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ABSTRACT: The current view of ribosomal peptidyl transfer is that the ribosome is a ribozyme and that
ribosomal proteins are not involved in catalysis of the chemical reaction. This view is largely based on
the first crystal structures of bacterial large ribosomal subunits that did not show any protein components
near the peptidyl transferase center (PTC). Recent crystallographic data on the full 70S ribosome from
Thermus thermophilus, however, show that ribosomal protein L27 extends with its N-terminus into the
PTC in accordance with independent biochemical data, thus raising the question of whether the ribozyme
picture is strictly valid. We have carried out extensive computer simulations of the peptidyl transfer reaction
in the T. thermophilus ribosome to address the role of L27. The results show a reaction rate similar to that
obtained in earlier simulations of the Haloarcula marismortui reaction. Furthermore, deletion of L27 is
predicted to only give a minor rate reduction, in agreement with biochemical data, suggesting that the
ribozyme view is indeed valid. The N-terminus of L27 is predicted to interact with the A76 phosphate
group of the A-site tRNA, thereby explaining the observed impairment of A-site substrate binding for
ribosomes lacking L27. Simulations are also reported for the reaction with puromycin, an A-site tRNA
analogue which lacks the A76 phosphate group. The calculated energetics shows that this substrate can
cause a downward pKa shift of L27 and that the reaction proceeds faster with the L27 N-terminus
deprotonated, in contrast to the situation with aminoacyl-tRNA substrates. These results could explain
the observed differences in pH dependence between the puromycin and C-puromycin reactions, where
the former reaction has been seen to depend on an additional ionizing group besides the attacking amine,
and our model predicts this ionizing group to be the N-terminal amine of L27.

The genetic code is translated from mRNA into protein
sequence by the ribosome, a macromolecular complex
consisting of a small and a large subunit that contain rRNA
chains (rRNA) and ∼50 proteins. During mRNA translation,
the C-terminal end of the growing peptide is ester bonded
to the universal CCA O3′ terminus of a tRNA molecule
(peptidyl-tRNA) in the ribosomal P-site. For the next amino
acid to become attached to the growing chain, the cognate
aminoacyl-tRNA (aa-tRNA) molecule to be selected is
delivered to the ribosomal A-site in a ternary complex with
elongation factor EF-Tu and GTP. In peptide chain elonga-
tion, the R-amino group of the incoming aa-tRNA attacks
the carboxyl carbon of the peptidyl-tRNA ester, and the
reaction also requires deprotonation of the nucleophile and
protonation of the leaving P-site tRNA 3′-ribose oxygen. The
peptide chain thus becomes ester bonded to the A-site tRNA
and contains the new amino acid at its C-terminus. Selection
of the cognate aa-tRNA takes place at the mRNA-
programmed ribosomal decoding center on the small subunit
(1). Here, the tRNA anticodon base pairs with the corre-
sponding mRNA codon, while the other ends of the A- and

P-site tRNAs meet at the peptidyl transferase center (PTC)1

on the large subunit (2, 3), where the new peptide bond is
formed. Translocation subsequently takes place by the action
of elongation factor EF-G, where the ribosome slides a
distance of three nucleotides relative to the mRNA, placing
the former A-site tRNA in the P-site and the former P-site
tRNA in the E-site, thus presenting an empty A-site with a
new codon to be read in the next elongation cycle.

