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Abstract We report a hybrid quantum mechanical and

molecular mechanical study of the catalysis of anthrax lethal

factor. The calculations suggest that the zinc peptidase uses

the same general base-general acid mechanism as in

thermolysin and carboxypeptidase A, in which a zinc-bound

water is activated by Glu687 to nucleophilically attack the

scissile carbonyl carbon in the substrate. The catalysis is

aided by an oxyanion hole formed by the zinc ion and the side

chain of Tyr728, which provide stabilization for the frac-

tionally charged carbonyl oxygen. The assigned role of

Tyr728 differs from previous suggestions but is consistent

with the established mechanism of other zinc proteases.

Keywords QM/MM � Lethal factor � Enzyme �
Catalysis

1 Introduction

Anthrax is an infection of humans and animals caused by

the Gram-positive bacterium Bacillus anthracis. Although

anthrax is one of the oldest diseases known to man, it has

recently attracted renewed attention because of its potential

as an agent for bioterrorism and biological warfare [1].

This bacterium has the ability to form spores, which can

lay dormant for decades even under unfavorable condi-

tions. Infections occur when the bacterial spores enter the

host via lacerations, ingestion, or inhalation. While the

most common cutaneous anthrax is curable, systemic

infection via inhalation is significantly more dangerous,

leading to host death within days without treatment, and

significant mortality rates even with early intervention [2].

The inhaled spores germinate in alveolar macrophages and

are carried to the lymph nodes where they multiply and

enter the bloodstream in mass. The vegetative bacteria then

release several virulence factors, causing massive toxemia

that leads to eventual host death. Due to the circulation of

virulence factors, antibiotics are only effective if started

early, and any late-stage treatments must address the cir-

culating toxins as well. The difficulties in diagnosis cou-

pled with the short time window available to take effective

action make anthrax a potent threat.

The primary virulence factors of B. anthracis include a

protective capsule that inhibits phagocytosis and three

polypeptides: protective antigen (PA), edema factor (EF),

and lethal factor (LF) [3]. The peptides work in concert as

two binary toxins, as PA binds to surface anthrax toxin

receptors (ATR) and facilitates entry of either EF or LF

into the cytosol. EF is a calcium and calmodulin-dependent

adenylate cyclase that raises cAMP concentrations within

the cell, leading to edema. The more potent of the two is

LF, a zinc-dependent protease that targets mitogen-acti-

vated protein kinase kinase (MAP2K). Its central role in

mortality has been demonstrated in animal studies, which

show injection of lethal toxin (LF ? PA) leads to similar

progression as the bacterial infection [1].

The LF is a four domain *90 kDa protease with a zinc

cofactor and consensus zinc-binding motif HEXXH [4].
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This highly specific metalloprotease cleaves the amide

bond in MAP2Ks near their N termini [5–10]. Although the

exact mechanism of the resulting cell death is still unclear,

it is understood that the cleavage of MAP2K disrupts

downstream processes, which are responsible for activating

host immunological and inflammatory responses [11].

Given its central role in anthrax infections, LF offers an

important target for designing therapeutic agents [12].

Although some successes have been reported [13–18], it is

apparent that further advancement will benefit from better

understanding of the substrate binding and catalysis of LF.

There have been a number of kinetic studies of the LF

catalysis [19, 20], which reported Km and kcat values for

various substrates. X-ray structures of LF have also been

reported in its apo form [21] and complexed with substrates

[14, 21] and inhibitors [13, 15–17]. Apart from the hall-

mark HEXXH motif, the catalytic domain (IV) of LF has

no sequence homology with any other known proteins, but

its backbone scaffold resembles closely that of thermolysin

[21]. Figure 1 shows the X-ray structure of LF complexed

with a peptide substrate (LF20) [14].

It is now well established that the zinc cofactor in the

catalytic domain is coordinated at the bottom of the active

site cleft by three protein ligands: His686, His690, Glu735,

and a water molecule [21]. Mutations of zinc-binding

residues completely abolish the activity of LF [4, 22, 23].

