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Abstract

Ribosomes control the missense error rate of ~10~* during translation though quantitative
contributions of individual mechanistic steps of the conformational changes yet to be fully
determined. Biochemical and biophysical studies led to a qualitative tRNA selection model in
which ribosomal A-site residues A1492 and A1493 (A1492/3) flip out in response to cognate
tRNA binding, promoting the subsequent reactions, but not in the case of near cognate or non-
cognate tRNA. However, this model was recently questioned by X-ray structures revealing
conformations of extrahelical A1492/3 and domain closure of the decoding center in both cognate
and near-cognate tRNA bound ribosome complexes, suggesting that the non-specific flipping of
A1492/3 has no active role in tRNA selection. We explore this question by carrying out molecular
dynamics (MD) simulations, aided with fluorescence and NMR experiments, to probe the free
energy cost of extrahelical flipping of 1492/3 and the strain energy associated with domain
conformational change. Our rigorous calculations demonstrate that the A1492/3 flipping is indeed
a specific response to the binding of cognate tRNA, contributing 3 kcal/mol to the specificity of
tRNA selection. Furthermore, the different A-minor interactions in cognate and near-cognate
complexes propagate into the conformational strain and contribute another 4 kcal/mol in domain
closure. The recent structure of ribosome with features of extrahelical A1492/3 and closed domain
in near-cognate complex is reconciled by possible tautomerization of the wobble base pair in
MRNA-tRNA. These results quantitatively rationalize other independent experimental
observations and explain the ribosomal discrimination mechanism of selecting cognate versus
near-cognate tRNA.
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Introduction

Ribosomes translate mMRNAs and synthesize proteins with high fidelity (error rate of ~107%)
[1, 2] and high efficiency (~22 codons per second)[3] in order to sustain cellular functions.
Ribosomes achieve 1073-10~2 missense frequencies in discrimination of near-cognate
versus cognate tRNA[4-6] during the decoding process, in which quantitative contributions
of individual mechanistic steps remain to be fully determined. Biochemical studies together
with NMR and X-ray structures of the ribosomal A-site reveal that the extrahelical flipping
of the universally conserved adenine nucleobases at the ribosomal A-site, A1492 and A1493
(A1492/3), is a fundamental aspect of codon recognition.[7-18] The prevailing model posits
that A1492/3 actively monitor the conformation of the minihelix formed between the mRNA
codon and the tRNA anti-codon.[19-22] Formation of canonical base pairs between cognate
mRNA and tRNA induces extrahelical flipping of A1492/3, which form A-minor
interactions with the minor groove of the mMRNA-tRNA minihelix, thereby stabilizing the
tRNA and promoting GTP hydrolysis through mechanisms that are thought to involve global
conformational changes, including 30S domain closure, tRNA distortion, and EF-Tu
rearrangement.[15, 16, 22] By contrast, binding of near-cognate or non-cognate tRNA
results in non-Watson-Crick base pairing in the minihelix, which disrupts the A-minor
interactions and consequently fails to induce A1492/3 flipping and subsequent GTPase
activation.[15] In this manner, near-cognate and non-cognate tRNAs are discriminated
against due to a combination of destabilized binding affinity and reduced GTP hydrolysis
rate. This model also explains the effects of aminoglycoside antibiotics that bind the
ribosomal A-site and induce the extrahelical flipping of A1492/3 and 30S domain closure.
[12, 15, 23-25]

However, the above decoding model, and in particular the specificity of A1492/3 flipping,
was recently questioned by X-ray structures of the 70S ribosome with cognate and near-
cognate tRNAs.[26] For both cognate and near cognate complexes, A1492/3 were observed
in extrahelical conformations, forming A-minor interactions with the minihelix. The mMRNA-
tRNA minihelix adopts a Watson-Crick like geometry even for the near-cognate tRNA,
possibly through nucleobase tautomerization that allows a G:U mismatch to adopt a Watson-
Crick like base-pair.[26] Moreover, both structures also feature 30S domain closure. These
structures were interpreted as evidence that the extrahelical flipping of A1492/3 is a non-
specific response to tRNA binding and thus has no active function in tRNA selection.

Using all-atom molecular simulations of both oligonucleotide and ribosomal A-site models,
as well as fluorescence and NMR experiments, we have computed the energetics of
microscopic events during decoding, including the free energy cost of A1492/3 flipping and
the strain in domain closure of the decoding center. We demonstrate that the A1492/3
flipping in the ribosomal A-site is indeed a specific response to the binding of cognate
tRNA, contributing 3 kcal/mol to the specificity of tRNA selection. In addition, we show
that the different A-minor interactions in cognate and near-cognate complexes propagate
into the strain of domain closure in the decoding center and contribute another 4 kcal/mol in
discriminatory free energy. Furthermore, our thermodynamic integration calculations
characterize the free energies associated with the possible tautomerization of the wobble
base pair in mMRNA-tRNA minihelix. We find that the Watson-Crick like conformation of
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the G:U tautomer is only about 3 kcal/mol higher than the normal wobble pair conformation
in the closed form of ribosomal decoding center, thus the cognate-like conformation of the
near-cognate complex is conjectured to be a transient state captured in the crystallographic
experiments. We demonstrate the validity of these computed free energy values by building
a complete thermodynamic model for the initial selection stage that quantitatively
accommodates other independent experimental observations and explains the ribosomal
decoding error rate of 1073-1072 in selecting cognate versus near-cognate tRNA.

