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ABSTRACT: Ni-dependent acetyl-CoA synthase (ACS) and CO dehydrogenase (CODH) constitute the central
enzyme complex of the Wood—Ljungdahl pathway of acetyl-CoA formation. The crystal structure of a
recombinant bacterial ACS lacking the N-terminal domain that interacts with CODH shows a large
reorganization of the remaining two globular domains, producing a narrow cleft of suitable size, shape,
and nature to bind CoA. Sequence comparisons with homologous archaeal enzymes that naturally lack the
N-terminal domain show that many amino acids lining this cleft are conserved. Besides the typical [4Fe-4S]
center, the A-cluster contains only one proximal metal ion that, according to anomalous scattering data, is
most likely Cu or Zn. Incorporation of a functional Ni,Fe,S, A-cluster would require only minor structural
rearrangements. Using available structures, a plausible model of the interaction between CODH and the
smaller ACS in archaeal multienzyme complexes is presented, along with a discussion of evolutionary

relationships of the archaeal and bacterial enzymes.

Ni-dependent acetyl-coenzyme A synthase (ACS)' is a NiFeS-
cluster enzyme that requires strict anoxic conditions to func-
tion. In the acetogenic bacterium Moorella thermoacetica (Mot),
the ACS a-subunit forms an 0,0, heterotetramer with the
Ni-containing carbon monoxide dehydrogenase (CODH) S-sub-
unit (/). This association constitutes the central enzyme complex
of the anaerobic Wood—Ljungdahl pathway of acetyl-CoA synth-
esis from CO, (2, 3). The structure of this complex is known in
two crystal forms (4, 5) and shows a long hydrophobic tunnel
network that allows the CO produced at the CODH active
site, the C-cluster, to be used at the ACS active site, the
A-cluster, without being released to the medium. Our under-
standing of CO, reduction to CO by CODH has progressed
significantly thanks to the recent crystal structures of key
catalytic intermediates in the homodimeric 8, enzyme from
Carboxydothermus hydrogenoformans (Ch) (6) and the heterote-
trameric o0&, enzyme from the archacon Methanosarcina barkeri
(Meb) (7) (see also ref 8). However, many mechanistic details of
acetyl-CoA formation by ACS have not yet been elucidated. The
active A-cluster has been characterized as a NirFe,S4 center in
the crystal structures of both bifunctional CODH/ACS,,,, and
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monofunctional ACSy, (5, 9), in agreement with many previous
studies, as reviewed in refs /0 and /7. Catalysis involves three
substrates, CoA, CO, and the cobalt-containing methyl-carrying
corrinoid iron—sulfur protein (CoFeSP):

CoAS™ + CO + CH;~ —Co(III)FeSP = CoA—SC(0)CH;
+ Co(I)FeSP

At least five steps take place at the A-cluster during catalysis:
(1) binding of CO, (ii) transfer of the methyl group from CoFeSP,
(ii1) formation of an acetyl intermediate, (iv) binding of CoA, and
(v) formation of acetyl-CoA. In addition, ACS requires reductive
activation (/2). This is so because the methyl group is provided by
CoFeSP asa CH; " cation (13), and two electrons are required to
form a carbon—metal bond, most likely with the proximal Niion
of the A-cluster. The two electrons are recovered upon reductive
elimination of the acetyl intermediate to form acetyl-CoA. So far,
crystal structures of well-defined catalytic intermediates of ACS
have not been reported.

Here we report the crystallographic analysis of a truncated
form of ACS,;,,, with a molecular mass of 49 kDa called 049 (14).
Because it lacks the 310 residue long N-terminal domain, 049
resembles the homologous ACS f-subunit of the acetyl-CoA
decarbonylase/synthase (ACDS) multienzyme complex found in
methanogenic archaea. To avoid confusion, we will use the
nomenclature A7, A2, and A3 for ACS domains and CI, C2,
etc. for CODH domains, regardless of their origin. In ACS;,,,,
Al s involved in extensive intersubunit interactions with CODH
and contains a significant part of the hydrophobic tunnel that
connects the C- and A-clusters (4, 5). The isolated, recombinant
archaeal ACS can be activated by adding NiCl,. According to
metal analyses and spectroscopic studies, the reconstituted
Methanosarcina thermophila (Met) ACS contains, like its bacter-
ial counterparts, a classical NioFesSy A-cluster (15—17). The
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ACDS complex also contains y0 CoFeSP heterodimers and ¢,
heterotetramers, with a, corresponding to CODH (/8). It
has been shown that the hydrophobic tunnels of both the
bacterial and the archaeal enzymes can bind xenon (5, 7, 19).
The absence of the bacterial tunnel-containing 4/ domain in
archaeal ACS raises the question how CO diffuses between the
A- and C-clusters in the archacal ACDS complex.

