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Peptide bond formation does not involve acid-base
catalysis by ribosomal residues

Peter Bieling!=, Malte Beringer!, Sarah Adio'*> & Marina V Rodnina!

Ribosomes catalyze the formation of peptide bonds between aminoacyl esters of transfer RNAs within a catalytic center
composed of ribosomal RNA only. Here we show that the reaction of P-site formylmethionine (fMet)-tRNA™Met with a modified
A-site tRNA substrate, Phelac-tRNAP, in which the nucleophilic amino group is replaced with a hydroxyl group, does not show
the pH dependence observed with small substrate analogs such as puromycin and hydroxypuromycin. This indicates that acid-
base catalysis by ribosomal residues is not important in the reaction with the full-size substrate. Rather, the ribosome catalyzes
peptide bond formation by positioning the tRNAs, or their 3’ termini, through interactions with rRNA that induce and/or stabilize
a pH-insensitive conformation of the active site and provide a preorganized environment facilitating the reaction. The rate of
peptide bond formation with unmodified Phe-tRNAPM® is estimated to be >300 s~'.

Ribosomes are two-subunit particles made up of rRNA and proteins.
The active site for peptide bond formation, the peptidyl transferase
(PT) center, is located on the large ribosomal subunit, 50S. 50S
subunits largely depleted of protein retain some PT activity, suggesting
that the activity might reside in 23S rRNA!. The high-resolution
crystal structures of the 50S subunit from Haloarcula marismortui
have revealed that the PT center is composed of RNA only, with no
protein within 15 A of the active site®3; a similar structure has been
observed in 50S subunits from Deinococcus radiodurans®. This
implies that the PT reaction is catalyzed by RNA and, thus, the
ribosome is a ribozyme.

Peptide bond formation is the aminolysis of the ester bond of
peptidyl-tRNA  (pept-tRNA) in the P site by aminoacyl-tRNA
(aa-tRNA) in the A site (Fig. 1), and there are several ways in
which the ribosome may catalyze the reaction. For example, the
formation of intermediates and transition states during the reaction
may be facilitated at three different steps by abstraction or donation of
protons. First, because primary amines in aqueous solution at neutral
pH predominantly exist in the protonated ammonium form, the
o-NH3 group of aa-tRNA must be deprotonated to generate the
nucleophilic NH; group. Second, the putative zwitterionic intermedi-
ate (T*; ref. 5) contains a protonated secondary amine and an
oxyanion linked to the tetrahedral carbon. Third, a proton is
required to form the leaving group, that is, the 3" hydroxyl group of
deacylated tRNA in the P site. For general acid-base catalysis to occur
in an aqueous environment at physiological conditions, the pK, values
of the catalytic groups have to be close to neutrality to efficiently
abstract or donate a proton during the reaction. The pK, values
of imino protons of the RNA bases are 3.5 for A, 4.2 for C and 9.2 for

G and U®, and the pK, values of protons at N3 in A and G are
probably even lower than 3.5 (ref. 7). Thus, if rRNA bases were to
take part in chemical catalysis, their pK, values would have to be
shifted substantially.

In addition to general acid-base catalysis, there are several other
ways by which the ribosome may catalyze peptide bond formation.
These include orientation and proximity effects and the removal of
water from the active site®. Furthermore, the ribosome may stabilize
the transition state by electrostatic interactions and hydrogen bonds;
for example, the oxyanion of the T* intermediate is stabilized by
water-mediated interactions with 23S rRNA1C, Finally, the ribosome
may work by providing a preorganized electrostatic environment that
reduces the activation free energy of the highly polar transition
state! 12 or may even change the details of the reaction pathway!?.
Several—or all—of the above mechanisms may contribute to the
catalysis of peptide bond formation on the ribosome, producing its
4 x 10°—fold acceleration compared to the uncatalyzed reaction'4,

