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ABSTRACT (199 words)

Translation fidelity relies essentially on the ability of ribosomes to accurately
recognize triplet interactions between codons on mRNAs and anticodons of tRNAs.
To determine the codon-anticodon pairs that are efficiently accepted by the
eukaryotic ribosome, we took advantage of the IRES from the intergenic region (IGR)
of the Cricket Paralysis Virus. It contains an essential pseudoknot PKI that
structurally and functionally mimics a codon-anticodon helix. We screened the entire
set of 4,096 possible combinations using ultrahigh-throughput screenings combining
coupled transcription/translation and droplet-based microfluidics. Only 97
combinations are efficiently accepted and accommodated for translocation and
further elongation: 38 combinations involve cognate recognition with Watson-Crick
pairs and 59 involve near-cognate recognition pairs with at least one mismatch. More
than half of the near-cognate combinations (36/59) contain a G at the first position of
the anticodon (numbered 34 of tRNA). G34-containing tRNAs decoding 4-codon
boxes are almost absent from eukaryotic genomes in contrast to bacterial genomes.
We reconstructed these missing tRNAs and could demonstrate that these tRNAs are
toxic to cells due to their miscoding capacity in eukaryotic translation systems. We
also show that the nature of the purine at position 34 is correlated with the

nucleotides present at 32 and 38.



INTRODUCTION

In the three kingdoms of life, translation of genetic information into proteins takes
place on the macromolecular machine called the ribosome. Using messenger RNA
as a template, the ribosome catalyses the sequential addition of amino acids to the
nascent polypeptide chain by recruiting cognate aminoacylated tRNAs according to
the successive codons. Cell integrity requires a high fidelity rate in order to avoid the
production of potentially toxic aberrant proteins. Nevertheless, it has been estimated
both in bacteria and eukaryotes that 18% of the proteins (from a 400-amino acid long
protein) contain at least one mis-incorporated amino acid under normal physiological
conditions (1). E. coli tolerates up to 10% of error-containing protein (2), while higher
error rates, up to 50%, often lead to lethality by various mechanisms such as toxic
protein production under stress conditions, for example, or protein misfolding (1, 3).
In E. coli, errors due to incorrect tRNA aminoacylations occur rarely-(4—7). Another
source of errors is aberrant decoding, also called miscoding, on the ribosome itself.
Such errors are caused by abnormal frameshifting (10 in prokaryotes) (8) or more
frequently by missense errors when the ribosome accommodates a near-cognate
aminoacylated tRNA on a codon (103-10* both in E.coli and yeast) (1, 9-13).
Structural investigations using X-ray crystallography with several near-cognate
codon-anticodon pairs in the A site of the ribosome demonstrated that the ribosomal
decoding grip can accommodate near-cognate tRNAs when pairing with the codon
adopts a “Watson-Crick-like geometry” (14—17). After being accommodated in the
ribosomal A site, the aminoacylated tRNA base-paired to the codon undergoes the
translocation step that is defined by a concerted movement of the tRNA and the
mMRNA with respect to ribosomal subunits towards the P and later on the E sites (18,
19). Importantly, to avoid frameshifting, base pairing in the codon/anticodon helix is
maintained during the whole translocation process (20). The low in vivo misreading
rate suggests that the ribosome discriminates against most potential errors by
preventing their translocation (10). Therefore, the miscoding rate results from the
cumulative proofreading steps of (i) A-site accommodation of anticodon/codon duplex
and (ii) translocation check point of the codon-anticodon mini helix prior movement
from the A to the P site.

To gain further insights in decoding rules, we sought to identify all codon-anticodon

combinations that are first efficiently accommodated in the A site and then further



allowed to undergo translocation to the P site. We used the Internal Ribosome Entry
Site (IRES) from Cricket Paralysis Virus (CrPV). This dicistrovirus contains in its viral
RNA genome two open reading frames separated by an InterGenic Region (IGR)
IRES (21, 22). The IGR is able to promote translation initiation on any codon without
the need of any translation initiation factor (elF) or initiator tRNA (23-25). It folds into
a sophisticated structure, which contains three pseudoknot structures PKI, PKIl and
PKIIl (26). PK Il and PKIII fold into compact domains that participate in ribosomal
recruitment (27, 28). The IRES is properly positioned in the decoding centre of the
ribosome by two other RNA domains, SLIV and SLV that directly interact with the
small ribosomal subunit 40S (24, 29, 30). Most importantly, PKI functionally mimics a
codon-anticodon helix and is recognized by the ribosome in the same way as a
cognate mRNA-tRNA codon-anticodon duplex is (Figure 1 and S1) (30-32). Recent
cryo-EM studies have demonstrated that PKI enters the ribosome by interacting with
the A site in an identical manner as an aminoacylated tRNA base-paired to its
cognate codon (30, 32). The IRES domains SLIV and SLV bind to the head of the
ribosome, thereby restricting its flexibility, which allows the introduction of PKI in the
A site (33). The same restriction of the ribosomal head movement is also observed
during canonical translation (34, 35). Indeed, PKI accurately mimics structurally and
functionally a tRNA anticodon base paired with the three nucleotides of the codon
(Figure S1) (33). Moreover, biochemical experiments demonstrated that correct base
pairing in PKI is a prerequisite for an active IGR IRES (36, 37). Once PKI is loaded
into the A site, the elongation factor eEF-2 promotes further translocation of PKI
toward the P site like the codon-anticodon mini helix during canonical translation (33,
38—40). When PKl is in the P site, contacts with SLIV and SLV are disrupted, leaving
the A site free to accept the next aminoacylated tRNA and translation elongation of
the native reporter protein can proceed (41). After translocation PKI dissociates in the

E site and mimics the acceptor stem of an E-site tRNA (42).

Altogether, these studies confirmed that PKI follows the same path than a codon-
anticodon duplex namely (i) discrimination of codon/anticodon duplex in the A site
and (i) its subsequent translocation from the A to the P site. However, unlike tRNAs,
PKI does not contain any modified nucleotides that are known to influence codon-
anticodon interactions. We used PKI as a molecular scaffold to investigate the

functional constraints imposed by the ribosome decoding centre and identify in a



systematic fashion which codon/anticodon pairs of unmodified bases are able to
support translation elongation. With an original approach that combines microfluidic
technology with cell-free translation extracts, we could screen a library containing the
4,096 codon/anticodon combinations (64X64).



MATERIAL AND METHODS
Microfluidic-assisted ultrahigh-throughput screening procedure

Gene_library preparation. IRES gene library with randomized codon/anticodon

mimicking regions was prepared by PCR amplifying the CrPV IGR coding template
using a sense primer
(5’GTCGTCTAATCCAGAGACCCCGGATCGGATATTAATACGACTCACTATAGGC
AAAAATGTGATCTTGCTT3’) appending the T7 RNA polymerase promoter
(underlined sequence) to the ~construct and an antisense primer
(5’CGAAGTATCTTGAAATGTAGCNNNTAAATTTCTTAG-

