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ABSTRACT: The ribosomal peptidyl transferase is a biologically essential catalyst responsible for protein
synthesis. The reaction is expected to proceed through a transition state approaching tetrahedral geometry
with a specific chirality. To establish that stereospecificity, we synthesized two diastereomers of a transition
state inhibitor with mimics for each of the four ligands around the reactive chiral center. Preferential
binding of the inhibitor that mimics a transition state with S chirality establishes the spatial position of
the nascent peptide and the oxyanion and places the amine near the critical A76 2′-OH group on the
P-site tRNA. Another inhibitor series with 2′-NH2 and 2′-SH substitutions at the critical 2′-OH group was
used to test the neutrality of the 2′-OH group as predicted if the hydroxyl functions as a proton shuttle in
the transition state. The lack of significant pH-dependent binding by these inhibitors argues that the 2′-
OH group remains neutral in the transition state. Both of these observations are consistent with a proton
shuttle mechanism for the peptidyl transferase reaction.

The ribosome is the macromolecular machine responsible
for protein synthesis (1). It catalyzes the peptidyl transferase
reaction between two tRNA substrates: the P-site tRNA,
which is linked via an ester bond to the nascent peptide chain,
and the A-site tRNA, which carries the next amino acid in
the polypeptide sequence. Peptide bond formation involves
aminolysis of the P-site ester by nucleophilic attack of the
R-amino group in the A-site. The reaction occurs within the
peptidyl transferase center (PTC)1 of the 50S ribosomal
subunit where it proceeds ∼107-fold faster than the uncata-
lyzed enzyme (2). The 2′-OH group of A76 on the P-site
tRNA, which is vicinal to the O3′-linked ester, contributes
∼106-fold to the reaction, an example of substrate-assisted
catalysis (3). The 2′-OH group of A2451 within the rRNA
also makes a significant contribution to catalysis (4, 5).

Like the uncatalyzed aminolysis reaction, the ribosome-
promoted reaction is predicted to proceed through a chiral
transition state approaching a tetrahedral geometry. Although
neither the ester substrates nor the amide product is chiral,
the transition state approaches sp3 hybridization and has four
different groups originating from the reactive carbon center.
These include the R-amine (from the A-site tRNA), the O3′

leaving group (from the P-site tRNA), the nascent peptide,
and the developing oxyanion. For an uncatalyzed reaction,
the amine attacks either enantiotopic face (re or si) of the
planar ester, resulting in a racemic collection of transition
states (Figure 1a). However, steric features of the ribosomal
active site are expected to position the amine for attack
against one face, resulting in a stereospecific transition state.
Establishing the chirality would define the spatial position
of the oxyanion and the orientation of the amine relative to
the critical 2′-OH group of A76. For the transition state with
S chirality, the amine is near the critical A76 2′-OH group,
whereas it is closer to the universally conserved A2451 in
the R transition state. Thus, the stereospecificity of the
reaction is essential for defining how the ribosome promotes
peptide bond formation and the orientation of the reactive
groups in the transition state.

The chirality of the peptidyl transferase transition state
has been a subject of previous consideration, and arguments
supporting both possibilities have been made (6–11). The
original 50S ribosomal crystal structure predicted a transition
state with R chirality based upon binding to the “Yarus
inhibitor” (12), a molecule that contained the nucleic acid
sequence C-C-2′-deoxy-A (CCdA) as a mimic of the P-site
tRNA, puromycin (Pm) as the A-site tRNA, and an achiral
phosphoramidate linkage between them to mimic the tetra-
hedral carbon. Although the phosphoramidate contains two
equivalent oxygens, the pro-Rp phosphate oxygen was
assigned as the oxyanion because of its proximity to A2451,
which was originally predicted to play a role as the oxyanion
hole (6, 13). Subsequent work demonstrated that the A2451
nucleobase is relatively unimportant to the reaction, which
weakened the validity of this stereochemical assignment
(13–17). Other theoretical and modeling studies also con-
sidered this question. Lim and Spirin (7) predicted a transition
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state with R chirality, while Das et al. (8) reached the
opposite conclusion. Reevaluation of the 50S crystal structure
led Chamberlin et al. (9) and Hansen et al. (10) to predict
that the TS has S chirality. In the later case, this assignment
was based upon a model juxtaposing the substrates in two
separate A-site-bound and P-site-bound structures. To bio-
chemically distinguish between these two mechanistic mod-
els, we designed inhibitors containing a chiral tetrahedral
center and used these to determine the spatial orientation of
key functional groups in the transition state.