The crystal structure of ACS,,,, has been determined in closed
(o) and open (0p) conformations (5). The difference between
the two structures is due to a large movement of A/, which in oo
blocks the connection between the A-cluster, bound to domain
A3, and the tunnel network (5, 20). Conversely, when the enzyme
is in the oc conformation, the A-cluster can bind the CO
produced at the C-cluster, because the connection to the hydro-
phobic tunnel network is open. Only inactive NiCuFe,S, and
NiZnFe S, A-clusters have been found in crystal structures of
this form (4, 5). Functional Ni,FesS4 A-clusters (10, 11) have
been observed in two ag crystal structures, where the A-cluster is
exposed to the medium (5, 9). Therefore, the enzyme is likely to
accept the methyl group from CoFeSP when it is in the og
conformation. When the enzyme is treated with exogenous CO, a
Ni(I)—CO complex is formed. Furthermore, 7Fe, *Ni, and *C
isotopic labeling experiments have shown that Ni, CO, and
the [4Fe-4S] cluster interact magnetically, giving rise to an EPR
spectrum known as the NiFeC signal (refs /0 and /I and
references cited therein).

Purified recombinant 049 contains ~4 Fe and 0.5 Ni per
A-cluster (/4). Incubation with NiCl, followed by reduction with
dithionite and exposure to CO yielded an EPR signal reminiscent
of NiFeC in terms of g-values and relaxation/saturation pro-
perties. The ability to generate this pseudo-NiFeC signal indi-
cates that an A-cluster derivative can be reconstituted in the
truncated subunit. The spin concentration of this signal was only
~25% of that normally observed for NiFeC, and the truncated
subunit had no catalytic activity. In this respect, 049 resembles
other constructs of the Mot enzyme, where metal heterogeneity
at the active site and substoichiometric amounts of nickel are
a recurrent problem. The oy structure presented here contains
a novel metal-containing inactive form of the A-cluster and a new
arrangement of domains A2 and 43. We will call this form otot).
Below, we will discuss the relevance of these findings with respect
to previous studies on the activity of bacterial and archaeal
ACS’s. We will also address the possible evolutionary implica-
tions of the striking similarities between ACS and CODH
domains.

MATERIALS AND METHODS

Crystallization. 049, a 49 kDa fragment of ACS,,,, was
purified after heterologous expression in Escherichia coli, as
previously described (/4). It contains residues 311—729 of the
intact enzyme and a C-terminal His tag. All crystallization
experiments were performed at room temperature in an anaero-
bic glovebox, using the vapor diffusion method. Crystals with
maximal dimensions of 0.3 x 0.3 x 0.2 mm® were obtained after
6—8 weeks. The best ones grew in hanging drops that were
prepared by mixing | uL of a solution with a protein concentra-
tion of 20 mg/mL and 2 mM sodium dithionite in 50 mM Tris-
HCl at pH 8.0, with 1 L of a reservoir solution containing 1.4 M
ammonium sulfate (AS), 2 mM sodium dithionite, and 100 mM
Tris-HCI at pH 7.1. After transfer to a stabilization solution
containing 2.2 M AS and 30% glycerol, in addition to the other
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Table 1: Crystallographic Statistics for the Truncated ACS Crystal Struc-
ture

data refinement
space group P3,21 resolution (A) 20.0—3.0
cell dimensions reflections in work set 74440
a, b (A) 166.4 Ryorkc (%) 17.1
¢ (A) 245.2 reflections in test set 3902
molecules/asymmetric 6 Riree (%) 20.8
unit

resolution (A)" 20—3(3.1-3.0) total no. of atoms 20121

Ryym (%) 5.3(24.3) water molecules 161
(Ha(D))" 19.6 (6.3) sulfate molecules 24
no. of observations” 588420 (55207) glycerol molecules 6
unique reflections” 78314 (7323)  Opond (A) 0.015
completeness (%)" 99.5(99.7) Oangle (deg) 1.59

average B factor (Az) 57.3

“Numbers in parentheses refer to the highest resolution shell.

reservoir components, crystals were flash-cooled inside the glove-
box in liquid propane and subsequently stored in liquid nitrogen,
as described (21).

X-ray Data Collection and Processing. Diffraction data
were collected to 3.0 A resolution on a MAR CCD165 detector
(MAR Research, Germany) by exposing the best crystal
to monochromatic (4 =1.008 A) X-rays under a cold (~100 K)
nitrogen stream. A total of 450 images were collected with 0.4°
oscillations, using the BM30A beamline of the European Syn-
chrotron Radiation Facility in Grenoble, France. Diffraction
spots were integrated, scaled, subjected to a zero-dose correc-
tion (22), and reduced to structure factor amplitudes with
XDS (23). The first 333 images were selected to produce 99.5%
complete data with good intensity statistics (Table 1). The crystal
belonged to the trigonal space group P3;21 with cell dimensions
a=b=166.4 A and c=245.2 A. A similar but less well diffracting
crystal with a halved crystallographic c-axis was used to collect
data to 3.7 A resolution at the high energy side of the Ni
absorption edge (1 = 1.4827 A). These data were used to check
the presence of Ni (statistics not shown).

