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Structure of ATP citrate lyase and the origin of 
citrate synthase in the Krebs cycle
Koen H. G. Verschueren1,2, Clement Blanchet3, Jan Felix4, Ann Dansercoer1,2, Dirk De Vos5, Yehudi Bloch1,2, Jozef Van Beeumen6, 
Dmitri Svergun3, Irina Gutsche4, Savvas N. Savvides1,2 & Kenneth Verstraete1,2*

Across different kingdoms of life, ATP citrate lyase (ACLY, also 
known as ACL) catalyses the ATP-dependent and coenzyme A 
(CoA)-dependent conversion of citrate, a metabolic product of 
the Krebs cycle, to oxaloacetate and the high-energy biosynthetic 
precursor acetyl-CoA1. The latter fuels pivotal biochemical reactions 
such as the synthesis of fatty acids, cholesterol and acetylcholine2, 
and the acetylation of histones and proteins3,4. In autotrophic 
prokaryotes, ACLY is a hallmark enzyme of the reverse Krebs cycle 
(also known as the reductive tricarboxylic acid cycle), which fixates 
two molecules of carbon dioxide in acetyl-CoA5,6. In humans, ACLY 
links carbohydrate and lipid metabolism and is strongly expressed 
in liver and adipose tissue1 and in cholinergic neurons2,7. The 
structural basis of the function of ACLY remains unknown. Here 
we report high-resolution crystal structures of bacterial, archaeal 
and human ACLY, and use distinct substrate-bound states to link the 
conformational plasticity of ACLY to its multistep catalytic itinerary. 
Such detailed insights will provide the framework for targeting 
human ACLY in cancer8–11 and hyperlipidaemia12,13. Our structural 
studies also unmask a fundamental evolutionary relationship that 
links citrate synthase, the first enzyme of the oxidative Krebs cycle, 
to an ancestral tetrameric citryl-CoA lyase module that operates in 
the reverse Krebs cycle. This molecular transition marked a key step 
in the evolution of metabolism on Earth.

Human ACLY (hACLY) is a 1,101-residue polypeptide forming a 
functional 0.5-MDa tetramer and featuring an N-terminal citryl-CoA 
synthetase (CCS) module, consisting of CCSβ and CCSα regions, and 
a C-terminal citryl-CoA lyase (CCL) domain14,15 (Fig. 1a). To deter-
mine the structural basis for the multistep ACLY reaction mecha-
nism16 (Extended Data Fig. 1a), we initially performed negative-stain 
electron microscopy analysis on crystallization-recalcitrant hACLY. 
These studies revealed that hACLY displays flexible arms around a 
compact core but also suggested substantial conformational heteroge-
neity under such experimental conditions (Extended Data Figs. 1b, 9).  
To facilitate structural studies by X-ray crystallography, we produced 
a variant of hACLY, termed hACLY-A/B, that lacked the linker region 
that connects the ancestral ACLY-A and ACLY-B parts (residues 
426–486) and which contains the regulatory phosphorylation sites17,18 
(Fig. 1a, Extended Data Fig. 1c, d). Notably, hACLY-A/B displayed a 
twofold higher activity in vitro than full-length hACLY (Extended 
Data Fig. 1e). This indicates that the long linker region between CSSβ 
and CSSα might have an auto-inhibitory role, at least in the unphos-
phorylated state. Subsequent crystal structures to 3.3 Å resolution in 
space groups P1 and C2 for hACLY-A/B in complex with ADP, citrate 
and CoA show that the CCL domains of four hACLY chains form an 
intertwined, D2-symmetric 120-kDa CCL module that serves as the 
oligomerization platform of the ACLY enzyme (Fig. 1b, Extended Data 
Fig. 1f, g, Extended Data Table 1). Four CCSα/β modules are con-
nected to this CCL module via a long linker that tethers CCSα to a 
two-helix stalk protruding from the CCL module (Fig. 1a, b, Extended 

Data Fig. 1g). The CCL module contains four citrate synthase (CS)-
like CoA-binding domains19. Each of them grasps the adenosine head 
of CoA with the 3′ phosphoryl group of CoA accommodated at the 
interface between the CoA-binding domains and a juxtaposed CCSα/β 
module. The phosphopantothenic arms of these CoA molecules bind 
across the nucleotide-binding motif of the juxtaposed CCSα-region 
and protrude into the CCS active site (Extended Data Fig. 2a, b). At this 
site, the thiol group of CoA reacts with ATP-derived citryl-phosphate 
to form citryl-CoA18,20. The observed arrangement of hACLY-A/B is 
further stabilized by few contacts between the CCS module and the 
CoA-binding domains, and by a β-hairpin motif in CCSα that contacts 
the CCL stalk region (Fig. 1b). Superposition of the different hACLY-
A/B crystal structures reveals a range of CCS module conformations 
with respect to the tetrameric CCL core platform, providing evidence 
for the extensive structural plasticity of ACLY tetramers around the 
CCL stalk region (Extended Data Fig. 1h).

We also pursued crystallographic studies of the isolated CCL module 
of hACLY at high resolution in complex with citrate and CoA, and 
showed that the CCL protomers can adopt a closed state, in which 
the CoA-binding domains undergo an approximately 10° rotation 
compared to the open state observed in the hACLY-A/B crystal 
structures (Fig. 1c, Extended Data Fig. 3a–c, Extended Data Table 1, 
Supplementary Video 1). In the isolated CCL module, CoA molecules 
adopt a compact conformation in which the phosphopantheine tail 
folds back across its adenosine head to reach the CCL citrate-binding 
site at the junction between the CoA-binding domains and the helical 
bundle core of the CCL module (Extended Data Fig. 3d). The rotation 
of the CoA-binding domain is necessary to form and shield the CCL 
active site, as this domain contributes the residues His975, Arg986 and 
catalytic Asp1026 that bind citrate (Extended Data Fig. 3d, e). These 
structural analyses establish that after the ATP-driven formation of 
citryl-CoA at the CCS module, the citryl-thioester head shuttles back 
by around 35 Å to the citrate-binding site of the CCL module with con-
comitant closure of the CCL active site to allow cleavage of citryl-CoA 
(Fig. 1d, Extended Data Fig. 3f, Supplementary Video 2).

