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Does Glutamine Methylation Affect the Intrinsic Conformation of the Universally
Conserved GGQ Motif in Ribosomal Release Factors?”

Martin Andér and Johan Aqvist*

Department of Cell and Molecular Biology, Uppsala University, Biomedical Center, Box 596, SE-751 24 Uppsala, Sweden
Received January 26, 2009; Revised Manuscript Received March 2, 2009

ABSTRACT: The GGQ motif is the only universally conserved feature of ribosomal class 1 release factors.
Mutational experiments and structural studies have suggested that the glutamine residue of the GGQ
motif (Q185 in human eRF1 numbering) is critical for catalysis of the termination reaction on the ribosome.
Furthermore, it has been established that Q185 is Ne methylated in prokaryotes as well as eukaryotes,
and that methylation significantly enhances the catalytic activity. It is, however, not known whether this
methylation affects the intrinsic structure of the free release factor, which could be important for its
interaction with the ribosome. In this work, we report molecular dynamics simulations, starting from 25
different NMR structures of human eRF1, in addressing this problem. The results show that there is no
such structural effect on the free release factor caused by the Ne methylation of Q185, suggesting that its
role is intimately associated with the ribosome environment.

The stop codons UAA, UAG, and UGA are decoded by
class I polypeptide chain release factors (RFs)' (1, 2).
Eukaryotic and bacterial class 1 RFs have very different
primary structures and seem to have evolved in a manner
independent of each other (3). In eukaryotes, mitochondria,
and archaea, a single class I polypeptide chain release factor
(eRF1, mRF1, and aRF1, respectively) recognizes all stop
codons (3—7), while in bacteria, two different RFs (RF1 and
RF2) exist, with partially overlapping stop codon specificity
(8). RFs preferentially bind to cognate stop codons compared
to noncognate codons by a factor of 10°—10°, without the
help of a proofreading mechanism (9), and the mechanism
by which RFs recognize mRNA stop codons long remained
a mystery. Recent papers by Laurberg et al. (/0), Weixl-
baumer et al. (/7), and Korostelev et al. (/2) report the first
crystallographic structures that show RF—stop codon interac-
tions in detail.

The only primary sequence feature of the class I polypep-
tide release factors that is universally conserved across all
kingdoms of life is the GGQ motif present in domain 2 of
eRF1 and domain 3 of prokaryotic RFs. This motif has been
suggested to be directly involved in the mechanism by which,
presumably, all RFs catalyze the hydrolysis reaction that
releases the nascent peptide from the A-site aa-tRNA in the
PTC (5, 13, 14). Earlier results from both cryo-electron
microscopy and low-resolution X-ray crystallography of RFs
bound to the ribsome indicated that the loop containing the
GGQ motif is in the immediate vicinity of the PTC (/5—17).
These studies further showed that the conformations of RF1
and RF2 bound to the ribosome are similar to their solution

 Support from the Swedish Research Council (VR) is gratefully
acknowledged.

*To whom correspondence should be addressed. Phone: +46 18
471 41 09. Fax: +46 18 53 69 71. E-mail: aqvist@xray.bmc.uu.se.

! Abbreviations: MD, molecular dynamics; rmsd, root-mean-square
deviation; RF, release factor; PDB, Protein Data Bank.

10.1021/bi900117r CCC: $40.75

structures (/8) but differ from the corresponding crystal
structures of free release factors (/3, 19).

Computer simulation and docking studies by Trobro and
Aqvist (14) predicted that the GGQ motif interacts with the
ribosome in such a way that the glutamine side chain inserts
into the A-site, where it can coordinate a water molecule
that hydrolyzes the peptidyl-tRNA ester bond through a
mechanism similar to that of the peptidyl transfer reac-
tion (20—22). The recent medium-resolution (~3 A) crystal
structrures of RF1 and RF2 complexes with the ribosome
confirmed that the glutamine residue indeed inserts in the
A-site, making contact with the P-site substrate (10, 11). The
fact that the relevant parts of domain V of the 23S/28S rRNA
constituting the PTC are universally conserved (23), as is
the GGQ motif, thus strongly suggests that the critical
interactions between the RFs and the PTC are also conserved.
Mutation of the central glycine in the GGQ motif to alanine
has been shown to result in a dramatic loss of activity (24),
pointing to a key role of the GGQ backbone conformation
in catalysis (10, 11, 14). On the other hand, mutation of the
glutamine residue to alanine has only a minor effect, while
its substitutions with Asn or Asp are severe (25), suggesting
that detailed interactions involving this side chain are
important for catalysis.

