ASBMB

The Journal of Biological Chemistry

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 47, pp. 32229-32235, November 21, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Modulation of the Rate of Peptidyl Transfer on the Ribosome

by the Nature of Substrates™

Received for publication, July 11,2008, and in revised form, September 2, 2008 Published, JBC Papers in Press, September 22, 2008, DOI 10.1074/jbc.M805316200

Ingo Wohlgemuth®, Sibylle Brenner*', Malte Beringer*?, and Marina V. Rodnina*’

From the ¥Institute of Physical Biochemistry, University of Witten/Herdecke, Stockumer Strasse 10, D-58448 Witten, Germany
and the SDepartment of Physical Biochemistry, Max Planck Institute for Biophysical Chemistry, Am Fassberg 11,

D-37077 Géttingen, Germany

The ribosome catalyzes peptide bond formation between pep-
tidyl-tRNA in the P site and aminoacyl-tRNA in the A site. Here,
we show that the nature of the C-terminal amino acid residue in
the P-site peptidyl-tRNA strongly affects the rate of peptidyl
transfer. Depending on the C-terminal amino acid of the pepti-
dyl-tRNA, the rate of reaction with the small A-site substrate
puromycin varied between 100 and 0.14 s~ %, regardless of the
tRNA identity. The reactivity decreased in the order Lys =
Arg > Ala > Ser > Phe = Val > Asp >> Pro, with Pro being by
far the slowest. However, when Phe-tRNAT"® was used as
A-site substrate, the rate of peptide bond formation with any
peptidyl-tRNA was ~7 s~ %, which corresponds to the rate of
binding of Phe-tRNAP" to the A site (accommodation).
Because accommodation is rate-limiting for peptide bond
formation, the reaction rate is uniform for all peptidyl-
tRNAs, regardless of the variations of the intrinsic chemical
reactivities. On the other hand, the 50-fold increase in the
reaction rate for peptidyl-tRNA ending with Pro suggests that
full-length aminoacyl-tRNA in the A site greatly accelerates
peptide bond formation.

The enzymatic activity of the ribosome is to catalyze peptide
bond formation. During the peptidyl transfer reaction, the a-
amino group of aminoacyl-tRNA bound to the A site of the
ribosome attacks the ester bond of peptidyl-tRNA in the P site,
which results in peptidyl-tRNA extended by one amino acid
in the A site and deacylated tRNA in the P site. The tRNA
substrates are aligned in the active center of the ribosome by
interactions of their CCA ends with 23 S rRNA bases (1-3).
The ribosome lowers the activation entropy of the reaction
(4, 5) by orienting the reacting groups precisely relative to
each other (2, 3), providing an electrostatic environment
that reduces the free energy of forming the transition state,
shielding the reaction against bulk water (6, 7), or a combi-
nation of these effects (8).
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The peptidyl transfer reaction is modulated by conforma-
tional changes at the active site (3, 8 —10) as well as by the nature
of the substrates. Rapid peptide bond formation requires full-
length tRNA in both A and P sites, and the reaction rate is
influenced by the length of the tRNA fragments when model
substrates are used (8, 10—14). The reaction rate is also influ-
enced by the nature of the amino acid side chain of the A-site
substrate (13, 15-17), but is independent of the nucleophilicity
of the attacking amino group in model substrates (18). More-
over, the length of the peptidyl chain and the nature of the
C-terminal amino acid of the peptidyl-tRNA in the P site seem
to have an effect (10, 12, 13, 19). Early studies with 50 S riboso-
mal subunits indicated that efficient peptidyl transfer was
observed with 3’-terminal RNase T1 fragments of N-acetyl-
Arg-tRNA*™¢ and fMet-tRNA™®" as model P-site substrates
and an analog of aminoacyl-tRNA, puromycin (Pmn*; O-meth-
yltyrosine linked to N°-dimethyladenosine via an amide bond),
as A-site substrate (20). In contrast, no Pmn reaction was
observed with the N-acetyl-Asp-tRNA”P fragment (20).
Recently, the importance of the C-terminal amino acid of pep-
tidyl-tRNA was demonstrated for erythromycin-dependent
ribosome stalling in synthesis of ErmC protein (21). Peptidyl-
tRNA with a C-terminal Pro residue was reported to be excep-
tionally slow in peptidyl transfer to Pmn on the ribosome (22,
23). Furthermore, the C-terminal Pro is essential for the tryp-
tophan-induced ribosome stalling at the end of the tnaC open
reading frame (24) or peptide tagging by SsrA (25). However,
the effect of different amino acids at the C-terminal position in
peptidyl-tRNA on the reaction with aminoacyl-tRNA as A-site
substrate has not been studied. Here, we systematically quanti-
fied the effect of various C-terminal amino acids in peptidyl-
tRNA on the kinetics of peptide bond formation using both
Pmn and full-length aminoacyl-tRNA as A-site substrates. Rate
constants were measured using the quench-flow technique,
and the effects of the amino acid residues and the tRNA identity
were distinguished using ribozyme-misacylated tRNAs.