Given the diversity of homomeric and heteromeric ACLY assemblies 
across different kingdoms of life15, we sought to determine representa-
tive crystal structures for heteromeric ACLY-A/B. Structures of ACLY-
A/B from the methanogenic archaeon Methanosaeta concilii21 and the 
green sulfur bacteria Chlorobium limicola6 reveal that prokaryotic 
ACLY-A/B enzymes are highly similar to human ACLY-A/B and also 
feature CCSα β-hairpins that interact with two-helix stalks extending 
from the CCL module (Fig. 2, Extended Data Figs. 2c, d, 4, 5, Extended 
Data Table 1). Moreover, similar to its counterpart in hACLY, the CCL 
module of C. limicola ACLY can also adopt open and closed states 
(Extended Data Fig. 3g–j, Extended Data Table 1).

In the ancestral variant of the reverse Krebs cycle found in members 
of the deep branching bacterial phylum Aquificae, the citrate-cleavage  
reaction is catalysed by the tandem action of two distinct enzymes 
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related to ACLY: α/β-heteromeric CCS and CCL14,22 (Fig. 2). The 
structure of CCL from Hydrogenobacter thermophilus14 shows that 
stand-alone CCL adopts an intertwined tetrameric structure super-
imposing with the CCL module of hACLY (Extended Data Fig. 1i, 
Extended Data Table 1). CCSα/β from H. thermophilus23 is structur-
ally similar to the CCS module of hACLY (root mean square deviation 
(r.m.s.d.) of 2.3 Å for 330 aligned Cα atoms), although in H. thermo-
philus two CCS α/β modules associate to form an α2β2-heterotetramer 
as seen for Escherichia coli succinyl-CoA synthetase24 (Extended Data 
Fig. 2e, f, Extended Data Table 1). Thus, the ACLY enzyme arose from 
the fusion of a tetrameric CCL module with CCS, and by the acqui-
sition of specific structural elements such as the two-helix stalk and 
interacting β-hairpins. Corroborating our structural findings, previous 
binding studies20 have shown that hACLY displays four CoA-binding 
sites. By contrast, C. limicola ACLY can bind to eight CoA molecules: 
four in the CCL module and four in the CCS modules (Extended Data 
Fig. 2d). C. limicola ACLY may therefore represent an ancestral ACLY 
in which the CCS nucleotide-binding motif can still bind the adenosine 
moiety of CoA, whereas human and archaeal ACLY display bona fide 
hybrid CoA-binding sites.

Structural superposition of the closed human CCL module with 
hACLY-A/B showed that the 3′-phosphoryl moiety of CoA would 
clash with the CCSα β-hairpin motif (Extended Data Fig. 6a, b). 
This indicates that the CCS modules need to reorient after transfer of  
citryl-CoA. Although the structures of human and archaeal ACLY-A/B 
are equivalent, ACLY-A/B from C. limicola adopts a distinct structural 
state in which all four CCL active sites are closed, and with the CCS 
modules reoriented (Fig. 3a, b, Extended Data Figs. 4, 6c). Thus, such 

different functional states illustrate that after rotation of the CoA-
binding domains, the CCS module reorients around the CCL module 
mediated by a pivoting axis defined by the interaction between the 
CCSα β-hairpin and the CCL stalk region (Extended Data Fig. 6d–f, 
Supplementary Videos 3, 4).

To obtain further insights into the structural plasticity of ACLY, 
we conducted small-angle X-ray scattering (SAXS) experiments on 
human and C. limicola ACLY-A/B (Extended Data Table 2). Whereas 
supplementing the SAXS measuring buffer with citrate alone did not 
result in any notable change in the scattering profile recorded from apo-
ACLY-A/B, the addition of both citrate and CoA induced a transition 
towards the conformational states observed in the crystal structures 
(Fig. 3c, d, Extended Data Fig. 6g, h). This shows that ACLY enzymes 
can oscillate between distinct structural states in a ligand-dependent 
manner, albeit with differing conformational amplitudes. Subsequent 
rigid-body modelling of apo-hACLY-A/B suggests an increased struc-
tural plasticity around the two-helix stalk region in the absence of CoA 
(Extended Data Fig. 6g). Additional SAXS data recorded for full-length 
hACLY indicate a similar structure and ligand-induced rearrangements 
compared to linker-deleted hACLY-A/B (Extended Data Fig. 6i, j).

