439 of CBS1 may form a novel recognition motif
(GhxS/TxED) for MTA. Both motifs are well con-
served in the family of proteins whose structure is
characterized as consisting of a DUF39 domain plus
a tandem CBS pair (Fig. S4), which might be also
potentially regulated by SAM and/or MTA. Inter-
estingly, the ligand recognition mechanism shows
striking similarities and differences with respect to
other SAM-binding proteins. It involves interactions
that can be divided into three parts: contacts to the
adenine ring, the ribose, and the methionyl moiety.
The first two types of contacts are similar to those
observed in SAM radical proteins and methyl-
transferases.*® Thus, the adenine interacts via both
hydrophobic stacking and hydrogen bonding,
whereas the ribose hydroxyl groups typically show
the same hydrogen bond with a conserved D or E.*!
This interaction is common to all CBS domain pro-
teins.'” In contrast, the third type of contacts
varies among different species. For example, in
EcBioB, the amino N and the carboxylate of the
methionyl moiety are positioned to hydrogen bond
with backbone O atoms and to form a salt bridge
with the guanidinium group of an arginine residue.
These interactions that modulate the properties of
the methionyl moiety of SAM to improve ligation to
the four Fe atoms of the Fe,S, cluster are absent in
MJ0100, where the methionyl moiety may adopt at
least three alternative orientations.

The overall fold of MJ0100c and the fact that it
binds SAM invited us to consider as to whether this
protein might act as an archaeal homolog of CBS.
CBS (EC 4.2.1.22), the first enzyme of the transsul-
furation pathway, is a SAM-regulated enzyme that
plays a key role in the metabolism of homocysteine

by catalyzing a pyridoxal 5-phosphate-dependent
condensation of serine and homocysteine to give
cystathionine, which is subsequently converted to
cysteine by the enzyme cystathionase.*” In humans,
deficiency of CBS activity is the most common cause
of homocystinuria, an inherited disease.*> However,
although little is known of methionine salvage in
methanogens, recent work from Soll’s group and
others indicates that these organisms synthesize
cysteine de novo primarily via a phosphoseryl-tRNA
route akin to selenocysteine metabolism.**4> With
the aim to further investigate whether our structures
might provide the structural basis for understand-
ing the molecular mechanisms regulated by SAM in
human CBS (for which no crystal structure is
available so far), we carefully aligned M]J0100c
against human CBS (Fig. 6). Interestingly, a sig-
nificant number of residues were well conserved
between both species, especially at both extremes of
the polypeptide chain, with greater similarity
between the CBS2 motifs than the CBS1 motifs.

Overall, our structures of the CBS-subunit pair of
M]J0100 provide insight into the chemical function of
this protein and represent the first reported example
of a CBS domain protein complexed with SAM and /
or MTA. Further studies are in progress to unravel
its biological function.

Materials and Methods

Cloning, mutagenesis, and purification

C386 construct (residues 386-509) was produced by PCR
amplification using the plasmid pML1 that carries the CBS
pair of MJ0100 (residues 381-509)*? as template and the
primers C386f (CACCATGACATTAGTTAAGGATATTT-
TAAGC) and MJ0100r (TCATTTTTTCCCTCCGAA-
TAATC). The PCR product was cloned in pET101D
plasmid using the Champion pET Directional TOPO
Expression Kit (Invitrogen). C388 construct (residues
388-509) was obtained in the same way as described for
C386 but the forward primer C388f (CACCATGACAT-
TAGTTAAGGATATTTTAAGC) was used. MJ0100c mu-
tant expression constructs were generated in a PCR-based
site-directed mutagenesis using the QuikChange Muta-
genesis Kit (Stratagene). First, the mutants C381-D439A
and C381-D500A were generated using as template the
plasmid pML1. The primers D439Af (GGAATAATTA-
CATCGTGGGCTATAGCTAAAGCTCTTGCT) and
D439Ar (AGCAAGAGCTTTAGCTATAGCCCACGATG-
TAATTATTCC) were used for introducing the mutation
D439A, and the primers D500Af (GGGCATTGTAA-
CATCTGAAGCTATCTCAAGATTATTCGGAG) and
D500Ar (CTCCGAATAATCTTGAGATAGCTTCA-
GATGTTACAATGCCC) were used for the mutation
D500A (mutated nucleotides are underlined). The double
mutant C381-D439A + D500A was constructed using as
template the plasmid carrying the D439A mutation and
introducing de D500A mutation with the oligonucleotides
D500Af and D500Ar. All plasmid DNAs were transformed
and amplified in XL1-Blue bacteria. The entire sequence of
the mj0100 cloned fragment was verified by sequencing.
The plasmids obtained were transformed into E. coli strain
BL21-Codon plus (Stratagene) for protein overexpression.
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Table 3. Statistics for data collection of Se-Met derivative crystals