EXPERIMENTAL PROCEDURES

Biochemical Methods—Experiments were carried out in
buffer A (20 mm BisTris, 50 mm Tris-HCI (pH 7.5), 70 mMm
NH,CI, 30 mm KCl, and 7 mm MgCl,) at 37 °C. Ribosomes from

“The abbreviations used are: Pmn, puromycin (O-methyltyrosine-linked
to N®-dimethyladenosine via an amide bond); BisTris, 2-[bis(2-hydroxy-
ethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; EF, elongation fac-
tor; CME, cyanomethyl ester; EPPS, 4-(2-hydroxyethyl)-1-pipera-
zinepropanesulfonic acid; HPLC, high pressure liquid chromatography.
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Escherichia coli MRE600, initiation factors, EF-Tu, EF-G,
PH]fMet-tRNA™¢t, and [**C]Phe-tRNA"" were prepared as
described (12, 26, 27). The mRNAs used were 122-nucleotide-
long derivatives of m022 mRNA (28) with the coding sequence
5'-AUG-NNN-UUC-3’, where NNN = GCA, CGC, GAU,
AAA,UUU, CCG, UCU, or GUG, coding for Ala, Arg, Asp, Lys,
Phe, Pro, Ser, or Val, respectively. Initiation complexes were
prepared by incubating 70 S ribosomes (1 um) with a 3-fold
excess of mRNA; 1.5 uM initiation factors 1, 2, and 3; 1.5 um
PH]fMet-tRNA™® and 1 mm GTP in buffer A for 30 min at
37 °C. Initiation complexes were purified by centrifugation
through 400-ul sucrose cushions (1.1 M sucrose in buffer A) at
260,000 X g for 2 h (RC M120 GX ultracentrifuge, Sorvall).
Pellets were dissolved in buffer A to a final concentration of 5
uM, shock-frozen in liquid nitrogen, and stored at —80 °C.
Total tRNA from E. coli was aminoacylated with '*C-labeled
amino acids as described (29). To prepare EF-Tu-GTP-
aminoacyl-tRNA ternary complexes, EF-Tu (1 uMm) was incu-
bated with pyruvate kinase (0.1 mg/ml), phosphoenolpyruvate
(3 mm), and GTP (1 mm) in buffer A for 15 min at 37 °C and
added to aminoacyl-tRNA in 2-fold excess. Pre-translocation
complexes were formed by mixing equal amounts of initiation
complexes and ternary complexes. Translocation was initiated
by addition of EF-G (0.05 um) and GTP (0.5 mm) for 20 s at
37 °C. The resulting post-translocation complexes with pepti-
dyl-tRNA in the P site were purified by gel filtration on
Sephacryl S-300 (Amersham Biosciences) in buffer A at 4 °C.
Fractions containing ribosome complexes were identified by
1C radioactivity and absorbance at 260 nm, frozen in liquid
nitrogen, and stored at —80 °C. Ribosome occupancy with pep-
tidyl-tRNA was ~70% as estimated from the ratio of *H and '*C
radioactivity to the ribosome concentration measured by
absorbance.

