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Abstract

The ribosome is a ribozyme. At the peptidyl transfer center (PTC) of 180 nt, two loops (the A-
and P- loops) bind to tRNAs and position them in close proximity for efficient peptidyl ligation.
There is also a 2-fold rotational symmetry in the PTC, which suggests that the precursor of the

modern ribosome possibly emerged through dimerization and gene fusion. However, experiments

that demonstrate the possible dimerization have not yet been published. In our investigation,

we reported single molecule FRET studies of two RNA fragments that generated high FRET
values. By labeling the 5’-biotinylated rRNA molecules at the 3’- terminals, or labeling three
different types of tRNA-like oligos, we observed that RNA scaffolds can assemble and bring

several short tRNA-acceptor-domain analogs, but not full-length tRNAs, to close proximity. Mg2*

and continuous 3-way junction motifs are essential to this process, but amino acid charging to
the tRNA analogs is not required. We observed RNA dimers via native gel-shifting experiments.
These experiments support the possible existence of a proto-ribosome in the form of an RNA
dimer or multimer.
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Introduction

The ribosome synthesizes proteins by bringing the aminoacylate and peptidyl tRNAs

to close proximity for the peptidyl transfer reaction, using mRNA templates to select
tRNAS [1]. The peptidy! transfer center of the ribosome is of ~200 nt and is the most
ancient and conserved region [2, 3]. In this region, the “A-" and “P-" loops form base-
pairs with the tRNA CCA ends, which positions the amino acid for optimum inline

attack of the peptidyl chain. The lack of protein at the catalytical center suggests that

the proto-ribosome is a ribozyme [4]. Although a protein-free peptidyl ligase remains
elusive, short RNA oligo experiments have demonstrated the concept of RNA precursors
to catalyze single peptide-like bonds [5-7]. Between the full composition of the modern
ribosome and the bottom-up short ribozymes, intermediate-sized ancestral ribosomes were
explored. A 314 nt RNA construct was subjected to multiple rounds of in vitro evolution
selection. Several of the evolved constructs were generated, but none contained peptidy!l
activity, although other covalent bonds formed [8]. Meanwhile, combining results of
comparative-sequence analysis , tertiary/A-minor interaction, and spherical approximation
of high resolution structures, an ancestral 50S was synthesized and tested in vitro and in
vivo [9-12]. Though the overall structure of the ribosome is not symmetric, the peptidyl
transfer center contains a 2-fold rotational symmetry. This symmetric structure and its high
conservation across life domains suggest that the origin of the proto-ribosome arose from
dimerization and gene fusion [13, 14]. While experiments to demonstrate this dimerization
have not been published, theoretical quantum calculations have supported the favorable
energy compensation in pair formation and short substrate binding [15]. In this report,

we have observed high values of FRET efficiency between dyes labelled on the rRNA
fragments, which have similar sequences as those used in the quantum calculations. The
high FRET values indicated short distances between the two rRNA molecules, which
suggested dimerization. Furthermore, native gel shifting assays detected dimer formation.
In addition, we measured FRET between labelled short tRNA analogues in the presence of
these rRNA fragments. They also formed FRET signals of high value, which is consistent
with the theoretical prediction of positioning substrates to proximity by dimerization of the
proto-ribosome like RNA molecules.

Experimental

All of the DNA and RNA molecules are purchased from IDTDNA with ESI Mass Spec
confirmations from the vendor. The 2D structures of these nucleic acids are shown in Figure
Sl

The PTC_DNA sequence is “ATGTCGGCTCGTCGCATCC
TGGGAA(IUNIAMM)GAACCAAGGGTTGGGCTGTTCGCCCA
(4) TTAAAGCGGCACGCGAGCTGGGTTCAGAACGTCGTGAGACAGTTCGGTC™”. The
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strikethrough nucleotides are removed from the original ribosome sequence to make the
stem loop shorter, and the underlined residue “A” was modified with an alkyl amino group
for labeling reactions. The black triangle indicates the split position of two RNA molecules
(RNAL and RNA?2) that have the same sequence of the first and second halves of
PTC_DNA. These two RNAs are used to test the essential motifs for substrate binding.