It has also been proposed that the critical A76 2′-OH group
on the P-site tRNA serves as a proton shuttle between the
amino nucleophile and the O3′ leaving group (1, 11, 18–23).
The key feature of this model is the fact that the 2′-OH group
remains neutral in the transition state by accepting a proton
from the amine while simultaneously donating its proton to
O3′. A role as a proton shuttle was invoked in part because
the pKa values of the 2′-OH group are expected to be too
high for efficient deprotonation [approximately 12 for
oxyanion formation (24–27)] and that of the conjugated acid
form is too low for deprotonation [<0 for alkyloxonium ion
formation (25)] under physiological conditions. However,
the ribosome might perturb the 2′-OH pKa in the transition
state to facilitate proton transfer. To provide biochemical
evidence of the role of the 2′-OH group as a proton shuttle,
we investigated the ionization state of this group by measur-
ing the binding affinity of a series of peptidyl transferase
inhibitors containing 2′-OH, 2′-NH2, and 2′-SH substitutions
as a function of pH. On the basis of the results that were
obtained, we present new insights into how the ribosome
might catalyze peptide bond formation using a proton shuttle
mechanism insofar as the inhibitors used accurately mimic
the transition state of peptide bond formation.

MATERIALS AND METHODS

Inhibitor Synthesis. A racemic mixture of inhibitors 1a
and 1b was prepared by solid phase chemical synthesis based

upon the method described previously (28, 29). The polymer-
bound hydroxypuromycin (hPm) was coupled with 5′-DMTr-
adenosine-3′-(carbomethoxy-1,1-dimethyl-2-cyanoethyl)phos-
phinoamidite (MetaSense Technologies, LLC) followed by
sulfurization with 3H-1,2-benzodithiole-3-one-1,1-dioxide
(Glen Research) to produce a racemic mixture of the
phosphonocarboxylate dinucleotide on a solid support. Two
rounds of C phosphoramidite coupling, acid deprotection,
and cleavage from the solid support afforded a racemic
mixture of the inhibitors. The two diastereomers were then
separated by HPLC using a C18 reversed phase Zorbax
column (Hewlett-Packard) and a 50 mM triethylammonium
acetate (TEAA, pH 7.0)/acetonitrile gradient. The identity
of the compounds was confirmed by mass spectrometry, and
the absolute stereochemistry was established by X-ray
crystallography. See the Supporting Information for detailed
information.

A racemic mixture of inhibitors 2a and 2b was prepared
in similar fashion using 5′-DMTr-N-PAC-adenosine phos-
phoramidite (Glen Research) in place of the carbomethoxy-
derivatized phosphinoamidite. The two diastereomers were
also separated by HPLC as described above.

Inhibitors 3a, 3b, and 3c containing 2′-OH, 2′-NH2, and
2′-SH substitutions, respectively, were prepared by solid
phase chemical synthesis as previously described (28, 30)
except adenosine synthons containing appropriately protected
2′-NH2 or 2′-SH groups were used in the initial coupling to
hydroxypuromycin. Inhibitor 3b was prepared by coupling
the 4-N-benzoyl-5′-O-(BzH)-2′-deoxy-2′-(tritylamino)adenosin-
3′-yl �-cyanoethyl N,N-diisopropylphosphoramidite, while
3c was prepared by coupling the 4-N-benzoyl-5′-O-(dimethox-
ytrityl)-2′-deoxy-2′-(tritylthio)adenosin-3′-yl �-cyanoethyl N,N-
diisopropylphosphoramidite. After removal from the solid
support, the 2′-trityl protecting group was removed using
published procedures (31).

Measurement of Inhibitor Binding Affinities. The binding
affinities of inhibitors 1a,b and 2a,b for the peptidyl

FIGURE 1: Two distinct stereoselective pathways for the peptidyl transferase reaction. (a) Nucleophilic attack by the R-amino group of the
aminoacyl tRNA on the re face of the peptidyl tRNA proceeds to an intermediate with S chirality, while attack on the si face yields R
chirality. For purposes of stereochemical assignment, O3′ was given priority over the carbonyl oxygen in the sp3-hybridized intermediate
shown here. (b) Transition state analogues of the peptidyl transferase reaction that include C74, C75, and A76 of the A-site and P-site
tRNAs, a phenylalanine as the A-site amino acid, a chiral phosphoramidate linkage between the A-site and P-site fragments, and a methyl
carboxylate that mimics the nascent peptide.
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transferase center were determined by chemical footprinting
of residue U2585 with 1-cyclohexyl-3-(2-morpholinoethyl)-
carbodiimide metho-p-toluenesulfonate (CMCT) (28, 32–34).
The extent of CMCT modification as a function of analogue
concentration was determined by reverse transcription, and
the resulting data were used to calculate the dissociation
constants (Kd) using the equation I ) Isat + (I0 - Isat)/(1 +
[inhibitor]/Kd), where I is the band intensity of the modified
residue, Isat is the band intensity of the modified residue when
inhibitor is saturating, and I0 is the band intensity of the
modified residue in the absence of inhibitor. All band
intensities were normalized relative to CMCT-dependent
bands for gel loading and for extent of CMCT reactivity with
the 50S rRNA. To test for thiophilic metal-dependent binding
to the PTC, 1 mM Mn2+, 100 µM Zn2+, or 100 µM Cd2+

