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ABSTRACT: Ab initio QM/MM free-energy simulations were carried
out to study the peptide bond formation reaction in the peptidyl
transferase center of the ribosome. The QM part of the reaction was
treated by density functional theory at the B3LYP/6-31G* level, while
the MM part including the solvent and RNA environment was described
by molecular force field. The calculated free-energy surfaces for the two
popular reaction mechanisms, the six- and eight-membered ring
reactions, exhibited large energetic differences which favor the eight-
membered reaction mechanism. The simulated quasi-transition state
structures clearly indicated a “late” feature consistent with previous
theoretical studies. Also the important functional role played by water
molecules in the active site of the ribosome and its implication in ribozymic catalysis was discussed in detail.

■ INTRODUCTION

The peptide bond formation reaction during protein synthesis
takes place in the peptidyl transferase center (PTC) of the
ribosome.1,2 This aminolysis reaction commences when the α-
amino group of the aminoacyl-tRNA in the ribosome A-site
attacks the ester carbon of the peptidyl-tRNA in the adjacent P-
site. After the nitrogen−carbon bond forms, the aminoacyl-
tRNA is elongated by one amino acid in the A-site. In recent
years, extensive studies including high-resolution crystal
structures of the ribosomal 50S unit,3−6 kinetic measure-
ments,7−16 biochemical mutagenesis,11,17−21 and computer
simulations22−27 have been focused on elucidating the chemical
basis of the peptide bond formation reaction. The current
reaction model points to a substrate-assisted mechanism in
which the indispensable 2′-OH group of the P-site RNA
residue A76 plays an important role in mediating the proton
transfer between the attacking nucleophile amino group and the
leaving 3′ester group,6,23,28−30 while other ribosomal groups do
not actively participate during the reaction.11,17,18,20,31,32 Also
observed is the hydrogen bonding between the A2451 2′-OH
group and A76 2′-OH that may help position and stabilize the
substrate.21 However, a detailed understanding of the peptide-
bond formation process and the proton transfer route from α-
amino group in the A-site to the P-site substrate is still lacking.
On the basis of the ribosome active site structure, several

possible reaction pathways have been proposed to gain insight
into the proton transfer process and among them two are
especially popular. One is a six-membered ring mechanism in
which proton is transferred via the 2′-OH group of the P-site

A7628 (see Figure 1). The other one is an eight-membered
mechanism in which an additional water molecule acts as a
bridge between the 2′-OH group and 3′O of P-site A76 for
proton transfer6 (see Figure 1). Early studies by Aqvist and co-
workers23 using empirical valence bond (EVB) potential
combined with classic molecule dynamics (MD) simulations
on the six-membered mechanism yielded a reaction barrier in
agreement with experimental data. Furthermore, Warshel and
co-workers performed ab initio calculations with Langevin
dipole (LD) solvent model to scan the six-membered reaction
energy surfaces for a model reaction in water.22 Steitz et al.
proposed the eight-membered reaction mechanism based on
the high-resolution crystal structures in which a water molecule
was found to be in close contact with both the 2′O and 3′O
groups of the P-site A76.6 Actually, in previous MD
simulations, Aqvist and co-workers predicted the presence of
this additional water and also a preorganized hydrogen bond
network that may stabilize the reaction in the PTC.23,24 They
further investigated the eight-membered mechanism by using
ab initio quantum calculations of the reaction potential energy
surface for a 76-atom ribosomal active site model, and their
computational results seemed agree with experimental
energetics.26 Here, the questions have been narrowed down
to: which mechanism is more favorable for the protein
synthesis reaction in the ribosome?
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Proton transfer is ubiquitous in chemical and biological
reaction systems. Many complex reaction processes are usually
initiated or accompanied by proton transfer events, such as in
serine proteases and DNA polymerases, to name but a few.
Because of its high dynamic mobility and hydrogen-bonding
versatility, the participation of water in proton transfer reactions
makes the elucidation of enzymatic reaction mechanism a
complicated and challenging issue which is not fully resolved
for many enzyme systems. The transient nature of the reaction
intermediate and transition state also causes paramount
difficulty in capturing these structures by experimental means.
The utilization of transition state analogues offers tremendous
help but could be misleading if the results were not interpreted
properly.
In this work, we address these questions by performing