CCL—as a stand-alone enzyme or as the core module of ACLY—
is homologous to CS, the first enzyme in the oxidative Krebs cycle14. 
Prototypical CS is homodimeric and cycles between open and closed 
states during catalysis19,25. Structural comparison of CCL and CS shows 
that the helical core in tetrameric CCL superimposes well with the helical  
core in dimeric CS (Fig. 4a, b, Extended Data Fig. 7a). Molecular dis-
section of CS shows that both the N-terminal and C-terminal halves 
of the CS protomer exhibit structural and sequence homology to a 
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CCL protomer (Extended Data Fig. 7b–g). This provides strong evi-
dence that the CS protomer evolved from the fusion of two ancestral 
CCL protomers, with the overall structure of the dimeric CS assembly 
remaining conserved with respect to tetrameric CCL (Fig. 4c). The 
N-terminal half of CS corresponds to a CCL protomer in which the 
CoA-binding domain is replaced by a short loop (Extended Data 
Fig. 7d, g, h). The C-terminal CCL-homology region in CS encom-
passes the CoA-binding domain, the citrate-binding site and the 
C-terminal tail that wraps around the adjacent protomer (Extended 
Data Fig. 7e, g). This fusion event and the introduced internal structural 
repeat in CS is also apparent from the pseudo-two-fold symmetry axis 
present in CS, which corresponds to one of the three two-fold symme-
try axes in D2-symmetric CCL (Extended Data Fig. 7i, j). Importantly, 
the molecular transition of CCL to CS indicates that the reverse Krebs 
cycle, which supports autotrophy, predates the oxidative Krebs cycle 
or the recently described reverse oxidative Krebs cycle26,27 (Fig. 4d).

Comparison of high-resolution crystal structures for the sub-
strate-bound CCL module of human and C. limicola ACLY with CS 
reveals an equivalent active site configuration, indicating a similar aldol 

reaction mechanism (Fig. 4e–g, Extended Data Fig. 8a–c, Extended 
Data Table 1). In CS, the catalytic aspartate residue (Asp375 in chicken 
CS) initiates the enolization of acetyl-CoA by abstracting a Cα methyl 
proton19. We propose that during the analogous retro-aldol cleavage 
of citryl-CoA by hACLY, the corresponding Asp1026 protonates the 
acetyl-CoA enolate intermediate, while the main-chain nitrogen of 
Gly936 is poised to polarize the carbonyl oxygen of the citryl-CoA 
thioester (Extended Data Fig. 8d). Consistent with its catalytic role, 
Asp1026 of hACLY engages in a low-barrier hydrogen bond28 (dis-
tance of 2.4 Å) with the pro-S carboxylate of the bound citrate molecule 
(Fig. 4e). Further studies, such as by neutron diffraction, are needed 
to identify the base abstracting the hydroxyl proton of citryl-CoA to 
initiate retro-aldol cleavage (Extended Data Fig. 8d). Proposals for the 
acid responsible for protonating the carbonyl oxygen of oxaloacetate 
in the reverse reaction by CS have included His32019 and Arg32929, as 
well as a mechanism that does not involve a direct proton transfer30.

