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The NDP-forming acyl-CoA synthetases (ACDs) catalyze the conver-
sion of various CoA thioesters to the corresponding acids, conserv-
ing their chemical energy in form of ATP. The ACDs are the major
energy-conserving enzymes in sugar and peptide fermentation
of hyperthermophilic archaea. They are considered to be primor-
dial enzymes of ATP synthesis in the early evolution of life. We
present the first crystal structures, to our knowledge, of an ACD
from the hyperthermophilic archaeon Candidatus Korachaeum
cryptofilum. These structures reveal a unique arrangement of the
ACD subunits alpha and beta within an α2β2-heterotetrameric
complex. This arrangement significantly differs from other mem-
bers of the superfamily. To transmit an activated phosphoryl moi-
ety from the Ac-CoA binding site (within the alpha subunit) to the
NDP-binding site (within the beta subunit), a distance of 51 Å has
to be bridged. This transmission requires a larger rearrangement
within the protein complex involving a 21-aa-long phosphohistidine-
containing segment of the alpha subunit. Spatial restraints of the in-
teraction of this segment with the beta subunit explain the necessity
for a second highly conserved His residue within the beta subunit.
The data support the proposed four-step reaction mechanism of
ACDs, coupling acyl-CoA thioesters with ATP synthesis. Furthermore,
the determined crystal structure of the complex with bound Ac-CoA
allows first insight, to our knowledge, into the determinants for
acyl-CoA substrate specificity. The composition and size of loops
protruding into the binding pocket of acyl-CoA are determined by
the individual arrangement of the characteristic subdomains.
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NDP-forming acyl-CoA synthetases (ACDs) catalyze the con-
version of acyl-CoA thioesters to the corresponding acids and

couple this reaction with the synthesis of ATP via the mechanism
of substrate-level phosphorylation. ACDs have been studied in
detail in hyperthermophilic archaea, where they function as the
major energy-conserving enzymes in the course of anaerobic sugar
and peptide fermentation (1–4). It is believed that ACDs repre-
sent a primordial mechanism of ATP synthesis in the early evo-
lution of life. ACDs were found in all acetate (acid)-forming
archaea (5, 6) and in the eukaryotic parasitic protists Entamoeba
histolytica (7) and Giardia lamblia (8), but they have not been
found in acetate-forming bacteria. In bacteria, with the exception
of Chloroflexus (9), the conversion of inorganic phosphate and the
thioester acetyl (Ac)-CoA to acetate and ATP is catalyzed by two
enzymes, phosphate Ac-transferase and acetate kinase (10). Follow-
ing the identification of ACD genes (5, 11) a novel protein super-
family of NDP-forming ACDs was proposed by a bioinformatics
analysis (8). In addition to ACDs, this superfamily contains the well-
characterized succinyl-CoA synthetases (SCSs) and ATP-citrate
lyases (ACLYs) (8). Each ACD is composed of at least five sub-
domains with variable sequential arrangement (8). This phenom-
enon, termed “domain shuffling,” is one of the key features of this
superfamily (8). Superposition of several structures of SCS from
Escherichia coli (ecSCS) (12–14), Thermus aquaticus (15), the
mammalian GTP-specific SCS from pig (16), and a truncated form

of human ACLY (17, 18) revealed that subdomains 1–5 share a
common arrangement in these enzymes. From detailed studies of
the reaction mechanism of ecSCS, a crucial enzyme tightly con-
nected to the TCA cycle, a three-step mechanism was proposed,
which involves the phosphorylation of a highly conserved His
residue at the first active site (site I) as an intermediate step (12,
13). Subsequently, the phosphoryl moiety is transferred onto an
NDP that is bound at the second active site (site II). The distance
of around 36 Å between site I and site II is assumed to be bridged
by a so-called “swinging loop” (12, 14, 19). A mechanism com-
parable to the mechanism of the SCSs was presumed for the
ACDs (20). A study based on sequence, biochemical, and muta-
tional analyses identified a highly conserved and functional rele-
vant His residue within the beta subunit of the ACDs (20). Of
note, the SCS enzymes do not contain a comparable His residue.
Thus, an extension of the mechanism by a fourth step was sug-
gested for the ACD1 from Pyrococcus furiosus (20). Here, the
second His residue is thought to serve as an additional interme-
diate, which gets phosphorylated transiently during the enzymatic
reaction and subsequently transmits the phosphoryl moiety onto
the bound NDP. The necessity for a four-step mechanism may
originate from a shortening of the proposed swinging loop, which
facilitates the phosphoryl transfer between the subunits (20).
However, due to the completely different arrangement of the
subdomains within ACD [alpha(1-2-5)/beta(3-4)] in comparison
to ecSCS [alpha(1-2)/beta(3-4-5)], a different 3D arrangement of
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the subdomains in ACD and, as a consequence, a variation of the
proposed reaction steps has to be considered.
ACDs are versatile enzymes that are capable of metabolizing a

variety of CoA thioesters generated in the course of sugar and
peptide fermentation (3, 4, 21). In contrast, the ecSCS specifi-
cally binds succinyl-CoA, accepting only small aliphatic CoA
thioesters as additional substrates (22). The ACLY is even more
specific for Ac-CoA (23). Because ACDs are involved in sugar
and amino acid metabolism, they are ambivalent regarding their
converted substrates (3, 4, 24, 25). In addition, domain shuffling
creates a very diverse pattern of subdomain organization within
members of the ACD family (8). Some ACD enzymes are even
built up as single-chain proteins with fused alpha-beta or beta-
alpha subunits. The linker region between the fused subunits is
usually very short (8). Therefore, a structural model for ACDs
based on the structure of ecSCS as presented by Bräsen et al.
(20) cannot be fully compatible with those single-chain ACDs,
because distances of more than 60 Å between the termini of
individual alpha and beta subunits must be bridged.
So far, there are no structural data to explain these described

peculiarities (necessity of a second His, different arrangement of
the subdomains, and broader substrate selectivity). In this study,

we present a comprehensive analysis of various crystal structures
of the functional complex of the ACD isoform 1 from the
hyperthermophilic archaeon Candidatus Korarchaeum cryptofilum
(ckcACD1). Ca. K. cryptofilum belongs to the most ancestral ar-
chaea (26). Based on genome analyses, Ca. K. cryptofilum has been
proposed to ferment amino acids using ACDs as major energy-
conserving enzymes (26). Three ACD isoenzymes with different
substrate specificities have been characterized (27). ckcACD1
converts small aliphatic CoA thioesters. It is composed of four
protein chains (two alpha subunits and two beta subunits) that
form an α2β2-heterotetramer. Each alpha subunit has one active
site for acyl-CoA binding, and each beta subunit has one active
site for NDP binding. Due to its similar molecular composition
and kinetic properties as ACD1 from the hyperthermophilic
archaeon P. furiosus (pfACD1), it is likely that ckcACD1 follows
the same four-step catalytic reaction mechanism as has been
proposed for the homologous pfACD1 (20). In particular, the
structural rearrangements accompanying the phosphate shuttle
process between alpha and beta subunits of ACD will be described
for the first time to our knowledge. This work provides direct ev-
idence for the proposed loop swinging, which, in addition, can
explain the necessity for a second active-site His located in the