was added to the ribosomes prior to addition of inhibitors
2a and 2b.

Binding affinities of inhibitors 3a-c were measured as a
function of pH by chemical footprinting using dimethyl
sulfate (DMS) modification at A2602 followed by primer
extension (13, 33, 34). Modification at A2602 was monitored
as a function of pH by reverse transcription, and the binding
constants of the inhibitors were determined as described
above. A single three-buffer system (EPPS/MOPS/MES) was
used to reach the pHs across this range. Methanol (33%)
was added to increase the binding affinity of inhibitor 3c
within a range that could be measured by this assay. See the
Supporting Information for detailed information.

RESULTS

This study evaluates several features of the peptidyl
transferase transition state using the relative binding affinity
of various TS analogues. The expectation is that the analogue
that most closely mimics the TS will have the highest binding
affinity.

To define the chirality of the PT reaction, we synthesized
an expanded version of the Yarus inhibitor (32) containing
a phosphoramidate linkage between the two tRNA segments
(1, Figure 1b). Unlike the Yarus inhibitor, which was achiral
at the tetrahedral center, inhibitor 1 has both an R and an S
diastereomer. In this molecule, CCdA represents the P-site
tRNA, CChPm is the aminoacyl tRNA in the A-site (hPm-
hydroxypuromycin), the sulfur is designed to mimic the
ionized oxyanion, and the methylcarboxylate is a short
representation of the nascent peptide. Steric and electrostatic
features within the chiral peptidyl transferase center should
result in preferential binding of one inhibitor over the other.
Thus, the diastereomer with the highest binding affinity for
the ribosome is the one that most closely matches the
transition state. Because the atomic priority is reversed for
a sulfur-containing mimic relative to the natural oxygen-
containing TS, the stereochemical assignment of 1a and 1b
is correspondingly reversed. As a result, and to avoid
confusion, we made the stereochemical assignment on the
basis of the atomic priority of the ligands in the proposed
intermediates (Figure 1a).

The relative binding affinities of the two diastereomers
were measured in parallel by CMCT modification at U2585
within the 23S rRNA (Figure 2). The inhibitor that mimics
the transition state with an S chirality bound with an affinity
of 77 ( 15 nM, while the other diastereomer bound 20-fold

weaker with an affinity of 1500 ( 350 nM. Even though
the peptide mimic in this inhibitor molecule was relatively
small, the ∼1.8 kcal/mol difference in affinity demonstrates
that the ribosome has a clear stereospecificity for an S
transition state. This quantitative characterization of inhibitor
affinities agrees with qualitative observations made in a
previous crystallographic study involving a racemic mixture
of these two inhibitors. In that case, the racemic mixtures
were soaked into the ribosomal crystals, but in the resulting
Fo - Fc electron density map, only density for the inhibitor
that mimics the transition state with an S chirality appeared
in the PTC (11). Thus, a transition state with S chirality
places the oxyanion away from the A2451 N3 atom, as
proposed in the original 50S structure (35), and oriented
toward a small cavity between the A-site and P-site tRNAs
(11).

To test the possibility that a metal ion might bind to this
cavity and stabilize the oxyanion, we used a second diaster-
eomeric pair of inhibitors (2a and 2b, Figure 1b) containing
a sulfur and an oxygen to mimic the oxyanion and the nascent
peptide, respectively. If there is a metal-oxyanion interac-
tion, then the sulfur substitution would be expected to
negatively affect the affinity of the inhibitor (36). We
observed that both diastereomers bound with equal affinity
(220 ( 20 and 250 ( 70 nm, respectively). Equivalent
binding affinities between diastereomers 2a and 2b argue
that differential binding by inhibitors 1a and 1b results
primarily from a preferred orientation for the methyl car-
boxylate mimic of the nascent peptide. The ribosome shows
no preference for an oxygen or a sulfur in the position of
the oxyanion. To explore this further, we next tested if
addition of thiophilic metal ions would selectively increase
the affinity of either inhibitor for the active site. Binding
constants of both inhibitors were measured in the presence
of three different thiophilic metal ions (Mn2+, Cd2+, and
Zn2+). In each case, there was no appreciable change in the
affinity of either inhibitor (data not shown). The indistin-
guishable difference between oxygen or sulfur as the
oxyanion mimic and the absence of a metal specificity switch
are consistent with the crystallographic observation that the
“oxyanion hole” is occupied by a water molecule (11).

