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CRYSTAL STRUCTURE OF ATP CITRATE LYASE AND USES THEREOF

Field of the invention

The present invention provides crystals of ATP citrate lyase (ACL) and the citryl-CoA lyase (CCL) module
of ACL and the corresponding three-dimensional crystal structures. The invention also provides

computer-assisted and other methods for selecting molecules able to modulate the activity of ACL.

Introduction to the invention

ATP citrate lyase (ACL) catalyzes the ATP and coenzyme A (CoA) dependent conversion of citrate, a
metabolic product of the Krebs cycle, to oxaloacetate and the high-energy biosynthetic precursor acetyl-
CoAl?2. The latter enables a plethora of essential biochemical reactions such as fatty acid, cholesterol,
and acetylcholine synthesis®, and histone or protein acetylation*®. Intriguingly, ACL in autotrophic
prokaryotes is a hallmark enzyme of the reductive tricarboxylic acid (rTCA) pathway or reverse Krebs
cycle, which fixates two molecules of carbon dioxide in acetyl-CoA®%’. In humans, ACL is strongly
expressed at sites for de novo lipogenesis, such as the liver and adipose tissue, and in cholinergic
neurons®, and its post-translational stability® and allosteric activitation'® are well regulated. The central
role of ACL in human metabolism inspired its possible therapeutic relevance in breast and lung cancer!™
14 and for lowering low-density lipoprotein cholesterol in atherosclerotic cardiovascular disease'>. In
prokaryotes, fungi, and plants, ACL is composed of two separate subunits, ACL-A and ACL-B, whereas
mammalian ACL is a contiguous polypeptide featuring a citryl-CoA synthetase module (CCS), comprised
of CCSB and CCSa regions, and a C-terminal citryl-CoA lyase (CCL) domain'’*8, The CCS module initiates
catalysis by the ATP-driven auto-phosphorylation of an active-site histidine (His760 in human ACL),
resulting in the formation of citryl-phosphate, which then reacts with CoA to generate the high-energy
citryl-CoA intermediate®® (Fig. 5a). In the last step of the reaction, citryl-CoA is cleaved into the reaction
products oxaloacetate and acetyl-CoA by the CCL domain, which displays homology to citrate synthase®’.
Unfortunately, the structural basis of ACL's function is not known. Initial structural analysis on
crystallization-recalcitrant full-length human ACL (hACL) by negative-stain electron microscopy revealed
that the ACL enzyme displays flexible arms around a compact core but also suggested substantial
conformational heterogeneity under such experimental conditions (Fig. 5b).

In view of the importance of ACL in glucose and lipid metabolism, investigators have done much work
for designing and developing ACL inhibitors for hypolipidemic treatment of metabolic and malignant
diseases. In particular, mechanism-based, active-site directed, or tight-binding small chemicals have
been developed, having a specific inhibition on ACL. In order to be able to identify more specific, and

more potentinhibitors for ACL there is a need to have a better understanding of the catalytic mechanism
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of this enzyme and to be able to guide the optimization of existing (and selection of future) compounds

by the three-dimensional structure of the enzyme. The present invention satisfies this need.

Summary of the invention

Therefore, the present invention provides in a first embodiment a composition in crystalline form
comprising a citryl-CoA lyase (CCL) and its natural ligand selected from citrate, or citrate and coenzyme
A (CoA), wherein CCL is a module of ATP citrate lyase, and which module has an amino acid sequence
with at least 90% identity to amino acid residues 836 to 1101 depicted in SEQ ID NO: 1, characterized in
that the crystal is:
i) a crystal of CCL bound by citrate in the space group P212121, with the following crystal
lattice constants: a=67.34 A + 5%, b=123.89 A + 5%, ¢=139.80 A + 5%, a=p=y=90°, or
i) a crystal of CCL bound by citrate and CoA in the space group P21, with the following
crystal lattice constants: a=67.71 A + 5%, b=147.90 A + 5%, ¢=113.69 A + 5%, a=90°,
B=105.28° + 5%, y=90°, or
iii) a crystal of CCL bound by citrate and CoA in the space group C2221, with the following
crystal lattice constants: a=82.83 A + 5%, b=111.19 A + 5%, c=143.37 A + 5%, a=B=y=90".

In a further embodiment the invention provides a composition which has a three-dimensional structure
wherein the crystal i) comprises an atomic structure characterized by the crystallographic (or atomic
coordinates which is an equivalent word for crystallographic coordinates) coordinates 6HXK or a subset
of crystallographic coordinates of 6HXK or wherein the crystal ii) comprises an atomic structure
characterized by the crystallographic coordinates of 6HXL or a subset of crystallographic coordinates of
6HXL or wherein the crystal iii) comprises an atomic structure characterized by the crystallographic

coordinates of 6HXM or a subset of crystallographic coordinates of 6HXM.

In yet another embodiment the invention provides a catalytic pocket, consisting of a subset of atomic
coordinates, present in the crystals i), ii) or iii) as defined herein before wherein said catalytic pocket
consists of the amino acid residues Hisogo, Valoos, Phesss, Glyoss, LySoss, LeUsss, llegzo, Metor1, Glyezs, llegss,
Glyo74, Hiso7s, Argoss, LySi01s, LeUio21, ASNio20, ASN1024, Valiozs, ASpiozs, Argioss and Argiess as depicted in SEQ

ID NO : 1 and wherein said amino acid residues represent the citrate and CoA binding sites.

In yet another embodiment the invention provides a crystallizable composition comprising a mixture of
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a solubilized CCL and its natural ligand citrate or its natural ligands citrate and CoA, of which
the amino acid sequence of CCL has at least 90% identity to amino acid residues 836 to 1101
depicted in SEQ ID NO: 1, and

a mother liquor solution, wherein the mother liquor solution comprises about 0.2M Na;S04
pH6.7 and about 20% w/v PEGs3so to obtain a crystal i) as defined in claims 1 or 2, or wherein
the mother liquor solution comprises about 21% w/v PEGsgoo, about 0.1M HEPES pH7.0 and
about 0.15M ammonium sulphate to obtain a crystal ii) as defined in claims 1 or 2, or
wherein the mother liquor solution comprises about 0.1M Na/K phosphate pH5.5, about 0.1
M RbCl, about 0.1 M Na-citrate pH 5.5 and about 25% v/v PEG Smear medium to obtain a

crystal iii) as herein before.

In yet another embodiment the invention provides a method for producing a composition of as defined

herein before comprising the steps of:

producing and purifying a citryl-CoA lyase (CCL) domain or module which has an amino acid
sequence with at least 90% identity to amino acid residues 836 to 1101 depicted in SEQ ID
NO: 1 and,

mixing with a mother liquor solution and citrate or citrate and CoA, wherein the mother
liquor solution comprises about 0.2M Na;SO, pH6.7 and about 20% w/v PEGs3so and citrate
to obtain a crystal i) as defined herein before, or wherein the mother liquor solution
comprises about 21% w/v PEGgoo, about 0.1M HEPES pH7.0 and about 0.15M ammonium
sulphate and citrate and CoA to obtain a crystal ii) as defined herein before, or wherein the
mother liquor solution comprises about 0.1M Na/K phosphate pH5.5, about 0.1 M Rb(l,
about 0.1 M Na-citrate pH5.5 and about 25% v/v PEG Smear medium and citrate and CoA to

obtain a crystal iii) as defined herein before.

In yet another embodiment the invention provides a computer-assisted method of identifying, designing

or screening for a compound that can potentially interact with a crystal of CCL selected from a crystal i),

ii) or iii) as defined herein before, comprising performing structure-based identification, design or

screening of a compound based on the compound’s interactions with a structure defined by the atomic

coordinates as defined in herein before.

In yet another embodiment the invention provides a method for identifying a compound that can bind

to CCL, comprising dipping candidate small molecule compounds with CCL, or with CCL and citrate, or

with CCL, citrate and CoA and allowing co-crystallization, and screening candidate ligands or antagonists
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by using a method for measuring intermolecular interaction and comparing, designing and docking the

3D structures i), ii) or iii) as defined in before and a candidate ligand by computer modeling.

In yet another embodiment the invention provides a method of identifying, designing or screening for a
compound that can interact with CCL, including performing structure-based identification, design, or

screening of a compound based on the compound’s interactions with a CCL structure or a subset thereof.

In yet another embodiment the invention provides a method for identifying an agonist or antagonist
compound of ATP citrate lyase comprising an entity selected from the group consisting of an antibody,
a peptide, a non-peptide molecule and a chemical compound, wherein said compound is capable of
enhancing, eliciting or blocking biological activity of ATP citrate lyase resulting from an interaction with
CCL wherein said process includes:

i introducing into suitable computer program parameters defining an interacting surface
based on the conformation of CCL corresponding to the atomic coordinates of 6HXK, 6HXL
or 6HXM or a subset of said atomic coordinates, wherein said program displays a three-
dimensional model of the interacting surface,

ii. creating a three-dimensional structure of a test compound in said computer program;

iii. displaying a superimposing model of said test compound on the three-dimensional model
of the interacting surface;
iv. and assessing whether said test compound model fits spatially into a binding site.
The atomic coordinates (or crystallographic coordinates) of the structures are available in the Protein

Data Bank (PDB), which can be found on the internet on the following link https://www.rcsb.org/.

Please note that in the priority document Appendix | corresponds with 6HXK, Appendix I
corresponds with 6HXL and Appendix Il corresponds with 6HXM.
In yet another embodiment the invention provides a screening method for identifying molecules
interacting with CCL comprising:

i soaking a multiplicity of molecules into the crystals i), ii) or iii) as defined herein before,

ii. determining the co-crystal structure with the at least one molecule binding to the crystal i),

i) or iii).

Figure legends
Figure 1: Structure and mechanism of human ATP citrate lyase

(a) Domain organization of hACL. The dotted line represents the linker that was removed to create hACL-

A/B used in crystallographic studies. (b) Cartoon representation of a crystal structure for hACL-A/B in

4
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space group P1 colored according to the scheme in panel a. The three perpendicular 2-fold axes of the
D2 symmetric CCL module are shown. Bound substrates (citrate, COASH, and ADP) are shown as colored
spheres. (c) Overlay of a crystal structure for the isolated human CCL module (pink CoA-binding domains)
with the human CCL module extracted from the hACL-A/B crystal structure {(white CoA-binding domains).
Citrate and CoASH are shown as colored spheres. (d) Superposition of open and closed CCL protomers
(asin panel c) with the active sites of the CCS and CCL modules highlighted. Citrate and CoASH are shown
as sticks. (e) Catalytic itinerary in the ACL enzyme.