It is obvious via examination of the structures of the PTC,
the medium-resolution crystal structures of the bacterial RF1
and RF2 complexes with ribosome (/0, /1) (PDB entries
3D5A—3D5D and 2JL5—2JLS, respectively), and the avail-
able crystal and NMR structures of free eukaryotic RFs (PDB
entries 1DT9 and 2HST) (I3, 26), that the GGQ-containing
loop must undergo some structural rearrangements to reach
into the PTC [it should be noted here that the available crystal
structures of free bacterial release factors (/9, 27) have ill-
defined electron density for the GGQ loop and are not
suitable for such comparisons]. Specifically, for the side chain
of Q185 (human eRF1 numbering) to be able to adopt the
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FIGURE 1: Views of residues 183—187 (human eRF1 numbering)
from five different published structures of the GGQ loop: (A) crystal
structure of free eRF1 (pink) (/3) and the average structure of 25
NMR models of eRF1 in solution (blue) (26) compared to the
medium-resolution crystal structure of RF2 bound to the ribosome
(gray) (/1) and (B) the structure predicted using docking and MD/
EVB calculations (orange) (/4) and the Co. trace from the earlier
low-resolution crystal structure of the RF2—ribosome complex
(black) (17) compared to the structure of RF2 bound to the ribosome
(gray) (11). All structures have been fitted to the structure of RF2
to minimize the backbone rmsd.

conformation it is predicted to have in the PTC during
peptide release (pointing away from the rest of the RF toward
the nascent peptide attached to the CCA end of the P-site
aa-tRNA), it must move away from the rest of the RF (10, 11).
This is illustrated in Figure 1A which shows the conforma-
tions of the residues surrounding Q185 in the free RF
structures compared to the ribosome complex. Figure 1B
shows the very similar conformations of the GGQ loop
generated by automated docking and molecular dynamics
(MD) simulation (/4) and the subsequently published 2JL5
crystal structure (/7), as well as the significantly differing
loop model (Ca trace) from the low-resolution RF—ribosome
complex (/7).

The glutamine residue of the GGQ motif has been shown
to be methylated at the Ne position in both prokaryotes and
eukaryotes, and this methylation significantly enhances the
rate by which the ribosomal machinery catalyzes peptide
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release both in vitro and in vivo (28—32). The computer
simulations of the termination reaction, which were based
on automated docking of a heptapeptide fragment containing
the GGQ motif, were conducted both with and without the
Gln methylation, and the calculations showed a clear
contribution to catalysis from the Ne methylation (/4). It is
thus evident that the Ne methylation of Q185 has a significant
effect on catalysis of the termination reaction, but it is not
known whether the methylation may have an effect of the
intrinsic structural preference of the GGQ loop. This is
particularly so because all the published structures of RFs
differ from the in vivo situation in having regular, nonm-
ethylated, glutamine residues in the GGQ motif (/0—13,
16—18, 26, 27). If, for example, the methylation of Q185
stabilizes a free state conformation of the RF closer to that
of the bound state, it is plausible that the cost in free energy
due to entropy loss associated with binding to the ribosome
would decrease (33, 34). It is, thus, conceivable that the role
of GIn methylation might be to predispose the loop and/or
side chain to a productive conformation in the termination
reaction. Conversely, it may be the case that methylation
has no effect on the intrinsic conformational preference but
provides a key effect only in the ribosome environment. To
shed light on this issue, it is therefore of considerable interest
to try to study the structural effects of Ne methylation of
Q185.

The recently published solution NMR structure of the
middle domain of eRF1 provides an excellent starting point
for molecular dynamics simulations of the GGQ-containing
loop (26). This NMR structure (PDB entry 2HST) contains
25 solutions, all of which are relatively similar, except for
in the GGQ loop, which seems to possess a significant degree
of flexibility. By performing a set of identically initialized
MD simulations starting from each of the 25 deposited NMR
solutions, with Q185 in both its standard and methylated
forms, we can undertake a thorough investigation of the
possible structural effects of Ne methylation of Q185.