Preparation of Phe-tRNA*"¢ and Phe-tRNA™*—t-Butoxycar-
bonyl-Phe-cyanomethyl ester (CME) was synthesized and
deprotected as described (30, 31). Purified tRNAA', tRNADYS,
and tRNAP"® were aminoacylated by the RNA enzyme Flex-
izyme (Fx3) using Phe-CME as substrate (32). Fx3 selectively
charges the 3'-end of tRNAs; in the absence of Fx3, Phe-CME
did not react with tRNA (33). tRNA and Fx3 were dissolved in
50 mm EPPS (pH 7.5) and 12.5 mm KCI, and RNAs were
refolded by heating for 3 min at 95 °C followed by cooling to
25 °C within 3 min. After adding MgCl, (500 mm), tRNA (1 um)
was mixed with Fx3 (2 um), and the reaction was started by
addition of Phe-CME (10 mm) in Me,SO (final concentration of
20% (v/v)). After incubation for 2 h on ice, the reaction was
stopped by ethanol precipitation. After two ethanol precipita-
tions, the resulting aminoacyl-tRNA was used to prepare ter-
nary complexes with EF-Tu-GTP.

Rapid Kinetics—Measurements were performed in buffer A,
except for the experiment shown in Fig. 2C, which was carried
out in polymix buffer (5 mm potassium phosphate (pH 7.5), 0.5
mM CaCl,, 1 mm dithioerythritol, 95 mm KCI, 5 mm magnesium
acetate, 5 mm NH,Cl, 8 mM putrescine, and 1 mm spermidine)
(34). Time courses of peptide bond formation were measured at
37 °Cin a quench-flow apparatus (KIN-TEK Laboratories, Inc.)
upon mixing equal volumes (14 ul) each of post-translocation
complex (0.4 um) and Pmn or EF-Tu-GTP-Phe-tRNA"", Reac-
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FIGURE 1. Pmn reaction with different peptidyl-tRNAs. A, experimental
approach. Ribosome complexes with dipeptidyl-tRNA (fMetX-tRNA*) in the P
site were rapidly mixed with Pmn in the quench-flow apparatus. After the
desired incubation time, the reaction was quenched, and the tripeptide
fMetX-Pmn was analyzed by HPLC. B, normalized time courses of the reaction
between Pmn (20 mm) and Ala (H), Arg (@), Asp (), Lys (A), Phe (O), Pro (A),
Ser (<), and Val ((CJ) as amino acid X in fMetX-tRNA*. Apparent rate constants
(kapp) Were obtained by single-exponential fitting (continuous lines). C, con-
centration dependence of k,, with different fMetX-tRNAs*. Amino acids X
are as defined in B. Concentration dependences were fitted to a two-step
model with a rapid binding step followed by irreversible peptide bond for-
mation, yielding rate constants of peptide bond formation (k,.,) and the
apparent affinity for Pmn (K ).

pep

tions were quenched with KOH (0.5 m); peptides were released
by alkaline hydrolysis for 45 min at 37 °C, analyzed by reversed-
phase HPLC (LiChrospher 100 RP-8, Merck), and quantified by
double-label radioactivity counting.

RESULTS

Rate Constants of Pmn Reaction with Different Peptidyl-
tRNAs—The reactivity of different peptidyl-tRNAs was first
studied with Pmn as A-site substrate. Compared with full-
length aminoacyl-tRNA, the reaction with Pmn is slower and
more sensitive to pH-dependent changes of the ribosome than
that with the native substrate (35). However, at high concentra-
tions, Pmn can be used to monitor the rate of the chemistry step
(12). An alternative model substrate that includes the terminal
CA of aminoacyl-tRNA (C-Pmn, puromycin attached to a cyt-
idine residue representing the universally conserved C” of
aminoacyl-tRNA) has the same (low) affinity for the A site as
Pmn (10) and could not be supplied in saturating concentra-
tions required to determine rate constants. At low concentra-
tions, binding of C-Pmn to the A site appeared to be rate-lim-
iting (data not shown), precluding its use at an affordable
concentration. The reaction rate with the longer model sub-
strate CC-Pmn (puromycin derivative corresponding to the
complete aminoacylated CCA terminus linked to O-methylty-
rosine) or the full-length substrate aminoacyl-tRNA on the 70 S
ribosome is partially or completely limited by accommodation
in the A site (10, 35, 36), which makes it difficult to interpret the
results for the following peptidyl transfer reaction.

