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ABSTRACT: Ribosomal release factors (RFs) catalyze the termination of protein synthesis by triggering
hydrolysis of the peptidyl-tRNA ester bond in the peptidyl transferase center of the ribosome. With new
medium-resolution crystallographic structures of RF—ribosome complexes available, it has become possible
to examine the detailed mechanism of this process to resolve the key factors responsible for catalysis of
the termination reaction. Here, we report computer simulations of the termination reaction that utilize both
the new RF complex structures and information from a high-resolution complex with a P-site substrate
analogue. The calculations yield a consistent reaction mechanism that reproduces experimental rates and
allows us to identify key interactions responsible for the catalytic efficiency. The results are also in general
agreement with an earlier model based on molecular docking. The methylated glutamine residue of the
universally conserved GGQ motif plays a key role in the hydrolysis reaction by orienting the water nucleophile
and by stabilizing the transition state, and its side chain makes an entropic contribution to the lowering of the
activation barrier. Two additional water molecules interacting with the P-site substrate are also found to be
critically important. Furthermore, the 2’-OH group of the peptidyl—tRNA substrate is predicted to act as a
proton shuttle for the leaving group in analogy with the consensus mechanism for peptidyl transfer. Thus, the
ribosome’s ability to catalyze both the termination (hydrolysis) and peptidyl transfer (aminolysis) reactions is
largely explained by this type of unified mechanism, with similar transition states occurring in both processes.

The protein synthesis machinery utilizes different types of
translation factors for initiation, elongation, and termination.
Class 1 release factors (RFs)' catalyze the hydrolysis of the ester
bond between the nascent peptide chain and the tRNA in the
ribosomal P-site, thus releasing the newly synthesized polypep-
tide from the ribosome. This occurs when a stop codon is exposed
by the mRNA in the ribosomal A-site, and, in bacteria, RF1
recognizes the UAA and UAG stop codons while RF2 reads the
UAA and UGA codons. Binding of RF1 or RF2 to the decoding
center on the small ribosomal subunit positions the universally
conserved GGQ motif in domain 3 of the RFs in such a way as to
promote hydrolysis of the peptidyl—tRNA bond in the peptidyl
transferase center (PTC) on the large subunit (~75 A from the
decoding center). Although the RFs were discovered already
more than four decades ago (1), it is only relatively recently that
their detailed mechanism of action has begun to be understood.
Nakamura and co-workers (2) showed the importance of specific
tripeptide motifs, P(A/V)T in RF1 and SPF in RF2, in determin-
ing stop codon specificity, while the universally conserved GGQ
tripeptide sequence was shown to be essential for promoting the
hydrolysis reaction leading to peptide release (3). Moreover, the
conserved Gln residue in the latter motif is N5-methylated (4),
and this methylation has a significant effect on both termination
rates and bacterial growth (4, 5).

On the structural side, the first three-dimensional information
about interactions between RFs and ribosomes was provided by
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low-resolution (~6 A) crystal structures of 70S Thermus thermo-
philus complexes with RF1 and RF2 (6) and by 11-14 A
resolution cryo-electron microscopy models (7, ). These studies
showed that the conformations of RF1 and RF2 bound to the
ribosome are similar to their solution structures (9) but differ
from the corresponding crystal structures of free release fac-
tors (10, 11). While the low-resolution X-ray structures (6)
showed approximately where the PVT/SPF and GGQ loops
were located in the ribosome complexes, no detailed information
regarding atomic interactions could be attained at this resolution.
To investigate the role of the characteristic GGQ motif in
promoting cleavage of the peptidyl—tRNA bond, we conducted
molecular docking calculations (/2) for the ribosome with a
heptapeptide containing GGQ (with sequence PGGQ™GVN
derived from the T. thermophilus RFs). These calculations were
done with a fully flexible peptide and a rigid ribosome structure,
but the ends of the peptide backbone were softly constrained to
their observed positions in the low-resolution crystal struc-
tures (6). The solutions from these docking calculations were
then subjected to molecular dynamics (MD) simulations of free
energy profiles for the peptidyl-tRNA hydrolysis reaction,
utilizing the empirical valence bond (EVB) method in combina-
tion with the free energy perturbation (FEP) technique (13, 14).
The strategy was thus to explore what conformations of the GGQ
loop could give rise to catalysis of the termination reaction.
The results from these simulations showed a unique type of
conformational solution with the ability to catalyze the reaction,
where the Gln side chain inserts deeply into the A-site and
coordinates a hydrolytic water molecule with its carbonyl
group (/2). This model reproduced observed reaction rates,
including the effects of several mutations, and predicted the
viability of a proton shuttle mechanism akin to that of the
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peptidyl transfer reaction (/5—18). It should be noted here that
insertion of the Gln residue into the A-site in such a way that it
makes contact with the P-site substrate was far from obvious
from the existing experimental data. In fact, several other some-
what vaguer conceptual models rather invoked indirect effects of
the GGQ loop in promoting catalysis (19—22). However, recent
experiments from Green and co-workers (23, 24) have provided
further support for the model of Trobro and Aqvist (12). First, it
was shown that the specificity of the RF for water as a
nucleophile in the termination reaction depended critically on
the length of the side chain at the GIn position (23). The
experiments showed that with the native Gln residue only water
could act as a nucleophile, but that with smaller side chains larger
nucleophiles (hydroxylamine, methanol, and ethanol) became
reactive. Second, it was found, just as for the peptidyl transfer
reaction (16), that A76 2'-deoxy or fluoro-substituted P-site
substrates were inactive in the termination reaction (24), support-
ing a key role of the A76 2’-OH group in the catalytic mechanism.

