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The maleate isomerase (MI) catalysed isomerization of maleate to fumarate has been investigated using a wide range of computational 

modelling techniques, including small model DFT calculations, QM-cluster approach, quantum mechanical/molecular mechanical 

approach (QM/MM in the ONIOM formalism) and molecular dynamics simulations. Several fundamental questions regarding the 

mechanism were answered in detail, such as the activation and stabilization of the catalytic Cys in a rather hydrophobic active site. The 

two previously proposed mechanisms were considered, where either enediolate or succinyl-Cys intermediate forms. Small model 10 

calculations as well as an ONIOM-based approach suggest that an enediolate intermediate is too unstable. Furthermore, the formation of 

succinyl-Cys intermediate via the nucleophilic attack of Cys76– on the substrate C2 (as proposed experimentally) was found to be 

energetically unfeasible in both QM-cluster and ONIOM approaches. Instead, our results show that Cys194, upon activation via the 

substrate, acts as a nucleophile and Cys76 acts as an acid/base catalyst, forming a succinyl-Cys intermediate in a concerted fashion. 

Indeed, the calculated PA of Cys76 is always higher than that of Cys194 before or upon substrate binding in the active site. Furthermore, 15 

the mechanism proceeds via multiple steps by substrate rotation around C2–C3 with the assistance of the now negatively charged Cys76, 

leading to the formation of fumarate. Finally, our calculated barrier is in good agreement with experiment. These findings represent a 

novel mechanism in the racemase superfamily. 

 

Introduction 20 

 For biomolecules, structure and function are often intimately 

inter-related. Consequently, their chemical and physical diversity 

is an essential factor for life as it enables them to exhibit 

numerous differentiated and highly specific functionalities.1 This 

range of functionality arises not only from the use of dissimilar 25 

molecules but also from geometrical isomers of the same 

molecule.2 For example, L-glutamate is a building block of 

proteins and has a role as an essential neurotransmitter in all 

complex living organisms.3 Its stereoisomer D-glutamate, 

however, does not share these functionalities; for example, it is 30 

instead a key component in bacterial cell wall synthesis.4 Cells 

can also differentiate between isomers of exogenous molecules 

such as therapeutic drugs, e.g., the enantiomers of thalidomide in 

which one is an effective treatment for morning sickness while 

the other causes birth defects.5,6 35 

 Cis-trans isomerization (CTI) is an important approach for 

generating geometrical isomers,7 and is involved in many 

biochemical phenomena such as protein folding.8 Such reactions 

require the breaking of a double bond, which typically has a high 

activation barrier. However, they can be chemically-facilitated 40 

by, for example, the use of metal ions, nucleophilic attack or 

acid/base catalysis.8,9 Alternatively, photo-excitation can lead to 

isomerization via π-π* singlet and triplet excited states.10-12 

 A number of enzymes that catalyze CTI have been examined 

experimentally and theoretically, revealing a wide range of 45 

mechanisms. For example, the glutathione (GSH)-dependent 

enzyme maleylacetoacetate isomerase, converts 

maleylacetoacetate to fumarylacetoacetate via transient covalent 

modification.13 The related enzyme maleylpyruvate isomerase 

utilizes a similar mechanism.14 In contrast, the mechanism by 50 

which retinal isomerases converts 11-trans-retinal to 11-cis-

retinal proceeds via a radical intermediate.15 The peptidyl-prolyl 

cis-trans isomerase family catalyzes the interconversion of 

cis/trans peptide bonds that involve prolyl. Notably, they have 

been proposed to use a variety of different mechanistic 55 

approaches including nucleophilic and proton addition.16,17 

 Asp/Glu racemase superfamily members share several 

structural features including a pseudosymmetrical active site-

containing domain, carboxylate-containing substrate, dioxyanion 

hole to help stabilize the carboxylate,18 and in most members, two 60 

catalytic cysteinyls.4 The catalytic role of the latter two residues 

has been experimentally confirmed using site directed 

mutagenesis,9,19,20 and two mechanisms have been proposed for 

their activation. In particular, in some members such as glutamate 

racemase (GluRs) the catalytic Cys may be activated by a 65 

conserved His and Asp residue.21 In contrast, a previous study on 

proline racemase (ProRs), involving molecular dynamics (MD) 

simulations suggested that activation may occur via a water or the 

substrate itself.18 Regardless of such differences, however, the 

catalytic mechanism of all members is believed to involve 70 
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formation of an enediolate intermediate.18,22 

 Maleate cis-trans Isomerase (MI) is a member of the Asp/Glu 

racemase superfamily found in bacteria that collectively exhibit a 

diverse range of functions including catalyzing the conversion of 

L-amino acids to D-amino acids during cell wall 5 

biosynthesis.19,23,24 MI is a key enzyme in the metabolic 

degradation pathway of nicotinic acid.25 Notably, it is utilized by 

many microorganisms such as Pseudomonas, Alcaligenes, 

Serratia and Proteus to catalyze the geometric isomerization of 

maleate to fumarate (Scheme 1).6,26 The latter is an essential 10 

intermediate in the citric acid cycle.27 In addition, it is also an 

important industrial target as it is involved in aspartic and L-

maleic acid production.28,29 Recently, there has also been 

increasing attention in using MI for degradation of tobacco 

waste.30 Hence, there is great interest in gaining a better 15 

understanding of the mechanism and properties of MI and its 

related enzymes.23,29,31,32 

 

Scheme 1 Illustration of the overall isomerization reaction 
catalyzed by Maleate cis-trans Isomerase (MI). 20 

 Maleate cis-trans Isomerase (MI) is a cofactor-independent 

member of the Asp/Glu racemase superfamily.26,33 Recently, X-

ray crystal structures of both wild-type MI from Nocardia 

farcinia and the corresponding C194A mutant with a succinyl-

cysteine intermediate trapped within the active site has been 25 

determined.34 In the same study, site directed mutagenesis studies 

showed that mutation of Cys194 to Ala results in enzyme 

inactivation.34 Furthermore, substitution of either active site 

cysteinyl Cys194 or Cys76 by serine reduces the rate of reaction 

of MI by 8000 and 1474-fold, respectively.34 In addition, it was 30 

noted that as with other Asp/Glu racemase members several 

residues form a dioxyanion hole to help stabilize reaction 

intermediates.9,34 However, the more hydrophobic nature of MI's 

active site likely results in a less effective stabilization.34 

 Based in part on these studies, two possible isomerization 35 

mechanisms have been proposed as shown in Scheme 2. Both 

involve an initial direct nucleophilic attack of deprotonated 

Cys76 (i.e., Cys76S–) at the maleate substrate's C2 carbon centre. 