GTTTTTCGACTANNNAATCTGAAAAACCGCAGAGAGGGCTTCCTGG3’) with the
codon/anticodon mimicking regions randomized (symbolized by N in antisense
primer sequence) with a controlled ratio of 25/25/25/25 for A/C/G/T (Integrated DNA
Technologies). A PCR mixture containing 0.02 ng/uL of CrPV IGR-containing

template plasmid, 0.2 uM of each primer (Integrated DNA Technologies), 0.2 mM of
each dNTP (Thermofisher), 0.04 U/uL of Phusion DNA polymerase (Thermofisher)
and the corresponding buffer at the recommended concentration was subjected to an
initial denaturation step of 2 min at 95°C followed by 25 cycles of: 30 sec at 95°C, 30
sec at 55°C, 1 min at 72°C, and terminated by a final extension of 10 min at 72°C.
The PCR product was then purified on a 1% agarose TBE gel, the band containing
the product of interest was excised, the DNA recovered using a “Wizard® SV Gel
and PCR Clean-Up System” kit (Promega) and quantified with a Nanodrop (Thermo
Scientific). This PCR product was then used as primer in a second PCR reaction
using as template the GFPMut2-containing plasmid (pGFP) we used in a previous
study (43). This second PCR was performed in the same conditions as above but
using 0.02 ng/pL of pGFP, 0.07 uM of the first PCR product (the region of the
antisense primer complementary to GFP is italicized) and 0.2 yM of RevGFP primer
(5 GAAGCGGCCGCTCTAGATTAATTTAAATCS). Finally, this second PCR product
was purified on a 1% agarose gel and quantified as above. The proper randomization
of the library was confirmed by NGS analysis (Figure S2b). Importantly, even though
some sequences were found slightly over-represented (dark blue combinations in the
matrix), they did not introduce any bias in the selection process as they were not

found in the enriched pools.



Droplet-based microfluidic _screening. We used the same overall droplet-based

microfluidics strategy we described before for the screening of ribozyme (44) or
fluorogenic aptamer (45—-47) gene libraries (Figure S2a) with a few adaptations.

i. Digital droplet PCR. First, DNA molecules were individualized into 2.5 pL PCR
mixture-containing droplets by diluting the DNA solution such that only 1 out 10
droplets initially contained a DNA molecule to limit multiple encapsulation events. To
do so, a PCR mixture containing 0.13 pM of template DNA diluted into 200 ng/pL
yeast total RNA (Ambion), 0.2 MM of FwdIRES-GFP
(5'GTCGTCTAATCCAGAGACCCCGGATCGG?) and RevGFP (5
GAAGCGGCCGCTCTAGATTAATTTAAATCY3’) primers, 0.2 mM of each dNTP
(Thermofisher), 0.1 % Pluronic F68 (Gibco), 0.7 mg/mL Dextran Texas-Red 70,000
MW (Thermofisher), Phire Hot Start 1| DNA polymerase (Thermofisher) and the
corresponding buffer at recommended concentrations was dispersed into 2.5 pL
droplets carried by a Novec7500 fluorinated oil (3M) supplemented with 3% of
fluorosurfactant as described before (44). The emulsion was collected and
thermocycled as above.

ii. In vitro gene expression. Upon thermal-cycling, amplified DNA-containing
droplets were reinjected into a droplet fusion device where they were synchronized
and fused with larger 17 pL on-chip produced droplets (generated as described in
(45) containing an in vitro expression mixture made of 3 mM of the 20 aminoacids, 1
U/uL RNasin® (Promega), 500 yM of the four NTP, 3 mM MgCl2, 80 mM KCI, 30
ML/mL Dextran Texas-Red 70,000 MW (Thermofisher), 50 pg/mL of T7 RNA
polymerase purified in the lab and half of a volume of Rabbit Reticulocyte Lysate
prepared as previously described (48). Pairwise droplets were fused, the emulsion
was collected as described before (45) and incubated for 3 hours at 30 °C.

iii. Droplet analysis and sort. Upon incubation, droplets were reinjected into a
sorting device where they were spaced by a surfactant-free oil stream and their
fluorescence was analyzed just before reaching the sorting junction (49). Droplets
orange (Texas-red) fluorescence allowed discriminating in vitro expression droplets
fused to a single PCR droplet from those unfused or fused with more than one PCR
droplet as described in (44). Moreover, using the green fluorescence (GFP
fluorescence) of these single-fused droplets allowed us to identify and sort those
droplets displaying significant concentration of GFP, therefore containing variants

able to support efficient translation initiation. The green fluorescence gates used for



each experiment are summarized on Figure S2d and S7a. Upon sorting, the
recovered droplets were collected in a tube and broken by adding 50 uL of
1H,1H,2H,2H-perfluoro-1-octanol (Sigma-Aldrich) and 200 uL of 200 ug/mL yeast
total RNA solution (Ambion). The selected genes were finally recovered by PCR-
amplifying the DNA contained in a 2 uL aliquot of droplet lysate solution and
introducing it in 100 pL of PCR reaction mixture containing 0.2 uM of FWdIRES-GFP
(5'GTCGTCTAATCCAGAGACCCCGGATCGG?) and RevGFP (5
GAAGCGGCCGCTCTAGATTAATTTAAATC3’) primers, 0.2 mM of each dNTP
(Thermofisher), 0.04 U/uL of Phusion DNA polymerase (Thermofisher) and the
corresponding buffer at the recommended concentration. The mixture was then
subjected to an initial denaturation step of 2 min at 95°C followed by 25 cycles of: 30
sec at 95°C, 30 sec at 55°C, 1 min at 72°C, and terminated by a final extension of 10
min at 72°C. The PCR product was then purified on a 1% agarose TBE gel, the band
containing the product of interest was excised, the DNA recovered using a “Wizard®
SV Gel and PCR Clean-Up System” kit (Promega) and quantified with a Nanodrop
(Thermo Scientific). The purified DNA was then either used to start a new round of

screening or indexed and sequenced (see below).

The procedure described above was performed in two independent biological
replicates using different batches of Rabbit reticulocytes extract. At each round, an
average of 1.5 million of droplets were screened corresponding to a minimum of ~

37.5 times coverage (considering the 10% occupancy of PCR droplets).

Sequence analysis

Libraries indexing and sequencing. A 2 pL aliquot of droplet lysate was introduced in
100 uyL of PCR reaction mixture containing 0.2 pM of Label-CrPV-Fwd
(5TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGCAAAAATGTGATCTTGC
TTGTAAAT 3’) and Label-CrPV-Rev )
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGGACAACTCCAGTGAAAA
GTTCTTC3’) primers, 0.2 mM of each dNTP (Thermofisher), 0.04 U/uL of Phusion

DNA polymerase (Thermofisher) and the corresponding buffer at the recommended

concentration. The mixture was then subjected to an initial denaturation step of 2 min
at 95°C followed by 25 cycles of: 30 sec at 95°C, 30 sec at 55°C, 1 min at 72°C, and

terminated by a final extension of 10 min at 72°C. PCR products were purified using



a “Wizard® SV Gel and PCR Clean-Up System” kit (Promega). The PCR product
was then diluted down to 0.5 ng/uL into 25 uL of a PCR mixture containing 2.5 uL of
each Nextera Index primer (lllumina), 0.2 mM of each dNTP (Thermofisher), 0.04
U/uL of Phusion DNA polymerase (Thermofisher) and the corresponding buffer at the
recommended concentration. The mixture was subjected to an initial denaturation
step of 3 min at 95°C followed by 20 cycles of: 30 sec at 95°C, 30 sec at 55°C, 30
sec at 72°C and the run was concluded by 5 min of final extension at 72°C. PCR
products were then purified on a 1% agarose gel as above. Indexed DNA libraries
were then quantified as recommended by lllumina, loaded and analyzed on a MiSeq

intrument using a MiSeq Reagent kit V2 300 cycles cartridge and a pair-end protocol.

