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Abstract: The combined density functional quantum mechanical/molecular mechanical (QM/MM) approach has

been used to investigate methyl-transfer reactions catalyzed by the N5-glutamine S-adenosyl-L-methionine (SAM)-

dependent methyltransferase (HemK) and the coenzyme-modified HemK with the replacement of SAM by a nitrogen

analogue. Calculations reveal that the catalytic methyl transfer by HemK is an energy-favored process with an acti-

vation barrier of 15.7 kcal/mol and an exothermicity of 12.0 kcal/mol, while the coenzyme-modified HemK is

unable to catalyze the methyl transfer because of a substantial barrier of 20.6 kcal/mol and instability of the product

intermediate. The results lend support to the experimental proposal that the nitrogen analogue of the SAM coenzyme

should be a practicable inhibitor for the catalytic methyl transfer by HemK. Comparative QM/MM calculations

show that the protein environment, especially the residues Asn197 and Pro198 in the active site, plays a pivotal role

in stabilizing the transition state and regulating the positioning of reactive groups.
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Introduction

Catalytic methyl transfer reactions by a family of methyltrans-

ferases are involved in numerous cellular processes including

DNA replication, RNA transport, protein repair, and chromatin

regulation.1–6 Methylation of amino acid residues can function

as a reversible signal and it plays an important role in the termi-

nation of protein translation.7

The methyl transfer from the coenzyme S-adenosyl-L-methio-

nine (SAM) sulfur to the glutamine nitrogen is executed by the

N5-glutamine SAM-dependent methyltransferase (HemK),8,9

where the SAM coenzyme behaves as the methyl donor and the

glutamine substrate behaves as the methyl acceptor as shown in

Scheme 1. HemK catalyzes the methyl-transfer reaction by con-

verting SAM and N5-glutamine (NGLN) into corresponding S-

adensoyl-L-homocysteine (SAH) and methyl-glutamine (MGLN),

which is the key step for the enzymatic reaction. In the sug-

gested catalytic mechanism, the positioning of NGLN and

MGLN with respect to the NPPY motif was regulated by two

hydrogen bonds to residues Asn197 and Pro198.10

The Hemk gene was initially found in Escherichia coli,11

and its crystal structure reveals two structural domains: a five

helix bundle substrate binding domain at the N terminus, and a

catalytic domain at the C terminus. On the basis of sequence

analysis of HemK, it was assumed that HemK was itself an

SAM-dependent DNA methyltransferase.12 However, subsequent

experimental studies found that HemK was not directly involved

in the heme biosynthetic route and it was unable to methylate

DNA.7,13

The crystal structures of HemK provide clear yet static pic-

tures of the active site. On the basis of the three-dimensional

spatial arrangement of atoms, both Asn197 and Pro198 have

been identified as two key residues in the methyl-transfer pro-

cess.10 However, mechanistic details, relative energies of reac-

tive species, effects of protein environments, and solvent mole-

cules on this biochemical process are still unclear. Understand-

ing of the biochemical process at the atomic scale requires

further theoretical calculations.

A reliable description of a chemical reaction generally re-

quires sophisticated quantum mechanics (QM) methods. At
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present, the full QM treatment on large biomolecules is still

impractical. Fortunately, the combined quantum mechanics and

molecular mechanics (QM/MM) approach can circumvent this

dilemma between the computational cost and accuracy by parti-

tioning the target system into a QM region and a MM

region.14–18 Within the QM/MM model, the QM region only

comprises a few atoms directly involved in the chemical reac-

tion, and the MM region is composed of remaining atoms.

More recently, the QM/MM methodology has succeeded in

description of the methyl transfer reaction catalyzed by the cat-

echol O-methyltransferase (COMT), the histone lysine methyl-

transferase (SET7/9), and the glycine N-methyltransferase

(GNMT).19–24

In the present study, we have performed QM/MM calculation

to explore the methyl transfer catalyzed by HemK in condensed

phase. We extended our computational study to the coenzyme-

modified Hemk, where SAM was replaced by its nitrogen ana-

logue (MAAM) as shown in Scheme 2. The nitrogen analogue

has been synthesized and it was assumed to be an effective in-

hibitor in the enzymatic reaction of methyl transfer.25,26

Methods

The complete computational model was built by solvating the

crystal structure of HemK (PDB code: 1NV8) in a water sphere of

30 Å radius, followed by 45 ps molecular dynamics (MD) simula-

tions with CHARMM27 at the MM level to bring the system to an

equilibrium state as shown in Figure 1. This spherical model con-

tains 12,787 atoms, including the HemK protein and 2791 water

molecules. The equilibrated configuration was used in the subse-

quent ONIOM and QM/MM calculations. In the geometry optimi-

zation and frequency calculation by the ONIOM approach, only

26 atoms from residues MEQ400(NGLN), SAM300(SAM),

Asn197, and Pro198 in the active site were explicitly treated by

the B3LYP functional, and the overall DFT-AM1 two-layer

Scheme 1.