The PTC1a sequence is “5’-biotin-AGACCCCGUGGAGCUUU
ACUGCAGCC(GAAGAA)GGCGGGCAGUUUGACUGGGGCGGUC(AA)AAAAGUUA
CCCCGAGGAUAACAGGCUGAUCUC(GUGA)GGAGGUUUGGCACCUC”, in which
the underlined “A” has replaced original “G” to avoid quadruple Gs. The strikethrough
nucleotides are removed from the original ribosome sequence to shorten the sequence. The
nucleotides in parentheses are inserts to replace long helices in the original sequence as
described previously [16].

The PTC1b sequence is “5’-biotin-AUGUCGGCUCGUCGCAUCCU
GGGACUGAAGAAGGUCCCAAGGGUUGGGCUGUUCGCCCAUUAAAGCGGCACG
CGAGCUGGGUUCAGAACGU CGUGAGACAGUUCGGUC”, in which the underlined
“A” has replaced original “G” to avoid quadruple Gs. The minihelix sequence is
“GGGUGGAA(IAMMCET)GACACCCAC CA”, which contains a stem loop of 5 bps and
an internal alkyl amino group for labeling.

The CA_DNA sequence is AT((IAmMMCG6T)CA, which contains tRNA terminal “CA”
residues in DNA form and an internal alkyl amino group for labeling.

The Lys-tRNALYS T1 contains CACCACCA-Lys and other small RNA pieces after RNase
T1 digestion of charged e coli tRNALYS (55% charging efficiency, 1000 pmol/Ayg).

The tRNALYS was purchased from Chemical-block.com. RNase T1 is purchased from
thermofisher. The longer RNase T1 digested pieces were removed by Monarch RNA
cleanup kit from New England Biolabs, and the small pieces were concentrated in

the run-through solution via evaporation, and then recovered via 2—3 times of ethanol
precipitations.

Nucleic acid labeling.

The PTCla and PTC 1b are labelled at their 3’-end with kit from Vector@Laboratories

(3° EndTag™ DNA End Labeling System). The minihelix is labelled at the internal alky!
amino group with Cy3- or Cy5- NHS (Lumiprobe). PTC_DNA is biotinylated or Cy3/Cy5
labelled at its internal alkyl amino group with NHS salts, or at terminals with the kits from
Vector@L aboratories. The tRNA-like short oligos are labelled at their 5’-end with the kit
from Vector@Laboratories (5° EndTag™ DNA End Labeling System).

Minihelix charging.

The minihelix was charged similarly as normal tRNALYS. The charging solution contained
100 mM tris-HCI (7.5), 10 mM MgCly, 0.5 mM EDTA, 1 mM ATP, 10 Aygg/ml of
minihelix, 7 mM b-mercaptoethanol, 50 uM of lysine, 2 uM of purified lysine-tRNA
synthetase (or 10% of total synthetase from cell extract). The mixture was incubated at 37
°C for 15 min, then extracted with equal volume of phenol. The aqueous lay was separated
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and precipitated. The RNA pellet was dried and resuspended with water. Charging efficiency
was approximately 15% based on C14-lysine radioactivity and A,gq absorption. Both lysine
synthetase and total synthetase charged the minihelix with similar efficiency.

Results and discussion

RNA 2D folding.

The 2Dand 3D structures of the symmetric parts of the peptidyl center are shown in
Figure 1. Figure 1a highlights the canonical PTC center of the ribosome, in which the
PTC1a (green)/1b (red) includes H74/75/80/89 and H90/91/92/93, respectively [17]. The
numbering is based on the e coli system [18]. The PTC1a is embedded among more
branches, which were truncated based on the superposition of the PTC1a onto PTC1b
(details in the experimental section above). A GNRA tetraloop is present at the PTC1b
sequence [19], which is probably the main driving factor for dimerization as shown in
Figure 1b (generated from x-ray structure of 4wpo) [20]. The same GNRA sequence was
added to the PTC1a sequence to replace the longer native sequence, due to the length
limitation of the vendor’s synthesizer. Other interactions include H-bonding between base-
base, phosphate-2’ hydroxyl, and base-sugar. These interactions and systematic theory of
many other interactions were shown earlier [21, 22]. Arrows in this graph indicate 2’-OH
group interactions, which predicated stronger dimerization of RNA than DNA molecules.
Other interactions are base pairing interactions, which are similar in both RNA and DNA
species.