Structure Solution. The phase problem was solved by
molecular replacement with Phaser (24—26), using the 3 A resolu-
tion data and domains A2 and A3 of ACS,,,, 0o as search
models. For success, it was necessary to exclude the N-terminal
region of domain 2 (residues 311—319) and a long interdomain
helix (residues 471—499). In addition, low peaks from the
rotation function output had to be included in order to find
well-contrasting solutions in the translation search. Checks with
anomalous difference maps showed that good solutions gave
strong peaks for the A-cluster. The asymmetric unit contains six
molecules related by noncrystallographic symmetry (ncs) opera-
tions close to those of a regular 32 hexamer and a solvent content
of about 63%. In the crystal with the smaller unit cell, which
contains a trimer per asymmetric unit, the 2-fold axes of the
hexamer correspond to crystallographic symmetry operations.

Refinement. Because of the limited data resolution, refine-
ment was carried out with tight ncs restraints, using RE-
FMAC (27, 28) and including TLS refinement (29) to model
overall anisotropic displacements of the 12 domains present in
the hexamer. Manual model corrections were performed with the
TURBO computer graphics package (30). The quality of electron
density maps was significantly improved by averaging, using the
program SUPERMAP (31). A first 6-fold averaged electron
density map obtained with molecular replacement phases clearly
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FIGURE 1: Polypeptide fold of ag in the new ooty conformation. (A) Hexamer. (B) Monomer. Domain A2 is shown in red, domain 43 in lime
green, the connecting a-helix in orange, and the C-terminal His tag in black. A-cluster atoms are depicted as brown (Fe), yellow (S), and black

(Zn or Cu) spheres. The bottom trimer in (A) is shown as a gray C, trace.

FIGURE 2: Stereo image of ACS C, backbone superposition of Mot augr) (blue), oo (green), and o (red) and of Ch ag (gray) to domain A2,

excluding domain A41.

showed the long helix between domains 42 and A3 that was left out
of the starting model. Part of the main chain of the C-terminal His
tag also appeared in this map, at the dimer interfaces of the hexamer
(Figure 1), but the corresponding side chains were only partially
resolved during refinement. The first six N-terminal residues of oug
are disordered and therefore were not included in the model.
Refinement statistics of the final model are given in Table 1.
Structure and Sequence Analyses. Figures 1-3, 5,7, 8, and
S2 were prepared with the programs MOLSCRIPT (32) and
RASTER3D (33), in addition to CONSCRIPT (34) that was
used for the display of electron density maps (Figure 3). The
electrostatic potential surfaces of Figure 4 were determined at pH
7 with the APBS (35) plugin of PyMOL (http://www.pymol.org),
after addition of hydrogen atoms with PDB2PQR (36) using the
AMBER force field (37) and pK,’s calculated with PROP-
KA (38), excluding the metal and inorganic sulfur atoms of the
A-cluster from the protein. Structural superpositions were per-
formed with the BIOMOL program SUPPOS (http://www.xray.
chem.rug.nl/Links/Biomoll.htm). Tunnels and cavity maps in
Figures 5, 7, 8, and S2 were calculated with the program CAVsel
(A. Volbeda, unpublished). Amino acid sequences used in the
manual structure-based alignments in Figures 6 and S1 were
obtained from SWISSPROT (http://www.ebi.ac.uk/swissprot/).

RESULTS

Crystal Structure Determination. The structure of o9 in
the novel o9ty conformation has been solved at 3.0 A resolution

by molecular replacement (Table 1). There is a regular trimer of
dimers in the asymmetric unit (Figure 1). A similar crystal form
with an approximately halved c-axis contained a trimer in the
asymmetric unit and diffracted to 3.7 A resolution. After refine-
ment of the 3.0 A resolution structure, an average tempera-
ture factor of 57.3 A? was obtained, suggesting small differences
in subunit orientations between hexamers. The final model
shows good refinement statistics (Table 1), as indicated by a
satisfactory geometry and an Rpe. of 20.8% for all structure
factor observations between 20 and 3.0 A resolution. Although
we were unable to obtain X-ray data to a better resolution,
precluding a detailed study with agr), the model is of sufficient
quality to allow the analysis of both fold and major active site
differences with previously obtained structures.

Changes with Respect to Previous ACS Structures. In
Oo(), domains A2 and A3 have significantly moved to each other
relative to their previously known conformations (Figure 2). This
movement corresponds to a rotation around a hinge region
located close to the C-terminus of the long interdomain helix
(residues 471—499, shown in orange in Figure 1). The internal
structure of the two domains in the new conformation does
not change much: separate C, superpositions of domains 42
(residues 318—491) and A3 (residues 494—729) of aug(t) to those
of ag give root-mean-square deviations (rmsd’s) of about 0.5 A.
Taking A2 as a reference (Figure 2), the structural change of
Ouct) With respect to 0o may be described as a rotation (x) of
domain A3 by 50° and a translation parallel to the rotation axis
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FIGURE 3: Stereo image of the active site in o49(1. The blue grid depicts a 6-fold averaged F,, — F electron density map with the metal site next to
the [4Fe-4S] cluster and its protein ligands (Cys509Cf and Sy, Cys595Ca to Cys597Sy) omitted from the phase and structure factor calculations.
The red grid corresponds to a 6-fold averaged 3.0 A resolution anomalous difference map.