Scheme 2.
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ONIOM system consists of 102 atoms. The B3LYP functional28

and the 6-31G(d) basis set implemented in the Gaussian03 pack-

age29 have been used in the ONIOM calculation.

In the QM/MM geometry optimization of the HemK system,

the QM/MM region comprises 120 QM atoms (defined by

including selected NGLN/MGLN, SAM/SAH, residues Asn197

and Pro198, and seven waters, see Fig. 1) and 2169 MM atoms

(defined by including all residues within 15 Å around the sulfur

atom of SAM). Similarly, in the subsequent QM/MM treatment

of the coenzyme-modified HemK with replacement of SAM by

MAAM, the QM region in the MAAM reaction system was

composed 124 atoms, and the MM region was defined by

including all residues within 15 Å around the nitrogen atom sub-

stituting for sulfur in MAAM.

The RMS deviation of the optimized HemK protein with refer-

ence to the crystal structure is 0.88 Å, and thus the QM/MM geome-

try optimization shows good agreement with the experimental struc-

ture. For example, the optimized (SAM)��S��CH3. . . . . .NH2��
(NGLN) distances (refer to Figure 3a) are 1.835 and 3.250 Å,

respectively, which are comparable to corresponding experimental

values of 1.834 and 3.326 Å.10

The B3LYP functional and the 6-31G(d) basis set were used

for the QM part in the QM/MM calculation, and the MM part

was described by the CHARMM22 force field.30 An electronic

embedding scheme31a incorporating the MM charges into the

one-electron Hamiltonian of the QM treatment and hydrogen

link atoms with charge shift model31b,c for the QM/MM bound-

ary were adopted in the QM/MM treatment. The QM/MM calcu-

lations were performed with the ChemShell package32 integrat-

ing TURBOMOLE33 and DL-PLOY34 programs. The default

convergence criteria have been employed in the QM/MM geom-

etry optimization with the HDLC optimizer35 for reactant and

product. In the transition state search, an elaborated initial struc-

ture from the potential energy surface scan has been adopted,

and a reaction core of three atoms directly involved in the

methyl transfer was chosen. Specifically, the L-BFGS steps were

executed for all atoms of the active region except the reaction

core until the environment convergence was accomplished fol-

lowed by one partitioned rational function optimizer (P-RFO)

step for the reaction core using an explicit Hessian. This process

was iterated until the largest gradient component in the core was

less than 1.3531023 Eh a0
21.

Results and Discussion

Catalytic Methyl Transfer by HemK

The methyl-transfer reaction induced by HemK was explored

by both ONIOM and QM/MM approaches. The ONIOM- and

QM/MM-optimized structures of reactant (R), transition state

(TS), and product (P) are shown in Figures 2 and 3, respec-

tively. Corresponding relative energies in the methyl-transfer

reaction are shown in Figure 4. The nature of species has been

assessed by frequency calculations at the ONIOM level. Mul-

liken charge populations of selected atoms and groups of the

active site at different reaction states of HemK are presented

in Table 1.

Equilibrium Geometries

As Figures 2 and 3 show, the methyl-transfer reaction is a typical

SN2 nucleophilic substitution reaction, like other methyltransfer-

ases.20,23,24 For the initial state, the QM/MM calculations predicted

that the distance between the methyl carbon and the N atom in

NGLN is 3.250 Å (3.477 Å by ONIOM), and the bond angle of

(SAM)��S��CH3���N(��NGLN) is 175.08 (150.38 by ONIOM).

The hydrogen bond distances of (NGLN��)NH���OC(��Pro198)

and (NGLN��)NH���OC (��Asn197) are 1.884 and 2.361 Å (2.032

and 2.387 Å by ONIOM), respectively. The (SAM��)S���CH3 sepa-

ration increases from 1.835 (R) to 2.401 Å (TS), and to 3.957 Å (P)

as the methyl-transfer reaction progresses (Fig. 3). During the

reaction process, the positioning of ��NH2 in NGLN towards

the coming methyl was maintained by the hydrogen bond inter-

actions, which may facilitate the methyl accommodation by

NGLN.

ONIOM- and QM/MM-optimized geometries in Figures 2 and

3 show quite different angles of S���CH3���N in the active site for

all states of HemK. Generally, the QM/MM calculations predict

nearly linear S���CH3���N arrangement in reaction, while such ge-

ometrical feature only appears in the transition state at the

ONIOM level. This difference in optimized geometries can be

ascribed into the confining effect of protein environments.