Figure 2: Evolutionary origin of ACL and its distinct metabolic functions

Simplified evolutionary tree illustrating the distribution of ACL, CCS and CCL enzymes. Determined crystal
structures of H. sapiens, M. concilii and C. limicola ACL, and H. thermophilus CLL and CCS are shown as
cartoons using the same coloring scheme as in Fig. 1. Distinct metabolic roles of ACL, CCS and CCL in the
prokaryotic (two-step) rTCA cycle and eukaryotic citrate shuttle (and lipid metabolism) are indicated.
Figure 3: ACL enzymes undergo conformational switching during catalysis

(a-b) Views of the crystal structures for hACL-A/B (panel a) and C. limicola ACL-A/B (panel b) with the CCL
modules in surface mode. The CCSa B-hairpin (orange) and two-helical stalk regions (green) extending
from the CCL modules are highlighted. The curved arrows indicate the proposed conformational
switching of human ACL. (c-d) SAXS profiles for hACL-A/B (panel ¢) and C. limicola ACL-A/B (panel d)
plotted as the scattered intensity in function of momentum transfer s = 4rsin 9/A, where A is the beam
wavelength and 2 is the scattering angle: (/) comparison between the experimental scattering profiles
recorded in HBS buffer (green) and in HBS buffer supplemented with citrate (brown), (ii) comparison
between the experimental scattering profiles recorded in HBS buffer (green) and in HBS buffer
supplemented with both citrate and CoASH (purple), (iii) experimental scattering profiles recorded in
HBS buffer overlayed with scattering profiles (red) calculated from substrate-bound crystal structures
for hACL-A/B and C. limicola ACL-A/B, and (iv) scattering profiles recorded in HBS buffer supplemented
with both citrate and CoASH overlayed with scattering profiles (red) calculated from substrate-bound
crystal structures for hACL-A/B and C. limicola ACL-A/B. Fits were calculated with Crysol 3.0. In panel ¢,
the reported Chi2-values are the average and standard deviation for the fits calculated from the different
hACL-A/B crystal structures (n=4) extracted from the P1 and C2 crystals forms, and the best fitting
theoretical curve is shown.

Figure 4: Citrate synthase evolved from an ancestral citryl-CoA lyase module.

(a) Cartoon representation of H. thermophilus CCL and P. furiosis CS (pdb 1aj8) with CCL and CS colored
by chain. Only helical secondary structure elements are shown. Bound substrates are shown as colored
spheres. (b) View on the 20-helix cores and wrapping C-terminal tails of CCL and CS. In this view the CoA-

binding domains are omitted for clarity. (c) Proposed evolutionary history of CCL and CS. (d) Side view
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on CCL and CS highlighting the pseudo-twofold symmetry in the CS protomer. CoA is shown as sticks. (e)
Proposed evolutionary relationship between the reverse Krebs (or rTCA) cycle and the oxidative Krebs
cycle based on the relation between CCL and CS. (f) Detail of the CCL active site of hACL in complex with
citrate and CoA (pdb 6hxl). The low-barrier hydrogen bond (2.4 A) between Asp1026 and bound citrate
is indicated. (g) Detail of the CCL active site of C. limicola ACL in complex with L-malate and acetyl-CoA
(pdb 6qcl). (h) Detail of the active site of chicken CS in complex with D-malate and acetyl-CoA (pdb 4csc).
Dashed lines indicate polar interactions.
Figure 5: Structure of the human ACL
(a) Reaction scheme for ATP citrate lyase. In the first step, ACL undergoes autophosphorylation at His760.
Citryl-phosphate (citryl-P) and citryl-CoA form non-covalent enzyme-intermediate complexes.
(b) Left: representative class averages for hACL as obtained by negative stain electron microscopy. The
size of the box is 40 x 40 nm. Right: flowchart of the 3D-reconstruction in C2 symmetry. SDG: stochastic
gradient descent.
(c) Coomassie-stained SDS-PAGE gel for recombinantly produced ACL enzymes. Lane 1: hACL-A/B, lane
2: hACL, lane 3: M. concilii ACL-A/B, lane 4: C. limicola ACL-A/B and lane 5: hACL-His760Ala.
(d) Initial reaction rates for hACL-A/B, hACL and hACL-His760Ala plotted in function of ATP concentration.
The data was fitted by a Michaelis-Menten equation and the obtained K., and k.t values, and standard
deviation are shown. Data points represent averages of technical replicates (n=3).
(e) SEC elution profile of engineered hACL-A/B plotted as the light scattering intensity at 90° in function
of the elution volume. The molecular weight determined by MALLS is indicated. The theoretical weight
for hACL-A/B is 462 kDa.
(f) Representative crystal structure for hACL-A/B extracted from the P1 crystal form and colored by chain.
Bound substrates are shown as colored spheres.
(g) View on the helical bundle core of the CCL module with the protruding two-helical stalk regions
indicated. CoA-binding domains are omitted for clarity.
(h) Overlay of the four hACL-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 colored according to the
scheme shown in figure 1a. A zoom-in view shows the structural plasticity around the two-helical stalk
region.
(i) View on the helical bundle core of CCL from H. thermophilus colored by chain. The N- and C- termini
of a single chain are indicated.
Figure 6: CoA-binding modes in the CCS-module of ACL and related CCS
(a) View on the CoA-binding mode in hACL-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
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indicated. Dashed lines represent polar interactions. (c) View on the CoA-binding mode in the crystal
structure for ACL-A/B from M. concilii. (d) View on the CoA-binding modes in the crystal structure for
ACL-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 CCS from H. thermophilus. (f) Cartoon representation
of CCS from H. thermophilus and succinyl-CoA synthetase (SCS) from E. coli, both in complex with CoASH.
a-subunits are colored in blue and B-subunits in grey. The C-terminal tail extending from CCSa to CCSP
is in orange.

Figure 7: Structural plasticity in the citryl-CoA lyase modules of human and C. /imicola ACL

(a) Crystal structure of the CCL module of hACL in space group P212,2;, in complex with citrate. (b) Crystal
structure of the CCL module of hACL in space group €222, in complex with citrate and CoA. (c) Crystal
structure of the CCL module of hACL in space group P2;, in complex with citrate and CoA. This crystal
form contained two tetramers in the crystallographic asymmetric unit (asu). In panels a-c, CoA-binding
domains are colored according to the structural state of the CCL active site: open (white), intermediate
(blue) and closed (magenta), and substrates are shown as colored spheres.

(d) Binding mode of CoA as seen in the hACL-A/B crystal structure (left) compared to CoA binding in a
closed CCL module protomer (right). Substrates are shown as colored sticks and dashed lines indicate
polar interactions.

(e) A CCL module protomer in the open state as seen in the hACL-A/B structure (white CoA-binding
domain) overlayed 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 hACL (panel c). Arrows indicate
structural transitions.

(f) Crystal structure for the CCL module of C. limicola ACL in space group P2;, 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 due to disorder. (g) Crystal structure for the CCL module of C. limicola
ACL in space group P3121, in complex with CoA. (h) CCL module of C. limicola ACL as observed in the C.
limicola ACL crystal structure. (i) Overlay of C. limicola CCL module protomers colored according to the
structural state of their active site: open (white), intermediate (blue) and closed (magenta).

Figure 8: ACL structures across different domains of life

Cartoon representations of the crystal structures of ACL from H. sapiens (left), M. concilii (middle) and
C. limicola (right). The CCS modules are shown in surface mode. Distinct structural regions are colored
according to the coloring scheme in figure 1a.

Figure 9: Conformational switching of ACL during catalysis

(a) View on the interaction between the CCS and CCL modules in a representative hACL-A/B crystal

structure (space group P1), with the CCSa B-hairpin (orange) and CoA-binding domain (pink) in cartoon
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mode. Bound CoASH is shown as colored spheres. (b) Overlay of a human CCL protomer in the closed
state (pink CoA-binding domain) with the crystal structure of hACL-A/B as in panel a (white CoA-binding
domain). The resulting clash between the CoA-binding domain (with bound CoA-molecule) and the -
hairpin is indicated by a red box. (c) View on the interaction between the CCS and CCL module in the
crystal structure of C. limicola ACL-A/B with the CCSa B-hairpin (orange) and CoA-binding domain (pink)
in cartoon mode. (d) Zoom-in view on the stalk region in the crystal structures for hACL-A/B and C.
limicola ACL-A/B based on the superposition of the helical core of the CCL module. (e,f) Interactions at
the stalk region and B-hairpin as observed in the crystal structures of hACL-A/B and C. limicola ACL-A/B.
(g) Two-state rigid-body SAXS model for apo-hACL-A/B (MultiFoXS, %*=2.8) overlaid with the hACL-A/B
crystal structures in space groups P1 and C2 (grey). (h) Single-state rigid-body SAXS model for hACL-A/B
(MultiFoXS, ¢?=2.8) in the presence of both citrate and CoASH overlaid with the hACL-A/B crystal
structures in space groups P1 and C2 (grey). (i) Comparison between in-solution SAXS scattering profiles
measured from linker-deleted hACL-A/B and full-length hACL: (i) profiles recorded from hACL-A/B
(green) and hACL (grey) in HBS-buffer, (ii) profiles recorded from hACL-A/B (purple) and hACL (black) in
HBS-buffer supplemented with citrate and CoASH, (iii) profiles recorded from hACL in HBS-buffer (grey)
and from hACL in HBS-buffer supplemented with both citrate and CoASH (black), (iv) profiles recorded
from hACL-A/B in HBS-buffer (green) and from hACL-A/B in HBS-buffer supplemented with both citrate
and CoASH (purple), and (v) fit of the theoretical scattering profile (red) calculated from an AllosMod-
FoXS model for hACL (as shown in panel j) to the experimental scattering profile recorded in the presence
of citrate and CoASH (black). (j) AllosMod-FoXS SAXS-model for hACL in HBS-buffer supplemented with
citrate and CoASH, overlaid with the hACL-A/B crystal structures in space groups P1 and C2 (grey).

In panels g, h and i, the bottom numeric table presents an all-residue (Ca) rmsd matrix for the hACL-A/B
crystal structures and presented SAXS-models and for each crystal structure and model the calculated
fit (y>-value) against the recorded SAXS-data is shown as calculated by FoXS, Crysol and Crysol 3.0. P1-
hACL-A/B_1 and P1-hACL-A/B_2: structures for hACL-A/B extracted from the P1 crystal form, C2-hACL-
A/B_1 and C2-hACL-A/B_2: structures for hACL-A/B extracted from the C2 crystal form.

Figure 10: 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. furiosis
CS (pdb 1aj8). (b) Two adjacent CCL protomers (CCL and CCL’) extracted from the H. thermophilus CCL
tetramer. (c) A CS protomer extracted from P. furiosis 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/CCL’ aligned with the CS
protomer. (g) Sequence alignment between CCL/CCL’ and CS protomer sequences. Top secondary

structure elements correspond to H. thermophilus CCL and CCL’, bottom secondary structures
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correspond to P. furiosis CS. CS active site residues are indicated with a purple arrow. (h-i) Details of the
overlay between CCL/CCL’ and the CS protomer.

Figure 11: Homology between ACL and citrate synthase

(a) Sequence alignment between the C-terminal regions of ACL, CCL and CS. Active site residues are
highlighted according to the chicken CS numbering scheme. His274, highlighted in yellow, is not
conserved in ACL sequences. (b) Comparison between crystal structures for the CCL module of hACL and
chicken CSin open (pdb 5csc) and closed (pdb 5cts) states. For clarity only the helical secondary structure
elements are shown as cylinders. Bound substrates are shown as colored spheres. (c) Overlay of the CCL
active site of hACL (blue), in complex with citrate and CoASH, with the active site of chicken CS (orange),
in complex with oxaloacetate and carboxymethyl-CoA (pdb 5cts). The interaction of Asp1026 with the
carboxylate group of citrate in hACL, and the interaction of Asp375 with the carboxylate group of
carboxymethyl-CoA in chicken CS is indicated by a dashed line. (d) By analogy to the aldol condensation
of acetyl-CoA and oxaloacetate to citryl-CoA as catalyzed by CS (top), citryl-CoA may undergo retro-aldol
cleavage catalyzed by ACL as indicated by the chemical reaction arrows (bottom). Dashed lines indicate

polar interactions.

