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ABSTRACT: The peptide bond formation with the amino
acid proline (Pro) on the ribosome is slow, resulting in
translational stalling when several Pro have to be incorporated
into the peptide. Stalling at poly-Pro motifs is alleviated by the
elongation factor P (EF-P). Here we investigate why Pro is a
poor substrate and how EF-P catalyzes the reaction. Linear free
energy relationships of the reaction on the ribosome and in
solution using 12 different Pro analogues suggest that the
positioning of Pro-tRNA in the peptidyl transferase center is
the major determinant for the slow reaction. With any Pro
analogue tested, EF-P decreases the activation energy of the
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reaction by an almost uniform value of 2.5 kcal/mol. The main source of catalysis is the favorable entropy change brought about
by EF-P. Thus, EF-P acts by entropic steering of Pro-tRNA toward a catalytically productive orientation in the peptidyl

transferase center of the ribosome.

B INTRODUCTION

The role of the ribosome is to translate genetic information
encoded within mRNA into an amino acid sequence.
Polymerization of amino acids on the ribosome occurs at the
peptidyl transferase center and involves the accurate placement
of the substrates to allow nucleophilic attack of the a-amino
group of the aminoacyl-tRNA in the A site onto the carbonyl-
carbon of the peptidyl-tRNA in the P site.” While the rate of
this polymerization may vary for each amino acid,” previous
studies have indicated that the proline (Pro) is not only a poor
A-site acceptor of peptidyl moiety during peptide bond
formation®* but also acts as a poor donor when present in
the P site.”>° Indeed, there is a wealth of evidence illustrating
that the presence of proline within the polypeptide chain can
have a dramatic influence on the efficiency of translation. For
example, proline is present in many leader peptide sequences
that are known to induce translational stalling such as the
bacterial SecM and TnaC as well as the human cytomegalovirus
(CMV) uORE2 of gp24.” Proline-containing motifs have been
identified that promote ribosome stalling during translation
elongation and termination, leading to subsequent tmRNA-
mediated tagging.”~" Similarly, ribosome profiling identified
the proline-containing tripeptide motifs as sites of ribosome
accumulation.'”'” Recent studies revealed that ribosome
stalling is most dramatic when stretches of three or more
consecutive proline residues occur in proteins.s’m’13 In this
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situation, the ribosome stalling occurs because of slow peptide
bond formation between the peptidyl-Pro-Pro-tRNA located in
the P site and with the Pro-tRNA located in the A site (PP/
P).”'? Interestingly, ribosome stalling at PP and PPP motifs is
influenced by the context of the nascent polypeptide chain, in
particular, the amino acids directly flanking the proline
residues.' >4~

Ribosome stalling at polyproline motifs is relieved by the
translation elongation factor P (EF-P) in bacteria,”'”'*'* or by
the EF-P homologue, initiation factor eIFSA, in eukau'yotes.18
EF-P and eIF5A are both modified post-translationally, and the
respective modifications are critical for the rescue activity of
these factors.”'”'*'® In Escherichia coli and most other y-
proteobacteria, EF-P is hydroxylysyl-f-lysylated by action of
YjeA (EpmA), YjeK (EpmB), and YfcM (EpmC),"*™>* whereas
in Pseudomonas and most pJ-proteobacteria, EF-P, is L-
rhamnosylated by the action of EarP.”>** In contrast, archaeal
and eukaryotic a/elFSA is hypusinylated by deoxyhypusine
synthase (DHS) and deoxyhypusine hydroxylase (DOHH)
(reviewed in refs 22,24). On the basis of the structure of an
unmodified EF-P in complex with the ribosome,” a model for
the post-translational modification of EF-P was constructed,
suggesting that it extends toward the peptidyl transferase center
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of the ribosome. However, given the length of the EF-P and
elFSA modifications, they appear likely to increase the rate of
peptide bond formation by contributing to the positioning and
stabilization of the peptidyl-Pro-tRNA on the ribosome rather
than being directly involved in catalysis.”>*®

Despite these recent advances in our understanding of
polyproline-mediated ribosome stalling and rescue by EF-P, it
still remains unclear as to how consecutive proline residues
interfere with peptide bond formation to induce translational
arrest. Pro is unique among the 20 proteinogenic amino acids
by having a pyrrolidine ring spanning the a-carbon (Ca) and
nitrogen of the backbone. The cyclic side chain of Pro restricts
the possible conformations of the Pro amino acid itself as well
as the conformations of the neighboring amino acids.
Furthermore, Pro can adopt distinct cis and trans states,
which alter the torsion angle of the peptide bond between Pro
and the preceding residue. With the exception of Pro, peptide
bonds between all amino acids adopt the energetically favored
trans conformation, which allows them to avoid steric clashes
with the neighboring residues. While the cis and trans isomers
of Pro are essentially isoenergetic (~0.7 kcal/mol difference),*®
more than 90% of Pro in protein structures adopt the trans
conformation (reviewed in 24,27). Conversion between cis and
trans conformations requires a 180° rotation around the
peptide bond and is rather slow and energetically unfavorable
(~20 kcal/mol).”® The use of proline analogues has provided
some initial insights into the properties of the cyclic ring that
influence peptide bond formation, for example, the use of
proline analogues azetidine and y-thiaproline appears to
enhance peptide bond formation when compared with
dehydroproline and proline.”” Interestingly, a chiral bias was
observed when monitoring the incorporation of 4-R/S-
hydroxylated and fluorinated proline analogues into proteins
in vivo.”” Also the protein folding rates and stability are affected
by cis/trans isomerization and the puckering of the Pro ring.”’
However, further studies in vitro using more extensive sets of
proline analogues in the context of polyproline stretches and in
the presence and absence of EF-P are necessary to fully
understand which properties of Pro contribute to polyproline-
mediated translational stalling.