Redundancy Completeness (%) R sym I/o()
Space group (overall/last shell) (overall/last shell) N (A) Mosaicity (°) (overall/last shell) (overall/last shell)
P2,242,P2,2:2; 7.3/6.8 100/100 0.9791 0.4 0.101/0.095 16.1/8.07
Figure of merit 0.37/0.26
(overall/last shell)
Resolution (A) 50-3.4
Unit cell parameters: 82.407, 120.364,
a,b,c(A)/a, B, vy () 175.656/90.0,
) 90.0, 90.0
Reflections (measured/unique) (A) 296,565/22,851
Molecules per asymmetric unit 10

Protein purification

C381, C386, C388, and the mutant proteins C381-
D439A, C381-D500A, and C381-D439A +D500A were
purified as described in Ref. 32. All proteins had an
identical behavior in the different chromatographic steps
and were eluted in the Superdex-75 10/300 column (GE
Healthcare) as a dimer. The apo form of C381 was
obtained following a denaturation and refolding protocol.
One milliliter of C381 at 10 mg/ml was dialyzed against
500 ml GnClI (6 M), 50 mM Hepes, pH 7.0, and 1 mM DTT
at room temperature for 6 h using the dialysis membrane
CelluSep 6000-8000 Da. This dialysis allows the denatur-
ation of the protein and the diffusion of the ligand out of
the membrane in a single step. The refolding was
performed in a second dialysis against 1 1 buffer (50 mM
Hepes, pH 7.0, and 1 mM DTT) for 16 h at 4 °C. The
isolation of the ligand bound to purified C381 was
performed, denaturating the protein with 6 M GnCl and
filtering the solution with a Vivaspin 5000 (Sartorius). The
filtered ligand was identified by mass spectrometry.

Mass spectrometry analysis

A saturated solution of a-CHCA in a 1:1 mixture of
acetonitrile/water was used as matrix. Samples were
mixed with matrix solution in a 1:2 (v/v) ratio. One or two
microliters of the mixture was spotted in each well of the
stainless steel target plate and co-crystallized by evapora-
tion. Spectra were acquired in positive linear mode with
the aid of a Bruker Reflex IV time-of-flight mass
spectrometer, employing different sets of voltages for the
ion source in order to focus the adequate mass range. Each
spectrum is an average of 300 shots. The following samples
and their respective blanks were analyzed: (i) native MJ1-
381 extracted from gel-filtration chromatography, (ii) MJ1-
381 protein denatured with 6 M GnCl, and (iii) filtrate
solution containing the non-proteic fraction resulting from
denaturation of MJ1-381 with 6 M GnCl (Fig. 5f). In the
mass spectrum of the (i) MJ1-381 protein, a series of peaks
corresponding to [M+2H]**, [M+H]*, and [2M+H]" are
readily detected (Fig. 5a). This series is less intense in the
spectrum of denatured protein with 6 M GnCl (data not
shown). Although mass spectrometry matrix-assisted laser
desorption/ionization time of flight is not well suited to
non-covalent-bonded molecules, obtained spectra were
consistent with previous gel-filtration chromatography
and dynamic light-scattering experiments, which indicat-
ed that MJ0100c forms a dimer in solution.** As shown in
Fig. 5b, the peak [M+H]" observed by mass spectrometry
on sample (i) was considerably broader than the corres-
ponding peak observed on the denatured protein mass
spectrum (ii). This is in good agreement with UV
spectroscopy experiments, which suggested the presence

of a nucleotide bound to the protein. To confirm the
presence of an adenosyl derivative, we acquired mass
spectra in the range 0-1000 Da for both the native C381 and
the non-protein fraction resulting from denatured protein
filtrate (Fig. 5c and d). In both cases, three peaks appeared
at m/z=399.1, 298.1, and 250.0 Da, which are the
characteristic signature of SAM (Fig. 5e). SAM (exact
mass, 398.137 Da) degrades into MTA (297.090 Da) and
into a fragmentation product with m/z=250 Da, probably
due to the loss of the methionine chain. To further confirm
such assignment, we carried out a recalibration using the
procedure described in Ref. 46, using propilenglycol as
external calibrant. In this way, an accuracy of ca 10 ppm is
achieved. Accurate mass determination (see Supplemen-
tary Material) revealed that these peaks could be due to the
presence of SAM (M,,=398,137) and its degradation
products MTA (M,,=297,090) and unassigned m/
z=250 Da. A search in the Biological Magnetic Resonance
Data Bank database} using the corrected mass values
returned two adenosgfl—derivative candidates: (i) 398.113:
C15H20N50,8" (*C'N): S-adenosyl-4-methylthio-2-oxo-
butanoate and (ii) 398.137: C15H»oNgOsS (PCHN): SAM,
but only the second candidate can explain all the
experimental data. Supporting the presence of SAM,
mass spectra of Se-Met-labeled C381 protein revealed
three peaks at m/z=447, 346, and 250 Da, which
correspond to Se-SAM, Se-MTA, and to a fragment
resulting out of the loss of the methionyl group of SAM
(Fig. S2). The two first peaks differ in 48 mass units from
the corresponding trace peaks of 399 Da (SAM) and 298 Da
(MTA) detected in the native protein. These differences in
nominal mass can be explained from the substitution of
sulfur by selenium during the Se-Met C381 overexpres-
sion. Consequently, peak at #/z=250 Da remains unal-
tered with respect to the spectra of the native protein since
it corresponds to a fragment lacking the selenomethionyl
group of Se-SAM.