Recently, crystal structures of RF1 and RF2 in complex with
70S T. thermophilus ribosomes were finally determined at a
medium resolution of 3—3.5 A (25—27), thus revealing the
RF—ribosome interactions in considerably more detail than
earlier structures. It should, however, be noted that the P-site
tRNA substrate is deacylated in these structures, thus represent-
ing a product state rather than the reactive conformation, and
that the Gln side chain of the GGQ motif is apparently not
methylated. Nevertheless, these first detailed structures of ribo-
some complexes with termination factors are a great step forward
that now allows the structural basis and mechanism of the
termination reaction to be explored in detail. In particular, as
has been shown previously, computational analysis can play a
key role in bridging the gap between structure and function by
evaluating the energetics involved both in stop codon reading and
in the termination reaction. Here, we report computer simula-
tions of the peptidyl-tRNA ester hydrolysis reaction utilizing
structural information from the new RF—ribosome complexes as
well as higher-resolution data for binding of the substrate to the
P-site. The calculations yield a consistent model for the termina-
tion reaction that reproduces experimental rates, rationalizes
effects of mutations, and allows us to identify key interactions
responsible for the catalytic efficiency.

MATERIALS AND METHODS

Several different systems were prepared for simulations of the
peptidyl—tRNA ester hydrolysis reaction involved in translation
termination. For direct comparison with earlier work (12), the
first system was based on the high-resolution 50S Haloarcula
marismortui structure (22) (PDB entry 1VQN) that contains a
peptidyl-tRNA analogue (CCApcb) in the P-site and a modified
puromycin aa-tRNA analogue in the A-site. The 1VQN structure
was superimposed onto the 70S T. thermophilus complex with
bound RF2 [PDB entries 2JL5 and 2JL6 (26)], and the A-site aa-
tRNA analogue was replaced with RF2 from the 2JL5—2JL6
complex. The coordinates of C2601, A2602, and G2603
(Escherichia coli numbering) in the superimposed 1VQN system
were replaced by the corresponding ones from the 2JL5—2JL6
structure to include the induced conformational change of A2602
upon RF binding. Otherwise, the system was prepared as
described previously (/2) with the P-site analogue CCApcb
converted to CCA-Phe-Gly with the terminal amine made
neutral. Crystallographic water molecules and cations were
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retained from the high-resolution (1VQN) structure except for
a few waters causing steric clashes. The amide nitrogen of GIn240
in the conserved GGQ RF2 sequence was methylated, and a
water molecule was added in a position suitable for attack of the
P-site ester to give the S-enantiomer of the transient tetrahedral
intermediate. The simulation system consisted of all residues with
atoms within 20 A of the P-site A76 O3', where charged groups
more than 15 A from P-site A76 O3’ were neutralized as described
previously to compensate for the lack of shielding at the
truncated system boundary (/7). The system was then solvated
with additional water using Q (28) giving a total of ~5000 atoms.