Results and discussion

Intrinsically endothermic A1492/3 flipping in empty A-site

To explore the role of the A1492/3 flipping in tRNA selection, we first examined the
intrinsic energetic cost of the A1492/3 flipping. The dynamics and energetics of the
A1492/3 flipping in the empty A-site or oligonucleotide analogues were intensively
examined in the previous experimental and theoretical studies,[10-12, 14, 27-34] reaching a
common agreement that A1492/3 disfavors the fully extrahelical conformation in the
absence of tRNA or ligand. However, it is important to calculate the intrinsic free energy
cost of the A1492/3 flipping in the empty A-site (APO state) here because this provides self-
consistent reference states for comparison with cognate and near-cognate tRNA bound A-
sites. An oligonucleotide A-site model[10-12] was employed to capture this intrinsic
energetic cost before we advance to the more realistic A-site model in the context of
ribosomal decoding center (Fig. S1).

In our free energy calculations, we adapted a progress variable called the center-of-mass
pseudo-dihedral angle (CPD) for each adenine to characterize the extrahelical flipping (Fig.
S2).[35] The CPD was found to be an efficient progress variable to characterize similar
motions studied in other nucleic acid systems.[36] Two-dimensional (2D) umbrella
sampling was performed to explore the two CPDs of A1492 and A1493 simultaneously and
generate 2D free energy landscapes for A1492/3 flipping in various A-site models. For
empty A-site, our simulations show that the most favorable conformations with free energies
of 0-2 kcal/mol (dark blue region in Fig. 1a) correspond to both A1492 and A1493 being
intrahelical, in agreement with a previous free energy simulation of the A-site analogue.[30]
This feature is consistent with prior X-ray and NMR structures of empty A-sites, which are
marked on the free energy landscape using red cross symbols. Other favorable regions with
free energies of 2—4 kcal/mol represent conformations in which A1493 adopts a wide range
of CPDs undergoing excursions between intra- and extrahelical positions. The lower barrier
for A1493 flipping compared to that for A1492 is consistent with NMR measurements of
order parameters reported here (Table S3), which show greater mobility for A1493
compared to A1492. The coexistence of intra- and extrahelical conformations of A1493 has
also been reported in recent experimental and theoretical studies.[12, 14, 27-34]

The agreement with prior X-ray/NMR structures and other biophysical measurements
strongly suggests that the computed free energy landscape captures the thermodynamics of
A1492/3 flipping in the empty (APO) A-site analogue in oligonucleotide. The region with
fully extrahelical A1492/3 (CPDs > 120°) resembles the conformations of cognate tRNA
bound A-site, as indicated by the black squares (Fig. 1a). The free energy difference
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between this region and the most favorable region is 7£0.3 kcal/mol[37] and represents the
intrinsic free energy cost of the endothermic A1492/3 flipping. This provides a reference
value to interpret the thermodynamics of A1492/3 flipping in cognate and near-cognate
complexes within the ribosome.

Active role of A1492/3 in Codon Recognition

Although A1492/3 flipping is endothermic in empty A-site, the free energy landscape is
expected to be altered by the binding of tRNA due to the establishment of A-minor
interactions. In an early theoretical study of the structural dynamics of A1492/3 in cognate
and near-cognate complexes, it was noticed that the A1492 tends to adapt the flipped-out
conformation.[38] In order to capture the energetics in the ribosomal environment, we
performed umbrella sampling simulations of the decoding center of the 70S subunit with
cognate and near-cognate tRNA bound to the A-site,[39] applying similar restraints on the
CPDs of A1492/3. To achieve satisfactory convergence of the 2D free energy landscapes,
simulations of ps timescale are needed as previously shown in the oligonucleotide A-site
analogue system.[30] The need for quantitative free energy calculations makes it is feasible
to simulate only the decoding center of the 70S ribosome, where all the codon specific
responses initiate. As shown in Fig. S1, segments of 30S, 50S, MRNA-tRNA and S12 within
aradius of 25 A from A1492/3, solvated in spherical boundary potentials,[40, 41] were used
to model the decoding center. The chemical configurations of all structures were assumed to
be in the most stable tautomers, i.e., the keto forms for guanine and uracil. For the near-
cognate complex containing a G:U wobble pair at the first codon-anticodon position,
additional simulations were performed assuming uracil is in the uncommon enol form.