Crystallization and data collection

Crystals of native C381, C386, and C388 as well as of Se-
Met-labeled C381 were obtained by the hanging-drop
vapor-diffusion method at 20 °C according to the protocol
described in Ref. 32 with slight variations in the protein
and precipitant concentrations. Crystals of C381 appeared
overnight and belong to space group P2,2,2;. C386
showed three different crystal habits (P2,2,2, C222, and
P6,), while C388 crystallized in space groups P1 and
C222,. The statistics for data collection and crystals
parameters are summarized in Tables 1 and 3. All crystals

thttp:/ /www.bmrb.wisc.edu/metabolomics/mass_
query.php
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were looped and frozen at 100 K. In order to prevent
freezing problems due to physical tensions between inner
and outer regions of the C381 samples, we just freeze
crystals whose size ranged from 0.1 to 0.5 mm (in the
largest dimension). The best result was obtained by
soaking the crystals in crystallization solution containing
a final glycerol concentration of 25% and a slight increase
(5%) of the precipitant.”* Diffraction data of the native
proteins were collected at the ID14-2, ID23-1, and ID23-2
beamlines of the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). The beam was attenuated with
filters to 1.0% of its primary intensity for data sets
collected at beamline ID23-2 in order to avoid radiation
damage. The single-wavelength anomalous dispersion
data set of the C381 Se-Met protein was collected at the
BM16 beamline of the ESRF. The data were indexed and
integrated with HKL2000 suite’’ and were further
processed with CCP4 programs§.*®

The co-crystallization experiments of C388 with MTA
were carried out preincubating the protein (at a concen-
tration of 7 mM) with the ligand (at 14 mM) for 1 h at 4 °C
and then set up for crystallization by using the hanging-
drop method. The co-crystallization yielded crystals of
space group C222; (Table 1) containing the OP3 and CL1
conformers.

Structure solution and refinement

For phasing, we used a single-wavelength anomalous
dispersion data set of protein C381 at 3.4 A resolution,
collected at the Se peak (A=0.9791 A). C381 contains five
methionine sites per molecule, including the methionine in
the N-terminal position. Analysis based on the Matthews
coefficient* was ambiguous and indicated 8 (Vy=3.57)
to 10 (V\y=2.86) molecules per asymmetric unit, corres-
ponding to a solvent content of 66% and 57%, respectively.
Therefore, the search for the selenium positions was
carried out with different numbers of anomalous sites
with SOLVE.”® The solutions were judged by the
correlation coefficient and were taken to be a good
solution if the correlation coefficient was double than
that of wrong solutions of the same run. In spite of the
low figure-of-merit value (see Table 3), a correct
enantiomer of 10 out of the 50 heavy atom sites could
be distinguished by comparing the connectivity and
contrast value after a first turn of density modification
and refinement of the heavy atom sites using SOLVE.” In
the model generated after solvent flattening with DM,
8 out of the 10 molecules could be identified per
asymmetric unit. The initial model of each of the 10
monomers could be further interpreted and completed by
hand with the aid of the homologous protein MJ0922
from M. jannaschii (PDB code: 2p9m). After several
rounds of model building using O°' and Coot™ and
simulated annealing and energy minimization using
CNS,* Ryork dropped to 28% and Rgee dropped to 0.34.
A higher-resolution data set of the native protein to 3.1 A
was collected at beamline ID14-2 (ESRF).>? Since the
native crystals were isomorphous to those of the Se-Met-
substituted protein, the refined model of the Se-Met C381
protein was taken as starting model for further refine-
ment. Strict NCS restraints were used in the initial stages
of the refinement between the 10 copies in the asymmetric
unit. In the later stages, these strict restraints were
loosened, and restraint individual isotropic B-factors