MATERIALS AND METHODS

To probe the effect of Ne methylation of Q185 on the
structure of the GGQ-containing loop, free eRF1 in water
solution was studied using extensive MD simulations. All
MD simulations were carried out using the software package
Q, in combination with the OPLS all-atom force field (35, 36).
Starting coordinates were obtained from the recently pub-
lished NMR structures of the middle domain of human eRF1
free in solution (PDB entry 2HST) (26). The corresponding
initial structures for Q185 Ne methylated eRF1 were obtained
by manually replacing the relevant hydrogen atom of Q185
with a methyl group. Replicate simulations were performed
for each of the 25 NMR solution structures, yielding a total
of 50 simulation systems (nonmethylated and methylated).
The MD simulations were performed in a spherical system
with a 20 A radius centered on the Co. atom of G184 (the
central glycine residue in the GGQ motif). TIP3P water was
used to solvate the systems, using the SCAAS boundary
conditions, under which the water molecules near the surface
of the sphere are subjected to radial and polarization restraints
to mimic the properties of bulk water (37, 38). Solute atoms
outside the 20 A simulation sphere were tightly restrained
throughout the simulation. Nonbonded interactions across the
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simulation sphere boundary were excluded. A 10 A cutoff
radius was used for all nonbonded interactions, along with
the local reaction field (LRF) multipole expansion treatment
of long-range electrostatic interactions beyond the cutoff (39).
The reported results herein are from simulations conducted
at zero ionic strength, but a complete set of trajectories was
also initially calculated with chloride counterions in the
solution. However, the two different ionic strengths give
virtually identical results, and we considered the 0 M case
to be more physiologically relevant than the ~0.3 M
case (both yield an rmsd of 0.6 A for unfitted backbone atoms
of residues 183—187 between methylated and nonmethylated
total MD average structures and 2.1 and 2.9 A unfitted rmsds
between the nonmethylated MD and average NMR struc-
tures, respectively). Prior to production phase MD, equilibra-
tion was performed by stepwise heating from 10 to 300 K,
accompanied by gradual loosening of heavy atom restraints.
For each system, the production phase consisted of 500 ps
of unrestrained MD at 300 K, with a time step of 1 fs in
conjunction with the SHAKE procedure for all solvent bonds
(40). Thus, the total simulation time for these systems was
25 ns (2 x 25 x 500 ps). For the sake of comparison, we
also calculated two longer trajectories of ~15 ns each for
the methylated and nonmethylated case starting from the
central NMR structure.

RESULTS

The relatively high flexibility of the GGQ loop is already
suggested by the spread of the 25 NMR solutions of eRF1,
as shown in Figure 2A, and relaxation and order parameters
from the NMR experiments also verify the mobility of this
region (26). The loop is apparently the most disordered part
of the protein structure with relatively few long- and medium-
range NOEs and torsional restraints. However, it is not
immediately obvious by looking at the NMR structures
(Figure 2A) whether the local conformations of the residues
surrounding Q185 are significantly different between the
different NMR models or whether the flexibility of the loop
is limited to rigid-body-like displacement of one or several
portions of the loop. Figure 2B shows residues 183—187 of
all 25 models in 2HST, fitted to locally minimize the
backbone rmsd between each solution structure and the
central most representative structure of the NMR family. This
figure clearly demonstrates that the local conformation of
the residues surrounding Q185 is fairly similar in all 25
solutions in the 2HST structure, arguably similar enough not
to be separated by any large free energy barriers, and thus
to be thermally accessible at ambient temperatures.

To be able to draw conclusions from comparisons of MD
simulations of the highly flexible GGQ loop in its nonm-
ethylated and methylated forms, it must first be asserted that
MD simulations of the nonmethylated structure sample
physically relevant regions of conformational space. That
is, the MD average structure of the nonmethylated GGQ loop
should closely resemble the corresponding experimental
NMR solution structures for us to be able to use it as a basis
for comparison with MD simulations of its methylated
counterpart. We considered the most unbiased computational
strategy to be to carry out shorter independent simulations
starting from each of the 25 NMR solutions, but as a
comparison, we also calculated two longer trajectories (each
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FIGURE 2: Structural variation of the GGQ loop in the 25 NMR
solutions from 2HST (26). (A) Unfitted conformations of residues
177—188 (colored blue, with Q185 shown in stick representation).
(B) Conformations of the residues surrounding Q185, after fitting
to minimize the backbone rmsd to the central structure of the NMR
family.