The initial structure of the second system directly used the
coordinates from the 2JL5—2JL6 medium-resolution complex
with bound RF2 (26), including the assigned cations (no water
positions are available for the medium-resolution structures).
The deacylated A76 in the P-site was replaced with the modeled
A76-Phe-Gly substrate based on the coordinates of the CCApcb
analogue from the high-resolution 1VQN structure (22), as
described above. The C1'=NI1 bond of U2585 was rotated in
accordance with the 1VQN and 3D5A—3D5B structures (25) to
prevent steric clashes between O2 of U2585 and the P-site ester.
Addition of the hydrolytic water molecule, solvation, and
neutralization of ionic groups close to the system boundary were
performed as described above (Argl44 of the L3B protein which
forms an ion pair interaction with the U2506 phosphate ester was
retained in its charged form). The third system was prepared in an
analogous way and directly used the coordinates from the
medium-resolution 70S complex with RF1 [PDB entries 3D5SA
and 3D35B (25)], again retaining the crystallographic ions. For
both of these two “medium-resolution” systems, all water
molecules were thus generated by the automated solvation
procedure (28). Two additional systems were then constructed
as describe above, again based on the rRNA and protein
coordinates of the 70S RF complexes (2JL5—2JL6 and
3D5A—3D3B, respectively), but now utilizing crystallographic
water and ion positions from the high-resolution (1VQN)
structure as was done for the first system.

The free energy surface of the ester hydrolysis reaction was
calculated with the MD/FEP/EVB method (13, 14). The reaction
was described as previously in terms of three valence bond
structures (/2). During the simulated reaction, a proton is trans-
ferred from the attacking water to the P-site A76 02 and the H2/
proton is transferred to the leaving O3' atom. Partial charges for
the reacting fragments derived from ab initio HF/6-31G(d) calcu-
lations were taken from previous work (12). The MD simulations
were performed using Q (28) at 300 K with the CHARMM?22
force field (29). Atoms within the 20 A system boundary were
fully mobile, while atoms outside the boundary were restrained
to their initial positions with a harmonic force constant of
100 kcal mol " A™2. No nonbonded interactions outside or across
the boundary were calculated, and water molecules close to the
boundary were restrained to reproduce the correct density and
polarization (28, 30). All nonbonded interactions were calculated
for atoms in the reacting fragments, while for other atoms, a
10 A cutoff was used together with a multipole expansion treatment
of long-range electrostatics due to atoms outside the cutoff (31).
The system was heated from 1 to 300 K in a stepwise manner
with initial random velocities taken from a Maxwell—Boltzmann
distribution. During the simulations, the temperature was kept
constant by coupling to an external heat bath (32). The MD
simulations used a time step of | fs, and each system was
equilibrated at 300 K for ~1 ns before data were collected.
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Free energy profiles along the reaction were calculated as
previously described (/2) using the FEP/umbrella sampling
approach (13, 14). Each free energy calculation involved
81—101 discrete FEP steps with a 10 ps trajectory generated at
each step, yielding a total of ~1 ns for each free energy profile. A
large number of MD simulations were conducted with the
different structural models to explore the stability of the systems
and issues related to positioning of ions and water molecules. At
least four independent simulations were used for final data
collection for each of the five different simulation systems to
evaluate the catalytic effect in ribosomes. The earlier calibration
of the uncatalyzed reaction in water was also verified by multiple
simulations. To allow a more direct comparison to observed
hydrolysis rate constants, we now utilize the common unimole-
cular buffer independent values for the uncatalyzed reaction in
the calibration. This gives solution free energy barriers of 26 and
25 keal/mol flanking the transient intermediate at ~18 kcal/
mol (33, 34), and these values thus differ by the term RT In 55
from those used previously (/2). The exothermicity of the
uncatalyzed reaction was further refined to —2 kcal/mol using
this standard state and data from Jencks and Gilchrist (35).

RESULTS AND DISCUSSION

Overall Conformation of the GGQ Loop. One of the key
issues regarding the role of the universally conserved GGQ motif
in triggering the termination reaction was whether the release
factor loop would insert sufficiently deeply in the A-site to make
contact with P-site substrate and directly promote the attack of a
water molecule on the peptidyl-tRNA ester bond. The new
medium-resolution crystal structures (25—27) show that this is
indeed the case as predicted by our earlier docking and MD
simulations (/2). To make this type of insertion possible, the
GGQ loop must make a rather sharp U-turn that was not evident
from the initial low-resolution RF complex (6). This type of turn
is primarily enabled by the Gly residues of the loop, and Figure
1A shows a comparison of the low- and medium-resolution X-ray
structures with the average loop conformation from the earlier
docking/MD simulations, where all structures have been least-
squares fitted to the five central Co atoms around the Gln residue
of the RF2 structure (26). It can immediately be seen from
Figure 1A that the overall MD backbone conformation is very
similar to the medium-resolution structures but that there are two
peptide plane flips between the first and second Gly residue and
between the Gln and following Gly residue. However, at 3—3.5 A
resolution, the electron density in this region is rather feature-
less (25, 26) and the exact conformation of the loop might be
somewhat ambiguous. Of particular interest is the orientation of
the GIn backbone carbonyl group, as discussed below, and a
three-dimensional motif search against the PDB using the
SPASM server (36) shows that both of the two peptide plane
conformations are, in fact, common. The root-mean-square
deviation (rmsd) for the five fitted Ca atoms is 1.5 A between
the MD and RF2 structures. The corresponding difference
between the RF1 and RF2 structures is only 0.3 A as their loop
conformations are virtually identical. In contrast, the GGQ loop
in the low-resolution crystal structures of the RF complexes,
where only a Ca trace was modeled (6), differs considerably from
the medium-resolution structures with a corresponding rmsd of
3.0 A. Hence, we can conclude that the docking/MD procedure
was able to significantly improve the structural models obtained
at ~6 A resolution.