Detailed description of the invention

The present invention will be described with respect to particular embodiments and with reference to
certain drawings but the invention is not limited thereto but only by the claims. Any reference signs in
the claims shall not be construed as limiting the scope. The drawings described are only schematic and
are non-limiting. In the drawings, the size of some of the elements may be exaggerated and not drawn
on scale for illustrative purposes. Where the term "comprising" is used in the present description and
claims, it does not exclude other elements or steps. Where an indefinite or definite article is used when
referring to a singular noun e.g. "a" or "an", "the", this includes a plural of that noun unless something
else is specifically stated. Furthermore, the terms first, second, third and the like in the description and
in the claims, are used for distinguishing between similar elements and not necessarily for describing a
sequential or chronological order. It is to be understood that the terms so used are interchangeable
under appropriate circumstances and that the embodiments of the invention described herein are
capable of operation in other sequences than described or illustrated herein. The following terms or
definitions are provided solely to aid in the understanding of the invention. Unless specifically defined
herein, all terms used herein have the same meaning as they would to one skilled in the art of the present
invention. Practitioners are particularly directed to Sambrook et al., Molecular Cloning: A Laboratory
Manual, 4th ed., Cold Spring Harbor Press, Plainsview, New York (2012); and Ausubel et al., current

Protocols in Molecular Biology (Supplement 100), John Wiley & Sons, New York (2012), for definitions
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and terms of the art. Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art (e.g. in molecular biology,

biochemistry, structural biology, and/or computational biology).

The human ATP citrate lyase enzyme is a central component of the citrate shuttle which transports
carbohydrate-derived acetyl-CoA from mitochondria to the cytoplasm for de novo lipogenesis and
cholesterol synthesis (see Fig. 2). The structural and mechanistic insights presented in the current
invention collectively provide the structural framework for targeting human ACL in cancer!! and
hyperlipidemia®.

As used herein the term "homologue" means a protein having at least 80% amino acid sequence identity
with human ACL, in particular at least 80% amino acid sequence identity with the CCL module of ACL.
Preferably, the percentage identity is 85, 90%, 95% or higher.

The present invention provides crystals of ACL and crystals of the CCL module of ACL.

The crystal structure of the human ACL is presented in Figures 1, 5 and 8.

The crystal structure of the human CCL module of ACL is presented in Figure 4 and Figure 7.

Details about the crystal structures are depicted in Table 1.
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Table 1: Crystallographic data and refinement statistics$*
ACL-A/B
Source H. sapiens H. sapiens M. concilii C. limicola
13.5%

— PEGs3so o o o .
Crystallization 02 M 17% PEGa33so 14% PEGa33so 24% PEG Smear High
conditions ' 0.2 M Na;HPO4 pH 8.15 4% tacsimate pH 8.0 0.1 M Tris pH 8.0

NazHPO4
pH 8.15
Protein
concentration 8 mg/ml 14 mg/ml 7 mg/ml 12 mg/ml
0, 0,
Cryoprotectant 25% 25% glycerol 22% PEGaoo 22% PEGaoo
glycerol
Citrate, Citrate,
COASH, COASH, Citrate Citrate
Ligands Mg.ADP, Mg, ADP, CoASH, CoASH,
Phosphate Phosphate ion
ion
Data collection
X-ray source
(beamline) SLS (PXI) PETRAII (P14] SLS (PXIII) ESRF (ID30-B)
Wavelength
(k;’“'e eng 0.999977 0.9763 1.00003 0.97625
Space group Pl c2 pP21212 P21
Cell
dimensions
150.36,
ab,c (A) 154.01, 214.28,215.40, 158.42 118.45,275.02,72.72 101.67,134.93, 177.71
154.09
91.53,
o,B, v (°) 110.04, 90.00, 117.27, 90.00 90.00, 90.00, 90.00 90.00, 101.65, 90.00
107.46
Resolution (A) 50.00-3.30 50.00-3.25 50.00-2.10 50.00-2.58
(3.38-3.30) (3.45-3.25) (2.23-2.10) (2.74-2.58)
Rmeas (%) 20.1 (280.0) 12.4 (199.1) 11.2 (141.5) 11.1 (176.5)
<l/c> 8.38 (0.77) 11.11(0.91) 13.07 (1.09) 9.15 (0.86)
CC % (%) 99.7 (28.3) 99.9 (34.1) 99.9 (38.7) 99.7 (36.1)
(Co;’;“p'ete”ess 95.4 (95.7) 99.2(98.2) 99.4 (97.1) 98.5 (93.5)
(]
Redundancy 7.5(7.5) 4.5 (4.5) 6.1(5.1) 3.3(3.2)
Wilson B 106.72 97.57 43.11 68.91
factor (A?)
Refinement
Resolution (A) 49.00-3.30 47.83-3.25 39.00-2.10 47.50-2.58
No. . 176 285 99 634 138 531 144 937
reflections
Rwork / Rfree 15.58 /
(%) 18.71 16.16 / 19.25 17.94/ 20.79 18.33 /21.63
No. atoms
Protein 64 032 31725 15704 27 964
Ligand/ion 760 320 177 497
Water 16 0 724 254
B-factors (A2)
Protein 127.39 137.05 64.03 93.32
Ligand/ion 128.41 138.21 52.79 111.17
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ACL-A/B
Source H. sapiens H. sapiens M. concilii C. limicola
Water 98.04 - 56.89 70.81
R.m.s.
deviations
(BAO)”d lengths 0.010 0.010 0.010 0.010
Bond | 1.13
(oc)’n angles 1.16 1.07 1.17
Pdb id 6hxh 6qfb 6hxi 6hxj

CCL module of ACL

Source organism H H.sapiens  H.sapiens C. limicola C. limicola C. limicola
sapiens
0.1M
Na/K 0.2 M CaCl; pH5.1
21% phosphate 20% PEGssso
0.2 M PEGgooo pH 5.5
Na; S04 0.1M 0.1M 1.6 M Lithium 22% PEG Smear
Crystallization H26 . HEPES pH RbCl sulphate Broad
conditions pZO'V. 7.0 0.1 M Na- 0.1 M Tris pH 0.1 M MES pH
PEG ’ 0.15 M citrate pH 8.0 6.5
30 ammonium 5.5
sulphate 25% PEG
Smear
Medium
Protein 18
concentration mg/ml 7 mg/ml 7 mg/ml 13 mg/ml 12 mg/ml 12 mg/ml
0, 0, 0,
Cryoprotectant 25% 25% PEGago 25% 20% glycerol 25% PEGaoo 30% PEGaoo
PEG400 PEG4OO
Citrate Citrate,
Ligands Citrate ! CoASH CoASH Citrate L-malate,
CoASH
Acetyl-CoA
Data collection
X-ray source PETRAIII SOLEIL
(beamline) (P14) SLS {PXII)  SLS (PXIII) (Proxima 2A) ESRF (ID23-1) PETRAIII {P13)
Wavelength () 0.9762 1.00003 1.00003 0.980042 0.97242 0.9762
Space group P212121 P21 2221 P3121 P21 P21
Cell dimensions
. 67.34, 67.71, 82.83, 110.03, 99.26, 106.41, 102.73, 100.82, 105.01
a, b, c(A) 123.89, 147.90, 111.19, 110.03. 92.75 105.49
139.80 113.69 143.37 T )
90.00, 90.00, 90.00, 90.00, 90.00, 90.00, 102.11, 90.00, 102.99, 90.00
o7 {°) 90.00, 105.28, 90.00, 120,00 96.00
90.00 90.00 90.00 ’ ’
50.00- 50.00- 50.00-1.60
Resolution (A) 1.85 50.00-1.35 1.30 50.00-1.70 50.00-1.50 (1.70-1.60)
(1.96-  (1.43-1.35) (1.38 (1.80-1.70) {1.59-1.50)
1.85) 1.30)
20.5 12.8 135 12.6(146.2)
0,
Rimeas (%) (160.6) (164.5) (203.2) 16.7 (154.2) 9.5 {164.1)
8.69 12.10 11.86(1.31)
<lfo> (1.26) 8.96 (1.05) (1.12) 14.87 (1.64) 9.07 {0.78)
99.6 99.9 99.8 (55.2)
1, 0,
CC % (%) (49.9) 99.7 (42.1) (50.8) 99.9 (64.8) 99.8 (32.4)
Completeness 99.8 99.5 98.8(97.6)
(%) (99.5) 97.4 (94.2) (97.6) 99.9 (99.5) 97.4 (95.6)
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Source organism H H.sapiens  H.sapiens C. limicola C. limicola C. limicola
sapiens
Redundancy 9.2(9.2) 6.9(6.7) (18;) 15.3 (15.4) 3.5(3.5) 6.8(6.9)
YX'ZI)SO” Bfactor 1531 13.00 11.56 25.82 27.85 14.32
Refinement
. o 61.94- 48.72- 45.62-1.60
Resolution (A) 185 47.85-1.35 130 34.00-1.70 48.53-1.50
No. reflections 100 130 458 802 160 728 71480 332071 270 868
16.50/ 15.62/ 16.67/ 15.67/17.73
0,
Ruwork / Riree (%) 1932 17.43 17.85 17.28/19.21 19.39/21.12
No. atoms
Protein 8104 16 312 4106 3960 15 342 15543
Ligand/ion 107 478 138 59 114 288
Water 593 1713 438 476 1281 1066
B-factors (A2)
Protein 29.01 19.60 17.59 20.48 28.21 27.53
Ligand/ion 51.14 24.54 19.86 37.11 30.50 29.40
Water 36.24 30.49 27.22 32.98 34.11 32.52
R.m.s.
deviations
Bond lengths (A) 0.010 0.010 0.010 0.010 0.010 0.010
Bond angles (°) 1.01 1.11 1.06 0.92 0.95 1.01
Pdb id 6hxk 6hxI 6hxm 6hxn 6hxo 6qcl
CCL CCs

Source organism

H. thermophilus

H. thermophilus

Crystallization
conditions

Protein

concentration

Cryoprotectant

Ligands

Data collection
X-ray source
{beamline)
Wavelength ()
Space group
Cell dimensions
a, b, c(h)
ouf,v (%)
Resolution (A)
Rmeas (%)
<l/c>
CC % (%)
Completeness (%)
Redundancy
Wilson B factor
(A7)

Refinement
Resolution (A)
No. reflections

45% MPD
0.1 M HEPES pH 7.5
0.2 M ammonium acetate

7 mg/ml

49% MPD
CoASH

SLS (PXIIN)

1.00003
14122

130.60, 130.60, 83.95
90.00, 90.00, 90.00
50.00-1.45 (1.54-1.45)
5.9 (202.4)

16.29 {0.88)

100 {46.7)

99.9 {99.5)

6.7 (6.0)

20.88

47.94-1.45
63 952

13

18% PEGao00
20% propanol
0.1 M sodium citrate pH 5.6

11 mg/ml

22% PEGao0
CoASH

SLS (PXIIN)

1.00003
P212121

118.50, 127.03, 143.80
90.00, 90.00, 90.00
50.00-2.91 (3.08-2.91)
15.3(217.2)
12.83(0.83)

99.8 {48.4)
99.5 {97.8)
6.5 (6.4)

80.84

47.60-2.91
48 218
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CCL CCS

Source organism H. thermophilus H. thermophilus

Rwork / Rfree (%) 14.48 / 16.22 18.93/22.29

No. atoms

Protein 2006 11 552

Ligand/ion 58 149

Water 211 0

B-factors (A2)

Protein 34.78 99.24

Ligand/ion 75.82 95.78

Water 47.12 -

R.m.s. deviations

Bond lengths (A) 0.010 0.010

Bond angles (°) 1.03 1.21
Pdb id 6hxp 6hxq

§Each dataset was collected from a single crystal. *Values in parentheses are for highest-resolution shell.

In the present invention the abbreviations CoA and CoASH are used interchangeably and refer to

coenzyme A.