The high-resolution structure of the full 70S bacterial
ribosome (4) complete with mRNA and tRNA and the
previously published structures of the 50S subunit with and
without tRNA analogues (3, 5–9) give a unified view of the
position and structure of the peptidyl transferase center on
the ribosome. The reacting aa-tRNA and peptidyl-tRNA
groups are surrounded by ribosomal bases A2602, C2063,
A2451, U2585, and U2506 (Escherichia coli numbering),
and no conserved metal ion is found close to the PTC in a
position enabling it to participate in peptidyl transfer. The
high-resolution 50S structures show no ordered protein close
to the PTC, while the recent Thermus thermophilus 70S high-
resolution structure (4) reveals that the N-terminus of
ribosomal protein L27 extends from its globular domain into
the PTC (Figure 1). This raises the question of whether L27
contributes to the catalysis of peptidyl transfer. As judged
from structures of the archaeal Haloarcula marismortui large
subunit, which lacks L27 or any homologous counterpart,
the ribosomal PTC has so far been regarded as a true
ribozyme (5, 6, 10, 11).
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The catalytic effect and mechanism of peptidyl transfer
in the PTC have been investigated by fast pre-steady state
kinetics showing that the PTC catalyzes peptidyl transfer by
reducing the activation entropy compared to that of the
corresponding uncatalyzed water reaction (12). It has further
been shown that chemical modification of P-site A76 O2′ to
H or F removes the catalytic activity of the PTC (13, 14)
and that replacing the A2451 2′-OH group with H also has
a deleterious effect (15, 16). In contrast, mutations of several
bases in the “inner shell” around the reactants do not reduce
the peptidyl transfer rate when full-length tRNA or analogues
containing C75 or more are used as A-site substrates
(17, 18), with the exception of the A2450G/C2063U double
mutation (19). The critical effect of P-site A76 O2′ and the
fact that it is within hydrogen bonding distance of the A-site
R amino group (6, 9, 14) strongly suggest that the proton
transfer is mediated via the P-site A76 O2′ (10, 14). The
origin of the catalytic effect is, however, not confined to the
substrates themselves since they or their analogues react no
faster in water than regular esters (12, 20–22). Furthermore,
no pH dependence on ribosomal groups is observed in fast
quenched-flow measurements of the peptidyl transfer rate,
when full-length tRNA or analogues containing C75 or more
are used as A-site substrates (23–25). A pH-rate profile with
a slope >1 would be expected for the bare chemical step if
a ribosomal base takes part in the proton transfers and the
attacking amino group ionizes at a pH value between 6 and
8.

The experimental data on the peptidyl transfer reaction
were rationalized by computer simulations, where the reac-
tion mechanism involving A-site A76 O2′ as a proton shuttle
was found to be significantly catalyzed by the PTC (10, 11,
20). Catalysis is mainly achieved through a stable network
of hydrogen bonds to the reactants that reduces the reorga-
nization energy and activation entropy loss associated with
the reaction. This predicted hydrogen bonding network
(10, 11), including positions of key solvent molecules and
the stereochemical route of the peptidyl transfer reaction,
was later verified by new crystal structures with transition
state analogues (8, 9). The other reaction catalyzed by the
PTC together with ribosomal release factors, namely hy-
drolysis of the peptidyl-tRNA bond in translation termination,
has also recently been predicted to proceed by a similar
mechanism (26).

Zimmermann and co-workers (27) have shown that dele-
tion mutants of E. coli lacking L27 have a phenotype with
severe growth defects (5-6 times slower) and high temper-
ature sensitivity. Photochemical cross-linking also showed
that the A-site A76 nucleobase is in the proximity of L27
(28), and slow pre-steady state kinetics, using the minimum
aa-tRNA analogue puromycin as the A-site substrate, mea-
sured 3-4 times slower peptidyl transfer for 70S-mutated
ribosomes from which L27 has been removed (27). More-
over, the ability to bind A-site tRNA was significantly
weakened in 70S-mutated ribosomes lacking L27, while the
P-site binding was unaffected. This led to the suggestion that

FIGURE 1: Illustration of how L27 reaches into the peptidyl transferase center (PTC). Part of the large ribsomal subunit from the T. thermophilus
70S structure (4) is shown with the L27 protein surface highlighted (carbons colored cyan).
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L27 interacts with the 3′-end of the A-site tRNA to promote
binding (27). These findings were later confirmed, and the
effects were located to the N-terminal end of L27. That is,
ribosomes lacking the three first amino acids of the L27
N-terminus did not cross-link to the tRNA 3′-end and showed
reduced peptidyl transferase activity with puromycin as the
A-site substrate (29), suggesting that the N-terminus of L27
reaches into the PTC. This was finally confirmed in the 70S
2.8 Å structure from T. thermophilus (4) where a weak
density from residues 1–9 allowed the N-terminal backbone
of L27 to be resolved, but no density for the 3′-end of the
A-site tRNA was visible.

