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High-level ab initio quantum mechanical/molecular mechanical

(QM/MM) modelling of citryl-CoA formation in citrate

synthase reveals that an arginine residue acts as the proton

donor; this proposed new mechanism helps to explain how

chemical and large scale conformational changes are coupled

in this paradigmatic enzyme.

Citrate synthase (CS) catalyses the conversion of oxaloacetate

(OAA) to citrate using acetyl-Coenzyme A (acetyl-CoA), the

first step of the citric acid cycle. This enzyme is an important

model for mechanisms of biological catalysis (in particular for

carbon–carbon bond formation). It is further an exemplar of

large conformational changes occurring in proteins and has

been extensively studied both experimentally and computa-

tionally.1–7 It combines ligase (condensation) and hydrolase

activity and achieves a remarkable rate enhancement, without

the assistance of metal ions or other cofactors. The reaction

starts with proton abstraction from acetyl-CoA by an aspar-

tate residue (Asp375 in pig CS numbering, used throughout).

The resulting (enolate1,2) intermediate subsequently performs

a nucleophilic attack on the carbonyl carbon of OAA. This

produces citryl-CoA,3 which breaks down to citrate and CoA

upon hydrolysis. Computational studies have been instrumen-

tal in establishing the mechanism of proton abstraction and

identifying the enolate intermediate formed by this reaction.1,2

The mechanism of the crucial condensation step, however,

remains unknown. Formation of citryl-CoA requires proto-

nation of what was the carbonyl oxygen of OAA. One of

several histidines in the active site was proposed to act as

proton donor in this step,4,5 but previous modelling indicates

that they are all neutral.1 Alternatively, it has been proposed

that protonation is associated with hydrolysis,6 which likely

requires a conformational change of the enzyme.7 Another

possibility, however, is that Arg329, which forms a hydrogen

bond to the OAA carbonyl oxygen,5 donates the proton

(Scheme 1). Although rare and still somewhat controversial,

acid/base catalysis by arginine residues has been proposed in

several enzymes.8,9

Here, we report the first modelling of the condensation

reaction in CS, using high level ab initio QM/MM methods.

The calculated potential energy profile shows that Arg329 can

act as the proton donor, leading to a stable citryl-CoA

intermediate. After proton abstraction from acetyl-CoA, car-

bon–carbon bond formation starts first but is concerted with

proton transfer from Arg329 to the former OAA carbonyl

oxygen. The energy barriers in the profile are consistent with

the experimentally determined reaction rate and indicate that

the enolization and condensation steps are closely linked and

have similar barriers.

The crystal structure of chicken CS co-crystallized with

acetyl-CoA and R-malate (PDB entry code 4CSC) was pre-

pared for treatment with QM/MM methods as described

previously.10 Initially, proton abstraction from acetyl-CoA

followed by condensation was modelled at the AM1/

CHARMM2711 QM/MM level.12 Several alternative mechan-

isms for condensation were tested (see ESIw), but only the

mechanism with Arg329 as the proton donor gave structurally

and energetically reasonable results. Different approximate

reaction coordinates were also considered. Using three differ-

ent reaction coordinate definitions consecutively gave the most

reasonable profile. For enolization, r1 = d(Cacetyl-CoAH) �
d(OAsp375H) was used, known to describe this reaction

accurately.1,10 For the first stage of condensation, r2 =

d(Cacetyl-CoACOAA) was used, to be followed by r3 =

d(NArg329H) � d(OOAAH) for proton transfer from Arg329.

Starting from the AM1-CHARMM27 optimized structure of

the approximate transition state for enolization (r1 = 0.3 Å),

the energy profile for the whole reaction was optimized at the

higher B3LYP/6-31+G(d)/CHARMM27 QM/MM level.

