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ABSTRACT: The origin of high fidelity in bacterial protein synthesis on the ribosome
remains a fundamental unsolved problem despite available three-dimensional structures of
different stages of the translation process. However, these structures open up the possibility
of directly computing the energetics of tRNA selection that is required for an authentic
understanding of fidelity in decoding. Here, we report extensive computer simulations that
allow us to quantitatively calculate tRNA discrimination and uncover the energetics
underlying accuracy in code translation. We show that the tRNA—mRNA interaction
energetics varies drastically along the path from initial selection to peptide bond formation.
While the selection process is obviously controlled by kinetics, the underlying
thermodynamics explains the origin of the high degree of accuracy. The existence of
both low- and high-selectivity states provides an efficient mechanism for initial selection
and proofreading that does not require codon-dependent long-range structural signaling
within the ribosome. It is instead the distinctly unequal population of the high-selectivity
states for cognate and noncognate substrates that is the key discriminatory factor. The
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simulations reveal the essential roles played both by the 30S subunit conformational switch and by the common tRNA

modification at position 37 in amplifying the accuracy.

T ranslation of the genetic code on the ribosome is a highly

accurate process that depends on selection of correct
tRINAs to match the codon triplets of the mRNA presented at the
decoding center. This selection occurs in two steps, initial
selection and proofreading, that are separated by the irreversible
hydrolysis of GTP."! In the first step, aminoacyl-tRNAs are
delivered to the bacterial ribosome in a ternary complex with
elongation factor Tu (EF-Tu) and GTP. After codon—anticodon
contacts have formed at the decoding site for cognate complexes,
EF-Tu very rapidly becomes activated for GTP hydrolysis.
Noncognate tRNAs that have not been rejected at this stage are
subjected to proofreading after GTP hydrolysis. In this step, they
again have a much higher probability than cognate tRNAs of
dissociating from the ribosome, instead of proceeding to peptide
bond formation. tRNAs that are not rejected at either of these
steps will attach the nascent peptide chain to their amino acid,
and hence, the frequency of incorporation of erroneous amino
acids directly reflects the combined accuracy of the two selection
steps.

The high speed and high degree of accuracy of protein
synthesis are critical for the living cell, and the evolutionary
optimization of these variables has a direct bearing on the fitness
of rapidly growing species, such as bacteria.” It has become clear
from experimental studies that there is a trade-off between speed
and accuracy leading to a typical peptide elongation rate of ~20
s~ with an average error frequency of roughly 107>~ These
parameters also vary depending both on the amino acid that is
incorporated in the elongation step and, in the case of
misreading, on the nature of the noncognate tRNA—mRNA

mismatch.*® It was early realized that the intrinsic energetics of
base pairing in an aqueous solution could not account for the low
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error frequency observed in protein synthesis on the ribosome.
The explanation for the unexpectedly high degree of accuracy
instead appears to be achieved by a combination of (i) amplified
binding affinity differences between cognate and noncognate
tRNAs on the ribosome,” ™ (ii) discrimination in terms of the
modulation of forward rate constants for GTP hydrolysis and
peptidyl transfer relative to aminoacyl-tRNA rejection rates,'”""
and (iii) the use of kinetic proofreading, in which GTP hydrolysis
by EF-Tu provides the required irreversible chemical step that
allows binding affinity differences to be exploited twice.'”'> At
present, we are, however, still far from a detailed structure-based
description of the energy landscape underlying the peptide
elongation process on the ribosome.

The advances in structural investigations of bacterial
ribosomes during the past decade include the elucidation of a
number of key complexes and conformational states involved in
protein synthesis. As far as decoding is concerned, medium-
resolution (~3 A) crystal structures of the free 30S subunit'* and
its complexes with tRNA anticodon stem loops,” the 70S
ribosome with a bound EF-Tu-GTP-aa-tRNA ternary complex
(using the GTP analogue GDPCP)," and 70S complexes with
both cognate and noncognate A-site tRNAs accommodated in
the peptidyl transferase center'™'® essentially delineate the
pathway from initial selection to proofreading and peptidyl
transfer. Several of the key states involved have also been trapped
in cryo-EM structures and seen in single-molecule Forster
resonance energy transfer (FRET) experirrlents.l9_22 The near-
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Figure 1. Different states along the peptide elongation path. (a) Delivery of tRNA in a ternary complex with EF-Tu and GTP (leading to the A/T
conformation) and its subsequent accommodation into the ribosomal A-site (leading to the A/A conformation) are indicated. The insets show the
structural changes of rRNA bases A1492, A1493, and G530 from crystallographic work,” which define the ribosomal On and Off states. (b) Reaction

scheme depicting the main steps from tRNA binding to peptide bond formation, based on experimental studies.