To investigate the interactions between the L27 N-terminus
and the reactants (especially the A-site tRNA), we have
carried out new computer simulations of the peptidyl transfer
reaction, employing the 2.8 Å T. thermophilus structure as
starting coordinates. It should be pointed out that in the
recently published 3.7 Å structure of the 70S T. thermophilus
ribosome (30) no density was observed for the first nine res-
idues of L27; therefore, we will consider only the higher-
resolution structure (4) herein. Free energy barriers and
corresponding reaction rates were calculated, and the key
interactions analyzed, for several relevant cases. These
include the different protonation states of the L27 N-terminal
amine, the mutated ribosome that lacks L27, and the peptidyl
transfer reaction with both aa-tRNA and puromycin as the
A-site substrate.

MATERIALS AND METHODS

The rRNA and L27 coordinates from the 70S T. thermo-
philus structure with Protein Data Bank (PDB) entry 2J01
and ions from PDB entry 2J00 (4) were superimposed on
the H. marismortui 50S structure (PDB entry 1VQN) (8),
after aligning the phosphate atoms of residues 2400–2600
(E. coli numbering) in 1VQN to 2J01. This was done to
obtain accurate tRNA coordinates from 1VQN, since no
A-site tRNA density was observed in the PTC for the 70S
structure and since the P-site tRNA in that case was
deacylated. In total, 169 phosphate atoms were aligned with
an average root-mean-square (rms) deviation of 1.1 Å. The
A-site 5′-CC-PPU-3′-LOF molecule from 1VQN was con-
verted to 5′-CCA-3′-Phe, and the P-site 5′-CCA-3′-Phe-ACA-
BTN molecule from 1VQN was converted to 5′-CCA-3′-
Phe-Gly with a neutral Gly N-terminus. The 2J01 coordinates
for U2506 were replaced by the corresponding aligned

coordinates from 1VQN (cf. Figure 2), to attain an “induced
conformation” (8) that could accommodate the substrates
(which are not not present in the 2J00–2J01 structure), and
the C1′-N9 bonds of U2506 and U2585 were rotated to
prevent steric clashes with the substrates. Two different
models of the L27 N-terminal tail were used (see Results),
one in which the side chains of the first three residues were
explicitly modeled from the crystallographic C� coordinates
and a second corresponding to the polyalanine model
deposited in the PDB (4).

The side chains of the first nine residues of L27 in the T.
thermophilus structure (4) are not visible in the electron
density and were modeled crystallographically as polyanala-
nine, while the model is complete from Thr10 and onward
(4). Hence, while a nine-residue polyalanine chain from the
N-terminus to the first well-defined side chain (Thr10) was
refined crystallographically, the possibility remains that Met1
is post-translationally lost and that an eight-residue chain
starting with Ala2 could perhaps also be refined into the
observed density (M. Selmer, personal communication). To
take both of these sequence possibilities into account, we
constructed two different models of L27. In the first model,
the first three amino acids of the N-terminus were modeled
with side chains as Met-Ala-His after the C� coordinates in
2J01, while the following two lysine residues were converted
to alanines since there is no information about their side chain
positions and they are far from the reacting groups. In the
second model, we simply retained a polyalanine chain (the
first residue is Ala in case the Met is cleaved off) and applied
weak (1 kcal mol-1 Å-2) harmonic positional restraints to
the backbone atoms in the simulations. The two models turn
out to give very similar energetic results, since the main effect
of L27 appears to come from the terminal amino group (see
below), and most of the presented results were obtained with
the first model.

For each of the different reaction simulations, a solvated
spherical system with a 20 Å radius centered on the P-site
carbonyl carbon atom was set up for molecular dynamics
free energy perturbation simulations as described previously
(10, 11). The MD simulations were performed with Q (31)
using the Charmm22 force field (32) and a time step of 1 fs.
Atoms within the 20 Å system were fully mobile; those
outside the system boundary were restrained to their initial
positions with a 100 kcal mol-1 Å-2 harmonic force constant,
and nonbonded interactions across the system boundary were