Post-translocation complexes were prepared with P site-
bound dipeptidyl-tRNA of the type fMetX-tRNA*, where X was
Ala, Arg, Asp, Lys, Phe, Pro, Ser, or Val (see “Experimental
Procedures”) (Fig. 1A). The complexes were mixed with excess
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TABLE 1

Peptidyl transfer rate constants (k) and apparent affinities of Pmn

pep

Substrate Specificity of Peptidyl Transfer

binding (K ,,)

P-site substrate Kpep Ky,

st mm
fMet-Ala-tRNAA®? 57 * 4 35+ 4
fMet-Arg-tRNA™'® 90 + 7 6+1
fMet-Asp-tRNAAP 8+1 222
fMet-Lys-tRNA"Y 100 = 7 14 =3
fMet-Phe-tRNA® 16 £1 4=*1
fMet-Pro-tRNA"™ 0.14 = 0.02 12 £ 4
fMet-Ser-tRNAS 4.+ 2 303
fMet-Val-tRNAV! 16 £1 6=*1

Pmn in a quench-flow apparatus, and the time courses of
fMetX-Pmn formation were measured at increasing Pmn con-
centrations (Fig. 1, Band C). The rate constants of peptide bond
formation (k,,) were determined at Pmn saturation (Fig. 1C).
The rate constants of the Pmn reaction with fMetX-tRNA®
decreased in the order X = (Lys, Arg) > Ala > Ser > (Phe,
Val) > Asp >> Pro from 100 s~ " (Lys) to 0.14 s~ " (Pro) (Table
1). The apparent affinities (Ki;) of Pmn binding to complexes
with different peptidyl-tRNAs varied within the range of 4-35
mM (Table 1).

A characteristic feature of the Pmn reaction with fMet-
Phe-tRNA"" is its pH dependence (12), which reveals two
ionizing groups, the a-amino group of Pmn and a ribosomal
group contributing to the rate observed at a given pH. To test
whether the increased k., observed with the positively
charged C-terminal amino acids Lys and Arg may be related
to an altered pH/rate profile, we measured the pH depend-
ence of the reaction with fMet-Arg-tRNA*"8 (Fig. 24). Meas-
urements in the pH range from 6.5 to 8.5 indicated that
fMet-Arg-tRNA*"¢ and fMet-Phe-tRNA""® exhibit a similar
pH dependence. Assuming a pK, for Pmn of 6.9 (12), the pK,
for the putative ribosomal ionizing group was ~7.4 for both
peptidyl-tRNAs, and the rate difference between the two P-site
substrates remained constant over the pH range studied. Thus,
the higher reactivity of fMet-Arg-tRNA*"® compared with
fMet-Phe-tRNA is not due to an altered pH dependence of
the reaction, but rather reflects an intrinsically higher activity of
fMet-Arg-tRNA”"8 on the ribosome.

The ribosome accelerates the reaction between Pmn and
fMet-Phe-tRNA""® by 10”-fold compared with the uncatalyzed
peptidyl transfer reaction in solution (4, 5). The acceleration is
achieved by lowering the activation entropy. The temperature/
rate profiles measured with fMet-Arg-tRNA“"8 and fMet-Phe-
tRNA""¢ indicated that the reaction enthalpies were very simi-
lar and that the differences in peptidyl transfer rates originated
from differences in the activation entropies (Fig. 2B). This
observation supports the conclusion that peptide bond forma-
tion by the ribosome is an entropy-driven process (4). Further-
more, the difference in the rate constants of peptide bond for-
mation for fMet-Arg-tRNA*" and fMet-Phe-tRNA""® appears
to be almost independent of temperature, as indicated by the
parallel lines in the Arrhenius plot, suggesting that the differ-
ences are observed at any temperature in the physiological
range.

