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Abstract

Conformational dynamics in large biomolecular systems are often associated with their

physiological roles. The dynamics of a dimeric microbial enzyme, DapE, with great potential

of an antibiotic target, has been studied employing long molecular dynamics simulations of

the enzyme in apo form and its substrate bound complex form. The essential dynamics of apo

enzyme and enzyme-substrate complex are extracted from the principal component analysis

of the simulations of these two systems where the first two principal components are analyzed

in detail. The essential motion of the enzyme in the substrate bound form exhibits a folding

motion of its two catalytic domains over the two dimerization domains, which results in the

repulsion of water molecules away from the active site of the enzyme-substrate complex. This

folding motion also leads to a stabilizing binding free energy of the substrate arising from

favorable interaction of the substrate and side chains of the enzyme. The dynamics in the

enzyme-substrate complex results in stronger interaction between the catalytic and dimeriza-

tion domains reflected by increased number of inter-domain hydrogen bonds. The substrate,
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located in the catalytic domain of DapE, establishes contacts with the side chains of the dimer-

ization domain of DapE by extended chains of hydrogen bonds, which emphasizes the role of

the dimerization domain in substrate binding.

Introduction

Bacterial infections together with antibiotic resistance pose a serious health issue which requires

discovery of novel targets and new drug molecules.1–5 To that end, the meso-diaminopimelate

(mDAP)/lysine biosynthetic pathway provides promising antibiotic targets.6–10 The products of

this pathway, namely, lysine and mDAP, are inevitable for bacterial growth and multiplication.11

The most promising part of the importance of the enzymes in the lysine biosynthetic pathway

comes from the fact that, while it is very important for bacterial survival, there exists no sim-

ilar pathways in mammals. Therefore the inhibitors of the enzymes in the mDAP/lysine path-

way are expected to provide selective toxicity against bacteria while not affecting its human

host.12 The deletion of the gene encoding for one of the enzymes in this biosynthetic pathway,

the dapE-encoded N-succinyl-L,L-diaminopimelic acid desuccinylase (DapE), is lethal to some

bacteria.13,14 The DapE enzyme is responsible for catalyzing the hydrolysis of N-succinyl-L,L-

diaminopimelic acid (SDAP) forming succinate and L,L-diaminopimelic acid, which subsequently

gets converted to meso-diaminopimelate and lysine, both of which are essential components for

bacterial cell wall formation.6,15

The DapE enzyme is a dimeric protein consisting of a catalytic domain and a dimeric domain

in each monomer.16 The catalytic domain hosts the active site for catalytic reaction whereas the

dimeric domains provide a contact between the two monomers (Figure 1). The catalytic reactions

in the wild type and mutant DapE has been studied by several experimental and computational

methods outlining the kinetics and energetics of the reaction.6,7,15,17 However, very little is known

about the conformational dynamics of this enzyme system and in particular, the role of the dimer-

ization domain in the catalytic action of the enzyme. Recently, it has been shown that the enzyme
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activity is destroyed in the absence of the dimerization domain, which is attributed to the confor-

mational freedom of a loop in the catalytic domain in the absence of the dimerization domain.18

Enzyme catalysis involves, besides the actual biochemical reaction, preparation of the apo

enzyme to host its substrate, the migration and binding of the substrate to the active site, and

release of the products of the catalytic reaction. All these steps of the catalytic action involves

conformational dynamics in the enzyme, which holds crucial information to the understanding of

enzyme functions.19 In multi-domain enzymes the large scale domain motions of enzymes are

often found essential for their physiological functions and are often evolutionarily optimized.20–25

The dynamics of large biomolecules involves an interplay of many unspecific and fast stochastic

local fluctuations occurring within picosecond timescale together with large-scale rearrangements

and movements of domains relative to each other occurring in a much longer timescale.26–28

While classical molecular dynamics (MD) simulations provide an excellent platform to deter-

mine the multiscale behavior of the complex biological systems, extracting information about the

significant large-scale motions, such as those corresponding to domain movements, from a MD

trajectory is not always straightforward owing to the high dimensionality of biological systems.