Human ACLY is a central component of the citrate shuttle in the 
liver that transports carbohydrate-derived acetyl-CoA from mito-
chondria to the cytoplasm for de novo lipogenesis and cholesterol 
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synthesis. The findings we report here set the stage for unravelling 
the molecular basis of allosteric regulation of hACLY activity17, and 
for targeting ACLY in cancer8 and metabolic diseases12. Moreover, 
the crucial evolutionary relationship between CCL and CS had hith-
erto remained undetected in sequence-based approaches, and is now 
poised to reshape our understanding of the evolutionary origins of the 
oxidative Krebs cycle.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-019-1095-5.
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METHODS
No statistical methods were used to predetermine sample size. The experiments 
were not randomized and the investigators were not blinded to allocation during 
experiments and outcome assessment.
Recombinant protein production and purification. cDNA encoding full-
length human ACLY (hACLY, Uniprot ID P53396-2) was prepared from poly A+ 
RNA from liver (Clontech) and cloned into the pTrcHis2 vector, in frame with 
a C-terminal Myc- and His-tag, resulting in pTrcHis2-hACLY (LMBP 11277). 
To produce a heteromeric form of human ACLY (hACLY-A/B) without the long 
linker region (residues 426–487), codon-optimized cDNA fragments encoding 
residues 1–425 (hACLY-A) and residues 488–1101 (hACLY-B) of human ACLY 
(Uniprot ID P53396-1) were cloned into the pET-Duet vector, resulting in pET-
DUET-hACLY-A/B (LMBP 11131). The hACLY-B fragment carried a C-terminal 
His-tag. Codon-optimized cDNA fragments encoding the M. concilii ACLY-A 
(NCBI ID WP_048131686.1) and ACLY-B (NCBI ID WP_048131683.1) subu-
nits, and the C. limicola ACLY-A (Uniprot ID Q9AQH6) and ACLY-B (Uniprot 
ID Q9AJC4) subunits were cloned in the pET11a vector interspersed with an  
E. coli ribosomal-binding sequence6, resulting in the bicistronic constructs pET11a-
Mco-ACLY-A/B (LMBP 11132) and pET11a-Cli-ACLY-A/B (LMBP 11125), 
with the ACLY-B subunits carrying a C-terminal His-tag. Codon-optimized 
cDNA fragments encoding the H. thermophilus CCSα (Uniprot ID Q75VW6) 
and CCSβ (Uniprot ID D3DK29) subunits were cloned in the pET-DUET vector,  
resulting in pET-Duet-Hth-CCSα/β (LMBP 11134), with the CCSβ fragment 
carrying a C-terminal His-tag. A codon-optimized cDNA fragment encoding  
H. thermophilus CCL (Uniprot ID Q75VX1) was cloned into the pET11a plasmid 
in frame with a C-terminal His-tag, resulting in pET11a-Hth-CCL (LMBP 11133). 
Codon-optimized cDNA fragments encoding the CCL core modules of human 
ACLY (Uniprot ID P53396-1, residues 836–1101) and C. limicola ACLY (Uniprot 
ID Q9AQH6, residues 351–608) were cloned into the pET15b vector, in frame 
with a thrombin-cleavable N-terminal His-tag, resulting in expression plasmids 
pET15b-hCCL (LMBP 11128) and pET15b-Cli-CCL (LMBP 11129), respectively. 
pTrcHis2-hACLY was expressed in the E. coli C43 (DE3) strain grown at 28 °C. 
All other constructs were expressed in the E. coli BL21(DE3) strain. pET11a- 
Cli-ACLY-A/B was expressed at 28 °C and other constructs at 20 °C. Cultures were 
grown in Luria–Bertani broth and expression was induced by the addition of 1 mM  
IPTG at an optical density at 600 nm of 0.6–0.7. After overnight expression, 
cultures were collected by centrifugation and bacterial cells were resuspended 
in IMAC binding buffer, consisting of 50 mM sodium phosphate, pH 7.4 and  
150 mM NaCl, supplemented with 1 mM dithiothreitol (DTT). To prevent prote-
olysis in the long linker region in full-length hACLY, cOmplete Protease Inhibitor 
Cocktail without EDTA (Roche) was added. Bacterial cells were lysed by sonication 
and insoluble material was removed by centrifugation. The resulting supernatant 
was clarified using a 0.22-μm filter and loaded onto a cOmplete His-tag (Roche) 
or Ni Sepharose column equilibrated with IMAC binding buffer. The IMAC col-
umn was washed and recombinant His-tagged proteins were eluted with binding 
buffer supplemented with increasing concentrations of imidazole. Elution fractions 
containing the His-tagged protein of interest were pooled and concentrated using 
ultracentrifugation. Proteins were further purified by size-exclusion chromatogra-
phy (SEC) using HiLoad 16/600 Superdex 200 and Superose 6 (Increase) columns. 
As a SEC running buffer, 20 mM HEPES, pH 7.4, 150 mM NaCl supplemented 
with 1 mM DTT was used; for the purification of ACLY enzymes, 20 mM citrate, 
pH 6.0, 150 mM NaCl supplemented with 1 mM DTT was used. ACLY enzymes 
were purified at 4 °C. The N-terminal His-tag of the purified CCL core modules of 
human ACLY and C. limicola ACLY was removed using thrombin, and following 
overnight incubation, the digestion mixture was injected on a SEC column. Elution 
fractions corresponding to the protein of interest were either used immediately or 
stored at −80 °C until further use.
Enzymatic activity assays. Initial reaction rates for hACLY-A/B, hACLY and 
the hACLY(His760Ala) mutant in relation to ATP concentration were measured 
using the malate dehydrogenase assay31. Assays were set up in transparent Nunc 
96-well plates using a total reaction volume of 250 μl. The reaction buffer contained 
20 mM Tris buffer, pH 8.5, 20 mM citrate, 10 mM MgCl2, 0.5 mM CoA, 4 mM 
DTT, 0.2 mM NADH, 4 U ml−1 malate dehydrogenase (Roche) and 1.0 μg ml−1 
hACLY-A/B or 1.6 μg ml−1 hACLY. The reaction was started by the addition of 
ATP. Oxidation of NADH was followed by measuring the absorbance at 340 nm 
in function of time at 37 °C using a FLUOstar Omega microplate reader (BMG 
Labtech). Protein concentrations were determined using the absorbance at 280 nm 
and theoretical extinction coefficients. For NADH, a molar extinction coefficient 
of 6,220 M−1 cm−1 was used. Kinetic data were analysed in GraphPad Prism and 
initial reaction rates were fitted to a Michaelis–Menten equation to obtain the 
parameters Km and kcat. Kinetic data for hACLY-A/B and hACLY were measured 
from four different protein batches.
Crystallization and structure determination. Purified protein samples were con-
centrated to 5–15 mg ml−1. For co-crystallization experiments with ligands, the 