The observed rate of dipeptide formation when initiation
complexes and ternary complexes are mixed appears to depend
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FIGURE 2. Characteristics of the Pmn reaction. A, comparison of the pH
dependences of the Pmn reaction with fMet-Arg-tRNA”"® (@) and fMet-Phe-
tRNAP" (O) (12). Continuous lines represent fits assuming two ionizing
groups. B, Arrhenius plot of the second-order rates of fMet-Arg-Pmn (@) and
fMet-Phe-Pmn (O) formation. Activation parameters (25 °C, in kcal/mol) of the
Pmn reaction were AG* = 12.6 + 1.8, AH* = 17.7 = 1.4,and TAS* = 5.1 + 0.8
with fMet-Arg-tRNA*"® and AG* = 13.9 = 1.4, AH* = 16.0 = 0.4, and TAS* =
2 = 0.2 with fMet-Phe-tRNAP"® (4). C, rates of Pmn (20 mm) reaction in buffer A
(TBAKM,) and polymix buffer.

on the buffer conditions, as an ~10-fold higher rate has been
reported for polymix buffer (37) compared with buffer A used
in this work. However, the rate of the Pmn reaction was com-
parable in polymix buffer and buffer A, and the large difference
between the Pmn reaction rates with fMet-Lys-tRNA™* and
fMet-Asp-tRNA“*P was observed in both buffers (Fig. 2C), sug-
gesting that the rate differences observed for various peptidyl-
tRNAs are robust and are not limited to particular buffer
conditions.

Amino Acid Versus tRNA Identity—In addition to the amino
acid, the tRNA molecule plays an important role during various
steps of elongation, e.g. in determining the rate of decoding (38,
39). In the above experiments, peptidyl-tRNAs differed not
only in the C-terminal amino acid, but in the nature of the
tRNA as well. Therefore, it was important to test whether the
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FIGURE 3. Pmn reaction with misaminoacylated tRNA. A, schematic of the
misaminoacylation procedure utilizing ribozyme Fx3 (32) and the activated
aminoacyl ester Phe-CME. B, rates of Pmn (20 mm) reaction with fMet-Phe-
tRNA*, where X = Phe, Lys, or Arg. White bars show the rates for aminoacyl-
tRNAs that were aminoacylated by aminoacyl-tRNA synthetases. Black bars
show the rates for aminoacyl-tRNAs that were charged by Fx3.

Lys

effects on the rate of Pmn reaction described above were due to
the C-terminal amino acid or the tRNA identity. We addressed
this question by studying the reaction with different tRNAs
(tRNAP"e, tRNA™*, and tRNA*'8) that were charged with the
same amino acid, Phe (see “Experimental Procedures”) (Fig.
3A). The resulting Phe-tRNAs were used to prepare post-
translocation ribosomes with fMet-Phe-tRNA""¢, fMet-Phe-
tRNAA"E, or fMet-Phe-tRNA™* in the P site. Aminoacylation
by the ribozyme produced functionally unaltered aminoacyl-
tRNA because the rate of Pmn reaction was identical on
ribosomes with peptidyl-tRNA containing Phe-tRNAP"®
aminoacylated by Phe-tRNA synthetase or by the ribozyme
(Fig. 3B). Replacing the C-terminal amino acid in fMet-Arg-
tRNA'€ or fMet-Lys-tRNA™* by Phe resulted in a decrease
in the Pmn reaction rate to the value measured for fMet-Phe-
tRNAP" (Fig. 3B). These results indicate that the differences
in the rates of the Pmn reaction with various peptidyl-tRNAs
are due to the nature of the C-terminal amino acid rather
than the tRNA identity.