Fig. 1. Overall structure and domain arrangement of ckcACD1. Ribbon representation of the protomer composed of one alpha subunit and one beta subunit
(A) and the complete α2β2-heterotetramer (B). The twofold symmetry is indicated with a black oval. (C) Conformational differences of the beta subunit in
various crystal structures (ckcACD1-B, ckcACD1-E, ckcACD1-F, and ckcACD1-G) (Table 1). The relative movement of subdomain 3 compared with subdomain
4 is noted in degrees (“opening angle”). Because motion of subdomain 3 is required for catalysis, this region is also called the “lid” (32). (D) Topology diagram
generated with the program PDBsum (51). The colors of the helixes are in accordance with the color scheme used for the individual subdomains as outlined in
E. (F) Domain arrangement for the heterodimeric ecSCS (12). The positions of the two power helices are indicated.
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beta subunit near site II. Further detailed analysis of the binding
mode of Ac-CoA to ckcACD1 provides insight into substrate
specificity of the enzyme.

Results
The 3D assembly of the two alpha and two beta subunits of the
ckcACD1 complex revealed a unique α2β2-heterotetramer (Fig. 1).
The protomer is composed of one alpha subunit and one beta
subunit (Fig. 1 A and E and SI Appendix, Fig. S1). Two protomers
are arranged with a twofold symmetry (Fig. 1B). The alpha subunit
comprises three subdomains (1-2-5), and the beta subunit com-
prises two subdomains (3-4). The numbering is according to the
nomenclature established for ecSCS (12, 19, 20) (Fig. 1F). All
subdomains have an α/β secondary structure topology. With an
interface of ∼2,000 Å2 between both alpha subunits, 740–770 Å2

between alpha and beta subunits, and 540 Å2 between both beta
subunits, the assessment of the ckcACD1 complex was assigned
as stable based on the free energy of assembly dissociation
(ΔGdiss) as calculated by the Proteins, Interfaces, Structures and
Assemblies (PISA) server (28, 29).
In the alpha subunit, the N-terminal subdomain (subdomain 1:

Met1α–Phe131α) is responsible for CoA binding and contains a
Rossmann-like fold (30), which is succeeded by two domains
with a flavodoxin-like fold (31). The middle domain (subdomain
2: Gly132α–Asn293α) contains the conserved His (His254α),
which is phosphorylated during the first part of the enzymatic
reaction cycle. His254α is located within an array rich in small
amino acids, providing this region an extraordinary mobility. The
C-terminal domain of the alpha subunit (subdomain 5) consists
of the amino acids Arg300α–Arg464α. According to the sub-
domain nomenclature for SCS and ACD enzymes, the beta
subunit of ckcACD1 can be described as being built up of two
different structural domains, subdomains 3 and 4 (8). Alterna-
tively, the structure of the beta subunit can be referred to as an
ATP-grasp fold, consisting of three subdomains A, B, and C (32).
In ckcACD1 the subdomain A (Met1β–Pro33β) consists only of
two helices and interacts tightly with subdomain C (Gly117β–
Arg230β). Considering their similar atomic displacement pa-
rameters, both subdomains A and C can be regarded as one
structural unit (subdomain 4). The substrate binding site (site II)
is usually formed by the assembled subdomains A and C (32). In

the context of ACD, this substrate is the phosphate-carrying
moiety, as will be described later on. Residues Thr35β–Phe113β
form subdomain B (subdomain 3). It harbors the conserved
phosphate-binding T-loop (33) (residues Lys60β–Val75β), as well
as a highly conserved HK(S/T)(D/E) motif (residues His68β–
Asp71β) found in nearly all archaeal and bacterial ACDs (8).
Interaction of subdomain 3 and subdomain 4 creates the nucle-
otide binding site.
ATP-grasp enzymes are known to carry out opening and clo-

sure motions to allow binding of the nucleotide (“open”) and to
orient residues involved in catalysis properly (“closed”) (34). In
the crystal structures of ckcACD1, the beta subunit was found in
different states of “opening” (Fig. 1C). The most closed state was
observed with bound Ca2+/ado-5′-β,γ-methylene triphosphate
(AMPPCP; ckcACD1-B), and the most opened conformation
was found in the structure ckcACD1-I with a rotation angle of
nearly 25° (Fig. 1C and SI Appendix, Table S2).

ckcACD1 Binds its Acyl-CoA Substrates Comparable to Other Members
of the ACD Superfamily: Binding Mode for CoA. To understand the
functionality of the ckcACD1 complex, we prepared crystals of
the enzyme in complex with its substrates CoA, Ac-CoA, phos-
phate, and ADP, as well as the nonhydrolyzable ADP analog ado-
5′-α,β-methylene diphosphate (AMPCP) and the nonhydrolyzable
ATP analog AMPPCP. In all cases, CoA was bound to subdomain
1 in an elongated form, pointing its sulfur atom toward the site of
the His phosphorylation (His254α) (Figs. 2 and 3 and SI Appendix,
Fig. S2), in accordance with ecSCS referred to as site I. The Ade
moiety is inserted into a hydrophobic cleft, and its position is ad-
ditionally adjusted by two water molecules interacting with either
the N6A or N1A and the carbonyl oxygen atoms of the residues
Lys79α or Pro59α, respectively (SI Appendix, Fig. S2E). Upon CoA
binding the highly flexible side chain of Lys24α becomes fixed via
an interaction of its side-chain amino group with the oxygen atoms
of the 3′ and 5′ alpha-phosphate groups (SI Appendix, Fig. S2D).
Interestingly, the Sus scrofa SCS (ssSCS) features the Lys residue
Lys26α at a structurally equivalent position. The side chain of this
residue, however, is not involved in CoA binding (35).