Fig. 1c and 1d show the free energy landscapes of the A1492/3 flipping transitions in
cognate and near-cognate tRNA bound A-site complexes, respectively. The most striking
feature in the free energy landscape is that the A1492/3 flipping, from the intrahelical (CPDs
< 60°) to the extrahelical region (120° < CPDs < 240°), now becomes an energetically
favorable process for the cognate complex. However, the same conformational change
remains slightly unfavorable in the near-cognate complex. Thus, in contrast to the recent X-
ray structures suggesting that A1492/3 undergo non-specific extrahelical flipping,[26, 42]
our simulations indeed show significant free energy discrimination between cognate and
near-cognate complexes. The free energy changes in the extrahelical flipping of A1492/3
(AGqjip) are —2+0.3 kcal/mol and +1 + 0.4 kcal/mol in cognate and near-cognate complexes,
respectively.[37]

The free energy landscape obtained in the context of the mMRNA-tRNA minihelix and
ribosomal environment indicates that the free energy gain from the newly formed A-minor
interactions overcomes the intrinsic free energy cost of the flipping motions of A1492/3 in
the cognate complex, but is not sufficient to compensate the cost in the near-cognate
complex. Given the intrinsic free energy cost of 7 kcal/mol, we estimate that the newly
formed A-minor interactions contribute —9 kcal/mol and -6 kcal/mol to the thermodynamic
stabilities of cognate and near-cognate complexes, respectively. The 3 kcal/mol free energy
difference is certainly a result of the thermodynamic average of various interactions;
however, we find that the change in the H-bond network between A1493 and the first
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codon-anticodon pair is an important factor. As shown in Fig. 2a, A1493 forms four H-
bonds with the G:C pair of the cognate mMRNA-tRNA minihelix, monitoring the base pairing
conformations of mMRNA and tRNA simultaneously. In the near-cognate complex (with
nucleotides in the regular keto form), two of the four H-bonds are preserved (Fig. 2b), but
the other two H-bonds, between the 2’-OH of A1493 and the first codon residue U4
(numbering in 3UYD), cannot be maintained due to the G:U wobble base-pair between the
codon and anticodon.

The G:U wobble base-pair demonstrates a moderate displacement from the X-ray structure
of the near-cognate complex (3UYD),[26] which shows a Watson-Crick like conformation
of the G:U pair. Considering the possibility of H-bond rearrangement due to
tautomerization, an additional simulation was performed assuming the enol form of U4. The
simulation shows that the G:enol-U base pair indeed forms a stable Watson-Crick like
conformation and interacts with the extrahelical A1492/3, as shown in Fig. 2c, resembling
the structure and the A-minor interactions of the cognate complex. Analysis of the root-of-
mean-square fluctuations (RMSF), as shown in Fig. 2d, suggests that the near-cognate tRNA
complex in the keto form is less stable (i.e., showing larger RMSF) than the cognate
complex, especially in the structures of H44, A1913 (50S) and the C4/U4 on mRNA, due to
the weakened A-minor interactions. By contrast, the enol form near-cognate complex shows
stable structure, with fluctuations comparable overall to the cognate complex. The
extraordinarily large RMSF of A1913 in near-cognate complex suggests that its interaction
with H44 is not as stable as that in the cognate complex, suggesting a possible role of A1913
in the tRNA binding.[22, 26, 42, 43]

The stable structure of extrahelical A1492/3 in the enol form near-cognate complex agrees
with the observation from previous experiments that A-site monitors the codon-anticodon
mismatch through a structure-specific rather than a sequence-specific mechanism.[4, 11] If a
Watson-Crick like structure is formed in the G:enol-U pair, it will be treated by the A-site as
a cognate complex. In the RMSF analysis, the chemical configurations were either assumed
to be keto or enol-form without explicitly including the cost of tautomerization. To examine
the free energy cost of the keto-enol tautomerization, alchemical thermodynamic integration
(T1) calculations were performed and the results suggest that the free energy cost associated
with keto-to-enol tautomerization of U4 is 7 £ 1.0 kcal/mol in the ribosome complex (Fig.
S3).[37] The conformation of the near-cognate complex in the X-ray structure is likely less
energetically favorable than that of the cognate complex or the near-cognate complex with
the wobble geometry. Therefore, it is possible that the X-ray structure captured a high
energy conformational state that exists transiently in ribosome translation (e.g., before tRNA
rejection) or possibly accounts for some of the errors seen in translation,[44, 45] which is
similar to the G:T tautomerization implicated in erroneous DNA replication.[46-48]

Paromomycin binding eliminates discrimination

We also examined whether our model could explain how the aminoglycoside antibiotic
paromomycin affects the specificity of A1492/3 flipping. Structural and biochemical studies
show that binding of paromomycin to the ribosomal A-site facilitates extrahelical flipping of
A1492/3 and domain closure in near-cognate complexes,[12, 15] and also accelerates GTP
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hydrolysis.[23-25] If the energetics of A-site flipping are truly critical to codon recognition,
paromomycin should alter the free energy landscape of A1492/3 flipping. Thus, we
performed simulations of the oligonucleotide A-site analogue bound to paromomycin. As
shown in Fig. S7, paromomycin binds to the major groove of the RNA helix with its ring |
buried in the adenine bulge. In agreement with X-ray structures,[15, 49] ring | of
paromomycin displaces the noncanonical AA base pairing and forms stable H-bonds with
A1408, firmly occupying the volume that is otherwise taken by the A1492/3 nucleobases.