Trobro and Aqvist

FiGure 1: Conformation of the GGQ loop. (A) Comparison of the
previously predicted GGQ loop (yellow) conformation (12) to that
from medium-resolution structures of the RF1 (green) (25) and RF2
(cyan) (26) complexes with the ribosome. The corrsponding Ca
model (orange) from the low-resolution RF—ribosome complex (6)
is also shown. All structures are fitted to five consecutive Ca atoms
centered around the Gln residue of the GGQ motif. (B) Illustration of
the conformational variability of the peptide plane following the
conserved Gln residue. The crystal structure of RF1 is colored dark
blue together with our earlier model (/2) (yellow) and averages from
four independent simulations starting from the medium-resolution
crystal structures.

Molecular dynamics simulations starting from the new med-
ium-resolution RF structures tend to show a relatively high
flexibility of the peptide plane following the conserved Gln
residue, which in some simulations is observed to flip over to
the conformation that it has in our earlier model (Figure 1B).
This can apparently contribute to relaxing the strain of the
crystallographic models and allows hydrogen bonding between
the Gln carbonyl group and the 2'-OH group of A2451 (E. coli
numbering used throughout), as an alternative to the possible
hydrogen bond to the RF backbone NH group of Thr234 (RF1
numbering) indicated by the crystal structures. Here, the assig-
ments of O versus N atoms of the RF side chain of Asn233 and
rotamer of Thr234 appear somewhat ambiguous and differ
between the crystal structures (25, 26), and it appears that the
favored orientation of the Gln peptide group may depend
critically on these features. Both possible conformations of the
peptide group are, however, considered below in calculations of
the energetics of the hydrolysis reaction. The other peptide group
that differs between our original model and the medium-resolu-
tion stuctures, between the two glycines in the GGQ motif,
appears to be significantly more stable and shows no tendency to
flip from the crystallographic conformation during MD simula-
tions, although both conformations are again found to be
common by SPASM (36).

Positioning of the Gln Residue in the PTC. A notable
feature of the new RF-—ribosome complex structures is the
movement of A2602, corresponding roughly to a 90° rotation
of’its base, that allows the backbone of the GGQ loop to enter the
PTC through a channel that was blocked by A2602 in earlier
structures (6, 22). Our earlier docking model was based on rigid
ribosome structures, and such conformational changes were thus
per definition not predictable. Nevertheless, apart from a rela-
tively moderate “rotation” of the RF backbone around the Gln
side chain (compared to the new structures), enforced by having a
rigid ribosome, our predicted position of the Gln side chain is in
very good agreement with the medium-resolution structures
(25, 26). Figure 2 shows a comparison between our earlier model
and the RF2 complex (26) where the similar positioning of the
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FIGURE 2: Positioning of the Gln residue in the A-site. View of the
predicted positioning of the Gln side chain (yellow) from earlier
docking/MD simulations (/2) compared to the 3.5 A resolution
structure of the RF2 complex (cyan) (26). The movement of A2602
upon RF binding is indicated by a black arrow.

Gln side chain is clearly evident. It should again be pointed out
here that the crystal structures do apparently not have the Gln
side chain methylated, but it is at present unclear whether this has
any significant effect on the conformation of the GGQ loop. Our
simulations indicated that the main structural effect of removal of
the methyl group was an increased mobility of the side chain (12),
and recent studies of free RFs in solution do not reveal any
difference in the intrinsic conformational preferences between the
methylated and unmethylated GGQ loop (37).