FIGURE 2: Structure of the PTC with L27 present. A representative MD structure along the reaction path toward the transient tetrahedral
intermediate is shown with yellow carbons, where hydrogen bonding between the N-terminus of L27 and the A-site A76 and C2451
phosphates is indicated. The corresponding position of L27 in simulations employing a polyalanine model of the protein is shown with
white carbons. The T. thermophilus structure (4), with no A-site substrate in the PTC but with L27 present, is drawn with green carbons.
Relevant parts of the induced H. marismortui 1VQN structure (8), which lacks L27, is shown for comparison in cyan.
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not calculated. Ionic groups within 5 Å of the system
boundary were neutralized as described previously (10).
Water molecules close to the sphere boundary were restrained
to reproduce the correct density and polarization (31). All
nonbonded interactions within the 20 Å system were
calculated for the reacting groups, while other interactions
were treated with a 10 Å cutoff together with a multipole
expansion of long-range electrostatics (33).

The peptidyl transfer reaction free energy surface was
treated with the empirical valence bond (EVB) method (34, 35)
and described by three resonance structures, corresponding
to reactants (R), a transient tetrahedral intermediate (TI), and
products (P), with calibration of the uncatalyzed water
reaction energetics as described previously (10). Reaction
free energy profiles in water and in the solvated ribosome
model were calculated with the free energy perturbation/
umbrella sampling method (34, 35). Each free energy
perturbation (FEP) calculation comprised 80 discrete steps,
with a trajectory of 5–20 ps generated at each step, and
covered a path going from pure reactants to products via a
state with weights of 20, 60, and 20% for R, TI, and P,
respectively. The reason for using a more concerted FEP
pathway is that the actual ground state of the reaction,
resulting from mixing of the EVB resonance structures, lies
closer to this path and the sampling may be thus be improved
(26). The system in each simulation was initially heated in
this state according to a stepwise protocol from 0 to 300 K
and then equilibrated for 2–8 ns at 300 K before trajectories
were propagated toward reactants and products. Each free
energy perturbation simulation was also repeated at least
three times with different initial conditions.

RESULTS

Peptidyl Transfer to aa-tRNA with L27 Present. The
structure of the PTC and the hydrogen bonding network
observed in the MD simulations of the reaction using the T.
thermophilus structure (4) are in general very similar to the
earlier H. marismortui simulations (10, 11). However, a
notable difference is that the N-terminal amine of L27
interacts with the phosphate esters of the A-site A76 and
C2452, thus forming an ionic triad with these two phosphate
groups (Figure 2). An additional hydrogen bond to the L27
amine is also provided by the water molecule located
between the A-site substrate carbonyl group and O2′ of
A2451 (8, 11). The MD simulations result in only minor
structural changes compared to the crystal structure (4). The
U2585 base that initially covers the substrate ester moves
away (Figure 2) from the P-site 3′-ester carbonyl group to
accommodate the oxyanion intermediate as previously
observed in H. marismortui 50S structures, containing an
A-site acylated CCA substrate or transition state analogue
(8), and in earlier calculations (10, 11). This movement is
part of the induced fit model suggested by Schmeing et al.
(8), where the ester carbonyl group is brought into an active
conformation by binding of the CCA sequence to the A-site.
U2506 remains in the position it has in the “induced”
structure rather than reverting back to the 70S T. thermo-
philus structure, due to the presence of the A-site substrate.

The formation of the L27 ion pairs is accompanied by
only small structural changes in the L27 backbone compared
to the crystal structure. The eclipsed C�-CR-C-O torsion

angle of Ala2 in L27 is relaxed by rotation of C� toward
A2602. The Met1 side chain moves toward A2602 and
displaces this base slightly toward the A-site, i.e., to a
position closer to that observed in the induced 50S structure
(Figure 2). In simulations with the polyalanine model of L27,
a similar movement of the Ala1 side chain can be observed
(Figure 2) that also results in a slight displacement of A2602
in the same directions as with Met in the first position (not
shown). It is also noteworthy that the ionic triad emerges
already after superpositioning of the H. marismortui and T.
thermophilus structures, with initial nitrogen-phosphate
oxygen distances of 3.6 and 4.0 Å to A76 and C2452,
respectively. In the case of the 1VQ7 H. marismortui
structure containing a transition state analogue (8), a magne-
sium ion is also found to occupy the position where the L27
N-terminal amino group is located in the T. thermophilus
structure. Taken together, the data described above therefore
clearly indicate a strong propensity for positive charge
between the phosphates of the A-site A76 and C2452.

