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constitutes a milestone for the elucidation of the molecular
basis of protein synthesis.! So far, only analogues of amino-
acyl-tRNAs™2 and in vitro-synthesized peptidyl-tRNAsP4
have been used in X-ray crystallographic, chemical foot-
printing, and cryo-electron microscopic structural investiga-
tions.

Herein we describe the synthesis and characterization of
the first synthetic peptidyl-tRNA analogues, whose structural
features should render them suitable for a cocrystallization
with the large ribosomal subunit. In contrast to native
peptidyl-tRNAs bearing a readily hydrolysable ester linkage
between the nascent peptide and the tRNA, we have designed
analogues in which the peptide is linked through a stable
amide bond.

Our immediate goal, however, is to study the supramolec-
ular aggregation properties of amphiphilic peptidyl-RNA
conjugates that are likely to have played an important role at
the origin of RNA-controlled peptide synthesis. Largely
lipophilic peptides with a well defined secondary structure
and appropriate lengthP! might have been advantageous in a
hypothetical “RNA world”, as they could have served as
molecular “anchoring devices” that would enable their RNA
carriers to be transiently immobilized, compartmentalized,
and thus highly concentrated on or in spheroidal lipidic
bilayer vesicles, as proposed in the literature. It seems to us
of particular interest to investigate such systems experimen-
tally by using synthetic, well-defined model systems, to test,
for instance, if and how one could control the direction of
RNA insertion into lipidic bilayer vesicles (“RNA-outside”
versus “RNA-inside”). Besides, highly amphiphilic macro-
molecules bear the potential of unexpected material proper-
ties that could be exploited in various ways.

The RNA part of our conjugates consists of a 22-mer
oligoribonucleotide hairpin mimicking the acceptor stem of
Escherichia coli tRNAA" closed by a stable UUCG tetraloop
and peptidylated at its 3'-terminal single-stranded overhang,
the so-called CCA terminus of tRNAs (Figure 1).
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Figure 1. General structure of our 3’-peptidyl-RNA conjugates mimick-
ing the acceptor stem peptidyl-tRNAA2,

Alanine and glutamic acid residues—early prebiotic
amino acids—were chosen as the constituents of the oligo-
peptides. The length of the oligoalanine-based peptides—
some with interdispersed or N-terminal glutamate residues to
modulate their lipophilicity—varies between 8 and 22 amino
acids (an a-helix of approximatively 20 amino acids suffices to
span a lipidic bilayer). Their sequences are listed in Table 1.
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Table 1: Peptide sequences of 3'-peptidyl-RNA.

Conjugate Sequence

4a ~0,PO-5-RNA-3'-(Ala)g

4b HO-5-  RNA-3-(Ala),

4c HO-5-  RNA-3-(Ala),(Glu

44 HO-5-  RNA-3'-(Ala),5(Glu),pGlu

4e HO-5-  RNA-3'-(Ala),Glu(Ala),Glu(Ala)4(Glu),
4f HO-5-  RNA-3'-(Ala)y

[a] The amino-terminal pyroglutamate was probably formed during the
purification steps.

The first building block was the orthogonally protected
derivative 1 of 3’-alanylamino-3'-deoxyadenosinel”’l immobi-
lized on a suitable resin (Scheme 1). A relatively low loading
of the resin was anticipated in view of the fact that we wished
to synthesize long oligoalanine stretches that are in danger of
aggregating at too high loadings!® (in situ 3-sheet formation),
which could jeopardize the overall yields. To avoid undesired
ester aminolyses of glutamate side chains that, during the final
deprotection with methyl amine, might have generated N°-
methyl glutamines, the glutamic acid side chains were
protected as allyl esters, which were cleaved on the solid
support before treatment with methyl amine.’) After com-
pletion of the stepwise oligopeptide and then oligoribonu-
cleotide synthesis, the crude conjugates were deprotected and
detached from the solid support (by using methyl amine),
desilylated, purified by HPLC, and identified by MALDI-ToF
mass spectrometry.