Here we have utilized 12 different proline analogues to
investigate why peptide bond formation with proline is slow
and how EF-P can catalyze the reaction. We investigate the
effects of the Pro ring structure and dynamics and of the
analogues’ electronic properties on the rate of peptidyl transfer
reaction measured by rapid kinetic methods in three different
kinetic regimes as well as on the overall protein translation. We
analyze the reaction on the ribosome with the help of linear free
energy relationships and compare it to the hydrolysis and
aminolysis reactions in solution. We also determine the
contribution of EF-P and identify the favorable entropy change
as the main source of catalysis. The data help to explain why the
ribosome stalls at consecutive prolines and how EF-P rescues
translation.

B RESULTS

Proline Analogues. To understand why consecutive
prolines cause ribosome stalling and how EF-P alleviates
these pauses, we investigated the effect on translation of Pro-
analogues (Pro*, P*) with different structural and electronic
properties (Scheme 1a). The importance of the five-membered
Pro ring size was evaluated using azetidine-2-carboxylic (Aze)
and pipecolic acid (Pip), which have four- and six-membered

Scheme 1. Structures of Pro Derivatives and Experimental
Approach
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(a) Pro and its derivatives used in the present work. (b) Cis and trans
isomers of proline. (c) Cy exo and Cy endo puckers of proline. (d)
Experimental approaches; tRNA™™ indicated in black. Approach 1,
fMetPro*-tRNA"™ reaction with Pmn. Approach 2, fMetPro*-tRNAP®
reaction with Gly-tRNASY—EF-Tu—GTP. In approaches 1 and 2,
post-translocation complexes containing fMetPro*-tRNA® in the P
site were rapidly mixed with Pmn or Gly-tRNA®Y—EF-Tu—GTP.
Approach 3, synthesis of the MP*P*G peptide. Initiation complexes
(IC) with fMet-tRNA™M in the P site were mixed with Pro*-tRNAF®
and Gly-tRNA®Y in the presence of EF-Tu, EF-G, and GTP. In
approaches 1-3, the reaction was carried out in a quench-flow
apparatus. After desired incubation times, the reactions were stopped
by the addition of KOH and analyzed by HPLC. Approach 4, the
toeprinting assay was employed to monitor the position of ribosomes
on an mRNA containing a single PPP motif. The reactions were
performed with different Pro analogues in the presence and absence of
EF-P and contained all amino acids except for Thr. Because there is
only a single Thr codon in the mRNA, located downstream of the PPP
motif, ribosomes that translate through the PPP motif become trapped
on the Thr codon. Reverse transcription from the 3’ end of the mRNA
using a fluorescent primer enables the location of the ribosomes to be
determined by the size of the toeprint band following polyacrylamide
gel electrophoresis.

rings, respectively. Except for the structure and size differences,
the ring variations strongly affect the rate of cis—trans
isomerization (Scheme 1b), with the rates in the range of
107*-107% s for Pro and 0.1-1 s™' for Aze and Pip.”'
Furthermore, the five-membered Pro ring can adopt one of the
two specific puckering conformations which interconvert over
the barrier of 2.5 kcal/mol (Scheme 1c).*” The effect of the
conformation of the Pro ring was probed using 3,4-
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dehydroproline (3,4-Dhp) and cis-/trans-methanoprolines (cis/
trans-MePro), which either arrests the Pro ring in a flat
conformation (3,4-Dhp)**** or simulates a particular pucker
arrangement (MePro amalogues).?’5 Finally, the role of the cis/
trans isomers and pucker conformation was tested using C
substituted Pro analogues 4-(R/S)-fluoroproline (4-(R/S)-Flp),
4-(R/S)-hydroxyproline (4-(R/S)-Hyp), and 4-(R/S)-methyl-
proline (4-(R/S)-Mep), which differ from Pro in their
conformational preferences toward trans/cis conformers and
exo/endo puckers®®™** (Supporting Information (SI) Table
S1); the two parameters are interdependent.”” The varying
electronegativity of the substituents changes the electron
density distribution of the Pro, which is reflected in the pK,
values of their carboxyl and amino groups as measured using
model peptides (SI Table S2). While the pK, values of the
amino group are identical within each analogue R/S pair
(except for Hyp), the carboxy pK, values additionally depend
on the orientation of the substituents (SI Table S2). Because of
the low isomerization rate, the pK, values for the cis and trans
isomer can be determined separately.*”*' The correlation of
stereoelectronic characteristics with the modulated activity in
the peptidyl transfer reaction may thus allow critical properties
to be identified that are responsible for the poor reactivity of
Pro in peptide bond formation, and thus may shed light on how
EF-P contributes to catalysis of polyproline synthesis.
Experimental Approaches. tRNA"® was charged with Pro
or Pro* using the prolyltRNA synthetase. The extent of
aminoacylation and the ability of Pro*-tRNA™ to form the
ternary complex (TC) with EF-Tu and GTP was tested by size-
exclusion chromatography (SEC) that separates the ternary
complex EF-Tu—GTP—Pro*-tRNA™ from Pro*-tRNA"® or
uncharged tRNA (SI Figure S1). To study the kinetics of
proline incorporation into peptides, we used several comple-
mentary approaches (Scheme 1d). First, we studied peptide
bond formation in a model reaction between the P site-bound
fMet-Pro*-tRNA"® and a mimic of the amino-acyl-tRNA,
puromycin (Pmn; 3’-deoxy-N,N-dimethyl-3’-[ (O-methyl-L-
tyrosyl)amino Jadenosine) (approach 1). This reaction was
chosen because it yields the rate of the chemistry step rather
than of the preceding steps A-site binding, accommodation, or
conformational changes.“’43 Second, to account for the
additional effects of the native A-site substrate, we also
investigated the effects of Pro* on the reaction between
fMet-Pro*-tRNA"™ with Gly-tRNA®Y (in the complex with EF-
Tu and GTP) (approach 2) and on the synthesis of a
tetrapeptide fMetPro*Pro*Gly when both Pro*- and Gly-
ternary complexes are added together in the presence of EF-G
(approach 3). Gly-tRNA®Y was chosen due to its low
reactivity,* which allows us to study peptide bond formation
without interference of the decoding steps, in contrast to other
aminoacyl-tRNAs, for which the rate of peptide bond formation
is limited by the accommodation in the A site.***** In
approaches 1—3, the reaction was initiated by rapidly mixing
the respective ribosome complex with Pmn or the ternary
complexes in the quench flow apparatus; the reaction was
allowed to proceed for a desired time and stopped by addition
of a quencher. The reaction products were analyzed by high
performance liquid chromatography (HPLC). Finally, to test
whether the observed rate effects can explain Pro-induced
ribosome stalling upon translation of entire proteins, we used
the toeprinting assay to monitor the position of ribosomes on a
model mRNA containing a PPP sequence in the presence of
different proline analogues (approach 4). Translation reactions