(Ty) of 4.6 A, with a maximal shift of 34 A in C, positions.
Although the domain conformation of augr) is somewhat closer
to that of ap in ACS¢y, (9), after superposition of their respective
A2 domains there is still a substantial difference in the position of
domain A3 (k=35° Tj = 1.3 A). Our results indicate that there is
much more flexibility in the relative positions of domains
A2 and A3 than previously recognized (Figure 2). In fact, the
rearrangement of domain A3 in aug(r) is as extensive as the one
observed for domain A7 between a.c and a.g in ACSyyo (5). When
the corresponding A2 domains are superimposed, there are no
bad clashes between 0o 47 and gty A3. However, the super-
position of oc to G4ty leads to the collision of these two domains
(not shown). It follows that the ctyot) conformation is compatible
with the orientation of 4/ in 0, but not in ac.

At the X-ray wavelength of 1.008 A used for data collection
with the best auory crystal, a map calculated with Aunom
coefficients displayed high peaks at the active site for both the
[4Fe-4S] cluster and one metal ion (Figure 3). This ion occupies
the proximal site relative to the cluster, previously called My, (5).
An equivalent map was calculated with 3.7 A resolution data
collected at A =1.4827 A from the related crystal with the smaller
unit cell. In this map, the peak corresponding to the [4Fe-4S]
cluster was still present, but there was no peak at M,, (not shown).
Thus, there is no evidence for the presence of Ni in the A-cluster
in ogr). Because (i) the A used is lower than the wavelength
corresponding to the Ni absorption edge and (ii) there is a high
electron density peak at M, in the map calculated with 2F, — F
coefficients, it appears that a metal ion heavier than nickel
occupies the proximal site. The most likely candidates are Cu
and Zn, as these metals were also observed in previous crystal
structures of ACS,y,, (4, 5). A flat F, — F, difference map for the
ion at M, was obtained with 75% occupied Zn”". The metal ion
is tetrahedrally coordinated by an external ligand, modeled as
HS™ with the same occupancy, and by the thiolate groups of
Cys509, Cys595, and Cys597 (Figure 3).

The cleft formed between auor) domains 42 and 43 is located
opposite to where A7/ would be in the enzyme. An analysis of
electrostatic potential surfaces (Figure 4) strongly suggests that
this cleft may bind the highly negatively charged (39) CoA
substrate and acetyl-CoA product: it contains the most extensive
complementary positive charge distribution of the truncated
structure, which is located mainly on the surface of A2. The
same positive patch is visible in the structures of o (Figure 4A)
and oc (Figure 4B), but in these conformations it is approxi-
mately twice as far away from the A-cluster than in c4g.r). Only in
the latter conformation (Figure 4C) does the distance of about
15 A between the patch and the A-cluster seem compatible with
functional binding of the coenzyme.

Results from fluorescence quenching, chemical modification,
and protection experiments led Wood and co-workers to propose
that CoA binding to ACS protects about five tryptophan residues
and two arginines from chemical modification (40, 41): (i) the
modification of these residues causes the loss of the *CO/CO
exchange reaction in acetyl-CoA catalyzed by the A-cluster;
(i) modification of the arginines modifies the fluorescence of
the tryptophan(s) indicating that some are close to each other;
(iii) at least one of the modified tryptophans must be close to the
A-cluster because it perturbs the NiFeC EPR signal; (iv) both
adenine and 3'-dephospho-CoA quench the tryptophan residue-
(s) fluorescence, suggesting that the 3'-phosphate group is not
essential for CoA binding; (v) the pyrophosphate bridge of CoA
binds to arginine(s) as indicated by the protection that added
pyrophosphate exerted against the chemical modification of
these residues; and (vi) these modifications only affect the
microenvironment around the targeted residues, as shown by
CD. The cleft formed between A2 and A43 contains two
tryptophans, 418 and 427, and four arginines, 334, 346, 429,
and 616 (Figure 5A). Trp418 is likely to be one of the modified
residues because in Qg it is the closest tryptophan to the A-
cluster at 12.5 A, and consequently, it could influence the NiFeC
signal. Trp427 may be also a potential candidate for chemical
modification being at 17.5 A from the A-cluster. Consistent with
the results described above (v), arginines 334, 346, 429, and 616
are close to the two tryptophans.

Coenzyme A could be stabilized through interactions of (i) the
adenine ring with Trp418 or Trp427 and (ii) its pyrophosphate
region with the guanidinum group of two of the arginines
mentioned above (Figure 5A). These interactions are also
compatible with the approach of the cysteamine moiety of the
coenzyme to the M, site of the A-cluster through a narrow tunnel
that does not exist in the other a-subunit conformations
(Figure 5B). Assisted by His419, His408 may abstract a proton
from CoA-SH before its putative binding to the apical binding
site of Ni, (labeled with *). Next, it may react with an acetyl
group bound equatorially to Ni, (at the site labeled with §). A
cavity above the S atom of the coenzyme shows that there is also
enough space for the acetyl-CoA product. We conclude that, if
Oty has functional relevance, it may approximate the CoA
binding conformation of ACS. The fact, as mentioned above,
that the oo conformation is incompatible with ac is not
surprising because the acetylated ACS, that binds CoA, should
not be able to adopt this conformation due to steric hindrance at
the A-cluster.