extensive free energy simulations using a hybrid ab initio
quantum mechanical/molecular mechanical (QM/MM) poten-
tial.33−43 In the QM/MM simulation of the peptide bond
formation reaction in the ribosome, key residues and substrate
atoms in the active site of PTC directly involved in the
formation of the C−N bond are treated by density functional
theory (DFT), while the surrounding environment including
the RNA, ions and solvent water molecules is described by the
molecular force field. This QM/MM scheme, which combines
the accuracy of QM methods and the efficiency of MM
methods, is then exploited in the MD simulation of the free
energy profiles of the six-membered and eight-membered
reactions. The simulated two-dimensional reaction free-energy
surfaces allow us to carry out a detailed analysis and thorough
examination of the validity of these two proposed mechanisms.
The simulated reaction free-energy differences provide us with
a definite and quantitative criterion to discriminate these
mechanistic proposals and may eventually help us figure out
what is really happening in the ribosome active site. Also the
structural features revealed in the simulations help us gain deep
insight into the nature of the reaction transition state (TS).

We need to clarify at this point that in this work we are
focusing on elucidating the reaction mechanism of the peptide
bond formation, rather than on the catalytic factors that make
the reaction faster (107-fold rate enhancement measured
experimentally) in the ribosome than in water, even though
these two important issues are intimately related. The issue
about the catalytic mechanism of ribosome was discussed in a
previous study22 where a six-membered ring reaction scheme
was assumed.

■ METHODS AND SIMULATION DETAILS
The QM/MM model was prepared by selecting all residues with atoms
within 30 Å radius of the reaction center (PDB ID: 1VQP). Then, the
system was solvated in a 22 Å water sphere which was also centered on
the reaction region. The surface-constrained all atom solvent model44

was used. The resulting QM/MM systems consisted of a QM part of
26 atoms and 5594 atoms in the MM part for the six-membered
reaction, and a QM part of 29 atoms and 5552 atoms in the MM part
for the eight-membered reaction. The long-range electrostatic effect
among RNA and solvent were treated with a local reaction field.45 The
detailed QM/MM partition for the six-membered mechanism and
eight-membered mechanism is shown in Figure 1. The QM region
includes the A76 ribose moiety, the 2′-hydroxyl group, the 3′-ester
group and the α-amino group. An extra water molecule was added to
the QM region in the eight-membered reaction simulation. The QM/
MM boundary was chosen to be A76 1′ carbon−nitrogen bond, A76
4′ carbon−carbon bond, A76 3′ ester carbonyl carbon−carbon bond
and two carbon−carbon bonds of the α-amino group (see Figure 1).
Six hydrogen link atoms were added to the QM part when ab initio
QM calculation was carried out. The partial charges of the link atoms
were redistributed to all the QM atoms when the electrostatic energy
between QM and MM part was calculated by Coulomb interaction.
Atoms in the MM part were described by the molecular force field in
MOLARIS.46 A 15 Å cutoff was used for both electrostatic and van der
Waals interactions. The QM energy was calculated using the
GAUSSIAN 09 software package,47 with the B3LYP density
functionals48,49 and the 6-31G* basis set. The MD simulation was
carried out by the MOLARIS program, and a computer script50 was
used to bridge these two programs. For detailed calculation procedure
about how this script works to call the GAUSSIAN program and the
MOLARIS program in the MD simulation, see Xiang et al.50

Before the QM/MM simulations, both reaction structure models
were fully relaxed by running regular MD simulation for 200 ps. The
root mean squared deviation (rmsd) between the relaxed structure and
the staring crystal structure is 0.9 Å. As previous studies indicate that
both six-membered and eight-membered reaction mechanisms are
concerted rather than stepwise,26 here we chose a set of relatively
simplified reaction coordinates to depict the reaction free energy
landscape in order to reduce the computational time in treating this
multidimensional free energy simulation problem. The resulting two-
dimensional reaction coordinates for the six-membered reaction were
chosen to be R1 = RH2′O − R3′OH (r4 − r3 in Figure 2A) and R2 = RCO
− RNC (r2 − r1 in Figure 2A), where RNC denotes the distance between
the attacking amine nitrogen and the 3′ ester carbonyl carbon, RCO the
distance between the 3′ ester carbonyl carbon and 3′ oxygen atom,
RH2′O the distance between 2′O and its leaving proton, and R3′OH the
distance between the leaving proton and its acceptor 3′O. Similarly, for
the eight-membered reaction, we used the same R2 reaction coordinate
(r2 − r1 in Figure 2B), but R1 was set to be R1 = ROH − RH3′O (r4 − r3
in Figure 2B), where ROH is the distance between the oxygen atom of
the water molecule (which is absent in the six-membered reaction
model) and the transferring proton on water, and RH3′O is the distance
between this leaving proton and its acceptor 3′O. This reaction
coordinate setup mainly characterizes the process that the nitrogen
atom attacks the ester carbonyl carbon to form the peptide bond and
the 3′-oxygen obtains a proton to form the ribose 3′-hydroxyl group.