Notably, it is as yet still unclear how Cys76 is deprotonated (i.e., 

activated) so that it can more readily act as a nucleophile.34 40 

Furthermore, this nucleophilic role is distinctly different to that 

observed in other superfamily members such as GluR and 

arylmalonate decarboxylase (AMD) in which the active site 

cysteinyls act as acids and/or bases and do not form a covalent 

enzyme-substrate complex.18,35 Importantly, in one pathway (A) 45 

this occurs with concomitant transfer of the Cys194 thiol proton 

onto the substrate's C3 carbon centre to form a succinyl-cysteine-

type intermediate (Scheme 2A). It is important to mention that 

this intermediate has been observed using X-ray crystallography 

in the C194A mutant structure at high resolution and it was also 50 

confirmed using mass spectroscopy.34 In the alternate pathway, 

however, Cys194 acts simply as a hydrogen bond donor to one of 

the substrate carboxylates throughout the mechanism, stabilizing 

its anionic charge (Scheme 2B). That is, pathway B proceeds via 

an enediolate-type intermediate. Despite these differences, the 55 

next step in both proposed mechanisms is rotation around the 

newly formed C2–C3 single bond to give a fumarate-like 

structure. In the succinyl-Cys pathway (Scheme 2A), the 

Cys76S–C2 bond dissociates concomitantly with deprotonation 

of -C3H2- by Cys194S–, thus forming fumarate with regeneration 60 

of a neutral Cys194SH. In contrast, in the enediolate pathway 

(Scheme 2B), cleavage of the Cys76S–C2 bond leads directly to 

formation of fumarate. 

 Computational chemistry has been shown to provide detailed 

insights into biological systems, and in particular, enzymatic 65 

mechanisms.36-39 In this present study, density functional theory-

based QM-cluster and ONIOM QM/MM methods have been used 

to investigate the initial substrate-bound active site complex and 

protonation states of key residues, as well as the catalytic 

mechanism of Maleate cis-trans Isomerase (MI). 70 

 

 

Scheme 2 Proposed mechanisms for the maleate/fumarate 
isomerization reaction catalyzed by MI via an (A) succinyl-Cys 
or (B) enediolate intermediate.34 75 

Computational Methods 

 All docking and molecular dynamics simulations were 

performed using the Molecular Operating Environment (MOE) 

program,40 while all QM-cluster and ONIOM QM/MM 

calculations were performed using the Gaussian 0341 and 0942 80 

suite of programs. The density functional theory method B3LYP, 

a combination of Becke’s three parameter exchange functional43 

and Lee, Yang and Parr’s correlation functional44 as implemented 

in the Gaussian programs, was the QM method used in the 

present calculations. 85 

DFT-Small Model Studies 

 A series of initial studies were done in order to help determine 

an appropriate basis set to use in the larger studies (see below), 

and to examine the effects of the environment's polarity on the 

protonation state and properties of the substrate, mechanistic 90 

intermediates and product. More specifically, optimized 
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geometries were obtained of maleic acid, its mono- and di-

anionic deprotonated derivatives, succinate and succinyl-

methylthiol using the B3LYP method in combination with basis 

sets ranging from 6-31G(d) to 6-311+G(2df,p). Effects of a polar 

environment were included by use of the integral equation 5 

formalism polarizable continuum model (IEF-PCM) as 

implemented in Gaussian.41,42 In particular, dielectric constants 

(ε) of 4 and 10 were used to model a protein environment as 

previously suggested,45,46 while ε=78.39 was used to model an 

aqueous environment. 10 

QM-Cluster Studies 

 All structures were optimized at the B3LYP/6-31G(d,p) level 

of theory. Relative energies were obtained via single points at the 

B3LYP/6-311+G(2df,p) level of theory on the optimized 

structures with the inclusion of the corresponding solvation 15 

correction obtained at the IEF-PCM (ε=4.0)-B3LYP/6-31G(d,p) 

level of theory. Frequency calculations were used to characterize 

transition structures as first-order saddle-points. 

 A suitable chemical model was derived using the X-ray crystal 

structure of Nocardia farcinia, NfMI (PDB ID: 2XEC).34 20 

Specifically, dianionic maleate was docked into the active site of 

NfMI; all residues within 10 Å of the catalytic cysteine (Cys76) 

being considered as the active site. In the above crystal structure 

the R-group of Cys76 points away from the active site pocket and 

therefore was manually reoriented prior to docking and MD 25 

simulations. Docking was performed using the London dG 

scoring function followed by optimization of the top 100 

generated structures using a force field refinement method using 

AMBER99. The best 30 scoring structures were then examined 

visually to choose the most suitable starting structure for further 30 

calculations. The active site of the chosen structure was then 

solvated up to 10 Å from the substrate. The solvated enzyme-

substrate complex was then allowed to thermally relax by 

performing an MD simulation for 1 ns with a time step of 2 fs as 

has been previously used.47,48 A cluster analysis was then 35 

performed based on the distance between the sulfur of Cys76 and 

maleate's -C2H2- carbon in order to obtain an average structure, 

which was then optimized using the AMBER99 force field.49 

From this optimized structure, the active site-bound substrate 

model shown in Scheme 3 was obtained for use in the QM-cluster 40 

studies. In particular, it included appropriately truncated models 

of Cys76, Cys194, Val78 and Gln196 as they are known or have 

been suggested to be catalytically important.34 In addition, the R-

groups of Tyr133, Asn14, and Asn163 were included as they 

directly interact with the substrate, e.g., via hydrogen bonding. 45 

Finally, Leu77 and Val195, both modelled as alanyls, were also 

included. As is common practice50 when using QM-cluster 

models, in order to maintain the integrity of the model, a 

minimum number of atoms, remote from the reactive region, 

were kept fixed at their MM optimized coordinates and are 50 

highlighted in red in Scheme 3. 