The activation free energy for peptidyl transfer to an
aminoacylated tRNA substrate in the T. thermophilus PTC
is calculated to be 16.1 ( 1.1 kcal/mol, yielding a predicted
rate of ∼10 s-1 at 300 K using standard transition state
theory. Furthermore, the difference in activation barrier
between the possible cases where L27 has either a Met or
an Ala residue in the first position is within the error bars of
the calculations (the polyalanine model gives a barrier of
15.5 kcal/mol). These results are very similar to those
predicted earlier for the H. marismortui 50S subunit (10, 11)
and thus yield a rate acceleration of ∼1 million compared
to the uncatalyzed water reaction (Figure 3). The simulation
results are also in agreement with the rates measured at
physiological pH on 50S or 70S ribosomes with quenched
flow using puromycin (Pmn) or C-Pmn as the A-site
substrate (12, 21, 24).

Peptidyl Transfer with L27 RemoVed. To examine the
effect of L27 on the catalytic process, we carried out multiple
simulations of the peptidyl transfer reaction with L27 deleted
from the ribosome, thus allowing more water to approach
the PTC through the empty space that is created. These
calculations predict a relatively small effect of L27 on the
activation free energy of the reaction, with the barrier
increased by only 1.3 kcal/mol to a total of 17.4 kcal/mol
(Figure 3), corresponding to a rate decrease by a factor of
10. It is clearly encouraging that this rate decrease agrees
well with that found experimentally (27), although the
predicted effect is similar in magnitude to the error bars of
the calculations. It thus seems clear that L27 is not a major
contributor to the overall catalytic effect of ∼1 million.

In the simulations of the mutant ribosome lacking L27,
several additional water molecules enter the space created
by removal of the protein as expected (Figure 4). Further-
more, the simulations generally show an increased mobility
in the PTC when L27 is absent. The U2506 base tilts up
toward G2583 and interacts with this base (Figure 4) in a
manner similar to that of the 50S H. marismortui structure
with sparsomycin in the A-site (6), while A2602 retains the
position it has in the 70S T. thermophilus structure. The
A-site A76 base moves slightly toward the oxyanion, thereby
displacing the ribose backbone of U2584–U2585 toward
G2608, while the C75 base pairing with G2553 is maintained.
The P-site CCA-peptidyl part interacts with the rRNA as in
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the 70S T. thermophilus crystal structure and is apparently
unaffected by the removal of L27. This is also in accord
with experimental data showing that L27 does not affect
P-site tRNA binding (27). One may also note the presence
in Figure 4 of the water molecule interacting with the
negative substrate ester carbonyl oxygen, in simulations both
with and without L27, and this water molecule appears to
be a conserved feature of the reaction observed both in MD
simulations (10, 11, 26) and in crystal structures with
transition state analogues (9).

The ion pair between the L27 N-terminus and the A-site
A76 phosphate ester gives a straightforward explanation for
the reduced binding affinity of aa-tRNA in the A-site when
L27 is removed from the PTC and confirms the prediction
that L27 interacts with and helps in positioning the A-site
aa-tRNA during peptidyl transfer (27). It is also in line with
the observation that C-Pmn is more tightly bound to the PTC
than Pmn (24), since Pmn lacks a negatively charged
phosphate ester and thus cannot make an ion pair with the

L27 N-terminus. The presence of the C75 base in C-Pmn
most likely also contributes to its significantly lower Kd value.
The interaction between the positively charged L27 N-
terminus and the phosphates of A76 and C2452 strongly
suggests that the pKa of the NH3

+ group is at least not shifted
downward from its normal value of 9–10. Hence, in the pH
range of 6–8 where ribosome kinetics has typically been
measured, one would not expect ionization of L27 to show
up in pH-rate profiles. This is consistent with the interpreta-
tion that only the attacking amino group ionization strongly
affects the rate when C-Pmn and CC-Pmn are used as
substrates (24, 25). The lack of pH dependence for full-length
aa-tRNA substrates (23), on the other hand, is most easily
rationalized by a rate-limiting step other than peptidyl transfer
(such as accommodation) which masks the ionization of the
attacking amino group.