3,10

atomic resolution crystallographic complexes now provide
sufficiently good models for structure-based computational
evaluation of the energetics associated with the states in which
they are trapped, and here we report computer simulations based
on these crystal structures to decipher the energetics of decoding,
thereby providing the key missing links between three-
dimensional structures and experimentally measured kinetics.

B MATERIALS AND METHODS

Free Energy Calculations. Relative binding free energies of
mRNA mutations in the ribosome—tRNA complexes were
calculated with the free energy perturbation method as described
previously”® using the MD simulation software Q.** U to C
mutations were introduced at all three mRNA codon positions
(UUU - CUU, UUU — UCU, and UUU — UUC) for the
tRNA™ complex in the A/T:Off, A/T:On, A/A:Off, and A/
A:On states (Figures 1 and 2). Corresponding simulations were
also conducted for the mRNA-programmed ribosome with an
empty A-site to be able to calculate AAG,, through the
appropriate thermodynamic cycle.”” To investigate the effect of
the tRNA modification at position 37, we repeated calculations
with ms*°A37 changed to an unmodified adenine base.

Initial coordinates for simulations of the A/A:On state were
retrieved from the crystal structure of the accommodated
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tRNA™ complex of Protein Data Bank (PDB) entry 3I8H."
The A/A:Off state was modeled using the same coordinates, but
substituting G530, A1492, and A1493 with those from the
superim4posed structure of the free 30S subunit (PDB entry
1FJF)."* There are several crystal structures with an empty A-
site'**>%° (PDB entry 1FJF has the highest resolution of these)
that show the monitoring bases in somewhat different Off
positions, indicating that this state may be conformationally
variable, but the On-state positions of these bases are very well-
defined.”'”'®?¢ tRNA™ in the A/T state was modeled using the
tRNAT™ complex (in the A/T state) with PDB entry 2XQD"* as
a template, substituting the last five nucleotides of the mRNA
and nucleotides 32—37 of the tRNA™ anticodon loop. Ion
positions for the A/T state were taken from PDB entry 3I8H as
the structure of PDB entry 2XQD lacks ions. The A/T:Off state
was modeled as described above for the A/A:Off state but using
the structures of PDB entries 2XQD and 1FJF.

Relative binding free energies for tRNA™™ with cognate and
near-cognate A-site codons were also calculated for possible
mixed On—Off structures in which either A1493 or G530 was in
the On conformation (Figure S1 of the Supporting Information).
To verify that codon mutations in the A-site are insensitive to the
ribosome On—Off transition in the absence of tRNA, simulations
with empty A-sites were conducted for the On and Off
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conformations of the ribosome, and the mutation free energies
are summarized in Table S3 of the Supporting Information. The
antibiotic paromomycin was removed from the structures in all
calculations. The effect of possible protonation of near-cognate
A-C mismatches was examined by calculations in which the
second anticodon position in tRNA™® was protonated in the
ribosome complex (A-C — A*-C) and free in water (A — A*).
The stability of the protonated A*-C base pair can then be
determined from the relevant thermodynamic cycle using the
pK, of 3.5 for N1 of adenosine in water as described below.