Principal component analysis (PCA) offers an elegant route to monitor the concerted motions in

proteins that are often found to be biologically significant.29–31 Within PCA, one decomposes the

conformational subspace explored by 3N protein degrees of freedom (where N is the number of

atoms under consideration) into a small set of modes (p), which forms a low dimensional subspace

where concerted, functionally relevant motions are captured, and a large remaining set (3N− p),

that forms a high dimensional subspace characterized by high frequency independent motions

which can be described as small Gaussian type fluctuations.32,33 PCA has been applied to several

protein systems, with results systematically showing that the most important fluctuations of a pro-

tein can be accounted for by the first few principal components of motion (principal components)

and that a good description of the essential dynamics of the protein can thus be achieved.29–33

In the present work, we employ molecular dynamics simulations of the DapE enzyme in apo

form and DapE-L,L-SDAP complex to sample the conformational dynamics of these two systems
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and analyze the similarities and differences in the essential dynamics of the enzyme when it is

bound to substrate as compared to its apo form.

Computational Details

The X-ray crystallographic structure of DapE (at 2.30 Å resolution) retrieved from the protein

data bank (pdb ID: 3IC1)16 was used as the starting point for the computational studies. The DapE

enzyme exists in a dimeric form (chain A and chain B) with each monomer consisting of a catalytic

and a dimerization domain (Figure 1). The active site in the catalytic domain is composed of two

zinc ions bridged by Asp100 and one water molecule, and the side chains of His67, His349, Glu135

and Glu163 directly coordinated to Zn atoms.16 The enzyme contains a total of 754 residues (377

residues in each chain). The residues 1 to 179 and 293 to 377 in both chains constitute the catalytic

domain of the enzyme whereas the residues 180 to 292 form the dimeric domain.

The initial structure of the apo enzyme was taken from the X-ray crystallographic structure of

DapE (PDB ID: 3IC1)16 and the structure obtained from docking L,L-SDAP in the DapE active

site17 served as the initial structure of the enzyme-substrate complex. The apo enzyme and the

enzyme-substrate complex were separately immersed in an orthorhombic water box of dimension

165 Å × 100 Å × 90 Å, ensuring a distance of 12 Å between the faces of the box and any atom of

the enzyme or the substrate. The missing loops in the X-ray crystal structure were modelled using

the MMTSB tool set.34 All Glu, Asp, Lys, and Arg side chains were modelled as charged, while

the His side chains were modelled to be neutral. Zn-amino acid interactions are treated as purely

nonbonded interactions, which has been proved to be simple and accurate for metalloproteins.35,36

The time evolution of the distances between Zn and the coordinating ligands show that the force

field employed preserves the active site architecture of the enzyme (Figure S1 in the supporting

information). The system was made overall charge neutral by adding 22 sodium ions and a salt

concentration of 0.15 M was achieved by further adding 108 number of sodium and chlorine ions.

The systems contained about 140,000 atoms. To release bad contacts in the system, first the protein
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and protein-substrate complex were kept frozen and only the position of the water molecules and

that of salt ions were minimized, followed by a full minimization. The system was then slowly

heated to 300 K and equilibrated for 5 ns at constant temperature and volume (NVT ensemble),

followed by 100 ns molecular dynamics run at constant temperature (300 K) and constant pressure

(1 atm) using the Nose-Hoover Langevin thermostat and piston37 (NPT ensemble). All simula-

tions were done with only hydrogen containing bonds constrained by SHAKE.38 An integration

time step of 2 fs was used and structures were saved every 5 ps for analysis. The long-range elec-

trostatic interactions were treated by the particle mesh Ewald (PME)39 method with a 12 Å cutoff.

The van der Waals interactions were truncated at a cutoff of 12 Å, and a switch function was acti-

vated starting at 10 Å. All simulations were performed employing the NAMD program40 with the

CHARMM22 force field41 and TIP3 potential for water molecules,42 and Charmm general force

field for SDAP generated from Paramchem suite.43

The principal component analysis, also known as quasi-harmonic analysis or essential dynam-

ics method, is a well established technique to express the conformational dynamics in high dimen-

sional complex systems in terms of a few principal modes or principal components of motion.44,45

Although, the time scale of conformational dynamics of biomolecular systems is well beyond

nano-second range, in principal component analysis, the eigenvectors corresponding to the larger

eigenvalues, which can be used to describe the essential motions, tend to converge to a stable set in

the nanosecond timescale, suggesting that MD simulations of nanosecond timescale can provide

a reasonable definition of the essential subspace, valid well beyond the nanosecond range.46–48

The overall translational and rotational motion in the molecular dynamics trajectories of the en-

zyme and enzyme-substrate were removed by superimposing each frame of the trajectory to the

Cα coordinates of the crystal structure. These trajectories were further used to generate covariance

matrix by stripping the water molecules of the system. The dimeric enzyme contains 11,608 atoms

which results in a 34,824 dimensional covariance matrix for the apo enzyme, whereas the enzyme-

substrate complex containing 11,680 atoms results in a covariance matrix of 35,040 dimension.

