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Catalytic mechanism study of ATP-citrate lyase
during citryl-CoA synthesis process

Danfeng Shi,1,2,4 Xiaohong Zhu,1,2 Honghui Zhang,1 Junfang Yan,1 and Chen Bai1,3,5,*

SUMMARY

ATP-citrate lyase (ACLY) is a critical metabolic enzyme and promising target for drug development. The
structure determinations of ACLY have revealed its homotetramer states with various subunit symme-
tries, but catalytic mechanism of ACLY tetramer and the importance of subunit symmetry have not
been clarified. Here, we constructed the free energy landscape of ACLY tetramer with arbitrary subunit
symmetries and investigated energetic and conformational coupling of subunits during citryl-CoA synthe-
sis process. The optimal conformational pathway indicates that ACLY tetramer encounters three critical
conformational barriers and undergoes a loss of rigid-D2 symmetry to gain an energetic advantage. Ener-
getic coupling of conformational changes and biochemical reactions suggests that these biological events
are not independent but rather coupled with each other, showing a comparable energy barrier to the
experimental data for the rate-limiting step. These findings could contribute to further research on cata-
lytic mechanism, functional modulation, and inhibitor design of ACLY.

INTRODUCTION

ATP-citrate lyase (ACLY) is a critical central metabolic enzyme, which is highly expressed in the liver, adipose tissue, and cholinergic neu-

rons.1–3 It utilizes cytoplasmic citrate that generates from the glycolysis process, catalyzing coenzyme A (CoA) to acetyl coenzyme A

(Ac-CoA) in an ATP-dependent manner.4 Ac-CoA then serves as an important bio-synthetic precursor, dominating the synthesis of fatty acids,

cholesterol, and acetylcholine.5 The linkage between the carbohydrate and lipid metabolism makes ACLY a key metabolic checkpoint to

sense nutrient availability and coordinate metabolic adaptions.2,6 It’s also suggested that ACLY is required for the increase of histone acet-

ylation in response to growth factor stimulation.7 The multiple pharmacological effects of ACLY in human body have made it an ideal target

for drug development of cardiovascular diseases and cancers.8,9

The catalytic cycle of ACLY is reported to be a four-step reaction mechanism with substrate binding, biochemical reactions, and product

release happening in a sequential manner.10–14 The first three steps are accomplishedwith the stepwise binding ofMg2+-ATP, citrate, CoA, as

well as the happening of reactions (i)–(iii) and can be concluded as the citryl-CoA synthesis process (see Figure 1A). Notably, the product of

citryl-CoA synthesis process,15 citryl-CoA,16,17 also serves as the reactant of the fourth step, namely the citryl-CoA cleavage process.18 In order

to reveal the structural basis for ACLY, recent X-ray crystallographic and cryoelectron microscopy (cryo-EM) studies have demonstrated the

basic functional unit of ACLY in its homo-tetramer form, where each subunit consists of an N-terminal citrate synthase (CCS) domain and a

C-terminal citrate lyase (CCL) domain.19–21 According to the biochemical experiments in vitro, the binding of different substrates causes

variations in the thermal stability and induces conformational oscillations between different states during the citryl-CoA synthesis process.19

Specifically, uponMg2+-ATP binding, the His760-located loop (sequence 752–767) could flap betweenMg2+-ATP-binding pocket and citrate-

binding pocket, mediating the phosphate transfer for reaction (i). The addition of citrate and CoA into the apo state of ACLY tetramer could

trigger the swing of the CCS domains aroundCCLmodule, resulting in amore compact state relative to the apo form.21 Crystallographic data

indicates that the CCL module also undergoes substantial conformational changes and can adopt open and closed states during the cleav-

age of citryl-CoA into the reaction products. These findings suggest that substrate binding and the associated reactions are closely linked to

substantial conformational changes in both CCS and CCL domains. The binding sites for citrate and CoA are reported to be located in both

CCS and CCL domains; however, the potential catalytic function for the binding of citrate and CoA at different domains has not been fully

understood. Marmorstein et al. further captured an E599Q-mutant intermediate state of ACLY in complex with CoA and citryl-1-phosphate at

the catalytic center of the CCS domain (see Figure 1B), which provide the structural information for the third step of the synthesis process
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toward citryl-CoA.17,22,23 The detailed conformational and energetic mechanism of ACLY tetramer in the citryl-CoA synthesis process still

need to be clarified.

A concerning issue for ACLY is its diverse symmetries for the homo-tetramer form,24 including C2 and C1 symmetries observed in the crys-

tallographic studies andD2 symmetrymodeled in cryo-EM studies (see Figure 1C).19–21 All reported homo-tetrameric structures of ACLY have

CCL domains closely assembling with D2 symmetry at the center of ACLY tetramer while CCS domains stretching outside freely. The CCS or

CCL domains from four subunits also engage in close interactions through the mechanism of domain swapping to facilitate functional inter-

conversion between monomers and oligomers in the evolution process.25 A large number of biological molecular machines assemble as

Figure 1. The catalytic cycle, three-dimensional structure and various symmetries of ACLY homo-tetramer

(A) Schematic description of the catalytic cycle of ACLY is divided into the citryl-CoA synthetase reaction process including reaction (i) to reaction (iii) in solid arrow

and lytic reaction process including reaction (iv) in dash arrow.

(B) The structural domains and catalytic center of citryl-CoA synthesis for ACLY subunits. CCSb, CCSa, and CCL domains are shown in green, blue, and gray

cartoon respectively. The binding sites of substrates (Mg2+-ATP, citrate, CoA) at the catalytic center of citryl-CoA synthesis are depicted by orange sphere

(PDB: 6uuw).