Molecular Dynamics (MD) Simulations. All MD simu-
lations were performed on spherical simulation systems as
implemented in Q.”* Spheres with radii of 25 A centered on the
N1 atom of the first codon position were cut from the crystal
structures and solvated by a 37 A radius water droplet, where
water molecules to the sphere boundary were subjected to radial
and polarization restraints according to the SCAAS model.***’
Solute atoms between 22 and 25 A from the center were tightly
restrained throughout the simulations, leaving the inner 22 A
radius shell including A- and P-site atoms fully flexible. Extra
Mg** ions positioned 25—35 A from the sphere center were also
taken from the crystal structure of PDB entry 3I8H'” to obtain a
simulation sphere with zero net charge. These ions were allowed
to move freely in the simulations. The positions of internal ions
turn out to be rather stable, with no major shifts observed.
Phosphate groups more than 22 A from the simulation center
were neutralized by scaling down the partial charges. MD
simulations were performed with a 1 fs time step and a direct
cutoff of 10 A for nonbonded interactions, with long-range
electrostatic interactions beyond this cutoff treated by the local
reaction field multipole expansion method.*® No cutoff was
applied to the base that was mutated. For both free and tRNA-
bound systems, each free energy calculation (with S1 discrete
windows) was based on 10—30 ns of data collection comprising
8—24 replicates with different initial conditions. The standard
errors of the mean calculated from these replicate simulations are
generally less than +1 kcal/mol (cf. Figure 2). Further
indications of good convergence are that forward and reverse
free summation for individual replicate always differs by <1 kcal/
mol and that if the data for each replicate are divided into two
equal batches (corresponding to the first and second halves of the
data collection trajectories) the free energy deviations between
these are also <1 kcal/mol.

The calculations used the CHARMM?22 force field,”**° and
additional simulations were also carried for tRNA in the A/
A:On state with the AMBER99_SB_BSCO force field*"** to
examine force field dependence (Table S2 of the Supporting
Information).The robustness of the tRNA™® simulations in the
A/A:On state was further examined by repeating the calculations
using the crystal structure of PDB entry 2WDG' as a starting
point and a smaller simulation sphere (20 A radius), with 25 ns
data collection for each transformation (Table S1 of the
Supporting Information). The system was in this case neutralized
differently by selecting Mg** ions from the crystal structures of
PDB entries 2WDG,'® 11BM,* 2J00,>* and 318G;'” A37 was
modified to ms’®A, and the incomplete protein S13 was
removed. This simulation scheme was also used for the
calculations with a protonated A-C base pair. Here, the two
simulation systems with the GAA anticodon (ribosome complex
and free tRNA) were both overall neutral and had the same
radius. This is essential for long-range electrostatic contributions
(from outside the simulation sphere) to the solvation energy
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change associated with transformation to the GA*A anticodon to
35
cancel.

B RESULTS

Structural and Kinetic Views of Decoding. Available
experimental data suggest two structural features of the ribosome
complexes with A-site tRNA to be particularly relevant for the
energetics of discrimination between correct and incorrect
tRNAs. These are (Figure 1), first, the conformational change
that a tRNA molecule undergoes upon accommodation into the
peptidyl transferase center on the S0S subunit after GTP
hydrolysis and release of EF-Tu and, second, the “switching on”
of the so-called monitoring rRNA bases of the 30S subunit
concomitant with a small 30S interdomain movement.” These
monitoring bases, A1492, A1493, and G530, adopt significantly
different conformations in the case of an empty A-site (Off
state)'*?>?® and an A-site into which a tRNA (or anticodon
stemloop) has relaxed after release of EF-Tu (On state).”'6718
The conformational change of these bases presumably
contributes to the enhancement of the discriminatory power of
the mRNA-programmed ribosome,”” although the effect has
never actually been quantified. Moreover, the monitoring bases
can be forced into the On state by binding of the error-inducing
antibiotic paromomycin, which effectively displaces A1492 and
A1493 from their Off-state position in helix 44.73¢

The kinetic picture of peptide chain elongation on the
ribosome that has emerged from a number of experimental
studies®>**'®!! is more complex than that indicated by the
structures in Figure la. Rodnina and co-workers have identified
up to seven steps on the pathway from initial binding of the
ternary complex to peptidyl transfer,”’® and the main steps
limiting the rate of peptide formation can be condensed into the
reaction scheme shown in Figure 1b. Here, initial binding and
codon recognition bring the system to its first selection point,
where off-rates between cognate and near-cognate ternary
complexes differ by a factor of up to 1000 (corresponding to a
difference in binding free energy of ~4 kcal/mol, because on-
rates are equal).>'* After the GTPase activation and irreversible
GTP hydrolysis steps, which limit the rate for noncognate
complexes but not for cognate complexes,”'® the aa-tRNA can
either go on to form the peptide bond or be rejected with unequal
probabilities for correct and incorrect substrates (proofreading).
Apart from the fact that the ternary complex docks to the
ribosome with the tRNA in the bent (A/T) conformation upon
codon recognition'>'? (Figure 1a) and that eventually peptide
bond formation requires relaxation of cognate aa-tRNA into the
accommodated straight (A/A) conformation, it is not known at
which stage ribosome monitoring is turned on or from which
conformational states incorrect tRNAs are rejected.