Reaction between Native Substrates—The rates of the pepti-
dyl transfer reaction were also measured between P site-bound
fMetX-tRNAX and Phe-tRNA""® as A-site substrate. Strikingly,

very similar time courses (k,,, = 7 s~ ') were obtained with
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FIGURE 4. Reaction between fMetX-tRNA*X and Phe-tRNAP"e, A, formation
of fMet-Phe-Phe (O) and fMet-Pro-Phe (A). Ternary complex EF-Tu-GTP-Phe-
tRNAPe (1.2 M) was added in 3-fold excess over the post-translocation com-
plex. B, comparison of k,,, values for different P-site substrates.

peptidyl-tRNAs containing X = Phe or Pro (Fig. 44), for which
the rates of the Pmn reaction differed by >100-fold, suggesting
alarge acceleration of the peptidyl transfer reaction from fMet-
Pro-tRNA to the natural A-site substrate. Based on the com-
parison of the rates of the reaction of fMet-Pro-tRNA"" with
Pmn and Phe-tRNA"", the rate enhancement brought about
by the full-length tRNA substrate in the A site must be at least
50-fold. Furthermore, practically the same reaction rates were
obtained for X = Arg, Asp, Phe, and Pro or with fMet-tRNA Met
in the P site (Fig. 4B). The observed rates reflect the accommo-
dation of Phe-tRNA in the A site, which is rate-limiting for the
peptidyl transfer reaction (35, 40) and ensures uniform velocity
of peptide synthesis for all peptidyl-tRNAs regardless of the
C-terminal amino acid of the peptidyl-tRNA.

DISCUSSION

Modulation of Reaction Rates by the Nature of the P-site
Substrate—The reactivity of peptidyl-tRNA in the peptidyl
transfer reaction is modulated by the length of the peptide and
the nature of its C-terminal amino acid. Peptidyl-tRNAs with
longer peptide chains reacted with Pmn more rapidly than
those with shorter ones (12, 19), which may result from reduced
mobility of the longer peptide chains and thus better position-
ing of the reactive groups in the catalytic center of the ribosome.
The length of the peptide had no effect on the rate of pepti-
dyl-tRNA hydrolysis in solution (41), suggesting that the
effect on the ribosome is due to the environment of either
the peptidyltransferase center or the peptide exit tunnel. In
fact, certain nascent peptides were shown to affect the activ-
ity of the peptidyltransferase center, indicating specific
interactions between the nascent peptide and residues of the
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ribosome tunnel that are signaled to the catalytic center
(reviewed in Ref. 42).

Although the length of nascent peptide affects peptide bond
formation only in the ribosomal environment, the nature of the
C-terminal amino acid of peptidyl-tRNA affects both ribo-
some-catalyzed and uncatalyzed reactions (this work and Refs.
13, 22, and 43). Experiments with tRNA"™ misaminoacylated
with different Pro derivatives suggested that the C-terminal
amino acid has an influence on the reaction with Pmn (22). In
this work, we have quantified these effects and showed that the
rate of peptide bond formation is determined solely by the
C-terminal amino acid and is independent of the tRNA identity
(Fig. 3B). Similarly, the hydrolysis rate of aminoacyl-tRNAs in
solution is dominated by the amino acid and not influenced by
the nature of the tRNA (44, 45). In addition to its effect on the
reaction rate, the amino acid at the C terminus of the nascent
peptide affected the apparent affinity for Pmn; the origin of the
latter effect is unclear. In this context, the role of the tRNA is to
properly position the peptidyl residue at the peptidyltransferase
center (46 —49) and, possibly, to induce a reactive conformation
of the catalytic center (3, 14, 35, 49).

How the Amino Acid Side Chain May Influence the Rate of
Peptide Bond Formation—The effects of the amino acids at the
end of the peptidyl-tRNA must originate from the characteris-
tics of their side chains, which can be considered as substitu-
tions at the aminoacyl ester. The side chain may directly affect
the reactivity of the peptidyl-tRNA ester by modulating the
electrophilicity of the carbonyl carbon, or it may influence the
catalytic center of the ribosome, e.g. by inducing conforma-
tional changes or altering the hydrogen bond network-stabiliz-
ing intermediates.