Relative Energetics

ONIOM and QM/MM relative energy profiles have been pre-

sented in Figure 4. As Figure 4 displays, ONIOM calculations

indicate that the reaction proceeds to the transition state with a

barrier of 18.8 kcal/mol, and the overall reaction is exothermic

by 8.6 kcal/mol. The transition state of HemK has one imagi-

nary frequency of 2410 cm21 and the imaginary mode corre-

sponds to an in-line SN2 reaction coordinate. ONIOM-predicted

free energies of reaction DG and reaction barrier are 28.0 and

19.5 kcal/mol, respectively. At the QM/MM level, the barrier

was reduced to 15.7 kcal/mol and the exothermicity was

increased to 12 kcal/mol, showing remarkable effect of the pro-

tein environment on the methyl-transfer reaction.

As Table 1 shows, this methyl transfer actually is a migration

process of methyl cation. As the reaction progresses to the transi-

tion state, the ��CH3 group has a charge population of 10.35 by

QM/MM (10.49 by ONIOM). Notice that the electronegative

oxygen atoms in the nearby residues Ala218 and Asn197 are at

2.25 and 2.21Å away from the methyl (Fig. 3) and their electro-

static interactions will stabilize the transition state and reduce the

barrier as shown by QM/MM calculations. The ONIOM calcula-

tions on truncated models of the active site at different reaction

states indicate the presence of Ala218 approximately reduce the

barrier by about 1 kcal/mol relative to the reactant state. In com-

parison with the reactant state, the hydrogen bond interactions

between MGLN and Asn197 and Pro198 at the product state

become stronger as shown in Figure 3. Such hydrogen bond adjust-

ment results in the reaction more favored thermodynamically.

To evaluate the role of residues Asn197 and Pro198, a sim-

plified active site model without involvement of Asn197 and

Pro198 has been considered in the ONIOM calculation. As

Figure 4 shows, the methyl-transfer reaction has a substantial
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barrier of 34.6 kcal/mol, and it is endothermic by 9.3 kcal/mol

without presence of residues Asn197 and Pro198. These results

confirm that the residues Asn197 and Pro198 play an important

role in methylation as suggested experimentally.10

Orientation and Confining Effects

Although the transition-state stabilization was considered as a

key factor responsible for the catalytic activity of enzymes,

biochemical observations argued against that the stabilization

Figure 1. (a) The final solvated model of HemK, where the CPK structure highlights the active site.

(b) The active site structure of HemK at its initial state. (c) The active site structure of HemK at its

product state. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]

Figure 2. ONIOM-optimized structures of reactant (a), transition state (b and d), and product (c) in

the methyl transfer reaction (The ball and stick structure for B3LYP atoms; the tube structure for AM1

atoms). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.

com.]
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is not yet sufficient for enzymatic catalytic efficiency.36

Recent theoretical studies also reveal that the predicted barrier

strongly depends on the nucleophilic attack distance and angle

of the reactant conformation in the methyl-transfer reaction

catalyzed by the histone lysine SAM-dependent methyltrans-

ferase.23

Figure 3. QM/MM-optimized structures of reactant (a), transition state (b), and product (c) in the

methyl transfer reaction of HemK (QM 5 B3LYP; MM 5 CHARMM; ‘‘W’’ indicates water). [Color

figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Present MD simulation and QM/MM calculation yield the

reactant conformation as shown in Figure 3a, where the SAM

coenzyme and the substrate NGLN are nicely confined in the

reaction region. The protein environment and the hydrogen bond

network around the active site maintain a nearly linear

S� � �C� � �N conformation for the SN2 reaction, where the lone

pair of the nitrogen atom in NGLN is directed toward the

methyl carbon. Such spatial orientation and confining from the

protein skelecton and hydrogen bond interactions make the

methyl transfer become facile.

Catalytic Methyl Transfer by the Coenzyme-Modified HemK

The nitrogen analogue of SAM (MAAM, see Scheme 2) was

suggested to be an inhibitor for the methyl transfer. To have

insight into the plausible inhibitive role of the coenzyme ana-

logue, the methyl-transfer reaction catalyzed by the coenzyme-

modified HemK has been studied by the QM/MM calculation.

The optimized structures of reactant, transition state, and product

are shown in Figure 5. The relative energies for the methyl-

transfer reaction are depicted in Figure 6. Mulliken charge popu-

lations are incorporated into Table 1.

Previous experiments pointed out that this coenzyme ana-

logue could be bound to the Escherichia coli methionine

repressor protein more tightly than the coenzyme SAM itself.25

The coenzyme analogue thus was expected to be an effective in-

hibitor of the SAM-dependent methyl-transfer enzymatic reac-

tion. Our MD simulation and QM/MM geometry optimization

indeed bring an initial reactant conformation of the coenzyme-

modified HemK to an equilibrated structure as shown in Figure

5, which is quite similar with the equilibrated reactant state of

HemK.