(C) Symmetries of D2, C2, and C1 reported in structural researches for ACLY tetramer. The corresponding three-dimensional structures for D2 symmetry (PDB:

6pof, 6uuw), C2 (PDB: 6qfb), and C1 (PDB: 6uia) are derived from the PDB database and the 2-fold axes for different symmetries are displayed from top, front, and

right-side views. The cyro-EM structures of the apo state (E, PDB: 6pof) and the intermediate state (E.Citrate-P.CoA.ADP.Pi, PDB: 6uuw) are applied in the

following mechanism research.
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symmetric homo-oligomers for the favor of stability and finite control of assembly.26,27 Asynchronous or asymmetric motions have been

observed in a symmetric systems to accomplish specific functional goals,28 as fully symmetric structures are often unfavorable due to consid-

erations of both entropy and interaction enthalpy at the interface of identical subunits.29 Hence, it is reasonable to consider the symmetric

change among different subunits when elucidating the conformational and energetic basis of ACLY tetramer. Furthermore, it is essential to

uncover the potential coupling relationship between conformational changes and biochemical reactions during the citryl-CoA synthesis pro-

cess in order to understand the catalytic mechanism of ACLY.

Modeling large protein systems, such as ACLY tetramer, presents significant challenges due to computational limitations. Currently, ob-

taining accurate free-energy surfaces through all-atom simulations for biological systemswith thousands of residues is extremely challenging.

Consequently, researchers have turned to coarse-grained (CG) models to describe these systems.30–32 Before the CG energy evaluation, the

Monte Carlo proton transfer (MCPT) algorithm31 is applied to control the proton transfer between ionizable residues or between one ioniz-

able residue and the bulk and obtain the charge configuration of the system.33 The CGmodel developed byWarshel and coworkers has been

demonstrated to be a well-accepted and powerful tool for its better treatment of electrostatics free energy than other CG models34 and

applied to the mechanism research of a series of complex systems, such as F1-ATPase,35–37 F0-ATPase,38,39 ribosome,40,41 and GPCRs.42,43

It is worth noting that CGmodels ignore the atomic details for the breaking and formation of chemical bonds when simplifying the represen-

tation of amino acid residues in enzyme reaction process. The quantum mechanics (QM) or quantum mechanics/molecular mechanics

(QM/MM) approaches for atomic details would be an important supplement to CG models. In this study, we focus on the energy profile

of the conformational transitions and aim to the recognition of key residues and energy coupling of different enzymic events,44 while further

QM or QM/MM will be performed in other studies.

In order to reveal the conformational and energetic changes of ACLY tetramer during the citryl-CoA synthesis process, molecular

modeling and CG energy evaluation were performed in this study. Starting from two key conformational states of the citryl-CoA synthesis

process, a four-dimensional free energy landscape for all possible conformational combination of ACLY subunits was constructed and

applied for the exploration of conformational pathway with the optimal free energy barriers. According to the searched optimal conforma-

tional pathway, conformations of ACLY tetramer break its rigid D2-symmetric form during the citryl-CoA synthesis process for the energetic

advantage to overcome the potential conformational barriers. Further, an energetic coupling analysis between the conformational and

biochemical-reaction free energy profiles was further performed, revealing that the conformational changes of ACLY tetramer are partly

coupled with the biochemical-reaction events. Additionally, the key residues that significantly affect the conformational free energy barriers

have been predicted. The findings of this study could contribute to further research on the catalytic mechanism, functional modulation, and

inhibitor design of ACLY.

RESULTS AND DISCUSSION

A four-dimensional free energy landscape is constructed for conformational pathway exploration during the citryl-CoA

synthesis process

Currently, two mechanism models exist for the citryl-CoA synthesis process.22 The model by Marmorstein et al. suggests that CoA first binds

to the CCL domain, and then the pantothenyl moiety of CoA translocates to the CCS domain and reacts with CCS-bound citrate and ATP to

form citryl-CoA.21 While the model by Verstraete et al. suggests that CoA binds to the active sites at CCL and CCS domains and reacts with

ATP-derived citryl-phosphate to form citryl-CoA, which is further translocated to the CCL domain for cleavage.19 In both models, the panto-

thenyl moieties translocate between the CCL and CCS active sites, with the adenosine moieties remaining bound to CoA-binding site of the

CCL domain. Despite of the translocation differences between CCS and CCL domains, both mechanismmodels believe that CoA binds both

to the CCL and CCS domains during the citryl-CoA synthesis reaction at the CCS active site. Therefore, we studied the conformational and

energetic changes of ACLY during the citryl-CoA synthesis process, and expected to find the optimal possible conformational pathway. A

cyro-EM structure at apo state (PDB: 6pof) with no ligand binding and a cyro-EM structure (PDB: 6uuw) at intermediate state with both

CoA and citryl-1-phosphate binding to the catalytic center at CCS domain are taken as two key conformations during the citryl-CoA synthesis

process and applied for molecular modeling and computation. Both conformational states of ACLY tetramer are determined by imposing D2

symmetry, showing obvious conformational changes at the His760-located loops and CCS domains (see Figure 2A).

In order to enumerate the possible conformational combinations of four subunits in ACLY tetramer, we first explored the conformational

pathway of a single subunit by targeted molecular dynamics (TMD). A conformational energy change of � -20 kcal/mol is observed between

the apo-state and the intermediate-state conformations of a single subunit (see Figure S1A). Thirteen representative subunit states (i.e., sub-

unit 0–12) were selected based on the energy profiles and applied for the construction of tetramer conformations (see Figures S1B and S1C).

A total of 134 potential tetramer conformations are constructed and each tetramer conformation is depicted as S(x, y, z, i), where x, y, z, and i

represent the conformational coordinate for each subunit ranging from 0 to 12. Through further conformational free energy calculation by CG

models, the entire free energy landscape for ACLY tetramer conformations were constructed as shown in Figure 2B. An large conformational

free energy change of � -100 kcal/mol is observed between the apo state S(0, 0, 0, 0) and the intermediate state S(12, 12, 12, 12), indicating

that the conformational transition for the citryl-CoA synthesis process tend to exhibit significantly higher conformational stability compared to

the apo state. Subsequently, a pathway search procedure was performed to search the optimal conformational pathway with the best energy

barriers from S(0, 0, 0, 0) to S(12, 12, 12, 12).