Peptidyl Transfer with Puromycin as the A-Site Substrate.
The situation is apparently different with Pmn as the A-site
substrate, in which case a second ionizing group with a pKa

FIGURE 3: Calculated free energy profiles for the uncatalyzed peptidyl transfer reaction in solution and for the T. thermophilus ribosome
reaction with aa-tRNA as the A-site substrate, with and without L27 present (average error bars for the FEP calculations are (1.1 kcal/
mol). R, TI, and P denote reactants, the tetrahedral intermediate, and products, respectively.

FIGURE 4: Comparison of MD structures of the transient tetrahedral intermediate with (yellow carbons) and without (cyan carbons) L27
present. Water molecules in the latter structure are also colored cyan.
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of ∼7.5–8 has been observed in pH-rate profiles both for
E.coliandforMycobacteriumsmegmatis ribosomes(18,24,25).
From our discussion of the interaction between the L27
N-terminus and the A76 phosphate group, it would appear
that if the A-site substrate lacks this phosphate, which is the
case with puromycin, the pKa of L27 could be shifted
downward so that the NH3

+ deprotonation now shows up in
the pH dependence of the reaction. To address this issue,
we carried out simulations of peptidyl transfer with Pmn as
the A-site substrate, both with the L27 N-terminus protonated
and deprotonated and with L27 removed.

For the Pmn reaction with a protonated, positively charged
L27 amino group, the peptidyl transfer free energy barriers
obtained from MD/FEP/EVB simulations are 23.5 kcal/mol
(Figure 5), a value which is significantly higher than in
calculations with aa-tRNA as the A-site substrate. The
corresponding rate would be on the order of only 10-5 s-1,
i.e., the same as for the uncatalyzed reaction in water,
implying essentially no catalytic effect of the ribosome. The
situation, however, changes drastically when the L27 amino
group is deprotonated; the calculated activation free energy
then decreases to 16.1 ( 0.6 kcal/mol (Figure 5), which is
in good agreement with experimental data (18, 24, 25) and
with our simulations of the reaction with aa-tRNA. Further-
more, complete removal of L27 from the system causes an
only minor increase in the activation free energy for the Pmn
reaction to 16.5 ( 1.2 kcal/mol (data not shown) which
appears consistent with the results of Maguire et al. (29).

For the faster rate of peptidyl transfer to Pmn to be
operational in native ribosomes (Figure 5), a downward pKa

shift of L27 is required so that the deprotonated form of the
N-terminus is present at a sufficient concentration during the
reaction. We examined the possibility of such a shift by
carrying out FEP simulations of the process of transforming
the L27 NH3

+ group to an NH2 group in the presence of
both Pmn and aa-tRNA in the A-site, which will yield an
estimate of the corresponding pKa shift. These calculations
indicate that the protonated form of L27 is destabilized by
2.5 kcal/mol when Pmn is bound to the A-site instead of
aa-tRNA, which is equivalent to a pKa shift of approximately
-2. Calculations of absolute pKa values inside biological
macromolecules are still very challenging and often associ-

ated with large errors; however, the estimation of pKa shifts
is generally more reliable (36), and the prediction of a
downward shift is thus expected to be significant.

The simulations of the puromycin reaction thus yield a
picture in which binding of Pmn to the A-site shifts the pKa

of L27 so that the N-terminus now is deprotonated at a lower
pH. With an aa-tRNA substrate, the pKa of L27 could very
well also be shifted upward from its normal value in solution
due to the ionic interaction. We therefore propose that the
L27 amine could be the elusive ionizable ribosomal group
with a measured pKa of ∼7.5–8 in the Pmn reaction. This
effect is then mainly attributed to the lack of the A76
phosphate group in Pmn, which is present in both C-Pmn
and aa-tRNA substrates. Apparently, the phosphate group
of C2452 alone is not sufficient to stabilize the protonated
form of L27, which is also suggested by the fact that the
MD simulations show a weakened interaction in which
C2452 is not able to hold the protonated N-terminus in a
well-defined position. This model would thus also predict
the pH dependence on the additional ribosomal group to
disappear when mutant ribosomes lacking L27 are measured.
Likewise, synthetic A-site substrates carrying C75 or more
but with the A76 phosphate ester replaced with a neutral
linker would be predicted to exhibit impaired A-site substrate
binding.