As used herein, the term "crystal” means a structure (such as a three-dimensional (3D) solid aggregate)
in which the plane faces intersect at definite angles and in which there is a regular structure (such as an
internal structure) of the constituent chemical species. The term "crystal" refers in particular to a solid

physical crystal form such as an experimentally prepared crystal.

Crystals may be constructed with the wild-type CCL polypeptide sequences or variants thereof, including
allelic variants and naturally occurring mutations as well as genetically engineered variants. Typically,
variants have at least 90%, at least 95% sequence identity with a corresponding wild-type CCL
polypeptide. In a preferred embodiment the CCL polypeptide is human CCL. The CCL module of ACL
corresponds to amino acid residues 836-1101in SEQ.ID NO: 1. SEQ.ID NO: 1 depicts the full-length amino

acid sequence of human ACL.

The amino acid sequence of the human CCL module is depicted in SEQ ID NO: 2.

Optionally, the crystals of the ACL, particularly crystals from the CCL module, may comprise one or more
(natural) ligands (such as citrate and/or coenzyme A) or compounds which interact with these proteins,
or otherwise are soaked into the crystal or co-crystallized with ACL, particularly the CCL module. Such
compounds may be candidate pharmaceutical agents intended to modulate the activity of ACL,

particularly the CCL module of ACL.
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In a preferred embodiment, crystals of the CCL module in complex with its natural ligands have atomic

coordinates set forth in the PDB databank as 6HXK, 6HXL and 6HXM.

6HXK depicts the atomic coordinates of the co-crystal of the CCL module of human ACL bound by its
natural ligand citrate, the atomic coordinates represent the open state of CCL (active site is open), Figure

7a shows the structural, active site open state of CCL.

6HXL depicts the atomic coordinates of the co-crystal of the CCL module of human ACL bound by its
natural ligands citrate and CoASH, the atomic coordinates represent the closed state of CCL (active site

is closed), Figure 7c shows the closed state of CCL.

6HXM depicts the atomic coordinates of the co-crystal of the CCL module of human ACL bound by its
natural ligands citrate and CoASH, the atomic coordinates represent the intermediate state of CCL (active
site is between open and closed — intermediate), Figure 7b shows the structural intermediate state of

CCL.

As used herein, the term "atomic coordinates"” or "set of coordinates" refers to a set of values which
define the position of one or more atoms with reference to a system of axes. It will be understood by
those skilled in the art that the atomic coordinates may be varied, without affecting significantly the
accuracy of models derived therefrom. Thus, although the invention provides a very precise definition
of a preferred atomic structure, it will be understood that minor variations are envisaged and the claims
are intended to encompass such variations.

It will be understood that any reference herein to the atomic coordinates or subset of the atomic
coordinates shown in the PDB entries 6HXK, 6HXL and 6HXM shall include, unless specified otherwise,
atomic coordinates having a root mean square deviation of backbone atoms of not more than 1.5 A,
preferably not more than 1 A, when superimposed on the corresponding backbone atoms described by

the atomic coordinates shown in the PDB entries 6HXK, 6HXL and 6HXM.

The following defines what is intended by the term "root mean square deviation ('RMSD’)" between two
data sets. For each element in the first data set, its deviation from the corresponding item in the second
data set is computed. The squared deviation is the square of that deviation, and the mean squared
deviation is the mean of all these squared deviations. The root mean square deviation is the square root

of the mean squared deviation.
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In a preferred embodiment, the crystals have the atomic coordinates as shown in the PDB entries 6HXK,

6HXL and 6HXM.

Further, it will be appreciated that a set of atomic coordinates for one or more polypeptides is a relative
set of points that define a shape in three dimensions. Thus, it is possible that an entirely different set of
coordinates could define a similar or identical shape. Moreover, slight variations in the individual
coordinates will have little effect on overall shape. The variations in coordinates may be generated due
to mathematical manipulations of the atomic coordinates. For example, the atomic coordinates set forth
in the PDB entries 6HXK, 6HXL and 6HXM could be manipulated by crystallographic permutations of the
atomic coordinates, fractionalization of the atomic coordinates, integer additions or subtractions to sets
of the structure coordinates, inversion of the atomic coordinates, special labeling of amino acids,
polypeptide chains, heteroatoms, ligands, solvent molecules, or combinations thereof.

Alternatively, modification in the crystal structure due to mutations, additions, substitutions, and/or
deletions of amino acids, or other changes in any of the components that make up the crystal could also

account for variations in atomic coordinates.

Various computational analyses are used to determine whether a molecular complex or a portion
thereof is sufficiently similar to all or parts of the structure of the CCL module. Such analyses may be
carried out in available software applications which are known to the skilled person. For example, a
molecular similarity program permits comparisons between different structures, different
conformations of the same structure, and different parts of the same structure. Comparisons typically
involve calculation of the optimum translations and rotations required such that the root mean square
deviation of the fit over the specified pairs of equivalent atoms is an absolute minimum. This number is
givenin Angstroms (A). Accordingly, atomic coordinates of a CCL module of the present invention include
atomic coordinates related to the atomic coordinates listed in the PDB entries 6HXK, 6HXL and 6HXM by
whole body translations and/or rotations. Accordingly, RMSD values listed above assume that at least
the backbone atoms of the structures are optimally superimposed which may require translation and/or
rotation to achieve the required optimal fit from which to calculate the RMSD value. A three-
dimensional structure of a CCL module or a region thereof which substantially conforms to a specified
set of atomic coordinates can be modelled by a suitable modelling computer program, using information,
for example, derived from the following data: (1) the amino acid sequence of the CCL polypeptide; (2)
the amino acid sequence of the related portion(s) of the protein represented by the specified set of

atomic coordinates having a three-dimensional configuration; and (3) the atomic coordinates of the
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specified three-dimensional configuration. A three-dimensional structure of a CCL polypeptide which
substantially conforms to a specified set of atomic coordinates can also be calculated by a method such

as molecular replacement, which is described in detail below.

Atomic coordinates are typically loaded onto a machine-readable medium for subsequent
computational manipulation. Thus, models and/or atomic coordinates are advantageously stored on
machine-readable media, such as magnetic or optical media and random-access or read-only memory,
including tapes, diskettes, hard disks, CD-ROMs and DVDs, flash memory cards or chips and servers.
Typically, the machine is a computer. The atomic coordinates may be used in a computer to generate a
representation, e.g. an image of the three-dimensional structure of the CCL polypeptide which can be
displayed by the computer and/or represented in an electronic file. The atomic coordinates and models
derived therefrom may be used for a variety of purposes such as drug discovery, biological reagent

(binding protein) selection and X-ray crystallographic analysis of other protein crystals.

Molecular Replacement

The structure coordinates of the CCL polypeptide such as those set forth in the PDB entries 6HXK, 6HXL
and 6HXM or a subset thereof, can also be used for determining the three-dimensional structure of a
distant crystallized CCL polypeptide (e.g. derived from another species). This may be achieved by any of
a number of well-known techniques, including molecular replacement. Methods of molecular
replacement are generally known by those skilled in the art. Generally, molecular replacement involves
the following steps: i) X-ray diffraction data are collected from the crystal of a crystallized target
structure, then ii) the X-ray diffraction data are transformed to calculate a Patterson function, then iii)
the Patterson function of the crystallized target structure is compared with a Patterson function
calculated from a known structure (referred to herein as a search structure or search model) , iv) the
Patterson function of the search structure is rotated on the target structure Patterson function to
determine the correct orientation of the search structure in the crystal to obtain a rotation function, v)
a translation function is then calculated to determine the location of the search structure with respect
to the crystal axes. Alternatively, likelihood-based molecular replacement methods can be used to
determine the location of the search structure. Once the search structure has been correctly positioned
in the unit cell, initial phases for the experimental data can be calculated. These phases are necessary
for calculation of an electron density map from which structural features and differences can be
observed to allow construction of a molecular model and refinement of the structure. Preferably, the
structural features (e.g., amino acid sequence, conserved disulphide bonds, and beta-strands or beta-

sheets) of the search molecule are related to the crystallized target structure. The electron density map
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can, in turn, be subjected to any well-known model building and structure refinement techniques to
provide a final, accurate structure of the unknown (i.e. target) crystallized molecular structure. Obtaining
accurate values for the phases, by methods other than molecular replacement, is often a time-
consuming process that involves iterative cycles of approximations and refinements and greatly hinders
the solution of crystal structures. However, when the crystal structure of a protein containing at least a
homologous portion has been solved, the phases from the known structure provide a satisfactory
starting estimate of the phases for the unknown structure. By using molecular replacement, all or part
of the structure coordinates of the CCL polypeptide (and set forth in the PDB entries 6HXK, 6HXL and
6HXM) can be used to determine the structure of another crystallized CCL molecule whose structure is

unknown, more rapidly and more efficiently than attempting to determine such information ab initio.

The structure of any portion of any crystallized molecular CCL molecule that is sufficiently homologous
to any portion of the human CCL molecule can be solved by this method.

Such structure coordinates are also particularly useful to solve the structure of crystals of CCL co-
complexed with a variety of molecules, such as chemical entities. For example, this approach enables
the determination of the optimal sites for the interaction between chemical entities, and the interaction

of candidate ACL, in particular CCL agonists or antagonists.

Target Sites for Compound Identification, Design or Screening

The three-dimensional structure of the CCL module provided by the present invention (see the PDB
entries 6HXK, 6HXL and 6HXM) can be used to identify potential target binding sites as well as in methods
for identifying or designing compounds which interact with identified target sites in CCL.

A particularly preferred target site, identified in the present invention, is the catalytic pocket of CCL
which pocket consists of the amino acid residues Hissoo, Valsos, Phesss, Glyose, LySsss, LeUses, llegzo, Metors,
Glyg7z, llegrs, Glygza, Hisszs, Argoss, LySios, LeUio21, ASNiozo, ASNioaa, Valiozs, ASpiozs, Argioss and Argiess as
depicted in SEQ ID NO : 1 and wherein said amino acid residues represent the citrate and CoASH binding
sites of CCL.

Next to the identification of compounds binding to specific target sites on CCL, it is for example also
feasible to specifically target the “open” or “closed” conformation of CCL. Thus, it is possible to use the
“open” conformation of CCL which atomic coordinates are depicted in the PDB entry 6HXK, or it is
possible to use the “closed” conformation of CCL which atomic coordinates are depicted in the PDB entry

6HXM.
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Design, Selection, Fitting and Assessment of Chemical Entities that bind ACL, in particular the CCL module

of ACL

Using a variety of known modelling techniques, the crystal structures of the present invention can be
used to produce models for evaluating the interaction of compounds with ACL, in particular the CCL
module of ACL. As used herein, the term "modelling" includes the quantitative and qualitative analysis
of molecular structure and/or function based on atomic structural information and interaction models.
The term "modelling" includes conventional numeric-based molecular dynamic and energy minimization
models, interactive computer graphic models, modified molecular mechanics models, distance
geometry and other structure-based constraint models. Molecular modelling techniques can be applied
to the atomic coordinates of CCL or parts thereof to derive a range of 3D models and to investigate the
structure of binding sites, such as the binding sites with compounds. These techniques may also be used
to screen for or design small and large chemical entities which are capable of binding CCL and modulate
the activity of ACL. Such a screen may employ a solid 3D screening system or a computational screening
system. Such modelling methods are to design or select chemical entities that possess stereochemical
complementary to identified binding sites in CCL. By "stereochemical complementarity" it is meant that
the compound makes a sufficient number of energetically favourable contacts with CCL as to have a net
reduction of free energy on binding to CCL. Modelling methods may also be used to design or select
chemical entities that possess stereochemical similarity to substrates binding to CCL, such as CoASH and
citrate. By "stereochemical similarity" we mean that the compound makes about the same number of
energetically favourable contacts with CCL set out by the coordinates shown in the PDB entries 6HXK,
6HXL and 6HXM. In addition, modelling methods may also be used to design or select chemical entities
that possess stereochemical complementarity to CCL. By stereochemical complementarity it is meant
that the compound makes energetically favourable contacts with CCL as defined by coordinates shown
in the PDB entries 6HXK, 6HXL and 6HXM. By "match" we mean that the identified portions interact with
the surface residues, for example, via hydrogen bonding or by non-covalent van der Waals and Coulomb
interactions (with surface or residue) which promote dissolvation of the molecule within the site, in such
a way that retention of the molecule at the binding site is favored energetically. It is preferred that the
stereochemical complementarity is such that the compound has a K4 for the binding site of less than 10°
*M, more preferably less than 10°M and more preferably 10°M. In a most preferred embodiment, the

Kq value is less than 102M and more preferably less than 10°M.