The detailed workflow chart of the procedure was integrated by rescaling of the original free energy landscape, sampling of possible

conformational pathways, and scoring of sampled pathways to obtain the optimal conformational pathway (see Figure S2). In order to collect
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Figure 2. The entire free energy landscape for ACLY tetramer with arbitrary symmetry in citryl-CoA synthesis process

(A) A schematic diagram illustrates the conformational change process of ACLY tetramer, transitioning from S(0, 0, 0, 0) to S(12, 12, 12, 12). The x, y, z, i axes

represent the conformational coordinates of four subunits and all possible intermediate conformations of ACLY tetramer are denoted as S (x, y, z, i).
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the conformational pathway with best energetic barriers, we introduced a perturbation factor during the conformational sampling. Specif-

ically, each monomer subunit has a certain probability of undergoing conformational changes in the reverse direction (i.e., conformational

reverse coefficient, P-1). We conducted Monte Carlo sampling process with different reverse coefficients on the rescaled free energy land-

scape. It is observed that as the reverse coefficient increases from 0.1 to 0.3, the numbers of moving steps and encountered energy barriers

in the sampling pathway also increase, as a result, the overall score of the sampling pathway tends to be lower (see Figure S3). By comparing

the energetic profiles for the optimal pathways under various reverse coefficients (see Figure S4), we observe that the decreasing trend of

conformational free energies becomesmoremoderate with a higher value of the reverse coefficient; nevertheless, the sampled optimal path-

ways all exhibit four energy barriers. As a final choice, we opted a reverse coefficient of 0.1 for further analysis of sampled conformational

pathways. The optimal energetic and conformational pathway were further projected into the free energy landscape (see Figure 2B and Video

S1), which shows a 23-step flip between S(0, 0, 0, 0) and S(12, 12, 12, 12).

The initial D2 symmetry of ACLY tetramer is broken for the benefit of energetic advantage

As shown in Figure S5, a significant free energy barrier of �30 kcal/mol is observed in the final steps of the 23-step conformational pathway,

suggesting that the intermediate conformation of S(11, 10, 11, 11) ismore energetically favorable than the cyro-EMstructure of S(12, 12, 12, 12).

We then compared the conformational and energetic differences between subunit 11 and subunit 12. During the conformational transition

pathway for a single subunit, the subunit 11 shows amore stable conformational energy than subunit 12, and the change in interactionbetween

E599andH760accounts for themain shift in conformational energies (seeFigureS6). As the conformational stateof S(12, 12, 12, 12) is proposed

tobedefective in the citryl-CoAsynthesisprocess,21 its E599Qmutationmightpossibly alter the subunit states in thewild-typeACLY. Thebind-

ing modes of citrate and CoA interacting with subunit 10, 11, and 12 were further constructed and compared to the cyro-EM structure of

S(12, 12, 12, 12) as shown in Figure S11. It can be seen that binding poses for CoA and citrate are gradually approaching the locations of in-

termediate ligands in the cyro-EM structure, showing that subunit 11 are ready for the ligand binding of citrate and CoA with better binding

freeenergy than subunit 12 (TableS1). Therefore, S(11, 10, 11, 11) is takenas an important intermediate conformationof the citryl-CoAsynthesis

process in close proximity to S(12, 12, 12, 12), and the entire conformational change of ACLY tetramer is tracked in 20 steps.

The entire conformational free energy profile exhibits an overall energy-decreasing process, which is divided into three stages according

to the occurrence of significant free energy barriers. As shown in Figure 3A, stage 1 represents the process from S1(0, 0, 0, 0) to S2(6, 8, 7, 7) with

a substantial free energy change of �143.37 kcal/mol, and the key transition state occur at S1
z(1,1,1,0) with a low free energy barrier of

7.56 kcal/mol. It is suggested that the apo state of ACLY tetramer is located at relatively high-energetic level and could be easily activated

under the extra energy supply, subsequently reaching amore energy-favorable state quickly and spontaneously. Compared to stage 1, stage

2, and stage 3 are both situated at relatively low-energetic states, showing free energy changes of �0.12 kcal/mol and 12.99 kcal/mol, free

energy barriers of 9.98 kcal/mol and 21.16 kcal/mol respectively. The subunit states and symmetries along the conformational pathway are

further analyzed, as shown in Figure 3B. No hypothetical D2-symmetic tetramer conformations are observed in sampled intermediate con-

formations along the pathway. The root-mean-square deviation (RMSD) between sampled intermediate conformations and hypothetical D2-

symmetirc conformations (see Figure S7A) shows that sampled intermediate conformations have minor deviations comparing to the nearest

hypothetical D2-symmetirc conformation. Moreover, the sampled conformational pathway exhibits lower free energy barrier than the hypo-

thetical D2-symmetric conformational pathway with approximate energetic profiles (see Figure S7B). It suggests that four subunits of the

tetramer conformation may not maintain strict D2 symmetry but exhibit diverse subunit states for the purpose of gaining energetic

advantages.

Currently, the functional unit of homo tetramer has revealed the structural basis for the cooperation between four ACLY subunits, but how

this cooperation happens during the citryl-CoA synthesis process is still unclear. On one hand, citryl-CoA synthesis may occur as a concerted

or coordinated process between the different CCSmodules; On the other hand, the ciryl-CoA synthesis process in the different CCSmodules

could occur independently. Here, the citryl-CoA synthesis process is reflected by the conformational change of ACLY subunit, and the sym-

metry analysis of subunit states are performed to reveal the cooperation relationship between different subunits. The conformational free

energy analysis suggests that homo-tetramer subunits in not-standard D2-symmetry conformational pathways are more energetically advan-

tageous compared to standard D2-symmetric pathways. In the sampled intermediate conformational states, some subunits show same sub-

unit state, while others exhibit different subunit state, indicating that both coordinated and independent mechanism may exists during the

catalytic process of four subunits.