were performed in the absence of the amino acid threonine so
that ribosomes that were able to translate through the PPP
motif were then caught at a downstream threonine codon, thus
enabling the relative levels of stalling and readthrough to be
quantitated.

The Ring Size. With Pro, the rate of the Pmn reaction
(approach 1) was slow, 0.14 s™" and the time course followed a
single-exponential kinetic behavior (Figure 1). The reaction
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Figure 1. Variations of the amino acid ring size. Approach 1, effect on
the kinetics of the fMP*-tRNA"™ reaction with Pmn. Consumption of
fMP*-tRNAP™ upon tripeptide formation (fMP*-Pmn) in the absence
(open circles) and presence of EF-P (closed circles). P* corresponds
to the amino acid listed at the left panel. Approach 4, effect on
translation. Stalling at the PPP motif as defined by toeprinting, in the
presence and absence of EF-P. Bands at P/PP or PP/P indicate stalling
after incorporation of one or two Pro-derivatives, respectively, into the
nascent polypeptide chain. T corresponds to stalling site due to a
hungry codon downstream of the PPP motif and detects ribosomes
that translated through the PPP motif.

with the smaller Aze and larger Pip were both biphasic, with a
faster and slower component, suggesting that the complexes
formed with Aze and Pip were heterogeneous; the reasons for
the heterogeneity are not known. For Aze, the rates of the fast
(40%) and slow (60%) reactions differed by a factor of 4; the
weighted average corresponding to the overall half-time of the
reaction was 0.3 s™', only 2-fold faster than that with Pro,
consistent with the previous data.® For Pip, the faster step, 0.5
s~!, was predominant (about 70%) (SI Table S3); the weighted
average rate was 0.35 s~} also about 2-fold faster than with Pro.
EF-P accelerated the reaction to an almost identical extent for
Pro, Aze, and Pip, namely, about 60-fold in each case. In the
translation assay (approach 4) in the absence of EF-P, a portion
of ribosomes (38%) stopped after incorporating two Pro
residues (PP/P), whereas 62% translated through the polypro-
line stretch and were then stalled at the Thr (T) codon (Figure
1). Addition of EF-P alleviated stalling, enabling all ribosomes
to translate through the poly-Pro stretch to the Thr codon.
With Aze and Pip the extent of stalling in the absence of EF-P
was reduced (7—17%) compared to Pro, in line with a 2-fold
higher rate of peptide bond formation (approach 1). However,
the overall tendency, stalling at the PP/P sequence in the
absence of EF-P and the rescue in the presence of the factor,
was similar for Pro, Aze, and Pip, leading us to conclude that
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Figure 2. Effects of substituents at the Pro ring. Approach 1, Pmn reaction with Pro analogues. Time courses of fMP*-tRNA™™ decay in the Pmn
reaction in the absence (open circles) and presence of EF-P (closed circles). Approach 2, reaction between fMP*-tRNA"™ and Gly-tRNA®Y. Shown
are time courses of the fMP*G product formation + EF-P. Approach 3, synthesis of fMP*P*G. Approach 4, effect on translation. Stalling at the PPP
motif as defined by toeprinting, in the presence and absence of EF-P. Bands at P/PP or PP/P indicate stalling after incorporation of one or two Pro-
derivatives, respectively, into the nascent polypeptide chain. T corresponds to stalling site due to a Thr downstream of the PPP motif and detects
ribosomes that translated through the PPP motif.
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the ring size and the cis/trans isomerization rate have only a
minor effect on Pro-mediated stalling.

Given the small effects and the consistency in the results of
approach 1 and 4, alternative types of assays (approaches 2 and
3) were not employed to further analyze Aze and Pip.

Effect of Substituents at the Pro Ring. All Pro analogues
with a five-membered Pro ring but with various substitutions
(4-(R/S)-Hyp, 4-(R/S)-Mep, 4-(R/S)-Flp, 4,4-F,-Pro, cis/trans-
MePro, 3,4-Dhp,) can be incorporated into peptides with or
without EF-P. In the absence of EF-P, the reaction rates
differed by 7 orders of magnitude depending on the analogue,
with some being faster or slower than the reaction with proline
(Figure 2, SI Table S3). Apart from 4-S-Mep, time courses of
the Pmn reaction with all Pro* (approach 1) were single-
exponential, with reaction rates between 6 X 107> s™' and 21
s™!, compared to 0.14 s™* for Pro, in the absence of EF-P. With
4-S-Mep, the reaction was biphasic, dominated (80%) by the
slower step (0.003 s™; SI Table S3). EF-P accelerates kyep for
all Pro analogues by a factor between 3 and 100. Consistently
with the results obtained with Pmn (approach 1), the rates of
tripeptide formation with Gly-tRNA®Y as A-site substrate
(approach 2) show the same trend but fall into a slightly
narrower kinetic range between Pro analogues compared to the
Pmn assay (4 orders of magnitude; Figure 2 and SI Table S3).
This can be explained by the existence of the accommodation
step for Gly-tRNA®Y, which is rapid compared to the chemistry
step for Pro and slow Pro analogues but becomes rate-limiting
for highly reactive Pro derivatives. Also here, EF-P accelerates
the reaction, except for those analogues that show the high
rates (>70 s™') of peptide bond formation even in the absence
of EF-P.

