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Abstract Methylornithine synthase (PylB) belongs to the

family of radical SAM enzymes which converts (2S)-lysine

to (2R,3R)-3-methylornithine in a radical mechanism. In

this paper, the mechanism of lysine mutase reaction cata-

lyzed by PylB has been studied by using quantum

mechanics/molecular mechanics approach. The calcula-

tions reveal that the PylB-catalyzed reaction follows a

fragmentation–recombination mechanism involving seven

elementary reaction steps. Both the hemolytic cleavage of

Ca–Cb bond of lysine and the ligation of glycyl radical

with aminobutene are possible rate limiting, corresponding

to the calculated energy barriers of 23.0 and 24.1 kcal/mol,

respectively. The intramolecular rotation of a fragment

(aminobutene) can well explain the stereochemistry of the

final product. Asp 279 functions as a general acid/base, and

the other pocket residues such as Asp112, Arg235, and

Ser277 form a network of hydrogen bonds responsible for

orientation of the substrate.

Keywords Lysine � Methylornithine � Reaction

mechanism � QM/MM � Methylornithine synthase

(PylB)

1 Introduction

Pyrrolysine, encoded by the natural genetic code, is the

22nd amino acid which increases the protein structure

diversity [1–5]. It is necessary for the conversion of

methylamines to methane in all of the known pathways [6,

7]. In the archaebacterial family Methanosarcinaceae, the

incorporation of pyrrolysine into the three proteins (MtmB,

MtbM, and MttB) in the methylamine catabolic pathway is

specified by the amber stop codon UAG [8]. Pyrrolysine

was firstly discovered in 2002 [2]. A series of studies has

shown that five genes (pylBCDST) are both necessary and

sufficient for the biosynthesis and utilization of pyrrolysine

[1, 9], i.e., pylB, pylC, and pylD catalyze the biosynthesis

of pyrrolysine, while pylT and pylS code for a pyrrolysine

tRNA and its cognate aminoacyl tRNA synthetase [1].

Experimental evidences have confirmed that the carbon

and nitrogen atoms of pyrrolysine are all derived from

lysine, and a possible mechanism has been suggested, as

shown in Scheme 1 [9, 10].

In this pylBCD-dependent biosynthetic pathway, meth-

ylornithine synthase (PylB) catalyzes the conversion of

lysine to methyl-D-ornithine ((2R,3R)-3-methylornithine),

whereas pylC and pylD catalyze the subsequent conden-

sation and cyclization leading to pyrrolysine [9]. As the

first step, the pylB-catalyzed reaction attracts much atten-

tion [10]. PylB belongs to the family of SAM-dependent

(S-adenosylmethionine) radical enzymes [11, 12] and cat-

alyzes the conversion of L-lysine to methyl-D-ornithine, in

which the S chiral center of L-lysine is inverted to the R
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chiral center of (2R,3R)-3-methylornithine [10]. On the

basis of the crystal structure of methylornithine synthase

(PylB) in complex with methylornithine and the modeled

structure of lysine inside the PylB cavity, Quitterer et al.

suggested a fragmentation–recombination mechanism of

lysine mutase reaction [8–10, 13–16]. It is the first pro-

posed mechanism of mutase reaction for a SAM-dependent

radical enzyme to catalyze the rearrangement of carbon

backbone (Scheme 2) [8, 9]. To initiate the reaction, the C–

S bond of SAM is firstly broken and simultaneously an

electron transfers from the [4Fe–4S]? cluster to the sulfo-

nium motif of SAM, producing the Ado (50-deoxyadeno-

syl) radical, as shown in Fig. 1 [11, 17–19]. Subsequently,

Ado radical abstracts a hydrogen atom from Cc methylene

group of lysine. After the fragmentation and rearrangement

of lysine-derived radicals, the hydrogen atom is transferred

back from Ado to the substrate to complete the catalytic

reaction of pylB [16].

It should be noted that parts of the pathway in Scheme 1

and the proposed mechanism in Scheme 2 are only based

on indirect experimental data, and the methylornithine has

not been directly isolated yet [9, 10]. Recently, the struc-

ture of pylB in complex with methylornithine has been

determined by X-ray crystallography [9]. The active-site

cavity of pylB contains an iron–sulfur cluster, SAM, and

methylornithine, which implies that methylornithine has

been generated by pylB catalysis. By examining the

structure of methylornithine in the active site of enzyme, it

was found that the stereochemistry of methylornithine was

2R,3R, further justifying the proposed mechanism. How-

ever, to our knowledge, theoretical study on the reaction

mechanism of pylB is still lacking. In particular, which

reaction step is rate limiting and how the lysine-derived

radical undergoes a skeletal rearrangement are still unclear.