For comparison, the covariance matrices were also generated by considering only the backbone
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atoms (consisting of Cα , C, N and O) of the apo-enzyme and enzyme-substrate complex. The 754

residues of the protein contains 3,016 backbone atoms which results in a 9,048 dimensional co-

variance matrix for both the apo enzyme and the enzyme-substrate complex. The results from the

principal component analysis with the backbone atoms compare well with the all atoms principal

component analysis. In the present article, we discuss the principal components obtained from the

diagonalization of the covariance matrix of all atoms.

The PCA decomposes the overall protein motion during the molecular dynamics simulation

into a set of modes that can be ordered in terms of their degree of contribution to the overall protein

motion arranged from the largest to the smallest the eigenvalues of the covariance matrix. The

mode having the largest amplitude (also known as principal component 1) is the most significant

one to describe the dynamical behavior of the system. The contribution of eigenmodes to the

overall dynamics of the system gradually diminishes from the first eigenmode onwards and after

a few eigenmodes, the amplitude becomes almost zero denoting local vibrations (Figure S3 in the

supporting information). The convergence of the principal component analysis has been rigorously

tested by using the cosine content analysis,49 trajectory overlap analysis,50 and randomness test of

the principal components29,51 (Figures S4, S5 and Table S1 in the supporting information).

The phenomenon of enzyme-substrate binding affinity can be quantified in terms of binding

free energies. In the present work, the interaction energies between SDAP and DapE is calculated

by molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) method, which is one of

the most widely used methods to study ligand-biomolecule interaction energies in noncovalently

bound receptor-ligand complexes.52–55 Within this approach, the free energy of binding (∆Gbinding

) of a substrate to a protein can be determined from the equation,54

∆Gbinding,solvated = Gcomplex,solvated−Greceptor,solvated−Gligand,solvated, (1)

where, the free energy G in the right-hand side of the above equation is estimated as the sum of the
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following terms,54

Gsolvated = 〈Egas〉+ 〈∆Gsolvation〉−〈T Ssolute〉. (2)

The gas-phase energies Egas are the molecular mechanical energies obtained from the force field

with no cut off for non-bonded interactions. The polar solvation free energies ∆Gsolvation are cal-

culated using an implicit solvent model, in this case with Poisson-Boltzmann (PB) model. The

PB equation was solved using 1000 linear steps of finite difference with dielectric constants of 1

and 80 for the interior and exterior of the molecule, respectively. The nonpolar contribution to the

solvation energies are determined with a function of the solvent accessible surface area (SASA)

∆Gnonpol = γSASA+ b, where γ is the surface tension set to 0.005 kcal mol−1Å−2, SASA was

determined with the Molsurf method56 using a probe radius of 1.4 Å, and the value of parameter

b was set to zero. The values of these parameters are well documented in literature.57,58 The third

term in the Equation 2 estimates the entropy contribution, which can be obtained from normal mode

analysis but are computationally expensive and tend to have a large margin of error that introduces

significant uncertainty in the result.59 For this reason, it is a common practice to ignore its contri-

bution in binding free energy calculation, under the assumption that the change in solute entropy

is small during complex formation.59 This gives rise to an effective binding free energy which

represents the binding free energy without the entropy correction. In the present work, we have

employed the quasi-harmonic approach to evaluate the solute entropy change upon binding.55,60 In

addition to the global free energy calculation, decomposing ∆Gtotal in terms of contributions from

structural subunits can provide valuable information about the local interactions. The effective

binding free energy can be decomposed for each residue by including only those interactions in

which one of the residue’s atoms are involved, by a scheme called per-residue decomposition.61,62