When translation of the tetrapeptide fMPPG was studied
(approach 3), little final product was formed with those Pro
derivatives (cis-MePro, 4-S-Flp, and 4-S-Hyp) that were poor P-
site substrates in the Pmn assay or in reaction with Gly-
tRNA®Y, This can be explained by the drop-off of short
peptidyl-tRNAs from the stalled ribosome.” Thus, in these
experiments the reactivity of Pro analogues was not only
reflected by their reaction rates but also by the product yield.
For all Pro analogues, the amount of final product and the
observed rate were consistent with their reactivity observed by
approaches 1 and 2. Addition of EF-P accelerated the reaction,
prevented drop-off, and thereby increased the level of final
product for all Pro analogues, although for cis-MePro and 4-S-
Mep the amount of final product remained very low. The
stalling potential of Pro* determined in the translation system
(approach 4) was also in good agreement with the observed
reactivity in the kinetic assays. Translational stalling with 4-R-
Hyp, 4-R/S-Mep, 4,4-F,-Pro, and 4-R-Flp was slightly reduced
(8—20%) compared to that with Pro (38%) but also occurred
after the second Pro codon (PP/P) and, similar to Pro, was
efficiently rescued by EF-P. In contrast, cis-MePro, 4-S-Hyp,
and to a lesser extent, 4-S-Flp and 3,4-Dhp, caused translation
stalling already after the first Pro codon (P/PP), with no
apparent readthrough to the downstream threonine codon.
Apart from cis-MePro, which leads to exceptionally slow
peptide bond formation, EF-P alleviated stalling with all other
Pro analogues, suggesting that EF-P can act on a broad range of
stalled Pro-like substrates and its function is not restricted by
certain chemical/sterical features of proline.

The Intrinsic Reactivity of fMetPro*-tRNAP™, The
variations in the Pro* reactivity on the ribosome could be
explained in several different ways. First, the differences in the

13001

reaction rates could reflect the intrinsic reactivity differences of
the peptidyl-Pro*-tRNAs. Such intrinsic differences should
affect any reaction involving the corresponding ester bond,
including the hydrolysis or aminolysis reactions in solution,
because the nucleophilic attack on carbonyl esters is known to
be sensitive toward steric and electronic effects introduced by
substitutions in the nonleaving acyl group.46 Alternatively, the
peptidyl transferase center of the ribosome could interfere with
the reaction depending on the position and chemical nature of
the substitution; such effects are expected to arise on the
ribosome but not in solution. As a combination of both
scenarios, ribosome-specific effects such as conformational
restrictions of the peptidyl chain in the active site could
modulate the intrinsic reactivity differences. To dissect the
contribution of intrinsic or ribosome-specific effects, we
determined the rates of fMetPro*-tRNA"™® hydrolysis and
aminolysis in solution. We first measured the rates of hydrolysis
reaction as a simple, reliable type of measurement (SI Table S3;
Materials and Methods). Because peptide bond formation on
the ribosome involves an amine as a nucleophile, we also
measured aminolysis of fMetPro*-tRNA™ in solution using
glycinamide as an amine that optimally reflects the nucleophil-
icity of an A-site tRNA.”” The aminolysis revealed almost
identical substituent effects as the hydrolysis, consistent with
results obtained in other model systems.*® The variation in
reaction rates between Pro analogues is surprisingly small
compared to that on the ribosome, with a maximal difference of
~18-fold (SI Table S3). Comparison of the hydrolysis/
aminolysis rates in solution (k) and the rate of peptide bond
formation on the ribosome (k,.,) in a log—log plot showed a

pep
linear correlation (Figure 3), indicating that the effects of the

2
X
o -4t
i)
-6}
-4 -2 0 2
log k..,

Figure 3. Sensitivity to Pro substitutions in solution and on the
ribosome. Correlation between the rate of hydrolysis (khydml, closed
circles) or aminolysis (k,nino, Open circles) of fMP*-tRNAP™ and
fMP*-Pmn formation on the ribosome. Average rates from three
replicates are plotted, with the symbol size close to SD values.

substituents on the ribosome and in solution reactions follow a
similar trend, albeit to a different extent. If the sensitivity of the
reaction to Pro* substitutions were the same on and off the
ribosome, the slope of the plot were expected to be 1. The
slope of ~0.2 suggests that the reaction on the ribosome is
much more sensitive toward intrinsic reactivity differences than
the reactions in solution.

Activation Parameters. To determine the activation
parameters for the reaction with Pro*, we measured the rate/
temperature dependence of the Pmn reaction on the ribosome
for 4-S-Flp and 4-R-Flp, the two analogues with the largest
difference between the rates for the S- and R-configurations.
These substrates enable activation parameters to be compared
because they differ only in the orientation of the same
substituent. The Arrhenius plots were linear, with or without
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EF-P (Figure S2). As expected, free energy of activation is
smaller for R-Flp than for S-Flp (Table 1). While activation

Table 1. Activation Parameters of the Pmn Reaction with
fMet-R/S-Flp-tRNA"™

Pro*, EF-P AG¥ kecal/mol  AH¥, kcal/mol  TAS¥, keal/mol
4-R-Flp, no EF-P 16 + 1 22 +2 6+ 0.6
4-R-Flp, EF-P 1S+1 24 +1 84 + 0.7
4-S-Flp, no EF-P 2 +1 20 + 2 -22+02
4-S-Flp, EE-P 19+1 24 +1 44 + 0.3

Calculated for 25 °C, AG¥ = RT In((kyeph)/ (ks T)), AH* = E, — RT,
TAS* = AH¥ — AG*.

enthalpy was similar for the two substrates, in the presence or
absence of EF-P, the observed rate differences were due to large
activation entropy changes, indicating that the reactivity
differences between the R- and S-conformer have an entropic
origin and that the catalysis by EF-P is predominantly entropic.