Structure-Based Energetics of Decoding. To attack the
problem of decoding energetics and elucidate the roles of
different conformational states in the selection process, we
conducted extensive molecular dynamics (MD) free energy
simulations of cognate and near-cognate ribosome complexes
using different crystallographic structures”'*'” as starting
points. These calculations involve computing the change in
binding affinity for tRNA™ (GAA anticodon) in the ribosomal
A-site upon U/C mutations in all three codon positions. The
simulations were performed for different possible combinations
of the A/T and A/A states with the ribosome in On and Off
conformations. Further, the effect of the critical tRNA
modification at position 37 (2-methylthio-N6-isopentenylade-
nosine, mszisA, in most bacteria) was examined in all cases.

dx.doi.org/10.1021/bi5000355 | Biochemistry 2014, 53, 1714—1722



Biochemistry

)

AAG (kcal/mol)
o =

o

(o]

-
o

AAG (kcal/mol)
(3]

o

[ mm with ms2i6A
1 no msZifA

uUuu>cuu Uuu->ucu
uuc->uuu

AIT:Off

LW I

codon position

AJA:Off

| LN T

codon position

(o

-
o

AAG (kcal/mol)

o

AAG (kcal/mol)

3]

o

-
o

(3]

o

AIT:On

LL.

codon position

AJA:On

L.

codon position

Figure 2. Calculated energetics of codon reading in different states. Panels a—d show the calculated tRNAPhe binding free energy differences for U to C
mutations in all three mRNA codon positions in the A/T:Off, A/T:On, A/A:Off, and A/A:On states, respectively. The cognate codons are UUU and
UUC. Red and yellow bars denote, respectively, simulations with and without the tRNA modification in position 37. Error bars show one standard error
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Figure 3. Structural mechanisms for selectivity amplification. Average molecular dynamics structures showing how the A4192, A1493, and GS30 rRNA
bases (magenta) effectively exclude solvent molecules from interacting with the minor groove of the codon—anticodon helix when going from the Off
state (a) to the On state (b). The codon (UUU) and anticodon (GAA) are shown with cyan and yellow carbons, respectively, and water molecules as red
spheres. (cand d) Average structures showing an A-C mismatch at position 1 for the A/T (yellow carbons, water as red spheres) and A/A (cyan carbons,
water as green spheres) On states, with (c) and without (d) the ms*°A37 tRNA modification.

The results reveal several remarkable features (Figure 2). First,

the effect of ribosome switching from the Off to the On state can

be seen to drastically boost the discrimination in the first two

codon positions. That is, with

the monitoring bases turned off,

the first two codon positions show a selectivity for the cognate

codon of ~5 kcal/mol, for both the A/T and A/A tRNA

conformations (Figure 2a,c). When the bases are switched on,

this selectivity rises to around 8 kcal/mol (Figure 2b,d). Second,
the tRNA modification at position 37 is found to have markedly
different effects on the A/T versus the A/A conformation. It is
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Figure 4. Energetics of translational accuracy. Schematic free energy diagram for initial selection (left) and proofreading (right) illustrating how the
existence of both low-selectivity (Off) and high-selectivity (On) states can be used to drive dissociation of incorrect substrates. Average binding free
energy differences between cognate and noncognate substrates of approximately 5 and 8 kcal/mol are assigned to the Off and On states, respectively, and
the On states are downbhill for cognate and uphill for noncognate substrates (see the text). Activation barriers for the elementary steps are depicted as
~15 keal/mol**° and are assumed to be the same for both substrates. The preferred direction for substrate flow after GTP hydrolysis is indicated at the
proofreading stage (the possible additional rejection path involving the A/A:Off state is omitted for the sake of clarity because it does not change the

energetic picture).

thus seen to mainly act by increasing the first position
discrimination between tRNAs in the A/T conformation,
which would otherwise be significantly lower than that of the
second codon position (Figure 2a,b). Third, the wobble position
has a uniformly low level of discrimination of around 1 kcal/mol,
as expected from the ability of tRNA™ to read both UUU and
UUC codons, and this is essentially unaffected by the A/T to A/
A and Off to On transitions, as well as the tRNA modification.