By restricting either of the A1492/3 bases from adopting intrahelical positions,
paromomycin substantially changes the free energy landscape of the A-site. The free energy
landscape of the paromomycin bound A-site, as presented in Fig. 1b, shows a vast low free
energy (blue) region with high CPDs (60° < CPDs < 180°). The free energy landscape
indicates more populated extrahelical conformations than in the empty A-site, in qualitative
agreement with previous[50] and current fluorescence experiments (Fig. S8) as well as
recent simulations of the gentamicin bound A-site.[30] Based on these simulations, we find
that the binding of paromomycin reduces the intrinsic free energy cost of flipping out
A1492/3 from 7 £ 0.3 kcal/mol to 3 = 0.2 kcal/mol.[37] Since paromomycin binds similarly
in the oligonucleotide and ribosome, and the binding site is more than 10 A away from the
interface of A-minor interactions, we suggest that the energetic effect of paromomycin
should be very similar in the oligonucleotide and ribosome. Borrowing the free energies
from the paromomycin bound oligonucleotide, we estimate that the overall free energy
change for A1492/3 flipping in the presence of paromomycin becomes about —6 kcal/mol in
the cognate complex and -3 kcal/mol in the near-cognate complex. The free energy changes
of A1492/3 flipping under different conditions, as shown in Fig. 3, quantifies the effect of
paromomycin on the specificity of A1492/3 flipping, and supports the critical role of
A1492/3 in the previous structural model.[20] Because the intrinsic energy cost to flip-out
A1492/3 is partially compensated by paromomycin, even the suboptimal A-minor
interactions between A1492/3 and the near-cognate mMRNA-tRNA minihelix become
sufficient to maintain the fully extrahelical conformation, in agreement with crystal
structures.[14, 51] In the presence of paromomycin, the near-cognate tRNA is stabilized by
the A-minor interactions with the extrahelical A1492/3, in agreement with the kinetic
observations that paromomycin reduces the dissociation rates of tRNAs.[23] Without the
extrahelical A1492/3 extruded by paromomycin, near-cognate tRNAs may rapidly dissociate
from the decoding center due to the strain of tRNA distortion in GTPase activation.[16] Our
simulations illustrate the thermodynamic basis of paromomycin interference in ribosomal
tRNA selection. By turning the extrahelical flipping of A1492/3 into a non-specific and
spontaneous process, paromomycin eliminates the thermodynamic discriminatory
functionality of A1492/3 against near-cognate tRNA.

Quantitative model of the tRNA initial selection

Combining our simulation results with the experimentally determined Kinetic rate constants
and binding affinities,[4, 15] we constructed the mechanistic model shown schematically in
Fig. 4, which quantitatively describes the free energy changes in the initial selection of
cognate versus near-cognate tRNA. The pre-hydrolysis state (state B) is expanded into three
substates (shown in bold lines in Fig. 4a): substate B1 after codon-anticodon matching,
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substate B2 after A1492/3 flipping, and substate B3 after domain closure in A-site, preceded
by GT-Pase activation and GTP hydrolysis.[20]

The free energy difference between the near-cognate and cognate complex in substate B1
corresponds to the inherent base-pairing specificity, AAGyp, which is reported to be 1.1 + 0.3
kcal/mol for wobble mismatches.[52, 53] The free energy changes between substate B1 and
B2, AGgjjp, calculated in our simulations, are -2 kcal/mol and +1 kcal/mol for cognate and
near-cognate complexes, respectively.

The transition from B2 to B3 represents the conformational reorganization of A-site that
determines the strain of 30S domain closure. In order to characterize the strain in the
decoding center during 30S domain closure, we performed further umbrella sampling
simulations based on an RMSD (root-mean-square deviation) progress variable[54] to
calculate the free energy for the conformational strain in the A-site reorganization after the
A1492/3 flipping. A crystal structure of the near-cognate complex with features of the
inactive open 30S domain (PDB: 1N34) was used as a reference for the open form, while the
crystal structures of the complexes with the active closed 30S domain (PDB: 3UYD and
3TVF) were used as a reference for the closed forms. As shown in Fig. S4, the free energy
profiles illustrate that the cognate complex favors conformations similar to the closed form
while the near-cognate complex more favors the open form. Quantitatively, a free energy
cost of about 4+0.3 kcal/mol[37, 55] is required for the near-cognate complex to evolve into
the active closed conformation similar to the cognate complex. Despite the artificially
flipped-out A1492/3, the near-cognate complex still disfavors closed state due to the wobble
base pair mismatching and the suboptimal A-minor interactions. This finding agrees with the
crystallographic observations of the active domain closed form in the cognate complexes,
while the near-cognate complex adopts the inactive open form.[15, 16] Therefore, we
conclude that the domain closure is likely to be a spontaneous process in the cognate
complex following codon recognition, and it does not contribute an additional free energy
cost to the apparent GT-Pase activation barrier. For the near-cognate complex, however, the
free energy of the conformational strain and A1492/3 flipping in the A-site, 5 kcal/mol in
total, contributes to the overall barrier prior to GTP hydrolysis.