aa-tRNA, the A-site substrate of the PT reaction, is delivered to the
ribosome in a ternary complex with elongation factor Tu (EF-Tu) and
GTP. Binding of the ternary complex to the ribosome and codon
recognition results in GTP hydrolysis by EF-Tu. aa-tRNA is released
from EF-Tu—GDP and moves through the ribosome into the PT center
(accommodation), where its 3’-terminally aminoacylated CCA end is
engaged in multiple interactions with the rRNA!>718, aa-tRNA accom-
modated in the A site of the PT center reacts rapidly with pept-tRNA
in the P site to form pept-tRNA that is one amino acid residue longer
in the A site and deacylated tRNA in the P site. Because accommoda-
tion is rate-limiting for the PT reaction with aa-tRNA at the
conditions tested so far!®, the catalytic mechanism has not been
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Figure 1 Chemistry of peptide bond formation. 3’ends of the P-site pept-
tRNA (left) and A-site Phe-tRNAPhe (right) are shown (top). Products
(bottom) are P-site deacylated tRNA (left) and A-site pept-tRNA (right).
R1 denotes the last C-terminal amino acid residue in pept-tRNA.

studied with full-length aa-tRNA. Instead, the small model substrate
puromycin (Pmn), mimicking the aminoacylated 3’-terminal adeno-
sine, has been used, as it binds the PT center rapidly compared to the
chemistry step14’20. However, it is unclear whether the results obtained
with such a substrate can be extended to the reaction with full-size aa-
tRNA, because Pmn cannot form most of the tRNA-rRNA interac-
tions?!. To examine the contribution of general acid-base catalysis to
peptide bond formation, we studied the pH dependence of the
PT reaction on ribosomes from Escherichia coli with full-size aa-
tRNA as A-site substrate.

RESULTS
A-site accommodation and PT reaction of aa-tRNA
Assuming that an ionizing group on the ribosome with pK, in the
neutral range is involved in the reaction?’ and that the o-NH, group
of aa-tRNA has a pK, value of 8.0 (ref. 22), the reaction rate between
fMet-tRNA™et in the P site and Phe-tRNAFPPe in the A site (Fig. 2a)
should be strongly pH dependent. By analogy with the pH depen-
dence of the reaction using puromycin as A-
site substrate?’, the reaction rate is expected
to decrease with pH; at a certain pH, it may g
become lower than the rate of accommoda- 705 ANAMeLANAME
tion, which limits the rate of peptide bond cp
formation at pH values around neutrality.
Provided the accommodation rate is pH
independent, it should then be possible to
study the chemistry step in the range below
that pH. To test this possibility, we measured
rates of aa-tRNA accommodation and pep-
tide bond formation in the pH range between
6 and 9. Experiments at lower or higher pH
were not possible because of rapid EF-Tu
precipitation and tRNA cleavage, respectively.
The rate of aa-tRNA accommodation was
measured by fluorescence resonance energy
transfer (FRET). fMet-tRNAMet was labeled
with a fluorescence donor, fluorescein, and

QF or SF

EF-Tu-GTP-Phe-tRNAPh®

different pHs.

Phe-tRNAPhe with a fluorescence quencher, QSY35. Upon movement
of Phe-tRNAPM® to the A site, the quencher comes into the proximity
of the donor, causing a fluorescence decrease. The time course of
accommodation was measured by the stopped-flow method (Fig. 2b).
The rates of accommodation were identical at pH values of 6, 7 and 8.
The same result was obtained (data not shown) by monitoring the
fluorescence of proflavin-labeled Phe-tRNAFPe (ref. 19).

Rates of peptide bond formation between fMet-tRNAMet and
Phe-tRNAPh® were measured by the quench-flow method (Fig. 2c).
The observed rate of peptide bond formation was independent of
pH and indistinguishable from the rate of accommodation, about
2-7 57! (see below), indicating that the accommodation step was rate-
limiting for peptide bond formation over the whole pH range
accessible experimentally. This result may be explained in two ways:
either (i) the rate of the PT reaction was not affected by
ionization of ribosomal residue(s) or (ii) the chemical step was
so fast that the protonation of a group contributing to catalysis
did not inhibit peptide bond formation enough to make it slower
than accommodation.