The adenine base of the Pmn substrate shows an increased
mobility in all MD simulations of the Pmn reaction, which
is not surprising since the lacking A-site C74 and C75 bases
normally would contribute to holding the A-site substrate in
place. However, the structure of the PTC is generally very
similar to the simulations with aa-tRNA in the A-site,
supporting the notion that Pmn is a good model substrate
for the native peptidyl transfer reaction. The simulations also
show that the position and conformation of Pmn are further
stabilized by interactions involving U2506 and U2585, where
the former uracil base can accept a hydrogen bond from the
puromycin-specific NH linker that replaces the normal tRNA
ester bond (Figure 6). A major difference in the Pmn reaction
is, however, that the ionic interaction between the A76
phosphate and L27 is missing. The position of the L27
N-terminus is generally less well-defined in the simulations
with Pmn, particularly for the case with a neutral N-terminus

FIGURE 5: Calculated free energy profiles for the uncatalyzed peptidyl transfer reaction in solution and for the T. thermophilus ribosome
reaction with puromycin (Pmn) as the A-site substrate, with the L27 N-terminus either protonated (L27+) or deprotonated (L27°).
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where it spans a range of conformations. It thus seems
possible that the lack of strong electron density for the L27
N-terminus in the crystal structure with no substrate in the
A-site (4) could be a consequence of the missing interaction
with A76. In view of the weak experimental density for the
N-terminus, it is not meaningful to try to draw conclusions
about its protonation state in the crystals, but one can note
that its shortest interaction distance (2.7 Å) is with the N6
amino group of A2602, which would indicate that the
N-terminus is a hydrogen bond acceptor and hence neutral.
In this context, it also appears logical that mutations of key
nucleotides surrounding the A-site substrate, such as U2506,
U2585, and A2602, can have a more pronounced effect on
the Pmn reaction than with C-Pmn or aa-tRNA as the
substrate (24). That is, the relative importance of these bases
in sequestering the Pmn substrate is likely to be enhanced
when both C75 and the L27 interaction are missing. In
particular, it appears that hydrogen bonding between U2506
and the NH linker of Pmn (Figure 6) could be critical so
that mutation of this nucleotide is likely to significantly
destabilize the bound conformation of Pmn (24).

DISCUSSION

The finding that ribosomal protein L27 extends into the
peptidyl transferase center and makes contact with the tRNA
substrates (4, 27, 29) seems to challenge the view that the
ribosome is a ribozyme. Here, we have addressed the role
of L27 in the peptidyl transfer reaction by computer
simulations that have earlier proven to yield reliable results
for the ribosome, with respect to both energetics and
structure (10, 11). These simulations predict that the catalytic
rate constant for peptidyl transfer is reduced by a factor of
only 10 when L27 is removed from the ribosome. This result
is basically in agreement with the experiments of Zimmer-
mann and co-workers who found that both peptidyl trans-
ferase activity, as measured with puromycin, and bacterial
growth are slowed by a similar factor (27, 29). Furthermore,
our calculations point to the importance of the ionic
interaction between the L27 N-terminus and the A-site A76
phosphate group for stabilizing the bound A-site substrate,
again in agreement with the experimental finding that
ribosomes lacking L27 are deficient in binding A-site, but
not P-site, tRNAs (27). The effect of this interaction may
also contribute to the considerably tighter binding to the PTC
observed for C-Pmn, which has the A76 phosphate, com-

pared to Pmn that lacks it (24). However, the overall catalytic
effect on peptidyl transfer exerted by the ribosome corre-
sponds to a rate enhancement of ∼1 million (12), and this
effect was reproduced both by earlier simulations of the
reaction in the H. marismortui large subunit (10, 11, 20) and
by the present reaction in the T. thermophilus ribosome.
Hence, a factor of at most 10, due to the presence of L27 in
the PTC, must be considered as a minor contribution
compared to the total catalytic effect. In this sense, it does
not seem warranted to question the ribosome’s status as a
ribozyme. An interesting issue is, of course, why bacteria
still invest the cost of synthesizing a protein like L27 if it
does not contribute more to the efficiency of peptidyl transfer.
However, with L27 present, a significant increase in the
bacterial growth rate has been demonstrated, and the protein
also has effects on ribosome assembly and stability, as well
as on peptidyl transfer rates (27).