Sequencing data analysis. Fastq data files were analyzed using a custom Python-

written pipeline. Briefly, high quality reads (Q-score > 30) were recovered and only
those sequences free of mutation outside the randomized region (i.e.
codon/anticodon mimicking region) were conserved for the rest of the analysis. Next,
we filtered out the experimental noise that corresponded mainly to sequences
displaying mutations in the codon/anticodon region as a result of PCR and/or
sequencing errors. These sequences were expected to have a significantly lower
occurrence than the error-free DNA (a droplet was expected to contain ~ 2.4 10°
identical copies of the DNA). Therefore, monitoring the occurrence of the different
sequences made possible identifying those underrepresented (Figure S2c). Indeed,
whereas in the case of evenly represented sequences (e.g. starting library, Figure
S2a and b) their occurrences linearly accumulate throughout the sequence
population, the presence of a significantly underrepresented sub-population of
sequences leads to a biphasic line whom the breakpoint can be used as a
signal/noise threshold (Figure S2b). Using this approach, only sequences with an
occurrence frequency over the threshold (respectively set to 1.9 103 and 2.4 103 for
replicates 1 and 2 of relaxed selection and set to 3.4 103 and 1.6 103 respectively for
replicates 1 and 2 of stringent selection) were considered has “real” signal (Figure
S2c). Furthermore, only sequences reliably found in both replicates were conserved
for the establishment of codon/anticodon matrices (Figure S2e and S7a). This led to
97 sequences in the relaxed selection conditions and 55 sequences in the stringent
selection conditions. Finally, in the stringent selection conditions, only the 52

sequences shared with those reliably identified in the relaxed selection conditions



were finally considered. The generally larger number of sequences found in replicate

2 correlates well with the apparently less resolutive sort (Figure S2b and c).

tRNA transcript synthesis

tRNAs were in vitro transcribed by T7 RNA polymerase from templates generated by
primer extension of overlapping DNA oligonucleotides (IDT) and purified on 10%
denaturing PAGE. Transcripts were extracted by soaking gel slices two hours at 37
°C in 50 mM KOAc and 200 mM KCI, pH 7, precipitated, and resuspended in H2O
(50).

In vitro translation with rabbit reticulocyte lysates

Translation reactions were performed in self-made RRL extracts as previously
described (51). Reactions were incubated at 30 °C for 60 min and included 100 and
200 nM of each reporter mRNA transcript and 10.8 pCi [*°S]Met. Aliquots of

translation reactions were analyzed by 15% SDS-PAGE and Luciferase assays.

tRNA transfection in Hela cells and metabolic assay

Adherent HelLa cells were maintained at 37 °C, 5% CO2, in Dulbecco's modified
Eagle's medium supplemented with fetal calf serum and antibiotics. Transfections
were performed in 96-well plates at 90% confluency with 1.25 pmol (~30ng) or 2.5
pmol (~60ng) of control or impossible tRNAs using Lipofectamine 2000 (Invitrogen)
according to manufacturer’s instructions (52). Each transfection condition was
independently replicated nine times.

Cell proliferation assays were performed 24 hours after transfection by addition of 10
Ml (1/10 of the culture volume) of WST-1 (G-biosciences). The formazan dye (yellow)
produced by metabolically active cells was quantified using a multi-well
spectrophotometer at 450 nm, 30 min after WST-1 addition (53). Unpaired t-tests
(GraphPad software package) were performed to evaluate the statistical relevance of

the differences in metabolic activities between control and impossible tRNAs.
Data availability

The datasets generated during and/or analysed during the current study are available

from the corresponding author on reasonable request.
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RESULTS AND DISCUSSION

Ultrahigh-throughput screening of the complete anticodon/codon library

In order to profile exhaustively the different anticodon/codon pairs and identify those
accepted and translocated by the ribosome, we designed a droplet-based
microfluidic screening pipeline allowing the quantitative measurement of the
expression of a Green Fluorescent Protein-coding (GFP) reporter gene. We first
prepared a construct in which the IGR IRES from CrPV was placed upstream the
GFP coding sequence (Figure 1 and S1). The internal anticodon and codon
mimicking sequences embedded in PKI pseudoknot recruit the ribosome and lead to
GFP synthesis all the better the anticodon/codon pair is efficiently accepted by the
ribosome, which makes possible to directly correlate anticodon/codon acceptancy
with a fluorescent signal. Using this construct as a framework, we generated a library
containing the 4096 (64 x 64) possible anticodon/codon combinations by randomizing
both sequences (Figure 1 and S1). The library was then screened for variant able to
support efficient translation (so anticodon/codon pairs readily accepted by the
ribosome) using a droplet-based microfluidic workflow (Figure S2a) similar to that
previously used to analyze protein (54) and RNA gene libraries (44—47). Briefly, each
DNA molecule of the library was individualized with an amplification mixture into
picoliter-sized water-in-oil droplets serving as independent vessels. Upon PCR
amplification, each droplet was fused one-to-one with a larger droplet containing an
in vitro coupled transcription and translation mixture allowing genes to be transcribed
and resulting mRNA to be translated (55), provided the anticodon/codon pair
displayed by PKIl is properly accommodated and used by the ribosome. Therefore,
constructs in which an IRES-displayed anticodon/codon pair was accepted and
validated by the ribosome were expected to support GFP synthesis, turning the
corresponding droplets fluorescent and allowing for sorting them (49). Two replicates
were performed (Figure S2d) during which our capacity to generate and manipulate
millions of such droplets in a single experiment, allowed us to screen the 4096
combinations contained in the starting library with a more than 30-time coverage.
Next generation sequencing was then used to assess the completeness of the
starting library (Figure S2b and c) and then to identify functional codon/anticodon

pairs that were selected (Figure S2e).
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Selected cognate codon/anticodon combinations with Watson-Crick base pairs
Throughout this publication, we use the sign “/” to indicate both orientations of base
pairs (e.g. A/U for A-U or U-A) and the sign ‘o’ for standard wobble base between G
and U (e.g. GoU for G-U). We found that only 97 combinations are efficiently
accepted and translocated by the ribosome (Figure 2). Surprisingly, less than half of
the combinations, 38 out of 97, are among the expected complementary Watson-
Crick (W-C) pairs between anticodon and cognate codon (black squares on the
diagonal of the matrix in Figure 2 and Figure S3). Gaps in the diagonal correspond to
the remaining 26 possible W-C combinations that were not selected (Figure 3 and
Figure S4). Among these combinations, a significant bias against A/U-content was
observed and the higher the A/U content, the less the sequence was recovered
(Figure 3a,b and Figure S4). Indeed, only 1 instance out of 8 A/U-free sequence
pairs was missing, whereas 6 out of 12 (50 %), 13 out of 24 (54 %) and 6 out of 8
(75%) sequences were missing for sequence pairs containing respectively 1, 2 and 3
A/U base pairs. In 19 out of 26 instances, the missing combinations have a
pyrimidine (Y) at the first anticodon position (numbered 34) and thus a purine (R) at
position 3 of the codon (Figure S4). These missing combinations include the AUG
start codon and the three STOP codons. The only missing W-C combination without
an A/U pair is the combination between anticodon CCC and codon GGG
(corresponding to Gly)(Figure S4).