Phenyllactyl-tRNA as A-site substrate

As it was impossible to circumvent or accelerate the accommodation
of aa-tRNA, we have used an aminoacyl-tRNA derivative to uncouple
the chemistry step from accommodation. The most suitable substrate
for this purpose seems to be phenyllactyl-tRNAP® (Phelac-tRNAPhe),
which is identical to the natural substrate Phe-tRNAPM®, except that
the nucleophile attacking the ester carbonyl group in pept-tRNA is
OH instead of NH,. 3-phenyllactic acid from Phelac-tRNAP" has
previously been shown to be incorporated into internal positions of a
nascent peptide via an ester linkage?>. The replacement of NH, by OH
does not change the catalytic mechanism, as replacing the NH, group
of Pmn with a OH group (Pmn-OH) only reduces the rate of the
chemistry step without affecting the reaction’s pH dependence?* and
does not affect the contribution to the reaction of an ionizing group of
the ribosome?’, Recent ribosomal crystal structures have revealed that
hydroxy-derivatives are proper analogs of the substrate and transition
state and are positioned in the peptidyl-transferase center in the same
way as amino group—containing derivatives!'®°,

Phelac-tRNAP"  forms a ternary complex with EF-Tu-GTP,
albeit with lower affinity (Kg = 30 uM) than that of Phe-tRNAFPhe
(Kg = 100 nM)2, Binding of EF-Tu-GTP-Phelac-tRNAP" to the
ribosome was complete within 1 min (data not shown). To examine
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Figure 2 Kinetics of accommodation and PT reaction with Phe-tRNAP"® as substrate. (a) Preparation
of ribosome complexes and rapid kinetic PT assay. Ribosomes were programmed with MF-mRNA
and contained fMet-tRNAMet or fMet-tRNAMe(FIu) in the P site. Ternary complex was formed

from EF-Tu, GTP and either Phe-tRNAP"e, Phe-tRNAPPe(QSY) or Phelac-tRNAP. Accommodation

of aa-tRNA in the A site was measured by stopped flow (SF), the PT reaction by quench flow (QF).
(b) Time courses of accommodation (curve 1) upon binding of Phe-tRNAP"¢(QSY) to the A site of
ribosomes with fMet-tRNAMet(Flu) in the P site. Control (curve 2) was carried out with ternary
complexes containing unlabeled Phe-tRNAPMe- (c) Time courses of peptide bond formation at
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whether Phelac-tRNAPP is fully accommodated and the 3’ end of
tRNA is correctly positioned in the PT center, we probed the
interactions between Phelac-tRNAP"® and 23S rRNA by chemical
footprinting?’. Binding of aa-tRNA to the A site leads to protection
of several 23S rRNA bases from modification by chemical reagents.
Footprints at two bases (A2602 and \2555) located directly in the PT
center are known to depend on the correct positioning of the amino
acid residue at the 3" end of A site-bound tRNA?’. If Phelac-tRNAFhe
binds the A site in the same way as unmodified aa-tRNA, these bases
in 23S rRNA should be protected against chemical modification.
Footprinting experiments were carried out with either fMet-tRNAMet
or deacylated tRNAMet i the P site (Fig. 3). In the latter case,
aa-tRNA in the A site is trapped in the state before peptide bond
formation, which allows for proper comparison between the unmodi-
fied Phe-tRNAPM and Phelac-tRNAFPPe, as rapid peptide bond forma-
tion between fMet-tRNAMet and unmodified Phe-tRNAPP leads to
deprotection of A2602 (ref. 27). In agreement with earlier observa-
tions?’, the reactivity of A2602 toward dimethyl sulfate (DMS) was
enhanced when fMet-tRNAt was bound to the P site, whereas with
deacylated tRNA™ME® the enhancement was much less (Fig. 3). A-site
binding of Phelac-tRNAFP® led to substantial protection of A2602,
similar to that observed with Phe-tRNAPMe, {52555 was protected from
1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-p-toluene
sulfate (CMCT) modification to the same extent by Phelac- and
Phe-tRNAPP (data not shown). Thus, the footprinting results indicate
that Phelac-tRNAP' accommodates in the active site of the ribosome
in a way that is indistinguishable from the positioning of Phe-tRNAP",
Furthermore, both Phelac-tRNAPP® binding and the appearance of the
specific footprints on 23S rRNA (completed within 5 min) are much
faster than the formation of fMet-Phelac (completed after about 1 h;
see below), indicating that, with Phelac-tRNAPP¢, the accommodation
step is no longer rate limiting for the chemical reaction.