B DISCUSSION

Reaction in the Absence of EF-P. To quantify the
electronic effects of the substituents, we correlated the rates of
peptidyl transfer on the ribosome with the electrophilicity of
the carbonyl carbon, as represented by the pK, values of the
carboxyl group in model peptides (SI Table S2). The measured
reaction rates, e.g,, the Pmn reaction, represent a cumulative
value for an ensemble of molecules, with their characteristic
cis—trans ratio and the respective elemental pK, values. To have
a pK, value that is representative of the ensemble, we calculated
an impirical pK,, taking into account the elemental pK, values
for the cis and trans conformations and the respective ratio for
each Pro* (SI Tables S1, S2). The resulting ensemble pK,
values of the proline analogues varied only marginally (2.8—
3.6) and did not account for the large rate differences in
peptide bond formation on the ribosome (Figure 4).
Furthermore, other amino acids such as valine, phenylalanine,
and alanine show similar pK, values (SI Table S2), but the rates
of peptide bond formation with the respective peptidyl-tRNAs
in the P site are about 100-fold faster than with fMetPro-tRNA”
(Figure 4). Overall, this indicates that neither the poor Pro
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Figure 4. The rate of peptide bond formation on the ribosome vs the
electrophilicity of the Pro derivative. Rates are given as average and SD
(smaller than the symbol size) obtained from up to four replicates.
The pK, cubosyl Values representative for the mixture of cis and trans
isomers for each given Pro* were calculated as a weighted average
taking the cis—trans equilibrium into account. Rate of fMet-X-Pmn
formation, with X = Ala, Phe, Val, was taken from ref 2.

reactivity as a P-site substrate nor its stalling properties on the
ribosome can be attributed simply to its electrophilicity.

The characteristic features of the Pro five-membered ring are
its restricted conformational space, rapidly interconverting exo
and endo pucker conformations and the propensity to form cis
isomers. When the rates of peptide bond formation of four R/
S-analogue pairs are compared, the R-isomers are generally
faster (Figure Sa). While R- and S-configurations pertain to the
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Figure S. Peptide bond formation is faster with R analogues. (a)
Relative rates of fMP*-Pmn formation for Pro* normalized to Pro. (b)
Influence of trans content of Pro derivatives on rate of fMP*-Pmn
formation. 4-(R/S)-Hyp (squares), 4-(R/S)-Flp (circles), 4-(R/S)-
Mep (diamonds), cis/trans-MePro (triangles). S isomers (open
symbols), R isomers (closed symbols). Pro, 3,4-Dhp, 4,4-F2-Pro,
Aze, and Pip in gray asterisk, star, circle, triangle, and square,
respectively. (c) Effect of the stereochemistry of Pro* on ky, of the
reaction with Pmn. Plotted are the k,, values for each pair of
analogues that differ only in their substituent orientation at the Cy
atom in the R- (black bars) or S- (white bars) configuration. Isomer
and pucker preference as indicated. Cis and trans MePro are covalently
arrested pucker mimics. The average values and SD are calculated from
up to four replicates.

analogues only and do not explain the slow Pro reaction, the R-
isomers of 4-Flp and 4-Hyp, as well as cis- and trans-MePro,
favor the trans conformation (SI Table S1), which could be
relevant for the Pro mechanism. However, direct comparison of
the rate of peptide bond formation with the preference for the
trans conformation does not show any obvious correlation
(Figure Sb). Although the type of pucker is not strictly coupled
to cis or trans configuration, trans-stereoisomers tend to favor
exo pucker conformation.”” ' One exception is cis-MePro,
which mimics the endo pucker conformation but has a high
content of trans-X-P* bonds (Figure Sc). Cis-MePro is
exceptionally slow, which suggests that the pucker conforma-
tion rather than the cis—trans preference may determine the
rate of peptide bond formation. Furthermore, the orientation of
the substituent could cause the observed reactivity differences.
Because of its electron donating methyl group, 4-R-Mep has a
higher content of cis-X-P* bonds and prefers the endo pucker
compared to 4-S-Mep. Reactions with 4-R-Mep are faster than
with 4-S-Mep, supporting the conclusion that R-analogues are
better substrates for the peptidyl transfer reaction than their S-
counterparts, irrespective of the pucker conformation.
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The intrinsic reactivities of aminoacyl-tRNAs with Pro-, Pro*
analogues (SI Table S3) or other amino acids>” in solution are
similar. The small reactivity differences between Pro analogues
in solution are dramatically increased on the ribosome. While
there is no simple explanation for the rate variations between
Pro analogues in terms of electrophilicity or preference to a
single conformation, the entropic character of substituent
effects suggests that the positioning of Pro-tRNA in the
peptidyl transferase center of the ribosome is the major
determinant for the slow reaction. In this view, the unfavorable
positioning on the ribosome exaggerates the differences in the
intrinsic reactivity, e.g, by altering the trajectory for the
nucleophilic attack.

Catalysis by EF-P. EF-P accelerates peptide bond
formation with Pro to a rate which is compatible with the
overall translation rate. EF-P increases the reaction rates with all
Pro analogues, although the extent of acceleration is more
pronounced for the particularly slow substrates (SI Table S3).
Calculation of the free energy from the rate acceleration
(Figure 6) reveals that EF-P has an averaged catalytic

100
10
e ]
0.1
x  0.01
0.001
0.0001
gggessee s g2 iz
SHr nEfsoeg=07 8L
B3Iy QE==2=a3"t
TIT D hDH <P
¥  Of<<q

Figure 6. Uniform contribution of EF-P to catalysis. Rates of fMP*-
Pmn formation without (white bars) and with EF-P (black bars). Bars
represent average rates and SD from up to four replicates.

contribution of —2.5 + 0.2 kcal/mol for most Pro analogues,
except for cis-MePro and 4-R-Flp. The EF-P effect for cis-
MePro and 4-R-Flp is likely to be somewhat underestimated
because for cis-MePro the rate of the reaction without EF-P is
too slow and for 4-R-Flp the rate in the presence of EF-P is too
fast to be determined with high precision.