Binding Mode of the Ac Moiety Within Ac-CoA. In one structure of
ckcACD1 (ckcACD1-E), cocrystallized with Ac-CoA, the electron

Fig. 2. Binding site for the activated acyl moiety. (A) Orientation of the Ac group of Ac-CoA. A dashed line indicates its distance of 4.0 Å to the peptide bond
between residues Gly161α and Ala162α. (B) Stereo representations of the estimated binding pocket for larger acyl groups. The space available for the acyl
moiety was calculated with the program HOLLOW (52) using the crystal structure ckcACD1-E, a sphere radius of 1.4 Å, and CoA derived from Ac-CoA. Amino
acid residues shaping the potential binding pocket are represented as sticks and are labeled. Carbon atoms in Ac-CoA are shown in white, nitrogen in blue,
oxygen in red, and sulfur in yellow. The carbon atoms of the surrounding protein are colored in orange (alpha subunit) and blue (alpha subunit of the
symmetry-related protomer), respectively.
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density allowed us to model the Ac group connected to CoA (SI
Appendix, Fig. S2B). Thus, for the first time to our knowledge, an
ACD with its CoA thioester substrate bound can be described.
The Ac moiety appears to be nearly coplanar to the peptide bond
between Gly161α and Ala162α, with a distance of 4.0 Å between
the nitrogen atom of Gly161α and the carboxyl carbon of the Ac
group (Fig. 2A). This distance is in the range of typical π-π in-
teractions (36). Based on the chemical environment, the Ac group
was arranged such that the methyl group was positioned to be
accommodated by a more hydrophobic environment built up from
the side chains of the residues Phe131α, Phe144α, Ala162α,
Ile165α, Met355α, and Thr384α′ (the prime symbol indicates
the “other” subunit) (Fig. 2B and SI Appendix, Fig. S2C). The
phosphohistidine pocket at site I also comprises a highly con-
served Asn residue (Asn173α). In the case of Ac-CoA, the dis-
tance to the thiocarboxyl carbon at 6.6 Å is rather long; however,
due to its position, it might be involved in the cleavage of the
thioester bond by inorganic phosphate.

BindingMode of Phosphate Within Site I of the Alpha Subunit.Crystals of
ckcACD1 soaked with 50 mM Na2HPO4 revealed the phosphate
ion positioned between both alpha subunits at the amino termini
of the so-called “power helices” α5 and α11′ (ckcACD1-G and
ckcACD1-I; Fig. 3A). Interestingly, interactions of the phosphate
anion with the protein were mainly facilitated by the amino func-
tions of the peptide bonds of four residues: Gly161α and Ala162α
from one alpha subunit and Gly308α′ and Gly309α′ from the other
alpha subunit. In addition, a strong hydrogen bond was formed to
the side-chain hydroxyl group of Ser160α. The distance between
the carbonyl carbon of the Ac group of Ac-CoA and the closest
oxygen atom of the phosphate is ∼6 Å. The electron density
surrounding the phosphate was interpreted as two metal ions. In
ecSCS and ssSCS, phosphate ions are located in a very similar
position (14, 16). As for the described SCS, the N termini of the
two equivalent power helices participate in the compensation of
the negative charge of the phosphate ion; however, no additional
metal ions have been observed in SCS.

Environment of the Phosphorylated His Residue His254α.We obtained
crystals of the ckcACD1 complex with phosphorylated His254α
(ckcACD1-E and ckcACD1-H; Fig. 3B). The conformation of
the phosphorylated His was stabilized by ionic interaction with
the side-chain carboxyl group of Glu213α. A hydrogen bridge
(distance of 2.7 Å) provides an ideal geometry for the phos-
phorylation reaction by favoring the protonation state of the
imidazole group. In addition, the phosphoryl moiety forms a
hydrogen bond to the hydroxyl group of Ser160α. In the crystal
structure ckcACD1-H, the phosphate moiety also interacts with
a bound metal ion, which is coordinated by the side chain of
Asp351α′. The interaction with the metal ion results in a further
movement of the phosphohistidine and adjoining residues to-
ward site I, and subsequent stabilization of the phosphorylation
of His254α by forming several hydrogen bridges to the amino
groups of the peptide bonds between the amino acids Ser160α–
Gly161α, Gly161α–Ala162α, Gly307α′–Gly308α′, and Gly308α′–
Gly309α′. Interestingly, the residues Ser160α and Asp351α′ are
highly conserved throughout the ACD superfamily. Only Ser160α
is sometimes exchanged to Thr, an amino acid with comparable
side-chain characteristics.

Binding Mode of Ado Nucleotides Within Site II Located in the Beta
Subunit. The binding site for the nucleotide substrates of ckcACD1
is within the beta subunit (ATP-grasp domain). In ckcACD1, the
Ade moiety is sandwiched in a hydrophobic environment
created by residues of subdomain 3 and subdomain 4, with
additional hydrogen bridges to the side chains of Gln111β and
Lys60β, as well as the protein backbone (SI Appendix, Fig. S3).
Furthermore, Lys60β, a residue conserved in nearly all ACDs,

interacts with the alpha-phosphate group of ADP. A dual
role of this particular Lys residue was also observed for
the corresponding Lys46β of ecSCS (14). Furthermore, the
phosphate groups of ADP in the crystal structures ckcACD1-B,
ckcACD1-D, ckcACD1-G, and ckcACD1-H are in contact
with the side-chain amine of Lys69β. Additionally, several
interactions facilitate tight binding of the beta-phosphate
moiety of the nucleotide to the protein. Hydrogen bridges
were observed between the phosphate and the T-loop residues
involving the side-chain hydroxyl group of Ser70β and the
backbone nitrogens of Lys69 and Ser70β, respectively (SI
Appendix, Fig. S3E). A magnesium ion was complexed by both
alpha- and beta-phosphates in the structures ckcACD1-D and
ckcACD1-G. In the case of the ckcACD1 structure with a
closed ATP-grasp conformation (ckcACD1-B), a calcium ion
is complexed by oxygen atoms of both alpha-phosphate and
beta-phosphate, as well as the side-chain carboxyl group of