The secondary structures of the RNA hairpin and the
peptidic moieties were studied by CD spectroscopy at 0, 25,
and 60°C. Under the conditions used the peptide-free RNA
hairpin exhibits a 7}, value of 87.6°C and is completely folded
(stable A, baseline) up to ~60°C."! CD spectra at 0°C
(Figure 2; 25 and 60°C: see Supporting Information) show a
strong positive Cotton effect between 245 and 295 nm that
originates from the nucleotidic part only. All the conjugates
analyzed show a more intense signal at @,,, as compared to
the hairpin alone (4a: +13%, 4d: 442 %), thus indicating
that the single-stranded CCA-terminus of the hairpin, quite
free to move when no peptide is present, is rigidified when a
peptide is bonded to it. Moreover, the rigidification seems to
roughly correlate with the degree of the predicted helicity of
the peptide (AGADIRI!),

The peptidic part induces an additional negative Cotton
Effect in the region between 200 and 240 nm. The difference
spectra between the peptide-free RNA hairpin and the
conjugates (Figure 3) give evidence for the conformation
adopted by the RNA-bound peptides in solution.

The negative bands at ~208 and 222 nm are character-
istic of a-helical peptides. A helical secondary structure is
clearly adopted by 4b, 4d and 4e, whereas 4a, which has only
eight alanines and thus should be predominantly random-coil,
does not show the two bands. The degrees of helicity of the
peptides were not quantified from the difference spectra
because minor contributions to the negative Cotton effect
arising from the differential changes originating from the
RNA part of the conjugates (with a minimum at 211 nm) can
neither be excluded nor determined.
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Scheme 1. A) Building block for the synthesis of 3'-peptidyl-RNA.

B) Synthesis of the conjugates: a) 1. aminomethyl polystyrene 50%
crosslinked with p-divinyl benzene, succinic anhydride, DMAP; 2.
Ac,0O, pyridine, NMI, DMF; b) 1. Oxalyl chloride, CH,Cl,; 2. 1,6-diami-
nohexane, DMAP, CH,Cl,; c) BOC-Sarcosine, HBTU, NMM, DMF;

d) 1. TFA/CH,Cl,; 2. Et;N/DMF; e) 1. Building block 1, HATU, NMM,
DMF; 2. Ac,O, pyridine, NMI, DMF. The loadings were determined by
using the quantitative ninhydrin test. f) FMOC-based peptide synthe-
sis, FMOC-amino acid + DEPBT; g) phosphoramidite-based RNA syn-
thesis; h) 39 TCA in CH,Cl,; ) 1. Pd(PPh,),, PhSiH,, CH,Cl,; 2.
NH,*Et,NCS, /DMF}; j) 38% CH,NH, in EtOH/H,O (1:1), 2 h, RT;

k) Et;N-3HF, DMF, 1.5 h, 65°C; n-butanol, —20°C; SAX- and RP-
HPLC. Abbrev.: BOC = tert-butoxycarbonyl; dbf= N,N-di-n-butylform-
amidine; DEPBT = 3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4 (3H)-
one; DMT = p,p-dimethoxytriphenylmethyl (“dimethoxytrityl”);

FMOC =9-fluorenylmethoxycarbonyl; HATU = O-(7-azabenzotriazol-1-
yl)-N,N,N’,N'-tetramethyluronium hexafluorophosphate; HBTU = O-
(benzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium hexafluorophos-
phate; NMI = N-methylimidazole; NMM = N-methylmorpholine;

TCA =trichloroacetic acid; TFA=trifluoroacetic acid.
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Figure 2. CD spectra of a ~2.4 um solution (Agenm zsec ~0.35,
£260calcd = 145100M~"cm ™', 100 mm NaCl, 10 mm Na,H,PO,, pH 7.5)
of the conjugates 4a (green), 4b (yellow), 4d (blue), 4e (red) and the
unpeptidylated RNA hairpin x (black) taken at 0°C and normalized for
the number of nucleotide residues. A strong and a weak negative
Cotton Effect at 211 nm and 236 nm, respectively, and a positive one
at 266 nm (black line) are typical for the A conformation of double-
stranded RNA.