Comparison of the activation parameters of the reaction with
and without EF-P suggests that the acceleration is due to a
favorable entropic effect, whereas the enthalpy change is
unfavorable, if at all (Table 1 and SI Table S4). The absence of
an enthalpic contribution to catalysis argues against an idea that
EF-P might contribute to catalysis by donating functionally
active groups, which would predict favorable enthalpic effects.>
This is in line with the observations that EF-P does not reach
into the peptidyl transferase center of the ribosome.”® EF-P and
its eukaryotic homologue eIFSA are post-translationally
modified at a position that may protrude toward the active
site of the ribosome.'”?***>> However, the nature of the
modification varies between eukaryotes and different phyloge-
netic groups of bacteria. Some of these modifications are too
short to reach the P-site Pro,” indicating a lack of an
evolutionary conservation toward a modification that can
extend toward the active site. Most likely, the post-translational
modifications have evolved to serve another purpose, e.g.,
stabilization of the CCA end of the P-site tRNA.>*’ The
entropic character of catalysis by EF-P is consistent with the

notion that the factor induces a more favorable positioning of
the P-site substrate in the peptidyl transferase center. EF-P may
also act by contacting the body of the tRNA (ref 25), as
suggested by the finding that in some cases even the
unmodified EF-P can accelerate Pro incorporation, albeit to a
much smaller extent than a fully modified factor.” In addition to
the positioning effects, favorable entropic term may be due to
an improved electrostatic environment at the peptidyl trans-
ferase center or a better orientation of water molecules involved
in catalysis.® Previous computational analysis of the energetics
of peptide bond formation on the ribosome suggested that all
these effects can contribute to the favorable entropic term.>’ >’
While analogous calculations are not feasible so far for Pro-
tRNA and EF-P due to the lack of the suitable atomic-
resolution structures, in the future, our data on Pro substituent
effects may provide a benchmark for the validation of such
detailed molecular dynamic simulations.

In summary, the present work suggests that the steric, rather
than electronic, properties of Pro make it an exceptionally poor
P-site substrate. The mechanism of peptide bond formation
entails a concerted proton transfer between the reactive groups
and the water molecules in the active site, which requires
stabilization by the precisely positioned groups of 23S rRNA in
the peptidyl transferase center.”’® Steric restrictions may
disturb the proton transfer and stabilization of the developing
charges. Notably, the existence of the context effect, ie.,
modulation of the strength of stalling on Pro runs by a
preceding or following amino acid,'”'*™"” indicates that the
Pro positioning may be improved by steric properties of the
peptidyl moiety of the P-site substrate or compensated by a
particular aa-tRNA in the A site. EF-P contributes to catalysis in
an entropic way, presumably by providing a better orientation
of the P-site Pro-ester or organizing additional electrostatic
interactions in the vicinity of the transition state.

B MATERIALS AND METHODS

Buffers and Reagents. Buffer A: 50 mM Tris-HCl, pH 7.5 at 37
°C, 70 mM NH,CI, 30 mM KClI, and 7 mM MgCl,. Buffer B: 50 mM
Tris-HCl, pH 7.5 at 37 °C, 70 mM NH,C], 30 mM KC], 3.5 mM
MgCl,, 0.5 mM spermidine, 8 mM putrescine, and 2 mM DTT. Buffer
C: 20 mM Hepes-HCI pH 7.5 at 37 °C, 100 mM KCl, and 7 mM
MgCl,. Chemicals were from Sigma-Aldrich, Roche Molecular
Biochemicals, or Merck. Radioactive compounds were obtained from
Hartmann Analytic. Synthesis and full characterization of Pro
analogues will be published elsewhere.”’

Ribosomes and Proteins. Ribosomes from E. coli MREG60O,
initiation factors (IF1, IF2, IF3), EF-Tu, and EF-G were prepared as
described.>®' The DNA construct coding for Pro-tRNA synthetase
(ProRS) was purchased from the Keio collection;®* the protein was
overexpressed in BL21(DE3) and purified by affinity chromatography
on a Protino gravity-flow column (Macherey-Nagel) using the
oligohistidine tag. Protein was stored in buffer A containing 50%
glycerol; protein concentration was determined by absorbance at 280
nm, assuming an extinction coefficient of 54320 cm™! M. Native EF-
P was prepared from E. coli MRE600 as previously described, and the
presence of modifications was confirmed by LC-MS/MS.*

mRNAs. The following mRNAs were used (coding sequence is
underlined): 5’-GGCAAGGAGGUAAAUAAUGCCGGGUAUU-3’
coding for fMet-Pro-Gly (approaches 1 and 2); S-GGCAAG-
GAGGUAAAUAAUGCCGCCGGGUAUU-3" coding for fMet-Pro-
Pro-Gly (approach 3); the terminal Ile codon was not translated.
mRNAs were purchased from IBA.