§ http:/ /www.ccp4.ac.uk

were refined. The o A-weighted 2F,—F. maps as well as
omit maps were calculated at regular intervals to allow
manual rebuilding of insertion/deletion loops and side
chains with a different rotamer. The backbone geometry
was regularly checked against a structural database with
the pep flip option. Rgee (calculated from 5% of the
reflections omitted during refinement) was monitored
throughout. Residual weak intensity in a 2F,—F. map
allowed for tracing the backbone of several additional
residues of the N- and C-termini and the linker regions
between the CBS domains within each monomer. The
structure solution of these crystals revealed 10 monomers
in the asymmetric unit that were refined to an R/ Rg factor
of 0.26/0.33 (Table 1). The slightly elevated factors for this
resolution and the high B-factors for some residues are
probably due to the large fraction of the molecule that is
found to be poorly ordered in the crystals. Additionally,
some lysine and glutamate residues could not be modeled
since poor or inexistent density was observed. The
cofactor SAM could be clearly located in the electron
density map and was added to the model in the site 2 of
8 out of the 10 molecules in the asymmetric unit. The
site 2 of the other two molecules was apparently empty.
Although residual electron density could be observed in
the site 1 of each molecule, the quality of the data did
not allow an unequivocal interpretation of this density.
The final model contains residues 386-509 with good
geometry and no outliers in the Ramachandran plot.

The crystal structures of C386 and C388 were deter-
mined by molecular replacement using the program
MOLREP,** with the C381 monomer serving as the search
model, and subsequently refined with REFMAC5.%°
The geometry quality model was assessed with the
structure validation tools PROCHECK® and VADAR.””
Solvent molecules (all regarded as water) based on higher
than 3 o peaks in the F,—F. cA-weighted maps were
added gradually and conservatively with regard for their
environment including potential interactions with hy-
drogen-bond partners. This solvent model was further
comprehensively checked several times during the
refinement by omitting all water molecules that had
high B values (>60 A% or made either too close contacts
with each other or with protein atoms or a too sharp
angle with potential hydrogen-bonding partners. The
final model contains residues 386-506 with good
geometry and no outliers in the Ramachandran plot.
Depending on the crystal habit, two cofactors, MTA and
SAM, could be clearly located in the electron density
maps and were added to the models in sites A/A*
(MTA) and B/B* (SAM), respectively (see Table 1).
Protein structures were illustrated by using the program
PyMOL (DeLano Scientific, LLC, Palo Alto, CA, USA).
Full statistics for data collection and refinement are given
in Table 1.

Computer analysis

Multiple sequence analysis was performed with Clustal
W?* and represented with UTOPIA v1.4.4/.°® BLASTP
was used to search for protein homologs among the
complete sequenced genomesy (TIGR database; Entrez-
Genome Database). rmsd differences between the protein
structures were calculated with Coot.”> 3D predicted
models were performed by using the SWISS-MODEL suite

|| http:/ /utopia.cs.manchester.ac.uk/
Y http:/ /archaea.ucsc.edu/
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of programs3* and the Phyre server®.*> Comparison of
structural homologs was carried out with DALL?*
Calculation of protein interfaces was done with the PISA
server.” Genome analysis was done with STRING gP.o0
Multiple sequence alignment color coded by conservation
was performed with the ConSeq server.*

Concluding remarks

We have solved the crystal structure of the CBS
domain pair of protein MJ0100 from M. jannaschii
(MJ0100c). Analogously to other proteins of its
family, MJ0100c forms stable dimers that arrange in
a head-to-head fashion. Our crystallographic analy-
sis revealed two important facts. First, each MJ0100c
dimer can manage to occupy its four potential
binding sites with two different cofactors, SAM
and MTA. MTA was always found to occupy the site
A of each subunit, whereas the molecule of SAM was
always bound to site B. This fact provides new clues
about the possible function of MJ0100 and, up to our
knowledge, represents the first reported structure of
a CBS domain protein complexed with any of these
two ligands. The second relevant observation is that
binding of these small molecules triggers a drastic
conformational change in the protein, which evolves
progressively from an “open” form in the absence of
ligands to a “closed” form when the four sites are
fully occupied. Seven different crystal habits cover-
ing four different scenarios of such a mechanism are
reported herein. Therefore, MJ0100c represents the
first example in which the role of adenosyl binding to
a CBS protein seems not to be directed to change the
electrostatic potential of the corresponding cavities
but, instead, to trigger a conformational change of
the CBS module. This effect is similar to that recently
reported for the ion transporter MgtE in the presence
of Mg?" ions.

Accession numbers
Coordinates and structure factors of the four

conformational states have been deposited in the
PDB with accession numbers 3KPB, 3KPC, and 3KPD.
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