A transition state with S chirality places the nucleophilic
R-amine within hydrogen bonding distance of the critical
A76 2′-OH group on the P-site tRNA (37). To explore

FIGURE 2: Relative affinities of chiral inhibitors 1a and 1b. Affinities
were measured by CMCT footprinting at U2585 in domain V of
the peptidyl transferase center. The fraction of inhibitor bound as
a function of inhibitor concentration (log scale) was used to
determine the relative dissociation constants (Kd) of the two
inhibitors.
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ionization of the 2′-OH group, we prepared inhibitors with
2′-OH, 2′-NH2, and 2′-SH substitutions (3a-c, respectively,
Figure 1b) at the P-site A76 position and measured their
binding affinity for the ribosome by dimethyl sulfate (DMS)
modification at A2602 in the 23S rRNA. Unlike CMCT,
which is unreactive below pH 7, the extent of DMS
modification is largely pH-independent from pH 5.5 to 8.5
(see the Supporting Information for detailed information).
The pKa for protonation of the amine is expected to be
approximately 6 (38, 39), while the pKa for deprotonation
of the sulfhydryl is approximately 7 (40, 41). Selective
binding of either inhibitor as a function of pH (the NH3

+

forms at low pH or the S- forms at high pH) would provide
evidence that the ribosome stabilizes an ionized form of the
A76 2′-OH group.

We first determined the pH dependence for binding by
the 2′-OH inhibitor (3a) as a benchmark for comparison. At
pH 7.5 and 8.5, the inhibitor bound with an affinity of 110

( 10 nM (Figure 3). The affinity decreased, but only slightly
(3-fold), at low pH (5.8), a result generally consistent with
the pH independence of Yarus inhibitor binding reported
previously (13). If the ribosome stabilizes the protonated
form of the hydroxyl in the transition state, then the 2′-NH2

inhibitor (3b) should bind tighter at acidic pH, where the
elevated pKa of the amine would significantly populate the
ammonium form. Instead, we found that the binding profile
was equivalent to that of the 2′-OH inhibitor. The affinity
was slightly weaker (4-fold) at pH 6 than at pH 7.
Deprotonation of the hydroxyl group was also explored using
the 2′-SH-substituted inhibitor (3c). If the ribosome stabilizes
a 2′-oxyanion in the transition state, then the 2′-SH inhibitor
should bind tighter in its deprotonated form at higher pH.
The overall affinity of 3c was substantially lower than that
of 3a and 3b. To measure the affinity, it was necessary to
add methanol to the reaction mixture. Experiments on the
2′-OH inhibitor showed that methanol does not affect the
pH dependence of the binding affinity (data not shown).
Thus, while the absolute affinities of the three inhibitors
cannot be directly compared, the relative changes in affinity
as a function of pH are relevant. Inhibitor 3c exhibited the
same modest 3-fold increase in affinity between pH 5.5 and
8.5 that was observed for 3a and 3b. The lack of a substantial
change in affinity for any of the inhibitors as a function of
pH argues that the ribosome does not preferentially bind a
transition state analogue with either a positively charged or
a negatively charged group at the 2′-OH position. Because
preferential binding would be an indication of the substantial
energy needed to perturb the 2′-OH pKa for ionization, these
data argue that the 2′-OH group remains neutral in the
transition state.

DISCUSSION

The mechanism of peptide bond formation remains an area
of active investigation. Our results provide valuable spatial
and chemical information needed to understand how the
ribosome catalyzes this essential biological reaction. A
transition state with S chirality establishes the orientation of
the nucleophilic amine, the nascent peptide, and the oxyanion
within the active site. This stereospecificity means the nascent
peptide is near A2451, the developing oxyanion points into
a cleft formed between the ends of the A-site and P-site
tRNAs, and the R-amino group is near the 2′-OH group of
A76. In this orientation, the critical 2′-OH group is located

FIGURE 3: pH dependence of the binding affinities of the 2′-OH,
-NH2, and -SH inhibitors (3a-c, respectively) as measured by the
extent of DMS modification at A2602.