Near the metal center, there are two important second-shell

residues: Glu687 and Tyr728 (see Scheme 1). The LF

active site is quite analogous to the much more extensively

studied thermolysin [24] and carboxypeptidase A [25], and

a similar catalytic mechanism has been proposed [21]. This

entails Glu687 serving as the general base to activate a

zinc-bound water, which attacks the scissile amide bond.

Mutation of Glu687 to Cys has been found to completely

inactivate LF [4, 22]. The role of the nearby Tyr728 is

more controversial. It was initially suggested based on the

crystallographic structure of the apo LF that it may serve as

a general acid to protonate the amine leaving group [21].

Later, Tonello et al. [23] found that its mutation to Phe

results in the complete abolishment of activity, and these

authors proposed that the Tyr residue might be involved in

stabilizing the leaving amide group of the substrate.

However, it is also possible that it serves as part of the

oxyanion hole to stabilize the negative charge developed at

the carbonyl oxygen atom [12], a role played by His231 in

thermolysin and Arg127 in carboxypeptidase A.

There have been few computational investigations into

LF, and none has investigated its catalysis. Johnson et al.

[26] presented in 2006 a structure–activity relationship

(SAR) study of several inhibitors of LF. More recently, Hong

et al. [27] studied the Michaelis complex using density

functional theory (DFT) and molecular dynamics (MD).

Convincing evidence was shown that the zinc-bound

nucleophile is a neutral water, rather than hydroxide, and it

forms a hydrogen bond with the putative general base

Glu687 [27]. The interaction of LF with several MAPK/ERK

and MAP2K substrates was also investigated recently by

Dalkas et al. [28], using docking and MD simulations. Both

MD simulations have relied on force fields in describing the

Zn(II)-ligand binding. Here, we report a theoretical inves-

tigation into the catalysis of LF. In particular, we studied the

Michaelis complex as well as catalysis of the wild type and

Y728F mutant using a quantum mechanical/molecular

mechanical (QM/MM) approach. These studies allowed a

better understanding of the LF catalysis.

2 Methods

2.1 Model

The starting point of the simulation was selected from an

enzyme–substrate complex structure (PDB code 1PWW)

[14], which is a point mutation (E687C) of LF complexed

Fig. 1 The X-ray structure of anthrax lethal factor complexed with

the LF20 peptide (PDB code 1PWW) [14]. The protein surface is

colored by the solvent accessible potential map, where blue represents

areas of negative potential, red positive, and white neutral. LF20 is

shown in stick representation, where carbon is light blue, nitrogen

dark blue, and oxygen is red

Scheme 1 Arrangement of the active site of the anthrax lethal factor

and atom definition. The substrate is coded red, while the nucleophilic

water is coded blue
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with an optimized synthetic substrate (LF20). This struc-

ture was chosen because it represented the ES complex that

showed the least amount of deformation after mutation and

bound the substrate in what appeared to be a productive

conformation. Note that the substrate in this LF complex is

not a member of the MAP2K family. Rather, it is an analog

with a consensus sequence M1L2A3R4R5K6K7V8Y9-

P10Y11P12M13E14P15T16I17A18E19G20-amide, in which the

amide bond between Y9 and P10 represents the cleavage

site. In the X-ray structure, only the residues between K6

and E14 in this substrate were resolved, and no attempt was

made in our simulations to extend it to its full length. The

1PWW structure was also used by Hong et al. [27] in their

recent MD simulations of LF. The earlier structure reported

by Pannifer et al. [21] was also examined but not used due

to the fact that the substrate was bound in a non-productive

conformation, and a *180� turn of the peptide chain is

required to bring it to the correct binding mode. Such non-

productive binding of substrates is known to be kinetically

viable [19].

The X-ray structure was modified by recovering the

Glu687 side chain in silico. A water molecule was then

added to the active site close to the metal ion. Hydrogen

atoms were added using the HBUILD utility in CHARMM

[29], and the titratable residues in the enzyme were

assigned the appropriate ionization states at pH = 7. In

particular, the histidine residues took the following ioni-

zation states: HSD (H on Nd1) for residues 42, 117, 197,

229, 424, 645, 654, 669, 686, 690, and 745, while HSE (H

on Ne2) for residues 35, 91, 115, 277, 280, 309, 588, and

749. The resulting structure was then solvated by a pre-

equilibrated sphere of TIP3P waters [30] with 25 Å radius

centered at the zinc ion, followed by a 10 ps MD simula-

tion with all protein and substrate atoms fixed. This process

was repeated twice with randomly rotated water spheres to

ensure uniform solvation.