Fig. 3. Phosphate binding site of ckcACD1. Environment of bound in-
organic phosphate (A) and of the phosphohistidine residue His254α-P (B)
within site I of the alpha subunit. The two so-called power helices (ckcACD1
162α–173α/308α′–319α′) and helix α8 of the phosphohistidine segment are
displayed in ribbon representation, and the phosphate group and His254α,
as well as interacting residues, are represented as sticks. Carbon atoms of
His254α and the CoA are colored in green, and other carbon atoms of the
surrounding protein are colored in red (alpha subunit, subdomain 2) and
blue (alpha subunit of the symmetry-related protomer, subdomain 5), re-
spectively. Magnesium ions are shown as cyan spheres. (Insets) Electron
density distribution around the phosphate group with a contouring level of
1σ (electron density distribution is shown as blue mesh; carbon atoms of
protein are shown in green, carbon atoms of CoA in white, nitrogen atoms
in blue, oxygen atoms in red, sulfur atoms in yellow, and phosphor atoms in
orange).
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Asp224β. All mentioned residues belong to the key fingerprint
motif of ATP-grasp enzymes (32). The beta-phosphate addition-
ally interacts with the guanidinyl group of Arg226β. How-
ever, this interaction is not observed for all beta subunits,
which suggests that the side chain of Arg226β is flexible.
Due to the strong interactions of the T-loop with the phosphate

groups of ADP, the opening and closing of the lid domain causes a
stretching of the bound nucleotide (SI Appendix, Fig. S3D).
Therefore, the movement of the lid domain appears to be involved
in moving in and pulling out of the nucleotide substrate from the
ATP-grasp domain. During this process, the magnesium ion re-
mains complexed to the phosphate groups and is withdrawn from
an interaction with the side-chain carboxyl group of Asp224β.
We also obtained one crystal structure with the non-

hydrolyzable ATP analog AMPPCP (ckcACD1-C). In contrast
to ADP, the Ade and sugar moiety of AMPPCP were shifted by
1–2 Å out of the nucleotide binding pocket. The beta-phosphate
is rotated toward the surrounding solvent, with a concomitant
change of the dihedral angle C5′-O5′-PA-O3A of ∼130° (SI
Appendix, Fig. S3 C and E). Interestingly, the angle between the
three phosphor atoms constitutes nearly 90°. A magnesium ion is
complexed by oxygen atoms of all three phosphate groups, as
well as the carboxyl group of Asp224β. There is also an interaction
of the gamma-phosphate with the guanidinyl group of Arg226β. At
the corresponding sequence position, other members of the ACD
family feature either Arg or Lys residues. In the case of GTP
bound to ssSCS, the amino function of the side chain of Lys222β
interacts with the gamma-phosphate in a similar manner (16),
which might indicate a specific role for this residue.

ckcACD1 Bridges a 51-Å Gap During its Enzymatic Cycle. The beta sub-
unit harbors two binding sites, one for the nucleotide and one for
the activated phosphate group. Whereas the catalytic site within the

alpha subunit is referred to as site I (binding of CoA and inorganic
phosphate), the catalytic site within the beta subunit (binding pocket
for NDP and activated phosphate) is referred to as site II (13). The
distance between these two sites is very large. In ckcACD1, the
space between the phosphor atom of the phosphate ion (bound to
His254α) and the beta-phosphate of AMPCP (bound within the
beta subunit) constitutes around 51 Å. Therefore, the transfer of the
phosphoryl moiety between the alpha and beta subunits requires
large rearrangements. For ecSCS, a swinging loop mechanism for
the phosphohistidine-containing loop has been proposed (14).
Here, we present, for the first time to our knowledge, detailed
structural data of the “phosphohistidine segment” pointing toward
the nucleotide-binding site of the beta subunit (crystal structure
ckcACD1-C) (Fig. 4). This segment consists of the amino acids
Gly242α to Val262α of the alpha subunit, and also contains the His
residue His254α, which is phosphorylated during the enzymatic
cycle (SI Appendix, Fig. S1). These residues undergo a major rear-
rangement in space, as well as in secondary structure, during
movement from site I to site II (Fig. 4). Hence, we henceforth use
the term phosphohistidine segment instead of the usual expres-
sion, swinging loop. This segment in its site I orientation is com-
posed of an α-helix from residue Glu245α to Thr255α (helix α8),
directing His254α toward the CoA binding site (Fig. 3). The amino
acid residues Gly256α to Gly260α act as a flexible loop connecting
the helix α8 with the subsequent helix α9. By passaging the
(phosphorylated) His254α to the beta subunit of ckcACD1, the
phosphohistidine segment loses most of its helical structure.
Accompanying the partial unwinding of helix α8, the residues
Thr244α to Thr255α are positioned in a nearly straight array
bridging a distance of more than 10 Å. The upstream residues are
assembled into a new short helix α8* (the asterisk indicates the
rearrangement of helix α8) formed by the amino acids His254α–
Ile258α. After the rearrangement of this segment, the τ-nitrogen of

Fig. 4. Rearrangement of the His254α-P containing segment upon phosphorylation. (A) Composition representation of two ckcACD1 structures to visualize
the movement (blue arrow) of the phosphohistidine segment from site I to site II. Superimposed are the crystal structures ckcACD1-H (gray ribbons) and
ckcACD1-C (orange ribbons). The phosphohistidine segment is colored in green if oriented toward site I (structure ckcACD1-H) and in red if oriented toward
site II (ckcACD1-C). (B) Distances between site I and site II to highlight the gap that the activated phosphoryl moiety has to travel when attached to His254α of
the phosphohistidine segment. Carbon atoms of CoA and AMPCP are colored in white, nitrogen atoms in blue, oxygen atoms in red, phosphor atoms in orange,
and sulfur atoms in yellow. (C) Schematic representation of the reorientation of the phosphohistidine segment. After phosphorylation of His254α the phosphoryl
moiety is transferred to the nucleotide binding site located in the beta subunit. For this step, reorientation and reorganization of the phosphohistine segment are
needed (i) for transferring the phosphoryl moiety to His68β-forming phospho-His68β (ii), which, in turn, phosphorylates bound ADP/GDP (iii).
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His254α travels around 37 Å between sites I and II (Fig. 4B). In-
teraction of the phosphohistidine segment with the beta domain
also causes substantial changes in nearby residues. The formation
of a hydrophobic pocket comprising residues Ile258α, Ala259α,
Ile121β, Met135β, Val143β, Val149β, and Phe151β results in
partial unwinding and reorientation of helix α5 (residues Gly140β–
Phe146β), which, in turn, alters the arrangement of the hydrophobic
interface between both beta domains (SI Appendix, Fig. S4A). As a
further consequence, the residues between α6 and α7 are shifted in
their position. The largest movement observed is 5.9 Å (maximal for
Gly179α′) (SI Appendix, Fig. S4B).