The distribution of the missing Watson-Crick combinations absent from the selection
is plotted on the wheel representation of the genetic code (56) in Figure 3c. At the
north of the wheel are shown the “strong” or G/C-rich codon-anticodon triplets, at the
south the “weak” or A/U-rich codon-anticodon triplets and in the middle the
‘intermediate” ones as measured by the energy (57) of the helical triplet. The A/U-
rich missing combinations confirm the contribution of nucleotide modifications in such
codon/anticodon triplets to productive decoding in natural systems (58, 59). In five of
the codon boxes, all codons are selected (corresponding to the two 4-codon boxes
Pro and Arg, and the three 2-codon boxes His, GIn, and Ser). In the selected
combinations, three codons were not represented, corresponding to Glu (GAR), Lys
(AAR) and Met (AUG). This is also true for the 2-codon boxes corresponding to
amino acids Leu (UUR) and Arg (AGR) (see Figure 3c and Figures S5). Please note
that we use the corresponding amino acid for commodity but, in the present

experimental system, no amino acid is inserted.
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Selected near-cognate codon/anticodon combinations

Besides W-C combinations, we also selected a significant number of combinations
(59/97) with one or two mismatches at the three positions of the codon (Figure 2 and
Figure S5a). Overall, eight types of mismatches are accepted by the ribosome in the
present experimental set-up (G/U, G/A, C/A, C/U, A/A, U/U, C/C and G/G). Most
mismatches occur at the third position of the codon (Figure S5b-c). Among the
observed mismatches, the most frequent ones are G/U, G/A, C/A and C/U (Figure
S5c¢). Although mismatches are generally found in both orientations (Figure S6a),
there are two exceptions. First G/U mismatches observed at the third codon position
are exclusively of the G340U3 type and never of the U340G3 type. Secondly, C/A
mismatches at the second position of the codon are found only as C2/A35. Whereas
G/U and C/A mismatches are found in all three positions of the triplets, G/A, C/U,
A/A, C/C and G/G mismatches are only found in the third position (Figure S5a and c).
Overall, the most frequent mismatch is the G/U base pair, which was found 26 times
in the 59 combinations. Likewise, in vivo the mis-incorporation frequency determined
by mass spectrometry is approximately 10-3-10-°, also confirming that G/U are the
most frequent mismatches, responsible for 40% of mis-incorporated amino acids (17,
60).

The distribution of mismatches at the first two positions leads to three interesting
observations: (1) 7 out of 10 mismatches in the first position are C/A mismatches in
both orientations; (2) 8 out of 12 mismatches in the second position are G/U
mismatches, 6 are between U2 and G35 and 2 between G2 and U35; (3) only 2 C/A
or U/U mismatches are in the second position (see Figures S5c and S6a). Structural
data have shown the presence of G/U pairs at both the first and second positions
with a “Watson-Crick like” geometry rather than a “wobble” geometry (61). The
present data provide further evidence that G/U base pairs can be accommodated not
only at the A site of the ribosome decoding centre but can also be efficiently
translocated from the A to the P site to proceed with elongation. This is further
corroborated by other structural observations showing atypical Watson-Crick-like G/U
base pair geometry in the P site of the tRNA (14). Interestingly, C/A mismatches at
position 2 are exclusively observed in the C2-A35 orientation (Figure S6a). Finally,
G/A mismatches in both orientations are only observed in position 3 of the codon.

G/A is a mismatch involving two large bases that can coexist only in position 3 but
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not in position 1 and 2 due to tighter steric constraints (62). The same reasoning
likely applies to G/G and A/A mismatches that are also observed only in position 3 of
the codon (Figure S5).

Interestingly, only 17 near-cognate events would lead to amino acid change (in
normal ribosomal translation) and all those involve a G34-containing anticodon (see
Fig. S8 and below).

To further corroborate the selection matrix, we chose several representative selected
combinations, namely purely W-C combinations, combinations containing
mismatches with a few combinations that were not selected taken as negative
controls. We inserted them in a reporter mMRNA containing the IGR upstream of the
Renilla luciferase coding region in order to measure the corresponding translation
efficiency. Using this experimental set-up, we determined that the present
microfluidic pipeline allowed us to select combinations that promote translation
efficiency above 20% compared to the Wt IGR (Figure S6b). Likewise, we confirmed
the preferential orientation of G34/U3 mismatch at position 3 of the codon as

deduced from the selection results (Figure S6c).

The types of selected combinations indicate that the IRES-based microfluidic

pipeline recapitulates faithfully cellular decoding rules

a) A/U rich combinations require modification in the anticodon

In cells, tRNAs contain critical nucleotide modifications in the ASL. Although every
anticodon nucleotide can be modified, positions 32, 34, 37, and 38 (Figure S1) play
critical roles in translation fidelity (63, 64). In the present in vitro transcribed PKI and
its associated IGR-GFP reporter, these modified nucleotides are absent. The
observation that nearly all of the missing W-C combinations contain between one and
three A/U base pairs strongly suggests that A/U base pairs are weak interactions not
stable enough on the ribosome to allow efficient translocation without modifications in
the tRNA ASL (63). Especially, the lack of modifications also correlates with the
absence in the selected pools of combinations with A or U at the 15t and 3 positions

of the codon. Both require modifications at either position 37 (63) or at position 34
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(16, 65) of the anticodon, respectively (see below) (Figure S1). There is particularly a
poor representation of combinations with a U or a C at the first position 34 of the
anticodon (19 out of 26 cases), indeed U34 and C34 are nucleotides that are
frequently modified in tRNAs (16, 65) (Figure 3b).

As expected, the absence of modified nucleotides in the PKI of the reporter IGR-GFP
does not allow the selection of the A/U-rich codon-anticodon combinations since
there are not stable enough on the ribosome and cannot promote GFP translation.
Thus, the gaps in the W-C diagonal mainly correspond to codons that require post-
transcriptional modifications in the tRNA ASL to be efficiently decoded by the

eukaryotic ribosome.

b) Position 3 of the codon is the most permissive

Among the three positions of the codon, it is expected that position 3 of the codon is
the most permissive one (66). As expected, most of the mismatches are observed on
position 3 of the codon (Figure S5b-c). This is consistent with fundamental decoding

rules in both prokaryotic and eukaryotic ribosomes (66).

c) Most of the G34/U3 wobble combinations are efficiently selected

Remarkably, 12 of the 16 possible combinations with a G340U3 pair were selected;
the four missing ones contain A/U base pairs at positions 1 and/or 2 in addition to the
G340U3, which suggests that the binding affinity of the corresponding complexes is
too low to support translational activity in the modification-free PKI. Standard wobble
base pairs between G and U are widely used in cells for decoding synonymous
codons; the observation that the present system selected almost all of them confirms
that PKI accurately mimics the structure and the function of a genuine
codon/anticodon mini helix on the ribosome. Additional evidence comes from the
asymmetry observed in the G/U pairs at the third position where only G340U3 and
not the inverted U340G3 base pair was observed. This observation is in agreement
with crystallographic data showing the expected G340U3 wobble pair while the
U340G3 pair was observed only in presence of U34 modification and then only in a
tautomeric Watson-Crick-like geometry (67) or in a novel type of pair in which the U

instead of moving in the major groove as in standard wobble pair moves in the minor
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groove (68). These alternative geometries are imposed by the ribosome decoding
centre grip together with the presence of modified nucleotides shaping the ASL and
the codon/anticodon helix (16, 56). Using a Renilla luciferase reporter assay, we
confirmed that such a preferential orientation is also observed in the context of the
IGR PKI, which again confirms that PKI is a biologically relevant mimic of the codon-

anticodon helix (Figure S6c¢).

d) The most frequently accepted mismatches are G/U, G/A and C/A.