For the per-residue decomposition analysis, the entropy contributions are neglected since the en-

tropy is calculated from the global motions spread over the entire complex where every residue

contributes to all vibrational modes, and there is no straightforward way to approximately decom-

pose the entropy into per-residue contributions.55,61,62 The MM-PBSA calculations are performed

with Amber software suite.63
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Results and Discussion

Structural stability of the enzyme

The time evolution of the Cα root-mean-square deviations (RMSD) with respect to the crystal

structure shows the overall stability of the DapE and DapE-SDAP complex (Figure 2). The oc-

casional large RMSD values are traced to the rapid fluctuations of the loops in the enzyme. In

particular, the loops consisting of residue numbers 71-95, 117-124, 322-328, and 346-353 present

in the catalytic domain contribute to the flexibility of the protein. The overall stability of the

secondary structure of the protein is further investigated by analyzing the time evolution of the

number of residues participating in the stabilizing secondary structures by employing the dictio-

nary of secondary structure prediction (DSSP) algorithm.64 The number of residues participating

in helices and sheets during the molecular dynamics simulations of the apo enzyme and enzyme-

substrate complex, compared to their values in the protein crystal structure, show that the secondary

structures remain largely intact during the 100 ns molecular dynamics simulation of both the apo

enzyme and the enzyme-substrate complex (Figure S2 in the supporting information). To further

establish the stability of the protein, we have calculated the number of backbone hydrogen bonds

during the molecular dynamics simulation by taking a donor-acceptor cut-off distance of 3.4 Å.65

The number of backbone hydrogen bonds remain stable during the simulations of the apo enzyme

and enzyme-substrate complex (Figure S2 in the supporting information), indicating the stability

of the enzyme native state.

Essential dynamics in the apo enzyme and enzyme-substrate complex from

principal component analysis of the MD trajectories

The first two principal components, which account for about 70 % of the overall conformational

dynamics in both apo enzyme and enzyme-substrate complex, are extremely important to describe

the concerted global motions of the system. For the DapE-SDAP complex, the first principal

component accounts for 54 % of the dynamics while it is 40 % in case of the apo enzyme. On
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the other hand, the second principal component describes 30 % and 18 % of the conformational

dynamics in apo enzyme and enzyme-substrate complex, respectively. This suggests that the first

two modes are nearly equally important for the apo enzyme, while the first mode is predominant

over the other modes in the case of the enzyme-substrate complex.

The root mean square fluctuations of the Cα atoms of the enzyme, averaged over intervals of

10 ns after excluding the first 20 ns of the MD trajectories, are shown in Figure 3 (upper panel), for

both the chains in apo enzyme and enzyme-substrate complex. The catalytic domains of both chain

A and chain B (residue number 1 to 179 and 293 to 377) exhibit higher fluctuations compared to

that of the dimerization domains (residue number 180 to 292) in both the systems, which arises

due to the fact that the catalytic domains host several loops while the dimerization domain shows

several β sheets (Figure 1a). The DapE enzyme with a catalytic domain and a dimerization domain

attains conformational flexibility from the former which hosts several loops while the latter, with

stable secondary structures, imparts rigidity. In the middle panel of Figure 3, we have compared

the Cα root mean square fluctuations of first two principal components with that of the actual MD

trajectory. In order to calculate the atomic fluctuations along a principal component, the actual

trajectory is filtered along that eigenmode.66 The resulting new trajectory describes the dynamics

of the system associated with that particular principal component. Both apo enzyme as well as the

enzyme-substrate complex show higher root mean squared fluctuations along principal component

1 as compared to that of the principal component 2. For the third principal component onwards, the

fluctuations become even smaller and do not show noteworthy contribution to the overall dynamics

(data not shown). The enzyme-substrate complex exhibits higher fluctuations along the principal

component 1 as compared to that of the apo enzyme, whereas, along the principal component 2,

the fluctuation is higher in the apo enzyme as compared to that of the complex (middle and lower

panels of Figure 3).

