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3’-(a-L-Aminoacylamido)deoxyadenosines are ribosomal A-site
binders and mimic the nascent peptide accepting 3'-terminus of
aminoacyl transfer RNA. Their a-amino groups exhibit intrinsic
basicities in bulk water that differ by up to 1.8 pK, units. Only
the neutral form of these nucleophiles can be active during
ribosomal peptidyl transfer catalysis.

The ribosome catalyzes the transfer of nascent peptide chains
from 3’-O-esters of P-site bound tRNAs to a-amino groups of
A-site bound 3’-aminoacyl-tRNAs. These nucleophilic
a-amino groups are shown here to vary considerably in basicity
and thus in propensity to be in their neutral reactive form.

In Escherichia coli one codon nucleotide triplet is translated into
a new peptide bond during an average elongation time of 45 ms at
37 °C.! This corresponds to an average protein elongation rate of
22 amino acids per second and ribosome. High in vitro elongation
rates'’ are a prerequisite for peptidyl transfer (PT), rather than
foregoing aminoacyl-tRNA binding or accommodation steps,” to
be kinetically observable. Much effort has been spent in the past
decade in studies of the molecular details of ribosomal PT through
modifications in the peptide-donating P site and its substrates.®
Peptide-accepting A-site substrates have also been studied. Here
knowledge of the basicity and nucleophilicity of the o-amino
group of incoming cognate 3’-aminoacyl tRNA (aa-tRNA) is
of decisive importance.* In vitro translation assays, in which
aa-tRNA or puromycin (1) were used as nascent peptide
acceptors, have been carried out at different temperatures and thus
elucidated a range of free energies of activation for the ribosome
catalyzed PT reaction: AGe” (25 °C) 16.5-12.6 kcal mol~1.10°
Carefully thought-out aqueous model reactions for the
bimolecular ‘uncatalyzed’ ester aminolysis revealed AGuncat”
(25 °C) 22.2-23.5 keal mol~'.%% The difference translates into
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107 to 10'-fold reaction rate accelerations by the ribosome.
Nearly absent or weakly positive PT activation entropies
contrast a negative non-enzymatic activation entropy and
validate a model according to which the ribosome exhibits
throughout the catalyzed reaction pathway firm control over
the hydration of the reaction centres and overall H-bonding.”

A crucial prerequisite for this understanding is the certainty

about the rate-determining step during ribosomal peptide chain
elongation at speeds and under conditions that are relevant
in vivo. For decades one has tried to identify the rate-limiting
step in the peptide elongation cycle: after a suggestion that
mRNA translocation might be the slowest step followed
evidence that A-site occupation prior to PT could be rate
limiting. Fluorescence relaxation data have been interpreted
to imply that substrate accommodation into the A site is
about equally slow for all cognate aa-tRNA and largely
pH-independent, and that this step generally determines the
overall peptide elongation rate.® Conversely, the relative
populations of reactive neutral versus inactive protonated
nucleophiles (a-amino groups of aa-tRNA) are expected to vary
quite markedly at physiological pH, depending on the intrinsic
pK, of each nucleophile and on the ability of the ribosomal A-site
to shift these intrinsic basicities into a perhaps more favorable
apparent regime. Thus, if the chemistry of the PT were rate-
limiting, rather than the accommodation of aa-tRNA in the A
site, one should expect the rate of protein synthesis to be
manifestly dependent on pH close to the physiological range
6-8 and reliant on the pK,-modulating effect of the 20 different
amino acid side chains linked to their A-site bound tRNAs.

Very recent pH dependent ribosomal PT experiments using

a fast in vitro translation assay unequivocally showed the
chemical step to be dominating the transfer rate of formyl
methionine from P-site bound fMet-tRNA onto A-site bound
prolyl- and glycyl-tRNA at or below physiological pH.> MD
simulations on atomic coordinates of the large ribosomal
subunit containing a P-site bound dipeptidyl-tRNA and each
of the experimentally tested Asn-, Phe-, Ile-, Ala-, Gly- and
Pro-tRNA were carried out to calculate the pK, shifts of their
a-amino groups as they are being bound into the A-site in the
reactant state. For comparison, the experimental pK, shifts
were estimated from the differences between the pK, values at
25 °C of the a-amino groups of the corresponding natural
amino acids, taken from the literature'® and downshifted by
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2.0 pK, units, and the apparent pK, values, defined as the pH at
which the rate of PT was half maximal at 20 °C.° The remarkable
correlation suggests that under physiological conditions PT
‘chemistry’ could, in fact, be rate-limiting for all aa-tRNAs.