QM/MM Studies 

 The hybrid quantum mechanics/molecular mechanics 

(QM/MM) method as implemented in the ONIOM formalism in 

Gaussian 0942 was used for all QM/MM calculations.51 The 55 

reactive region, high (QM)-layer, was described using the same 

level of theory and basis set size as per the above QM-cluster 

approach, B3LYP/6-31G(d,p). The rest of the chemical model, 

the low (MM)-layer, was described using the AMBER96 MM 

force field. Relative energies were obtained via single points at 60 

the ONIOM(B3LYP/6-311+G(2df,p):AMBER96) level of theory 

on the above optimized structures. 

 

 
Scheme 3 The active site-bound substrate chemical model of 65 

NfMI used for the QM-cluster studies (atoms fixed at their MM 

optimized coordinates are highlighted in red and atom numbering 

used for Maleate carbons is also shown). 
 

 70 

Scheme 4 Schematic illustration of the chemical model, derived 
from the X-ray crystal structure PDB ID: 2XED, used in the 
ONIOM QM/MM calculations. The inner circle represents the 
high (QM)-layer while the outer represents the low (MM)-layer. 
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 A suitable chemical model for use in the QM/MM calculations 

was obtained from the X-Ray crystal structure of the Cys194Ala 

NfMI mutant enzyme with a covalently active site-bound 

succinyl-cysteine intermediate (PDB ID: 2XED).34 A wild-type 5 

Michaelis complex was generated by mutating Ala194 to Cys and 

cleaving the enzyme-substrate covalent bond. The structure was 

then minimized using the AMBER99 force field. The resulting 

minimized structure was then truncated to include all residues 

within 15 Å of the substrate and is shown in Scheme 4. Within 10 

this, the QM-layer was chosen to contain all residues previously 

used in the QM-cluster chemical model as well as the Gln196–

Met197 and Val78–Ala79 peptide bonds. All other residues were 

placed in the MM-layer. In order to help maintain the model’s 

integrity, and since a large QM-layer was selected, most MM-15 

layer atoms were held fixed at their minimized (see above) 

positions.52 The QM-cluster and QM/MM optimized reactive 

complexes (RCs) were compared to verify consistency in their 

structures. Notably, their RMSDs were determined to have only 

quite negligible differences. In addition, the QM/MM optimized 20 

succinyl-Cys intermediate was compared to the corresponding 

chemical region of the crystallized intermediate (i.e., PDB ID: 

2XED)34 and found to have minor RMSDs of just 0.29 Å. 

Results and Discussion  

DFT-small model studies on isomerization 25 

 As noted in the Introduction, both proposed mechanisms 

involve nucleophilic attack of a cysteinyl thiolate at the C2/C3 

position of dianionic maleate.34 However, one proceeds via a 

succinyl-Cys and the other an enediolate intermediate. The 

former occurs with protonation of the adjacent =CH- while the 30 

latter does not (see Scheme 2). To help obtain additional insights 

into factors that may influence maleate to fumarate isomerization, 

a series of DFT-small model studies were performed. 

Specifically, we considered formation of these intermediates for 

all 3 possible ionization states of the substrate; di- (the most 35 

common form in aqueous solution)53 and monoanionic maleate, 

and neutral maleic acid (Scheme 5). The HOMO and LUMO of 

each species was also determined, where those of maleate are 

shown in Figure 1. 

 40 

 
Scheme 5 Schematic illustration of the gas-phase optimized 

structures of the 3 possible substrate states (∠C1-C2-C3-C4 = 

0.0º in each). 

 45 

 The gas-phase optimized structure of dianionic maleate has a 

∠C1-C2-C3-C4 dihedral angle (φ) of 0.0º with the two 

carboxylates almost perpendicular to each other (Supporting 

Information: Table S1). The C3–C4 bond (1.543 Å) is slightly 

elongated with respect to C1–C2 (1.537 Å) as the HOMO lies 50 

mainly on the C1 carboxylate which lies more in the plane of the 

carbon backbone. Notably, C2 has only a small contribution to 

the HOMO orbital while to the LUMO it makes the largest 

contribution (Figure 1). Thus, it would be expected to be the 

carbon centre most susceptible to nucleophilic attack as has been 55 

proposed.34 Increasing the polarity of the environment to 4.0 and 

10.0, values commonly used to model the internal environment of 

a protein, the HOMO and LUMO of maleate had negligible 

change. It is noted that decreasing the charge in maleate via 

sequential protonation of the carboxylates has only quite minor 60 

effects (-0.003 and -0.002 Å respectively) on the C2=C3 bond 

length. Notably, however, the carboxylate/carboxylic groups now 

lie more in the plane of the carbon backbone (see Scheme 5). 

 

 65 

Figure 1 The (a) HOMO and (b) LUMO of dianionic maleate in 
the gas-phase (ε = 1). 

 

 For maleate and monoanionic maleate, nucleophilic attack of a 

methylthiolate (CH3S
–) at C2 without concomitant protonation of 70 

C3 does not give a stable species for all environmental polarities 

(ε values) considered (ε = 1.0, 4.0, 10.0 and 78.39 (water)). 