The quantitative initial selection model shown in Fig. 4 illustrates the origin of the
thermodynamic and kinetic specificities between cognate and near-cognate tRNA. The base-
pairing specificity (AAGy, = 1 kcal/mol)[52, 53] and the spontaneous A1492/3 flipping in
the cognate complex (AGip = —2 kcal/mol) together produce a ~3 kcal/mol difference in the
thermodynamic stability of tRNA binding AAGjng. This thermodynamic stabilization is
essential to secure the anticodon stem loop of tRNA at the A-site. In the near-cognate
complex, the combination of the endothermic A1492/3 flipping and the strain in domain
closure (A-site reorganization) result in a 5 kcal/mol free energy component contributing to
the overall activation barrier prior to GTP hydrolysis as the kinetic specificity. The
quantitative energetics of these two aspects of selectivity show excellent agreement with the
experimental measurements of the cognate and near-cognate tRNAs, which report about 3.0
kcal/mol thermodynamic specificity in the binding affinities (with G:U mismatching at the
1st codon)[15] and 2.7-4.5 kcal/mol Kkinetic specificity in the GTP hydrolysis rate constants
(in various mismatch types).[4] Based on the kinetic equations derived from rate constant
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measurements,[ 4, 56] our simulations show that the ribosomal selectivity of cognate against
near-cognate tRNA in the initial selection stage is about 1.8 x 103, in close agreement with
the the experimental estimation.[5]

Based on previous experimental measurements and our TI calculations (Fig. S3) on the keto-
to-enol tautomerization free energies, we also constructed the mechanistic model of the
near-cognate complex with enol-U4 in the mRNA and compared it with the keto form
model, as shown in Fig. 4b. Experimental measurements suggest that the keto-to-enol
tautomerization of aqueous uracil consumes ~10 kcal/mol in free energy [AGi(ag.)].[57]
Our TI calculations show that the similar keto-to-enol tautomerization of mMRNA U4
consumes 3 kcal/mol less than that of aqueous uracil, suggesting AGig,t(U4) is about ~7
kcal/mol. The relative tautomerization free energy difference matches very well with the
changes in the local ribosomal interactions in the A-site of the cognate and near-cognate
complexes. As shown in Fig. 4a, the free energy difference between the cognate and near-
cognate complexes in the codon recognition state B2 [AAGg,(cog./nc.)] is about 4 kcal/mol
corresponding to the summation of the base-pairing specificity AAGy, (1 keal/mol[52, 53])
and the difference in the A1492/3 flipping AAGqip (3 kcal/mol), which represents the
different local interactions in the ribosomal A-site between Watson-Crick like and wobble
base-pair matching geometry. In the near-cognate complex, the keto-to-enol tautomerization
of mMRNA U4 is lowered by 3 kcal/mol mainly due to the compensation of the H-bonds
formed not only between G:U4 but also between A1493 and U4, which are stable only in the
Watson-Crick like G:enol-U conformation (Fig. 2b-c). The agreement between
AAGi,(ag./U4) and AAGRo(cog./nc.) again proves that the ribosome senses the codon-
anticodon mismatch on the geometric basis instead of the sequential basis. From substate B2
to B3, the relative free energy difference between the cognate and near-cognate complex is 4
kcal/mol for the strain in domain closure. If we assume the ribosome response to the
Watson-Crick like G:enol-U pair the same as a normal G:C cognate pair in the subsequent
domain closure, the free energy difference between the keto and enol form of near-cognate
complex AG¢,t(DC) will be further reduced from 7 kcal/mol to 3 kcal/mol. Nevertheless,
our constructed model still indicates that the transformation to enol-U4 is a less favorable
process during the codon recognition stage, which is likely captured as a transient state in
crystal structures.

Conclusion

In this work, we simulated the conformations and energetics of A-site models in the
presence of cognate tRNA, near-cognate tRNA and paromomycin, with special emphasis on
the role of A1492/3 flipping. We find that A1492/3 in the A-site models indeed shows
different responses to the binding of cognate and near-cognate tRNAs. The extrahelical
flipping of A1492/3 is found to be an intrinsically endothermic process with AGyj, of 7 kcal/
mol. The flipping becomes a spontaneous process in the cognate tRNA bound A-site while it
remains endothermic in the near-cognate complex, with AGgj, of -2 kcal/mol and +1 kcal/
mol, respectively, due to the different thermodynamic driving forces from the A-minor
interaction networks. This model is further substantiated by the finding that paromomycin
reduces the energetic cost of A1492/3 flipping and thus results in similar responses to either
cognate or near-cognate tRNA binding. After codon recognition, the codon-anticodon
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mismatch and the sub-optimal A-minor interactions lead near-cognate complexes to adopt a
conformation similar to the inactive open form, which requires about 4 kcal/mol to
overcome the strain and evolve to the active closed form. The free energy in A1492/3
flipping and the strain in domain closure of the decoding center well explain the mechanism
that the A-site senses the codon-anticodon mismatch through thermodynamic and kinetic
specificities. Our TI calculations revealed the profile of possible tautomerization in the near-
cognate complex. The tautomerization allows formation of more H-bonds in the near-
cognate complex; however, the intrinsic cost still keeps the near-cognate complex less
favorable than the cognate complex. Although computational cost limits the current
simulations to the ribosomal A-site instead of the entire ribosome, all the specific ribosomal
responses in the initial selection stage originate from conformational changes in the A-site,
and are captured in our simulations. The findings in our model support the active role of
A1492/3 flipping in tRNA selection, providing a comprehensive theoretical perspective in
supplement to structural information to help us interpret the function and mechanism of the
A-site in ribosomal translation.