The overlap of six snapshots (red to blue) along the first two principal components for the apo

enzyme and the enzyme-substrate complex are shown in Figure 4. The overlapped structures help

in visualizing the essential dynamics along the corresponding principal components and provide
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information to link the essential dynamics of the complex system in terms of some internal co-

ordinates of the system. The overlapped structures along principal component 1 suggest a global

motion involving the two catalytic domains. Thus a possible geometric parameter that quantifies

the principal component 1 can be the distance between the centers of mass of the catalytic domain

and the dimerization domain in both the chains. This can be quantitatively verified from the high

correlation of the distance between the centers of mass of the catalytic domain and dimerization

domain in both chains of the apo enzyme and enzyme-substrate complex obtained from MD sim-

ulations and the corresponding trajectories filtered along principal component 1 (Figure S6 in the

supporting information). The time evolution of the distance between centers of mass of the cat-

alytic domain and dimerization domain along mode 1, shows a decreasing distance between the

catalytic and dimerization domains in the DapE-SDAP complex system, while the same is not true

for the apo enzyme (Figure S6 in the supporting information). This can be explained by compar-

ing the cross-correlation matrix of Cα atomic fluctuations along principal component 1 for the apo

and complex systems (Figure S7 in the supporting information), which shows the motion of the

two catalytic domains in the complex exhibit more anticorrelation compared to that in the case

of apo enzyme. This indicates that the principal component 1 in the enzyme-substrate complex

involves a folding of the catalytic domains onto the dimerization domains, which is further sup-

ported from the decreasing value of the radius of gyration of the entire protein along the principal

component 1 of the DapE-SDAP complex (Figure 5a). The decreasing radius of gyration in the

DapE-SDAP complex along principal component 1 indicates the increase of the compactness of

the enzyme-substrate complex, compared to the apo enzyme.

The principal component 2 in both DapE and DapE-SDAP systems corresponds to a rotation of

the two catalytic domains about the two dimerization domains in opposite directions (Figure 4c,d).

In this case, a possible geometric parameter to describe the principal component 2 is the dihedral

angle between the four centers of mass, consisting of the catalytic domain of chain A, the dimer-

ization domain of chain A, the dimerization domain of chain B and the catalytic domain of chain

B. The displacement along the principal component 2 in both apo enzyme and enzyme-substrate
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complex show excellent agreement with the time evolution of this dihedral angle along the princi-

pal component 2, suggesting the accurate description of the principal component 2 by the chosen

internal coordinate (Figure S8 in the supporting information).

Enzyme-substrate interactions

The binding propensity of a ligand to a macromolecule can be quantitatively determined by the

MM-PBSA approach.52–54 We have carried out MM-PBSA analysis to quantify the interaction

between DapE enzyme and SDAP substrate. Upon SDAP binding, the effective binding free energy

(without entropy contribution) is estimated to be -66 kcal/mol, indicating a very strong binding of

the substrate to the protein. The contribution of the solute entropy to the substrate binding process

is evaluated from quasi harmonic approach and found to be 27 kcal/mol (at 298 K). Hence the net

substrate binding free energy of DapE is determined as -39 kcal/mol. To estimate the contribution

of different components of the enzyme and substrate towards the net binding free energy, a residue-

wise decomposition of the total effective free-energy has been carried out.61,62 It is found that the

substrate SDAP shows a stabilization of -59 kcal/mol, suggesting that when SDAP is transferred

from an implicit solvent environment to the interior of the protein, it is significantly stabilized

due to the strong electrostatic interactions with the metal ions and certain residues of the protein.

The two metal centers, Zn1 and Zn2, exhibit stabilization of free energy by the amount -4.5 and

-5.2 kcal/mol, respectively. It is found that the interaction of the substrate with the residues, in

particular, Lys175, Arg178, Arg258, Ser290, Thr325, Asp327, Arg329, Asn345, and Lys350 of

DapE leads to stabilizing binding energy (Figure 6 and Table S2 in the Supporting Information).

The favorable binding energy between the substrate and the active site residues are dominated

by electrostatic interaction. Additionally, the glycine residues 322-324 present between α8 and

β12 of DapE, which are part of an evolutionarily conserved glycine rich loop (G322-S326) also

contribute to the stabilization of the substrate in the enzyme active site. This is in agreement with

the earlier finding that the conformational dynamics of this glycine rich loop is associated with the

tight binding of the substrate in this active site.17 Such glycine rich segments are well known to
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be evolutionarily conserved and are believed to have important functional roles in many microbial

proteins.67–70

The consequence of the closing domain motion, seen along the principal component 1 in the

enzyme-substrate complex can be further seen in the interaction between the enzyme and substrate.