Specifically, formation of an enediolate is unstable with respect 

to dissociation of the S–C2 bond. The same occurs for 

monoanionic maleate when CH3S
– attacks at C3 (C3C4COOH) 75 

instead of C2. 

 In contrast, for maleic acid nucleophilic attack of CH3S
– at C2 

gives a stable enediolate structure. This occurs with marked 

lengthening in the C2–C3 bond from 1.343 to 1.471 Å, 

respectively. Simultaneously, a significant increase in the ∠C1-80 

C2-C3-C4 angle (φ) occurs from 0.0º to 57.6º, respectively. 

Furthermore, such changes are observed for all values of ε; i.e., 

regardless of the environments polarity. 

 A stable succinyl-cysteinyl type intermediate was obtained for 

all 3 ionization states of the substrate. However, its nature was 85 

sensitive to the environment and the ionization state of the 

substrate. For example, for dianionic maleate, gas-phase 

formation of such an intermediate occurred with significant 

increases in both the C2–C3 bond length from 1.348 to 1.534 Å, 

and the dihedral φ from 0.0º to 159.7°. However, as ε was 90 

increased to 4.0, 10.0 and higher, the magnitude of rotation 

decreased. In contrast, for maleic acid φ in the resulting 

intermediate was reasonably consistent at approximately 60.0° for 

all values of ε. 

 Thus, it appears that both the ionization state of the substrate 95 

and the polarity of the environment can have significant effects 

on the stability and nature of possible mechanistic intermediates. 
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The ionization states of Cys76, Cys194 and the substrate 

 As described in the Introduction, in both proposed 

mechanisms, Cys76 acts as the nucleophile while Cys194 acts as 

a proton or hydrogen bond donor.34 In order for Cys76 to act as a 

more effective nucleophile it must be deprotonated, as assumed in 5 

the mechanisms.34 Knowing the likely initial ionization state of 

both active site cysteinyl residues is central for understanding 

their roles and the preferred reaction pathway. Consequently, the 

proton affinities (PAs) of the Cys76S– and Cys194S– thiolates 

within the various possible ionization states of the apo-enzyme 10 

and substrate-bound active site were examined using the present 

QM/MM models. The results obtained are shown in Figure 2. 

 

 

Figure 2 The calculated proton affinities (see Computational 15 

Methods) of C76S– and C194S– before and after substrate 
binding, and the PA of the substrate in the active site. 

 

 The proton affinity (PA) of methylthiolate (model for 

deprotonated cysteine) in aqueous solution is calculated to be 20 

1514.7 kJ mol-1 at the present level of theory (see Computational 

Methods). For the active site cysteinyl thiolates (i.e., C76S– and 

C194S–), their PAs were first calculated within the apo-enzyme 

active site for both possible scenarios; where the other cysteinyl 

is (i) anionic or (ii) neutral. For the first case the PA of C76S– is 25 

1541.4 kJ mol-1 while that of C194S– is 1448.5 kJ mol-1. That is, 

the PA of C76S– has increased while that of C194S– has 

decreased compared to CH3S
– in aqueous solution. In contrast, in 

the case where the other cysteinyl is kept neutral the PAs of both 

C76S– and C194S– decrease significantly to 1418.3 and 1325.2 kJ 30 

mol-1, respectively. Interestingly, in both scenarios the PA of 

C194S– is lowest. This may reflect the fact that as seen in the X-

ray crystal structure (PDB ID: 2XED),34 C194 is surrounded by 

more possible hydrogen bond donors than C76, thus any anionic 

charge on the former is likely to be better stabilized. 35 

 From Figure 2 it can be seen that upon binding the dianionic 

substrate (Sub=), the proton affinity of both C76 and C194 has 

increased markedly from their corresponding values in all 

possible apo-enzyme active sites. In contrast, in all substrate-

bound active sites containing one or more neutral cysteinyls, the 40 

PA of Sub= has decreased from its calculated value in aqueous 

solution (1877.3 kJ mol-1; not shown). Importantly, however, 

despite these decreases, in those cases where only one of the 

cysteinyls is neutral, the PA of Sub= remains higher than that of 

the ionized cysteinyl. For instance, when C194 is neutral the PA 45 

of Sub= is 1811.1 kJ mol–1 while that of C76S– is 19.0 kJ mol–1 

lower at 1792.1 kJ mol–1. Similarly, when C76 is neutral, the 

decreased PA of Sub= (1785.0 kJ mol–1) is still 71.7 kJ mol–1 

higher than that of C194S– (1713.3 kJ mol–1). Thus, in either 

system Sub= will be preferentially protonated over the ionized 50 

active site cysteinyl. 

 Indeed, the proton affinity of Sub= when both cysteinyls are 

neutral is 1546.6 kJ mol–1, while that of the ionized cysteinyl in 

C76S–/Sub–/C194SH and C76SH/Sub–/C194S– is 1527.7 and 

1475.0 kJ mol–1, respectively. It is noted that in the latter system 55 

the PA of C194S– is also lower than that of methylthiolate in 

aqueous solution. 

 These results thus suggest that the substrate-bound active site 

prefers to exist as having a monoanionic maleate and ionized 

Cys194 (i.e., C194S–), but a neutral Cys76 (i.e., C76SH). This 60 

further suggests that the substrate itself may be able to play a role 

in activating an active site cysteinyl, specifically Cys194, to be 

the required nucleophile, while Cys76 may instead act as the 

proton or hydrogen bond donor. 

Cys76-pathway: mechanism with Cys76 as the nucleophile 65 

 In both of the experimentally proposed mechanisms the thiol 

of Cys76 is deprotonated and acts as a nucleophile to attack the 

C2 position of dianionic maleate, while Cys194 is neutral. Such 

possible catalytic mechanisms were thus considered using a QM-

cluster approach. The potential energy surface (PES) obtained is 70 

shown in Figure 3 while the corresponding optimized stationary 

point structures, with selected distances, are shown in Scheme 6. 