protein samples were supplemented with 50 mM citrate and/or 10 mM CoA and  
50 mM Mg-ADP. Nanolitre-scale vapour diffusion crystallization experiments were 
set up at 293 K or 277 K using commercially available sparse matrix crystals screens 
(Molecular Dimensions, Hampton Research) and a Mosquito crystallization  
robot (TTP Labtech). Promising hits were further optimized using gradient opti-
mization in 96-well and 24-well crystallization plates. These optimized conditions 
are listed in Extended Data Table 1. Crystals were cryoprotected using a quick soak 
in mother liquid supplemented with the respective cryosolution (Extended Data 
Table 1) and ligands when appropriate. Crystals were cryo-cooled by plunging into 
liquid nitrogen. X-ray diffraction measurements were conducted at synchrotron 
radiation facilities PETRA III (beamlines P13, P14), SOLEIL (Proxima 2A), ESRF 
(ID23-1, ID23-2, ID30-B) and SLS (PXI, PXIII). All data were integrated and scaled 
using the XDS suite32 and AIMLESS33 and data quality was analysed by Phenix.
xtriage34. To solve the initial structure of ACLY-A/B from C. limicola, molecu-
lar replacement was performed with Phaser35 using the structure of N-terminal 
truncated human ACLY as a search model20. After placement of four search CCS 
modules, and initial refinement the CCL core module was built manually in the 
remaining difference density using the homology with CS as a structural guide. 
Parrot36 density modification and NCS averaging was used to improve the quality 
of initial electron density maps. Subsequent structures for human and M. concilii 
ACLY-A/B, human and C. limicola CCL modules, and H. thermophilus CCL, were 
solved by molecular replacement using derived search models. For H. thermo-
philus CCSα/β, search models for the CCSα and CCSβ subunits were prepared 
from homologous succinyl-CoA synthetase structures (PDB 2YV2 for the CCSα 
subunit and PDB 3UFX for the CCSβ subunit). Model (re)building was performed 
in Coot37 and refinement of coordinates and atomic displacement parameters was 
performed in PHENIX38 and autoBUSTER (https://www.globalphasing.com/
buster/). Model and map validation tools in Coot and the PHENIX suite, the CCP4 
package39 and the PDB_REDO server40 were used throughout the work flow to 
guide improvement and to validate the quality of crystallographic models.
Small-angle X-ray scattering data collection and analysis. In-solution SAXS 
data for C. limicola ACLY-A/B, linker-deleted hACLY-A/B and full-length hACLY 
were measured on the P12 beamline of EMBL at the Petra III storage ring (DESY, 
Hamburg). Protein sample (50 μl of approximately 20 mg ml−1) in HBS (20 mM 
HEPES, 150 mM NaCl, pH 7.2) was injected onto an Agilent 4.6 × 300 mm Bio 
SEC-3 column with 300 Å pore size, and with HBS as running buffer at a flow 
speed of 0.4 ml min−1 at 20 °C. The scattering data were collected in continuous 
flow mode with 1 s exposure time per frame. To collect SAXS data in the presence 
of citrate, or both citrate and CoA, the SEC–SAXS buffer was supplemented with 
50 mM citrate, pH 7.2, or both 50 mM citrate, pH 7.2, and 2 mM CoA. Before 
injection, ACLY samples were incubated with citrate alone, or both citrate and 
CoA. The program CHROMIXS41 was used to select the buffer and sample frames 
from the collected SEC–SAXS data. Overall parameters were calculated using the 
ATSAS suite version 2.842. Calculation of theoretical scattering curves and fitting 
to experimental scattering data was performed with Crysol, Crysol 3.0 and FoXS. 
Rigid-body modelling of in-solution scattering data for linker-deleted hACLY-A/B 
was performed using MultiFoXS43 using a crystal structure for hACLY-A/B in 
space group C2 as a starting model. The presented two-state SAXS model for apo-
hACLY-A/B in HBS (χ2 = 2.8, and with w1 = 0.58 and w2 = 0.42) was obtained by 
defining the CCS modules and central CCL module as rigid bodies, with residues 
808 to 810 and residues 821 to 824 in each CCS–CCL linker region defined as flex-
ible. The presented single-state SAXS model for hACLY-A/B in HBS supplemented 
with both citrate and CoA (χ2 = 2.8) was obtained by defining the CCS modules 
and central CCL module as rigid bodies with residues 808–811 in each CCS–CCL 
linker region defined as flexible. This SAXS-model for hACLY-A/B was then used 
to model full-length hACLY in HBS supplemented with both citrate and CoA using 
AllosMOD-FoXS44, resulting in a χ2 value of 5.5. Initial SAXS data on C. limicola 
ACLY-A/B in HBS buffer without substrates were measured in SEC–SAXS mode 
on the SWING beamline at the SOLEIL Synchrotron (Gif-sur-Yvette, France) and 
analysed in Foxtrot (developed at Synchrotron SOLEIL and provided by Xenocs, 
Sassenage, France).
Negative-stain electron microscopy. Purified full-length hACLY (3 μl) supple-
mented with 2 mM CoA was applied to the clean side of carbon on a carbon–mica 
interface and stained with 2% (w/v) sodium silicotungstate (SST). Images were 
recorded on a FEI Tecnai T12 microscope operated at 120 kV with a Gatan Orius 
1000 camera, at a nominal magnification of 29,000×, corresponding to a pixel size 
of 2.0 Å at the object scale. Semi-automatic particle selection on a few micrographs 
using BOXER45 with a box size of 180 pixels resulted in an initial data set contain-
ing 9881 particles. Subsequent image analysis was performed in RELION2.146. 
After CTF estimation followed by 2D reference-free classification, a set of classes 
representing different views of hACLY was used as input for automated particle 
picking, resulting in a data set of 25,832 particles. Following 2D reference-free 
classification, particles from the best 6 classes were used to make an initial model 
with applied C2 symmetry. A subsequent 3D refinement was performed by using 
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the initial model as an input. The resulting refined model was used to re-pick 
particles employing the fast projection matching (FPM) method47,48, resulting in 
an extended dataset of 44,817 particles that was further processed in RELION2.1. 
After two rounds of 2D reference-free classification and cleaning, a final dataset of 
27,293 particles was subjected to 3D classification using C2 symmetry. Out of the 
four resulting classes, two showed highly similar features and together accounted 
for 57.1% of all particles (15,617). A final 3D refinement was performed on the 
particles within these two 3D classes, using an averaged 3D model generated from 
their corresponding maps in Chimera49. This resulted in a final 3D map with a res-
olution of 26.6 Å according to the Fourier shell correlation (FSC) = 0.143 criterion.
Multi-angle laser light scattering. hACLY-A/B (100 μl) was injected onto a 
Superdex 200 Increase 10/300 GL column (GE Healthcare), with 20 mM citrate, 
pH 7.4, and 150 mM NaCl as running buffer at 0.5 ml min−1, coupled to an online 
UV-detector (Shimadzu), a multi-angle light scattering miniDAWN TREOS instru-
ment (Wyatt) and a Optilab T-rEX refractometer (Wyatt) at 25 °C. A refractive 
index increment (dn/dc) value of 0.185 ml g−1 was used for protein concentra-
tion and molecular mass determination. Data were analysed using the ASTRA6 
software (Wyatt). Correction for band broadening was applied using parameters 
derived from BSA (2 mg ml−1, Pierce) injected under identical running conditions.
Structure and sequence analysis. Structures were superimposed with Chimera49. 
Sequence alignments were created using Clustal Omega50 and formatted with 
ESPript51. Secondary structures elements of crystallographic structures were 
assigned with DSSP52,53. Figures containing structural models were prepared in 
PyMOL (version 2.0; https://pymol.org/2/).
Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this paper.