Time courses of ester bond formation between fMet-tRNA™et and
Phelac-tRNAP™ on the ribosome showed perfect single-exponential
behavior, indicating that only a single active substrate took part in the
reaction. The reaction was very slow, about 10~ s~! (Fig. 4), > 50,000
times slower than peptide bond formation with Phe-tRNAPPe (Fig. 5).
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Figure 4 Kinetics of fMet-Phelac formation. Time courses are shown at
pH 6.0, 6.7 and 7.5.
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Figure 3 Correct positioning of Phelac-tRNAP"® at the PT center. Protection
of A2602 in 23S rRNA by tRNA binding was probed by DMS modification.
Phe- or Phelac-tRNAP"® was added as a ternary complex with EF-Tu-GTP.
Relative intensities (vacant 70S = 1.0) were calculated from band
intensities normalized to control bands within the same lane (not shown

in figure); values represent averages from two independent experiments.

The rate constant of fMet-Phelac formation was the same at pH values
between 6 and 9 (Figs. 4 and 5). This result constitutes strong
evidence against an important contribution of acid-base catalysis
and an involvement of ribosomal groups in chemical catalysis of the
reaction on the ribosome, at least in the pH range studied. It is thus
possible to estimate a lower limit for the rate constant of peptide bond
formation with unmodified aa-tRNA. Taking one ionizing group
into account, that is, the o-amino group of aa-tRNA, with pK, =
8.0 and a measured rate of peptidyl transfer (kpp) of 5 shat pH 6.5,
the lower limit for the rate of the chemistry step would be >300 s!
for pH > 8.5 (Fig. 5), more than six times faster than the rate

measured with puromycin®,

DISCUSSION

The present data show that catalysis of the reaction of P-site fMet-
tRNAMet with the modified A-site substrate, Phelac-tRNAPPe, does
not involve ribosomal groups ionizing at neutral pH, indicating that
the contribution of general acid-base catalysis is small. The mechan-
ism of ester aminolysis is similar but not identical to peptide bond
formation. Nevertheless, the observed pH independence of the
reaction with Phelac-tRNA cannot be due to the NH,-to-OH replace-
ment, because the reaction with Pmn-OH shows the same pH
dependence as that with Pmn, except for the absence of the effect of
protonation of the nucleophilic NH, group. The absence of pH
dependence between pH 6 and 9 does not by itself rule out acid-
base catalysis, because the combination of an acid and a base with pK,
values outside this range may produce the same effect. In such a
case, the observed pH independence is not due to the absence of
deprotonation-protonation events, but instead is due to the decreased
abundance of the functional form of the acid being offset by the
increased abundance of the functional form of the base?®. In fact, there
are examples of ribozymes using acid-base catalysis by nucleobases
with pKgs outside the neutral range®?. Notably, the reaction rates
achieved by such catalysts are very moderate, usually <1 min~!, for
the following reason. Assuming pK, values of the catalytic acid and
base just outside the 6-9 range, for example, pK, = 5 and 10,
respectively, the activity of such an enzyme at neutral pH (calculated
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Figure 5 Summary of rate constants. Shown is pH dependence of rate
constants for accommodation (m) and for peptidyl-transfer reactions with
Phe-tRNAPPe (o), Phelac-tRNAP"® () and Phe-tRNAPPe treated with nitrous
acid before aminoacylation (o) as A-site substrates. Curve 1 is a model for
the pH dependence of peptide bond formation with Phe-tRNAP", calculated
assuming one ionizing group (pKa1 = 8.0 for the a-amino group of aa-tRNA)
and a measured kyep = 5 571 at pH = 6.5.
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as in ref. 28) is five orders of magnitude lower than the maximum rate
(kmayx) for a bond-forming or bond-breaking event. Furthermore, k¢
itself is a function of the Breonsted coefficient (B,.). In most
ribozymes, this value is about 0.5 (ref. 28), but it seems to be very
low (Buue < 0.2) on the ribosome®, suggesting that the positive
charge on the nitrogen in the transition state is very small. Thus,
models assuming active acid-base catalysis by groups ionizing far
outside the neutral pH range are inconsistent with the high rate of
peptide bond formation on the ribosome.