The MD simulations further reveal that the pronounced effect
of switching on the three monitoring bases, in the bent (A/T)
and straight (A/A) tRNA conformations, is due to a complete
exclusion of solvent on the minor groove side of the first two base
pairs (Figure 3a,b). This causes the penalty of mismatches to
increase significantly because no water molecules can enter to
compensate for missing hydrogen bond interactions in non-
cognate base pairs. Hence, the term “monitoring bases” for
A1492, A1493, and G530 actually appears to be somewhat
misleading because their main energetic role is to shield the
codon—anticodon interaction from solvent, thereby amplifying
the discriminatory power, rather than to monitor correct
Watson—Crick pairing. This is also in line with recent crystal
structures that have trapped accommodated near-cognate tRNAs
and show the bases in the On state even for near-cognate base
pairs."® We find no major distortions of the anticodon loop in this
state, and the discriminatory power is rather seen to arise from a
lack of hydrogen bonding and repulsion as anticipated
previously.'®

As mentioned, the first codon position needs the ms*°A
modification at position 37 in the A/T states to achieve a
selectivity on par with that of the second position (Figure 2). The
structural origin of this effect (Figure 3c,d) is that the tRNA
modification, situated “on top” of the first base pair, locks the A-C
mismatch in its planar conformation with one hydrogen bond.
Without the modification, the first mRNA base may relax away
from its tRNA partner (A36), thereby allowing for formation of
compensating hydrogen bonds with solvent molecules, even with
the minor groove side shielded in the A/T:On state (Figure 3).
In the accommodated A/A states, the first base pair becomes
rigidified because of the straight tRNA structure (Figure 3c,d),
which stabilizes the conformation of the codon—anticodon
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minihelix and renders the first and second position selectivities
virtually equal. Hence, we can conclude that a key role of the
ms%°A modification is to remedy the suboptimal first position
discrimination during initial selection. The second codon
position, in contrast, has a higher intrinsic selectivity due to the
fact that mismatches will be sequestered in their planar
conformation between the flanking bases, even in the A/T states.

Connection between Calculated Energetics and Ex-
perimental Kinetics. A key question is now how the calculated
structure-based energetics of Figure 2 can be unified with
available experimental kinetic data. We first note that the
calculated first and second position selectivities for the A/T:Off
state of ~5 kcal/mol are in nearly quantitative agreement with
ternary complex binding measurements of Rodnina and co-
workers,® although the experiments utilized the His84Ala EF-Tu
mutant and a yeast tRNA™ with a different modified base at
position 37. It may be noted that Ehrenberg and co-workers also
found that first and second position discriminations (d values)
were very similar to each other for near-cognate G-U
mismatches.” The A/T:On state, on the other hand, has
predicted selectivities of >8 kcal/mol for the first two positions
with the tRNA modification, which is significantly larger than the
experimental values. This thus strongly suggests that the codon
recognition step in the scheme of Figure 1b corresponds to a
binding process that ends up in the A/T:Off state. Moreover, the
experimentally determined free energy barrier for GTPase
activation and GTP hydrolysis (derived in ref 8 from k;) was
found to increase by 3—4 kcal/mol for first and second position
A-C mismatches.® This increase in activation free energy agrees
remarkably well with the predicted difference in discrimination
between the A/T:On and A/T:Off states (Figure 2). This can be
interpreted such that GTPase activation brings the system to the
A/T:On state, with unequal probabilities for cognate and
noncognate substrates, from which GTP hydrolysis eventually
occurs with the same rate constant for the elementary chemical
step (Figure 4). This would thus imply that the low measured
value (<1s7") of the GTP hydrolysis rate (k;) for the noncognate
codons® includes the probability factor e *%/KT of reaching the
GTPase-activated (A/T:On) state (where AG = 3—4 kcal/mol).
Another component of GTPase activation is a relatively small

dx.doi.org/10.1021/bi5000355 | Biochemistry 2014, 53, 1714—1722
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Table 1. Numerical Example of the Accuracy for tRNA™ in Initial Selection®

rate constant (s7') cognate (UUC)

k, (codon reading, uM ™" s7") 140 140
k_, 0.12 100
k, (GTPase activation) 120 120
k., 20 15000
k; (GTP hydrolysis) 120 120
ke 55 09
ke/ Ky (uM™s71) 140 1.3

noncognate (CUC)