Comparison to Archaeal Enzymes. In order to investigate
whether the domain arrangement in o) could arise from
crystal packing interactions, we compared the amino acid
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FIGURE 4: Relative domain movements and stereo images of electrostatic potential surfaces of three ACS,,,, structures after superposition of
their respective 42 domains: (A) ao; (B) ac; (C) auger). Domains are shown as thin ribbons, and they are labeled 47, A2, A3a, and A3b, with
dashed ellipsoids showing their positions in 0,o. In (C) the hypothetical position of 417 is depicted in light blue, with the A-cluster position in a.p
shown in semitransparent mode. Color code of the electrostatic potential surfaces: red, negative; blue, positive.

sequences of the two bacterial enzymes of known structure with
two methanogenic (Met and Meb) counterparts. Out of the 403
aligned residues, 147, or 36.4%, are invariant (Figure 6), suggest-
ing that the bacterial and archaeal ACS’s have very similar
structures. Out of the 30 residues involved in interactions (d < 3.8
A) between domains 42 and A3 in qugr), 18, or 60%, are
invariant. By comparison, only 13 residues are involved in A2/43
contacts in both 0y and oc. Seven of these residues, or 54%, are
invariant and 6 of them are also involved in 42/A3 interactions in
Oygcr)- If the conformation of the latter were a crystallization
artifact, the fraction of invariant residues involved in its domain
interactions would not be expected to be higher than the overall

36.4% identity among the four aligned sequences. Therefore, the
high degree of residue conservation at the 42/43 interface
suggests a functional role for the augr) conformation. The
invariant residues in Figure 6 are also highly conserved in an
alignment of 7 bacterial and 13 archaeal ACS amino acid
sequences (10).

The archaeal A-cluster-containing subunit resembles o9 in
that it lacks the N-terminal A/ domain. Therefore, it is remark-
able that 16 of the 20 residues from A2 and 43 that interact with
Alin oc are conserved in the ACS subunit of the ACDS complex
from methanogens (Figure 6). Doukov et al. noted structural
similarities between a large fraction of domains C2 and C4 of
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FIGURE 5: Possible interactions of CoA with the narrow cleft formed in aug(t). (A) Arrows indicate the overall complementarity between moieties of
CoA (structure taken from PDB deposition 1112) and putatively protected amino acid residues and reacting metals in the cleft; they connect the
3'-phosphate with K335, adenine with W418/W427, pyrophosphate with R334/R346/R429, and the thiol with Ni, of the A-cluster. (B) Tentative
docking of the cysteamine tail of CoA close to the A-cluster in aug) inside a cavity map calculated for an accessible probe radius of 1.4 A. Apical
and equatorial substrate binding sites of the A-cluster Nij, ion (taken from the superimposed 43 structure of a,o) are labeled with * and §, respectively.
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----- -—-M-P-G--FST-AG--GGG-Q--GF-GIGE----S-KF--ADGG--R-VW- consensus_23
HAGMTPSGMT, TOTP SKKFISADGGI -670
HSGMTPIGMT, TOTP SRKFVKADGG -673

IGHVDREYQGMAPNGIGF STMAGQTGGGKQIVGFLGIGVNYFYSPKFIQADGGWNRVVWL-353

IGWVNREYQGMAPNGLGF STMAGQTGGGKQVVGFLGIGVNYFYSPRFIQADGGWNRVVWL - 353
ve...R....M.P.G..FBr.BG..GEG.Q. .GF.GIG.....S.KF. .ADGG. .R.VW. consensus_1

P--LK-B-—————_E———- D--DKIA-E---T—-—————-L--K-HP-————=—~ consensus_23
_gsmsnnnxzmzrm_cnpumpm-- 729
GLGRDFIDKIADETVG! GHPALSMEPLL-- 732
PSGLKAKI-————————- DEAIPADLKDKIATENDATDIASLKDFLEAKNHPVVATHAAR—-403-(+66)
PAMLKEKI————————~— AETIPEDIKDKIATENDATDIESLKAFLQEKNHPVVANWASE--403-(+69)

P..LK.:oosssessssssEBiceeD..DKIA.E...TeveesessLe.K.HP.:coe:sau.. consensus_1l

FIGURE 6: Sequence alignment of bacterial and archaeal ACS’s. The consensus_23 line highlights residues that are involved in close interactions
(<3.8 A) between Mot domains A2 and A3. Colors: gray in o,c and/or 0o, blue in 0u9(t), and red in all three structures. The consensus_1 line does
the same for interactions with Mot domain 417: gray in o, blue in oo, and red in both. Color codes in sequences: S-strands, green; a-helices, pink;

3,0-helices, violet.
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FIGURE 7: Superposition of the C, backbone of A7 of ACS,,,; o.c (red) and oo (green) with domains C2 and C4 (using the bacterial CODH
domain numbering) of ACDS,,,,, (blue). Corresponding tunnels are shown in yellow, green, and light blue, respectively. Nij 5cs indicates the
location of the catalytic Niion of the A-cluster in a.c; the * highlights the nearby flexible helix. Ni—C shows the Ni position in the CODH C-cluster.
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relates subunits; hydrophobic tunnels are depicted in green; asterisks indicate potential ferredoxin binding sites; the C-terminus of one CODH
subunit of ACDS is labeled with “C”; the open diamond indicates a pseudo-2-fold symmetry between C3 and C4, perpendicular to the 2-fold axis

relating subunits.