These calculations were performed with QoMMMa, which

couples Jaguar and Tinker for QM/MM calculations.13 The

QM region consisted of the thioester part of acetyl-CoA,

OAA, the Arg329 sidechain (from Cg) and the Asp375 and

Scheme 1 Mechanism of citryl-CoA formation in citrate synthase
(via enolization and condensation) as identified by calculations here.
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Asp327 sidechains from Cb (covalent bonds across the QM/

MM barrier were modelled using link atoms13). For reliable

reaction energetics, we used high-level ab initio QM/MM

single point calculations with Molpro.14 The resulting MP2/

aug-cc-pVDZ//B3LYP/6-31+G(d)/CHARMM27 profile thus

obtained is shown in Fig. 1.

The reaction starts with deprotonation of acetyl-CoA, to

form an enolate intermediate. The barrier found for this

reaction step is 10.2 kcal mol�1. The enolate is calculated to

lie 7.6 kcal mol�1 above the substrate, with a barrier to the

back reaction of 2.6 kcal mol�1, indicative of a short-lived

intermediate. This enolate subsequently attacks the carbonyl

carbon of OAA. The highest energy conformation (approx-

imate transition state) during this attack has a carbon–carbon

distance of 1.9 Å. Its energy relative to the ground state is 14.2

kcal mol�1, which is the highest energy along the reaction.

This value agrees well with the activation energy (14.7 kcal

mol�1) derived from the experimental rate for the overall

reaction.15 After this point, a very shallow minimum is

reached (12.7 kcal mol�1 above the ground state), which is

essentially a tetrahedral species (see Fig. 2). At this point,

proton transfer from Arg329 to the (former) OAA carbonyl

oxygen occurs. This proton transfer has a similar, but slightly

lower barrier relative to the ground state: 13.8 kcal mol�1.

Effectively, carbon–carbon bond formation and proton trans-

fer from Arg329 can be considered concerted. Only after the

proton is transferred to the former OAA carbonyl is a citryl-

CoA minimum reached with a fully formed carbon–carbon

bond. Arginine is an unusual proton donor, as the pKa value

of its sidechain in solution is about 12.5. In the buried active

site, however, it is possible that its pKa will be significantly

perturbed, as seen in other cases.9 Furthermore, the tetrahe-

dral species (formed after the nucleophilic attack of the enolate

intermediate on oxaloacetate) is expected to be a very strong

base (likely pKa 4 1616), making proton transfer from Arg329

possible. Finally, efficient catalysis requires a weak acid, to

avoid an over-stable intermediate.

The citryl-CoA state formed in this way is likely to be

unstable: Asp375 is protonated and Arg329 deprotonated,

whereas from the likely pKa values of their sidechains the

opposite situation will be preferred. The positioning and

environment of these two residues in the active site do not

permit direct proton transfer between them, nor is there a

hydrogen bonding network through which a proton could be

transferred. This unstable state may therefore be of kinetic and

functional importance in driving the change from ligase to

hydrolase activity of the enzyme. When citryl-CoA is used as

the substrate for CS, this unstable state is unlikely to be

present (Asp375 and Arg329 will be charged). Rearrangement

at the active site may therefore be necessary for the formation

of acetyl-CoA and OAA from citryl-CoA, which may explain

the complex kinetics observed experimentally when it is used

as a substrate.17

Mutation studies also support the catalytic role of Arg329

proposed here. Man et al.7 reported that the Arg314Gln

mutant of E. coli CS (Arg314 is equivalent to Arg329 in pig

CS) has a greatly impaired overall reaction rate (B3 � 10�3%

of wild type at pH = 8). The rate for lyase activity with citryl-

CoA as substrate, however, was only moderately impaired

(3.5% of wild type). These results can be explained by the

findings here: for OAA and acetyl-CoA to form citryl-CoA,

Arg329 can donate a proton whereas glutamine cannot. When

citryl-CoA is offered as the substrate, Arg329 will be in its

normal protonated state, unable to abstract a proton, similar

to glutamine and hence displaying a similar reaction rate.