To reduce computational costs, stochastic boundary

conditions were employed [31]. To this end, atoms outside

the 25 Å radius were removed, while atoms in the buffer

zone (22 Å \ r \ 25 Å) were subjected to harmonic

restraining potentials. In the inner reaction region

(r \ 22 Å), the motion of atoms is governed by the QM/

MM potential. A group-based switching scheme was used

for non-bonded interactions [32]. The MD simulations

feature Newtonian dynamics for atoms in the reaction zone,

augmented by Langevin dynamics of atoms in the buffer

region at 300 K.

2.2 Quantum mechanical/molecular mechanical

The combined quantum mechanical and molecular

mechanical (QM/MM) approach [33] has been extensively

applied to study enzymatic systems [34–39]. Such a

method has the advantage that a very large system such as

an enzyme can be investigated with manageable compu-

tation costs. The basic idea of the QM/MM scheme is to

divide the system into two parts: the smaller QM region

where the chemical bond breaking and forming take place

is treated with quantum mechanics, while the surrounding

region is described by a MM force field.

In this work, the QM region was characterized by the

self-consistent charge-density functional tight binding

(SCC-DFTB) model [40] and the MM region by the

CHARMM all atom force field [41]. SCC-DFTB is an

approximate DFT method and it is much more efficient

than ab initio QM/MM approaches. The efficiency is

essential for metallo-enzymes because the active site is

often much too large for an accurate ab initio QM/MM

free-energy simulation. The SCC-DFTB model has been

extensively tested for enzyme systems [37, 42–44]

including those with zinc cofactors [45]. Its accuracy is

comparable to the commonly used AM1 and PM3 [43, 44].

The QM/MM approach based on the SCC-DFTB method

has been shown to give a reasonable description of several

zinc enzymes including carbonic anhydrase [46, 47]

b-lactamases [48–52], cytidine deaminase [53], and car-

boxypeptidase A [54]. On the other hand, we also note that

SCC-DFTB is not appropriate for all situations, such as

was reported for the ligand binding energy of Zn(II) [55].

However, complete dissociation is not relevant here, and

we expect the impact of this imperfection to be minimal for

near equilibrium properties.

All simulations were performed with CHARMM (ver-

sion 32a2) with a SCC-DFTB interface [42]. The QM

region includes the side chains of His686, His690, Glu687,

Glu735, and Tyr728; all atoms of Pro10 and the backbone

atoms of Tyr9 and Tyr11 from the substrate; the catalytic

water; and the zinc ion. At the boundary, the link atom

(QQ) approach [56] was used. All mutants were treated in a

similar fashion.

In the QM/MM MD simulation of the Michaelis com-

plex, the starting system was brought to 300 K in 50 ps,

followed by 150 ps of equilibration. The final 800 ps MD

trajectory was used for analysis. The MD trajectories were

integrated with a 1.0 fs time interval, and the SHAKE

algorithm [57] was used to maintain all covalent bonds

involving hydrogen atoms.

Minimal energy paths were calculated using adiabatic

mapping along two putative reaction coordinates.

For the nucleophilic addition (NA) of the water nucleo-

phile, the reaction coordinate is given by the distance

between the water oxygen (Ow) and the substrate carbonyl

carbon (C1): r1 ¼ dOw���C1
. For the elimination (E) of the

leaving group, the corresponding reaction coordinate is

given by a combination of N2–H1 and C1–N2 distances:

r2 ¼ dN2���H1
� dC1���N2

.
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2.3 Potential of mean force

The minimum energy structures along a putative reaction

coordinate were used as the initial points for calculating the

potential of mean force (PMF). The PMF calculations used

umbrella sampling [58] with harmonic constraints of

100–400 kcal/mol Å2. At least twenty windows were used

for the NA and E steps. In each window, a 50 ps equili-

bration simulation was first performed to bring the system

to 300 K. The distribution function in the reaction coor-

dinate was then collected in the subsequent 100 ps. The

final PMF was obtained using the weighted histogram

analysis method (WHAM) [59].