The lack of experimental intrinsic (bulk water) pK, values
for aa-tRNA is owed to the hydrolytic instability of the
adenosine-3’-O-ester linkage making it impossible to obtain
reliable pK, data for 3’-aminoacyl adenosine esters. Even
though a-amino acids and corrections based on experimental
pK, data of simple o-aminoacid methyl or ethyl esters'! may
indeed be good enough models to convey intrinsic pK, values
for o-amino groups of the natural A-site substrates
(aa-tRNA), we felt that the current efforts to ultimately under-
stand the ribosomal catalysis of cellular protein synthesis do call
for the best possible reference system. We thus decided to
experimentally determine pK, values for the a-amino groups
of true nascent peptide acceptors (A-site binders), viz. analogues
of puromycin that contain various natural or unnatural
L-amino acid side chains. In addition, we wished to put into
context our data with all available comparable experi-
mental pK, data of a-amino groups, and with those being
estimated by means of a state-of-the-art online calculator
named SPARC."?

3C and "H NMR spectroscopic analyses of aminodeoxy-
nucleosides gave pK, 6.2 and 6.9 for 2’-NH, and 3’-NH,,
respectively.!>*®? Most notably, pK, 6.2 was obtained for
2’-NH, in the absence or presence of a vicinal 3’-phosphate
group (in dinucleotides). The a-amino group of puromycin,
being the most frequently used nascent peptide acceptor
analogue, was in the past first merely reported,'3¢ then deter-
mined from a meticulous 500 MHz 'H NMR spectroscopic
study (5 mm in phosphate-buffered D,0), to exhibit pK, 7.3 at
25 °C.13 Later puromycin was titrated potentiometrically to
confer pK, 6.9 at 37 °C* (¢f. Table S3, ESIt) and pK, 7.2 at
25 °C* (both 10 mwm initial conc. in H,0O). Analogues of
puromycin®*¢ and other a-aminoacid amides'* were potentio-
metrically titrated in aqueous solutions that contained no,'*
small'¥ or >50% amounts of organic cosolvents. An
advantage of "H NMR spectroscopy over potentiometric pH
titrations is the usually lower minimal amount and concentra-
tion of the analyte. Puromycin self-associates at > 5 mm in
water.'* Both n-stacking and organic cosolvents are likely to
disfavor ionization and may diminish the apparent pK, value of
the a-amino group. NMR data taken in H,O/D,O > 9 : 1, not
pure D,0, produce pK, values that are comparable without
pD—pH correction'® to pK, values that have been derived from
kinetic assays on ribosomes in H,O at pH 6-8.°

Given the importance of understanding the effect of all
twenty incoming natural peptide acceptors on PT catalysis,
and most likely on the overall rate of ribosomal protein
synthesis, we decided to investigate the full range of intrinsic
a-amino group basicities that a ribosomal A site usually has to
cope with. The least basic a-amino group of all proteinogenic
amino acids is that of L-asparagine (as in 2, Fig. 1); the most
basic o-amino group is that of L-proline (as in 3). We
wondered how strong the pK,-diminishing effect on an
L-proline derivative would be in which a y-H-atom of the side
chain had been replaced by a virtually isosteric F-atom
(as in 4), and what the precise pK, values are in the glycine-
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Fig. 1 Puromycin analogues 1-8.

and alanine analogues 5 and 6, respectively. Here we report on
pK, values of the a-amino group of 1-6 in water. Analogues 7
and 8 served as controls to unmistakably distinguish the effect
of a-NH, protonation from OH or CONH deprotonation.

Asn-, FPro-, Gly-, Ala-, Pro- and L-phenyllactic amides 2—-6
and 8 are new puromycin analogues that were synthesized
according to published procedures'® and an optimised proto-
col for the purification and isolation of the very polar
target compounds (ESIT). 7 was obtained from 3’-azido-3'-
deoxyadenosine16 and Me,SO, in aqueous KOH,'” followed
by standard reduction, coupling, deprotection and separation
protocols.f1