The 3’-terminal CCA sequence of A-site tRNA interacts
with residues of 23S rRNA in the active site. Recent crystal
structures have shown that proper binding of CC-hPmn, an A-site
substrate analog containing hydroxypuromycin attached to a CC
dinucleotide, induces specific movements of rRNA residues in the
PT center, thereby reorienting the ester group of peptidyl-tRNA and
making it accessible for attack®. These interactions, as well as other
contacts of the tRNA body with the ribosome!®, may stabilize the
structure of the PT center in its active conformation. They accelerate
the reaction (kpep > 300 s~! with Phe-tRNAPPe compared to 50 s~ for
Pmn) and abolish its dependence on pH, suggesting a contribution
of tRNA interactions with the ribosome to the catalysis of peptide-
bond formation.

Unlike aa-tRNA, Pmn and Pmn-OH show a strong pH dependence
of the rate of the PT reaction. Deprotonation of a ribosomal
group with a pK, value of 7.5 increases the rate of the reaction
~150-fold?*2!, This effect indicates either chemical catalysis involving
an ionizing group of the ribosome or a pH-dependent conformational
change in the active site that affects the rate of the reaction. Pmn is not
positioned by interactions with 23S rRNA, which may render the PT
reaction with Pmn more sensitive to pH-dependent structural re-
arrangements. In fact, the structure of the ribosome is known to be
sensitive to pH changes”!'=3?, and the conformation induced by
increasing the pH may have higher activity in the peptidyl-transfer
reaction. Apparently, the pH-dependent activation cannot occur
when a full-size tRNA is bound to the A site; consequently,
the rates of reaction with Pmn-OH and Phelac, which are similar at
low pH values, become quite different at high pH. The addition of a
single cytidine residue to Pmn is sufficient to abolish the strong
pH dependence of catalysis®*. Mutations of a number of rRNA
residues within the PT center have no effect on the rate of peptide
bond formation with aa-tRNA as A-site substrate, whereas the
reaction with Pmn is strongly inhibited?»?1:3, This again indicates
that the reaction with aa-tRNA is robust: it is not affected by base
changes within the active site, probably because of substrate-induced
stabilization of the active conformation. In contrast, the reaction
with Pmn seems to be sensitive to structural changes induced by
mutations in 23S rRNA?>%,

The 2" OH of A76 of the P-site tRNA has been suggested to have an
important role in catalysis®’. Substitution of this 2" OH by 2’ H or 2’ F
greatly reduces the rate of peptide bond formation, leading to the
proposal that peptide bond formation is promoted by substrate-
assisted catalysis, with the 2” OH of A76 acting as a general acid or
base®’. Measurements with model substrates in the absence of ribo-
somes have shown that the presence or absence of a hydroxyl group in
the substrate has only small effects on catalysis, suggesting that the
2" OH of the P-site tRNA may be important in the context of
the ribosome only!!. The present results—pH independence of
peptide bond formation with full-size tRNA substrates—show that
even if the 2" OH is involved in proton transfer, its pK, is not shifted to
the neutral pH range, in agreement with recent crystal structures!?.
Instead, the position and conformation of the 2 OH may be crucial

for supporting a network of hydrogen bonds and electrostatic inter-
actions that stabilize the transition state!®12,