Figure 5b shows the binding free energy of the substrate in the enzyme active site. It is seen, that

during the course of the MD simulation of the enzyme-substrate complex, the closing motion

of the domain facilitates a stabilizing enzyme-substrate interaction (Figure 5b). To evaluate the

effect of conformational dynamics on the enzyme-substrate binding free energy, we have calculated

the effective binding free energy of SDAP in DapE enzyme, by considering the MD trajectories

filtered along the first two principal components (PC1 and PC2). The average substrate binding

free energy along PC1 and PC2 are determined to be -40 and -30 kcal/mol, respectively. The

time evolution of the effective binding free energy (Figure 5c) of the substrate along the first

two principal components suggests that the substrate binding is stabilized along PC1 during the

domain closing motion of the DapE enzyme, in particular after 65 ns of MD simulation (Figure 5c).

The strong correlation between the decreasing radius of gyration in the enzyme-substrate complex

(Figure 5a), the decreasing total binding free energy of the substrate (Figure 5b), and the binding

free energy of the substrate along PC1 ( Figure 5c), clearly suggests that the folding motion of

the catalytic domains over the dimerization domains in the enzyme-substrate complex (described

by the principal component 1) leads to a stronger enzyme-substrate binding. In addition to a

strong enzyme-substrate binding, the closing domain motion in the enzyme-substrate complex

also leads to repulsion of water molecules away from the enzyme active site, which can be seen

from the reduced population of water molecules within 8 Å of the Zn atoms for the enzyme-

substrate complex as compared to the apo system (Figure S10 in the Supporting Information). A

fewer number of water molecules near the active site indicates the increased hydrophobicity near

the active site of the DapE-SDAP complex as a direct consequence of the motion of the catalytic

domains towards the dimerization domains.
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Inter-domain interactions

The catalytic domains and the dimerization domains of the DapE enzyme exhibit several elec-

trostatic interactions among themselves, which account for the stability of the dimeric protein.16

Our simulations reveal that the number of hydrogen bonds present between the residues of the

catalytic domain and those of dimerization domain are higher in the enzyme-substrate complex, as

compared to the apo enzyme (Figure 7a). This fact also emerges from the time-evolution of the

interaction energy (electrostatic and van der Waals energy) between the catalytic and dimerization

domains of DapE, where the interaction energy in the complex is more stabilized as compared to

that of the apo enzyme (Figure 7b). The increased inter-domain interactions impart further stabil-

ity to the enzyme-substrate complex. Upon comparison of the inter-domain hydrogen bonding in

apo and complex form, it is found that the residues Arg179, Pro293, Thr325 and Arg329 of the

catalytic domain participate in hydrogen bonding interaction with the residues Ser181, Arg258,

and Tyr259 of the dimerization domain in the enzyme-substrate complex (Figure 8). The percent-

age occupancy of the inter-domain hydrogen bonds in the apo and complex systems are given in

Table 1, which shows that the enzyme-substrate complex features more number of stable hydrogen

bonds between the two domains, as compared to the apo enzyme. This computational finding is in

agreement with the recent kinetic study of the enzyme catalysis by DapE, where the crucial role of

the dimerization domain in the enzyme activity is described by inter-domain interactions.18

In addition to the direct interactions between the residues of the catalytic domain and dimeriza-

tion domain of DapE, our simulations also reveal the presence of several water mediated hydrogen

bond chains between the catalytic domain and the dimerization domain. Interestingly, these hy-

drogen bond chains provide a connection between the substrate, bound in the catalytic domain

of the enzyme, with the dimerization domain. Figure 9 shows two representative snapshots of

such hydrogen bond chains, where the substrate shows a salt-bridge interaction with the Arg178

of the catalytic domain which further participates in a hydrogen bond chain with the side chains of

Thr261 via two mediating water molecules (Figure 9a). Similar interactions are also seen, where

the substrate exhibits direct electrostatic interaction with Thr325 and Arg329 of the catalytic do-
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main, which in turn establish contacts with the side chains of Arg258 and Ser290 of the dimeriza-

tion domain, respectively. While the former inter-domain contact is water mediated, the latter is

direct interaction between the catalytic and dimerization domains (Figure 9b). In summary, it is

found that the number of interactions between the catalytic and dimerization domains, both direct

as well as bridged through substrate and water molecules, increased during the MD simulation of

enzyme-substrate complex, as compared to the apo enzyme.