As the medium-resolution RF1 and RF2 structures all have a
deacylated tRNA in the ribosomal P-site, rather than the true
peptidyl—tRNA substrate, one would expect some differences
with respect to average MD structures of the reactive complex.
Indeed, all three crystallographic complexes show a hydrogen
bond between the Gln backbone NH group of the RF and the 3'-
OH group of the P-site tRNA, and one of the RF2 structures also
indicates a hydrogen bond between the Gln side chain carbonyl
and this hydroxyl group (26). These hydrogen bonds are,
however, not possible with a true ester substrate due to steric
hindrance and the fact that the tRNA 3'-oxygen is ester-bonded.
In our MD simulations, the backbone amide group instead
interacts with the ester carbonyl oxygen of the substrate that
also forms a hydrogen bond with an adjacent water molecule (12),
and these interactions are preserved also in simulations utilizing
the new crystal structures (see below). This interaction pattern
where both the backbone NH group and a water molecule can
help in stabilizing the developing negative charge on the ester
oxygen also seems very logical from a catalytic perspective. It,
however, appears that a slight displacement of U2585 from its
position in the RF2 complex with the UGA codon (26) is required
to accommodate a full P-site substrate, as observed in large
subunit structures with substrate and product analogues (22).

The medium-resolution RF complex structures do not contain
any information regarding water positions, and in particular, it is
of considerable interest to try to identify the location of the
hydrolytic water molecule in the termination reaction. Our earlier
simulations placed this water molecule approximately ina “cage”
formed by the Gln side chain C=0 group, N3 from A2451, the
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2'-OH group of A76, and the P-site ester carbon atom (Figure 3),
and this model indeed predicted a large catalytic effect on the
hydrolysis reaction (/2). Upon examination of the new struc-
tures, it is striking that precisely this position of the hydrolytic
water appears as the most probable, with no steric interference. It
also seems to rationalize the experimental data from Green and
co-workers in that a larger nucleophile would be hard to
accommodate and that an interaction between the water and
the 2'-OH group of A76 is possible (23, 24).

Reaction Simulations Utilizing New Crystal Structures.
With experimental structures of the RF—ribosome complexes, it
becomes possible for the first time to explore the mechanism of
the termination reaction in more detail and try to establish the
origin of the catalytic effect of RFs. To this end, we carried out
reaction simulations based on the experimental positions and
conformation of the GGQ-containing loop, utilizing both high-
resolution (22) and medium-resolution (25, 26) ribosome struc-
tures as the starting point. The former allows for a more direct
comparison of our earlier simulation model (12) that was based
on the IVQN H. marismortui 50S coordinates (22). A possible
advantage of using the high-resolution ribosome structure in the
simulations is also that it, apart from generally higher-quality
atomic coordinates and the presence of a P-site substrate
analogue, contains more accurate identification and positions
of ions and water molecules. It should be noted that waters are
completely lacking in the 3.0—3.5 A RF—ribosome complex
structures (25, 26). Hence, we will first consider simulations based
on combining the RF structure from 70S ribosome complexes
with the IVQN structure.

The A-site substrate analogue of the high-resolution structure
(IVQN) was replaced with the RF coordinates from the RF2—ri-
bosome complexes (25, 26), and the P-site substrate analogue was
converted to a hydrolyzable dipeptide attached to A76. The
coordinates of C2601—G2603 were also retained from the
medium-resolution complex as these bases have changed their
conformation as a result of interaction with the RF. Figure 4
summarizes the free energy profiles from eight independent
simulations of the termination reaction, where three of them
were obtained with the I VQN model, four were obtained with the
medium-resolution structures (see below), and one curve corre-
sponds to the results from our earlier docking model (/2). These
new simulations confirm the viability of the A76 O2' proton
shuttle mechanism, whereby transfer of a proton from the water
nucleophile to the O3 leaving group is mediated by the 2'-
hydroxyl group of A76, also in the peptidyl—tRNA hydrolysis
reaction. The average barrier height for the reaction of ~19 kcal/
mol yields a predicted unimolecular hydrolysis rate constant of
~0.1 57!, in good agreement with experimental measure-
ments (23, 24, 38). As one can see from these free energy curves,
the two activation barriers and the stability of the transient
tetrahedral intermediate are very similar in all of the different
structural models. Hence, the difference in the overall positioning
of the GGQ backbone with respect to our initial docking model
(Figure 2) apparently has no major effect on the reaction
energetics.