3 Results

The 1.0 ns MD simulation indicated that the enzyme–

substrate (ES) complex is reasonably stable, as evidenced

by the RMSD (root mean square deviation) shown in

Fig. 2. The averaged values of several key internuclear

distances are given in Table 1. In the ES complex, the

substrate is tightly held by both electrostatic and hydro-

phobic interactions. As previously noted [14], two

upstream residues at the P4 and P5 positions (Lys7 and

Lys6) of the substrate are locked in strong electrostatic

interaction with negatively charged residues of LF

including Asp647 and Glu733. Also note the P2 (Tyr9) and

P10 (Tyr11) residues have their phenyl rings inserting into

hydrophobic cavities, as shown in Fig. 1.

In the active site of the ES complex, the water serves as

the fourth ligand to Zn(II), in addition to His686, His690,

and Glu735. The Ow–Zn distance of 2.03 ± 0.06 Å, typi-

cal for a neutral oxygen ligand, is consistent with the

experimental value of 2.10 ± 0.1 Å [21]. As in X-ray

structures [14, 21], the carboxylate-Zn coordination for

Glu735 is monodentate. However, multiple rotations of the

carboxylate have been observed in the MD simulation,

resulting in the switching of the coordination oxygen.

Throughout the simulation, nonetheless, the coordination

maintains monodentate, as evidenced by the averaged

O–Zn distances for the zinc-bound oxygen of 2.07 ±

0.07 Å. The zinc-bound water molecule is strongly

hydrogen bonded with the carboxylate side chain of

Glu687, and it forms an occasional hydrogen bond with the

backbone carbonyl oxygen of Tyr9(O4) as well. As a result,

the nucleophile is in a perfect near attack position, with an

average distance of 2.73 ± 0.22 Å between Ow and the

scissile carbonyl carbon (C1). In addition, the scissile car-

bonyl oxygen (O3) of the substrate forms a hydrogen bond

with the hydroxyl hydrogen of the Tyr728 side chain, as

evidenced by the O3-Hg distance of 1.97 ± 0.17 Å. On the

other hand, we found no evidence that the zinc-bound

water interacts with the Tyr728, as suggested by the apo

enzyme structure [21]. Interestingly, the carbonyl oxygen

O3 is not directly coordinated with Zn(II), and the distance

between the two is 3.59 ± 0.35 Å. The configuration of the

active site described above is similar to the recent MD

simulation of LF by Hong et al. [27].

The catalyzed reaction is initiated by the attack of the

water nucleophile at the scissile carbonyl carbon (C1),

which leads to the first transition state (TS1), as shown by

the PMF in Fig. 3. This nucleophilic addition (NA) barrier

features a concerted addition of the water oxygen (Ow) to

the carbonyl carbon (C1) and the transfer of the water

proton (H1) to a carboxylate oxygen (Oe1) of the general

base (Glu687), as suggested by the relevant internuclear

distances listed in Table 1. The resulting tetrahedral

intermediate (TI) is characterized by a sp3 central carbon

and protonated carboxylate side chain of Glu687. Due to
Fig. 2 RMSD for backbone atoms obtained in the QM/MM MD