An interesting question regarding L27 is also whether its
terminal Met residue is post-translationally lost in T. ther-
mophilus, as is the case with many bacterial proteins. The
70S crystal structure was refined with a polyalanine model
of nine residues preceding the first residue (Thr10) with
visible side chain density, since only weak density was
observed for that part (4). While the crystal structure thus
suggests that the Met residue is not lost, it might also be
possible to refine the structure with a backbone model of
only eight residues preceding Thr10 (M. Selmer, personal
communication), in which case the chain would start with
Ala2. In general, the loss of terminal Met residues from
ribosomal proteins varies between different proteins and
species, and while, for example, the human and Rhodopseu-
domonas palustris L27 species appear to retain the methio-
nine (37, 38), it appears to be removed in E. coli (39).
Ribosomal proteins from the T. thermophilus HB8 strain,
used for crystallization of the 70S ribosome, have also been
analyzed by mass spectrometry, but unfortunately, the results
for L27 are somewhat ambiguous with respect to Met loss
(40). In view of the apparent uncertainties regarding the
actual N-terminal sequence that makes contact with the PTC
in T. thermophilus (HB8) ribosomes, we carried out simula-
tions for two different cases. First, we considered the
N-terminal sequence Met-Ala-His (with side chains explicitly
modeled) as indicated by the deposited PDB structure with
a nine-residue backbone preceding Thr10 (4). Second, we
retained a positionally restrained polyalanine chain in the

FIGURE 6: Representative snapshot from MD simulations of the Pmn reaction, with a neutral L27 N-terminus, in the approach toward the
transient tetrahedral intermediate. Key hydrogen bonds involving U2506 and U2585 are indicated.
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simulations, assuming that the first residue is Ala and that
the entire segment preceding Thr10 could possibly be
shortened by one residue by a straighter chain tracing.
Interestingly, no significant difference was found in the
calculated energetics for the aa-tRNA reaction between these
two alternatives. This is consistent with our finding that it is
the N-terminal amino group of L27 that makes the key
interactions. The simulations also show that there is plenty
of space to accommodate a possible methionine side chain
in the first position without any really specific contacts with
the rRNA.

We have also addressed the difference between the
peptidyl transfer reactions with aa-tRNA and puromycin as
A-site substrates. This was mainly motivated by the fact that
Pmn appears to be an ideal model substrate that allows the
bare chemical aminolysis step (peptidyl transfer) to be
experimentally monitored without being masked by slower
processes such as accommodation (23). However, an unex-
plained and curious feature of the Pmn reaction is the
apperance of an additional ionizable group in the pH-rate
profiles. Our prediction is that the Pmn reaction is only
catalyzed by the ribosome, with L27 present in the PTC, if
the L27 N-terminus is deprotonated and that this deproto-
nation may occur in the observed pH interval. This could
thus explain the pH dependence of the Pmn reaction (18, 24).
It would also explain the distinct difference in pH dependence
between Pmn and C-Pmn (24), where the latter substrate
contains the A76 phosphate group and thus does not trigger
deprotonation of L27 (the same goes for aa-tRNA substrates,
of course). Furthermore, complete removal of L27 in the Pmn
reaction is predicted to yield an only minor decrease in the
catalytic rate. Hence, if the conformation in which L27 is
protruding into the PTC is in equilibrium (on a faster time
scale than peptidyl transfer) with a “disordered” conformation
akin to having L27 removed, these two situations would yield
similar rates. Such a model could possibly provide an
explanation for the fact that the slope of the pH-rate profile
with Pmn is around 1.5 rather than 2 (18, 24).
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