Key subunit state affects ligand binding in the citryl-CoA synthesis process

The conformational changes of ACLY subunits have a significant coupling relationship with ligand binding and biochemical reactions in

the experimental assays.19,20 The intermediate-state cyro-EM structure of ACLY tetramer (PDB: 6uuw) has revealed the binding sites of

Figure 2. Continued

(B) A total of 134 conformational states are utilized to construct the entire free energy landscape for ACLY tetramer during the citryl-CoA synthesis process. These

states are displayed through 13 cubic boxes. The conformational degrees of freedoms (DOFs) of monomers A, B, and C are represented by (x, y, z) coordinates in

each cube, while the conformational DOF of the fourth monomer is represented by the change in the number of cubes ranging from 0 to 12. The color bar

indicates the free energy values changing from�160 kcal/mol to 80 kcal/mol. The optimal conformational pathway for ACLY tetramer is marked with red dots in

each cubic box and sequentially numbered by Arabic numbers. The moves between red dots are shown by red arrow.
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citryl-1-phosphate andCoAat the catalytic center of citryl-CoA synthesis,21,23 which consists of eight residues includingG281–283, S308, E599,

G664–665, and S663 (see Figure 4A). Here, we analyzed the accessible tunnel for ligand binding to the catalytic center at different subunit

states. The geometric parameters of citrate are used as the size of a molecular probe for tunnel detection, and detected tunnels are approx-

imately modeled as a cylinder for volume calculation. Along the conformational pathway from subunit 0 to subunit 12, the radius of gyration of

the catalytic center sharply decreases at subunit 1, and maintains relatively stable values until the end, suggesting that the catalytic center is

probably formed at the state of subunit 1. Unlike the formation of the catalytic center, the tunnel volume accessible to the catalytic center de-

creases slowly from subunit 0 to subunit 6, and all the tunnels are closed after that (see Figure 4B). The accessibility of citrate probe to the cat-

alytic center is constrained after the state of subunit 6 and completely blocked after the state of subunit 9, suggesting that the citrate is likely

bounded before the state of subunit 6, and the related biochemical reactions happens with all the tunnels closed after subunit 9.

Figure 3. The key energetic and conformational changes along the optimal conformational pathway of ACLY tetramer during the citryl-CoA synthesis

process

(A) The conformational free energy profile for ACLY tetramer is shown in solid gray. The entire process is divided into three stages based on the corresponding

free energy barriers (i.e., from S1 to S1
z; from S2 to S2

z; from S3 to S3
z), which are marked by red dashed arrows. The conformational changes of subunit states are

represented by colored lines for chains A, B, C, and D, respectively.

(B) The symmetries of four subunits for the tetramer conformations in the optimal pathway (shown in solid red) and their overlap with the tetramer conformations

at last step (shown in dashed cyan) along the conformational coordinates of ACLY tetramer.
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In order to evaluate the influence of substrate binding on the free energy barriers along the conformational pathway, the binding free en-

ergies of substrates binding to intermediate conformations of ACLY monomer (from subunit 0 to subunit 12) were predicted through molec-

ular modeling (see Videos S2, S3, and S4), as shown in Table S1. It can be seen that ligand binding could exhibit significant influence on the

free energy changes in conformational pathway. Then, the influence of substrates binding to ACLY tetramer were calculated by adding up the

binding energies of three substrates in different intermediate conformations of ACLYmonomer, as shown in Table S2. Fourmolecules of ATP-

Mg2+ binding from S(0,0,0,0) to S(1,1,1,0) might cause the free energy barrier change of +53.76 kcal/mol, while four molecules of citrate bind-

ing from S(6,8,7,7) to S(7,8,8,8) and CoA binding from S(7,10,9,10) to S(10,9,11,12) cause the free energy barrier change of +3.04 kcal/mol

and +3.35 kcal/mol. The substrate binding may strengthen the conformational stability of the intermediate states and influence significantly

on the conformational free energy barriers.

Key residues on ACLY affect the conformational free energy profile

Along the conformational free energy profile, a huge free energy change of less than �100 kcal/mol distinguished stage 1 from the other

stages. The corresponding conformation states, S(4, 5, 4, 2) and S(6, 7, 7, 6), were further employed for electrostatic surface potential and

per-residue energy contribution analysis. As shown in Figures S8 and S9, the electrostatic potential surface of the peripheral CCS domain

and the central CCLdomain exhibits a significant change in electrostatic distribution, primarily involving a series of charged residues including

K166, K167, K178, K209, D210, K232, E249, D318, K554, K836, K964, E1009, and E1012. Furthermore, key residues involved in the activation

barriers at different stages are also analyzed, as shown in Figure 5. The free energy barrier contributed by each residue was calculated and

summed up to a single energy term (i.e., DDG) for the same-numbering residues in four subunits. The stalk domain (sequence 810–838) is

found to be crucial for the stability and symmetry of ACLY tetramer.19 The breakdown of the hydrogen bonding between D824A-R829B,

Figure 4. The properties of the catalytic center for conformational states of a single subunit from 0 to 12 during the citryl-CoA synthesis process

(A) the catalytic center, where key moieties interact to produce citryl-CoA (PDB: 6uuw). The key moieties involved in the synthesis of citryl-CoA including His760,

phosphor-citrate, CoA are shown in orange sticks. Eight residues that define the catalytic center, G281–283, S308, E599, G664–665, and S663, are shown in red

sticks.

(B) The changes in the radius of gyration of catalytic center (in red line) and the tunnel volume to the catalytic center (in blue line) during the citryl-CoA synthesis

process.

(C) The presentation of the catalytic center and accessible tunnel for subunit 0, 6, and 9. The tunnels are shown as dark blue spheres. CCSb and CCSa are

represented in green and blue cartoons, respectively, while CCL domains are omitted.
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D824B-R829A, D835B-R1089C, and D835B-R1089C is observed during conformational change of stage 1. E118 is identified as an important res-

idue for Mg2+-ATP binding. Changes in the hydrogen bonding network are also observed among E118, E137, G138, and K148 for each sub-

unit at stage 1. In stage 2, as the conformational change mainly acts as the pre-chemistry preparation for reaction (ii) and reaction (iii), key

residues that affect the free energy barrier are mainly located adjacent to the reactive center including E603, R662, R691, H760, and E718,

and they exhibit changes in the salt bridge network. The interaction network further affects this network in stage 3, highlighting the impor-

tance of R662, D690, R691, and E718 during the conformational change process.