CODH and the A7 domain of ACS in CODH/ACS,,,; (4). The
recently reported structure of the archacal Meb CODH was
found to be very similar to its bacterial counterparts, except for its
N- and C-terminal regions and the presence of an extra FeS
cluster binding domain (7). Intrigued by these similarities, we
performed a detailed comparison of the available structures
(Supporting Information Table S1). We found that Al
resembles more the archaeal CODH than the bacterial one. This
is indicated by (i) a larger number of superimposed residues
(285 vs 217), (ii) a corresponding lower root-mean-square devia-
tion (rmsd) of C, positions (2.23 vs 2.54 A), and (iii) a higher
percentage of sequence identities (16% vs 12%). When the

superposition is carried out separately for two subdomains of
A1, the statistics are further improved (Supporting Information
Table S1). Furthermore, a DALI search (42) with 41,,,, gives a
Z-score of 34.1 for the archaeal CODH subunit (ACDS,.;-00),
compared to a value of 20.8 for the bacterial one (CODH y;,,-f).

The bacterial ACS/CODH,,,; A1 has a tunnel for CO diffu-
sion between the C- and A-clusters and an equivalent tunnel is
present in the superimposed archaecal CODH (Figure 7). How-
ever, like the tunnel in o, it does not reach the surface, being
blocked by the helix thatin ACS,,,, acts as a tunnel gate, allowing
a connection between the A- and C-clusters only in o¢ (5, 20). If
we assume that the archaeal CODH domains that correspond to
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C2 and (4 of their bacterial counterparts have the same tunnel
function as ACS,,;,; domain A4/, the A-cluster in the super-
imposed ACDS complex is positioned as in a.c. Accordingly, the
distance between the catalytic Niions in CODH and ACS would
change from 66 A in the bacterial (o) enzyme complex to only
about 34 A in its archaeal counterpart.

We have taken advantage of the high structural (Supporting
Information Table S1, Figure 7) and amino acid sequence
similarities (Figure 6) among domains of the bacterial and
archaeal enzymes to model the relative position of CODH and
ACS components in the ACDS complex (Figure 8). Our model
predicts that the smaller archaeal ACS interacts with the CODH
C2/C4 domains as the bacterial A2/43 domains interact with
ACS,,,; Al (see also Figure 4). The C, atom superposition of
oc domain A7 to ACDS,,,-0. generates only one potential
collision between the rest of the bacterial ACS and the archaeal
CODH. It involves Gly327, which aligns with Serll of the
ACS subunit of ACDS (Figure 6). However, only a small
readjustment of the N-terminal region of the archaeal ACS
would be required to remove this too short contact. Domain
1 of the archaeal ACS, which corresponds to 42 in ACS,,,,,
would also interact with the C-terminal region of one of
the CODH subunits (Figure 8). Seven of the 16 residues at
the Mot Al/A3 interface are invariant in the superimposed
ACDS,,, CODH structure, where they are exposed to solvent
(see also Supporting Information Figure S1). This 44% sequence
identity is much higher than the overall value of 16% found
for the 276 aligned residues (Supporting Information Table S1).
Even more strikingly, these conserved residues establish 31 of
the 41 contacts (d < 3.8 A) between A/ and A3 in ac. We
conclude that the CODH-ACS portion of the ACDS complex
shown in Figure 8 is a plausible model for the “closed” form
in which there is a continuous tunnel between the A- and
C-clusters. Many short (<2 A) contacts leading to van der Waals
collisions are generated when similar superpositions are per-
formed with either oo or ougr). Thus, modeling of other
putatively functional conformations of the CODH-ACS compo-
nent of the ACDS complex is not possible with the currently
available structures.

DISCUSSION

The structure of augcr) reported here (Figure 1) shows major
differences with previous ACS structures, both in the metal
composition of the A-cluster and in the arrangement of domains
A2 and 43 (Figure 2). Indeed, this is the first structure where the
distal site of the A-cluster (My) is not occupied by a Niion and is
empty (Figure 3). This does not prevent the tetrahedral binding of
a metal ion heavier than Ni at the proximal labile Ni site (M,,). In
this respect 0oty resembles the CODH-ACS,,, “closed” struc-
tures, which show either tetrahedral Zn or Cu bound at the labile
Ni M, site. Since no metal ions were added during the crystal-
lization experiments, the bound Zn or Cu ion must come from
either the reagents or the cell extracts used for purification. In
fact, the binding of Zn or Cu to the oy9 subunit in cell extracts
would explain why it cannot be activated by the addition of
NiCl, (14). Metal heterogeneity greatly complicates the inter-
pretation of spectroscopic studies. In addition to the observed
presence of Ni, Cu, and Zn at M, (4, 5), the results reported here
show that A-cluster heterogeneity might also arise from fractions
with an empty M site. Attempts to generate a Ni,Fe,S, A-cluster
by soaking crystals in NiCl, solutions resulted in crystal cracking
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and/or loss of diffracting power. Nevertheless, manual model
building suggests that only minor changes in the ooty structure
would be necessary to incorporate Ni at the M, and M sites. For
the latter, a small rearrangement of the Cys595-Gly596-Cys597
loop would be required (Figure 5B).