AGcogue (keal/mol) AGoncognate (keal/mol)
18.9 18.9 ol
0 4.0 A/T:Off
14.8 18.8 i
—-1.1 6.9 A/T:On
13.7 21.7 i

“Experimental rate constants for initial selection® correspond to the bimolecular association rate (k;), the rate of dissociation from the codon
recognition complex (k_,), and the cognate rates for GTPase activation and GTP hydrolysis (k, and k;, respectively). Columns S and 6 give the free
energies of activation barriers (numbered 1—3 from the left in Figure 4) and intermediate states relative to the cognate A/T:Off state, respectively.
Note that the noncognate GTPase activation barrier can be increased somewhat without any significant effect on the results.

rigid body-like movement of the GTPase domain of EF-Tu and
the transition of His84 from its inactive to active catalytic
conformation,">*” where the latter process has been shown to
occur rapidly.*®

The high level of discrimination in both the A/T:On and A/
A:On states is a robust feature of these calculations. It is
practically insensitive to the initial structural model, the presence
of the S13 protein tail, which lies differently between the A- and
P-site tRNAs in different crystal structures,'®'” the size of the
simulation system, the choice of crystallographic Mg2+ ion
positions, and the force field used in the MD simulations (Tables
S1 and S2 of the Supporting Information). Moreover, there are
no low-energy tautomers of A-C base pairs that could alleviate
the high selectivity,” but adenine protonation at N1 is a
possibility that has to be considered.*® As a check, we therefore
also calculated the effect of mutating the second position
anticodon A to A* (with protonation at N1) in the A/A:On state
and for free tRNA™® in solution. This yielded an apparent
stabilization of the A*-C base pair of —4.2 + 0.6 kcal/mol that,
however, has to be corrected with the free energy cost of
protonating the adenine in solution at pH 7. With a pK,, of 3.5 for
N1, this correction thus becomes 4.8 kcal/mol, resulting in a net
effect on the free energy of binding to the ribosome of 0.6 kcal/
mol for the protonated base pair compared to the neutral one.
Hence, we can conclude that tRNA binding with neutral and
protonated A-C pairs is almost isoenergetic and that protonation
does not remove the high-selectivity states.

Instead, we predict that the existence of high-selectivity On
states and low-selectivity Off states, in fact, provides a very
efficient way of controlling the error frequency in translation that
can be utilized both during initial selection and proofreading
(Figure 4). At the proofreading stage, noncognate substrates will
preferentially fall back into the A/T:Off state and dissociate
precisely because the accommodated A/A:On state leading to
peptide bond formation is higher in energy for noncognates,
because of its stronger discrimination between correct and
incorrect substrates. Cognate substrates, on the other hand, will
spontaneously accommodate and undergo peptidyl transfer
provided that their A/A:On state lies downhill (Figure 4). The
fact that this is indeed the case is suggested by the extremely low
rate of dissociation from the accommodated state of ~107* s™*
measured for Phe-RNAP"** which is more than 10000 times
slower than the rate of rejection for noncognate subtrates.> This
would correspond to the cognate A/A:On state lying ~6 kcal/
mol below the noncognate A/T:Off state, and thus being 1-2
kcal/mol downhill from the cognate A/T:Off state, provided that
the transition states for rejection are similar (Figure 4).
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Quantitative Example of Fidelity in Translation. To
substantiate the decoding principle discussed above, it is useful to
give numerical illustrations of how the existence of both low-
selectivity (Off) and high-selectivity (On) intermediate states
can be used to drive rejection of noncognate substrates. A key
feature of our model is that the rate constants for the elementary
chemical steps need not differ, thus removing the requirement
for codon-dependent long-range signaling between the decoding
site and the (GTPase and peptidyl transferase) chemical reaction
centers 75 A away. This is shown in Table 1, where the calculated
energetics for the high-selectivity A/T:On state is merged with
the kinetic data of Rodnina and co-workers for first position
UUC and CUC codon reading by tRNA™.® Here, the cognate
GTPase and GTP hydrolysis rates® are assumed to be the same
(120 s7"), and the cognate A/T:On state is placed 1 kcal/mol
[=RT In(k_,/k,)] below the A/T:Off state. The experimental
selectivity in the A/T:Off state is RT In(100/0.12) = 4 kcal/mol.
The value of the noncognate k_, comes from our calculated
selectivity in the A/T:On state (Figure 2) of ~8 kcal/mol; i.e.,
RT In(k_y/k2)noncog — RT In(k_3/k;) oq + 4 keal/mol = 8 keal/
mol. For this three-step scheme, we have