A key feature of all simulations is the interaction between the
“oxyanion” (i.e., partially negative oxygen) of the transient
tetrahedral intermediate and the backbone NH group of the
methylated Gln residue, as well as the presence of a water
molecule near the oxyanion that forms a stabilizing hydrogen
bond to it while simultaneously interacting with the 04" atom of
U2584 (Figure 5). In this respect, the situation is similar to that in
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FIGURE 3: Location of the hydrolytic water molecule in the termination reaction. Stereoview of the cavity lined by A2451, the P-site
peptidyl—tRNA species, and the Gln residue of the GGQ motif. The docking/MD model (72) is colored yellow with the water molecule depicted
as a sphere. The medium-resolution RF1 (25) and RF2 (26) complexes are colored green and cyan, respectively.
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FIGURE 4: Free energy profiles for the termination reaction. Calcu-
lated free energy profiles from eight different simulations of the
peptidyl—tRNA ester hydrolysis reaction. Black triangles (three
simulations) denote results obtained with the high-resolution ribo-
some model (22), black squares (four simulations) results from the
medium-resolution structures (25, 26), and black circles the earlier
results starting from our docking model (/2). The uncertainty for the
barrier heights is approximately £1.5 kcal/mol. A generalized energy
gap reaction coordinate is used (/3, 14), and R, TI, and P denote
reactants, the tetrahedral intermediate, and products, respectively.
The free energy diagram corresponds to a standard state with a water
activity of unity.

peptidyl transfer, where interaction between a water molecule
and the oxygen of the tetrahedral intermediate is also seen (17, /8,
39), but the backbone amide of the RF contributes an additional
stabilizing element (see also ref (25)) that may be required because
of the intrinsically slower nature of the hydrolysis reaction. As
predicted previously (/2), another essential interaction also
appears to be the hydrogen bond between the Gln side chain
and the attacking water molecule (Figure 5) that provides a
proper orientation of the nucleophile. That this type of preorga-
nization effect is important is apparent from the fact that reaction
simulations directly employing the medium-resolution RF com-
plex structures as initial coordinates, after methylation of the Gln
residue and modeling of a proper P-site substrate, do not show
any catalysis of the termination reaction (data not shown). This
interesting phenomenon was traced to the positioning and
assignment of crystallographic ions in these structures. Specifi-
cally, an ion assigned as Mg*" near A2451 in the RF2 com-
plex (26) has ligand distances of ~3 A (rather than 2 A), while this
ion is assigned as K™ in the high-resolution 508 structures (22).
Further, the RF1 complex (25) has no fewer than five assigned

Mg*" ions with questionable coordination interacting with the
A2450—A2453 backbone segment, which have no counterparts
in the high-resolution structure where these are assigned as water
molecules. These divalent ions have strong orientational effects
on neighboring waters, and in both cases (RF1 and RF2 medium-
resolution structures), they promote hydrogen bond networks
that lead to an ~180° rotation of the methylated Gln amide
group. This flip of the side chain amide dipole results in a loss of
the favorable orientation of the attacking water molecule and a
diminished catalytic effect.

The catalytic effect on the termination reaction was, however,
recovered with the medium-resolution structures if ion and water
assignments and positions were instead taken from the high-
resolution structure (1VQN). In this case, coordination of the
hydrolytic water molecule by the Gln side chain carbonyl is
retained, and the calculated free energy profiles are shown in
Figure 4. With regard to the two conformational possibilities of
the backbone peptide plane following the conserved Gln, men-
tioned above, we find that they yield essentially identical reaction
energetics, and their relevance is thus difficult to address in the
absence of higher-resolution structures with transition state
analogues. One can, however, note that the conformational
preference of the GIn230—Gly231 peptide plane in the MD
simulations appears to be coupled to the side chain conformation
of Asn233 (that apparently can adopt two alternate rotamers)
and that there are different hydrogen bonding alternatives
involving Asn233, Thr234, and A2451 (Figure 6). The Asn is
also a highly conserved residue in both RF1 and RF2 and makes
hydrogen bonds to the rRNA in both of the aforementioned
conformations.

To examine the origin of the catalytic effect on the termination
reaction in a more quantitative way, we evaluated MD averages
of the energies of interaction between the reacting parts of the
substrates and nearby residues, in both the reactant and transi-
tion states. This was done for several MD trajectories that retain
the crystallographic conformation of the Gln peptide plane
discussed above. Figure 7 summarizes these results for groups
in the immediate surroundings of the reaction center, namely,
GIn230 and Asn233 of the RF, the C2063, A2451, U2506, and
U2585 bases, and the three water molecules closest to the reaction
center. For the RF Gln residue, the interactions are also
subdivided into backbone and side chain contributions. It can
be seen that in absolute terms the interactions are strongest with
the Gln side chain amide dipole but that these interactions are
actually stronger in the reactant state than the transition state.
However, in terms of free energy, the Gln side chain contributes
~3.5 kcal/mol to the lowering of the activation barrier, corres-
ponding to a rate factor of ~400, as deduced from thermodynamic
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P-site A76

FIGURE 5: Stabilization of the transient tetrahedral intermediate. Stereoview illustrating key interactions for stabilizing the transient intermediate
[representative average structure taken from a simulation utilizing the RF2 complex coordinates (26)]. These involve a hydrogen bond network to
the partially negative oxygen of the P-site ester, provided both by the backbone NH group of the RF Gln residue and by a water molecule, as well
as the interaction between the Gln side chain carbonyl group and the attacking water.