Materials and Methods

Preparation and purification of A-site RNA

Uniformly 13C/15N-labeled elongated A-site (E-A-site) sample for NMR relaxation
measurement was prepared by standard in vitro transcription using T7 RNA polymerase
(Takara Mirus Bio, Madison, WI), uniformly 13C/15N-labeled nucleotide triphosphates
(ISOTEC, Miamisburg, OH), unlabeled nucleotide triphosphates (Sigma, St. Louis, MO),
and synthetic DNA templates (Integrated DNA Technologies, Coralville, IA) containing the
T7 promoter and sequence of interest as described previously.[58] E-A-site sample was
purified using 20% (w/v) denaturing polyacrylamide gel electrophoresis with 8 M urea and
Tris-Borate-EDTA buffer. The RNA was eluted from the gel in 20 mM Tris pH 8 buffer
followed by ethanol precipitation. E-A-site RNA pellet was dissolved in water and annealed
by heating to 95 °C for 5 min and rapid cooling on ice for 30 min before being exchanged
into NMR buffer (15 mM Phosphate, 25 mM NaCl, 0.1 mM EDTA, pH 6.4 in 10% 2H,0).
The final RNA concentration of E-A-site sample was maintained at 0.5 mM using a
Centricon Ultracel YM-3 concentrator (Millipore, Bedford, MA). 2-aminopurine (2-AP)
labeled 29mer oligonucleotide A-site samples (2-AP1492, 2-AP1493 and
A1408G-2AP1492) were purchased from Dharmacon. Lyophilized powder was dissolved in
H,0 and annealed by heating to 95 °C for 5 min and rapid cooling on ice for 30 min before
exchanging into buffer (15 mM Phosphate, 25 mM NaCl, 0.1 mM EDTA, pH 6.4). The final
RNA concentration of all three A-site samples was maintained at 20 nM. The concentrations
of all the single-stranded oligonucleotides were determined using the calculated extinction
coefficients from the absorbance at 260 nm measured with a CARY 300 UV-Visible
spectrophotometer controlled by CARY WinUV software package.

NMR spectroscopy

All NMR experiments were conducted at 298K on Avance Bruker (Billerica, MA) 600 MHz
NMR spectrometer equipped with a 5 mm triple-resonance cryogenic probe. Spectra were
processed using NMRPipe/NMRDraw[59] and analyzed using SPARKY 3.[60]
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Longitudinal (Ry) and transverse (Ry,) relaxation rates for aromatic *C8-H8 and 13C2-H2
were measured in E-A-site samples using a TROSY-detected carbon relaxation experiment.
[61] All relaxation data was measured in an interleaved manner. Relaxation rates and errors
were measured by fitting intensities against the relaxation delays to a monoexponential
decay using a Mathematica 6.0 script (Wolfram Research, Inc.).[62] The Ry and Ry,
relaxation delays used are summarized in Table S2. The value of 2R,-R; was computed
using the R, values measured at a spinlock power of 1000 Hz and an offset of 3500 Hz to
minimize contribution from chemical exchange while suppressing Hartman-Hahn type
transfers due to scalar coupled carbon spins. 2R,-R; is a good estimate of order parameters

52 as described previously.[63] Relative S2 (52 value is then calculated for each residue to
that of the largest value obtained in the well-structured A-form helices.

Fluorescence intensity measurements

Fluorescence emission spectra were recorded with Fluoro Max-2 controlled by ISA
Datamax (v 2.10) software. The excitation wavelength was set at 310 nm in all the
experiments, with the excitation and emission slit widths set at 5 nm. A quartz cell with a 1-
cm path length in both the excitation and emission directions was used for all the
measurements. Fluorescence signal was measured from emission wavelengths 325 nm to
450 nm. Fluorescence maxima were detected at 370 nm and then time-based fluorescence
was recorded for 15 s at an emission wavelength of 370 nm at steps of 0.1 s and signal
intensity was averaged over 15 s. Samples (2.8 ml) of 2-AP labeled A-site (20 nM) were
prepared in above described buffer and spectra were recorded at 298K. Spectra of
Paromomycin bound (3 pM) and Neomycin bound (3 M) 2-AP labeled A-site (20 nM)
were recorded after incubation of RNA and aminoglycoside for 1 min.