Chemical entities which are complementary to the shape and electrostatics or chemistry of CCL

characterized by amino acids positioned at atomic coordinates set out in the PDB entries 6HXK, 6HXL

19



10

15

20

25

30

WO 2020/182615 PCT/EP2020/055859
and 6HXM will be able to bind to CCL, and when the binding is sufficiently strong, substantially inhibit

the catalytic activity of ACL, particularly the CCL module.

A number of methods may be used to identify chemical entities possessing stereochemical and structural
complementarity to the structure or substructures of CCL. For instance, the process may begin by visual
inspection of a selected binding site in CCL on the computer screen based on the coordinates in the PDB
entries 6HXK, 6HXL and 6HXM generated from the machine-readable storage medium. Alternatively,
selected fragments or chemical entities may then be positioned in a variety of orientations, or docked,
within the selected binding site. Modelling software is well known and available in the art. This modelling
step may be followed by energy minimization with standard available molecular mechanics force fields.
Once suitable chemical entities or fragments have been selected, they can be assembled into a single
compound. In one embodiment, assembly may proceed by visual inspection of the relationship of the
fragments to each other on the three-dimensional image displayed on a computer screen in relation to
the structure coordinates of selected binding site in CCL. This is followed by manual model building,
typically using available software. Alternatively, fragments may be joined to additional atoms using
standard chemical geometry. The above-described evaluation process for chemical entities may be

performed in a similar fashion for chemical compounds.

Databases of chemical structures are available from a number of sources including Cambridge
Crystallographic Data Centre (Cambridge, U.K.), Molecular Design, Ltd., (San Leandro, Calif.), Tripos
Associates, Inc. (St. Louis, Mo.), Chemical Abstracts Service (Columbus, Ohio), the Available Chemical
Directory (Symyx Technologies, Inc.), the Derwent World Drug Index (WDI), BioByteMasterFile, the
National Cancer Institute database (NCI), Medchem Database (BioByte Corp.), and the Maybridge
catalogue. Once an entity or compound has been designed or selected by the above methods, the
efficiency with which that entity or compound may bind to CCL can be tested and optimised by
computational evaluation. For example, a compound that has been designed or selected to function as
a CCL binding compound must also preferably traverse a volume not overlapping that occupied by the
binding site when it is bound to the native CCL. An effective CCL binding compound must preferably
demonstrate a relatively small difference in energy between its bound and free states (i.e. a small
deformation energy of binding). Thus, the most efficient CCL binding compound should preferably be
designed with a deformation energy of binding of not greater than about 10 kcal/mole, preferably, not
greater than 7 kcal/mole. CCL binding compounds may interact with CCL in more than one conformation
that are similar in overall binding energy. In those cases, the deformation energy of binding is taken to

be the difference between the energy of the free compound and the average energy of the
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conformations observed when the compound binds to the protein. Further, a compound designed or
selected as binding to CCL may be further computationally optimised so that in its bound state it would
preferably lack repulsive electrostatic interaction with the target protein.
Once a CCL-binding compound has been optimally selected or designed, as described above,
substitutions may then be made in some of its atoms or side groups to improve or modify its binding
properties. Generally, initial substitutions are conservative, i.e. the replacement group will have
approximately the same size, shape, hydrophobicity and charge as the original group. It should, of
course, be understood that components known in the art to alter conformation should be avoided. Such
substituted chemical compounds may then be analysed for efficiency of fit to CCL by the same computer

methods described in detail above.

Naturally, specific computer software is available in the art to evaluate compound deformation energy
and electrostatic interaction. The screening/design methods may be implemented in hardware or
software, or a combination of both. However, preferably, the methods are implemented in computer
programs executing on programmable computers each comprising a processor, a data storage system
(including volatile and non-volatile memory and/or storage elements), at least one input device, and at
least one output device. Program code is applied to input data to perform the functions described above
and generate output information. The output information is applied to one or more output devices, in
known fashion. The computer may be, for example, a personal computer, microcomputer, or
workstation of conventional design. Each program is preferably implemented in a high level procedural
or object-oriented programming language to communicate with a computer system. However, the
programs can be implemented in assembly or machine language, if desired. In any case, the language
may be compiled or interpreted language. Each such computer program is preferably stored on a
storage medium or device (e.g., ROM or magnetic diskette) readable by a general or special purpose
programmable computer, for configuring and operating the computer when the storage media or device
is read by the computer to perform the procedures described herein. The system may also be considered
to be implemented as a computer-readable storage medium, configured with a computer program,
where the storage medium so configured causes a computer to operate in a specific and predefined

manner to perform the functions described herein.

Compounds

Compounds of the present invention include both those designed or identified using a screening method
of the invention and those which are capable of recognising and binding to CCL as defined above.

Compounds capable of recognising and binding to CCL may be produced using a screening method based
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on use of the atomic coordinates corresponding to the 3D structure of CCL. Compounds capable of
recognising and binding to CCL may be produced using a screening method based on the use of the
atomic coordinates corresponding to the 3D structure of CCL. The candidate compounds and/or
compounds identified or designed using a method of the present invention may be any suitable
compound, synthetic or naturally occurring, preferably synthetic. In one embodiment, a synthetic
compound selected or designed by the methods of the invention preferably has a molecular weight equal
to or less than about 5000, 4000, 3000, 2000, 1000 or 500 daltons. A compound of the present invention
is preferably soluble under physiological conditions. The compounds may encompass numerous
chemical classes, though typically they are organic molecules, preferably small organic compounds
having a molecular weight of more than 50 and less than about 2,500 daltons, preferably less than 1,500,
more preferably less than 1,000 and yet more preferably less than 500. Such compounds can comprise
functional groups necessary for structural interaction with proteins, particularly hydrogen bonding, and
typically include at least an amine, carbonyl, hydroxyl or carboxyl group, preferably at least two of the
functional chemical groups. The compound may comprise cyclical carbon or heterocyclic structures
and/or aromatic or polyaromatic structures substituted with one or more of the above functional groups.
Compounds can also comprise biomolecules including peptides, saccharides, fatty acids, steroids,
purines, pyrimidines, derivatives, structural analogues, or combinations thereof. Compounds may
include, for example: (1) peptides such as soluble peptides, including Ig-tailed fusion peptides and
members of random peptide libraries and combinatorial chemistry-derived molecular libraries made of
D- and/or L-configuration amino acids; (2) phosphopeptides (e.g. members of random and partially
degenerate, directed phosphopeptide libraries, (3) antibodies (e.g., polyclonal, monoclonal, humanized,
anti-idiotypic, chimeric, and single chain antibodies, nanobodies as well as Fab, (Fab),, Fab expression
library and epitope-binding fragments of antibodies); (4) non-immunoglobulin binding proteins such as
but not restricted to avimers, DARPins and lipocalins; (5) nucleic acid-based aptamers; and (6) small
organic and inorganic molecules.

Synthetic compound libraries are commercially available from, for example, Maybridge Chemical Co.
(Tintagel, Cornwall, UK), AMRI (Budapest, Hungary) and ChemDiv (San Diego, Calif.), Specs (Delft, The
Netherlands). In addition, numerous means are available for random and directed synthesis of a wide
variety of organic compounds and biomolecules, including expression of randomized
oligonucleotides. Alternatively, libraries of natural compounds in the form of bacterial, fungal, plant and
animal extracts can be readily produced. In addition, natural or synthetic compound libraries and
compounds can be readily modified through conventional chemical, physical and biochemical means and
may be used to produce combinatorial libraries. In another approach, previously identified

pharmacological agents can be subjected to directed or random chemical modifications, such as
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acylation, alkylation, esterification, amidification, and the analogues can be screened for ACL, in
particular CCL activity. In addition, numerous methods of producing combinatorial libraries are known
in the art, including those involving biological libraries; spatially addressable parallel solid phase or
solution phase libraries; synthetic library methods requiring deconvolution; the "one-bead one-
compound" library method; and synthetic library methods using affinity chromatography selection. The
biological library approach is limited to polypeptide or peptide libraries, while the other four approaches
are applicable to polypeptide, peptide, nonpeptide oligomer, or small molecule libraries of compounds.
Compounds also include those that may be synthesized from leads generated by fragment-based drug
design, wherein the binding of such chemical fragments is assessed by soaking or co-crystallizing such
screen fragments into crystals provided by the invention and then subjecting these to an X-ray beam and
obtaining diffraction data. Difference Fourier techniques are readily applied by those skilled in the art to
determine the location within the CCL structure at which these fragments bind, and such fragments can
then be assembled by synthetic chemistry into larger compounds with increased affinity for CCL. Further,
compounds identified or designed using the methods of the invention can be a peptide or a mimetic
thereof. The isolated peptides or mimetics of the invention may be conformationally constrained
molecules or alternatively molecules which are not conformationally constrained such as, for example,
non-constrained peptide sequences. The term "conformationally constrained molecules" means
conformationally constrained peptides and conformationally constrained peptide analogues and
derivatives. In addition, the amino acids may be replaced with a variety of uncoded or modified amino
acids such as the corresponding D-amino acid or N-methyl amino acid. Other modifications include
substitution of hydroxyl, thiol, amino and carboxyl functional groups with chemically similar groups. With
regard to peptides and mimetics thereof, still other examples of other unnatural amino acids or chemical
amino acid analogues/derivatives can be introduced as a substitution or addition. Also, a peptidomimetic
may be used. A peptidomimetic is a molecule that mimics the biological activity of a peptide but is no
longer peptidic in chemical nature. By strict definition, a peptidomimetic is a molecule that no longer
contains any peptide bonds (that is, amide bonds between amino acids). However, the term peptide
mimetic is sometimes used to describe molecules that are no longer completely peptidic in nature, such
as pseudo-peptides, semi-peptides and peptoids. Whether completely or partially non-peptide,
peptidomimetics for use in the methods of the invention, and/or of the invention, provide a spatial
arrangement of reactive chemical moieties that closely resembles the three-dimensional arrangement
of active groups in the peptide on which the peptidomimetic is based. As a result of this similar active-
site geometry, the peptidomimetic has effects on biological systems which are similar to the biological
activity of the peptide. There are sometimes advantages for using a mimetic of a given peptide rather

than the peptide itself, because peptides commonly exhibit two undesirable properties: (1) poor
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bioavailability; and (2) short duration of action. Peptide mimetics offer an obvious route around these
two major obstacles, since the molecules concerned are small enough to be both orally active and have
a long duration of action. There are also considerable cost savings and improved patient compliance
associated with peptide mimetics, since they can be administered orally compared with parenteral
administration for peptides. Furthermore, peptide mimetics are generally cheaper to produce than
peptides. Naturally, those skilled in the art will recognize that the design of a peptidomimetic may
require slight structural alteration or adjustment of a chemical structure designed or identified using the
methods of the invention. In general, chemical compounds identified or designed using the methods of
the invention can be synthesized chemically and then tested for ability to modulate ACL activity, in
particular CCL activity, using any of the methods described herein. The peptides or peptidomimetics of
the present invention can be used in assays for screening for candidate compounds which bind to
selected regions or selected conformations of CCL. Binding can be either by covalent or non-covalent
interactions, or both. Examples of non-covalent interactions include electrostatic interactions, van der

Waals interactions, hydrophobic interactions and hydrophilic interactions.