 

 

Figure 3 PES obtained using a QM-cluster approach (see 75 

Computational Methods) of the catalytic mechanism of MI in 
which Cys76 acts as a nucleophile. 

 

 In the optimized structure of the reactant complex, RCQM, the 

substrate’s carboxylates are each stabilized by multiple hydrogen 80 

bonds. More specifically, -C1OO– forms hydrogen bonds with the 

R-groups of Cys194 and Tyr133, and the backbone –NH– 

moieties of Leu77 and Val95. The -C4OO– carboxylate, in 

contrast, is stabilized by only three hydrogen bonds formed with 

the R-groups of Asn14 and Asn163, and the backbone –NH– of 85 

Gln196. Meanwhile, the Cys76S– forms just a single hydrogen 
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bond with the backbone –NH–of Val78. 

 

 

Scheme 6 Schematic illustration of the optimized structures obtained using a QM-cluster approach (see Computational Methods) for the 
mechanism in which Cys76 acts as nucleophile. 5 

 Using the QM-cluster approach no mechanism involving an 

enediolate-intermediate could be characterized. However, an 

alternate possible pathway involving a succinyl-Cys type 

intermediate was obtained. The latter begins with nucleophilic 

attack of the Cys76S– at the substrate's C2 center with a 10 

concomitant proton transfer from the thiol of Cys194 onto C3. 

This step occurs via TS1QM with a markedly high relative energy 

barrier of 142.0 kJ mol-1. In the optimized structure of TS1QM 

(Scheme 6) the Cys76S…C distance has shortened considerably to 

2.36 Å while the C3…H…SCys194 distances are 1.74 and 1.53 Å, 15 

respectively. These distances further illustrate the concomitant 

formation of the Cys76S—C2 bond and proton transfer from 

Cys194. Notably, during formation of the succinyl-Cys 

intermediate the ∠C1-C2-C3-C4 (φ) increases from 1.1º to 68.0º 

while the C2—C3 bond has lengthened to 1.42 Å; it now has 20 

significantly reduced double bond character. That is, IC1QM 

resembles more a fumarate-like structure. 

 The resulting intermediate (IC1QM) formed lies 88.5 kJ mol-1 

lower in energy than RCQM. The dihedral angle φ has 

significantly increased to 210.8 (-149.2)º while the C2—C3 bond 25 

has lengthened to 1.53 Å, i.e., is now essentially a single bond 

with a trans-like orientation of the substrate's carbon backbone. 

The hydrogen bond network between the substrate and active site 

residues is generally retained, with only some minor differences. 

For example the Gln196 –NH– backbone now hydrogen bonds to 30 

the thiolate of Cys76 instead of the substrates’ –C4OO– group. 

In the next and final step the Cys76S–C2 bond is cleaved while 

concomitantly the -C3H2- moiety transfers a proton onto the 

Cys194S– thiolate. This concerted step proceeds via TS2QM with 

a barrier of 81.8 kJ mol–1 with respect to RCQM; 160.3 kJ mol-1 35 

with respect to IC1QM. That is neither step 1 or 2 are likely to be 

enzymatically feasible.54,55 In TS2QM, the Cys76S…C2 bond has 

elongated to 2.60 Å; while the Cys194S…H…C3 distances are 

1.68 and 1.52 Å, respectively. As a result the C2—C3 bond now 

has regained some double bond character. Furthermore, the 40 

dihedral angle φ is now 182.9º. The product complex (PCQM) lies 

28.5 kJ mol-1 lower in energy than RCQM. Notably, the C2—C3 

bond is now formally a double bond with a distance of 1.34 Å 

while φ has increased slightly to 191.9º. 

 It is noted that the corresponding "succinyl-Cys" mechanism 45 

in which the proton transfers involving Cys194 occurred via a 

H2O moiety was also examined. However, the relative energies 

with respect to RCQM of TS1QM and TS2QM increased 

significantly to 123.0 and 193.9 kJ mol-1, respectively. 

 An ONIOM(QM/MM) approach (see Computational Methods) 50 

was then used to further examine possible mechanisms in which 

Cys76 may act as the nucleophile. In particular, mechanisms in 

which Cys76 and Cys194 may initially be neutral, as suggested 

by the above PA calculations, were considered. The PES obtained 

is shown in Figure 4 while the corresponding optimized 55 

structures, with selected distances, are shown in Scheme 7. 

 Again, in the reactant complex the –C1OO– carboxylate is 
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stabilized via multiple strong hydrogen bonds with the side chain 

hydroxyl of Tyr133 and the backbone –NH– functionalities of 

Ala79, Leu77 and Val195. Similarly, the -C4OO– group is again 

stabilized via three strong hydrogen bonds with the side chains of 

Asn14 and Asn163, and the backbone–NH– of Gln196. It is noted 5 

that the thiol of Cys194 forms a weak hydrogen bond with –

C1OO–; r(SH…O) = 2.52 Å. 

 

 

Figure 4 PES obtained using an ONIOM(QM/MM) approach (see Computational Methods) of the catalytic mechanism of MI in which 10 

Cys76 acts as a nucleophile. 

 As noted, Cys76SH is proposed to act the nucleophile after it 

has been activated, i.e., deprotonated. Unfortunately, Cys76 is 

situated in a hydrophobic region with no suitable candidate base 

residue to cause its activation. However, an alternate possibility is 15 

that the substrate may be able to facilitate such a process due to 

its carboxylates. Indeed, the PA calculations described above 

suggest that the substrate may have a suitably high-enough PA 

compared to Cys76SH. 