In this paper, the reaction mechanism of pylB has been

studied by using quantum mechanical/molecular mechan-

ical (QM/MM) approach, which is a popular tool for

studying enzymatic reactions [20–23]. The detailed ener-

getic profile of the overall reaction and the structures of all

intermediates and transition states along the reaction

pathway are presented. To our knowledge, this is the first

computational study of the reaction mechanism of pylB.

2 Methods

2.1 Computational model

The initial structure was based on the crystal structure of

methylornithine synthase (pylB) in complex with iron–

sulfur, SAM, and methylornithine from Protein Data Bank

(PDB code: 3T7 V) [9]. To obtain a reasonable structure of

methylornithine synthase in complex with the substrate

Scheme 1 Biosynthesis pathway of pyrrolysine

Scheme 2 Hypothetical reaction mechanism for PylB

Fig. 1 Structure of [4Fe–4S]2? cluster, methionine, and 50-deoxyad-

enosyl radical
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(lysine), the methylornithine was firstly removed from the

active site, and then, an L-lysine was docked into the active

site by AutoDockTools 4.0 [24]. Based on a grid module,

the grid scale was set as 60 9 60 9 60 Å with the spacing

of 0.375 Å between the grid points. During the docking,

the protein was kept rigid, while all the torsional bonds of

lysine were kept free in 50 independent runs. The docking

results were clustered based on a 2.0 Å criterion of root-

mean-square deviation (RMSD). Actually, only one cluster

was obtained, i.e., the 50 poses have very similar confor-

mation and protein–ligand interaction energies. Thus, one

typical conformation was chosen for the following simu-

lation. Based on the experimental condition, the proton-

ation states of all titratable residues were checked with pKa

prediction program, PROPKA3.1 at PH 8.0 [25–28].

According our calculations, two amine groups of lysine

were protonated, while all other titratable residues adopt

their normal protonation states. Since the reaction is initi-

ated by an electron transfer from [4Fe–4S]? cluster to

sulfonium motif of SAM to generate a [4Fe–4S]2? cluster,

a methionine and a 50-deoxyadenosyl radical are the actual

catalytic transponder [17]. Their structures are shown in

Fig. 1. Besides, the missing hydrogen atoms were added to

the system with the HBUILD program in the CHARMM

package [29]. The system was fully solvated in a sphere of

TIP3P [30] water molecules with a radius of 37.15 Å and

was neutralized using 4 sodium cations at random posi-

tions. Finally, the resulting system contains 5,486 atoms of

protein–substrate complex, 14,313 atoms of TIP3P water,

and 4 atoms of sodium cations. After a series of minimi-

zations, 10 ns MD simulation was performed with the

CHARMM22/CMAP force field [29, 31, 32] to equilibrate

the system, and the last snapshot was selected as the

starting structure for the QM/MM optimizations. During all

minimizations and MD simulations, iron–sulfur cluster,

SAM, and lysine were kept frozen. For comparison, the

MD simulations with lysine kept free were also performed.

Lysine was still stable at the active site. The typical con-

formation was shown in the supplementary materials

(Figure S1).

2.2 QM/MM calculations

The reaction mechanism of methylornithine synthase was

investigated by using QM/MM calculations [33, 34], in

which the interfaces of QM and MM regions are linked by

hydrogen atoms [35]. The side chain of Asp279, lysine, and

part of Ado radical were included in the QM region, which

contains 49 atoms plus two hydrogen link atoms, as shown

in Fig. 2. The rest of the system was included in the MM

region. In the QM/MM calculations, only atoms within

20 Å of lysine substrate of MM region and QM region

were allowed to move, the remaining atoms of the system

were frozen. For the system, the total charge of QM region

is 0 and the spin multiplicity is 2. The QM region was

treated with DFT with B3LYP functional [36–39], which

has been proved to be successful in a number of different

studies on radical-containing enzymes [40, 41]. MM region

was treated by molecular mechanics with the CHARMM22

force field [32]. For the QM region, the geometry optimi-

zations were performed at the B3LYP/6-31G(d,p) level,

whereas the spin density and single-point calculations were

performed using a basis set of 6-311??G(d,p). All QM/

MM calculations were done by ChemShell package [42]

combining Turbomole [43] (QM region) and DL-POLY

[44] (MM region) programs. Hybrid delocalized internal

coordinates (HDLC) optimizer [45] in ChemShell were

performed for geometry optimizations. Minima were

searched by a quasi-Newton limited memory Broyden-

Fletcher-Goldfarb-Shanno (L-BFGS) method. Scans over

bond length and dihedral angle were performed. To find

transition states, the highest point of the potential energy

profile along the reaction coordinate was optimized by the

partitioned rational function optimization (P-RFO)

algorithm.