When a compound of the invention interacts with ACL, in particular interacts with the CCL module of
ACL, it preferably "modulates" ACL activity. By "modulate" it is meant that the compound changes an
activity of ACL by at least 50%. Suitably, a compound modulates ACL activity by increasing or decreasing
the enzymatic activity of ACL, in particular CCL. The ability of a candidate compound to increase or
decrease the activity of ACL, in particular CCL can be assessed by any one of the ACL, in particular CCL,
enzymatic or cell-based assays known in the art (e.g. Granchi C (2018) Eur. J. Med. Chem. 5, 157, 1276
and Pinkosky SL et al (2017) Trends Mol. Med. 23(11): 1047), and in the materials and methods section
below. Compounds of the present invention preferably have an affinity for ACL, in particular CCL,
sufficient to provide adequate binding for the intended purpose. Suitably, such compounds have an
affinity (Kq) of from 10° to 10%> M. For use as a therapeutic, the compound suitably has an affinity (Kq)
of from 107 to 10'° M, preferably from 102 to 1012 M and more preferably from 101° to 101 M. As will
be evident to the skilled person, the crystal structure presented herein has enabled, for the first time,

direct visualisation of the regions binding the natural ligands of ACL in the structure.

Screening Assays and Confirmation of Binding

Compounds of the invention may be subjected to further confirmation of binding to ACL, in particular
CCL, by co-crystallization of the compound with ACL, in particular CCL and structural determination, as
described herein. Compounds designed or selected according to the methods of the present invention

are preferably assessed by a number of in vitro and in vivo assays of ACL, in particular CCL function to
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confirm their ability to interact with and modulate ACL, in particular CCL activity. Libraries may be
screened in solution by methods generally known in the art for determining whether ligands
competitively bind at a common binding site. Such methods may include screening libraries in solution,
or on beads or chips. Where the screening assay is a binding assay, ACL, in particular CCL, may be joined
to a label, where the label can directly or indirectly provide a detectable signal. Various labels include
radioisotopes, fluorescent molecules, chemiluminescent molecules, enzymes, specific binding
molecules, particles, e.g., magnetic particles, and the like. Specific binding molecules include pairs, such
as biotin and streptavidin, digoxin and antidigoxin, etc. For the specific binding members, the
complementary member would normally be labelled with a molecule that provides for detection, in
accordance with known procedures. A variety of other reagents may be included in the screening assay.
These include reagents like salts, neutral proteins, e.g., albumin, detergents, etc., which are used to
facilitate optimal protein-protein binding and/or reduce non-specific or background interactions.
Reagents that improve the efficiency of the assay, such as protease inhibitors, nuclease inhibitors,
antimicrobial agents, etc., may be used. The components are added in any order that produces the
requisite binding. Incubations are performed at any temperature that facilitates optimal activity,
typically between 4°C and 40°C. Direct binding of compounds to ACL, in particular CCL can also be done

for example by Surface Plasmon Resonance (BlAcore).

It is to be understood that although particular embodiments, specific configurations as well as materials
and/or molecules, have been discussed herein for cells and methods according to the present invention,
various changes or modifications in form and detail may be made without departing from the scope and
spirit of this invention. The following examples are provided to better illustrate particular embodiments,

and they should not be considered limiting the application. The application is limited only by the claims.

Examples
Example 1

To facilitate high-resolution structural studies by X-ray crystallography, in the present invention an
enzymatically active variant of hACL was produced, termed hACL-A/B, that lacked the linker region
connecting the ancestral ACL-A and ACL-B parts (Fig. 1a, Fig. 5c-e). Ensuing crystal structures in space
groups P1 and C2 for hACL-A/B, complexed with ADP, citrate, and CoA show that the CCL domains of
four hACL chains form an intertwined, D2-symmetric 120 kDa CCL module that serves as the
oligomerization platform of the ACL enzyme (Fig. 1b, Fig. 5 f,g and Table 1). Four CCSa./p modules are
connected to this CCL module via a long linker that tethers the C-terminal end of CCSa to a two-helical
stalk region protruding from the CCL module (Fig. 1a,b and Fig. 5g). The CCL module contains four citrate
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synthase-like CoA-binding domains? that each grasp the adenosine head of a CoA molecule with the 3’
phosphoryl group of CoA accommodated at the interface between the CoA-binding domains and a
juxtaposed CCSa/P module. The phosphopantothenic arms of these CoA molecules bind across the
nucleotide-binding motif of a juxtaposed CCSa-region and protrude into the CCS active site (Fig. 6a,b).
At this site, the reactive thiol group of CoA reacts with ATP-derived citryl-phosphate to form citryl-
CoA?Y22 The observed arrangement of hACL-A/B is further stabilized by few contacts between the CCS
module and the CCL CoA-binding domains, and by a B-hairpin motif in CCSa (residues 531-555)
contacting the CCL stalk region (Fig. 1b). Superposition of the different hACL-A/B crystal structures
displays a medley of CCS module conformations with respect to the tetrameric CCL core platform,
providing evidence for the extensive structural plasticity of ACL tetramers around the CCL stalk region

(Fig. 5h).

Example 2

In a next step we pursued crystallographic studies of the isolated CCL module of hACL at high resolution
in complex with citrate and CoA and showed that the CCL protomers can adopt a closed state, whereby
the CoA-binding domains undergo a ~10° rotation compared to the open state observed in the hACL-
A/B crystal structures (Fig. 1c, Fig. 7a-c, Table 1). Furthermore, in the isolated CCL module the bound
CoA molecules adopt a compact conformation wherein 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 (Fig. 7d). The rotation of the CoA-binding domain is
necessary to fully form and shield the CCL active site, as this domain contributes residues His975, Arg986,
and catalytic Asp1026 which bind citrate (Fig. 7 d, e). These structural analyses establish a set of large
structural transitions underlying the catalytic itinerary of ACL. Following the ATP-driven formation of
citryl-CoA at the CCS module, the citryl-thioester head of citryl-CoA swings back over a distance of ~35
A to reach the citrate binding site of the CCL module (Fig. 1d). Furthermore, shuttling of citryl-CoA is
associated with the rotation of the CoA-binding domain and closure of the CCL active site to allow
cleavage of citryl-CoA at the heart of the ACL enzyme to yield the reaction products acetyl-CoA and

oxaloacetate (Fig. 1e).

Example 3

Given the structural diversity of homo— and heteromeric ACL assemblies across different kingdoms of
life we sought to determine representative crystal structures for heteromeric ACL-A/B®. Structures of

heteromeric ACL-A/B from the methanogenic archaeon Methanosaeta concilii?® and the green sulphur
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bacteria Chlorobium limicola” reveal that prokaryotic ACL enzymes form heteromeric ACL-A/B
assemblies similar to hACL-A/B and also feature CCSa B-hairpins interacting with two-helical stalks
extending from the CCL module (Fig. 2, Fig. 6¢,d, and Fig. 8, and Table 1). Moreover, similar to its
counterpart in hACL the CCL module of C. limicola ACL can also adopt open and closed states (Fig. 7f-i

and Table 1).

Example 4

In the ancestral variant of the rTCA cycle found in members of the early branching bacterial phylum
Aquificae, the citrate-cleavage reaction is catalyzed by the tandem action of two distinct enzymes related
to ACL: o/P heteromeric CCS and CCL'"%* (Fig. 2). The structure of CCL from H. thermophilus” shows that
stand-alone CCL adopts an intertwined tetrameric structure superimposing with the CCL module of hACL
(rmsd = 2.2 A for 658 aligned Ca-atoms) (Fig. 5i and Table 1). CCSa/p from H. thermophilus®® is
structurally similar to the CCS module of hACL (rmsd = 2.3 A for 330 aligned Ca-atoms), although in H.
thermophilus two CCS o/ modules associate to form an a;3;-heterotetramer as seen for E. coli succinyl-
CoA synthetase?® (Fig. 6e,f and Table 1). Thus, the ACL enzyme arose from the fusion of a tetrameric CCL
module with CCS, and by the acquisition of specific structural elements such as the two-helical stalk and

interacting B-hairpins that underlie the conserved ACL architecture.

Example 5

Corroborating our structural findings, previous binding studies?? also show that hACL displays four CoA
binding sites. In contrast, the crystal structure of C. limicola ACL establishes that this bacterial homologue
can bind eight CoA molecules: four in the CCL module and four in the CCS modules (Fig. 6d). Based on
this fundamental difference in substrate binding, we propose that ACL from C. limicola may represent
an ancestral form of ACL wherein the nucleotide binding motif of the CCS module is still capable of
binding the adenosine moiety of CoA, whereas human and archaeal ACL display bona fide hybrid CoA-

binding sites.

Example 6

Superposition of the human CCL module in the closed state with the hACL-A/B crystal structure showed
that the 3’-phosphoryl moiety of CoA would clash with the nucleotide binding domain and B-hairpin
motif of the juxtaposed CCSa region (Fig. 9a,b). This implies that the CCS modules need to reorient upon
rotation of the CoA-binding domains and transfer of citryl-CoA. While the structure of the archaeal ACL-
A/B enzyme is similar to the structure for hACL-A/B with its CCL module in an open state and four

equivalent CoA molecules bridging the CCL and CCS modules (Fig. 6¢), ACL-A/B from C. limicola adopts a
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distinct structural state (Fig. 8, Fig. 9c). In the latter structure all four CCL active sites are closed, with the
CCS modules reoriented when compared to the human and archaeal ACL structures (Fig. 3a,b). A
comparison between these different functional states offers a plausible view of the large-scale structural
transitions that the ACL enzyme might undergo upon transfer of the citryl-CoA intermediate. Thus, we
infer that upon closure of the CCL module the CCS module reorients around the CCL module mediated
by a pivoting axis defined by the interaction between the CCSa B hairpin and the CCL stalk region (Fig.
9d-f).

Example 7

In order to obtain additional insights into the structural plasticity of ACL we conducted in-solution small-
angle X-ray scattering (SAXS) experiments on hACL-A/B and C. /imicola ACL-A/B (Table 2). Whereas
supplementing the SAXS measuring buffer with citrate alone did not result in a significant change in the
scattering profile recorded from apo-ACL-A/B, addition of both citrate and CoA induces a structural
transition towards the conformational states observed in the crystal structures (Fig. 3c,d and Fig. 9g,h).
This shows that ACL enzymes have the capacity to oscillate between distinct structural states in a ligand-
dependent manner, albeit with differing conformational amplitudes. Ensuing rigid-body modelling of
apo-hACL-A/B suggests an increased structural plasticity around the two-helical stalk region in the
absence of CoA (Fig. 9g). Additional SAXS data recorded for full-length hACL indicates a similar in-solution

structure and ligand-induced rearrangements as compared to linker-deleted hACL-A/B (Fig. 9i,j).
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Table 2: SAXS data-collection and scattering-derived parameters*

Data collection parameters

Instrument
Experimental setup
SEC column

Loading concentration

Injection volume (uL)
SEC flow rate (mL/min)
Wavelength

Beam size

Detector

Detector distance (m)

s measurement range (nm!)