Coupling between conformational change and biochemical reactions

The conformational analysis by small-angle X-ray scattering (SAXS) reveals that the conformational oscillation of ACLY tetramer is dependent

on the ligand-binding manner,19 which is also changeable with the reaction proceeding in the catalytic cycle. The sub-reactions associated

with different substrates (Mg2+-ATP, citrate, and CoA) happen in a specific order from reaction(i) to reaction(iii) during the citryl-CoA synthesis

process.14 We utilized the Michaelis constant (KM) of each substrate, as well as the catalytic efficiency constant (kcat/KM), to represent the free

energy changes and free energy barriers for three sub-reactions,14 and the free energy profiles are presented in Figure S10. Furthermore, a

three-dimensional potential surface is constructed by coupling the conformational free energies and chemical free energies together using a

multi-minima treatment of the empirical valence bond approach.39,45

Figure 5. The per-residue contribution to the conformational free energy barriers during the citryl-CoA synthesis process

(A) the residues involved in the free energy barriers at stage 1–3 with per-residue contribution (DDG) higher than 1 kcal/mol. Residues labeled with red asterisks

exhibit obvious changes in interactions associated with subunit interfaces or biochemical reactions. Data are represented as meanG standard error of the mean

(SEM), with standard error value as error bar.

(B) The distribution of recognized key residues on ACLY tetramer. The intermediate conformations (i.e., S1
z, S2

z, S3
z) at stage 1–3 are aligned to the corresponding

initial conformations (i.e., S1, S2, S3) by Ca atoms for comparison. key residues recognized in intermediate conformations are depicted in cyan, blue and magenta

cartoon/sphere/sticks respectively, and their involved interactions are shown in red dashed lines. The corresponding residues in the initial conformations are

shown in gray, and the interactions are shown in gray dashed lines.
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As shown in Figure 6A, the coupled potential surface reveals the coupling relationship for three conformational stage and three biochem-

ical reactions, providing fundamental insights into the kinetic features. The free energy landscape for the citryl-CoA synthesis process starts

from the top-left state, where the ACLY tetramer is in an apo state; reaction (i) initially happens alongside the conformational changes in stage

1 and stage 2 and ends at the beginning of stage 3; subsequently, reaction (ii) and (iii) continuously happen in almost the same conformational

state in stage 3; finally, the conformational change in stage 3 occurs after all the biochemical reactions. This is consistent with the kinetic re-

searches that Mg2+-ATP is first binding to activate ACLY tetramer and trigger the following biochemical reactions.11 According to positional

isotope exchange (PIX) studies,14 the reaction (i) for ACLY is highly reversible and has the largest PIX rate (14 s�1) reported so far, which sug-

gests that the apo state is strongly driven to its phosphorylated state upon the binding of Mg2+-ATP. The great tendency for the phosphor-

ylation of ACLY is also in line with the low free energy barrier and significant free energy change in stage 1. Structural studies indicate that

reaction (ii) and (iii) both happens at the catalytic center, constituted byG281–283, S308, E599, G664–665, and S663. According to the catalytic

center and tunnel analysis in Figure 4, reaction (ii) and (iii) take place with all the tunnels closed after subunit 9, consistent with the results of

energetic coupling showing that reaction (ii) and (iii) happen in stage 3.

The overall free energy profile for the citryl-CoA synthesis process is further presented in Figure 6B. The free energy changes and free

energy barriers for each conformational stage and chemical reaction are coupled and differ from the original energy profiles, suggesting

that conformational stages and chemical reactions are not separated events, but coupled with each other during the citryl-CoA synthesis pro-

cess. The overall reaction for the synthesis of citryl-CoA is the sum of reaction (i)–(iii) as follows: Mg2+-ATP + Citrate + CoA / Citryl-CoA +

Mg2+-ADP + Pi, and the free energy barrier for the rate-limiting step is estimated to be 12.83 kcal/mol. Our coupling free energy profile sup-

ports that the rate-limiting step occurs during the coupling process of stage 2 and reaction (i), possibly involving the product release of re-

action (i) or the conformational change of phosphorylated ACLY for the following biochemical reactions. These predicted results are

Figure 6. The energetic coupling between the conformational changes and biochemical reactions during the citryl-CoA synthesis process

(A) The complete free-energy surface for conformational changes (stage 1–3) and biochemical reactions (Reaction i to iii). Reaction (i): Mg2+-ATP + E / E-P +

Mg2+-ADP; reaction (ii): E-P +Citrate/ E.Citrate-P; reaction (iii): E.Citrate-P +CoA/E.Citryl-CoA+ Pi; where E represents ACLY. The coupling pathway with the

most possibilities with labeled out by white dashed lines.

(B) The free energy profile for reaction coordinate during the citryl-CoA synthesis process. The overall reaction is as follows: Mg2+-ATP + Citrate + CoA/ Citryl-

CoA + Mg2+-ADP + Pi. The coupled (solid) energy profile is depicted as follows: the red solid represents the significant free energy change in stage 1, while the

gray solid represents the subsequent process. The main free energy barriers and the overall free energy change for the process are labeled.
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comparable to the hypothesis that the desorption of Mg2+-ADP is the rate-limiting step, with a rate of about 7 s�1 (DGz = 16.29 kcal/mol),

according to the kinetic model proposed by Fan et al.14

Conclusions

ACLY is an enzyme with a complex catalytic process. Its kinetic studies began in the 1960s, however, subsequent research has been seriously

limited due to the lack of three-dimensional structures and efficient modeling techniques. Recent crystallographic and cyro-EM studies allow

us to have a close look at the structural basis during the citryl-CoA synthesis process. We modeled the entire free energy landscape of

tetramer conformations of ACLY to investigate the symmetrical mechanism among subunits and the potential coupling relationship between

conformation changes and biochemical reactions. To determine the optimal conformational variation pathway, we constructed a free energy

landscape comprising 134 modeled tetramer conformations and applied coarse-grainedmethod for conformational free energy calculations.