Discussion
Substrate Specificity. The ecSCS has a high specificity for succinyl-
CoA (22) but converts small aliphatic CoA esters (22) like
ckcACD1 and other ACDs (2, 3, 5–7, 20, 21, 24, 37–39) as well.
Interestingly, members of the ACD family are also able to
transform aromatic CoA thioesters (3, 24, 39), although catalytic
activity toward succinyl-CoA has only been described a few times
(3, 25, 40). The high specificity of SCS enzymes for succinyl-CoA
does make a lot of sense because this enzyme family is a central
and, as such, an optimized element within the TCA cycle. In
contrast, ckcACD1 and other members of this family are not
integrated into a well-tuned metabolic pathway but, instead, have
to conserve energy [e.g., during glycolysis or the catabolic deg-
radation of amino acids (3, 7, 20, 24)]. In this respect, a broader
substrate spectrum of ACDs appears plausible.

ckcACD1 and ecSCS Display Very Similar Features for the Catalytic
Active Site I. In the crystal structure of ckcACD1-E, Ac-CoA
was bound to the enzyme. However, the resolution of this crystal
was not good enough to allow the differentiation between its
methyl and carbonyl moieties unambiguously. Therefore, we
compared the binding pocket for the Ac moiety within ckcADC1
with the putative succinyl binding pocket of ecSCS to understand
how the aliphatic moiety of the acid component within acyl-CoA
should be positioned in ACDs. In both, ckcACD1 and SCS, the
available space is large enough to harbor even bulkier substrates.
The capacious volume is somewhat surprising, given the limited
spectrum of transformed substances. In the case of ckcACD1,
there is a small hydrophobic pocket next to the sulfhydryl group
of CoA, which can be used to explain the substrate specificity of
ckcACD1 (Fig. 2B). The size of this pocket is restricted by the
side chains of the amino acids Ala162α, Ile165α, Phe144α,
Met355α′, Thr384α′, and Ala385α′. Due to this limited size, this
pocket permits only short-chained acyl-CoA thioesters to fit. The
same region in ecSCS features a larger pocket surrounded by
polar amino acids, which could accept the carboxy group of
succinate of succinyl-CoA (SI Appendix, Fig. S5). The enzyme
ACLY converts Ac-CoA (23). A comparable mode of interaction
of the Ac group of Ac-CoA interacting with ACLY or ckcACD1,
respectively, might be assumed. Hence, we superimposed
ckcACD1 onto the crystal structure of human ACLY with bound
citrate (17). The resulting distance between the carbonyl carbon
of Ac-CoA of ckcACD1 and the carbon C1 of citrate in ACLY is
∼2.8 Å. Thus, we expect the binding site for the aliphatic moiety
of acyl-CoA for ACDs in a similar location as observed in
ACLY. Based on this comparison, the orientation of the Ac
group of Ac-CoA is as shown in Fig. 2A. The thioate function of
succinyl-CoA bound to ecSCS might, by analogy with ckcACD1,
be situated coplanar to the peptide bond between the corre-
sponding amino acids Cys123α and Pro124α. Interestingly, these
residues were significantly distorted in the crystal structure of an
ecSCS mutant with absent activity (13). The Cys residue itself,
however, was shown not to be part of the catalytic mechanism
(41). Furthermore, in the same study, it was shown that varia-
tions of the size of the side chain at the position of Cys123α
deteriorate the enzyme activity. It appears that slight differences

in the orientation of the Cys-Pro peptide bond may result in
misalignment of the thioester moiety, and therefore a decrease in
the enzymatic function.

Site I, Acyl-CoA Binding Site. The CoA binding site I is situated at a
highly conserved interface formed by residues of subdomains 1,
2, and 5. These subdomains are packed in a similar way in SCS,
ACLY, and ckcACD1. A sequence alignment of several ACD
proteins revealed that the second ligase-CoA domain (sub-
domain 5) has only moderate conservation in its primary struc-
ture (8), which is in strong contrast to the situation observed for
SCS enzymes. Most interestingly, the sequence alignment
revealed that ckcACD1 and pfACD1 not only share a similar
substrate spectrum but also feature identical amino acids lining
the potential substrate pocket (50% overall sequence identity).
Those residues were dissimilar in other P. furiosus isoenzymes
(35–42% overall sequence identity) with a different substrate
spectrum (SI Appendix, Fig. S6). Hence, we propose that alter-
ations of this cleft are responsible for different substrate
specificity.

Site II, Purine Nucleotide Specificity. ACD and SCS enzymes are
able to bind and convert all purine nucleotides at site II, but
some enzymes exhibit specificity for either the Ado or Guo nu-
cleotide (2, 21, 24, 38, 40). Kinetic characterization of ckcACD1
revealed that both nucleotides are accepted as substrates (SI
Appendix, Fig. S7 A and B). In this work, we crystallized the
ckcACD1 complex solely with the Ado nucleotide ADP and
its nonhydrolyzable analog AMPCP, as well as with the non-
hydrolyzable ATP analog AMPPCP. The purine moiety is situated
in a hydrophobic environment maintaining hydrogen bonds
to the backbone nitrogen of Ala114β, the backbone oxygen of
Glu112β, the side-chain carbonyl group of Gln111β, and the side-
chain amino moiety of Lys60β. To gain insight into the potential
binding mode of Gua nucleotides, we superimposed ckcACD1
with the ATP-grasp domain containing enzyme CK2 from Zea
mays, which is known to metabolize Ade and Gua nucleotides
(42–44). We found that (i) the Ade moiety of ATP bound to
CK2 [Protein Data Bank (PDB) ID code 1DAW] is oriented
comparable to ckcACD1 and (ii) the Gua moiety of GTP bound
to CK2 (PDB ID code 1DAY) is shifted in its position and
compares quite well with the binding mode found in the struc-
ture of GTP-specific ssSCS (16). Hence, we expect a comparable
binding mode for Guo nucleotides in ckcACD1.