If the 2D structures of the RNA molecules in our experiments are similar to those in the
ribosomal peptidyl center, then they are likely to form similar authentic 3D structures as
well, as demonstrated by literature [15]. Therefore, we first examined the 2D folding of
PTC1a and PTC1b with the mFold program [23]. Figure S1A shows that the PTC1a and
PTC1b RNA molecules folded into the ribosome-like forms directly. Similar 2D structures
were obtained with another folding software, RNAstructure [24].

Single molecule FRET experiments.

The proper 2D folding prompted us to study whether the ribosome-like 2D structures
would promote tertiary dimerization. As shown in Figure 2, the total internal reflection
fluorescence (TIRF) spectroscopy was based on a Nikon Eclipse Ti2-E inverted microscope
with two CMOS cameras as described before [25]. The sample holder was also described
previously [26]. A top turret reflects laser illumination via the TIRF objective to the

glass coverslip surface, generating an evanescent wave. The Cy3/Cy5-labelled RNAs are
tethered to the pegylated surface via biotin-streptavidin-biotin interactions. The fluorescence
emissions from direct excitation of Cy3 and FRET excitation of Cy5 are collected by the
same objective, pass through the first turret, and are split by the second turret. Proper
bandpass filters further clean up the signals in front of the 2 cameras. In Figure 2*s

setup, cameras 1 and 2 collect the Cy5 (acceptor) and Cy3 (donor) fluorescence emissions,
respectively. One representative image is shown. In this image, fluorescence emissions
from the same RNA dimer overlap in the two images (color coded and shifted slightly for
displaying). The intensities of colocalized dots were retrieved from NIS-elements software
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(Nikon). Representative traces for each FRET histogram are displayed in Figure S3. FRET
efficiencies were calculated by the equation: FRET = (I sccepton!(lacceptor + 1 donon)- For all
measurements, sample concentrations are in the range of 10-100 nM. An oxygen scavenger
cocktail (3 mg/mL glucose, 100 mg/mL glucose oxidase, 48 mg/mL catalase, and 2 mM
trolox) was added to the channel before imaging to prevent photo bleaching.

smFRET of DNA dimerization.

We started the experiments with a PTC1b-like DNA analog that we named PTC_DNA,
taking advantage of the greater stability and availability of DNAs compared to RNAsS.
Similarly, we first examined the 2D folding. Figure S1B depicts the folding of PTC_DNA,
which is 4 bp shorter at helix 3 of the 3-way junction motif (shaded in red on the graph).
The folding condition is 37 °C, with varied concentrations of Mg2*. Above 60 mM of
Mg?2*, the sequence folded similarly as in the ribosome, with one stem loop and one

3-way junction. Mg2+ is known to play a major role in DNA structures and stabilities

[27]. Therefore, Mg2* concentrations were varied in these DNA experiments (Figure 3).
We studied the smFRET between Cy3/Cy5 that were labelled both on the “AAGAA” loop
(X-ray structural distance 107.5 A, from PDB:4wpo)[20]; one on the “AAGAA” loop and
one on the 3’-terminal (68 A); and both on the 3’-termini (23.1 A). Concentrations of 5
mM and 15 mM Mg?2* were studied. The first column conveys the dyes’ positions in a
hypothetical 3D structure regenerated from 4wpo of the protein data bank. The second and
third columns depict experiments with 5 and 15 mM Mg?2*, respectively. Two observations
were made: First, shorter distances between the dye-labeling positions correlated with higher
FRET efficiencies. Comparing vertically in the figure, the FRET efficiencies changed from
0.15 to 0.6 when the dyes were moved from the periphery to the center, suggesting that these
FRET signals reported the distance between dimers. For example, FRET efficiencies of 0.2,
0.4 and 0.6 appear sequentially in the first three rows of Figure 3. In most of the graphs in
the figure, there is more than one FRET species, indicating that dimerization and folding
were likely not homogeneous.