Steric properties of acyl substituents are known to modulate
the reactivity of esters (50, 51). The side chains of Ala, Phe, Val,
and Ser are uncharged, but sterically different (52-54).
Depending on the C-terminal amino acid, the hydrolysis rate
decreases in the order Ala > (Ser, Phe) > Val on the ribosome
and in solution (43), which correlates with the bulkiness of the
side chain (52). Similar effects were observed with other model
aminoacyl esters (55—57). Steric factors affect the rates of cata-
lyzed (Table 1) and uncatalyzed (43) reactions to a similar
extent, with a rate difference of ~3.5-fold between Ala and Val.
This suggests that the sensitivity to steric effects is likely to be
intrinsic to aminolysis and not altered by the ribosome to any
appreciable extent. One potential reason for steric effects of
amino acids may be the distortion by bulky side chains of the
tRNA A”° ribose sugar pucker, thus affecting the positioning of
the catalytically important 2'-OH of A”® on the ribosome (58).
Furthermore, bulky groups may disturb the optimum trajectory
for nucleophilic attack (59), which would decrease the number
of successful attacks on the electrophile, or cause steric repul-
sion or strain upon formation of the tetrahedral intermediate.

In addition to steric contributions, charge effects modulate
the rate of peptide bond formation. Although Asp, Arg, and Lys
have steric side chain parameters similar to Phe (52, 53), they
carry a charge at physiological pH. The rate of peptide bond
formation was faster (k,., ~ 100 s~ ') with the positively
charged Arg and Lys and somewhat slower with the negatively
charged Asp (k ., = 8 s~ ') than with Phe (k. = 165~ ") as C-

pep pep
ZOYAN
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terminal amino acid. In principle, positively charged side chains
could enhance the electrophilicity of the carbonyl carbon. Elec-
tronegative acyl substituents were shown to increase the rate of
aminolysis of model esters in solution by enhancing the elec-
trophilicity (60, 61), although it is not clear whether the effect
would also pertain to the aminolysis of peptidyl-tRNA, for
which no data are available. Quantum mechanical calculations
suggested an electron-withdrawing effect by the side chains of
Arg and Lys, whereas Asp was predicted to be electron-donat-
ing (62), consistent with the effects observed with model esters
in solution (60). Furthermore, charged amino acid side chains
may take part in electrostatic interactions that may change the
electrostatic network in the peptidyltransferase center (6). The
rate effect of charged amino acid side chains reported here is
larger than that reported for the hydrolysis of aminoacyl-tRNA
in solution (43), possibly because electrostatic effects may be
enhanced and act over a longer range in the environment of the
peptidyltransferase center than in aqueous solution.

Unusual Effect of Pro—Peptidyl-tRNA with the C-terminal
Pro reacted with Pmn particularly slowly, ~700-fold slower
compared with Arg or Lys. These data are consistent with the
recent finding of the inefficient Pmn reaction of OmpA-(1-
153)-Pro-tRNA"™ (22) and of TnaC-Pro-tRNAP™ (23).
Because a longer peptide chain may interact with the ribosome
peptide exit tunnel (22, 23), the relative contributions of the
nascent chain versus the C-terminal amino acid could not be
estimated in those experiments. Our data suggest that the Pro
side chain alone, without a larger regulating nascent chain
reaching into the exit tunnel, greatly reduces the Pmn reactivity
of peptidyl-tRNA on the ribosome. In contrast, in solution, Pro-
tRNAP™ is no less reactive than other aminoacyl-tRNAs and is
hydrolyzed rapidly (43). This implies that the strong inhibitory
effect of Pro is facilitated by the environment of the peptidyl-
transferase center. Interestingly, structurally altered Pro deriv-
atives, e.g. the cis-Pro analog thiaproline (63), accelerate the
Pmn reaction of OmpA-(1-153)-Pro-tRNA"™ (22), suggesting
that the unusually low reactivity of Pro may be due to its
restricted conformational flexibility.