Consequences of Different Domain Arrangements. The signature
motifs for the superfamily of ACDs (NDP-forming) have been
extensively studied by comparison of the sequences of bacterial,
archaeal, and eukaryotic members (8). The same study highlights
the different domain arrangements and connectivities observed
in the various kingdoms of life. Based on the structure of the
ecSCS and sequence comparison with related enzymes, it can be
derived that a functional ACD is composed of five subdomains
(subdomains 1–5), with ecSCS displaying the arrangement [alpha(1-2)/
beta(3-4-5)]. In the context of domain shuffling, it has to be
considered that the respective subdomains 3 and 4 should not be
regarded as individual domains. The sequence region for these
two subdomains is best described as an ATP-grasp domain, de-
fining the binding site for the NDP and the binding site for the
phosphate-carrying substrate (site II). In case of ACLY, the sub-
domain composition within a single protein chain is 3-4-5-1-2-CS
with an additional domain (CS) fused to its carboxyl terminus.
Due to the domain shuffling, the overall arrangement of the
subdomains is significantly different between ecSCS and ckcACD1
(Fig. 1 and SI Appendix, Fig. S1). The existence of ACD as a α2β2-
heterotetramer is a direct consequence of its specific domain ar-
rangement [alpha(1-2-5)/beta(3-4)]. In contrast, SCS enzymes
with the domain arrangement alpha(1-2)/beta(3-4-5) have
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representatives with an α2β2-heterotetrameric structure, as well
as with αβ-heterodimeric structures, as observed for the SCS
from E. coli (19), T. aquaticus (15), pig (16), and human (45). For
ecSCS, two very important α-helices have been highlighted and
termed power helices because they stabilize the phosphoryl moiety
within the catalytic site I by their helix dipole moment (19).
Whereas in ecSCS, the two power helices of one active site I are
contributed from one alpha subunit and one beta subunit, in
ckcACD1, the two power helices for each active site I are posi-
tioned on two different alpha subunits. To form a functional unit
in ckcACD1, two alpha subunits have to come together, thus
generating a heterotetramer, whereas a heterodimer is already the
minimal composition for an active SCS (SI Appendix, Fig. S8).
As a further consequence of the domain arrangement, the

distance between the phosphorylated His residue His254α and
ADP as the final acceptor of the phosphoryl moiety bound to the
beta subunit is significantly increased from around 35 Å (ecSCS)
(SI Appendix, Fig. S9) to around 51 Å as observed in the pre-
sented complexes of ckcACD1 (Fig. 4). In one of our structures
(ckcACD1-C), we observed an orientation of the phosphohistidine
segment with the nonphosphorylated His254α pointing toward
site II. This movement of the His254α necessitates a partial
unwinding of helix α8 (site I), reorientation of the extended loop,
and rewinding to helix α8* (site II) (Fig. 4 B and C). In this new
orientation, His254α is in close proximity to the beta-phosphate
group of ADP (∼9 Å) and His68β (∼7 Å), the second, highly
conserved His residue in the ACD subfamily. The distance of
His254α to ADP appears to be too large for a direct transfer of
the activated phosphate but requires an intermediate mediator.
Because His68β was indeed observed to be functionally relevant
in an in vitro experiment with an only marginally active
ckcACD1 variant (SI Appendix, Fig. S7C), we postulate that
His68β is an essential part of the overall reaction. In accordance
to ckcACD1, exchange of the corresponding residue of pfACD1
results in inactivation of the enzyme (20). Thus, we propose an
additional, fourth reaction step for the overall reaction with
phosphorylated His68β as an intermediate.

Postulated Reaction Steps. Based on our various crystal structures
and supplemental biochemical studies, we are able to explain the
necessity of the additional fourth reaction step as suggested by
Bräsen et al. (20) in comparison to the three-step reaction mech-
anism as formulated for SCS enzymes (12, 13, 19, 46). The first part
of the overall reaction starts at active site I with the binding of
Ac-CoA (structure ckcACD1-E) (Fig. 2A) and inorganic phos-
phate (structure ckcACD1-G and ckcACD1-I) (Fig. 3A). In the
first reaction step, the cleavage of Ac-CoA into Ac-phosphate
and CoA is coupled to the phosphorylation of His254α (structures
ckcACD1-E and ckcACD1-H) (Fig. 3B) in the second step.
These first two reaction steps are similar to those steps in
pfACD-I and ecSCS (20). The activated phosphoryl moiety is
transferred onto the NDP bound at the active site II. To facili-
tate this transfer, Bailey et al. (47) and Joyce et al. (14) postu-
lated that the loop containing the phosphorylated His swings

Fig. 5. Rearrangement of the phosphohistidine segment and proposed in-
volvement of His68β for phosphorylation of ADP. (A) Representation of the
region around the phosphate-carrying His residue His254α pointing toward
site II within the beta subunit (ATP-grasp domain) after delivery of the
phosphate moiety (crystal structure ckcACD1-C). Residues involved in re-
action steps ii and iii in Fig. 4C are labeled. Side-chain atoms are shown as
carbon in magenta (alpha subunit), carbon in yellow (beta subunit), carbon
in light blue (beta′ subunit), nitrogen in blue, and oxygen in red. Carbon
atoms in AMPPCP are shown in white, nitrogen in blue, oxygen in red, and

phosphor in orange. (B) Scheme for the transfer of the phosphoryl moiety
from His254α to ADP via His68β within site II. Phosphorylated His254α is
positioned in an ideal orientation for transfer of the phosphoryl moiety to
His68β (reaction step ii in Fig. 4C). The negative charge from the phosphoryl
moiety is neutralized by interaction with the guanidinyl group of Arg226β
and Arg178β′. This makes phospho-His254α more susceptible to nucleophilic
attack by His68β. Only the nitrogen atom Ne is in the correct position for an
in-line attack on the phosphor atom. Phosphorylation of His68β must result
in a displacement of the beta-phosphate group of ADP to bring one of its
oxygen atoms into the optimal position for nucleophilic attack (reaction step
iii in Fig. 4C). This reorientation needs rotation of the bond O5′-PA of ADP,
as well as rotation of phospho-His68β toward the nucleotide.
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from site I to site II (SI Appendix, Fig. S9). With the structure of
ckcACD1-C, we could prove this postulated rearrangement for
the first time to our knowledge (Fig. 4). However, in contrast to
the three partial reactions proposed for SCS, the ACD enzymes