3 Results and discussion

3.1 Structure of the PylB–lysine complex

To obtain a reasonable structure of methylornithine syn-

thase in complex with a lysine, an L-lysine was docked into

the active site of methylornithine synthase. Figure 3 shows

Fig. 2 The QM region (ball-and-stick) including part of Ado, lysine,

and side chain of Asp 279. The interface between the QM and MM

regions is linked by hydrogen link atoms (indicated by asterisks).

Carbon is shown in gray, oxygen in red, hydrogen in white, and

nitrogen in blue
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the comparison of docking result and crystal structure of

methylornithine synthase complexed with (2R,3R)-3-

methylornithine. One can see that the positions of two

amino groups and carboxyl group of lysine are close to

(2R,3R)-3-methylornithine, implying the docking result is

reasonable and suitable for studying the reaction

mechanism.

The optimized structure of methylornithine synthase and

its active site is shown in Fig. 4. Lysine is stabilized by

forming a network of hydrogen bonds with the side chains

of Asp112, Arg235, Ser277, Asp279, and three water

molecules. Besides, three water-mediated hydrogen bonds

are formed. A hydrogen atom bonded to the lysine Cc is

situated in the vicinity of Ado radical, facilitating its

abstraction by Ado radical.

3.2 Calculated reaction mechanism

From our calculations, we found that the conversion of

lysine to (2R,3R)-3-methylornithine proceeds in seven

elementary steps, which is similar with the proposed

mechanism as shown in Scheme 2: (1) Ado radical

abstracts a hydrogen atom from the position Cc methylene

of lysine to generate a lysine-derived radical; (2) the pro-

tonated a-amino group of lysine denotes its proton to

Asp279; (3) Ca–Cb bond of lysine radical undergoes a

hemolytic cleavage to form a glycyl radical and amin-

obutene; (4) aminobutene rotates along the C–C single

bond (original Cc–Cd bond in lysine); (5) glycyl radical

rebinds to the C=C double bond of aminobutene; (6) the

protonated Asp279 returns the proton back to the a-amino

group of methylornithine; (7) the methylene radical of

methylornithine abstracts a hydrogen atom from Ado to

complete the catalytic reaction.

Our calculations started with the abstraction of a

hydrogen atom from lysine by the Ado radical to generate

the lysine-derived radical. All the optimized structures of

reactant, transition states, and intermediates of the QM

region are shown in Fig. 5. According to the our results, the

conversion of lysine to (2R,3R)-3-methylornithine follows

a fragmentation–recombination mechanism.

As can been seen from Fig. 5, the Ado radical firstly

abstracts a hydrogen from the Cc methylene group of

lysine (R) via a transition state (TS1) to generate a lysine-

derived radical intermediate (IM1). In TS1, the distance

between C50 carbon of the ribose moiety and the hydrogen

Fig. 3 Crystal structure of

methylornithine synthase in

complex with (2R,3 R)-3-

methylornithine. For

comparison, the docking

structure of lysine is also shown

in the same image. Lysine is

shown as a dim gray skeleton

(2R,3R)-3-methylornithine is

shown as a magenta skeleton

Fig. 4 Optimized structures of

solvated model (a) and active

site (b)
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at Cc methylene group of lysine is shortened from 2.78 to

1.41 Å. Meanwhile, the distance between that hydrogen

and Cc carbon of lysine increases from 1.10 to 1.36 Å. On

the basis of our calculation, the energy barrier of this step is

20.4 kcal/mol, which is shown in Fig. 6. In IM1, the dis-

tance between C50 carbon and the hydrogen atom further

decreases to 1.09 Å. In reactant R, the initial radical is

primarily localized at the C50 carbon of the ribose moiety

[40]. After the hydrogen atom transfers to the Ado moiety,

the radical is mainly localized at the Cc carbon of lysine.

The second step corresponds to a proton transfer from

the a-amino group of lysine to the carboxyl group of Asp

279, and the energy barrier of this step is only 2.5 kcal/

mol. It should be noted that the relative energy of IM2 is

only 0.2 kcal/mol lower than TS2 at B3LYP/6-31G(d,p)

level. Further single-point calculations at the level of

B3LYP/6-311??G(d,p) indicate that the relative energy of

IM2 is even higher than TS2 by 0.5 kcal/mol, implying the

unstable characteristic of IM2, which can easily change

back to IM1. This may be caused by the relatively small

QM region. We noted that the position of the frontier atom

(the QM carbon at the border) of Asp279 is situated in the

vicinity of the reactive center. Along the reaction path, the

Mulliken charges of heavy frontier atoms should remain

nearly constant. But in our calculations, the Mulliken

charge of the heavy frontier atom of Asp279 changes from

-0.38 in IM1 to -0.40 in IM2 (shown in Table S1 in

supplementary materials), which may influences the rela-

tive energies of the species.