The ab initio QM/MM MD simulations were carried out at 310 K.
A total of 90 umbrella sampling windows were used for the simulations

Figure 1. (A and B) Six-membered ring reaction mechanism: a proton
shuttle via 2′-hydroxyl in the P site. (C and D) Eight-membered ring
reaction mechanism: a water molecule, interacting with the 2′- and 3′-
hydroxyls of A76 in the P site, acts as a proton relay. The green curves
in panels A and C indicate the QM/MM boundaries.
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of the eight-membered reaction, while 107 windows were employed
for the six-membered reaction. In each window, the atoms in the
reaction coordinates were constrained by harmonic potentials with
force constants of varied strength. Apart from these atoms directly
involved in peptide bond formation, other hydrogen atoms involved in
the proton transfer (hydrogen atom on amino group, hydrogen atom
on 2′O in the eight-membered mechanism) were constrained by using
a very small harmonic potential to ensure that these protons would not
drift away from their donor−acceptor partners. In each simulation
window, the system was first relaxed for 10 ps, and then the
production run lasted for 10 ps, with a time step of 1 fs. The
probability distributions under different biased windows were pieced
together by using the weighted histogram analysis method.51 After the
free-energy profiles for both six-membered and eight-membered
reactions were obtained, a detailed comparison of the simulated
energetics and structures between these two mechanisms was
performed.

■ RESULTS AND DISCUSSION

The mechanism of the peptidyl transferase reaction in the
ribosome has become a central focus of current ribosomal
studies. Especially controversial is the proton transfer process
concerning how many protons are in motion and their itinerary
during reaction. Regarding this issue, we believe the final judge
may be provided by computational free energy simulations, of
course, complemented by experimental crystallographic and
biochemical studies. A major difference, or advancement,
between the current work and previous theoretical studies
involving quantum chemical calculations is that we explore the
free energy landscape of the reaction while explicitly taking the
large ribosome environment into account in our simulations.
Previous theoretical works involving quantum chemical
calculations inevitably used small reaction models and
unfortunately neglected the important RNA/solvent environ-
mental effects that could have major impact on the reaction in
the ribosome. Also the energies they obtained were reaction
enthalpies, and thus, the entropic component was missing.
Enthalpy−entropy decomposition is computationally less
reliable because entropy calculation requires extensive sam-
pling.

Free-Energy Surface. The simulated two-dimensional free-
energy surfaces for the six- and eight-membered reaction were
shown in Figure 2 for comparison. As seen clearly from these
figures, the calculated free-energy barrier of the eight-
membered mechanism, 19 kcal/mol, is in quantitative agree-
ment with the experimental result of 16.5 kcal/mol,10,14 while,
on the contrary, the reaction barrier for the six-membered
mechanism is 10 kcal/mol higher than that of the eight-
membered reaction. Although because of the simplified reaction
coordinate that we used in the calculations this reaction
pathway does not exactly represent the complete reaction
process from reactant to product, it still faithfully reproduces
the C−N bond formation process and the protonation of the
ribose 3′O group. Previous quantum chemical studies on
searching for the six-membered transition state with implicit
solvent model resulted in much higher reaction barrier.22,26 In
our present study using computational scans of the six-
membered reaction path, the simulation, which included
explicitly the solvent and RNA environment, also led to quite
large energy barrier. Thus, our results indicate that the eight-
membered mechanism is much more probable for the
ribosomal peptide bond formation reaction.
An important feature to note is that, on Figure 2A,B, the x-

axis, that is, the R1 coordinate, has very different length range,
and is much larger for the six-membered reaction (Figure 2A).
This means that in this case the proton has to travel longer
distance from the donor to the acceptor to complete the
transfer. This is associated with large strain energy penalty,
which explains why the free energy barrier for the six-
membered reaction is much higher than that of the eight-
membered one. With the help of one water molecule, the
proton transfer is much easier. Regarding the calculated free
energies corresponding to the two reaction mechanisms, we
believe it is appropriate and instructive to take a probability
view. What is exactly happening in the ribosome active site
certainly depends on the availability of water molecules.