In order to assess the efficiency of the selected codon-anticodon combinations to
promote translation, we re-screened the enriched libraries from both replicates and
performed another screen with a higher sorting cut-off (only the 50% most
fluorescent droplets displaying a signal above the background were recovered) and
(this new selection was called ‘stringent selection’) (Figure S7a/b). Under these
‘stringent’ conditions, only 52 combinations are present in both replicates ((Figure
S7b). However, the distribution of mismatches is similar to the first selection, again
most of the mismatches are observed on position 3 of the codon. The combinations
containing the G340U3 wobble mismatch are still largely represented (10/16 possible
combinations). Moreover, the combinations contain only three types of mismatches
G/U, G/A and C/A indicating that they are better accepted by the ribosome.
Interestingly, triplets involving G/U, G/A and C/U mismatches are responsible for the
most prevalent amino acid substitutions observed in vivo (60). In contrast, A/A, U/U,
C/C and G/G are not present in the ‘stringent’ selection, suggesting that they are less
efficiently tolerated by the ribosome, which is in agreement with in vivo observations.

We realize that the PKI-based reporter system does not fully mimic a tRNA
anticodon-codon duplex. First, unlike tRNA molecules, the IRES is delivered to the
ribosome in the absence of elongation factors, therefore the system eliminates initial
selection of cognate tRNA molecules and competition between tRNAs and factors.
Secondly, the IRES forms extensive contacts with the ribosome compared to tRNAs
and in the IRES structure, the ‘anticodon-like’ triplet is covalently linked to the ‘codon-
like’ triplet. Such factors could affect tRNA selection and proofreading in the A site.
Nevertheless, the results of the selections strongly indicate that the PKI-based
microfluidic-assisted selection using an IGR-GFP reporter system does recapitulate

faithfully most fundamental aspects of both bacterial and eukaryotic decoding.
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Altogether, the present data suggest that eukaryotic ribosomes (rabbit) follow the
same basic geometrical rules as the bacterial decoding centre (68) and that decoding
centres across the different domains of life likely share a similar if not identical

structural grip.

More than half of the combinations contain G34 in the anticodon

Unexpectedly, the majority of the selected combinations (51/97, 52.6%) contained
G34 in the anticodon (Figure 2). These comprise 15 W-C combinations G34-C3 (15
of the 16 possible), 12 wobble combinations G34-U3 (12 of the 16 possible)
suggesting that combinations with a G34 are well accepted by the ribosome.
Surprisingly, G34 is also present in 24 combinations containing mismatches (Figure
2), suggesting the sole presence of G34 allows mismatches at the three positions of
the codon. In terms of decoding, the consequence of such mismatches would be
detrimental for translation fidelity. Indeed, many of these combinations would
promote miscoding issues because they enable base pairing of tRNA anticodons with
near-cognate codons (Figure S8). The resulting potential miscoding errors are almost
exclusively observed in the decoding of the 4-codon boxes (equivalent to Leu (CUN),
Ala, Val, Thr, Ser (UCN), Pro, Arg (CGN) and Gly). The high occurrence of
mismatches in combinations with G34 prompted us to examine the distribution of
G34 in tRNA genes decoding the 4-codon boxes from several eukaryotic species. As
previously shown (65), G34-containing tRNAs are very rarely found in eukaryotic
tRNAs that decode 4-codon boxes (Figure 4a and Figure S9). Indeed G34-containing
tRNAs are virtually absent from all eukaryotic genomes in the tRNAs decoding 4-
codon boxes; A34 tRNAs (normally modified into 134, see for example (69)) are used
instead. Gly is the only exception for which, in all three kingdoms, a G34-containing
tRNA decodes the C3- and U3-ending codons (and A34 is never observed (65)). In
contrast to bacterial tRNAs for Gly, the eukaryotic tRNA®Y do not exhibit the potential
for 32-38 WC pair (mainly C/C or C/A in all eukaryotes tested on the GtRNAdb
database (70)). Explanations have been suggested for the presence of eukaryotic
G34-containing tRNACY: structural incompatibility of A34 in the anticodon loop (71) or
frame maintenance (72). We note also the conserved presence of GU pairs in the

alignments of anticodon stem of eukaryotic tRNASY (70).
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tRNAs with G34 are toxic miscoders in eukaryotes

The microfluidic-assisted screenings hinted that a G34 in the anticodon of tRNA
decoding 4-box codons is potentially detrimental for translation fidelity in eukaryotes
due to an increased miscoding capability. Since these tRNAs are virtually absent
from eukaryotic genomes, we named such tRNAs “impossible tRNAs” or itRNAs. In
order to investigate the origin of the counter-selection against itRNAs during
eukaryotic evolution, we assembled those species artificially. For that purpose, we
synthesized control/wild type human tRNAA@Pro.ThrSerleu containing A34 and their
corresponding itRNA counterparts in which only the nucleotide A34 , was substituted
by G34. We then transfected them into human HelLa cells and assessed cellular
fitness through a standard WST-1 metabolic assay (Figure 4b). Strictly speaking
WST-1 assays directly measure the metabolization of formazan by mitochondria.
Mitochondrial fitness is a widely accepted proxy for the overall cellular fitness.
Although the rate of protein synthesis very often correlates with cellular health, WST-
1 assays should not be used to directly assess the dynamic of translation. We would
like to emphasize that we did not employ WST-1 assay to draw conclusions on the
effects of our tRNA constructs on translation. As anticipated from the microfluidic
screenings, when G34 is present, the cell general metabolism is significantly affected
indicating that itRNAAa.Pro.Thrleu gre indeed toxic to a certain degree, itRNAS®" with a
G34 being the only non-toxic itRNA. To demonstrate that the toxicity is actually due
to miscoding induced by itRNAs, we used human tRNAA? as a scaffold to test the
impact of G34-containing anticodons. We assembled different chimeras tRNAA?
displaying ambiguous G34-anticodons (Figure 4c). The alanine system is best suited
to anticodon manipulation because human alanyl-tRNA synthetase (AlaRS)
discriminates tRNAA2 solely by recognizing the unique feature G3-U70 in the
acceptor stem of the tRNA (73, 74). Therefore, it is possible to change the whole
anticodon of tRNAA? without affecting its ability to be alanylated by AlaRS. We
generated human tRNAA? transcripts containing the following G34-anticodons
(G34GG, G34GC, G34GA, G34AG) and AGC the alanine anticodon as a negative
control. Miscoding capacity was measured with a reporter C-terminally HA-tagged
Renilla luciferase gene in which we introduced silent mutations to enrich the
luciferase coding sequence in codons prone to be potentially misdecoded by itRNAs

according to the combinations that were identified from the microfluidic screenings
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(Figure S8). Reporter mMRNAs were then translated in vitro using rabbit reticulocyte
lysates and the different tRNAA2 chimeras. None of the tRNAA? constructs affected
the overall translation yield of Renilla reporter protein in a significant way (Figure 4d).
However, the luciferase activity was significantly affected in the presence of hybrid
tRNA transcripts containing GGG, GGA and GAG anticodons suggesting that these
tRNAs promote alanine insertion at unexpected positions in the Renilla luciferase
coding sequence thereby affecting the luciferase activity (Figure 4e). To demonstrate
the miscoding capability of these chimeric tRNA”? transcripts, we purified the
produced Renilla luciferase protein using a C-terminal HA-tag. Mass spectrometry
analysis of in vitro synthesized and purified luciferase revealed the presence of
peptides containing alanine residues at mutated codons. These residues were
inserted by the chimeric tRNAs at non-alanine codons indicating that the transcripts
are efficiently aminoacylated by AlaRS and functional in the ribosome (Figure S10a).
We also found another peptide containing an alanine residue that was inserted by
tRNAMNags at a CCC codon. Therefore, we show that this hybrid tRNAA2gga
promotes miscoding of a CCC codons, demonstrating without ambiguity that G at
position 34 allows the decoding of non-cognate CCC codons displaying a C/A
mismatch at codon position 1 (C1/A36) (Figure S10b). Remarkably, this unexpected
1CCC3/33GGA3s combination is one of those identified in the microfluidic-based
screening (marked by an asterisk in Figure S8). Altogether, these experiments
confirm that in a eukaryotic system the sole presence of G34 in tRNAs decoding 4-
codon boxes induces miscoding induced by the formation of mismatches at position

1 and 2 of the codon.