In the next step, IM2 undergoes a hemolytic cleavage of

Ca–Cb bond of lysine to generate the glycyl radical and

aminobutene (IM3). The energy barrier of cleavage of the

Fig. 5 Optimized structures of

the reactant, transition states,

and product. Distances are given

in Å; dihedral angles of carbon

backbone (Ce-Cd-Cc-Cb) of

aminobutene in IM3, TS4, and

IM4 are in degree. The 3D spin

density is shown in orange ball

(the isovalue of 0.01 au)
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Ca–Cb bond is 23.0 kcal/mol, which is a little higher than

that of the first step. In IM3, the radical is mainly localized

at the Ca carbon of glycyl molecule.

Subsequently, the skeleton of aminobutene undergoes an

intramolecular rotation along Cc–Cd bond, in which the

dihedral angle of carbon backbone (Ce–Cd–Cc–Cb)

changes from 8.05� (in IM3) to -133.27� (IM4) with an

energy barrier of only 0.4 kcal/mol.

The next step is the ligation of glycyl radical to amin-

obutene leading to the formation of IM5. In IM5, the newly

formed Ca–Cc bond distance changes from 3.80 Å in IM4

to 1.58 Å via 2.22 Å in TS5. Meanwhile, the double bond

of Cb–Cc changes to single bond with its distance

increases from 1.33 to 1.49 Å. The energy barrier of this

ligation step is calculated to be 24.1 kcal/mol. In IM5, the

radical is primarily localized at the methylene group.

The aminobutene may reunite directly with the glycyl

radical without undergoing the above intramolecular rota-

tion. The calculated structures of transition state (TS40) and

intermediate (IM40) are shown in Fig. 7. One can see that

the distances of Ca–Cc in TS40 and IM40 are 2.17 and

1.59 Å, respectively, which are almost identical to those in

TS5 and IM5, but their conformations are completely dif-

ferent. The stereochemistry of IM40 is 2S,3S, while that of

IM5 is 2R,3R. We note that the direct ligation of glycyl

radical to aminobutene corresponds to a small barrier

(14.9 kcal/mol), as shown in Fig. 6. But in IM40, the dis-

tance between the Cb and the hydrogen to be transferred

reaches to a length of 5.36 Å, which is difficult for the

following reaction.

In the last two steps, the proton on the carboxyl of Asp

279 transfers back firstly to the a-amino group of the

substrate, and then, the methylene radical abstracts a

hydrogen from Ado leading to the formation of (2R,3R)-

3-methylornithine product and regeneration of the Ado

radical. The relative energy of TS6 is 0.9 kcal/mol higher

than IM5 at B3LYP/6-31G(d,p) level. After single-point

calculations at the level of B3LYP/6-311??G(d,p), the

relative energy of TS6 is -0.3 kcal/mol lower than IM5.

Similar to the second step, this may be caused by the

small QM model. The energy barrier of the last step is

11.4 kcal/mol.

In general, three steps correspond to the larger energy

barriers. One is the initial abstraction of hydrogen atom

from the lysine by Ado radical, corresponding to an energy

barrier of 20.4 kcal/mol. The other two steps relate to the

hemolytic cleavage of Ca–Cb bond of lysine and the

ligation of glycyl radical with aminobutene, with the

energy barriers of 23.0 and 24.1 kcal/mol, respectively,

which are most possible rate-limiting steps.

4 Conclusions

In this work, the mechanism of lysine mutase reaction has

been studied by using the QM/MM approach. The calcu-

lation results indicate that the conversion of L-lysine to

(2R,3R)-3-methylornithine follows a fragmentation–

recombination mechanism through seven elementary steps.

Fig. 6 Energy profiles for

lysine mutase reaction

Fig. 7 Optimized structures of TS40 and IM40. Distances are given in Å
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The hemolytic cleavage of Ca–Cb bond of lysine and the

ligation of glycyl radical with aminobutene corresponds to

the energy barriers of 23.0 and 24.1 kcal/mol, respectively,

both of which are possible rate limiting. It is the intramo-

lecular rotation of intermediate aminobutene that controls

the stereochemistry of the catalytic reaction. Asp 279

functions as general acid/base in the reaction. The other

pocket residues such as Asp112, Arg235, and Ser277 form

a network of hydrogen bonds responsible for orientation of

the substrate. This study sheds light on the atomistic details

of the reaction mechanism and helps to understand how the

methylornithine synthase (PylB) catalyzes the carbon

skeleton rearrangement of lysine.
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