do not directly transfer the phosphoryl moiety from the phos-
phorylated His of the rearranged loop onto the NDP bound within
the ATP-grasp domain [structures ckcACD1-B, ckcACD1-C,
ckcACD1-D, ckcACD1-G, and ckcACD1-H (20); SI Appendix,
Fig. S3]. After the rearrangement of the phosphohistidine-
containing segment (step i in Fig. 4C), the ACD enzymes transfer
in an additional step the phosphoryl moiety from phospho-His254α
onto His68β to form phospho-His68β (step ii in Fig. 4C). In the
fourth reaction step, the phosphoryl moiety is used to phosphory-
late ADP or GDP (step iii in Figs. 4C and 5). The crucial role of
His68β is underlined by the observation that mutation of
His68β causes loss of activity (SI Appendix, Fig. S7C).
We could not trap the phosphorylated His68β in a structure of

ckcACD1. Based on the spatial proximity of His254α positioned
toward site II and His68β (structure ckcACD1-C) (Fig. 5), we
propose a nucleophilic attack by nitrogen Ne (τ-position) of the
imidazole group of the His68β via an in-line mechanism. Due to
steric reasons, the reaction would not be possible for the Nδ atom
(π-position). His68β is situated in the T-loop of the ATP-grasp
domain. For the final reaction step, the transfer of the phos-
phoryl moiety from phospho-His68β onto the NDP, a relocation
of the diphosphate chain of the nucleotide will be necessary. In
the crystal structure of ckcACD1-C with bound AMPPCP at site
II, we observed such a conformation for the arrangement of the
alpha-phosphate and beta-phosphate moieties of AMPPCP (SI
Appendix, Fig. S3). In ecSCS, Glu197β is thought to mediate the
optimal protonation state for His246α to facilitate direct phos-
phorylation of ADP (12, 14). In ckcACD1, the structurally equiv-
alent residue Asp209β interacts with the main chain nitrogens of
His254α and Thr255α and the hydroxyl group of the side chain of
Thr255α (Fig. 5 and SI Appendix, Fig. S8C). Thus, it stabilizes
completely the phosphohistidine segment in its optimal position
for phosphoryl transfer onto the second His, His68β. In addition,
from mutational studies of pfACD1, it is known that beside its
charge, the length of this Asp residue (Asp212β in P. furiosus) is
essential for enzymatic activity (20). On the contrary, the length of
the side chain of the corresponding residue in ecSCS, Glu197β, only
marginally influences the properties of the enzyme (13). Therefore,
the role of ecSCS-Glu197β is different compared with the corre-
sponding residue Asp209β in ckcACD1. In the crystal structure of
ckcACD1-C, the side chain of the Glu residue Glu144β was found
in a hydrogen bridge with Nδ of His His254α (SI Appendix, Fig.
S4C). Interestingly, sequences of other ACDs feature a Glu residue
corresponding to Glu144β in ckcACD1 (8). We believe that this
residue maintains the ideal protonation state of phospho-His254α
during the phosphoryl transfer to His68β in ckcACD1 and likely in
other ACDs. The proposed mechanism for the unique fourth
partial reaction is depicted in Fig. 5C.

ckcACD1 Domain Assembly Seems to be Prototypic for ACDs. Align-
ment of the ckcACD1 with sequences of several members of the
ACD family showed a high degree of conservation for the CoA
binding subdomains (subdomains 1 and 2) and the ATP-grasp
domain (subdomains 3 and 4). Larger variations are only seen for
the ligase-CoA subdomain 5 (8, 20), which is observed for members
of the class of two-component [composition alpha(1-2-5)/beta(3-4)],
as well as for fusion-type ACDs (composition 1-2-5-3-4 or 3-4-1-2-
5). To assess whether the complex structure of ckcACD1 might be
archetypical for the family of ACDs, we compared the conservation
of residues participating in the formation of interdomain interfaces
(i.e., contacts between α-α′, α-β, and β-β′, respectively) with residues
not involved in multimerization using the program ConSurf (48).
The results are depicted in Fig. 6. Most of the amino acids within
the interfaces are conserved, which might be a hint for common
epitopes between the alpha-alpha interface (Fig. 6A, Upper) and the
interface between alpha and beta subunits (Fig. 6A, Lower), as well
as the heterotypic interaction to the alpha subunit or the homotypic
interaction to the second beta subunit (Fig. 6 B and C). Based on

Fig. 6. Conservation pattern for surface residues of the alpha and beta
subunits of ckcACD1. Sequence alignment and calculation of the level of
conservation were performed with the program ConSurf (48). Residues at
the protein surface are colored according to their level of conservation (blue
and light blue, less conserved; white, residues of average conservation; violet
and lilac, highly conserved; yellow, insufficient data). Framed black are re-
gions that are involved in interface formation (type of interface is indicated
below the corresponding picture). (A) Interface between the two alpha
subunits (derived from the crystal structure of ckcACD1-G). (Upper) Side view
of the interface between both alpha subunits. Ellipses in yellow are used to
depict both parts of site I (N-terminal part, broken line; C-terminal part,
dashed line). (Lower) View was rotated by 90° as indicated to show the
amino acids forming the interface to the beta domain. (B and C) Interface
formed by the two beta subunits. (B) Interface of the beta subunit as ob-
served in the crystal structure ckcACD1-B, with the phosphohistidine seg-
ment oriented toward active site I. (C) Interface of the beta subunit as
observed in the crystal structure ckcACD1-C, with the phosphohistidine
segment oriented toward active site II. (B and C, Left) Interface contact area
between the two symmetry-related beta subunits. (B and C, Right) Interface
contact area between one beta subunit and its corresponding alpha subunit.
(Left and Right) Views are in slightly different orientation.
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these results, we propose that the ckcACD1 complex represents the
prototypic assembly of at least all heterotetrameric ACDs with an
α2β2 composition.