Nucleotides 32 and 38 correlate with R34 in 4-codon boxes

Very specific covariations at nucleotides 32 and 38 (as well as 31 and 39) were
shown to participate in the anticodon loop conformation (58, 75, 76) and in the
modulation of the codon/anticodon interactions (42). Early experiments showed the
role of nucleotide 32 for discriminating the Gly codons (77, 78). Later, experiments on
E.coli tRNAA2 (G34CC) revealed that the nucleotides A32 and U38 in this tRNA were
critical for accurate decoding (79, 80). Indeed, when 32-38 could not form a potential
Watson-Crick pair (e.g. A32 and C38), the mutated tRNAA? promoted miscoding and

lethal toxicity in bacteria. This prompted us to examine the distribution of nucleotides

19



32 and 38 in Homo sapiens. In contrast to prokaryotes, nucleotides 32 and 38 are not
complementary in any 4-codon box tRNA (Figure 5). By analogy to the prokaryotic
tRNAs, we then speculated that the toxicity induced by G34 in itRNAs was actually
anticorrelated with the potential for nucleotides 32 and 38 to form a standard Watson-
Crick pair in these tRNAs. In order to demonstrate this, we introduced in the toxic
tRNAAProThrleu G34 g point mutation that enables Watson-Crick base pairing
between nucleotides 32 and 38 (Figure 5). As predicted, tRNAAaProLeu  for which the
itRNA counterparts are the most toxic, are not toxic anymore when 32-38 can form a
Watson-Crick base pair. Unexpectedly, this is not the case for tRNA™-G34, which is
more toxic with a 32-38 base pair. In contrast to the three others, the wt tRNAT"
contains a m3C32 that could be critical for other enzymatic reactions such as
aminoacylation or tRNA modification. m3C32 is positively charged and the effects of
the introduction of such a modification are unknown. Overall, these results confirm
that G34 is toxic in such tRNAs only when nucleotides 32-38 cannot form a standard

Watson-Crick pair.

Nucleotides 32 and 38 are respectively at the beginning and end of the anticodon
loop just following the anticodon stem. The presence of complementary bases at
those two positions can induce the formation of an additional base pair in the
anticodon stem. This introduces an additional rotation to the stem and re-orients the
anticodon triplet in an unfavourable position for base pairing with the codon triplet. In
other words, the conformation of the anticodon is no longer properly pre-organized
for productive base pairing with the codon (76, 78-80). Such a terminal 32-38 base
pair is naturally dynamic and only some fraction of the tRNA population will at any
moment contain the base pair. By mass action, this automatically leads to a reduction
in the free energy of tRNA-mRNA binding (42). This mechanism applies particularly
to tRNAs forming G/C-rich anticodon/codon triplets where U32/A38 occurs instead of
the more common C32/A38. In the early experiments mentioned above (77, 78),
replacing U32 by C32 led to an undiscriminating tRNA. The replacement of G34 by
A34 (modified in 134) leads to base pairings with less energy content. Thus, strong
G34-containing tRNAs would favour nucleotide combinations at 32 and 38 that are
able to form a Watson-Crick pair, while weak A34(134)-containing tRNAs will not

need this additional tRNA constraints.

20



In conclusion, the combined use of a microfluidic-based analysis pipeline and of cell-
free translation extracts faithfully recapitulates the main structural trends of molecular
recognition in eukaryotic translation. The data show that, in the absence of
competitor tRNAs, release factors and protein sequence effects, productive
translation relies entirely on the stability of the codon/anticodon triplet. In addition, in
the absence of tRNA modifications in the anticodon loop, tRNA binding to the
ribosomal decoding centre is either unproductive or leads to extensive miscoding,
especially with G34-containing tRNAs. Finally, the nature of the base at R34-
containing tRNAs correlates with nucleotide conservations at positions 32 and 38 for
smooth decoding: G34-tRNAs favor combinations of 32 and 38 that have the
potential to form a Watson-Crick pair while A34-tRNAs do not. Bacteria evolved to
maintain G34 and the constraint on 32 and 38, while eukaryotes selected A34(134)

instead.
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Figure legends:

Figure 1: Microfluidic pipeline for high throughput screening of active codon-
anticodon pairs.

The Cricket Paralysis Virus IGR IRES was inserted in the 5’UTR of a reporter gene.
PKI (shown in blue), which mimics a codon-anticodon duplex, was placed in frame
with the coding sequence of Green Fluorescence Protein (GFP). Using this construct,
we generated a cDNA library containing the IGR-GFP sequence with the full set of
the possible 4096 (64X64) codon-anticodon combinations in frame with PKI. Each
IGR-GFP cDNA variant was individualized into droplets (diluted to reach a 20% of
occupancy) to limit droplet occupancy by more than one variant. Each variant was
first PCR amplified prior to fusing each droplet with another one containing a coupled
transcription/translation mixture made of T7 RNA polymerase and rabbit reticulocyte
lysate. Upon an hour of incubation at 30°C, droplets were sorted based on their
fluorescence. Fluorescent droplets containing active codon-anticodon combinations
were recovered, pooled and their cDNA content analyzed by Next Generation
Sequencing (NGS). The resulting sequences were compared to NGS sequencing of

the starting library for normalization.

Figure 2: Matrix representing the codon-anticodon combinations selected by
the microfluidic pipeline.

The sequences of the active codon-anticodon pairs that are efficiently recognized by
the ribosome are plotted on a matrix. The 64 codons are represented on the x-axis
and 64 anticodons are represented on the y-axis. The nucleotides of the codons are
numbered 1, 2 and 3 from 5’ to 3’. The nucleotides of the anticodons are numbered
34, 35, 36 from 5 to 3’ according to their position in tRNAs. The active codon-
anticodon combinations are represented on the matrix by black squares (Watson-
Crick pairs are along the diagonal) and by coloured squares for combinations
containing mismatches that are parallel to the diagonal. The total number of hits is
indicated on the upper right part of the matrix. The number of selected codon-
anticodon pairs containing A, C, G and U at position 34 (anticodon) are shown on the

right of the matrix. The number of selected codon-anticodon pairs containing A, C, G
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and U at position 3 (codon) are shown above the matrix. In each case, the number of
hits is decomposed in those along the main diagonal (in black squares) and those

off-diagonal (in rainbow squares).

Figure 3: Combinations of codon-anticodon containing Watson-Crick base
pairs never isolated through the selection procedure.

(a) Histogram showing the increase in the contribution of G/C base pairs in the
selected W-C combinations (see Figure S3 in supplementary material for more
detailed distributions). The numbers are normalized to the total number of triplets
containing 0 (8), 1 (24), 2 (24), or 3 (8) G/C pairs.

(b) Histogram showing the increase in the contribution of A/U base pairs in the W-C
combinations missing from the selection (see Figure S4 in supplementary material for
more detailed distributions). The numbers are normalized to the total number of
triplets containing 0 (8), 1 (24), 2 (24), or 3 (8) A/U pairs.