Data availability
Protein expression constructs generated in this study are available via the BCCM/
GeneCorner Plasmid Collection (http://bccm.belspo.be) through the following 
accession codes: LMBP 11277 (pTrcHis2-hACLY), LMBP 11131 (pET-DUET- 
hACLY-A/B), LMBP 11132 (pET11a-Mco-ACLY-A/B), LMBP 11133 (pET11a-Hth- 
CCL), LMBP 11134 (pET-Duet-Hth-CCSα/β), LMBP 11125 (pET11a-Cli-ACLY-
A/B), LMBP 11128 (pET15b-hCCL) and LMBP 11129 (pET15b-Cli-CCL). X-ray 
crystallographic coordinates and structure factors have been deposited in the 
Protein Data Bank (PDB) with accession codes 6HXH (hACLY-A/B in space group 
P1), 6QFB (hACLY-A/B in space group C2), 6HXI (M. concilii ACLY-A/B), 6HXJ 
(C. limicola ACLY-A/B), 6HXK (CCL module of hACLY, space group P212121), 
6HXL (CCL module of hACLY, space group P21), 6HXM (CCL module of hACLY, 
space group C2221), 6HXN (CCL module of C. limicola ACLY, space group P3121), 
6HXO (CCL module of C. limicola ACLY, space group P21), 6QCL (CCL module 
of C. limicola ACLY in complex with acetyl-CoA and l-malate), 6HXP (H. ther-
mophilus CCL) and 6HXQ (H. thermophilus CCS). SAXS data and models have 
been deposited in the Small Angle Scattering Biological Data Bank with accession 
codes SASDE36, SASDE46 and SASDE56 for hACLY-A/B; SASDFA3, SASDFB3 
and SASDFC3 for hACLY; and SASDE66, SASDE76 and SASDE86 for C. limocola 
ACLY-A/B. Source Data for the SEC–MALLS analysis of hACLY-A/B (Extended 
Data Fig. 1d) and for the enzymatic assays for hACLY and hACLY-A/B (Extended 

Data Fig. 1e) are available online. Data are available from the corresponding 
author(s) upon reasonable request.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Structure of the human ACLY. a, Reaction scheme 
for ACLY. In the first step, ACLY undergoes autophosphorylation at 
His760. Citryl-phosphate (citryl-P) and citryl-CoA form non-covalent 
enzyme-intermediate complexes. b, Left, representative class averages for 
hACLY as obtained by negative-stain electron microscopy. The size of 
the box is 40 × 40 nm. Right, flowchart of the 3D reconstruction in C2 
symmetry. Negative-stain electron microscopy analysis was performed 
on a single sample of purified hACLY (n = 1). SDG, stochastic gradient 
descent. c, Coomassie-stained SDS–PAGE gel for recombinantly produced 
ACLY enzymes. Lane 1, hACLY-A/B; lane 2, hACLY; lane 3, M. concilii 
ACLY-A/B; lane 4, C. limicola ACLY-A/B; lane 5, hACLY(His760Ala). In 
this study, each protein was purified several times, and the electrophoretic 
profile of each sample in the gel shown is representative for different 
protein batches. For gel source data, see Supplementary Fig. 1. d, Size-
exclusion chromatography (SEC) elution profile of hACLY-A/B plotted as 
the light scattering intensity at 90° in function of the elution volume. The 
reported molecular mass by multiangle laser light scattering (MALLS) 
represents the average molecular mass ± s.d. across the elution peak. 
The theoretical mass for hACLY-A/B is 462 kDa. Number of samples for 
hACLY-A/B analysed: n = 1. e, Reaction rates for hACLY-A/B, hACLY 

and hACLY(His760Ala) plotted as a function of ATP concentration. For 
hACLY-A/B and hACLY, data replicates (n = 4, in which n represents 
a different protein batch) were fitted by a Michaelis–Menten equation 
and the obtained Michaelis constant (Km) and turnover number (kcat) 
values (mean + s.e.m) are shown. The kinetic parameters for hACLY-A/B 
and hACLY are significantly different via two-tailed unpaired t-tests: 
P = 0.0002 (comparing kcat); and P = 0.0156 (comparing Km). For the 
hACLY(His760Ala) mutant, the number of replicate batches: n = 1. 
f, Representative crystal structure for hACLY-A/B extracted from the 
P1 crystal form and coloured by chain. Bound substrates are shown as 
coloured spheres. g, View on the helical bundle core of the CCL module 
with the protruding two-helix stalk regions indicated. CoA-binding 
domains are omitted for clarity. h, Overlay of the four hACLY-A/B crystal 
structures extracted from the P1 and C2 crystal forms. The overlay is 
based on the superposition of the CCL modules. Structures are coloured 
according to the scheme in Fig. 1a. A zoom-in view shows the structural 
plasticity around the two-helix stalk region. i, View on the helical bundle 
core of CCL from H. thermophilus coloured by chain. The N and C termini 
of a single chain are indicated.



LetterreSeArCH

Extended Data Fig. 2 | CoA-binding modes in the CCS-module 
of ACLY and related CCS. a, View on the CoA-binding mode in 
hACLY-A/B crystal structures. b, Detail of the CoA-binding mode at 
the interface between the CCL and CCS modules. The so-called power 
helices in the CCS module are indicated. Dashed lines represent polar 
interactions. c, View on the CoA-binding mode in the crystal structure 
for ACLY-A/B from M. concilii. d, View on the CoA-binding modes in 