P12 beamline (Petra III synchrotron)
SEC-SAXS
Agilent Bio SEC-3 with 300 A pore size

17 mg/ml for C. limicola ACL
24 mg/mL for hACL-A/B
20 mg/mL for hACL

50

04

A =0.124 nm

0.2 x 0.12 mm?

Pilatus 6M

3.1

0-5

The data were normalized to the intensity of the transmitted

Normalization
beam
Exposure time per frame 1s
Acquisition rate / exposure time ~ Continuous 1s data-frame measurements
Temperature (K) 293
Structural parameters
Estimated molecular weight (kDa) Theoretical
R (nm) Diax (nm) molecular
[from [from Porod Mow ycC cight (kDa)
Sample  SEC buffer Guinier] P(n)] DAM welg
c HBS 6,12 20 415 401 419 452
limiéola HBS + Citrate 6,03 20 419 419 415 449 430
ACL-A/B HBS + Citrate + 5.7 17,5 468 378 422 450
CoA
HBS 6,04 17,5 461 445 489 477
hACL-  HBS + Citrate 6,05 17,5 467 434 497 508 462
A/B }
HBS + Citrate +
\ 5,75 16,5 441 430 477 484
CoA
HBS 6,08 19 478 463 504 492
hACL HBS + Citrate 6,16 19 492 554 522 515 493
HBS + Citrate + 587 17 484 496 510 517
CoA
Software employed
Primary data reduction CHROMIXS
Guinier analysis AutoRg
P(r) calculation GNOM 5
Particle exclude volume DATPOROD
Molecular weight estimation DATMW

Atomic structure modelling  Crysol, Crysol 3.0, FoXS, MultiFoXS, AllosMOD-FoXS

*where s = 4nsind/h, and 20 1s the scattering angle
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Example 8

CCL — as a stand-alone enzyme or as the core module of ACL - shows significant sequence identity to
citrate synthase (CS), the first enzyme in the oxidative Krebs cycle. Prototypical CS is homodimeric and
also cycles between open and closed states during catalysis?®%’. Structural comparison of CCL with CS
shows that the 20-helix core in tetrameric CCL superimposes well with the 20-helix core in dimeric CS
(Fig. 4a,b and Fig. 10a). Ensuing molecular dissection of CS unravels that both the N-terminal and C-
terminal half of the CS protomer show structural and sequence homology to a CCL protomer (Fig. 10b-
g). This provides strong evidence 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. The N-terminal half of CS corresponds to a CCL protomer in which the CoA binding
domain (Fig. 10d,g) is replaced by a short loop (Fig. 10h). The C-terminal CCL-homology region in CS
encompasses the CoA-binding domain, citrate binding site and C-terminal tail wrapping around the
adjacent protomer (Fig. 10e,g). This fusion event (Fig. 4c, Fig. 10i) and the introduced internal structural
repeat in CS is also apparent from the pseudo-twofold symmetry axis present in the CS protomer which
corresponds to one of the three twofold symmetry axes in D2-symmetrical CCL (Fig. 4d). Importantly,
the molecular transition of CCL to CS indicates that the rTCA cycle, supporting autotrophy, predates the

oxidative Krebs cycle or the recently described reversed oxidative Krebs cycle?®? (Fig. 4e).

Example 9

By analogy to the CS-catalyzed reversible condensation of oxaloacetate and acetyl-CoA to citryl-CoA,
citryl-CoA cleavage by ACL is thought to proceed through a retro-aldol cleavage mechanism with the
acetyl-CoA enolate as an intermediate'®*, Comparison of crystal structures at high-resolution for the
substrate-bound CCL module of human and C. limicola ACL with CS shows an equivalent active site
configuration indicating a similar catalytic mechanism (Fig. 4f-h, Fig. 9a-c and Table 1). In CS, the catalytic
aspartate residue (Asp375 in chicken CS) initiates enolization of acetyl-CoA by abstracting a Ca. methyl
proton?’. We propose that during the analogous retro-aldol cleavage of citryl-CoA by hACL, 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 (Fig. 11d). Consistent with
its catalytic role, we note that hACL-Asp1026 engages in a low-barrier hydrogen-bond®! (distance = 2.4
A) with the pro-S carboxylate of the bound citrate molecule (Fig. 4f). Additional studies, e.g. by neutron
diffraction, will be needed to identify the base abstracting the hydroxyl proton of citryl-CoA to initiate

retro-aldol cleavage (Fig. 11d). Proposals for the acid responsible for protonating the carbonyl oxygen of
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oxaloacetate in the reverse reaction by CS have suggested His320 (ref. 29), Arg329 (ref. %), as well as an

alternative mechanism33.

Materials and methods

Recombinant protein production and purification

Protein expression constructs generated in this study - as described below - are available via the
GeneCorner Plasmid Collection at http://bccm.belspo.be through the associated LMBP accession
number. cDNA encoding full-length human ACL (hACL, Uniprot ID P53396-2) was obtained from a liver
cDNA databank and cloned into the pTrcHis2 vector, in frame with a C-terminal Myc- and His-tag,
resulting in pTrcHis2-hACL (LMBP 11127). To produce a heteromeric form of human ACL (hACL-A/B)
without the long linker region (residues 426-487) codon-optimized cDNA fragments encoding residues
1-425 (hACL-A) and residues 488-1101 (hACL-B) of human ACL (Uniprot ID P53396-1) were cloned into
the pET-Duet vector, resulting in pET-DUET-hACL-A/B (LMBP 11131). The hACL-B fragment carried a C-
terminal His-tag. Codon optimized cDNA fragments encoding the M. concilii ACL-A (NCBI ID
WP_048131686.1) and ACL-B (NCBI ID WP_048131683.1) subunits, and the H. thermophilus CCSa
(Uniprot ID Q75VW6) and CCSP (Uniprot ID D3DK29) subunits were cloned in the pET-DUET vector,
resulting in vectors pET-Duet-Mco-ACL-A/B (LMBP 11132) and pET-Duet-Hth-CCS (LMBP 11134),
respectively, with the ACL-B and CCSP fragments carrying a C-terminal His-tag. Codon optimized cDNA
fragments encoding the C. limicola ACL-A (Uniprot ID Q9AQH6) and ACL-B (Uniprot ID Q9AJC4) subunits
were cloned in the pET11a vector interspersed with an E. coli ribosomal binding sequence®, resulting in
the bicistronic construct, pET11a-Cli-ACL-A/B (LMBP 11125), with the ACL-B subunit 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 ACL (Uniprot ID
P53396-1, residues 836-1101) and C. limicola ACL (Uniprot ID Q9AQHS, 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-hACL
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-ACL-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 addition of 1 mM IPTG at an
optical density at 600 nm of 0.6 — 0.7. Following overnight expression cultures were harvested by
centrifugation and bacterial cells resuspended in IMAC binding buffer: 50 mM sodium phosphate, pH 7.4

and 150 mM NacCl, supplemented with 1 mM DTT. To prevent proteolysis in the long linker region in full-
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length hACL 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 um filter and loaded onto an cOmplete His-tag (Roche) or Ni Sepharose column
equilibrated with IMAC binding buffer. The IMAC column 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 chromatography (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 or, for the purification of ACL enzymes, 20 mM citrate (pH
6,0), 150 mM NaCl supplemented with 1 mM DTT was used. ACL enzymes were purified at 4° C. The N-
terminal His-tag of the purified CCL core modules of human ACL and C. /imicola ACL 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 hACL-A/B, hACL and the hACL-His760Ala mutant in function of ATP concentration
were measured using the malate dehydrogenase coupled assay®. Assays were set up in a transparent
Nunc 96-well plate using a total reaction volume of 250 pL. Oxidation of NADH was followed by
measuring the absorbance at 340 nm in function of time at 25° C using a FLUOstar Omega microplate
reader (BMG Labtech). The reaction buffer contained 20 mM Tris buffer pH 8.5, 20 mM citrate, 10 mM
MgCl,, 0.5 mM CoASH, 4 mM DTT, 0.2 mM NADH and 4 units/mL of malate dehydrogenase (Roche). The
reaction was started by adding ATP. Initial velocity rates, as the average of 3 replicate measurements,
were plotted in GraphPad Prism and fitted to a Michaelis-Menten equation to obtain the parameters Km

and kcat.

Crystallization and structure determination

Purified protein samples were concentrated to 5 — 15 mg/mL. For co-crystallization experiments with
ligands the protein samples were supplemented with 50 mM citrate and/or 10 mM CoASH and 50 mM
Mg.ADP. Nanoliter-scale vapour diffusion crystallisation experiments were set up at 293 K or 277 K using
commercially available sparse matrix crystals screens (Molecular Dimensions, Hampton Research) and
using a Mosquito crystallisation robot (TTP Labtech). Promising hits were further optimized using
gradient optimization in 24-well crystallization plates with drop sizes of 1 uL. These optimized conditions

are listed in Table 1. Crystals were cryoprotected in a quick soak in mother liquid supplemented with the
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respective cryo solution (Table 1) and ligands when appropriate. Crystals were cryo-cooled by direct
plunging into liquid nitrogen. X-ray diffraction measurements were conducted in synchrotron radiation
facilities PETRA lll (beamlines P13, P14), SOLEIL (Proxima 2A), ESRF (ID23-1, ID23-2, ID30-B) and SLS (PXI,
PXIl). All data were integrated and scaled using the XDS suite®® and AIMLESS®” and data quality was
analyzed by Phenix.xtriage. To solve the initial structure of ACL-A/B from C. limicola molecular
replacement (MR) was performed with Phaser®® using the structure of the N-terminal truncated human
ACL as a search model*. 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 citrate synthase

as a structural guide. Parrot*

density modification and NCS averaging was used to improve the quality
of initial electron density maps. Subsequent structures for the human and M. concilii ACL-A/B, human
and bacterial CCL modules and H. thermophilus CCL were solved by MR using derived search models. For
H. thermophilus CCSa/B, search models for the CCSa and CCSP subunits were prepared from
homologous succinyl-CoA synthetase structures (pdb 2yv2 for the CCSa subunit and pdb 3ufx for the
CCSB subunit). Model (re)building was performed in COOT** and individual coordinate and ADP
refinement was performed in PHENIX** and autoBuster**. Model and map validation tools in COOT and

the PHENIX suite, the CCP4 package® and the PDB_REDO server*® 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 ACL-A/B, linker-deleted hACL-A/B and full-length hACL were
measured on the P12 beamline of EMBL at the Petra lll storage ring (DESY, Hamburg). 50 pl of protein
sample (~20 mg/mL) in HBS (20 mM HEPES, 150 mM NaCl, pH 7.2) was injected onto an Agilent 4.6 x 300
mm Bio SEC-3 column with 300 A pore size, and with HBS as running buffer at a flow speed of 0.4 ml min-
1 a3t 20 °C. The scattering data were collected in continuous flow mode with 1s exposure time per frame.
To collect SAXS data in the presence of citrate, or both citrate and CoASH, the SEC-SAXS buffer was
supplemented with 50 mM citrate pH 7.2, or both 50 mM citrate pH 7.2 and 2 mM CoASH, and prior to
injection ACL samples were incubated with citrate alone, or both citrate and CoASH. The program
CHROMIXS* was used to select the buffer and sample frames from the collected SEC-SAXS data. Overall
parameters were calculated using the ATSAS suite version 2.8 (ref. “8). 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 hACL-A/B was performed
using MultiFoXS* using a crystal structure for hACL-A/B in space group C2 as starting model. The
presented two-state SAXS-model for apo-hACL-A/B in HBS (Chi?= 2.8, and with w1 = 0.58 and w; = 0.42)

was obtained by defining the CCS modules and central CCL module as rigid bodies, and with residues 808
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to 810 and residues 821 to 824 in each CCS-CCL linker region defined as flexible. The presented single-
state SAXS-model for hACL-A/B in HBS supplemented both citrate and CoASH (Chi® = 2.8) was obtained
by defining the CCS modules and central CCL module as rigid bodies with residues 808 to 811 in each
CCS-CCL linker region defined as flexible. This SAXS-model for hACL-A/B was then used to model full-
length hACL in HBS supplemented with both citrate and CoASH using AllosMOD-FoXS>°, resulting in a
Chi%-value of 5.5. Initial SAXS data on C. limicola ACL-A/B in HBS buffer without substrates was measured
in SEC-SAXS mode on the SWING beamline at the SOLEIL Synchrotron (Gif-sur-Yvette, France) and

analyzed in Foxtrot (developed at Synchrotron SOLEIL and provided by Xenocs, Sassenage, France).