 In RC, the Cys76SH proton is 2.85 and 3.70 Å from the 20 

nearest oxygen of the –C1OO– and –C4OO– groups, respectively 

Table S2). The first step of the overall mechanism is transfer of 

the thiol proton of Cys76 via the –C1OO– moiety onto the –

C4OO– group. This occurs via TS1 with a barrier of 80.2 kJ mol–1 

with respect to RC (Figure 4). In TS1 (Scheme 7) the proton 25 

being transferred is essentially on the –C1OO– group; r(C1OO–

…H+) = 1.05 Å. Simultaneously, however, it lies about midway 

between the Cys76 thiolate sulfur and the nearest oxygen of the –

C4OO– moiety with distances of 2.31 and 2.15 Å, respectively 

(see Scheme 7). It is noted that no intermediate was obtained with 30 

the Cys76SH proton on the –C1OO– group. This may reflect that 

this carboxylate already makes stronger and more hydrogen 

bonds with active site residues than the –C4OO– group. Thus, the 

–C1OO– group's anionic character is better stabilized than that of 

the –C4OO– group. The Cys76S– thiolate now appears suitably 35 

positioned to attack C2 (Scheme 7). 

 In the resulting intermediate formed, IC1, the proton from 

Cys76SH has been transferred fully to the –C4OO– group. That 

is, the substrate is now a monoanionic maleate with a neutral 

Cys194. Meanwhile, the anionic Cys76S– forms a single weak 40 

hydrogen bond (2.57 Å) with the backbone –NH- of Val78. More 

importantly the Cys76S…C2 distance has shortened to 2.75 Å 

while the C2–C3 bond has elongated from 1.35 to 1.37 Å. IC1 

lies lower in energy than RC by just 9.1 kJ mol-1. 

 As suggested by the DFT-small model studies (see above), a 45 

stable enediolate intermediate could not be obtained within the 

active site using the QM/MM model. Rather, the next step is 

nucleophilic attack of the thiolate of Cys76S– at the C2 carbon 

centre of the substrate. Concomitantly, the thiol of Cys194 

transfers its proton onto the substrate's adjacent C3 center. This 50 

concerted step proceeds via TS2 at a cost of 52.4 kJ mol-1 with 

respect to IC1. This is illustrated by the fact that in the optimized 

structure of TS2 the Cys76S…C2 distance has shortened 

significantly to 1.96 Å. Meanwhile, the Cys194SH proton now 

lies between the Cys194 sulfur and C3 with distances of 1.51 and 55 

1.80 Å, respectively. 

 The resulting succinyl-Cys intermediate formed, IC2, lies 

significantly lower in energy than RC by 91.5 kJ mol-1. Also, the 

C2–C3 bond distance is now 1.54 Å. Notably, it corresponds to 

the crystallographically obtained "intermediate" in a Cys194Ala 60 

mutant MI enzyme.34 
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 The next step is likely rotation about the C2–C3 bond (1.52 Å) 

to give an enzyme-bound fumarate-like intermediate IC3. Such a 

species similarly lies considerably lower in energy than RC by 

75.6 kJ mol–1. Unfortunately, no TS (TS3) for such a rotation 

could be optimized at the present level of theory. However, the 5 

barrier is expected to be feasible as observed in the Cys194-

pathway discussed below (see Figure 5).  

 The subsequent and final step is then formation of the product 

complex PC; an active site-bound fumarate. This concerted step, 

involving both cleavage of the C2—SCys76 bond and a proton 10 

transfer from the substrate's -C3H2- group to Cys194, occurs via 

TS4 at a cost of 119.2 kJ mol-1 with respect to IC3. Notably, the 

energy difference between IC2 and TS4 is 135.1 kJ mol-1; which 

has been suggested to be thermodynamically greater than that 

which is enzymatically feasible.54,55 This also represents the 15 

largest difference between any minimum and TS along this 

possible mechanism, and is likely the rate limiting step for such a 

mechanism. The apparent considerable energy required for IC2 

to either proceed to product or back to reactant (requires 171.7 kJ 

mol–1) may provide insights into the ability of experimentalists to 20 

obtain an X-ray crystal structure of such an intermediate in a 

Cys194Ala mutant enzyme. Notably, the detection of the 

succinyl-Cys in C194A suggests the presence of an alternate 

proton-transferring agent that helps stabilize the intermediate. 

However, the absence of a suitable mechanistic base (i.e., loss of 25 

Cys194S–) does not allow for product formation. 

 The final product complex, PC, lies slightly higher in energy 

than RC by 10.9 kJ mol-1, indicating that the overall mechanism 

is endothermic. The C2–C3 double bond is 1.37 Å, further 

indicating the formation of the fumarate product. 30 

  

 

Scheme 7 Schematic illustration of optimized structures obtained using an ONIOM(QM/MM) approach (see Computational Methods) 
for the mechanism in which Cys76 acts as nucleophile. 

.35 
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Figure 5 PES obtained using an ONIOM(QM/MM) approach (see Computational Methods) of the catalytic mechanism of MI in which 
Cys194 acts as a nucleophile. 

 

Cys194-pathway: mechanism with Cys194 as the nucleophile 5 

 As noted above, the PA calculations suggested that rather than 

Cys76, Cys194 may in fact be preferably ionized within the 

substrate-bound active site. Hence, possible catalytic mechanisms 

in which Cys194 may act as the nucleophile were investigated. 

The resulting PES obtained is shown in Figure 5 while the 10 

corresponding optimized stationary point structures are illustrated 

in Scheme 8. 

 Beginning from the same RC as for the above mechanism in 

which Cys76 acts as the nucleophile, the first step is the 

analogous substrate facilitated activation of Cys194. This step, 15 

however, proceeds via TS1' at a cost relative to RC of only 40.1 

kJ mol-1 (Figure 5). This is half that required to activate Cys76 via 

an analogous pathway (cf. Figure 4). Furthermore, unlike that 

observed for activation of Cys76, the Cys194 thiol proton is 

transferred directly onto an oxygen of the -C4OO– group with 20 

r(Cys194S…H) and r(H…OOC4) distances in TS1' of 1.63 and 

1.24 Å, respectively (Scheme 7). The resulting intermediate 

formed IC1', lies lower in energy than RC by 62.4 kJ mol-1. 