Conclusions
We have presented the first, to our knowledge, crystal structures of
a functional nucleoside diphosphate-dependent Ac-CoA synthetase.
The protein displays a so far unknown 3D arrangement of the five
subdomains, which are characteristic for the underlying enzyme
superfamily. The different structures represent sequential snapshots
along the four-step reaction path, which starts with Ac-CoA, in-
volves two phosphorylated His residues, and ends with a nucleoside-
triphosphate. We could describe in detail the binding pockets for
the Ac moiety of Ac-CoA, phosphate, and the first phosphorylated
His residue. We describe the binding mode for the nucleoside di-
phosphate, as well as for the final product, nucleoside triphosphate.
These structures provide insight into the determinants of the broad-
substrate spectrum observed for ckcACD1. Most interestingly, we
could present structural proof for the swinging of a protein segment
containing the first phosphorylated His in close proximity to the
second phosphorylated His. Our structures provide evidence for the
necessity of the second His as a phosphoryl intermediate. Fur-
thermore, we propose that the observed structure is archetypical for
this group of heterotetrameric ACD enzymes with alpha(1-2-5)/
beta(3-4) composition. Our study explains on the structural level the
various differences described for ACD in comparison to SCS, the
best-studied member of this enzyme superfamily. Overall, this study
provides global information for enzymes composed of multiple
subdomains and allows us to understand the transmission of acti-
vated substrates (e.g., transfer of phosphoryl group) between two
distantly separated active sites within the same enzyme.

Materials and Methods
Protein Expression, Purification, and Crystallization. Ca. K. cryptofilum ACD1
was expressed in E. coli and purified to homogeneity using heat precipitation
and gel filtration. Detailed descriptions are provided in SI Appendix. Crystals of
full-length ckcACD1 were grown from solutions containing 100 mM Tris·HCl
(pH 8.3–8.7) and 14–18% (wt/vol) PEG 6000 at 278 K or 18–22% (wt/vol) PEG
6000 at 291 K, respectively. Supplementation of the solutions with 10–30 mM
MgCl2 or CaCl2 resulted in better crystal growth. Crystals of ckcACD1 were
indexed as orthorhombic space group P212121, with the approximate cell
constants for each crystal in the range of a = 100–106 Å, b = 111–114 Å, and

c = 125–127 Å and diffracted the X-ray beam up to a resolution of 2 Å (details
are provided in Table 1 and SI Appendix, Table S1).

Structure Determination.With a calculated Matthews coefficient of 2.4 Å3/Da
(49) two alpha/beta subunits per asymmetrical unit were expected. The
phase problem was solved using the molecular replacement method with
models prepared from PDB ID codes 2CSU (alpha subunit) and 1WR2 (beta
subunit). Positioning of two entities of the alpha subunit model yielded a
clear dimeric arrangement, which was in accordance with a calculated self-
rotation function indicating a twofold noncrystallographic symmetry axis.
Assuming a heterotetrameric α2β2 complex, two molecular replacement so-
lutions were also anticipated for the beta subunit. However, the molecular
replacement search provided only one clear solution for the expected two
molecules of the beta subunit with a reliable signal-to-noise ratio. At this
stage, no reliable molecular replacement solutions could be obtained.
Hence, the transformation matrix between both alpha subunits was calcu-
lated and applied on the first beta subunit to generate the symmetry-related
second instance. The complete model was subjected to several rebuild cycles.
Missing parts of the model became well visible in the electron density.
Moreover, CoA, a component of the crystallization droplet, could clearly be
identified in the difference electron density map. In subsequent steps, we
prepared several crystals of ckcACD1 in complex with various cofactors. Data
collection and refinement statistics for these crystals are summarized in
Table 1 and SI Appendix, Table S1.

Detailed descriptions for site-directed mutagenesis, kinetic characteriza-
tion, and additional structural interpretations can be found in SI Appendix.
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Table 1. Data collection and refinement statistics

ckcACD1-# A B C D E F G H I

PDB entry 4XYL 4XYM 4XZ3 4Y8V 4YAK 4YAJ 4YB8 4YBZ 5HBR
Resolution

range (Å)
83.46–1.95
(1.98–1.95)

127.04–1.90
(1.93–1.90)

48.84–2.40
(2.47–2.40)

49.21–2.10
(2.14–2.10)

83.57–2.46
(2.53–2.46)

125.81–2.20
(2.25–2.2)

110.61–1.90
(1.93–1.90)

83.03–2.1
(2.14–2.1)

126.03–1.99
(2.03–1.99)

Space group P212121 P212121 P212121 P212121 P212121 P212121 P212121 P212121 P212121
Unit cell a, b, c

(Å)
102.5, 112.2,

124.9
99.6, 114.4,

127.0
100.2, 111.9,

127.6
106.5, 111.0,

126.7
106.4, 111.7,

126.0
105.8, 111.2,

125.8
106.1, 110.6,

125.7
105.3, 109.9,

126.8
106.1, 110.7,

126.0
Total

reflections
684,725 706,193 711,978 548,838 591,856 570,073 1,515,778 573,438 672,786

Multiplicity 6.5 (6.6) 6.3 (2.7) 12.5 (12.5) 6.4 (4.4) 10.9 (6.8) 7.7 (3.1) 13.0 (9.8) 6.7 (6.9) 6.6 (5.9)
Completeness

(%)
99.8 (99.7) 97.8 (58.1) 99.9 (98.8) 97.6 (77.9) 98.1 (77.3) 97.3 (57.0) 100.0 (99.5) 99.5 (99.1) 99.6 (93.1)

Mean I/σ(I) 6.7 (0.6) 8.1 (0.3) 9.9 (0.8) 10.1 (1.1) 9.7 (0.6) 6.4 (0.4) 9.4 (0.5) 7.5 (0.8) 8.4 (0.5)
CC(1/2) 0.992 (0.169) 0.996 (0.103) 0.995 (0.229) 0.995 (0.422) 0.996 (0.231) 0.990 (0.105) 0.998 (0.159) 0.993 (0.312) 0.998 (0.124)
Wilson B-factor

(53) (Å2)
25.5 24.9 40.2 20.4 45.3 30.8 37.1 26.2 37.2

R-work (%) 20.64 19.53 19.65 18.44 19.36 21.45 18.16 21.58 17.84
R-free (%) 24.64 23.71 24.44 22.55 23.82 24.13 22.05 25.34 22.22

Parameters for the outermost shell are shown in parentheses. CC(1/2), percentage of correlation between intensities from random half datasets. Corre-
lation significant at the 0.1 % level (54); mean intensity over sigma, I/σ(I); R-work, R = 100 × Σhkl │ jFobsj − jFcalcj │ /Σ hkl jFobsj, where Fobs and Fcalc are the
observed and calculated structure-factor amplitudes, respectively; R-free is equivalent to R-work but is calculated from reflections (5%) that were omitted
from the refinement process (55, 56).
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