the crystal structure for ACLY-A/B from C. limicola. In this structure, the 
phosphopantheine tails of the CoA-molecules were partly disordered.  
e, View on the CoA-binding mode in CCSα/β from H. thermophilus.  
f, Cartoon representation of CCSα/β from H. thermophilus and succinyl-
CoA synthetase α/β (SCSα/β) from E. coli, both in complex with CoA. 
α-subunits are coloured in blue and β-subunits in grey. The C-terminal tail 
extending from CCSα to CCSβ is in orange.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Structural plasticity in the CCL modules of 
human and C. limicola ACLY. a, Crystal structure of the CCL module 
of hACLY in space group P212121, in complex with citrate. b, Crystal 
structure of the CCL module of hACLY in space group C2221, in complex 
with citrate and CoA. c, Crystal structure of the CCL module of hACLY 
in space group P21, in complex with citrate and CoA. This crystal form 
contained two tetramers in the crystallographic asymmetric unit (asu). 
In a–c, CoA-binding domains are coloured according to the structural 
state of the CCL active site: open (white), intermediate (blue) and closed 
(magenta), and substrates are shown as coloured spheres. d, Binding mode 
of CoA as seen in the hACLY-A/B crystal structure (left) compared to CoA 
binding in a closed CCL module protomer (right). Substrates are shown 
as coloured sticks and dashed lines indicate polar interactions. e, A CCL 
module protomer in the open state as seen in the hACLY-A/B structure 

(white CoA-binding domain) overlaid with a protomer in the closed state 
(magenta CoA-binding domain). The latter was extracted from a crystal 
structure for the isolated CCL module of hACLY (c). Arrows indicate 
structural transitions. f, Reaction itinerary in human ACLY. g, Crystal 
structure for the CCL module of C. limicola ACLY in space group P21, in 
complex with citrate. This crystal form contained two tetramers in the asu. 
In the second tetramer (right), one of the CoA-binding domains was not 
modelled owing to disorder. h, Crystal structure for the CCL module of C. 
limicola ACLY in space group P3121, in complex with CoA. i, CCL module 
of C. limicola ACLY as observed in the C. limicola ACLY crystal structure. 
j, Overlay of C. limicola CCL module protomers coloured according to the 
structural state of their active site: open (white), intermediate (blue) and 
closed (magenta).
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Extended Data Fig. 4 | ACLY structures across different domains of life. 
Cartoon representations of the crystal structures of human ACLY-A/B 
(top), M. concilii ACLY-A/B (middle) and C. limicola ACLY-A/B (bottom). 

The CCS modules are shown in surface mode. Distinct structural regions 
are coloured according to the colouring scheme in Fig. 1a.
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Extended Data Fig. 5 | Sequence alignment of ACLY, CCS and CCL.  
a, Homology relationships between the different enzymes for which crystal 
structures were determined in this manuscript. b, Sequence alignment 
for ACLY, CCL and CCS according to the scheme in a. Top secondary 
structure elements correspond to hACLY, bottom secondary structure 
elements correspond to CCSα/β and CCL from H. thermophilus. Strictly 
conserved residues are white against a black background. CCSα, CCSβ 

and CCL homology regions and CoA-binding domain are indicated by a 
coloured bar on top of the alignment. The CCSα β-hairpin (orange) and 
CCL stalk (green) regions in ACLY enzymes are highlighted. Conserved 
residues at the ACLY two-helix pivot are indicated with a purple arrow. 
Regulatory phosphorylation sites in the linker region (brown) that 
connects the ancestral ACLY-A and ACLY-B parts in hACLY are indicated 
by a letter P in yellow circles.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Conformational switching of ACLY during 
catalysis. a, View of the interaction between the CCS and CCL modules 
in a representative hACLY-A/B crystal structure (space group P1), with 
the CCSα β-hairpin (orange) and CoA-binding domain (pink) in cartoon 
mode. Bound CoA is shown as coloured spheres. b, Overlay of a human 
CCL protomer in the closed state (pink CoA-binding domain) with the 
crystal structure of hACLY-A/B as in a (white CoA-binding domain). 
The resulting clash between the CoA-binding domain (with bound CoA-
molecule) and the β-hairpin is indicated by a red box. c, View of the 
interaction between the CCS and CCL modules in the crystal structure 
of C. limicola ACLY-A/B, with the CCSα β-hairpin (orange) and CoA-
binding domain (pink) in cartoon mode. d, Zoomed-in view of the stalk 
region in the crystal structures of hACLY-A/B and C. limicola ACLY-A/B 
based on the superposition of the helical core of the CCL modules.  
e, f, Interactions at the stalk region and β-hairpin as observed in the crystal 
structures of hACLY-A/B and C. limicola ACLY-A/B. g, Two-state rigid-
body SAXS model for apo-hACLY-A/B (MultiFoXS, χ2 = 2.8) overlaid 
with the hACLY-A/B crystal structures in space groups P1 and C2 (grey). 
h, Single-state rigid-body SAXS model for hACLY-A/B (MultiFoXS, 
χ2 = 2.8) in the presence of both citrate and CoA overlaid with the 
hACLY-A/B crystal structures in space groups P1 and C2 (grey).  
i, Comparison between in-solution SAXS scattering profiles measured 