Our data suggest there is a very small contribution, if any, of
chemical catalysis to peptide bond formation on the ribosome,
consistent with ribosome mutagenesis data that provide evidence
against a catalytic role of active site nucleotides?!. Furthermore, our
data strongly support a recently proposed mechanism that does not
involve general acid-base catalysis by ribosomal groups, but an
intrareactant proton shuttling via the P-site adenosine 2 oxygen,
after the attack of the A-site a-amino group on the P-site ester!®1238 |
Most of the catalytic power of the ribosome seems to result from tight
binding of tRNA substrates in the active site through interactions of
their 3’ ends with 23S rRNA. In addition to putting the reactive
groups in close proximity and a precise orientation relative to each
other, the ribosome may work by providing a preorganized electro-
static environment that reduces the activation energy of the highly
polar transition state, by shielding the reaction against bulk water, by
helping the proton shuttle form the leaving group or by a combination
of these effects!0-121425,

The ribosome is an ancient RNA catalyst that accelerates the
PT reaction by a factor of 4 x 10 (ref. 14). It is much less efficient
than protein enzymes that use chemical catalysis and accelerate
reactions by up to 10%-fold>®. Apparently, evolutionary pressure has
had a much larger influence on the speed and fidelity of the rate-
limiting steps of protein synthesis that do not involve chemistry, such
as substrate binding?, than on the chemistry step of peptide bond
formation. This has allowed the ribosome to retain its catalytic
strategy during the evolution of a prebiotic translational ribozyme
into a modern ribosome. Thus, the catalytic mechanism used by
the ribosome seems to represent a fossil of a primitive catalyst from
the RNA world.

METHODS

Standard materials. Experiments were carried out in buffer A (50 mM Tris-
HCI (pH 7.5), 70 mM NH,Cl, 30 mM KCl and 7 mM MgCl,) at 37 °C.
Ribosomes from E. coli MRE600, initiation factors, EF-Tu, f[*H]Met-tRNAMet,
[“C]Phe-tRNAPP and MF-mRNA (coding for fMet-Phe) were prepared as
described in refs. 19,41,42. Fluorescence labeling of tRNAMet and (RNAPe at
4-thioU(8) with fluorescein (Flu) and QSY35 (QSY), respectively, was carried
out as described in ref. 43. f’H]Met-tRNA™Me(Flu) and ['“C]Phe-
tRNAPR(QSY) were purified by HPLC on a Hibar 250 RP-18 (5 um) column
(Merck) using a 0%—-15% (v/v) gradient of ethanol in 20 mM ammonium
acetate (pH 5), 10 mM MgCl, and 400 mM NaCL