According to the optimal pathway determined throughMonte Carlomethod, the rigid D2 symmetry of ACLY tetramer is disrupted during the

citryl-CoA synthesis process for the energetic advantage of conformational barriers and both coordinated and independent mechanismmay

exists during the catalytic process of four subunits. The energetic coupling between conformational changes and biochemical reactions sug-

gests that these biological events are not independent but coupled with each other, and the coupled profile exhibits energy barrier values

comparable to the experimental data at the rate-limiting step. Additionally, a series of interfacial residues between subunits has been pre-

dicted to significantly affect the conformational barriers. We believe that studies on conformations and energetics of ACLY subunits during

the citryl-CoA synthesis process could provide insight into the mechanism research of the catalytic cycle of ACLY.

Limitations of the study

In order to speed up the pathway search, accelerated Monte Carlo algorithm was employed, which may result in a certain degree of loss in

path sampling accuracy. The evaluation procedure for sampled pathways considered all emerging energy barriers. It’s essential to note that

pathway searching in high-dimensional space is a complex task, and guaranteeing the traversability of pathway sampling is challenging.

Nevertheless, through a large number of samplings and evaluations, the sampled optimal pathway could be very close to the best pathways.

Since kinetic studies on ACLY or its cognate proteins are seriously lacking, the predicted kinetic parameters for citryl-CoA synthesis process of

ACLY were compared to the similar catalytic process between reactants and products. It is suggested that energetic coupling between

conformational changes and biochemical reactions turn out to be an effective approach to reveal the relationship among these events.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr Chen Bai

(baichen@cuhk.edu.cn).

Materials availability
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Data and code availability

� Data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Building the initial tetramer systems

In this study, we used cryo-EM structures (PDB: 6pof, 6uuw) tomodel the conformational transition of ACLY tetramer from the apo state to the

intermediate state during the citryl-CoA synthesis process.21 In both structures, the three-dimensional coordinates for the amino acid

sequence 2–425, 487–1099 in four subunits were retained for model construction. It’s indicated that the catalytic process for ACLY tetramer

could proceed as normal even with the structural deficiency of the loop sequence 426–486 in vitro.19 Therefore, both systems were built with

the loop sequence 426–486missing, while further structural completion were performed for other structural absences. For system of 6pof, the

loop sequence 751–766 were completed, referring to the corresponding coordinates in the chain B of another crystal structure19 (PDB: 6qfb)

with the alignment of Ca atoms adjacent to the loop sequence 751–766 in each subunit. For system of 6uuw, the loop sequence 140–148 were

completed, referring to the corresponding coordinates in the chain B of the structure (PDB: 6qfb) with the alignment of Ca atoms adjacent to

the loop sequence 140–148 in each subunit. All ligands in the structure (PDB: 6uuw) were deleted, for the atomic consistency in both struc-

tures. In the following modeling procedure, both the tetramers and the single subunit in each tetramer were applied in the conformational

energy calculation.

The energetics of the CG protein model

The CG models have been widely applied for the conformational and energetic studies, especially for those enormous biological systems

comprised of thousands of residues. In this study, we used an effective CG model developed by Warshel and coworkers to calculate the en-

ergetics of the CG protein model in Molaris-XG software package.32 Based on a solvation model of ionizable residues, the CG model

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

AMBER parameter database Bryce group, University of Manchester http://amber.manchester.ac.uk/

Software and algorithms

Molaris-XG software Vicatos et al.32 https://laetro.usc.edu/molaris.html

VMD version 1.9.3 Visual Molecular Dynamics, University of Illinois https://www.ks.uiuc.edu/Research/vmd/

fpocket software Le Guilloux et al.46 https://fpocket.sourceforge.net/

AutoDock Vina 1.1.2 The Scripps Research Institute, CCSB https://vina.scripps.edu/

Gaussian09 Frisch et al.47 https://gaussian.com/glossary/g09/

PyMOL(TM) 2.5.4 Schrodinger, LLC https://pymol.org/

Python version 3.7 Python Software Foundation https://www.python.org
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achieved better performance in electrostatics free-energy evaluation than other CG models by emphasizing the crucial role of electrostatic

effects in proteins.34 In the CG model, the total CG free energy is given by:

DGfold = DGmain +DGside +DGmain=side (Equation 1)

DGmain = c2DG
CG
solv + c3DG

CG
HB (Equation 2)

DGside = DGelec
side +DGpolar

side +DGhyd
side + c1DG

vdw
side (Equation 3)

DGmain=side = DGelec
main=side +DGvdw

main=side (Equation 4)

The total CG folding free energy accounts for three terms, namely themain chain, side chain, and the total protein and side chain flexibility

in estimating the overall conformational entropy as in formula (1). In detail, the main chain term DGmain constitutes two parts, i.e., the contri-

bution from the backbones solvation and the hydrogen bonds (HB) as in formula (2); the side chain term DGside is given by the electrostatic,

polar, hydrophobic components and the van der Waals component for side chain interactions as in formula (3); The main chain/side chain

coupling term consists of two parts, the electrostatic and the van der Waals parts as in formula (4). The detailed terms DGvdw
side, DG

CG
solv ,

DGCG
HB , DG

elec
side , DG

polar
side , DGhyd

side , DG
elec
main=side and DGvdw

main=side represent the sidechain van der Waals interaction, the mainchain solvation energy,

the mainchain hydrogen bond force, the sidechain electrostatic effect, polar, hydrophobic contribution, main chain/side chain electrostatic

energy, the mainchain/sidechain van der Waals interaction, respectively. Scaling coefficients c1, c2 and c3 have values of 0.10, 0.25 and 0.15,

respectively in this formula.