The high percentage of conserved residues between bacterial
and archaeal enzymes at the 42/43 domain interface (Figure 6)
suggests that the novel ayo(r) conformation, or a closely related
one, may be functionally relevant. In terms of A-cluster accessi-
bility, the new structure is intermediate between a.c and 0. In the
former, the A-cluster is connected to the CO-producing C-cluster
through a long hydrophobic tunnel. An accessibility analysis (not
shown) indicates that in this conformation the active site cannot
react with bulky substrates such as CoFeSP or CoA. We have
postulated that oo, in which the connection between the A- and
C-clusters is blocked, may be the conformation that accepts a
methyl group from CoFeSP (5, 20). Conversely, the novel o)
could correspond to the conformation that binds CoA. Indeed,
this idea is supported by (i) the presence of tryptophan and
arginine residues that could be protected from chemical modi-
fication by CoA in the cleft formed between domains A2 and A3
(Figure 4), (ii) the electrostatic complementarity between this
region and CoA (Figure 4C), and (iii) the corresponding distri-
bution of the adenine, pyrophosphate, and cysteamine moieties
of CoA relative to tryptophans, arginines, and the M, site of the
A-cluster, respectively (Figure 5A). Furthermore, in ooy His408
is ideally positioned to abstract a proton from CoA-SH before its
S™ atom binds to Ni, (Figure 5B). This is consistent with the
prediction (43) that a base with a pK, ~6 deprotonates CoA.

The structures of ¢ and 0o contain another extensive positive
patch on the surface of domain 1 (not shown), not far from the
A-cluster, involving several arginine residues located around
Trpl51. According to the results of Shanmugasundaram
et al. (40, 41), this region could also bind CoA. However, in oc
the A-cluster is buried in the protein and therefore not accessible
for CoA, whereas in 0 access of the cysteamine moiety of the
coenzyme to the active site would be blocked by domain 43,
assuming binding of its adenine and pyrophosphate moieties to
Trpl51 and surrounding arginines. The binding mode of CoA is
likely to be evolutionary conserved. Sequence comparisons
(Supporting Information Figure S1 and ref /0) show that this
is not the case for the Trp151 surface region. On the other hand,
several crucial residues of the A2/A3 cleft are invariant: His408,
proposed above to be involved in the deprotonation of CoA-SH,
His419, to which His408 is hydrogen-bound (Figure 5B), Trp427,
and the nearby Arg334 and Argd29 (Figure SA). These could be
the two arginines that are protected from chemical modification
by CoA (41). In conclusion, the combination of a large number of
observations strongly suggests the involvement of the A2/ 43 cleft
in CoA binding.

Substantial ACS domain movements during catalysis would
explain the reported relatively low rates of acetyl-CoA synthesis
(<10s™"). According to kinetic data, CoA binds to the A-cluster
after CH;" and CO (44, 45). This makes sense in a scheme where
these two substrates bind to the two available Nij, coordination
sites prior to the migration/insertion reaction that results in acetyl
synthesis and that liberates one coordination site for subsequent
CoA binding. CoA does not bind to CO-treated ACS (43),
suggesting that these two substrates might compete for the same
binding site and/or that the enzyme conformation is not suitable
for coenzyme binding. Similar chemistry involving the sequential
binding of three substrates (methyl, CO, and thiol) to a single
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nickel ion to produce a thioester has been reported for synthetic
Ni(II) complexes (46). I our interpretation is correct, CH3 ", CO,
and CoA binding would require the enzyme to adopt conforma-
tions similar to 0, 0c, and ougt), respectively. In g, two 42
conserved residues, Argd05 and His408, could respond to
changes at the active site and trigger domain movements toward
other enzyme conformations (Figures 3 and 5D,E). The order of
CH;" and CO binding during catalysis is still controversial (44, 45).
If CH;" were to bind Ni,, before CO, a more open a.c conforma-
tion would be needed to prevent the collision of the bound methyl
group with the enzyme (20). Structures of enzyme—substrate
complexes and reaction intermediates will be required to deter-
mine whether additional conformational changes take place
during catalysis. It appears that protein domain movements
finely modulate substrate accessibility to the A-cluster by
generating suitable interacting surfaces (Figure 4).