~15 ns) for the methylated and nonmethylated Gln starting
from the central NMR structure (see below). Figure 3A
shows the total 12.5 ns average MD structure of the
nonmethylated loop, obtained from the 25 independent
simulations, in relation to the average NMR structure. This
average structure is calculated without any least-squares
fitting to reference coordinates, so that the overall positioning
of the GGQ loop relative to the rest of the protein can be
directly compared to the NMR results. As one can see from
Figure 3A, the agreement between the average NMR and
MD structures is generally very good and the unfitted rmsd
of all heavy backbone atoms of residues 177—188 is 2.1 A,
while the corresponding heavy atom rmsd including the side
chains is 2.3 A. The main difference between the MD and
NMR structures is a displacement of the backbone segment
comprising residues 180—182, for which there are no long-
range NOE or backbone torsional restraints in the NMR data
(26). Note that the similar conformations of the total 12.5
ns MD average structure and the average NMR structure are
not simply a result of each individual 500 ps MD trajectory
sampling the region immediately surrounding its starting
(NMR) structure, thereby generating 500 ps subaverages that
are very close to their respective initial conformation (see
below).
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FIGURE 3: (A) Residues 177—188 of the average NMR structure (blue) (26) compared to the overall MD average structure (green) of the
nonmethylated GGQ loop. (B) NOE distance restraints involving H, Ha, and Hf3 atoms in residues 177—188 (black horizontal bars denoting
upper limits) compared to distance measurements in the MD average structure (gray vertical bars). (C) Conformational variation among the
25 individual MD average structures of the nonmethylated GGQ loop. (D) Residues 183—187 of the average NMR structure (blue) (26)
and the overall MD average structure (green) fitted to minimize the backbone rmsd. The bond lengths of the Q185 side chain appear

unphysically short in the MD structure due to averaging effects.

The total 12.5 ns average MD structure can also be
compared directly to the NMR restraints (i.e., to the raw data
rather than to the models derived form it), and Figure 3B
shows that the experimental distance restraints are qualita-
tively satisfied by the MD structure. It could be argued that
the fairly short simulation times of 500 ps in combination
with a starting conformation obtained from an NMR model
would automatically result in an average structure that
satisfies the NMR restraints that were used to build the
model. Note, however, that in this case the average structure
is calculated over 25 different trajectories, with 25 different
starting conformations. Even if the average structures
obtained from the individual 500 ps trajectories would all
satisfy the NMR restraints perfectly because they did not
deviate from their respective starting (NMR) conformations
(which is not the case; see below), this would not imply that
the total average structure would also do so. The one NMR
restraint in Figure 3B which is not satisfied by the total MD
average structure of the nonmethylated GGQ-containing loop
is between the Hf3 and H atoms of residues Q185 and K179.
This restraint is also violated by 10 of the 25 NMR models
themselves, including the central structure.

It is also useful to examine the spread of the 25 individual
average MD structures of the nonmethylated loop, and Figure
3C shows these structures in the same view as Figure 2A. It
can immediately be seen that the spread of these subaverage
structures is similar to that of the NMR models. However,
an important property of these MD subaverages is that they
do not correlate in general with their starting structures. That

is, the similarity of the conformational spread in Figures 2A
and 3C does not reflect a situation in which each simulation
is trapped around its initial structure. On the contrary, the
average unfitted backbone rmsd between structures in Figures
2A and 3C corresponding to the same simulation is 3.8 A
(individual rmsds between the average MD structures and
their starting NMR conformation range between 2.5 and 7.0
A), which is significantly larger than the rmsd between the
overall average MD and NMR structures. When examining
the results from the two longer simulations (i.e., both
nonmethylated and methylated loop) starting from the central
NMR structure, one finds that these single trajectories span
a much smaller region of the conformational space and that
their average structures deviate considerably more from the
NMR average (data not shown). This appears to be due to a
propensity for ion pair formation between the two arginines
at positions 182 and 189 and D175 and E196, respectively.
These ion pairs apparently form and break on a rather long
time scale so that trajectories where they occur would require
much longer simulations for adequate sampling. This il-
lustrates the danger of using single MD trajectories in the
analysis that may have become biased by the starting
structure and velocities.