Preparation of Phelac-tRNAPPe, [14C]Phelac-tRNAPP® was prepared by de-
amination of [C]Phe-tRNAPhe by treatment with nitrous acid’®*, The major
products of deamination of Phe-tRNAP™ are the 3-phenyllactic-tRNAPh® (pre-
sent as a mixture of L- and D-isomers) and cinnamyl-tRNAP he [14C]Phelac-
tRNAPPe was purified by HPLC as described above. Phelac-tRNAFPhe eluted as a
major peak at 11.5% (v/v) ethanol. For product analysis before and
after HPLC purification, an aliquot containing 120 pmol [!4C]Phelac-tRNA
was hydrolyzed by incubation in KOH (0.5 M) for 30 min. After neutralization
with glacial acetic acid (10% (v/v)), the products were separated by analytical
HPLC on a LiChrosPher RP-18 (7 uM) column (Merck) using an adapted
0%-50% (v/v) gradient of acetonitril in 0.1% (v/v) trifluoroacetic acid.
Fractions were analyzed by radioactivity counting in Lumasafe Plus (Packard).
For product identification by retention times, phenyllactic acid (retention time
9 min), phenylalanine (6 min) and cinnamic acid (13 min) were used
as references; reference substances were detected by monitoring optical density
at 210 nm. Hydrolysates of HPLC-purified ["*C]Phelac-tRNAPP eluted as a
sharp peak exclusively at the position of phenyllactic acid (9 min). To analyze
the content of p- and L-stereoisomers in the preparation, [*4C]Phelac-tRNAFhe
was hydrolyzed in 200 mM ammonium carbonate for 45 min at 45 °C, and
['“C]Phelac was separated from tRNA on a NICK column (Amersham)
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and dried. The powder was dissolved in 200 pl of buffer (1 mM copper
(II) acetate, 50 mM ammonium acetate and 7.5% (v/v) acetonitril (pH 5.0)) in
the presence of L- and p-phenyllactic acid standards (Sigma) and analyzed by
isocratic runs on a Chirex 3126 (Phenomenex) column. [4C]Phelac-tRNAFPhe
preparations contained 20% L- and 80% bp-isomer. Separation of stereo-
isomers of ['C]Phelac-tRNAPP was not possible and was not undertaken,
because the D-isomers are inactive as A-site substrates (see below).
To test whether incubation with nitrous acid modified the properties of tRNA,
deacylated tRNAPPe  was treated as described above, purified, amino-
acylated with ['*C]Phe and tested in ribosome binding and peptide bond
formation. The rate of peptide bond formation with nitrous acid—treated Phe-
tRNAPRe was identical to that measured with untreated tRNA, 5 s~ (Fig. 5),
indicating that the tRNA remained fully functional when attached to the
unmodified amino acid.

Synthesis of fMet-Phe and fMet-Phelac. Initiation complexes were prepared
by incubating 70S ribosomes (1 uM) with a 1.2-fold excess of MF-mRNA,
1.5 uM each of initiation factors IF1, IF2 and IF3, 1.5 uM f[°H]Met-tRNAMet
and 1 mM GTP in buffer A for 1 h at 37 °C. Complexes were purified and
concentrated by centrifugation through 400-pl sucrose cushions (1.1 M sucrose
in buffer A) at 260,000¢ for 2 h (RC M120 GX, Sorvall). Ribosome pellets were
dissolved in buffer A to a final concentration of 7 uM, shock-frozen in liquid
nitrogen and stored at —80 °C. Ribosome complexes with deacylated tRNAMet
in the P site were prepared by treating initiation complexes (1 uM) with Pmn
(10 mM) in buffer A for 15 min at 37 °C. Complexes were purified and
concentrated by ultracentrifugation as above. Both types of complexes, with
deacylated or fMet-tRNA™et in the P site, were >90% active in binding of
[14C]Phe-tRNAPhe, according to nitrocellulose-filtration results. Ternary com-
plexes (EF-Tu-GTP—['4C]Phe-tRNAP") were prepared by incubating EF-Tu
(48 pM) with GTP (1 mM), phosphoenol pyruvate (3 mM) and pyruvate
kinase (0.1 mg I'!) for 15 min at 37 °C, then adding ['*C]Phe-tRNAFh¢ or
[4C]Phe-tRNAPP¢(QSY) (12 uM). The ternary complex with Phelac-tRNAPhe
was prepared in the same way, except for the use of a higher concentration of
EF-Tu (20-fold excess over tRNA).