Arg329 plays a pivotal role in the large-scale conforma-

tional change of CS from ‘open’ to ‘closed’.18 It is at the base

of an a-helix that needs to shift along its own axis to go from

the open to the closed conformation. There is a considerable

energy barrier for this shift to occur in the unliganded

enzyme,18 but upon binding of OAA the enzyme closes.19

Crystals of the open form cannot be grown in presence of

OAA, and crystals of the open form crack when OAA is

added.5 With citrate, however, crystals can be grown in both

the open and closed forms. The dissociation constants for

OAA and citrate show that OAA binds more strongly to

citrate synthase than citrate (Kd (OAA) E 5 � 10�3 mM

and Kd (citrate) E 1 mM).20 This suggests that the strong

interaction between OAA and Arg329 holds the enzyme in the

Fig. 1 Ab initio QM/MM total energy profile of the CS reaction.

Energies are plotted relative to the substrate minimum. The carbon–

carbon bond distance (dCC) of the forming bond is indicated. The

locations of the species labelled in Scheme 1 are indicated; r1, r2 and r3

are the reaction coordinates as defined in the text.

Fig. 2 QM/MM (B3LYP/6-31+G(d)/CHARMM27) optimized con-

formation of the tetrahedral species in the CS active site. Arg329 is

found here to protonate this species to form citryl-CoA. Asp375 is

protonated as a result of it having performed the initial proton

abstraction from acetyl-CoA (see Scheme 1).
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closed form, whereas the weaker interaction with citrate allows

reopening. Apparently, a salt-bridge interaction between

Arg329 and OAA (in its keto form) is crucial. (In E. coli CS,

the Km of OAA increases 13-fold upon mutation of the

equivalent arginine.7) When Arg329 transfers a proton to

form citryl-CoA, the salt-bridge interaction is broken: the

positive charge of Arg329 (interacting with the OAA car-

boxylate) is lost. We can speculate that the change in this

interaction may trigger a conformational change of CS, that

apparently is necessary for hydrolysis.7 Our findings give an

explanation of the observed lower affinity of the enzyme for

citryl-CoA than for OAA. The reduced affinity for citryl-CoA

is likely to lead to greater dynamic fluctuations, and may lead

to formation of the different ‘minor’ closed form of the enzyme

that has been observed crystallographically5 and may be

associated with hydrolysis. Hydrolysis may be linked to

recovering the favoured protonation states of Arg329 and

Asp375 (the latter is likely to play a role in hydrolysis21).

Arg329 is therefore not only crucial for the opening and

closing of the enzyme, but, through its involvement in cata-

lysis, it also provides a mechanism for coupling condensation

and hydrolysis, and for coupling the chemical and conforma-

tional changes during the catalytic cycle.

Clearly, it would be of interest to study the nature of the

conformational change in more detail, and (e.g. molecular

dynamics) simulation would be a good approach. Investiga-

tion of the possible large conformational changes following

the formation of citryl-CoA cannot be performed at the level

of QM/MM theory used here, however, because these methods

are too computationally extensive. Extensive multi-nano-

second molecular dynamics simulations would be required to

investigate large-scale enzyme conformational changes, and

such simulations are currently only feasible with MMmethods

(see e.g. ref. 22).

An Arg-carboxylate motif is found in other enzymes that

have been proposed to use an arginine as acid or base.9 In CS,

Arg329 interacts with Asp327 (included in the QM region

here, see also Fig. 2) and a carboxylate group of OAA. This is

similar to the active sites of fumarate reductase (which also

uses an arginine to protonate the substrate in the forward

reaction) and L-aspartate oxidase.23

High level ab initio QM/MM calculations reveal an unex-

pected mechanism for this key model enzyme. The results are

consistent with, and shed new light on, experimental findings.

Arginine may function as an acid or base in enzyme reactions

more widely than previously anticipated. The mechanism we

present here for CS gives detailed insight into the enzymic

carbon–carbon bond formation. Beyond this, it also provides

understanding of how the enzyme avoids overstabilization of

the citryl-CoA intermediate, and suggests how chemical and

large-scale conformational changes can be coupled in enzyme

catalysis.
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