P-site A76

FIGURE 6: Possible conformational alternatives for the GGQ loop in catalysis. Stereoview of the average MD structures of the transient
intermediate from two simulations utilizing the medium-resolution RF2 coordinates (26), which have different orientations of the GlIn—Gly
peptide plane. In the flipped conformation (yellow), relative to the crystal structures, Asn233 adopts a position where it forms a hydrogen bond to
the peptide group nitrogen while its alternate polar side chain position (cyan) is replaced with water molecules (hydrogen bonds and water

molecules are shown for this structure).

Glin-sc
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FIGURE 7: Energetics of interactions of the substrate with the PTC
during the reaction. The histogram shows the average interaction
energies between the reacting groups and nearby parts of the PTC,
including GIn230 and Asn233 of the RF, ribosomal bases C2063,
A2451, U2506, and U2585, and three water molecules. Blue and red
bars denote interactions in the reactant and transition states, respec-
tively.

integration component analysis of the free energy calculations
underlying Figure 4. This analysis clearly shows that the Gln side
chain amide has a favorable entropic effect on the reaction since
the enthalpic contribution is positive while the free energy
contribution is negative. This apparently reflects a key role of

the GIn side chain in orienting the attacking water molecule. In
this respect, it is therefore interesting that several Gln mutants
retain hydrolysis activity (23) which indicates that some
other side chains also could achieve a productive nucleophile
coordination, perhaps with additional water molecules entering
the A-site.

The Gln backbone interaction is ~1 kcal/mol stronger in the
transition state, which is due to the development of negative
charge on the substrate oxyanion, thus contributing an enthalpic
term to its stabilization. Interactions with the nearby ribosomal
bases are smaller in magnitude, and their effects on transition
state stabilization are generally on the order of <1 kcal/mol. In
contrast to the interactions mentioned above, it can be seen from
Figure 7 that the water molecule hydrogen bonding to the
oxyanion (watl) provides the largest enthalpic stabilization of
the transition state (~4 kcal/mol). Also, a second water molecule
(wat2) in contact with both 02" and O3 of A76, which is
observed in the high-resolution structures (/8, 22), contributes
an enthalpic stabilization of ~3 kcal/mol. The presence of these
two water molecules, which was also independently predicted in
our earlier simulations of the peptidyl transfer reaction (17, 39),
appears to be a key feature of the reactive state of the PTC as they
are observed in all relevant high-resolution complexes. That is,
the hydrogen bond network identified as a major source of
catalysis for both the peptidyl transfer (/7) and termination
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reaction (/2) critically depends on a few water molecules that can
bridge interactions between ribsomal groups and substrates.

Besides ribsomal release factors, it has been shown that both a
deacylated cognate A-site tRNA and the CCA trinucleotide alone
can stimulate hydrolysis of the P-site peptidyl—tRNA bond (38,
40). Our earlier computer simulations of this process showed that
03 of the deacylated A-site A76 can indeed precisely orient a
hydrolytic water molecule that attacks the P-site ester from the
pro-S side through the same O2' proton shuttle mechanism as in
the peptidyl transfer reaction (/2). This prediction is also con-
sistent with the finding that deacylated tRNA does not discrimi-
nate between water and larger nucleophiles, in contrast to the
RFs (23). Furthermore, kinetic experiments show that the hydro-
lysis reaction with deacylated A-site tRNA is slowed considerably
with a 2'-deoxy A76 P-site substrate (J. J. Shaw and R. Green,
personal communication), supporting an A76 O2' proton shuttle
mechanism also in the termination reaction.