Reactions of ribosome complex (1 pM) and EF-Tu-GTP-['“C]Phelac-
tRNAPhe (1.5 uM) were stopped by the addition of 25% (v/v) formic acid
and f[*H]Met-['*C]Phelac-tRNA was pelleted by centrifugation. Pellets were
dissolved in 40 pl of buffer B (50 mM Tris-HCI, 20 mM Bis-Tris, 70 mM
NH,CI, 30 mM KCI and 7 mM MgCl, (pH 6.2)) and the pH was adjusted to
6.5 with 1 M KOH. RNase A (2 mg ml™) was added in the same buffer and
digestion was carried out at 37 °C for 30 min, followed by centrifugation. After
dilution of the supernatant to a total volume of 200 pl with 0.1% (v/v)
trifluoroacetic acid, the reaction products were analyzed by reverse-phase
HPLC as described above. The presumed fMet-Phelac reaction product was
clearly separated from both fMet and Phelac fractions and contained [*H]Met
and ['*C]Phelac in strictly stoichiometric amounts. The presence of the ester
bond was verified by alkaline hydrolysis (in 0.5 M KOH for 30 min at 37 °C).
This resulted in complete hydrolysis of fMet-Phelac to fMet and Phelac,
whereas no hydrolysis of the dipeptide fMet-Phe was found under these
conditions. The yield of fMet-Phelac was ~30% per ribosome at all pH values
(normalized to the maximum portion reacted in Fig. 4). This corresponded to
the portion of 1-Phelac-tRNAPP included (20% in Phelac-tRNAP prepara-
tions that were added in 1.5-fold excess over the ribosomes), which was bound
to the ribosome in preference over the p-isomer. To determine the ratio of
L- and p-isomers of Phelac in the product, f[*H]Met-[!“C]Phelac-tRNAP he was
separated from ribosomes by ultracentrifugation, purified from f[*H]Met-
tRNAMet and [14C]Phelac-tRNAP by HPLC on a Hibar 250 RP-18 (5 um)
column as described above and dried. fMet-Phelac was hydrolyzed by
ammonium carbonate for 45 min at 45 °C and treated exactly as described
above for Phelac. HPLC analysis on a Chirex 3126 (Phenomenex) column
and radioactivity counting revealed that all the [1*C]Phelac in the product was
the L-isomer.

Chemical modification. Chemical modification experiments were carried
out as described in ref. 45 after mixing 1 pM initiation complex
with 1.5 pM ternary complex. Incubation with DMS or CMCT was for
8 min at 37 °C. Modification of residues at the PT center was monitored
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by reverse transcriptase sequencing using a 3*P 5" end-labeled DNA primer,
5"-GGTCCTCTGTACTAGGAGC-3’, complementary to E. coli 23S rRNA
nucleotides 2667-2648.

Kinetic assays. For kinetic assays, ribosome and ternary complex stocks were
diluted 1:10 into the desired buffer, and the pH of both solutions was measured
using a small-size pH electrode. Fluorescence stopped-flow measurements were
performed and the data evaluated as described previously'®. Fluorescein
fluorescence was excited at 470 nm and measured after passing a KV500 cut-
off filter (Schott). Experiments were performed in buffer B at desired pH and at
37 °C by rapidly mixing equal volumes (55 pl) each of the ribosome complex
(0.4 pM) and ternary complex (1.2 pM). Time courses were evaluated by a
function with three exponential terms. The first two exponential terms were
necessary to describe a small, rapid fluorescence decrease, which most likely
represents (i) the initial binding of the ternary complex to the ribosome, and
(ii) codon recognition (H.-J. Wieden and M.V.R., unpublished data). The third
exponential term, accounting for >80% of the fluorescence decrease, reflects
the accommodation of tRNA in the A site.

Quench-flow assays were performed at 37 °C in a KinTek apparatus,
mixing equal volumes (12 pl) each of ribosome (0.4 pM) and ternary complex
(1.2 pM) solution. Reactions with Phe-tRNAPPe were quenched with KOH
(0.5 M), f[>H]Met-['*C]Phe formed by the PT reaction was set free from
f[°H]Met-[14C]Phe-tRNAPhe by alkaline hydrolysis (30 min at 37 °C) and
unreacted f[*H]Met and ['“C]Phe were separated by reverse-phase HPLC and
quantitated by double-label radioactivity counting?’.
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