tRNAs. Native tRNAs (fMet-tRNA™M*, Phe-tRNA™, Gly-tRNASY)
were prepared as described.”®" Transcript of tRNA'™ was prepared as
follows.”® Two partially complementary DNA oligomers coding for
isoacceptor tRNA"™ with the anticodon CGG fused to T7 RNA-
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polymerase promoter were obtained from IBA (F §'—3': AGTTGC-
TGCAGTA ATACGACTCACTATACGGUGAUUGGCGCA-
GCCUGGUAGCGCACUUCGUUCG; R 5'=3": TGGTCG-
GTGATAGAGGATTCGAACCTCCGACCCCTTCGTCCC-
GAACGAAGTGCGCTACCAGGCTG), extended by PCR and
cloned into pUC19 vector using SMAI restriction site.* PCR with
primers (F §'—3": TAATACGACTCACTATACG and R 5'—3"
TGmGTCGGTGATAGAGGATTC; where m designates a 2'-O-
methyl group used to prevent nonspecific 3’ mRNA extension by T7
RNA polymerase) resulted in the transcription template (~100 ug/
mL) which was incubated in 40 mM Tris-HCl pH 7.5, 15 mM MgCl,,
2 mM spermidine, 10 mM NaCl, 10 mM DTT supplemented with 3
mM NTPs, S mM CMP, 0.01 u/uL PPase, 1.6 u/uL T7 RNA
polymerase (Fermentas), and 0.6 u/uL RiboLock RNase inhibitor
(Fermentas) for 3 h at 37 °C. The transcript was purified on a
HiTrapQ HP column (GE Gealthcare) using a 0—1.1 M NaCl
gradient in S0 mM Na acetate pH 5, 10 mM MgCl,. Fractions
containing tRNA transcript were collected, phenol extracted, and
tRNA was precipitated with ethanol. The tRNA pellet was resolved in
H,O, and concentration was determined by aminoacylation with
[**C]Pro. To verify the functional activity of tRNA transcript, its
performance was compared to that of native tRNAP™ in all assays used.
We found that all kinetics were virtually identical for the native
tRNAP™® and tRNAP™ transcript, indicating that the lack of
modifications did not interfere with its function in translation or
with the EF-P effect (SI Figure Sla). Aminoacylation of tRNA™™ with
Pro* was carried out in buffer containing 30 mM Hepes-HCI pH 7.5,
30 mM KCl, 10 mM MgCl,, 1 mM DTT, and 3 mM ATP. tRNAP™
(25 uM) was mixed with Pro or Pro* (2—5 mM) in the presence of
ProRS (1 uM) and IPPase (0.5%) and incubated for 30 min at 37 °C.
Pro-Rs charged tRNA™™ with any of the Pro* used, albeit with
different efficiency. Recognition of Pro*-tRNAP® by EF-Tu was
confirmed by size exclusion chromatography (SEC). Ternary
complexes (TC) Pro*-tRNAP®—EF-Tu—GTP were stable for the
duration of the following experiments (SI Figure Slc). To study
hydrolysis and aminolysis reactions in solution, fMP*-tRNA™™ was
extracted from post-translocation complexes (PTC, see next section)
with 50 mM NaOAc pH §, 500 mM KCI, and 100 mM EDTA for 10
min at 37 °C. fMP*-tRNA"™ was purified from the ribosomal
components by ultracentrifugation at 260000g for 1 h at 4 °C. fMP*-
tRNA®™ from the supernatant was further purified as described for
tRNA transcript. Additional purification and concentration was
obtained by using Centrifugal filter units (Merck) according to the
manufacturers’ protocol.

Ribosome Complexes. Initiation complexes (IC) were prepared
by incubating 70S ribosomes (1 #M) with initiation factors (IF1, IF2,
IF3) (1.5 uM each), mRNA (3 uM), GTP (1 mM), and of *H- or *C-
labeled fMet-tRNA™t (1.5 uM) in buffer A for 30 min at 37 °C 2.
Purification of complexes was carried out by ultracentrifugation
through 400 uL sucrose cushion (1.1 M in buffer A) at 260000 for 2
h. Complexes were dissolved in buffer A and stored at —80 °C. If not
stated otherwise, ternary complexes were obtained by incubation of
EF-Tu (S0 uM) with GTP (1 mM), pyruvate kinase (0.1 pg/uL), and
phosphoenolpyruvate (3 mM) in buffer A or B for 15 min at 37 °C,
followed by addition of Pro*-tRNAP™ (25 uM) or a mixture of Pro*-
tRNA"™ and Gly-tRNA® and further incubation for 2 min. When
Pro*-tRNAP™® was used as A-site substrate, Pro*-tRNA"™—EF-Tu—
GTP complex was purified by SEC on a tandem Superdex 75—10/300
GL columns (GE Healthcare)®"** and the concentration of the ternary
complex was determined photometrically at 260 nm. PTCs were
formed by mixing initiation complexes with a 2-fold excess of ternary
complexes (Pro*-tRNA"—EF-Tu—GTP) in buffer A with 14 mM
MgClL,. After S min incubation at 37 °C EF-G was added (1/10 molar
ratio to ribosomes). After 30 s of translocation, ribosome complexes
were loaded on a sucrose cushion as described for initiation complexes.
To determine the efficiency of complex formation with Pro*-tRNA™™
and thereby the PTC concentration, incorporation of the next amino
acid encoded by the mRNA ([**C]Phe or [*H]Gly) was monitored.
For most analogues the efficiency of PTC formation was between 70

and 90%. The efficiency of PTC formation with 4-S-Mep-, 4-R-Mep-,
Aze-, and Pip-tRNA"™ reached 20—50%.