Inter-chain interaction (dimerization energy)

In addition to the interaction between the dimerization and catalytic domains of a monomer in the

dimeric DapE enzyme, we have also evaluated the interaction between the two monomers (chain

A and chain B, in Figure 1a). The average value of the effective binding free energy of the dimer

formation (the dimerization free energy) is evaluated to be -63 kcal/mol and -60 kcal/mol, for

the apo-DapE and DapE-SDAP complex systems, respectively, suggesting a minor effect of the

substrate binding on the dimer formation. The per-residue decomposition of the effective binding

free-energy in the apo and complex system (Figure S11) reveals that the interaction between the

two chains are primarily between the two dimerization domains which is evident from the structure

of the enzyme (Figure 1a). A very similar per-residue free energy in the apo and complex system

(Figure S11) suggests that the substrate binding has negligible effect on the dimerization free en-

ergy. This fact is further supported by the nearly equal number of inter-chain hydrogen bonds in

the apo-DapE and DapE-SDAP complex (Figure S12). In both apo DapE as well as DapE-SDAP

complex, the interaction between the two chains of the dimeric protein are facilitated by the α-

5 helices (Asn203-Tyr218) and β -9 strands (Ser231-Ala239) of both monomers (Figure S13).16

To account for the contribution of conformational dynamics to the dimer formation, we evaluated

the dimerization free energy from the trajectory filtered along principal components 1 and 2. The

dimerization free energy along the MD trajectory and the trajectories filtered along principal com-

ponents 1 and 2 are found to be very similar (Figure S14) which can be explained by the fact that

the first two principal components involve significant conformational dynamics of the two catalytic
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domains with little change in the relative motion of the two dimerization domains, which on the

other hand, contribute almost exclusively to the dimerization free energy.

Conclusions

The microbial enzyme DapE plays a crucial role in the lysine biosynthetic pathway of bacteria

which has enormous potential to be the source of several antibiotic targets. We have carried out

100 ns of MD simulations of the apo DapE enzyme and its complex with its natural substrate L,L-

SDAP. The analysis of the MD trajectories, in terms of root mean squared deviations, secondary

structure analysis, and number of hydrogen bonds, show the plasticity of the native structure of the

enzyme both in apo and complex states. While the dimerization domain of the dimeric protein pro-

vides rigidity due to strong secondary structure components, the catalytic domain, hosting several

loops imparts the flexibility to the protein to undergo conformational dynamics.

The conformational dynamics of the protein involves short timescale local fluctuations coupled

with long timescale global motion and domain movements. To decouple these multiscale motions,

the high dimensional conformational dynamics of the enzyme is further investigated by the so-

called principal component analysis, wherein, the concerted motion of the protein is captured by a

few principal components and the local fluctuations by the remaining many principal components.

In this work, we have carried out principal component analysis of the MD trajectories of apo en-

zyme and complex, and characterized the first two principal components in both the systems in

terms of the internal coordinates of the enzyme. The principal component 1 in the DapE-SDAP

complex depicts the catalytic domains fold over the dimerization domains, which is supported by

the Cα -Cα cross-correlation maps and radius of gyration along this mode. The distance between

the centers of mass of the catalytic domain and dimerization domain is found to provide an ad-

equate description of the principal component 1. On the other hand, the principal component 2

describes a rotation of the two catalytic domains in opposite direction about an axis formed by the

two dimerization domains, in both apo enzyme and enzyme-substrate complex, which is character-
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ized by a dihedral angle between the centers of mass of catalytic domain A, dimerization domain

A, dimerization domain B, and catalytic domain B.

The folding motion of the catalytic domain over the dimerization domain, described by the

principal component 1 in the enzyme-substrate complex, leads to expulsion of water molecules

near the active site, as seen from reduced number of water molecules near the active site of the

enzyme-substrate complex as compared to the apo enzyme. This motion enhances the tight bind-

ing of the substrate in the enzyme active site via the stabilizing interaction energy between the

substrate with the DapE residues such as Lys175, Arg178, Thr325, Asp327, Arg329, Asn345, and

Lys350. The domain folding motion has also resulted in strengthening the interaction between

the dimerization and catalytic domains of DapE, which is reflected from the increased number

and lifetime of inter-domain hydrogen bonds as well as the stabilized inter-domain interactions.