Negative stain EM

3 pl of purified full-length hACL supplemented with 2 mM coenzyme A 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 29,000x, corresponding to a pixel size of 2.0 A at the object scale. Semi-
automatic particle selection on a few micrographs using BOXER®! with a box size of 180 pixels resulted
in an initial dataset containing 9881 particles. Subsequent image analysis was performed in RELION2.15°
After CTF estimation followed by 2D reference- free classification, a set of classes representing different
views of hACL was used as an input for automated particle picking, resulting in a dataset of 25832
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 the
initial model as an input. The resulting refined model was used to re-pick particles employing the fast
projection matching (FPM) method’®’%, resulting in an extended dataset of 44817 particles that was
further processed in RELION2.1. After two rounds of 2D reference-free classification and cleaning, a final
dataset of 27293 particles was subjected to 3D classification using C2 symmetry. Out of the four resulting
classes, 2 showed highly similar features and together accounted for 57.1 % of all particles (15617). 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 Chimera’2. This resulted in a final 3D map with a

resolution of 26.6 A according to the FSC = 0.143 criterion.

Multi-angle laser light scattering

hACL-A/B (100 pL) 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, coupled to an online UV-
detector (Shimadzu), a multi-angle light scattering miniDAWN TREQOS instrument (Wyatt) and a Optilab

T-rEX refractometer (Wyatt) at 25 °C. A refractive index increment (dn/dc) value of 0.185 ml g was used
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for protein concentration and molecular mass determination. Data were analyzed using the ASTRAG6
software (Wyatt). Correction for band broadening was applied using parameters derived from BSA (2

mg/mL, Pierce) injected under identical running conditions.

Structure and sequence analysis

Structures were superimposed with Chimera®2. Sequence alighments were created using Clustal
Omega®® and formatted with ESPript®®. Secondary structures elements of crystallographic structures

were assigned with DSSP>>°®, Figures containing structural models were prepared in PyMOL"’.
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Claims

A composition in crystalline form comprising a citryl-CoA lyase (CCL) and its natural ligand selected
from citrate or citrate and coenzyme A (CoA), wherein CCL is a module of ATP citrate lyase, and which
module has an amino acid sequence with at least 90% identity to amino acid residues 836 to 1101
depicted in SEQ ID NO: 1, characterized in that the crystal is:
i) a crystal between CCL and citrate in the space group P212121, with the following crystal
lattice constants: a=67.34 A + 5%, b=123.89 A + 5%, ¢=139.80 A + 5%, a=p=y=90°, or
i) a crystal between CCL, citrate and CoA in the space group P21, with the following crystal
lattice constants: a=67.71 A + 5%, b=147.90 A + 5%, c=113.69 A + 5%, 0=90°, p=105.28° +
5%, y=90°, or
iii) a crystal between CCL, citrate and CoA in the space group C2221, with the following crystal
lattice constants: a=82.83 A + 5%, b=111.19 A + 5%, c=143.37 A + 5%, a=p=y=90".

The composition of claim 1 which has a three-dimensional structure wherein the crystal i) comprises
an atomic structure characterized by the coordinates of the PDB entry 6HXK or a subset of atomic
coordinates of the PDB entry 6HXK or wherein the crystal ii) comprises an atomic structure
characterized by the coordinates of the PDB entry 6HXL or a subset of atomic coordinates of the PDB
entry 6HXL or wherein the crystal iii) comprises an atomic structure characterized by the coordinates

of the PDB entry 6HXM or a subset of atomic coordinates of the PDB entry 6HXM.

A catalytic pocket, consisting of a subset of atomic coordinates, present in the crystals i), ii) or iii) as
defined in claims 1 and 2 wherein said catalytic pocket consists of the amino acid residues Hisgoo,
Valoos, Phegss, Glysss, LySess, Leuses, llegro, Metor1, Glyeza, llegrs, Glysra, Hisgrs, Argoss, LySiots, Leuion,
Asnioz0, ASN1o2a, Valiozs, Aspiozs, Argioss and Argiess as depicted in SEQ ID NO : 1 and wherein said

amino acid residues represent the citrate and CoA binding sites.

A crystallizable composition comprising a mixture of
i a solubilized CCL and its natural ligand citrate or its natural ligands citrate and CoA, of which
the amino acid sequence of CCL has an amino acid sequence with at least 90% identity to
amino acid residues 836 to 1101 depicted in SEQ ID NO: 1, and
ii. a mother liquor solution, wherein the mother liquor solution comprises about 0.2M Na;S04
pH6.7 and about 20% w/v PEGs3s0 to obtain a crystal i) as defined in claims 1 or 2, or wherein

the mother liquor solution comprises about 21% w/v PEGsaeo, about 0.1M HEPES pH7.0 and
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about 0.15M ammonium sulphate to obtain a crystal ii) as defined in claims 1 or 2, or
wherein the mother liquor solution comprises about 0.1M Na/K phosphate pH5.5, about 0.1
M RbCl, about 0.1 M Na-citrate pH 5.5 and about 25% v/v PEG Smear medium to obtain a

crystal iii) as defined in claims 1 or 2.

5. A method of obtaining a composition of any one of claims 1 to 4 comprising the steps of:

i producing and purifying a citryl-CoA lyase which has an amino acid sequence with at least
90 % identity to SEQ ID NO: 1 and,

ii. mixing with a mother liquor solution and citrate or citrate and CoA, wherein the mother
liquor solution comprises about 0.2M Na;SO, pH6.7 and about 20% w/v PEGs3so and citrate
to obtain a crystal i) as defined in claims 1 or 2, or wherein the mother liquor solution
comprises about 21% w/v PEGgoo, about 0.1M HEPES pH7.0 and about 0.15M ammonium
sulphate and citrate and CoA to obtain a crystal ii) as defined in claims 1 or 2, or wherein the
mother liquor solution comprises about 0.1M Na/K phosphate pH5.5, about 0.1 M Rb(l,
about 0.1 M Na-citrate pH5.5 and about 25% v/v PEG Smear medium and citrate and CoA to

obtain a crystal iii) as defined in claims 1 or 2.

A computer-assisted method of identifying, designing or screening for a compound that can
potentially interact with a crystal of CCL selected from a crystal i), ii) or iii) as defined in claims 1 or
2, comprising performing structure-based identification, design or screening of a compound based
on the compound’s interactions with a structure defined by the atomic coordinates as defined in

claim 2.

A method for identifying a compound that can bind to CCL, comprising dipping candidate small
molecule compounds with CCL, or with CCL and citrate, or with CCL, citrate and CoA and allowing
co-crystallization, and screening candidate ligands or antagonists by using a method for measuring
intermolecular interaction and comparing, designing and docking the 3D structures i), ii) or iii) as

defined in claim 2 and a candidate ligand by computer modeling.

A method of identifying, designing or screening for a compound that can interact with CCL, including

performing structure-based identification, design, or screening of a compound based on the

compound’s interactions with a CCL structure or a subset thereof.
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9. A method for identifying an agonist or antagonist compound of ATP citrate lyase comprising an entity

selected from the group consisting of an antibody, a peptide, a non-peptide molecule and a chemical

compound, wherein said compound is capable of enhancing, eliciting or blocking biological activity

of ATP citrate lyase resulting from an interaction with CCL wherein said process includes:

introducing into suitable computer program parameters defining an interacting surface
based on the conformation of CCL corresponding to the atomic coordinates of the PDB
entries 6HXK, 6HXL and 6HXM or a subset of said atomic coordinates, wherein said program
displays a three-dimensional model of the interacting surface,

creating a three-dimensional structure of a test compound in said computer program;
displaying a superimposing model of said test compound on the three-dimensional model
of the interacting surface;

and assessing whether said test compound model fits spatially into a binding site.

10. A screening method for identifying molecules interacting with CCL comprising:

soaking a multiplicity of molecules with the crystals i), ii) or iii) as defined in claims 1 or 2,
determining the co-crystal structure with at least one molecule binding to the crystal i), ii)

or iii).

11. A screening method for identifying molecules interacting with CCL comprising:

11

soaking a multiplicity of molecules with crystals containing CCL or a CCL fragment in
the crystallographic asymmetric unit, where CCL or the CCL fragment has an RMSD-value
smaller than 1.5 A as compared to the set of atomic coordinates, or part of the set of atomic
coordinates, defined in appendices |, II, and lll, and whereby CCL, or the CCL fragment, has
a level sequence identity with SEQ 2 of 90% or higher,

determining the co-crystal structure with at least one molecule binding to CCL or a CCL
fragment, where CCL or the CCL fragment has RMSD-value smaller than 1.5 A as compared
to the set of atomic coordinates, or part of the set of atomic coordinates, defined in
appendices |, Il, and Ill, and whereby CCL, or the CCL fragment, has a level sequence identity

with SEQ 2 of 90% or higher.
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Figure 1 continued
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Figure 3
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Figure 4
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Figure 4 continued
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Figure 5

d
ATP+E =—p E-P+ADP

REACTION 1

E-P + citrate =» E_citryl-P
REACTION 2

E.citryl-P + CoA —p E.citryl-CoA + Pi

REACTION 3

E.citryl-CoA = E + acetyl-CoA
REACTION 4 + oxaloacetate

where E represents ACL

Negative stain EM class averages for hACL Cleaned dataset:

RELIONZ.1 JInitial 30 model
sSGD
<2

i RELIONZA

30 classification
C2 symmetry

27293 particles 'ﬁ

PCT/EP2020/055859

22 4% 20.5%

T o s s e o e

I
I
[
I 5990
LMSB.S_;%H_MW_E
Clazs 3+ 4:
15617 particles 3D refinement using
averaged model



WO 2020/182615 10/30 PCT/EP2020/055859

Figure 5 continued

K. =0.151+ 0.008 mM

kmt =13.1x02s"

=

"y
&

® ® _e hACL
K =0.10£0.01 mM
k, =85+02s"

Initial rate (uM/min)
=

Dwee & 6 . e @ hACL-His760Ala
U?‘ T T T T ¥ K‘m =n.a.

0 1 2 3 4 5 k,=na
[ATP] (mM)

445 + 3 kDa

haCL-AB

Molecular weight (kDa)

Light scattering (relative scale)

8 9 10 11 12
Elution valume (mL)



WO 2020/182615 11/30 PCT/EP2020/055859
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Figure 6
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Figure 7
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Figure 9
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Figure 9 continued
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