The focus is placed on the electrostatic term including DGelec
side and DGelec

main=side. DG
elec
side is computed as a sum of change in free energy

associatedwith charge-charge interactions between ionizable side chainsDDGw/p
QQ , and the change in solvation free energy of those residues

in their specific environment,DDGw/p
self , inside the protein and in water as in formula (5). WhileDGelec

main=side is treatedwith the same electrostatic

interaction form as in side chain electrostatic term but with a different εeff.

DGelec
side = DDGw/p

QQ +DDGw/p
self (Equation 5)

Finally, if electrodes and electrolytes are presented, then another term is added to the total energy:

DG = DGCG
fold +DGCG

lyte� voltageðVextÞ (Equation 6)

Before the CG energy evaluation, we performed energy minimization and relaxation runs on each structure until the energy is converged,

then applied a Monte Carlo Proton Transfer (MCPT) algorithm31 to obtain the charge configuration of the system. In the MCPT approach, the

MC controls proton transfer between ionizable residues or between one ionizable residue and the bulk. The acceptance possibility of the

move is determined by standardMetropolis criteria.33 The actual MCPT can be used for time dependent study of proton transport processes

as described. However, here we use this approach just to obtained equilibrated ionization states. All CG free energy calculations were per-

formed using the Molaris-XG software package.

Construction of the free energy landscape of ACLY tetramer with arbitrary symmetry

Due to the D2 symmetry of solved tetramer structures, the conformational change of each monomer was firstly explored and its free energy

profile could be depicted. To investigate how the ACLY monomer is transformed from the initial apo state to the intermediate state, we

generated the free energy profile using the representative ACLY monomer of each state.

Initially, the conformational energies for the subunits in the apo state and the intermediate state were calculated by themethod described

in the above section. In both states, the subunit showing the median folding energy values among four subunits was picked up for the

following modeling. As shown in Figure S1, the subunit of chain C for the apo state and the subunit of chain B for the intermediate state

were selected. Subsequently, we performed targeted molecular dynamics (TMD) to generate the intermediate conformations between

the apo and intermediate states in Molaris-XG software package. In order to differentiate the conformations of single subunits, the apo-state

and intermediate-state subunit conformationswere numbered as subunit 0 and subunit 12, and the generated 11 intermediate conformations

were numbered as subunit 1–11. Therefore, a total of 13 subunit states were applied to construct the conformations of the ACLY tetramer with

arbitrary symmetry.

The subunit states 0–12 were recombined in the homo-tetrameric state of ACLY, and the recombined tetramer conformations were de-

picted by four numbers, for example the apo-state tetramer and the intermediate-state tetramerwere named as S (0,0,0,0) and S (12,12,12,12)

respectively. It’s suggested that CCL domains (sequence 838–1099) of subunits closely assemble with D2 symmetry at the center of ACLY in

homo-tetrameric state despite of the diverse symmetries of subunits.19 Considering that, subunits on the recombined tetramer conformations

were built by aligning the Ca atoms of CCL domain relative to the initial tetramer state in the VMD software (version 1.9.3). In that way, the

entire conformational space containing a total of 134 tetramer conformations were constructed, and can be depicted as S (x, y, z, i) with x, y, z,

i ranging from 0 to 12. The conformational energies were then calculated by the method described in the above section.
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Pathway search based on the entire free energy landscape of the ACLY tetramer

Based on the construction of the conformations and energetics of ACLY tetramer, a free energy landscape for the conformational change of

ACLY tetramer was built and the optimal conformational change pathway was sampled using the Monte Carlo sampling method as shown in

the workflow chart in Figure S2. The main process is divided into three sections as follows.

(1) The scaling process is performed to reconstruct the free energy landscape by accelerated molecular dynamics simulation (AMD)

method48 in blue section of Figure S2. In detail, the new free energy value (E0
s) for the conformations of ACLY tetramer was scaled

based on the original free energy value (Es) as follows:

E 0
s = Es +

½EsðmaxÞ � Es�2
k½EsðmaxÞ � EsðminÞ�+½EsðmaxÞ � Es� (Equation 7)

Where EsðmaxÞ, EsðminÞ represent the maximum and minimum energy values in the original free energy landscap, while k is a scaling factor

with value of 0.1.

(2) The sampling process is performed to search possible pathways via theMetropolis sampling process49 in red section of Figure S2. The

conformational pathway starts at S (0,0,0,0) and ends at S (12,12,12,12). The move of conformational state for each subunit can be set

as, meaning one step forward, staying, and one step backward respectively. The possibilities for the move of one subunit satisfies for-

mula (8) as follows:

P� 1 + P0 +P+1 = 1 (Equation 8)

In this study, ( P� 1, P0, P+1) are set with values of (0.1, 0.45, 0.45), (0.2, 0.4, 0.4) and (0.3, 0.35, 0.35) and applied for pathway sampling respec-

tively. The entiremove of conformational state for tetramer can further be depicted asm ði;j;l;kÞ;i;j;l;k˛ ½+ 1;0; � 1�, and the possibility for the

move of four subunits can be calculated as follows:

Pm = Pi � Pj � Pl � Pm (Equation 9)

Each move selection was made randomly based on its relative possibility among all potential move ensemble by normalization. Then, a

new conformational state of tetramer can be achieved after the move selection. The acceptance of the new conformational state is based on

its free energy barriers according to the Monte Carlo method as follows:

randomð0;1Þ%e
� DE

kbT (Equation 10)

(3) The scoring process is conducted to evaluate the sampled pathways the Arrhenius equation and scoring function in green block of

Figure S2. 10000 conformational pathways are sampled by theMetropolis sampling process. For all the sampled conformational path-

ways, the redundant conformations that occurring more than twice were firstly deleted from the original pathway. The truncated

pathway with no redundant conformations was further applied for average free energy barrier calculation by considering all the

occurred free energy barriers along the pathway. Firstly, the rate constant for each barrier was calculated referring to the Arrhenius

equation as shown in Equation 11. Then, the average rate constant was calculated as shown in Equation 12, and set as a criterion

for the selection of the optimal pathways.

kife� DE
z
i

RT (Equation 11)

score =
1

PN

i = 1

1

ki

(Equation 12)

Finally, we obtained the conformational and energetic profiles for the conformational change of ACLY tetramer during the citryl-CoA syn-

thesis process. The pathway search workflow using the Monte Carlo sampling method were implemented via scripting in Python.