Quasi-Transition State Structure. On the basis of the
two-dimensional free-energy surfaces obtained from QM/MM
MD simulations, the transition state structures (or more
precisely, transition state ensemble) corresponding to the two

Figure 2. (A) The simulated two-dimensional free-energy surface of
the six-membered reaction. r4 − r3 represents 2′O−H distance minus
H−3′O distance; r2 − r1 represents 3′O−C distance minus C−N
distance. (B) The simulated two-dimensional free-energy surface of
the eight-membered reaction. r4 − r3 represents H−O (water) distance
minus H−3′O distance; r2 − r1 represents 3′O−C distance minus C−
N distance. (C) The minimum free-energy paths along the intrinsic
reaction coordinate for the (A) six- and (B) eight-membered
mechanisms. Experimental reaction barrier is also labeled in the
graph for comparison.
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reaction mechanisms can then be identified and are shown in
Figure 3. Inspecting these structures, it is evident that both the
six- and eight-membered reactions presented a “late”26

transition state for the peptidyl transfer reaction that the C−
O bond cleavage takes place after the C−N bond formation. In
the six-membered reaction TS, C−O ester bond distance
reached 2.07 Å and the C−N bond length is 1.57 Å, while the
eight-membered TS formed with C−O bond distance of 2.23 Å
and C−N bond distance of 1.51 Å. Such TS was formed with
the stretch of the ester C−O bond, while the C−N bond
formation was almost completed. Previous ab initio QM scan in
water with partially relaxed geometry suggested a similar late
transition state.22 Our results generally agree with these studies,
but show subtle differences in terms of bond length. This is to
be expected since our calculations are performed with the
ribosome environment included.
In addition, in the six-membered TS, the distance between

the transferring proton and 3′O was 1.06 Å, which is slightly
closer than that in the eight-membered TS. With the help of
one water molecule, it is easier for the proton to transfer over
to 3′O in the eight-membered mechanism than in the six-
membered mechanism. However, here we did not include the
other proton transfer process in the free-energy surface scan.
Therefore, we can term these structures as “quasi-transition
state”. The precise positions of the transferring protons in the
TS structures may change when more degrees of freedom are
considered in the reaction coordinate. Thus, more detailed
work needs to be done in subsequent research to further
investigate this problem. But of course, that will increase the
computational cost significantly.
Hydrogen Bond Network. To further illustrate the

structural elements that may contribute to the reaction
transition state stabilization, we plotted the hydrogen bond

network around the ribosome active site. As shown in Figure 4,
for both simulated reactions, there are multiple water molecules
in the active site forming hydrogen bond with the substrate and
RNA residues. In the six-membered mechanism (Figure 4A), a
water molecule hydrogen bonded to 2′O to stabilize the 2′O in
the TS22−24,26 and this water molecule was further hydrogen
bonded to another water molecule and an A residue. There is a
third water molecule near a hydrogen atom of the amino group
(Figure 4 A) that formed hydrogen bonds with the amine and a
C residue. In the eight-membered reaction (Figure 4B), a water
molecule near 2′O was also found to be hydrogen bonded with
2′O and an A residue. A hydrogen atom of the water molecule
involved in the active site was in close contact with a water
molecule, and there are three water molecules which formed a
hydrogen bond network (Figure 4B). In addition to those
mentioned above, a water molecule that made hydrogen-
bonding contacts with the oxyanion in the A site was found in
the eight-membered mechanism scan. This water contributes to
the TS charge stabilization of the oxyanion during peptide bond
formation.52 As we did not spot a water molecule in the six-
membered reaction simulations in the same position, this water
unique for the eight-membered reaction may play an important
role in lowering the energy barrier. Besides these hydrogen
bonds formed with water molecules, we also observed that the
hydrogen bonding between the A2451 2′OH group and A76
2′O is persistently retained during the simulations (not
explicitly shown in the figures). Taken together with the
simulated energetics detailed above, it is reasonable to conclude
that the preorganized hydrogen bond network involving
multiple water molecules provides a major source of
stabilization of the peptide bond formation reaction on the
ribosome.22−26 Also our simulation results are consistent with

Figure 3. (A) Simulated TS structure of the six-membered reaction mechanism. (B) Simulated TS structure of the eight-membered mechanism.
Atom distances are in angstroms (Å).