Molecular simulations of A-site models

The molecular systems of the A-site models used in our simulations are shown in Fig. S1.
The sequence of the oligonucleotide A-site model used in the fluorescence and NMR
experiments was an elongated helical loop based on E. Coli A-site. (See supplementary
information for detailed sequence.) MD simulations on the oligonucleotide A-site model
were also based on the same sequence used in experiments. MD simulations on ribosomal
A-site models were based on the T. Thermophilus ribosome sequence. A temperature of
310K was maintained in the simulations using the Nose-Hoover thermostat.[64, 65] The
latest CHARMM force field for nucleotides was used in the MD simulations.[66] The RNA
and protein were solvated using explicit solvent using the TIP3P[67] model. The
oligonucleotides were built from the crystal structures 1J5E and 1J7T for the empty and
paromomycin bound A-site, respectively.[49, 68] Each oligonucleotide model was solvated
in a cubic water box of 67 A in edge length with ~9600 water molecules. Periodic boundary
conditions with the particle-mesh Ewald method (64 grid points on each side) were used in
the simulations. A cutoff of 12 A was used to build the non-bond list and 9 A was used for
non-bond interaction calculations in the real space. To mimic the 25 mM salt concentration
in experiment, 4 pairs of Na* and CI~ were added into the solution. In order to balance the
negative charge on the oligonucleotides, 28 additional Na* were added. (For paromomycin
bound molecules only 23 additional Na* were added because paromomycin was assumed to
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be fully protonated with a 5+ net charge.) Divalent cations were not included due to the
known artifacts in simulations.[69] The A-site models in the context of 70S ribosome were
built based on crystal structures 3TVF(30S)/3TVE(50S) (cognate) and 3UYD(30S)/
3UYE(50S) (near-cognate), respectively.[26] The ribosomal residues within a radius of 25 A
from the center of A1492/3 nucleobases were included to model the ribosomal A-site. The
ribosomal A-site model was solvated in spherical boundary potentials[40, 41] with a radius
of 36 A. Harmonic restraints of 0.05 and 0.01 kcal/mol-A=1.amu=! were applied to the
backbone and side-chain of the ribosomal atoms, selected by residue, beyond 18 A from the
center of the solvation sphere. In the simulations with spherical boundary potentials, a cutoff
of 16 A for the generation of non-bond list, a cutoff of 12 A for the non-bond interactions,
and the FSHIFT and VSHIFT functions were used on atoms beyond 10 A.[70] The SHAKE
algorithm[71] was used to constrain the bonds involving hydrogen atoms in all simulations.

In the umbrella sampling, a force constant of 100 kcal/mol/rad? was used to restrain the
CPDs of A1492/3, with a 10° increment between the windows, covering the range —180° ~
+180° (1296 windows) for empty A-site, 0° ~ 240° (625 windows) for paromomycin bound
A-site model, and 0° ~ 210° (484 windows) for cognate and near-cognate A-site complexes.
2 ns NVT MD was carried out for each window with a timestep of 2 fs, generating
trajectories of the time scale of about 2.5 ps for empty A-site model, 1.2 ps for paromomycin
bound A-site model, and 1.0 ps for both cognate and near-cognate A-site complexes,
respectively. The weighted histogram analysis method (WHAM) was used to construct the
2D free energy landscapes from the umbrella sampling data.[72-74] The sampling
convergence and precision were examined by dividing the trajectory in each umbrella
sampling window into 4 sequential blocks, constructing the free energy landscapes from
each set of data, and calculating the average of the root of mean square error (RMSE) of the
free energy landscapes obtained from the 4 data sets. The average RMSE is 0.2-0.4 kcal/mol
which satisfies the precision of our analysis. Based on the simulations with different
conformations of A1493, the overall free energy landscape of each oligonucleotide reported
in Fig. 1 was obtained by combining the two free energy landscapes of A1493 in both anti
and syn conformations with their corresponding statistical weight.

Free energy changes of A1492/3 flipping in different systems were calculated using the
differences between the free energies of the fully intrahelical (-60° < CPDs < +60°) and the
fully extrahelical regions (120° < CPDs < 240°). In the paromomycin bound A-site
analogue, the difference between the partially extrahelical (60° < CPDs < 120°) and the fully
extrahelical regions was used.

The free energy of keto-to-enol tautomerization was calculated using alchemical
thermodynamic integration (T1) switching the U4 base between the keto and enol form. The
tautomerization of a uridine in aqueous solution serves as the reference to define the
tautomerization free energy of the U4 in the near-cognate ribosome complex. A potential
scaling parameter A is used in TI as the transformation coordinate connecting the end-states.
Eleven TI simulations with the timescale of 250 ps and 900 ps for each window were carried
out for aqueous uridine and mMRNA U4, respectively, corresponding to A changes from 0 to 1
with an increment of 0.1. Out T calculations suggest that the relative free energy difference
between the tautomerization in aqueous uridine and mRNA U4 is about -3 + 1.0 kcal/mol,
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as discussed in detail in SI. Previous experimental measurements report that the
tautomerization of aqueous uracil is ~10 kcal/mol.[57] Therefore, we estimate the keto-to-
enol tautomerization free energy is ~7 kcal/mol for the mRNA U4.