Notably, this is 53.3 kJ mol-1 lower in energy than IC1 on the 

Cys76-pathway (cf. Figure 4). This is likely due in part to the fact 25 

that in contrast to the single weak stabilizing hydrogen bond 

observed in IC1, in IC1' the Cys194S– thiolate forms three 

hydrogen bonds. Specifically, it forms two with the backbone –

NH–'s of Gln196 and Met197, and one with the amide side chain 

of Asn163 via a water molecule. Meanwhile, as in IC1, the 30 

proton from Cys194 is wholly transferred onto the substrate's –

C4OO– group and now forms an intermolecular hydrogen bond 

with the –C1OO– moiety. Also, the C2–C3 bond in IC1' (1.35 Å) 

remains little changed from that obtained for RC, in contrast to 

that observed for IC1 in the alternate Cys76-pathway. 35 

 As for the Cys76-pathway the subsequent step is formation of 

a succinyl-Cys type intermediate (IC2'). Again this involves 

nucleophilic attack of the thiolate, though now it is Cys194S–, at 

the substrates C2 center, with concomitant transfer of the thiol 

proton from the second active site cysteine (now Cys76) onto the 40 

adjacent C3 center. No stable enediolate intermediate could be 

found. This step occurs via TS2' with a barrier of 19.0 kJ mol–1 

with respect to RC, or 81.4 kJ mol-1 relative to IC1'. The 

resulting succinyl-Cys intermediate IC2' lies lower in energy 

than RC by -39.4 kJ mol-1. However, notably, this is in fact 52.1 45 

kJ mol–1 higher in relative energy than the same corresponding 

intermediate IC2 of the Cys76-pathway (cf. Figure 4). The C2–

C3 bond has now elongated to 1.55 Å; that is, it is now a single 

bond. 

 At the heart of the isomerization mechanism is rotation about 50 

the C2—C3 bond, i.e., the cis-trans isomerization. In contrast to 

the seemingly one-step isomerization upon formation of a 

succinyl-Cys intermediate for the Cys76-pathway, a multi-step 

process was obtained on the Cys194-pathway (Figure 5). This 

process itself can be thought to occur in 3-stages. In the first, the 55 

intramolecular -C4OOH…–OOC1- hydrogen bond is broken. 

Instead, the -C4OOH group now forms a strong hydrogen bond 

with the thiolate of Cys76S–; r(C4OOH…–SCys76) = 1.84 Å. 

This step occurs via TS3' with a low barrier of just 12.7 kJ mol-1 

to give the alternate succinyl-Cys type intermediate IC3'. The 60 

latter in fact lies slightly lower in energy than IC2' by 8.6 kJ mol– 
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1. More importantly, the ∠C2-C3-C4-O increases from 44.8° to 

71.8°. Notably, the twist about the C2—C3 bond, i.e., ∠C1-C2-

C3-C4 (φ), has slightly changed from that observed in IC2', -

294.3º to 306.0º in IC3'. 5 

 The next step is essentially the twist from a cis conformation to 

trans. This occurs via TS4' with a barrier of 41.9 kJ mol–1 relative 

to RC or 89.9 kJ mol–1 with respect to IC3'. In the resulting 

alternate succinyl-Cys type intermediate IC4', lying just slightly 

higher in energy than IC3' by 5.3 kJ mol–1, ∠C1-C2-C3-C4 (φ), 10 

has increased significantly to 137.2º. All active site-substrate 

interactions observed for IC3' are maintained (and the C2–C3 

bond length stays the same as in IC3'). Importantly, this 

represents the rate-limiting step along the Cys194-pathway 

having both the highest barrier for a single reaction step and 15 

relative to RC. Furthermore, it is in good agreement with the 

barrier of ~70 kJ mol-1 calculated using experimental kinetics 

measurements.34 In addition, it is significantly lower than the 

135.1 kJ mol–1 required for the rate-limiting step of the alternate 

Cys76-pathway: going from IC2 to PC. 20 

 The third stage is cleavage of the Cys76S–…HOOC4 hydrogen 

bond. This step occurs via TS5' at a cost of 52.0 kJ mol-1 with 

respect to IC4', or 9.3 kJ mol–1 relative to RC. In the resulting 

alternate succinyl-Cys type intermediate formed, IC5', the C2–

C3 bond has shortened by 0.02 Å to 1.53 Å, while the dihedral 25 

angle ∠C1-C2-C3-C4 is now 160.4°. More importantly, the 

C4OH group now forms a quite strong hydrogen bond of length 

1.80 Å with an active site water molecule (Scheme 8). It should 

be noted that this latter water simultaneously forms a weak 

hydrogen bond (2.45 Å) with the sulfur of Cys194 (Scheme 8). In 30 

addition, the distance between the thiolate sulfur of Cys76 and 

the nearest -C3H2- proton has now decreased from 3.05 Å in IC4' 

to 2.45 Å in IC5'. Thus, the Cys76 now seems well-positioned 

relative to the substrate to abstract a proton. Thermodynamically, 

IC5' has an energy relative to RC of 9.4 kJ mol-1, 0.1 kJ mol–1 35 

above that of TS5'. This is a common artefact of single-point 

energy calculations on a flat PES and indicates that the reverse 

reaction, IC5' to IC4', essentially occurs without a barrier. 