(c) Distribution of the missing Watson-Crick combination absent from the selection is
plotted on the wheel of the genetic code (blue circles around the third codon base)
(56). At the north of the wheel are shown the “strong” or G/C-rich codon-anticodon
triplets, at the south the “weak” or A/U-rich codon-anticodon triplets and in the middle

the “intermediate” ones as measured by the Turner energy of the helical triplet.

Figure 4: G at position 34 of the anticodon is prone to miscoding in eukaryotes.
(a) The heat map represents, in various eukaryotic genomes, the ratio between the
number of genes encoding any of the 64 anticodon combinations and the total
number of tRNA genes. The colour code of the heat map is shown on the right, from
black for highly represented genes to white for tRNA genes that are absent in
genomes. Arrows indicate the suppressor tRNA genes containing anticodons
corresponding to the stop codons and tRNA genes containing the anticodons
34GGN3s and 34GAG3s.

(b) Human tRNA transcripts tRNAA&.Pro.ThrSerleu containing 34ANN3s anticodons and
their impossible tRNA (itRNA) counterparts, which contains respectively a single
substitution of A at position 34 of the anticodons to G, are introduced into HeLa cells.
The histogram represents the Relative Metabolic Activity (RMA) average value
measured by WST1 assay for each itRNA transcript (in red) normalized to the

corresponding Wt transcript (in orange) (n=9, Statistical Student Test, ns: P-
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value>0.05, *: P < 0.05, **: P < 0.01, ***: P £ 0.001, ****: P < 0.0001). The error bars
represent the standard deviation for each value.

(c) Human tRNAA% transcripts containing the major determinant 3G-Uzo for Alanyl-
tRNA synthetase with variable anticodon sequences are introduced in Rabbit
Reticulocyte Lysates together with a synthetic HA-tagged Renilla reporter mRNA that
contains silent mutations at Phenylalanine, Proline, Threonine, Valine, Leucine and
Serine codons in order to enrich the proportions of following codons Phenylalanine
(UUC), Proline (CCC), Threonine (ACU, ACC), Valine (GUC), Leucine (CUC), Serine
(UCC, UCU) according to supplementary figure S9.

(d) The yield of Renilla proteins synthesized in the presence of tRNAA? transcripts of
without transcript (&) is evaluated by SDS-PAGE of 3°S-Methionine-labelled proteins.
(e) Histogram representing the relative luciferase activities of the synthesized Renilla
proteins normalized to the luciferase activity obtained in absence of tRNA transcript
(9) (n=3, ns: P-value>0.05, **: P <0.01).

Figure 5: Anticodons with a G34 are prone to miscoding but not when 32-38
can form a Watson-Crick base pair.

Human wild type tRNA transcripts tRNAARPro.Thnleu containing 34ANNss anticodons
and their impossible tRNA (itRNA) counterparts that contain a single substitution of A
at position 34 of the anticodons to G (in red) and double mutants containing an
additional single substitution that enables base pairing between 32 and 38 (in green).
The itRNAAaPro.Thrleu G34 were used as toxicity controls. The three types of tRNA
transcripts were introduced into HelLa cells. The histogram represents the Relative
Metabolic Activity (RMA) average value measured by WST1 assay for each tRNA
transcript normalized to the corresponding Wt transcript (n=6, Statistical Student
Test, ns: P-value>0.05, *: P < 0.05, **: P <0.01, ***: P <0.001, ****: P <0.0001). The

error bars represent the standard deviation for each value.
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Supplementary information

Captions for supplementary figures

Figure S1: PKI structurally and functionally mimics a codon-anticodon helix

Comparison of the base pairing between the tRNA anticodon numbered 34, 35, 36
with a cognate codon numbered 1, 2, 3 shown on the left and the pseudoknot PKI
from CrPV Intergenic IRES. Structure of the Anticodon Stem Loop or ASL (in orange)
base paired to a cognate codon in the A site of the ribosome (on the left) and
structure of PKI in the A site of the ribosome (on the right) are represented from
respectively X-ray (pdb:5e81) (16) and CryoEM (pdb: 5it9) (33) molecular models.
The tRNA anticodon part is in red and the mRNA codon part in cyan. In the IRES
structure, the 5’-end of the “mRNA” continues to pair with the “anticodon 37 and 38”.
A library containing the 4096 codon-anticodon combinations in the frame of PKI was

generated.

Figure S2: Ultrahigh-throughput screening of randomized IRES gene libraries.

(a) Schematic of the droplet-based microfluidic screening pipeline. The screening
pipeline operates in three main steps. First, the genes of the library are diluted into a
PCR mixture prior to being individualized into small picoliter-sized water-in-oil
droplets (left device). The emulsion is collected off-chip into a conventional PCR tube
and the whole emulsion is thermocycled into a regular thermocycler. Next, the
amplified DNA-containing droplets (orange) are reinjected into a fusion device
(middle device) and synchronized with on-chip generated droplets (red) containing an
in vitro expression mixture (a Rabbit Reticulocyte Lysate supplemented in T7 RNA
polymerase in this study). Both sets of droplets are synchronized, fused by an
electric field and collected off-chip. Genes are then expressed during an off-chip
incubation step prior to reinjecting the droplets into a last device (right device) aiming
at analyzing droplets fluorescence and sorting them accordingly. (b) Occurrence
frequency matrix of the 4096 variants contained in the starting gene library. The
occurrence frequency has been calculated for each variant contained in the starting
library and the value was color-coded accordingly. The ~ 6-fold occurrence difference
between the most and the least represented variant is supportive of a generally

unbiased the library and confirmed that a ~ 37-fold coverage was enough to see



each variant during the first rounds of screening. (c) Representation of the evenness
of the variants contained in the starting library. Sequences were ordered and
numbered according to their occurrence in the library (a sequence ID inversely
proportional to the occurrence was attributed each sequence) prior to being plotted
as a function of their cumulative occurrence. The straight alignment of the point is
indicative of an overall even representation of the different variants. (d) GFP
fluorescence profile of the droplets from the two replicates of the experiment. In each
experiment, the dashed line indicates the lower limit of the sorting gate. The sorting
gate was set such that every droplet with a fluorescence detached from the negative
population was recovered. (e) Representation evenness of the variants selected in
each replicate. Sequences were ordered and numbered according to their
occurrence in the library (a sequence ID inversely proportional to the occurrence was
attributed each sequence) prior to being plotted as a function of their cumulative
occurrence. Sequences corresponding to molecules initially individualized and
amplified several hundreds of times in droplets are expected to be over-represented
in comparison to those coming from a rare mutation event during PCR or from a
sequencing error. Therefore, whereas the formers are expected to accumulate at a
high, the latter should accumulate more slowly and a biphasic curve like those
observed here is expected. Consequently, the breakpoint at the junction of both
curves corresponds to the threshold between the relevant sequences (signal) and the
non-relevant ones (noise). The Venn diagram represents the combinations that are

present in both replicates.

Figure S3: Combinations of codon-anticodon containing Watson-Crick base
pairs that are selected

The combinations are ranked according the 3-34 pair and their proportion is shown in
parentheses. Interestingly, the combinations Y3/R34 are two times more frequent
than the combinations R3/Y34. The amino acids coded by the corresponding codons
are shown under each combination. No combination was selected for Methionine,

Glutamic acid, Lysine and the three stop codons.

Figure S4: Combinations of codon-anticodon containing Watson-Crick base

pairs that are not selected



The combinations are ranked according the position of A/U base pairs (shown in
blue). Start (green dot) and stop codons (red dots) are indicated. The proportion of
each category is shown under the figure. The two pie charts represent the proportion

of nucleotides at position 34 and 3 in these missing combinations.