FIGURE 4: Possible mechanisms of peptide bond formation catalyzed by the ribosome that employ the O2′ atom of peptidyl tRNA A76 as
a proton shuttle. (a) View of A76 O2′ in relation to other functional groups in the ground state crystal structure (created from Protein Data
Bank entry 1VQN). The water molecule is represented by the dark sphere. (b) Enforced concerted mechanism involving partial proton
transfer onto O3′. (c) Stepwise mechanism involving partial proton transfer onto the carbonyl oxygen. (d) Partial proton transfer to a
ribosomal group (represented by X) such as an ordered water molecule or O2′ of A2451. In all cases, the nitrogen and O2′ atoms are
neutral in the transition state. Concerted bond making and bond breaking are shown by dashed bonds, while the stereochemistry is depicted
by wedged and hashed wedged bonds. R1 ) aminoacyl tRNA. R2 ) peptidyl tRNA. Pep ) nascent peptide.
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between the nucleophile, the carbonyl oxygen, and the O3′
leaving group of the transition state reaction (Figure 4a).

These results are complemented by the recent determina-
tion of the Brønsted coefficient of the nucleophile (�nuc) for
both the modified 50S fragment reaction and the 70S
initiation complex reaction. In both cases, �nuc was close to
zero (42, 43). �nuc measures the change in charge on the
R-amine between the ground state and the transition state.
A value near zero demonstrates that the amine remains
neutral in the transition state, while a value close to one
would have indicated that it is positively charged. These
results were interpreted to mean that the extent of N-C bond
formation is commensurate with the degree of amine
deprotonation in the transition state. With the exception of
a very early transition state in which there is no N-C bond
formation, a mechanism inconsistent with the tight and
stereoselective binding affinity of these inhibitors, a �nuc of
0 argues that the amine is partially deprotonated in the
transition state. The A76 2′-OH group on the P-site tRNA
is in the right position and is sufficiently catalytically
important to play this role; however, the binding affinity data
of the 2′-substituted inhibitors indicate that the hydroxyl
remains neutral. Furthermore, analysis of the 70S ribosome
reaction with full-sized tRNAs demonstrated that the reaction
is not pH-dependent and is unlikely to involve the action of
a general base (44). Thus, if the 2′-OH group partially
deprotonates the amine as the N-C bond forms, it must
simultaneously donate its proton a commensurate degree to
another group in the active site to remain neutral. This is
the hallmark prediction of the proton shuttle mechanism
(18, 22, 23, 37, 45–49) for peptidyl transfer, though it differs
in a key detail from that of Schmeing et al., in that the
R-amino group also remains uncharged in the transition state.

The recipient of the proton shuttled through the 2′-OH
group has not been established by any of the experiments
reported to date, but three possibilities are apparent. The first
is partial protonation of O3′, which would activate the leaving
group (Figure 4b). This could occur either prior to or
simultaneous with C-O3′ bond breakage, resulting in an
enforced-concerted (50) or a fully concerted reaction
mechanism (18), respectively. The second possibility, which
is based upon geometric considerations and molecular
dynamics simulations (49), is partial proton transfer to the
carbonyl oxygen (Figure 4c). O2′ is positioned within
hydrogen bonding distance of the carbonyl oxygen (3.36 Å)
in the ground state structure of the A-site- and P-site-bound
substrates (37). Protonation of the carbonyl oxygen would
neutralize the negative charge developing on the oxyanion,
resulting in a neutral intermediate. Minimal charge develop-
ment on the carbonyl oxygen would explain how a water
molecule could be sufficient to occupy the oxyanion hole.
As the intermediate is resolved into products, the proton
could then be transferred to the O3′ leaving group. The third
possibility is partial proton transfer to a functional group
within the ribosome. Two candidates are a water molecule
that forms hydrogen bonds to both O2′ and O3′ of A76, or
O2′ of A2451, which is also within hydrogen bonding
distance of A76 O2′ (2.98 Å) and has been shown to be
important for peptide bond formation (Figure 4a,d) (4, 5, 37).

In summary, these data define the transition state chirality
and charge state of the P-site A76 2′-OH group within the
peptidyl transferase center. The binding affinity data of the

transition state inhibitors demonstrate that the reaction
proceeds via a transition state with S chirality, no divalent
metal ions appear to stabilize the developing oxyanion, and
the vicinal 2′-OH group remains neutral. Although these
findings cannot fully distinguish between alternative proton
shuttle mechanisms, they establish important criteria that
must be met in mechanistic considerations of this reaction.
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