koks

= ky +k_y + ks (1)
and

kcat _ klkaS

Ky koky + k_jk_y + k_iksy (2)

which results in k/Ky values of 140 and 1.3 uM™ s for
cognate and noncognate codons, respectively. The absolute
magnitude of these is of course dependent on the effective
association rate constant® k;, but their ratio is independent. This
ratio is the accuracy factor or fidelity of initial selection, which the
model predicts to be ~100 under these conditions, in good
agreement with the experiments.® The difference in binding free
energy (corresponding to a factor of ~1000) is not fully used in
discrimination because the rate-limiting steps are different for
cognate (codon recognition) and noncognate (GTP hydrolysis)
substrates, as pointed out earlier.'’ Note, however, that the
model does not exclude the possibility that the free energy barrier
for the GTPase activation step is higher for noncognate
substrates.

The accuracy is, however, critically dependent on the actual
value of the cognate dissociation constant k_j, so that it increases
linearly toward its maximal value as k_, increased, as long as the
k™ /k°_, ratio is constant.’ It can thus be noted that the
accuracy is determined both by the difference in the dissociation
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Table 2. Numerical Example of Accuracy for tRNA™® in Proofreading®

rate constant (s7') cognate (UUC)

ke 0.01 7

k, (A/T:Off — A/T:On) 120 120

k_, (A/T:On — A/T:Off) 20 15000

ke 50 50

Keat 43 0.4

i (ky + KooKy 1.0 0.06
Kooy + Kok + ks

a .
Experimental rate constants are k,;
and peptide bond formation. The value of k,

Tej

noncognate (CUC)

AGeoguste (keal /mol) AGioncognate (keal/mol)
20.6 20.6 i
0 4.1 A/T:Off
14.8 189 i
-11 7.0 A/T:On
14.3 22.4 i

for noncognate® tRNA and k,., for cognate,>"" where the latter is the typical value reported for accommodation
for the cognate substrate from the A/T:Off state is determined by requiring that this state have the

same experimental selectivity as in initial selection (Table 1). The apparent rate of rejection of cognate tRNA from the accommodated A/A:On will

be significantly lower than k,

Tej

as observed experimentally*' because the A/A:On state is presumably further downhill from A/T:On. Columns 5 and

6 give the free energies of activation barriers (numbered 1—3 from the left in Figure 4) and intermediate states relative to the cognate A/T:Off state,
respectively, as in Table 1, where the first entry is the barrier height for rejection. The last entry gives the factors, f, that determine the additional
proofreading selection (eq 3). Note that the On < Off activation barrier can be increased somewhat without any significant effect on the results.

free energy barriers (18.9 and 14.9 kcal/mol for cognate and
noncognate tRNAs, respectively) and by the barriers for the rate-
limiting forward steps. In the cognate case, the forward flow from
the A/T:Off state is limited by GTPase activation (14.8 kcal/
mol), while in the noncognate case, the GTP hydrolysis step is
limiting with a total free energy barrier that includes the
activation step. This barrier is thus 21.7 kcal/mol — 4.0 kcal/mol
= 17.7 kcal/mol, yielding an apparent GTP hydrolysis rate of ~1
s7! (Table 1), in good agreement with the experiment.® It is thus
apparent that part of the high selectivity in the A/T:On state is
masked by the cognate and noncognate substrates having
different rate-limiting steps. A recent kinetic analysis has
suggested that this type of free energy landscape is also optimal
for decoding.**

The same type of analysis, based on the diagram of Figure 4,
can be applied to the proofreading stage that illustrates how the
existence of high-selectivity On states again can partition the flow
of cognate and noncognate tRNAs differently toward peptide
bond formation and rejection, respectively (Table 2). The key
quantity here is then the proofreading selection factor F, which in
terms of rate constants is given by

. (ky + o)k
kokpep F kK + Koepkee
cog
(ky + koK
kg + Koo + ke | .

where the rejection rates, krej, and the rates of transition from A/
T:On to A/T:Off, k_,, are the only ones assumed to differ
between cognate and noncognate substrates. A ~20-fold lower
level of accuracy is obtained for proofreading in this example
because of the free energy barriers for rejection being 1—2 kcal/
mol higher than those for dissociation in initial selection (Table

1).