Figure S5: Combinations of selected codon-anticodon containing Watson-
Crick base pairs with one or two mismatches

(a) The codon-anticodon combinations are listed according to the position of the
mismatches. There are 56 combinations with one mismatch and three with two. The
mismatches are colour-coded (G/U in green, G/A in orange, C/A in yellow, C/U in
brown, A-A in dark grey, U-U in purple and G-G in light grey). The proportion and
position of each mismatch are summarized at the bottom. About 2/3 of mismatches
occur at the third “wobble” position and the most frequent are G/U (12), G/A (10), C/A
(6) and C/U (5).

(b) The histogram represents the number of mismatches obtained for each of the
three positions of the codon. The pie charts represent the proportion of each of the
four nucleotides at position 34 in the codon-anticodon combinations containing
mismatches at position 1 and 2, and at position 3 of the codon.

(c) The histograms represent the total number of each type of mismatch at the three

positions of the codon.

Figure S6: Combinations of selected codon-anticodon interacting with one or
two mismatches.

(a) The histogram represents the number of G/U (green), C/A (yellow), G/A (orange)
and U/C mismatches (brown) found in each of the 3 positions of the codon. Striped
bars represent the orientations 1-36, 2-35 and 3-34 and full bars represent the
opposite orientations. The pie charts represent the proportion of each orientation in
the 3 positions of the codon.

(b) The histogram represents the relative Renilla luciferase activity obtained with PKI
in frame of a Renilla luciferase reporter with several codon-anticodon combinations.
Combinations that were selected through the microfluidic pipeline are indicated by (+)
and combinations that were not selected are indicated by (-).

(c) Experimental validation of the preferred orientation of G/U mismatches at the

position 3 of the codon. The histogram represents the relative Renilla luciferase



activities of codon-anticodon combinations in PK1 with G/U mismatches in both
orientation at the three positions of the codons and in frame with a Renilla coding

sequence.

Figure S7: Second selection on the combinations in ‘stringent’ conditions.

(a) GFP fluorescence profile of the droplets from the two replicates of the selection in
stringent conditions. In each experiment, the dashed line indicates the lower limit of
the sorting gate. Representation evenness of the variants selected in each replicate
is shown below the fluorescent profiles. Sequences were ordered and numbered
according to their occurrence in the library (a sequence ID inversely proportional to
the occurrence was attributed each sequence) prior to being plotted as a function of
their cumulative occurrence. The straight alignment of the point is indicative of an
overall even representation of the different variants. The Venn diagram represents
the combinations that are present in both replicates. (b) The sequences of the active
codon-anticodon pairs that are efficiently recognized by the ribosome in ‘stringent’
conditions are plotted on a matrix. The 64 codons are represented on the x-axis and
64 anticodons are represented on the y-axis. The nucleotides of the codons are
numbered 1, 2 and 3 from 5’ to 3'. The nucleotides of the anticodons are numbered
34, 35, 36 from 5 to 3’ according to their position in tRNAs. The active codon-
anticodon combinations are represented on the matrix by black squares (Watson-
Crick pairs are along the diagonal) and by coloured squares for combinations
containing mismatches that are parallel to the diagonal. The total number of hits is
indicated on the upper right part of the matrix. The number of selected codon-
anticodon pairs containing A, C, G and U at position 34 (anticodon) are shown on the
right of the matrix. The number of selected codon-anticodon pairs containing A, C, G
and U at position 3 (codon) are shown above the matrix. (¢) Histogram representing
the number of mismatches obtained in each of the three positions of the codons. The
proportion of each of the four nucleotides at position 34 is shown in the pie charts for

mismatches at positions 1 and 2 and at position 3.

Figure S8: The anticodons with a G34 are prone to miscoding
The 51 active codon-anticodon pairs containing G34 that are selected in the

‘Relaxed’ selection procedure are plotted on the matrix. Combinations containing



Watson-Crick base pairs are represented by black squares (15) and combinations
containing mismatches (36) are highlighted using coloured squares according to the
figure legend. The combinations that would lead to miscoding (and not G/U wobbling)
are circled. The codons that are incorrectly decoded are indicated above the matrix
and the anticodons that induce miscoding are shown on the right. The resulting
miscoding events would, in a natural system, induce incorporations of non-cognate
amino acids (in black) instead of the cognate amino acids (in red). An asterisk
indicates the miscoding combination (Pro>Ser or 1CCC3/3aGGA36) that has been

validated with a reporter gene by Mass Spectrometry (see S10).

Figure S9: Evolutionary clearance of G34 containing tRNAs in eukaryotic
tRNAs of 3- and 4-codon boxes.

The heat map represents the ratio of the number of each of the putative tRNA gene
corresponding to the 64 anticodons divided by the total number of tRNA genes in
various eukaryotic genomes. The colour code is indicated at the bottom of the figure
from black for abundant tRNA genes to white for tRNA genes that are absent from
eukaryotic genomes. The species are indicated at the top of the figure and the
anticodon for each tRNA gene, the corresponding codon and the amino acid identity
are shown in the table on the right part of the figure. The orange boxes indicate that
the tRNA genes containing anticodon starting with an A at position 34 are rare or
absent. The yellow boxes indicate that the tRNA genes containing an anticodon
starting with a G at position 34 are rare or absent. The cartoon on the right part
summarizes the results on the heat map. In eukaryotes, the A34-containing tRNA
genes were cleared throughout evolution in 2-box tRNA sets and the G34-containing
tRNA genes have been cleared in 3- and 4-box tRNA sets (with the exception of Gly,
a 4-box tRNA in which A34 has been cleared to favour G34). In eukaryotes, A34 is
modified into 134; the clearance of A34 in 2-codon boxes results from the miscoding
potential of | (that can pair with C, U, and A)(59).

Figure S10: Anticodons containing G34 do promote miscoding in Rabbit
Reticulocyte Lysates.

The Renilla luciferase protein produced in rabbit reticulocyte lysate in the presence of
Homo sapiens tRNAM2gnN transcripts and synthetic Renilla mRNA was purified via its

C-terminal HA-tag, digested by trypsin and analysed by Mass Spectrometry. (a)



Mass Spectrometry analysis of the peptide sequence from Renilla luciferase protein
produced in presence of Homo sapiens tRNAA?cga. The upper panel represents the
wild-type peptide (25sMFIESDPGFFSNAIVEGAK?71) containing the expected Serine
residue highlighted in yellow at the position of the Serine UCC codon inserted by
endogenous tRNAS®". The lower panel shows the same peptide where the Serine
was substituted with an Alanine residue (also in yellow) by the exogenous Homo
sapiens tRNAA3gga transcript confirming that this synthetic chimera is efficiently
alanylated by endogenous AlaRS and picked up by ribosomes available in Rabbit
Reticulocyte Lysates. (b) Mass Spectrometry analysis of the same reporter peptide.
The upper panel shows the sequence of the peptide containing the expected Proline
residue highlighted in yellow at the position of the Proline CCC codon inserted by
endogenous tRNAP®. The lower panel shows the peptide where the Proline was
substituted with Alanine (also in yellow) by the exogenous Homo sapiens tRNAAggA
confirming that this anticodon supports miscoding when a C-A mismatch is present at

the first position of the codon.
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Figure S4

26 missing combinations with Watson-Crick base pairs
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Figure S5a

59 combinations with one or two mismatches
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Figure S5

Combinations with mismatches

b # mismatches vs codon position % of N34 when mismatch
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Figure S6a

a Combinations with mismatches in both orientations

# of mismatches and orientation per codon position
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Figure S6b-c
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Figure S9
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Figure S10
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