Energetic coupling of conformational change and biochemical reactions

During the citryl-CoA synthesis process, the total energy of the system can be defined as follows:

Etot = Econf +Ebind=chem (Equation 13)
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Where the free energy change of Econf can be obtained through the calculation of the conformational energies above, while the free energy

change of Ebind=chem are obtained through the prediction based on experimental data.

In order to effectively obtain the potential energy surface of the conformational change in the citryl-CoA synthesis process, we construct a

Hamiltonian whose diagonal states represent the key minimal states before and after the conformational change occurs. The effective po-

tential energy surface of the conformational energy can be obtained by diagonalizing the Hamiltonian matrix:

Hconf
g Cg = Econf

g Cg (Equation 14)

The diagonal elements of the Hamiltonian matrix can be described by the following equation:

Hconf
ll =

1

2
ZuQ

�
Q � dlQ

�2
+al (Equation 15)

where Z is the reduced Planck constant,uQ represents the effective vibrational frequency of the corresponding state, ZuQ has units of energy,

Q is the dimensionless reaction coordinate modeling the system, dlQ is the positional offset of the minimum point along the reaction coor-

dinate, and al represents the energy difference between the diagonal energy minima. The index l can take on values 1, 2, 3. up to the total

number of intermediate states, and ll corresponds to the diagonal elements of Hconf
g .

To reproduce the free energy change and barrier height of the conformational change process, we fit the non-diagonal elements of Hconf
g

and the numerical values of dlQ. Similarly, for the HamiltonianH
bind=chem
g describing substrate binding and chemical reaction, we apply a similar

approach asHconf
g . Furthermore, we applied aMonteCarlo samplingmethod to construct the coupling between all occurring events using the

obtained reduced free energy surfaces. A necessary condition for theMonteCarlo sampling order on the free energy surface is also derived as

Equation 10. The energetic coupling using the Monte Carlo sampling method were implemented via scripting in Python.

Prediction of the properties of catalytic center and tunnels in subunit of ACLY

The catalytic center of each subunit of ACLY is defined by eight residues including G281–283, S308, E599, G664–665, S663. The radius of gy-

ration50 of catalytic center is calculated for subunit states 0–12. The volume of the tunnels that have access to the catalytic center was further

calculated for all subunit states in the fpocket software.46 The probe_radius is defined as 2.5 Å referring tomolecular size of citrate, while other

parameters were set as default. The bottleneck radius (ri ) and Length (Li) for all the accessible tunnel can be achieved through the prediction.

Then, the overall volumes (V) were estimated by taking the tunnels as cylinder as follows:

V =
XN

i = 1

pr2i Li (Equation 16)

Prediction of the binding free energies of substrates (ATP-Mg2+, Citrate, CoA) binding to the active sites of intermediate states for ACLY.

The initial binding poses of substrates (ATP-Mg2+, Citrate, CoA) binding to their active sites were generated from the prediction of mo-

lecular docking for each intermediate structures. The active sites for three substrates were defined by the key residues reported in the crystal

or cyro-EM structures, namely residues (residue numbers 8, 56, 58, 63–68, 72, 74, 108–111, 113, 115, 118, 139–140, 203–204, 215–216) for ADP

binding in crystal or cyro-EM structures (PDB: 5tdm,51 3pff,52 7liw 53), residues (residue numbers 280–281, 307–310, 343–348, 379, 626, 664–665)

for citrate binding in crystal structures (PDB:3mwd,54 5tde 51), residues (residue numbers 261, 309, 347, 505, 533, 572–574, 576–577, 597–599,

624–626, 664–665, 964, 969–970, 973–974, 1014, 1017–1018, 1021) for CoA binding in cyro-EM structures (PDB: 7liw). The monomer interme-

diate structures, namely subunit 0 to subunit 12, were used as receptor for ATP-Mg2+ and citrate binding, while the tetramer intermediate

structures with same subunit states, namely S(0,0,0,0) to S(12,12,12,12), were used as receptor for CoAbinding. Three substrates were docked

into ACLY by a sophisticated gradient optimization method in the AutoDock Vina software.55 For each complex state of substrate and recep-

tor, the top 10 binding poses were analyzed to find the best ligand–protein bindingmode based on the scoring function. In order to calculate

the binding free energy, the partial atomic charges of citrate and CoA were obtained by the electrostatic potential (esp) calculation with

hybrid density functional theory (DFT) at the level of b3lyp/6-311g (d,p) in Gaussian09 software,47,56 while the partial atomic charges of

ATP was derived from the AMBER parameter database (http://amber.manchester.ac.uk/). Then, certain characteristics of three substrates

were incorporated into the Molaris-XG force field, including the names, types and charges of atoms and bond information. PDLD/S-LRA/

method is used to calculate the binding free energy between each substrate and its receptor by all-atom structures.57 The Molaris-XG soft-

ware package was utilized for all relative calculations.

Prediction of key residues on ACLY based on the free energy barriers

The key residues that have significant contribution to the free energy barriers during the conformational change of ACLY tetramerwere further

recognized. In order to analyze the contribution for free energy barrier, the residue-specific energy decomposition was conducted for the
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starting state (Eresidue
start ) and transition state (Eresidue

transition ) of the conformational barrier from the CG free energy calculations in Molaris-XG

software package. The contribution of each residue (DGresidue) is calculated as follows:

DGresidue = Eresidue
transition � Eresidue

start (Equation 17)

All the representations of electrostatic surfaces, key residues and substrate-binding poses of ACLY subunit or tetramer in this study are

depicted in the PyMOL(TM) 2.5.4 software.
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