simulation of the ES complex

Table 1 Some key distances obtained from QM/MM MD simula-

tions of the ES complex of the wild type LF and from QM/MM

reaction path calculations

Distance (Å) MD Reaction path

ES ES TS1 INT TS2 EP

C1–Ow 2.73 ± 0.22 2.90 1.79 1.50 1.42 1.29

Ow–H1 1.10 1.07 1.28 1.66 2.21 2.35

Oe2–H1 1.37 ± 0.07 1.43 1.15 1.02 1.08 1.91

Oe1–H2 2.58 ± 0.25 2.57 2.73 2.92 2.34 1.13

C1–O3 1.24 ± 0.02 1.23 1.33 1.39 1.35 1.30

C1–N2 1.38 ± 0.02 1.38 1.43 1.47 1.79 2.24

N2–H1 3.25 ± 0.27 3.67 3.27 3.39 1.59 1.04

O4–H2 3.10 ± 0.63 1.88 1.78 1.72 1.83 3.05

O3–Hg 1.97 ± 0.17 1.90 1.85 1.81 1.92 2.05

O3–Zn 3.59 ± 0.35 2.92 2.12 2.07 2.11 2.11

Ow–Zn 2.03 ± 0.06 2.03 2.88 2.89 2.85 2.86

N(H690)–Zn 2.03 ± 0.06 2.03 2.03 2.05 2.02 2.00

N(H686)–Zn 2.02 ± 0.06 2.04 2.05 2.07 2.02 2.01

O(E735)–Zn 2.07 ± 0.07 2.04 2.07 2.07 2.02 2.02
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the negative charge developed on the scissile carbonyl

oxygen (O3) as a result of the OH- addition, it replaces the

water molecule as the fourth ligand of the zinc ion. As

Fig. 3 shows, the PMF indicates that the TI is metastable

and eventually collapses to the enzyme–product (EP)

complex via the second transition state (TS2). This elimi-

nation (E) barrier features the elongation of the C1–N2

bond concomitant with the transfer of the proton from the

Glu687 carboxylic acid to the leaving group nitrogen (N2).

The final EP complex contains the two cleaved peptide

fragments, each bound to the active site by hydrogen bonds

and augmented by Zn coordination. These two fragments

eventually depart the active site to be replaced by solvent

water. The general base Glu687 then recovers its ionization

state and becomes ready for the next catalytic cycle.

Throughout the reaction, the Zn coordination with the three

protein ligands is maintained. Snapshots of the stationary

points are displayed in Fig. 4, and the proposed catalytic

mechanism is illustrated in Scheme 2.

For the wild type (WT), calculated free-energy barriers

for the NA and E steps are 13.6 and 13.5 kcal/mol,

respectively. Unfortunately, no kinetic data are available

for the substrate LF20. However, the kcat value (3.4 s-1)

has been measured for LF15 [14], which is closely related

to LP20. The corresponding barrier height is 16.7 kcal/mol,

as calculated using transition-state theory. It appears that

the calculated barrier height underestimates the experi-

mental value, which is consistent with past experiences

with SCC-DFBT-based QM/MM methods [42, 51, 60]. We

also note in passing that the barrier obtained in the reaction

path for the first NA step is 25 kcal/mol. The lowering of

the barrier by 11.4 kcal/mol underscores the relaxation of

the system allowed by the room temperature MD

simulation.

To gain more insights into the catalysis, we have also

calculated the PMFs for the Y728F mutant, which has been

studied experimentally [23]. The mutation removes the

hydroxyl group in the side chain and thus the hydrogen

bond with the carbonyl oxygen (O3). The NA PMFs for the

mutant is compared in Fig. 3 with that of the WT enzyme.

It is clearly seen from the figure that the removal of the

hydrogen bond with the scissile carbonyl oxygen (O3) in

the Y728F mutant leads to a significant increase in the

barrier. The calculated barrier height of 18.1 kcal/mol for

the Y728F mutant is 4.5 kcal/mol higher than the WT,

which translates to approximately four orders of magnitude

reduction in the rate constant. This dramatic increase in

barrier underscores the importance of this residue in the

catalysis as a part of the oxyanion hole, which along with

the Zn ion stabilizes the negative charge on the carbonyl

oxygen (O3). This calculation result is consistent with the

experimental observation that this point mutation abolished

the activity of LF [23].

4 Discussion

Despite different folds, the LF active site is remarkably

similar to that of thermolysin (TLN) [24] and carboxy-

peptidase A (CPA) [25]. Like in LF, the two extensively

studied peptidases have a single zinc cofactor, ligated by

two His and one Glu residue. An active site Glu residue,

Fig. 3 Potentials of mean force

(PMFs) for both the

nucleophilic addition (NA) and

elimination (E) steps of the

hydrolysis reaction catalyzed by

the wild type and Y728F mutant

of the lethal factor. For the

nucleophilic addition (NA) of

the water nucleophile, the

reaction coordinate is given by

the distance between the water

oxygen (Ow) and the substrate

carbonyl carbon (C1):