Second, Mg2* concentration affected dimerization. The FRET efficiencies did not change
much in the first row of Figure 3 because the very large distance between the dyes made
them less sensitive to conformational changes (the RO value and optimal distance range

for a Cy3-Cy5 pair is approximately 50 A and 25-75 A, respectively) [28]. Based on the
FRET efficiency equation, a distance of 107 A should generate a FRET efficiency of 0.01.
However, the experimental measured FRET efficiency was 0.15 (corresponding to ~ 67 A),
indicating that the linkers of dyes and the exact dimerization conformation contributed to
the deviations from the structure-based estimations. In the second row of Figure 3, a new
FRET species around 0.4 emerged (calculated distance of 64 A). This peak was larger in 15
mM Mg?2* than in 5 mM Mg?*, which was consistent with the 2D folding trend in Figure
S1, though the required amount of Mg2* was much higher in computation than in the actual
experiments. In addition, a low FRET species at 0.2 was present. This was likely a second,
less compact dimerization species. In the third row of Figure 3, the Cy3/Cy5 were closest
and generated the highest FRET signals. The FRET efficiency of 0.6 reflected a distance

of 47 A, which was larger than the structural data of 23 A. These results suggested that
dimer structures were probably similar but not identical to those in the ribosome due to
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the simpler components and increased water exposure of the surfaces. Additionally, in the
third row, there is another FRET species around 0.3-0.4. At 15 mM Mg?2*, the percentage
of the 0.6 FRET state increases, indicating better packing with the help of Mg2*. In all
experiments, FRET signals disappeared if Mg2* was not present, as previously shown [16].
Although DNA species are not directly relevant to the proto-ribosome, they contain bases
with dimerization potentials as shown in Figure 1. In summary, these results validated the
physical meaning of the FRET efficiencies and optimized the data acquisition conditions.

CA_DNA binding to the DNA scaffolds.

After we confirmed that SmFRET can detect dimerization, we then confirmed the substrate-
proximity catalytical function of the dimer. At the tRNA’s CCA end, residue C75 of A- and
P-site tRNAs H-bonds with G2553 (H92) and G2252/G2253 (H80) of the A- and P-loop

at the peptidyl transfer center, respectively (pointed out in Figure S1A) [29, 30]. These
residues are highly conserved and are essential to position the tRNAs. Therefore, we tested
if the DNA dimer can bring the CCA analogue CA_DNA to proximity. Because the A- and
P-loops’ interactions with the tRNAs are single base-pairing interactions, DNA experiments
are reasonable to mimic these RNA interactions. The CA_DNA species were labelled at
their 5’-ends with Cy3 or Cy5. Then they were incubated with the DNA dimer. Figure S4
shows that high FRET efficiency (indicating substrate proximity) was observed. From 5-25
mM of Mg?*, the FRET species of 0.6 value increased and became more uniform. But
higher concentrations of 50-100 mM Mg?2* induced more diverse subpopulations, probably
due to more non-specific interactions induced by excess Mg2*-DNA free energy. Therefore,
the optimal Mg2* concentration lies within a limited range of 10-25 mM in this case.

RNA dimerization.

The dimerization of PTC_1a and PTC_1b in the presence of 20 mM Mg?2* was studied with
3% agarose native gel (75V/1 hr). 20 mM instead of 10 mM Mg?2* was used in sample
preparation because during gel migration, some Mg2* may dissociate. As shown in Figure
4A, PTC_1b monomers in lanes 2—3 migrated between 80 nt and 150 nt sSRNA markers
(NEB). The similar band in lane 4 is PTC_1a monomer. Lane 5 was loaded with a mixture
of both PTC_1a and PTC_1b. The dimer bands appear between the 150 nt and 300 nt sSRNA
markers in all lanes. Based on ImageJ gel analysis, approximately 35% and 65% are dimers
and monomers in all lanes, respectively. There are two dimer bands in lane5, likely because
both homo- and hetero-dimers were formed. There are some faint bands around and above
300 nt marker position, indicating higher number aggregates are possible, but dimers and
monomers are predominant.