 The final step is proton abstraction by the thiolate of Cys76 

from the substrates -C3H2- moiety, with concomitant cleavage of 40 

the Cys194S—C2 bond. However, unlike the Cys76-pathway 

where the analogous step occurred with a high barrier, on the 

Cys194-pathway this step proceeds via TS6' at a very low cost of 

only 29.9 kJ mol-1 relative to IC5'. The concerted nature of this 

step is highlighted by the fact that in TS6' the Cys194S…C2 bond 45 

has elongated to 1.97 Å, while the C3H…SCys76 and C3—

HSCys76 distances are now 1.65 and 1.50 Å, respectively. The 

final product complex PC, in which fumarate is now non-

covalently bound within the active site, is 25.5 kJ mol-1 lower in 

energy than RC with a C2–C3 bond of 1.35 Å. Thus, unlike that 50 

calculated above for the Cys76-pathway, this alternate 

mechanism in which Cys194 acts as the nucleophile is 

thermodynamically favoured. 

Conclusions 

 In this study the mechanism by which the enzyme maleate 55 

isomerase catalyzes the cis-trans interconversion of maleate and 

fumarate has been computationally investigated. Specifically, 

DFT methods in combination with small chemical models were 

used to gain fundamental insights into the nature of possible 

mechanistic intermediates, while QM-cluster and 60 

ONIOM(QM/MM) methods have been used to examine the 

nature of the substrate-bound active site and the catalytic 

mechanism. 

 The feasibility of the formation of proposed enediolate and 

succinyl-Cys type intermediates from a neutral, monoanionic or 65 

dianionic maleate substrate was initially examined using DFT-

small chemical model studies For both neutral and monoanionic 

maleate an enediolate intermediate, formed by nucleophilic attack 

of methyl thiolate (CH3S
–) at their C2 center, was unstable, i.e., 

dissociated back to the original substrates. In contrast, the  70 

succinyl-Cys type intermediate, formed by concomitant thiolate 

addition to C2 and protonation of C3, was stable for all 3 

ionization states of the initial maleate. Furthermore, for dianionic 

maleate the formation of succinyl-Cys leads to a barrierless 

rotation about the substrates central C2—C3 bond. Increasing the 75 

polarization of the environment was observed to decrease the 

angle of rotation. In order to understand the driving force for 

rotation, the LUMO and HOMO were also examined. 

 The ionization state of the active site cysteinyl's (Cys76 and 

Cys194) and the substrate were examined using an 80 

ONIOM(QM/MM) based approach for both the apoenzyme and 

the substrate-bound active site. The results suggest that the proton 

affinity (PA) of Cys76S– is higher than that of Cys194S– in both 

the apo-enzyme and when the dianionic maleate substrate is 

bound within the active. Furthermore, the combined results 85 

suggest that upon substrate binding the preferred initial state of 

the substrate-bound active site contains a monoanionic maleate 

substrate, an ionized Cys194 (i.e., Cys194S–) and a neutral Cys76 

(i.e., Cys76SH). 

 Two possible mechanistic pathways were investigated using 90 

QM-cluster and/or an ONIOM(QM/MM) approach. The first 

pathway corresponds to that previously experimentally proposed 

in which the active site residue Cys76 acts as the mechanistic 

nucleophile that attacks the substrates sp2 C2 centre; the Cys76-

pathway. In the alternate pathway Cys194 acts as the required 95 

nucleophile; the Cys194-pathway. 

 In both pathways the Cys76 or Cys194 thiol, can be 

deprotonated via proton transfer onto the maleate substrate's 

carboxylate positioned nearest Asn14 and Asn163. However, the 

barrier for this step on the Cys194-pathway (40.1 kJ mol–1) is 100 

only half that of the analagous step on the Cys76-pathway (80.2 

kJ mol–1). This is due in part to greater stabilization of Cys194S– 

than Cys76S– by hydrogen bonding within the active site. 

 

   105 
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Scheme 8 Schematic illustration of optimized structures obtained using an ONIOM(QM/MM) approach (see Computational Methods) 
for the mechanism in which Cys194 acts as nucleophile. 

 The subsequent step in these pathways is the nucleophilic 

attack of the thiolate at the maleate substrate's C2 centre. 5 

Additionally, this occurs with concomitant proton transfer from 

the R-group thiol of the second active site cysteinyl to give a 

succinyl-Cys intermediate (IC2 and IC2', respectively). 

Importantly, in the case of the Cys76-pathway such an 

intermediate (IC2) lies significantly lower in energy than the 10 

initial reactant complex (RC) by 91.5 kJ mol–1. Furthermore, 

subsequent rearrangement and reaction of IC2 to give the final 

product complex (PC) requires a considerable amount of energy; 

135.1 kJ mol–1. This is in fact the rate-limiting process of the 

Cys76-pathway. In contrast, for the Cys194-pathway the resulting 15 

succinyl-Cys intermediate (IC2'), while lower in energy than the 

RC, is not as significantly stabilized, lying just 39.4 kJ mol–1 

lower in energy than RC. It is able to undergo a series of 

relatively low-energy rearrangements and reactions to give the 

final product complex (PC'). The rate-limiting step along the 20 

Cys194-pathway is the step in which a twist from a cis 
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conformation to trans occurs. The calculated barrier for this step 

if 89.9 kJ mol–1 is in good agreement with the barrier calculated 

using experimentally determined kinetics; ~70 kJ mol-1.34 

 Thus, the present results suggest that the overall catalytic 

mechanism of Maleate Isomerase is initiated by a substrate-5 

assisted activation of the active site cysteinyl Cys194. This is 

followed by the concerted formation of a succinyl-Cys 

intermediate in which Cys76 acts as an acid. Thus, Cys194 is the 

mechanistic nucleophile while Cys76 instead acts as an acid/base 

along the mechanism. The desired rotation about the C2—C3 10 

bond occur via multiple relatively low-barrier steps with 

assistance of the anionic Cys76S–, generated during formation of 

a succinyl-Cys intermediate. Finally, cleavage of the Cys194S–

C2 bond concomitant with proton abstraction by Cys76S– from 

the intermediates C3H2 group leads to the formation of the 15 

fumarate product. The conserved nature of the active site in the 

racemase superfamily suggests possible transferability of the 

mechanism outlined to other species in the family. 
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