15000
10000
5000
0
A
! -5000
A6/ cm*dmol™

-10000

-15000

=20000

-25000

200 220 240 260 280 300 320 340
wavelength / nm ->

Figure 3. Difference CD spectra (4a,b,d,e minus x; see legend of
Figure 2 for color scheme) at O (thick lines), 25 (normal lines) and
60°C (thin lines), normalized as in Figure 2. Note how the nucleobase
region ©,5_55 Withstands heat denaturation more than the peptide
region O 14, and that @,,, denatures more readily than @, at ele-
vated temperatures.['”]

Furthermore, we measured the thermal denaturation
profiles of the conjugates 4a-e between 20 and 102°C at
260 nm (only RNA denaturation observed) and compared
them to those of the parent unpeptidylated RNA hairpin, the
RNA hairpin bearing a 5'-phosphate, a 3’-alanine, or both.
The profiles and corresponding full thermodynamic param-
eters are shown in the Supporting Information. Briefly, no
major influence on the thermodynamic stability of the RNA
hairpins is observed in any of the examined conjugates (T,
values: 87.7-88.8°C). However, the presence of a peptide
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renders the RNA hairpin transition significantly shallower, a
statistical effect and strong indication for a higher molec-
ularity of the melting process.'?l Denaturation molecularities
higher than one, in turn, are a first indication that our
amphiphilic conjugates do show a tendency to aggregate in
diluted aqueous solutions, a property that is not observed at
all in the denaturation profiles of the unpeptidylated RNA
hairpins.

Preliminary dynamic light scattering (DLS) and atomic
force microscopy (AFM) studies confirm the above conclu-
sion. Conjugate 4f forms highly polydisperse aggregates in
aqueous solution (size distribution between 80 nm and 1 um
with an abundance peak at 428 nm and an abundance
shoulder at around 150 nm, as determined by DLS) which,
when deposited on a glass surface and air-dried, form
nanovesicles of a much narrower size distribution
(Figure 4). DLS and AFM control experiments showed that

Figure 4. AFM scan over an air-dried solution of conjugate 4fon a
glass plate. Average size of the vesicles (50 vesicles analyzed):

h & =13x204 nm. Polydispersity: h &f =2x102-36 x 380 nm. Height-
diameter ratios: 100h/¥ =2.0-9.5%, average 5.8 %.

the unpeptidylated RNA hairpin, as expected, does not self-
assemble in solution, nor does it form vesicles on a surface;
when a highly concentrated RNA-hairpin solution was air-
dried on a glass plate it instead formed microcrystals of 10—
40 um length (not shown). These observations confirm that
amphiphilic constructs containing a hydrophilic RNA hairpin
and a hydrophobic a-helical oligopeptide moiety of similar
lengths, estimated to be together 9-10 nm long and <0.2 nm
thick, indeed bear the potential of spontaneous self-assem-
blage into higher-order structures, even in the absence of
lipids.

In conclusion, we have demonstrated the synthetic
feasibility of amphiphilic conjugates mimicking peptidyl-
tRNA. In the literature many examples of the synthesis of
oligo(nucleotide-peptide) conjugates are present that follow
two different synthetic strategies: fragment couplingl'¥l or the
stepwise total-synthesis approach.'l Our conjugates have
been synthesized by following the second approach and, to
the best of our knowledge, these are the only examples with
an oligopeptide directly bonded in a biomimetic (and spacer-
free) way to the 3’ terminus of an oligoribonucleotide. We
believe that the methodology presented herein is powerful
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and versatile and should be applicable to the stepwise
synthesis of many different oligo(ribonucleotide-peptide)
conjugates. Our conjugates could open the way to new
constructs which might be able to form higher-order assem-
blies with unexpected properties.
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