The reactant and transition states of the coenzyme-modified

HemK have a nearly linear N� � �C� � �N conformation in the

active site, like HemK. In the product state, the N� � �C��N angle

is 159.68, smaller than the corresponding angle of 171.48 in

HemK. As Figure 6 displays, the activation energy for the cata-

lytic methyl transfer by the modified HemK is 20.6 kcal/mol,

which is remarkably higher than the barrier of 15.7 kcal/mol in

Figure 4. Furthermore, the overall process is endothermic by 5.2

kcal/mol, and thus it unlikely occurs in practice. The large bar-

rier and instability of the intermediate product may make the

nitrogen analogue of SAM serve as a practicable inhibitor to the

methyl-transfer reaction as assumed experimentally.

To elucidate such thermodynamic differences in the methyl-

transfer reactions catalyzed by HemK and the coenzyme-modi-

fied HemK enzymes, we examined chemical bond and bonding

changes as the reactions progress. For HemK, the methyl

transfer from SAM to NGLN will break relatively weaker

S��C bond and make strong N��C bond. The formation of

strong C��N bond at the product state as well as the strength-

ening of H-bond interactions around the substrate is responsi-

ble for the thermodynamic favorableness in the methyl trans-

fer. For the coenzyme-modified HemK, only the C��N bond

breaking and making was involved in the methyl-transfer pro-

cess. As Figure 5 displays, the C��N bond length is almost

unchanged at the reactant and product states. Why the reaction

is endothermic by 5.2 kcal/mol? To understand such notable

endothermicity, primary calculations on simplified models of

(CH3)4N
1 and (HCO)(CH3)NH2

1, served as the nitrogen struc-

tural environments in the coenzyme MAAM and the substrate

MGLN respectively, have been performed. B3LYP calcula-

tions show that the N��CH3 bond scission requires 85.8 kcal/

mol for (HCO)(CH3)NH2
1 and 125.3 kcal/mol for (CH3)4N

1

respectively, showing that the bond dissociation behavior can

be significantly modified by its structural environment. Molec-

ular orbital (MO) analyses reveal that the highest-occupied

MO has a delocalized bonding feature around the tetrahedral

nitrogen in (CH3)4N
1, which may stabilize the positively

charged region. In (HCO)(CH3)NH2
1, the presence of hydrogen

atoms linked to nitrogen makes the delocalization impossible.

Furthermore, the Milliken charge populations indicate that the

N��CH3 bond can be strengthened by partial ionic bonding

interactions in (CH3)4N
1. A thorough understanding of such

striking energetics effect of local structural surrounding

change on the bond scission requires further theoretical inves-

tigation.

Figure 4. ONIOM and QM/MM relative energy profiles along the

methyl-transfer reaction pathway in the simplified active site model

and in HemK (QM 5 B3LYP; MM 5 CHARMM).

Table 1. Mulliken Charge Populations of Selected Atoms and Groups in

the Active Sites of HemK and the Coenzyme-Modified HemK at Their

Different Reaction States by QM/MM and ONIOM.

State S ��CH3 ��NH2

HemK (SAM)

R 0.54 (0.83)a 0.11 (0.07) 20.07 (0.06)

TS 0.22 (0.14) 0.35 (0.49) 20.01 (0.10)

P 0.07 (20.03) 0.30 (0.24) 0.15 (0.40)

N ��CH3 ��NH2

HemK (MAAM)

R 20.36 0.29 20.06

TS 20.39 0.40 0.00

P 20.36 0.31 0.15

aONIOM values in parentheses.
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Conclusions

The methyl-transfer reactions catalyzed by HemK and the coen-

zyme-modified HemK have been studied by QM/MM methodol-

ogies. The calculations show that the methyl-transfer step can be

characterized as a typical in-line SN2 reaction. The QM/MM

predicted barrier and the exthermicity for the methyl transfer

catalyzed by HemK are 15.7 and 12.0 kcal/mol, respectively.

The substantial barrier and instability of the product intermediate

for the coenzyme-modified HemK warrants the nitrogen ana-

logue of the SAM coenzyme for an inhibitor in the catalytic

methyl-transfer reaction by HemK. MD simulation and QM/MM

calculations show that the residues Asn197 and Pro198 in the

active site are crucial in regulating the positioning of reactive

groups and in reducing the activation energy. A comparison of

different QM/MM calculations has confirmed the remarkable

role of protein environments and solvent molecules in the enzy-

matic catalytic methyl-transfer reaction.
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