Toeprinting Assay. The toeprinting assays were performed as
described previously."” Briefly, in vitro translation reactions of the
PPPFT* template (TTAATACGACTCACTATAGGGGAA-
TTGTGAGCGGATAACAATTCCCCTCTAGAAATAATT-
TTGTTTAACTTTAAGAAGGAGATATACATATGCATC-
ATCATCATCATCACAAGAATATACGTAACTTTTCGA-
TCATAGCTCACATTGACCACCTGCCGCCGCCGTTTA-
CCTAATAAGAGCTCGGTAAATCGACGCTGTCTGACC-
GTATTATCCAGATCTGCGGTGGCCTGTCTGACCGTG-
AAATGGAGGCGCAGGTTCTC) with ATG start codon,
consecutive proline triplet CCGCCGCCG, and ACC Thr codon,
were carried out in the PURExpress Aaa AtRNA kit (New England
Biolabs) with the presence of 2 pmol of the reverse primer (5'-
GAGAACCTGCGCCTCCATTTCACGGTC-3') labeled with 6-
FAM at §' end (Metabion). Translation was performed in the absence
of the amino acid threonine to monitor ribosomes that do not stall at
the PPP motif by trapping them on the downstream ACC (Thr)
codon and in the presence of either Pro or Pro* at the concentration
0.1 mM. To ensure efficient aminoacylation of tRNA™, reactions were
preincubated without the template for S min at 37 °C. Upon addition
of template, reactions were incubated for 30 min at 37 °C. Where
indicated, EF-P (1 uM) was added. Subsequently, 100 units of reverse
transcriptase (RT) Superscript III (Life Technologies) and dNTP mix
to the final concentration of 400 yM was added. The RT reaction was
then incubated for additional 30 min at 37 °C. Products of the
reactions were purified using Nucleotide Removal Kit (Qiagen) and
Iyophilized. The lyophilized pellets were resuspended in a formamide
loading dye solution and applied on the 7% urea-acrylamide gel.
Fluorescence of samples was detected using Typhoon FLA 9500
scanner. Intensity of stalled bands was acquired using Image]. To
correlate the toeprint bands with the site of ribosome stalling,
sequencing reactions were performed on the PPPFT* template using
coupled transcription-translation (PURExpress kit) without addition
of amino acids and tRNA. Reactions were supplemented with 6-FAM-
labeled primer used for toeprinting and incubated for 30 min, followed
by addition of 100 units of Superscript III (Life Technologies) and
ddNTP/ANTP mix (Roche) to the final concentration of 4 mM/400
UM, respectively. Reactions were then further incubated for 30 min at
37 °C, and the products were purified and subjected to electrophoresis
as described for the toeprinting reactions.

Kinetics. Time courses were obtained either by manual pipetting or
in a quench flow apparatus (KinTek Laboratories, Inc.) by mixing
equal volumes of reactants, incubating for the desired time, and
stopping the reaction by addition of KOH (0.5 M), followed by
hydrolysis of tRNA (for 30 min at 37 °C) and neutralization with
glacial acetic acid. If not stated otherwise, substrates and products were
separated on reversed phase columns (LiChrospher 100 RP-8 or
Chromolith RP8 100—4.6 mm column, Merck) using 0—65%
acetonitrile gradient in 0.1% TFA and quantified by double-label
scintillation counting.

The Puromycin Reaction was performed by mixing equal volumes of
PTC (0.15 uM final) and Pmn (10 mM final) with or without EF-P (3
UM final) in buffer A at 37 °C.** For fMet-Pro*-Pmn formation, the
decay of fMet-Pro* was monitored and the rate was determined by
single- or double-exponential fitting of [educt]/([product] + [educt])
vs time. With 4-S-Hyp, the substrate consumption was visualized. For
the very rapid reaction with 4-R-Flp in the presence of EF-P at 37 °C,
the reaction occurred partially within the dead time of the quench flow
apparatus (2 ms). To correct for the lack of information at the initial
time points, the starting concentration of the P-site substrate was
determined prior to the reaction and set constant in one-exponential
fitting.

fMP*G Formation. PTC(P*) (0.2 uM final) was mixed with
TC(G) (10 uM final) with or without EF-P (3 yM final) in buffer B at
37 °C?

fMP*P*G Formation. Purified initiation complex (0.2 uM final)
primed with mRNA encoding for MPPG was mixed with ternary
complexes TC(P*) (purified by SEC) and TC(G) (2 M final each)
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in the presence of EF-G (1 M) with or without EF-P (3 uM final) in
buffer B at 37 °C. The observed rate comprises all kinetic steps of
three elongation cycles which include accommodation of tRNAs,
peptide bond formation, and translocation.

Hydrolysis of fMP*-tRNAP®. f[*H]Met-Pro*-tRNA"™ (0.5 uM)
was hydrolyzed in buffer C at 37 °C. Reactions were stopped by
addition of 10% TCA with 50% EtOH, and intact peptidyl-tRNA was
collected by nitrocellulose filtration and quantified by *H scintillation
counting. In some cases, the population of complexes was
heterogeneous due to incomplete A-site occupancy with ribosomes
containing either f{*H]MetPro*-tRNA"™ or f[*H]Met-tRNA™ which
could not be distinguished by scintillation counting. The hydrolysis
rates for the two species could be assigned based on the two-
exponential courses of the reaction, knowing the intrinsic decay rate of
f°’H]Met-tRNA™M®, In other cases where the A-site occupancy was
high, the contribution of fMet-tRNA™M® was sufficiently small to be
neglected.

Aminolysis of Peptidyl-tRNA. Aminolysis was performed in buffer
C containing 1 M glycinamide corresponding to 0.2 M unprotonated
glycinamide (Sigma-Aldrich) at 37 °C.*’ Concentration of unproto-
nated glycinamide at pH 7.5 was calculated using the published pK, of
8.2.° In the presence of amine, the rate of peptidyl-tRNA
decomposition (kge,,) reflects the sum of two competing reactions,
aminolysis and hydrolysis. The rate of aminolysis was calculated from
the decay rate in the presence of glycinamide and the hydrolysis rate
according to the equation k,yinol = kgecay — Kinydrol-

Calculation of Activation Energies. The activation parameters
were determined on the basis of Arrhenius and Eyring equations for 25
°C. The free energy of activation was calculated with AG* = —RT
In((k-h)/(ks-T)), where R is the gas constant, T the absolute
temperature, and h and kg are the Planck’s and Boltzmann’s constants,
respectively. The activation energy (E,) was determined from the
slope of the Arrhenius plot, with E, = —slope X R and the enthalpy of
activation according to AH* = E, — RT. The entropy of activation was
obtained from TAS* = AH¥ — AG™.
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