B DISCUSSION

These free energy simulations clearly demonstrate that tRNA
binding energetics on the ribosome varies dramatically between
different conformational states. In particular, the results show for
the first time, quantitatively, how switching of the small
ribosomal subunit between its Off and On states amplifies the
selectivity of the system. Somewhat surprisingly, we find that the
key role of the 16S rRNA switch involving A1492, A1493, and

1720

G530 is not actually to monitor Watson—Crick base pairing but
to shield the codon—anticodon base pair from solvent, whereby
selectivity against incorrect substrates increases. This is also in
line with a recent proposal that the high repulsion energy for
near-cognate tRNAs in the On state(s) is what drives their
dissociation from the ribosome.'® It thus appears that both
cognate and (nonrejected) noncognate complexes must pass
through the On states to proceed forward. This is, in fact,
supported both by recent crystal structures of near-cognate
complexes'® and by single-molecule FRET data.”’ The
amplifying power of the Off — On switch is then reflected by
the ~3 kcal/mol increased level of discrimination that is attained
in the solvent-shielded On states. Likewise, it seems logical that
noncognate rejection should occur via the Off states, because
they correspond to an “unlocking” of the 30S subunit that would
seem to be necessary for rapid tRNA rejection. Moreover, the
energetics (Figure 4) predicts that stabilization of the A/T:On
state for both cognate and noncognate substrates would lead to
an increased error. This is likely to be the mechanism of the
increased error frequency caused either by binding of
paromomycin or by high Mg2+ concentration, both of which
appear to thermodynamically drive the switch to the On
state. 5%

The kinetic model emerging from the free energy diagram of
Figure 4 is also attractive in that it essentially makes codon-
dependent long-range signaling between the decoding site and
either of the peptidyl transferase and GTPase sites unnecessary
(both being ~75 A away). On the other hand, it does not exclude
the possibility that the free energy barrier for the GTPase
activation step is higher for noncognate substrates, as mentioned
above. However, the key structural “signals” for the GTP
hydrolysis and peptidyl transfer reactions would be that the
system is in the A/T:On and A/A:On states, respectively,
regardless of whether the substrate is cognate or noncognate.
More precisely, the existence of thermodynamically hidden high-
selectivity states is what gives different apparent cognate and
noncognate rate constants for GTP hydrolysis and peptide bond
formation. That is, the rate constants for the elementary chemical
steps of GTP hydrolysis and peptidyl transfer need not differ
between cognate and noncognate substrates, once the GTPase-
activated and -accommodated On states have been reached (with
different probabilities for different substrates). The reactivities of
truncated substrates, such as puromycin and derivatives thereof,
support this notion.***> However, the corresponding apparent
(compounded) rates would indeed differ for incorrect tRNAs
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because they include the probability (<1) of reaching the
productive A/T:On and A/A:On states for GTP hydrolysis and
peptidyl transfer, respectively, from their lowest-energy A/T:Off
state. The alternative would be that the rates of the elementary
chemical steps actually differ for cognate and noncognate
substrates, because of mispositioning of the substrate*® in the
reaction centers caused by codon—anticodon mismatches far
away, but available crystal structures'®*” do not seem to support
this idea for the ribosome. The high-selectivity states are hidden
in the sense that they are inaccessible to binding measurements
for noncognate substrates but evidently exist'® and are amenable
to computational analysis.

B ASSOCIATED CONTENT

© Supporting Information

Tests of the sensitivity of the computer simulations to the initial
structural models and to the MD force field used and evaluation
of the energetics of mRNA mutations in the absence of tRNA and
of the effects of switching conformations of the monitoring bases
individually. This material is available free of charge via the
Internet at http://pubs.acs.org.
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