from linker-deleted hACLY-A/B and full-length hACLY. (i) Profiles 
recorded from hACLY-A/B (green) and hACLY (grey) in HBS buffer; 
(ii) profiles recorded from hACLY-A/B (purple) and hACLY (black) in 
HBS buffer supplemented with citrate and CoA; (iii) profiles recorded 
from hACLY in HBS buffer (grey) and HBS buffer supplemented with 
both citrate and CoA (black); (iv) profiles recorded from hACLY-A/B 
in HBS buffer (green) and HBS buffer supplemented with both citrate 
and CoA (purple); and (v) fit of the theoretical scattering profile (red) 
calculated from an AllosMod-FoXS model for hACLY (as shown in j) to 
the experimental scattering profile recorded in the presence of citrate and 
CoA (black). j, AllosMod-FoXS SAXS model for hACLY in HBS buffer 
supplemented with citrate and CoA, overlaid with the hACLY-A/B crystal 
structures in space groups P1 and C2 (grey). In g, h and j, the bottom 
numeric table presents an all-residue (Cα) r.m.s.d. matrix for the hACLY-
A/B crystal structures and presented SAXS models, and for each crystal 
structure and model the calculated fit (χ2 value) against the recorded 
SAXS data are shown as calculated by FoXS, Crysol and Crysol 3.0. P1-
hACLY-A/B_1 and P1-hACLY-A/B_2 denote structures for hACLY-A/B 
extracted from the P1 crystal form; C2-hACLY-A/B_1 and C2-hACLY-
A/B_2 denote structures for hACLY-A/B extracted from the C2 crystal 
form.
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Extended Data Fig. 7 | Citrate synthase evolved from an ancestral CCL 
module. a, Side-by-side comparison and overlay of the helical bundle 
cores of H. thermophilus CCL and P. furiosus CS (PDB accession 1AJ8).  
b, Two adjacent CCL protomers (CCL and CCL’) extracted from the  
H. thermophilus CCL tetramer. c, A CS protomer extracted from P. furiosus 
CS. d, CCL without its CoA-binding domain (residues 2–100 and  
204–231) aligned with the N-terminal half of CS (residues 6–143).  
e, CCL’ (residues 30–256) aligned with the C-terminal half of CS (residues 

154–376). f, CCL and CCL’ aligned with the CS protomer. g, Sequence 
alignment between CCL and CCL’ and CS sequences. Top secondary 
structure elements correspond to H. thermophilus CCL and CCL’, bottom 
secondary structures correspond to P. furiosus CS. The active site residues 
of CS are indicated by a purple arrow. h, i, Details of the overlay between 
CCL and CCL’ and the CS protomer. j, Side view of the CCL module and 
CS highlighting the pseudo-two-fold symmetry in the CS protomer. CoA 
is shown by sticks.
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Extended Data Fig. 8 | Homology between ACLY and citrate synthase. 
a, Sequence alignment between the C-terminal regions of ACLY, CCL 
and CS. Active-site residues are highlighted according to the numbering 
scheme in chicken CS. His274, highlighted in yellow, is not conserved 
in ACLY sequences. b, Comparison between crystal structures for the 
CCL module of hACLY and chicken CS (PDB accessions 5CSC and 
5CTS) in open and closed states. For clarity, only the helical secondary 
structure elements are shown. Bound substrates are shown as coloured 
spheres. c, Overlay of the CCL active site of hACLY (blue) in complex with 

citrate and CoA, with the active site of chicken CS (orange) in complex 
with oxaloacetate and carboxymethyl-CoA (PDB accession 5CTS). The 
interaction between the carboxylate group of hACLY(Asp1026) and 
citrate, and the interaction between the carboxylate group of Asp375 
of CS and carboxymethyl-CoA are indicated. d, By analogy to the aldol 
condensation of acetyl-CoA and oxaloacetate to citryl-CoA as catalysed 
by CS (top), citryl-CoA may undergo retro-aldol cleavage catalysed by 
ACLY as indicated by the chemical reaction arrows (bottom). Dashed lines 
indicate polar interactions.
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Extended Data Fig. 9 | Flowchart showing negative-stain electron 
microscopy data processing for human ACLY. Starting from a final 
dataset of 27,293 particles, initial models were made using the stochastic 
gradient descent method in RELION2.1, applying C1, C2 or D2 symmetry. 
Subsequent 3D classification was performed using the C1, C2 or D2 
starting models as an input, again applying C1, C2 or D2 symmetry, 
respectively. 3D classification using C1 and C2 symmetry clearly shows 

well-defined CCS modules in one-half of the hACLY molecule (C1: class 3, 
C2: class 3 and 4). Although 3D classification using D2 symmetry results 
in two classes displaying all four CCS modules (class 1 and 4), subsequent 
3D refinement in C2 using an averaged map of these two classes resulted in 
a disappearance of two CCS modules in the lower half of hACLY, pointing 
to flexibility of the peripheral domains of hACLY.
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Extended Data Table 1 | Crystallographic data and refinement statistics

For each of the determined crystal structures, the crystallization condition, cryoprotectant, and data collection and refinement statistics are reported. Each dataset was collected from a single crystal. 
Values in parentheses are for the highest-resolution shell.
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Extended Data Table 2 | SAXS data collection and scattering-derived parameters

Scattering vector q = 4πsinθ/λ, in which λ is the beam wavelength and 2θ is the scattering angle.
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Sample size To increase the chance of obtaining high-resolution structures for ACL by X-ray crystallography, and possibly in different conformational states 
we targeted human, plant, yeast, bacterial and archaeal ACL orthologs, and related CCS and CCL, in parallel (n=7). In total, we report 
structures for 5 related proteins: 3 ACL enzymes (human, C. limicola and M. concilii), and related CCS and CCL from H. thermophilus. 

Data exclusions No data were excluded from the analyses.

Replication Our conclusions about the evolution, structure and plasticity of ACL are supported by a total of 12 different crystal structures that include  
structures of the same protein in different conformational states (e.g. hACL-A/B (n=2) and the CCL module of hACL (n=3), supported by 
structures of archaeal and bacterial ACL orthologs, and distant homologs found in deep branching bacteria (please see Extended Data Table 1 
for details). For the enzymatic activity assays four different protein batches for both hACL-A/B and hACL were prepared. Each protein batch 
resulted in similar results (please see Extended Data Fig1.e).  

Randomization Our study did not involve experiments were randomization of samples was required or appropriate. 

Blinding Our study did not involve experiments were blinding was required or appropriate. 
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