In the RMSD-based umbrella sampling simulations,[54] the coordinates of the backbone
atoms of the near-cognate complex from PDB: 1N34 were used to define the open form
Xopen- The closed form was defined by the coordinates of the backbone atoms from PDB:
3UYD and 3TVF for near-cognate and cognate complexes, respectively. Umbrella sampling
was performed to construct the free energy profiles of domain closure transitions, and a
progress variable of ARMSD = RMSD(X:Xgpen) = RMSD(X:X¢joseq) Was used in the
umbrella sampling. A harmonic potential of ki ARMSD? with the force constant k of 100
kcal/mol/A2 was used. The free energy profile of each complex was constructed using
WHAM from 10 umbrella sampling windows with a separation of 0.2 A in ARMSD for a
total of 4 ns.

Estimation of ribosomal selectivity at the initial selection stage

The kinetic scheme of the initial selection has been determined in previous biochemical
experiments as,[4, 75]

k k:
A+B=C=2D 5 E, @
k—1 k—2

where A is the tRNA ternary complex and B is the ribosome complex. C, D, and E represent
the ribosome complex after the initial binding, codon recognition and GTP hydrolysis,
respectively. The Kinetic rate constants for the cognate complex were adapted from Ref.[4],
and the values for the near-cognate complex were assumed to be the same except for k_, and
k3, which were constructed using the free energy differences calculated in this work,

AAGping and AAGY,,,. The ribosomal selectivity at the initial selection, 1, is calculated

according to the following definition,[ 4, 56]

7—_ (Keat/ky) cognate "
(kcat [ Ky ) nEGT — cognate’
ki - ko - ks -
kcat/kM = ! 2 3

(k_1+4ky) - (k_gtks) —k_o - ko )
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(b) PAR-A-site analogue in oligonucleotide

'F.

O AsiathNA noligand '

-180 -120 -0 o 60 120 180 60 o 60 120 180 290

240

120

0 1 1 1 |
0 0 60 120 180 240
CPD A1492 CPD A1492

Figure 1.
2D free energy landscape along the CPDs of A1492/3 of the A-site with color coded free

energy values. Free energy landscapes of (a) ligand-free (APO) and (b) paromomycin bound
oligonucleotide A-site analogues, respectively. The CPDs of A1492/3 from the crystal
structures are marked on the free energy landscapes. Red crosses are structures of 30S
without tRNA or ligand bound to the A-site; black squares represent tRNA bound (but no
aminoglycosides) A-sites; green circles are paromomycin bound A-sites; and orange plus
symbols represent 30S with both paromomycin and tRNA bound. (c) and (d), free energy
landscapes of cognate and near-cognate tRNA bound A-site models in the context of 70S
subunits, respectively. The free energy costs of A1492/3 flipping were determined to be: (a)
7 £ 0.3 kcal/mol, (b) 3 0.2 kcal/mol, (c) -2 £ 0.3 kcal/mol, and (d) 1 £ 0.4 kcal/mol,
respectively. See Materials and Methods section for details of the determination of free
energies and simulation precisions.
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Figure 2.
Different interaction networks in cognate and near-cognate tRNA bound A-site. (a) A

typical conformation of extrahelical A1493 interacting with the cognate mMRNA-tRNA
minihelix, forming four H-bonds. (b) A conformation for the near-cognate mMRNA-tRNA
bound A-site. Two H-bonds are broken due to the flexible wobble G:U pair. (c) In the enol
form of near-cognate complex, G:enol-U forms a Watson-Crick-like base pair, four H-bonds
with the extrahelical A1493 are maintained. (d) Structural stabilities characterized by large
root-of-mean-square fluctuations (RMSF) in the residues around the decoding center in free
MD simulations. RMSF are shown for the S12 segment (residues 41 to 49 in cognate
complex 3TVF and 44 to 52 in near-cognate complex 3UYD), part of 530 loop (residues
518, 519, 529 and 530 in 30S), H44 segment (residues 1490 to 1495 in 30S), A1913 in 50S,
mRNA codon and tRNA anticodon.
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Figure 3.
Free energy profiles of the extrahelical flipping of A1492/3 under different conditions with

the statistical errors from the simulations. In the absence and presence of paromomycin, the
free energy costs of A1492/3 flipping in cognate and near-cognate ribosomal complexes are
compared with the intrinsic costs, respectively.
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Figure 4.
Schematic free energy profile of the initial selection stage. (a) Initial selection of cognate

and near-cognate complexes, with state B (pre-hydrolysis state) expanded into three
substates shown as solid bold lines: (B1) after codon-anticodon matching, (B2) after
A1492/3 flipping and (B3) after domain closure in A-site. The difference between B1 and
B2 represents the free energy change of A1492/3 flipping, AGqjp. For the near-cognate
tRNA complex, the most stable pre-hydrolysis substate is B1, which requires energy for
further conformational changes to evolve into the active form. Those states for which direct
estimates of free energy changes were computed in the calculations presented herein are
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shown as emboldened solid line. Estimates that are taken from experimental studies[4, 15,
23] are indicated by the emboldened dashed lines. (b) Initial selection models for keto (res)
and enol form (purple) of U4 in near-cognate complex. The Watson-Crick like conformation
of G:enol-U4 leads to the profile of codon recognition similar to that of cognate complex
with an offset of the intrinsic cost of the keto-to-enol tautomerization.
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