For the titration experiments, we avoided any buffer that
may interfere with the protonation of a-amino groups, be it
through solute complexation or self-dissociation and drastic
variation in ionic strength at pH 6-8.'? HCI, NaOH, and each
analyte at an initial concentration of 1.5 mm were dissolved in
H,O/D,O 9 :1-95:5 that contained 0.15 M NaNOj;, to
optimally buffer ionic strength'® being kept close to physio-
logical values throughout the titration: 7 = 0.15-0.18 m. All
pH-dependent '"H NMR spectra were taken at thermostated
298 K and 600 MHz (1 and 7){ or 500 MHz (2—6 and 8).§ The
pH profiles of the amino acid side chain and anomeric 'H
NMR signals of puromycin (1) and analogues 2-8 showed that
signal shifts at pH 5.5-10 are absent only in 8, are thus due to
the ionization of o-NH, (Fig. S3, Table S2, ESIT). H1' signal
shifts at pH < 4.5 (in 1-8) and pH > 11 (in all but 7) attest
ionizations of adenine and, respectively, OH not CONH
(Fig. S2, Table S1, ESIY).

In the following list, the results are summarized in columns
A (compound no. and side chain) and B (experimental mean of
intrinsic pK, values at 25 °C for the o-amino groups =+
0.01-0.07, ¢f. Table S2, ESI{). They are compared to the
predicted pK, values of the corresponding 3’-deoxyadenosine-
3/-a-aminoacyl amides (C: same compounds as in A) and the
corresponding 3’-esters (D), as calculated by SPARC v4.5 for
25 °C (ibmlc2.chem.uga.edu/sparc). Experimental pK, values
from potentiometric titrations at 25 °C of simple a-aminoacyl
amides (in 0.15 M NaCl)'** and methyl esters (in 0.1 m KCI)''“
are shown'”” in columns E and F, respectively. They
demonstrate that the replacement of o-CONH, with
o-COOCH;3 reduces the ao-amino group’s basicity by
0.18-0.45 pK, units (0.48 and 0.51 for Tyr and Val). The
median difference is 0.31 pK, units (¢f- Table S3, ESI}) and
reflects the electronegativity difference for 3’-O vs. 3’-N.
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A B C D E F G H
2(Asn)  6.76 6.19 6.07 6.55-6.60 5.9
4 (FPro) 6.77 6.65 6.58 6.56-6.61
(Phe) 7.10 6.91 7.45/7.22 7.0 6.1
1 (MeTyr) 7.49 7.47 7.28 7.28-7.33
(1le) 7.50 7.31 6.1
(Leu) 7.50 7.31 8.00/7.80 7.62

5(Gly) 7.95 7.48 7.29 8.03 7.66/7.73 7.74-7.79 7.36
6 (Ala) 8.16 7.50 7.31 8.02 7.78 7.95-8.00 6.3
3 (Pro) 8.55 8.63 8.56 8.82 8.34-8.39 7.8

For 1-6, both, pK, values and differences are somewhat
underestimated by SPARC—most pronounced for Asn, Ala
and Gly (not Pro) 3’-amides—which predicts a corresponding
median amide vs. ester difference of 0.19 pK, units. Column G
shows the accordingly derived (B — 0.31) intrinsic pK, values
for 3’-esters at 20 °C (same compounds as D); cooling by 5 °C
means to increase pK, by 0.10-0.15 units.”!! The apparent
a-amino pK, values of A-site bound aa-tRNA at 20 °C
(£0.04-0.2) are reproduced from ref. 9 in H.

The apparent basicities of aa-tRNA’s nucleophilic a-amino
groups that are reacting in the ribosome’s A site can differ by up
to 1.9 pK, units (for Asn- vs. Pro-tRNA).” Given equimolar
total concentrations and a local pH 7.5, the nucleophiles of
a-amino-Asn : Pro thus appear neutral in a 3 : 1 molar ratio
(1 + 1075 PHY[1 + 10°9-PH] H) (ESIY). This study shows that,
within <0.2 pK, limits, the intrinsic basicities of the same
a-amino groups at 20 °C (G) compare well with earlier less
directly derived values® and span about the same 1.8 pK, (B) as
that of A site-bound aa-tRNA. Molar ratios for neutral
(equimolar total) Asn : Pro a-amines in bulk water at pH 7.5
are 10 : 1 for 3’-amides 2 : 3 (Fig. S1I, ESIt) and 7-8 : 1 for
3'-esters. FPro 4 sterically stands in for Pro 3 but its o-NH is as
weakly basic as that of Asn 2.

We thank Maéns Ehrenberg and Anthony Foster for helpful
discussions. Financial support was provided by FP6 programme
Synthcells and COST Action CMO0703 Systems Chemistry.
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