The substrate, located in the catalytic domain, is seen to participate in indirect interactions with

the side chains of the dimerization domain via several chains of hydrogen bonds, such as, SDAP-

Arg178-water-T261, SDAP-Arg329-Ser290, SDAP-Thr325-water-Arg258, emphasizing the role

of the dimerization domain in the enzyme catalysis.

It is hoped, that the present work will motivate further experimental and computational inves-

tigations to explore the links between conformational dynamics and physiological role of this very

important class of proteins.
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Figure 1: (a) The dimeric structure of DapE showing the catalytic and dimerization domains of
chain A and chain B. (b) The active site in the catalytic domain of DapE enzyme. The protein
backbones are shown as ribbons. The Zn atoms are shown as spheres and the side chains of the
active site residues and the substrate are shown as sticks.
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Figure 2: Root mean squared deviation (in Å) of Cα atoms of chain A (black) and chain B (red) in
apo DapE (upper panel) and DapE-SDAP complex (lower panel).
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Figure 3: The root mean square fluctuations (in Å) (averaged over intervals of 10 ns after excluding
first 20 ns of the MD trajectories) of Cα atoms of chain A and chain B in DapE and DapE-SDAP
complex (upper panels) together with the Cα root mean squared fluctuations in principal compo-
nent 1 (middle panels) and principal component 2 (lower panels). The vertical lines demarcate the
dimerization domain (residue 180 to 292) from the catalytic domain.

24

Page 24 of 32Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



(a)

(b)

(c)

(d)

Figure 4: Overlap of six snapshots (red to blue) along principal component 1 of (a) DapE and (b)
DapE-SDAP complex and along principal component 2 of (c) DapE and (d) DapE-SDAP com-
plex. The principal component 1 corresponds to the motion of catalytic domains away from the
dimerization domains (DapE) or towards the dimerization domains (DapE-SDAP), while principal
component 2 corresponds to a rotation of the catalytic domains about the dimerization domains in
opposite directions. The direction of motions are indicated by arrowheads.
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Figure 5: (a) The time series of the radius of gyration along the principal component 1 for DapE
and DapE-SDAP complex. (b) The substrate binding free energy during the 100 ns MD simulation.
(c) The substrate binding free energy from the trajectories filtered along the principal components
1 and 2.
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Figure 6: Residue-wise decomposition of the total binding free energy obtained from MM-PBSA
analysis of DapE-SDAP MD trajectory (upper panel). The time evolution of the contribution of
the substrate to the total binding free energy during the MD simulation of DapE-SDAP complex
(lower panel).
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Figure 7: (a) Number of hydrogen bonds between the residues of the catalytic domain and dimer-
ization domain during 100 ns of MD simulation of DapE enzyme and DapE-SDAP complex. (b)
Interaction energy (electrostatic and van der Waals) in kcal/mol between the catalytic domain and
dimerization domain during 100 ns of MD simulation of DapE enzyme and DapE-SDAP complex
(right panel).

28

Page 28 of 32Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



(a)

(b)

Figure 8: The hydrogen bond interaction between the residues of catalytic domain and dimeriza-
tion domain, present in the DapE-SDAP complex but absent in apo DapE. The carbon atoms of
substrate, catalytic domain, and dimerization domains are shown in cyan, green, and yellow, re-
spectively. The numbers (in Å) indicate the distance between the hydrogen atom and hydrogen
bond acceptor atom.
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(a)

(b)

Figure 9: Hydrogen bond interactions between the substrate SDAP and the side chains of catalytic
domain and the dimerization domain of DapE, mediated by water molecules. The carbon atoms
of substrate, catalytic domain, and dimerization domains are shown in cyan, green, and yellow, re-
spectively. The numbers (in Å) indicate the distance between the hydrogen atom and the hydrogen
bond acceptor atom.
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Table 1: The percentage occupancy of hydrogen bonds between the residues of the catalytic and
dimerization domains in the apo enzyme and enzyme-substrate complex from 100 ns MD simula-
tions.

Residue Occupancy (%)
catalytic domain dimerization domain apo complex

Thr325 Arg258 0 24
Pro293 Tyr259 0 29
Arg329 Ser181 1 35
Arg179 Arg258 2 36
Arg329 Ser290 28 75
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