r1 ¼ dOw���C1
. For the

elimination (E) of the leaving

group, the corresponding

reaction coordinate is given by a

combination of N2–H1 and

C1–N2 distances:

r2 ¼ dN2 ���H1
� dC1 ���N2
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Glu143 in TLN, and Glu270 in CPA serves as the general

base in activating a zinc-bound water nucleophile. In

addition, an active site residue provides hydrogen bonding

to the scissile carbonyl oxygen. In TLN, it is His231, while

in CPA, it is Arg127. Site-directed mutagenesis studies

indicated that mutation of this residue resulted in signifi-

cant reduction of the catalytic activity [61, 62]. Based on

theoretical studies [54, 63], this residue contributes to both

substrate binding as well as catalysis, serving as part of the

oxyanion hole. This strategy is of course not restricted to

these two well-studied zinc hydrolyases [64]. In histone

deacetylase, for example, a second-shell Tyr residue is also

found to stabilize the transition state [65]. Similarly, a Tyr

residue was recently found to play an important catalytic

role in dizinc lactonases [66].

Our PMF results reported here indicate that Tyr728 in

LF serves the same role as His231 in TLN and Arg127 in

CPA. Namely, it helps to bind the substrate and serves as

part of the oxyanion hole to stabilize the negative charge

developed in the carbonyl oxygen. These conclusions are at

odds with the original proposal of Pannifer et al. [21], who

suggested that Tyr728 serves as a proton donor to the

nitrogen leaving group, and with that of Tonello et al. [23],

who conjectured it as a stabilization for the leaving amino

group. Our assigned role for Tyr728 is consistent with the

mode of action in similar enzymes such as thermolysin and

carboxypeptidase A, and with site-directed mutagenesis

experiments on this residue [23].

Our simulations indicate that the catalytic role of the

sole zinc cofactor in LF is to activate the water nucleophile

and to provide stabilization for transition state via inter-

action with the negatively charged carbonyl oxygen. An

interesting observation from our simulation is the weak

interaction of the scissile carbonyl oxygen with Zn(II) in

the ES complex, which suggests that the metal co-factor is

not involved in the polarization of the substrate. These

conclusions are in good agreement with the recent simu-

lation of the thermolysin [63] and carboxypeptidase A [54].

As pointed out by Christianson and Lipscomb [25], direct

zinc coordination by the peptide carbonyl leads to a non-

productive binding mode, which displaces the nucleophilic

water. Our results provide further supporting evidence for

this argument.

5 Conclusions

The lethal factor is a key target for drug development

specific to anthrax attack. In this work, we report a hybrid

quantum mechanical/molecular mechanical study on the

catalysis of the enzyme. The QM/MM approach provided

for the first time a complete and detailed picture of the

mode of action. Our results suggest that the catalyzed

reaction follows a typical nucleophilic substitution reaction

mechanism. The nucleophilic addition of the zinc-activated

water to the scissile carbonyl carbon leads to a barrier

featuring concurrent proton transfer to the general base

Glu687. The resulting tetrahedral intermediate is stabilized

by zinc coordination of the fractionally charged carbonyl

oxygen and its hydrogen bond interaction with the hydro-

xyl group of Tyr728. The protonation of the leaving group

nitrogen by the protonated carboxylate side chain of

Glu687 eventually leads to the cleavage of the peptide

bond.

Our model suggests that the Tyr728 residue, along with

Zn(II), serves as the oxyanion hole in stabilizing the tran-

sition state, rather than protonating or stabilizing the

nitrogen leaving group as suggested by previous authors.

Fig. 4 Snapshots of the five stationary points along the reaction path for the wild type and Y728F mutant of the lethal factor. The red dashed
lines indicate the ligand–metal bonds, while the black dashed lines represent either hydrogen bonds or partial bonds
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Its contribution was assessed by the Y728F mutant, which

indicates a significant increase in the barrier height. On the

other hand, the zinc cofactor is found to play no role in

polarizing the scissile carbonyl. These mechanistic details

are consistent with the established mode of action in sev-

eral zinc peptidases such as thermolysin and carboxypep-

tidase A, underscoring the power of convergent evolution.

These similarities derive apparently from the analogous

active site arrangement in these enzymes.
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