Figure 4B shows the dye labeling positions and Figures 4C-D shows the SmFRET data

of hetero dimer formation. RNA dimerization was almost uniform with one high FRET
species at both 5 mM and 15 mM Mg?*. In addition, homo- and hetero-dimers were equally
efficient in dimerization (Figure 5). Figure 5 also indicates that the RNA dimerization was
not sensitive to variations in concentration of Mg2* above 5 mM. The FRET efficiency
histograms in the presence of 5, 15 and 25 mM Mg?2* were almost the same. These results
implied that RNA dimerization was more robust than DNA dimerization regarding Mg2*
dependence. Although a full interpretation of the Mg?* effect is theoretically difficult [27,
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31, 32], at least one reason could be due to the extensive involvement of 2’-OH interactions,
as shown in Figure 1B. On the other hand, only 5 mM Mg2+ is sufficient to promote

RNA dimerization, which is much less than the concentration needed for CA_DNA binding
(10-25 mM). One reason can be the number of interactions. The binding of DNA/RNA
fragments is driven by the GNRA tetra loop and other base interactions, as shown in Figures
1 and S2. However, the binding of tRNA-like molecules to the dimer depends only on one
base pairing interaction to my best knowledge, which is much weaker. Therefore, the Mg?2*
concentration needed to be higher for the tRNA-like molecules, to bolster the interaction.

Substrate proximity by binding to the RNA scaffold.

The ability of PTC_1a/b to bring tRNA-like RNA oligos to close proximity was
demonstrated. Figure 6A depicts the dye labeling positions. Figure 6B assesses the quality
of the oligos with a 30% denaturing PAGE gel (20 cm x 20 cm x 4 mm, 300v/6hr).

Lanes 1 and 2 showed homogenous quality of commercially prepared CA_DNA (5 nt) and
RNA (ACCCACCA, 8 nt), respectively. These oligos were labelled at the 3’-ends with
Cy5 dye, and the gel was imaged with a storm 860 molecular imager (Amersham). Lane

3 showed intrinsic inhomogeneity of RNase T1 digestion of Lys-tRNALYS, As mentioned
in the experimental section, the long pieces (>20 nt) of the digestion were removed by

the RNA binding column. The shorter pieces were recovered via ethanol precipitation of
the run-through solution. Consequently, the fragments of 8 nt or shorter are the major
components in the digestion mixture, based on their PAGE migrations.

In the SmFRET experiments, we used PTC1b homo dimers as the RNA scaffold at 10

mM Mg?2*. Three types of tRNA-mimics were used: uncharged CA_DNA (Figure 6C); Lys-
tRNALYS_T1 (Figure 6D); and Lysine-charged minihelix (Figure 6E, Mass Spec is shown

in Figure S5). For all three substrates, high FRET species with a 0.6 value were formed,
indicating close proximity of the tRNA-like molecules. Comparing the binding efficiencies
of different oligos, the formation of the high FRET species was more uniform for the shorter
substrates (Figures 6C and 6D), but less uniform for the minihelix (Figure 6E). Although
Lys-tRNALYS T1 is not homogeneous, it is reasonable to assume that mainly small pieces
of 8 nt or shorter contribute to the signal, because longer pieces were lesser in amount and
bound less efficiently as suggested by Figure 6E. These results indicated that the optimal
substrates for the RNA dimers were the shorter ones. In fact, when full length tRNA was
used, no FRET signal was detected. These results implied that although the dimers could
bind short tRNA-like oligos, they could not accommodate the full length tRNAs. This result
was consistent with the coevolution theory that the tRNA precursor was probably much
shorter than its current version [33, 34].

Mixing the tRNA-like molecules in the absence of the RNA scaffolds did not generate FRET
signals, indicating that they are essential. FRET signals were not detected at 0 mM Mg?2*
either. The 3-way junction motif was also necessary. As shown in Figure S6, two RNA
molecules were generated via interrupting the bond between 51-52 residues of PTC_DNA’s
sequence. In RNAL, the 3-way junction structure was still formed, but helix 3 was detached
from helices 1 and 2. In RNAZ2, the hairpin structure was maintained. When these two RNAs
were mixed at equal stoichiometry to repeat the experiments in Figure 6C, no FRET signal
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was detected. This experiment indicated that a 3-way junction with no interruption was
essential to position the A-loop for substrate binding and eventually bring two substrates
close [17].

In addition to the substrate pairs in Figure 6, we detected high FRET signals between Lys-
tRNALYS_T1 and uncharged minihelix (Figure S7), suggesting that the substrate selection
was adaptable due to the absence of an mMRNA template and loose dimerization structures.