Figure 4. Hydrogen bond network in the ribosome active site for the six-membered reaction (A) and for the eight-membered reaction (B).
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the reported crystallographic studies which confirmed the
presence of some of the water molecules.6

QM Energies and Charge Evolution. The simulated QM
energies were presented in Figure 5 (left panels) for the six-
and eight-membered reaction. The energy difference between
the transition state and the reactant state is larger for the six-
membered reaction than for the eight-membered one. This is
consistent with the simulated free energies shown in Figure 2.
Indeed the free energy barrier is 10 kcal/mol higher for the six-
membered reaction than that for the eight-membered one.
These energy curves exhibit fluctuation but overall are flat,
which demonstrate that our simulations have reached
equilibrium and convergence. The small amplitude fluctuation
indicates that the active site of the ribosome is structurally rigid
and rationalizes that the reaction entropy change obtained by
experimental kinetic measurements is small in the ribosome.10

As a major advantage of the ab initio QM/MM simulation, it
gives us opportunity to investigate the reactions at the
electronic level while taking the important electrostatic effect
of the environment into account. We can look at the change of
the charge distribution of the reacting species during the course
of the reaction (of course, under the Born−Oppenheimer
approximation). The calculated electrostatic potential (ESP)
partial charges of the carbonyl oxygen atom are shown in the
right panels of Figure 5. It seems counterintuitive that when the
reaction goes from the reactant state to the transition state, the
absolute values of the oxygen atom charge actually go down
(i.e., become less negative), instead of going up as one would
expect. This can be understood as the molecular charge
distribution becomes more delocalized when the C−N peptide
bond forms (i.e., charges are shared among more atoms). The
change for the eight-membered reaction is even smaller (0.1
electron), compared to the six-membered one (0.15 electron),
because there is a water molecule hydrogen-bonded to this
oxygen atom. Our simulation results corroborate recent
experimental results that little stabilization of the carbonyl
oxygen was found.52

■ CONCLUSIONS

The PTC of the large subunit of the ribosome translates the
genetic messages carried in tRNA and catalyzes the synthesis of

new proteins. This peptidyl transfer reaction is of fundamental
importance in biological functions. Several proposals6,28,53,54

have been put forward to explore the possible mechanistic
routes of this reaction. In this study, we carried out extensive ab
initio QM/MM MD simulations to characterize the two-
dimensional reaction free-energy surface corresponding to two
possible reaction mechanisms. The transition states of both the
six-membered and eight-membered reactions showed a late TS
structure. This late feature of TS is consistent with previous
theoretical studies.22−24,26 In addition, the calculated free-
energy barrier of the eight-membered mechanism is 19 kcal/
mol, in excellent agreement with the experimental barrier, while
the six-membered reaction presented a quite large barrier of 29
kcal/mol. Thus, our simulation results indicate that the eight-
membered reaction mechanism associated with much lower
free-energy barrier is more favorable for the reaction in the
ribosome.
We need to point out that in order to make the computation

tractable, not all of the atoms involved in bond-breaking and
bond-forming during the reaction are included in the reaction
coordinates when scanning the free-energy surfaces. Never-
theless, we believe the conclusions we draw based on the
simplified reaction coordinates are robust, since the large free-
energy difference from our simulations enables us to
discriminate the two proposed reaction mechanisms con-
fidently.
Our simulation results reveal the remarkable functional role

played by water molecules in the ribosome active site, and
further confirm the energetic advantage when a water acts as a
proton shuttle for the multiproton transfer process during the
reaction. The delicate interplay between the ribosome and
water makes protein synthesis efficient.

■ ASSOCIATED CONTENT
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Simulated reaction structures and complete ref 47. This
material is available free of charge via the Internet at http://
pubs.acs.org.

Figure 5. The left panels show the calculated QM energy as a function of time for the six- and eight-membered reaction. The QM energy includes
the self-energy of QM part and its electrostatic interaction with the RNA/solvent charges. The energy was subtracted by a common constant when
plotting. The upper left panel shows the energy of the reactant state (RS) and transition state (TS) for the six-membered reaction. The lower left
panel shows the windows in the eight-membered reaction. The right panels show the charge fluctuation of the carbonyl oxygen atom at the reactant
state and transition state for the six- and eight-membered reaction. The simulation windows are the same as those in the left panels. The blue and
green lines show the average charge of RS and TS.
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