Archaeal ACS shows extensive amino acid sequence simila-
rities with 42 and A3 from the bacterial enzyme (Figure 6).
However, the absence of 47 in the former implies that the tunnel
network between the C- and A-clusters of archaeal ACDS must
be different from the one found in bacterial CODH/ACS.
Suitable candidates for replacing the tunnel section of bacterial
Al are two tunnel-containing domains in the CODH portion of a
recent ACDS /.,-012¢5 crystal structure (7). These domains can be
superimposed to more than 90% of subdomains 41, and A/,
(Figure 7, Supporting Information Table S1). Drennan et al. have
reported a similar fold for the bacterial CODH,,,, domains C2
and C4 (4), but their resemblance to A/ is less extensive
(Supporting Information Table S1) and they do not contain a
tunnel. Although a tunnel is present in the same domains in
monofunctional CODHs of CO-oxidizing bacteria (47, 48), their
similarities to 47, reflected by DALI Z-scores (42) of about 20,
are comparable to the value found for the Mot enzyme. This
Z-score is much lower than the value of 34.1, obtained when A/ and
the archaeal Meb CODH are compared. Moreover, more than
75% of the residues involved in contacts between A/ and A3 in
Mot o are conserved in the aligned sequences of the archaeal
domains (Figure 6 and Supporting Information Figure S1). All of
these similarities suggest a plausible model for the CODH/ACS
interaction in archaeal ACDS that includes a continuous tunnel
for CO diffusion between the two active sites, obtained by
superposition of 4/ from Mot o to C2 and C4 of CODH,,,,
(Figure 7).

In the obtained partial model of the ACDS complex (Figure 8),
all of the [4Fe-4S] centers of the archacal CODH are more than
45 A away from the A-cluster, indicating that there is no direct
electron transfer between the two enzymes. Consequently, the
reductive activation of the A-cluster should require, like in the
bacterial CODH-ACS complex, an external electron source (see
also ref 49). Ferredoxin (Fd) may be the redox partner that
activates both bacterial and archaeal enzyme complexes by two
successive one-electron reductions (71, 50). It is noteworthy that
an Al region of CODH/ACS,,,, that lies close to the A-cluster
and that can be cross-linked with Fd (57) is also accessible in the
corresponding C4 region in our partial model of ACDS.

Ni-containing CODH and ACS are considered to be ancient
enzymes originally involved in primordial anaerobic carbon
fixation pathways (52). Their occurrence in both bacteria and
archaea may imply that they were already present in the last
universal common ancestor (LUCA), but horizontal gene trans-
fer is also a possibility. Domains C2 and C4 (bacterial Mot
enzyme nomenclature) are found in bacterial and archaeal
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CODH’s and hybrid cluster proteins (HCP’s) (53, 54) and in
Al from bacterial ACS (Figure 8). The C2 domain is involved in
extensive contacts with its counterpart in all CODH homodi-
mers, and it has similar contacts with a homologous domain in
monomeric HCP’s (Supporting Information Figure S2). In
CODH’s and HCP’s there is an additional domain C3 that is
related to C4 by pseudo-2-fold symmetry (Figure 8, Supporting
Information Figure S2). A metal-containing active site is bound
at the interface of these two domains: the C-cluster in CODH and
the hybrid cluster in HCP. Domains C2 and C4 may have
originated from a common monomeric ancestral protein of
unknown function, possibly binding a simpler metal site. The
bacterial ACS domain A7 lacks C3, and consequently, it is not
suited to coordinate a metal cluster. However, it is remarkable
that its structural similarity to the archacal CODH C2 and C4
domains is comparable to that of the latter to the corresponding
bacterial CODH domains (Supporting Information Table S1).
Another common feature of CODH, HCP, and bacterial ACS is
the presence of a tunnel segment at the C2/C4 interface (41,/A1,
in ACS; see Figure 8 and Supporting Information Figure S2). In
all of these enzymes, except CODH,,,,, the tunnel continues for
an equivalent distance in C4. In CODH},,,, the tunnel extends
inside 41 instead.

Taken together, our results suggest that bacterial ACS
originated from the duplication of the DNA region coding
for archaeal CODH C2 and C4 domains (generating 47) and its
fusion to the archaeal ACS gene, consisting of domains 42 and
A3. This modification would have allowed for the release of
ACS activity from the multienzymatic ACDS methanogenic
complex. In this scenario the archaeal enzymes existed before
the bacterial ones (see also ref 55). The 4/-containing ACS in
the CO-tolerant anaerobic thermophilic bacterium C. hydro-
genoformans is a monomer under high CO concentrations but
associates with CODH-IIT when CO levels are low. This ACS/
CODH-III complex, very similar to its counterpart in the
acetogenic Mot, is postulated to be involved in the Wood—
Ljungdahl pathway of CO, fixation (56). Upon evolution of the
acetogenic CODH/ACS complex, most of the tunnel function
of the CODH (4 domain disappeared, presumably to prevent
escape of CO. This is different from the situation in the archaeal
ACDS multienzyme complex where some CO leakage has been
observed (57).

CONCLUSIONS

The domain rearrangement found in truncated ACS adds
important new information on how protein movements may
control the complex catalytic mechanism of acetyl-CoA
synthesis. Previously determined closed and open ACS struc-
tures appear well suited to bind CO and CH;™", respectively.
Several lines of evidence suggest that the truncated ACS
structure reported here is closely related to the conformation
that binds the third substrate, CoA. Further studies, including
mutagenesis of selected residues, will be required to establish
whether this is indeed the case. The truncated ACS structure
has also been used to put forward a scenario for the evolu-
tionary origin of the bacterial ACS from the archaeal ACDS
complex.
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