In addition, whether the substrate was charged did not affect the FRET signal, suggesting
that the oligo binding did not involve amino acids. On the other hand, only correctly charged
tRNAs were accommodated into the peptidyl transfer center of the ribosome, implying that
the modern ribosome has drastically evolved to execute more sophisticated protein synthesis
processes.

Conclusions

We have demonstrated, via multiple FRET labeling strategies, that RNA fragments of
~100nt derived from the ribosomal peptidyl transfer center can bind to short oligos in
monomers and then bring these substrates to close proximity. This process likely involves
dimerization, based on gel shift assay and literature, although traces of multimers cannot
be ruled out [13, 15, 35]. Previously, we have shown that chloramphenicol, which is an
antibiotic that binds to the peptidyl transfer center, can interfere with a short oligo binding
to these RNA fragments but affects the dimerization to a lesser extent [16]. All of this
evidence suggests that these RNA fragments applied the “proximity” catalytical mechanism
like the ribosome, which is different than the mechanisms reported for other ribozymes
with a low molecular weight [6, 8, 36]. Thus, the RNA scaffolds in this report could
possibly be the candidate as an ancestor of the modern ribosome. Mg2* and a 3-way junction
motif were essential to carry this “proximity” mechanism. Although close proximity itself
was not sufficient for the peptide ligation reaction, we demonstrated ribozyme activity via
high resolution Mass Spec. A 9-mer poly-lysine was formed in one pot [16]. Instead of
one peptide bond, 8 bonds were formed. Although the exact connection of these bonds

is not clear, the tandem mass spectra strongly indicated that these are covalent bonds
between lysines. Given the very simple components in one pot, they are highly likely to

be peptide bonds. In addition, we have shown that a minihelix that is much larger than the
“CCA” molecules can bind to the RNA scaffolds, though with less efficiency. Therefore, it
seems that these very simple rRNA scaffolds, without joining into one piece, are stronger
ribozymes than initially thought.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight
. rRNA of ~100 nt dimerizes that suggests proto-ribosome formation
. short t-RNA like oligos are brought to close proximity by the rRNA
. smFRET and Gel shifting experiments indicate mainly dimer not multimer

formation.
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Figure 1.
(A) Hlustration of the RNA/DNA sequences relative to the canonical ribosomal peptidyl

transfer center. The tip of H89 is truncated and replaced with GUGA tetraloop. (B) RNA
dimerization interactions between PTC1a (green) and PTC1b (red). The e coli numbers of
the bases are labelled in Figure S1.
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Ilustration of the sSmFRET setup and a representative FRET image. The fluorescence
emissions from Cy3 and Cy5 were collected by cameras 2 and 1, respectively, and overlaid

with colors.
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Figure 3.
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15 mM

0.16

FRET efficiency histograms between the PTC_DNA. The green and red stars showed the
Cy3/Cy5 labeling positions. The second and third columns showed the experimental data
with 5 and 15 mM Mg?2*, respectively. The FRET efficiency peaks were labelled in the plots.
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Figure 4.
Agarose native gel (stained with SYBR ™ Gold) and FRET measurement of RNA dimers.

(A) Lane 1: single strand RNA ladder; Lane 2 and 3: PTC1b (100 and 200 ng); Lane 4:
PTC1a (200 ng); Lane 5: PTC1a/b (100ng/100ng). (B) FRET efficiency histograms between
the RNA molecules. The green and red starts showed the Cy3 and Cy5 labeling positions,
respectively. (C) and (D) Similar FRET efficiency histograms were observed with 5 and 15
mM Mg?2*.
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Figure 5.

FRET efficiency histograms between the RNA-RNA scaffolds. The first column showed the
FRET between PTC1a/1b. The second column showed the FRET between PTC 1b/1b. Three
Mg?2* concentrations were studied.
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Figure 6.
FRET efficiency histograms between tRNA-like oligos at 10 mM of Mg2*. (A) Relative

position of Cy3 (green star)/Cy5 (red star) labelled oligos. (B) 30% denaturing PAGE
Gel assay of Cy5 labelled oligos. Lane 1: CA_DNA,; Lane 2: ACCCACCA; Lane 3: Lys-
tRNALys_T1. (C-E) FRET of uncharged CA_DNA ; charged Lys-tRNALys_T1; charged
Lysine-minihelix.
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