Crystal structures of the 50S subunit in complex with a P-site
peptidyl—tRNA analogue and the di- and trinucleotides CA and
CCA bound to the A-site were recently determined (47). These
structures (PDB entries 3CMA and 3CME) confirm the predic-
tion that the A-site A76 3'-OH group can coordinate a water
molecule in a suitable position for attack on the P-site ester (12).
The structures also show that the CA dinucleotide does not bind
to the A-site in the same way as CCA or aminoacyl—-tRNA
analogues, as hypothesized previously (39). Instead, the dinu-
cleotide is shifted outward so that CA occupies the positions
corresponding to C74 and C75 in the A-site tRNA or CCA.
Furthermore, these structures do not show the conformational
changes of U2506 and U2585 that were the key element of the
“induced-fit” mechanism proposed by Steitz and co-workers (22).
On the contrary, the conformation of these ribosomal bases in the
CA and CCA structures appears to be essentially indentical to
that of the so-called uninduced structures, e.g., 1VQ6 (22),
seemingly disproving the hypothesis that the presence of C74 is
enough to induce an active conformation of the PTC.

On the basis of the CA and CCA complexes, it was further
suggested that the hydrolytic water attack would occur from the
pro-R face of the P-site ester carbon (41), as opposed to the pro-S
attack of the amino group in peptidyl transfer (/7, 22). This
proposal would seem to exclude an A76 O2' proton shuttle
mechanism in hydrolysis but offers no obvious alternative
explanation for how transfer of a proton to the leaving group
would occur. It also seems to be at variance with the original
induced-fit hypothesis where the above-mentioned conforma-
tional changes would expose the pro-S face to attack from either
the amino group in peptidyl transfer or a water molecule in the
hydrolysis reaction. The possibility of a water attack from the
pro-R face was said to be supported by an inferred hydrogen
bond pattern in the CCA complex, which includes a hydrogen
bond between N3 of A2451 (which is, however, most likely
unprotonated) and the P-site ester carbonyl (41). Instead, we find
that the most natural interpretation of the hydrogen bond pattern
is rather that the free electron pairs of the attacking water are
oriented away from the ester carbon in the CCA structure
(ICMA), thus indicating that this might in fact not be a
“reactive” structure.

CONCLUDING REMARKS

The computer simulations reported herein yield a consistent
view of the mechanism of the ribosomal termination reaction,
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where the glutamine residue of the universally conserved GGQ
motif plays a key role both in orienting the hydrolytic water
molecule and in contributing to the stabilization of the high-
energy intermediate and transition states of the reaction. The
glutamine side chain has a significant effect on lowering of the
activation barrier, and this is found to be associated with an
entropic contribution. The same conclusion emerges from an
analysis utilizing the linear response approximation, as in ref 42,
and shows that the entropic effect indeed has its origin in the so-
called preorganization term (43, 44). Besides a favorable inter-
action of the glutamine backbone NH group with the transition
state of the hydrolysis reaction, we also find that two water
molecules, observed in S50S high-resolution structures, show
strong preferential hydrogen bonding to the transition state.
The glycines of the GGQ motif are also clearly important in
dictating the overall conformation of the loop as predicted
previously (12, 25, 26). Besides reproducing observed rate con-
stants for peptide release (23, 24, 38), the current model
also rationalizes the reactivity of different nucleophiles (23) and
the critical dependence on the 2-OH group of the P-site
substrate (24).

It is also notable in this context that our previous predictions
for the termination reaction (/2), regarding the overall confor-
mation of the GGQ loop, the positioning of the Gln side chain
and the hydrolytic water molecule, stabilizing interactions with
the transition state, and the overall reaction energetics, are largely
confirmed by simulations utilizing the new crystal structures. The
main discrepancy between our previous model and the medium-
resolution structures of the RF complexes is a rigid body-like
movement or rotation of the RF loop backbone, leaving the
position of the Gln side chain essentially unaffected, that is
enabled by the movement of A2602 upon RF binding. As our
earlier docking model was based on the common “rigid receptor”
assumption, this conformational change was per definition not
predictable. Nevertheless, one can conclude that this approach,
which is often necessitated by the otherwise prohibitively large
search space, can indeed be useful, although the case presented
here clearly shows that induced-fit effects can also be expected in
the ribosome.

The general similarity of our predicted reaction path to that
proposed for the peptidyl transfer reaction (/5—18), with the P-
site A76 O2' atom acting as a proton shuttle to the leaving group,
is also compelling from the evolutionary viewpoint. That is, the
emergence of catalytic interactions in the ribosomal PTC would
clearly be facilitated by a unified type of mechanism for the
hydrolysis (termination) and aminolysis (peptidyl transfer) reac-
tions, where similar transition states occur in both processes. In
this respect, it would be somewhat suprising if the peptidyl—
tRNA hydrolysis reaction stimulated by binding of a deacylated
A-site tRNA substrate were to proceed via a different mechanism.
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