The C-terminal Pro residue in peptidyl-tRNA appears to
have a role in modulating protein synthesis in the cell. A Pro
codon preceding a termination codon enhanced the read-
through efficiency, presumably by impairing termination (64).
Pro is essential for programmed ribosome stalling, such as
observed upon TnaC synthesis (65). A conformational change
of the ribosome induced by the binding of tryptophan inhibits
both TnaC-Pro-tRNA'* hydrolysis and TnaC-Pro peptidyl
transfer. The translating ribosome therefore remains attached
to the leader transcript, where it blocks Rho factor binding and
subsequent transcription termination (65). Furthermore, the
presence of the C-terminal Pro in peptides sometimes leads to
“full-length tagging” by the SsrA tagging system (25). These
effects can be attributed to slow peptide release during termi-
nation of protein synthesis, when peptidyl-tRNA in the P site is
hydrolyzed in the peptidyltransferase center with the help of
termination factors. Another example where Pro-tRNA"™
plays a crucial role is the inhibition of translation elongation of
the SecM protein. In this case, the critical Pro'®® residue is not
incorporated into the nascent chain, although Pro-tRNA""
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appears to bind to the A site of the ribosome (66, 67). The
presence of Pro-tRNA®™ in the peptidyltransferase center may
predispose the ribosome to stall upon synthesis of SecM (68).
Such a model would imply that a slow reaction involving Pro-
tRNAP™ gives the signal coming from the peptide tunnel suffi-
cient time to trigger further conformational changes in the
active site that lead to complete inhibition of the reaction (42).

Accelerating Effect of Aminoacyl-tRNA in the A site—The
reaction with Pmn has been extensively used to study the pep-
tidyl transfer reaction. It yields reaction products of peptidyl-
tRNA aminolysis similar to those obtained in the reaction with
native substrates and is sensitive to the same inhibitors (69, 70).
Thus, the basic features of the mechanism are probably similar
for Pmn and aminoacyl-tRNA as A-site substrates. Neverthe-
less, the presence of full-length tRNA in the A site strongly
accelerates peptide bond formation (this work and Ref. 35). The
rate of peptidyl transfer from fMet-Pro-tRNA"™ was increased
50-fold, from 0.14 to 7 s~ !, when Pmn was replaced with Phe-
tRNAP"e, Similarly, fMet-tRNA™** reacted with Pmn much
more slowly (0.8 s~ ') (12) than with Phe-tRNA" (8 s~ ) (this
work and Ref. 35). The acceleration may be attributed to more
robust substrate positioning (10), induced fit in the active site
(3), or effects of tRNA-ribosome interactions outside the pep-
tidyltransferase center on the precise positioning of the sub-
strates (49) or because the reactivity of Pmn is altered by cou-
pling the amino acid and the nucleotide through an amide bond
instead of an ester bond. On the other hand, about the same rate
of peptide bond formation (5-10 s~ ') was observed with all
peptidyl-tRNAs tested (Fig. 4B), including those ending with
Arg, Lys, and Ala, which reacted with Pmn at rates of 50-100
s~ 1. Therate of 5-10s ™ ' corresponds to the accommodation of
Phe-tRNA"¢ in the A site of the ribosome, which precedes and
limits the rate of peptide bond formation (35), thus masking any
differences in reactivity of P site-bound peptidyl-tRNA. There-
fore, the 50-fold increase in the rate of peptide bond formation
between fMet-Pro-tRNA and Phe-tRNA compared with Pmn is
likely to represent the lower limit of the reaction acceleration by
the aminoacyl-tRNA. The intrinsic rate of peptide bond forma-
tion is probably much higher and was estimated to be >300s "
for fMet-Phe formation (35). Given the similar accommodation
rates of different aminoacyl-tRNAs (71-73), peptide bond for-
mation with different peptidyl- and aminoacyl-tRNAs takes
place at similar rates, regardless of the variations in their chem-
ical reactivities. Thus, the variations in translation rates of par-
ticular codons and translational pausing (reviewed in Ref. 74)
are more likely to be due to different concentrations of the
respective aminoacyl-tRNA or to specific signals in the mRNA
and nascent peptide, such as observed upon translation of
SecM, recoding of the UGA termination codon by the seleno-
cysteine incorporation machinery, or during frameshifting and
bypassing events.
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