We will thus base our conclusions on the 25 shorter
independent trajectories of the nonmethylated and methylated
GGQ loops as these simulations by all criteria are the most
unbiased and are found to sample relevant regions of
conformational space. In a highly flexible structure such as
the GGQ-containing loop, it is also important to keep in mind
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FIGURE 4: Conformations of the GGQ loop in the nonmethylated
(green) and methylated (yellow) overall MD average structures:
(A) residues 177—188 unfitted and (B) residues 183—187 fitted to
minimize the backbone rmsd. (C) View of a nonmethylated and a
methylated 500 ps average structure originating from the same
starting conformation.

that possible structural changes due to Gln methylation could
be either global or local. In the simulations presented here,
residues 176—193 are completely free to move relative to
the fixed portion of the release factor, outside the simulation
sphere, yet the average unfitted MD structure of the nonm-
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ethylated loop agrees very well with the corresponding NMR
structure as seen above. The local conformation of the
nonmethylated GGQ loop in these two structures is compared
in Figure 3D, where the backbone atoms of resiudes
183—187 have been least-squares fitted with a resulting rmsd
of only 0.85 A. Clearly, also the local conformation around
GInl185 is, on average, virtually identical in the calculated
and observed structures.

Turning now to the case with GIn185 methylated, we find
that both the global and local conformation of the GGQ loop
is completely unaffected by the methylation. The rmsd of
all heavy backbone atoms of residues 177—188 between the
unfitted nonmethylated and methylated MD average struc-
tures is 0.6 A, and the corresponding heavy atom rmsd
including the side chains is 0.7 A (Figure 4A). As for the
local conformation, fitting of the two overall average MD
structures with respect to the backbone of residues 183—187
results in an almost perfect overlap with an rmsd of 0.19 A
(Figure 4B). Again, as with the comparison between the total
MD average structure of the nonmethylated loop and the
average NMR structure, it is important to note that the
striking structural similarity is not a result of each 500 ps
simulation of the methylated GGQ-containing loop resulting
in the same average structure as its nonmethylated counter-
part originating from the same starting (NMR) conformation.
Rather, the average structures of individual 500 ps nonm-
ethylated and methylated simulations originating from the
same starting conformation differ by as much as 6.9 A in
terms of the backbone rmsd of residues 183—187 (Figure
4C). On average, the rmsd between the backbone atoms of
residues 183—187 of two corresponding nonmethylated and
methylated 500 ps average structures is as large (3.8 A) as
the average rmsd between the different starting conformations
and the central model in the NMR family (3.9 A). This
further illustrates the highly flexible nature of the GGQ-
containing loop and underlines the significance of the very
high degree of similarity between the nonmethylated and
methylated 12.5 ns total average structures.

Ramachandran plots of residues 183—187 of the 25
starting (NMR) conformations and of four evenly spaced
snapshots from each of the 25 MD trajectories of the
nonmethylated and methylated loop are presented in Figure
5. Figure 5A shows that the backbone of G183 and G184
exists in a few different conformations in the NMR family
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FIGURE 5: (A) Ramachandran plots for residues 183—187 of the 25 NMR solutions in 2HST (26), (B) 100 snapshots from the 25 MD
simulations of the nonmethylated GGQ loop, and (C) 100 snapshots from the simulations of the methylated loop. Data for the two glycine

residues are shown in pale colors for the sake of clarity.



3488 Biochemistry, Vol. 48, No. 15, 2009

of structures, while Q185, S186, and A187 are rather
restricted in ¢—1 space. Panels B and C of Figure 5
demonstrate that while the backbone of Q185, S186, and
A187 is fairly flexible during MD simulation, the three
residues stay within the allowed regions and the fluctua-
tions are essentially centered around their average NMR
conformations. As expected, the backbone conformations
of G183 and G184 fluctuate dramatically during the MD
simulations, with data points in every quadrant of the
Ramachandran plots (Figure 5B,C). In this respect, too,
the nonmethylated and methylated simulations yield
similar results and are not distinct from each other (Figure
5B,0).

CONCLUSIONS

The glutamine residue of the universally conserved
GGQ motif of class 1 ribosomal release factors has been
found to be methylated at the N¢ position in all kingdoms
of life (28—32). In this work, we have addressed the
question of whether this methylation has an intrinsic effect
on the conformational preference of the GGQ loop, which
could be important for its interaction with the ribosome.
By carrying out a total of 25 ns of MD simulations of the
relevant part of domain 2 of eRF1 that contains the GGQ
loop, utilizing 25 different NMR models as initial
structures, we explored the conformational effects of
methylating Q185. The MD simulations show very
convincing agreement with the NMR results for the
nonmethylated loop and suggest that there is no discernible
conformational difference between the methylated and
nonmethylated cases. We can thus conclude that while
the MD trajectories for the two loops explore large regions
of conformational space, they both converge to the same
average structure, indicating that the Ne methylation of
Q185 does not have a structural effect on the free release
factor.
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