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Abstract

Aminoacyl-tRNA synthetases (aaRSs), the enzymes responsible for coupling tRNAs to their cognate amino
acids, minimize translational errors by intrinsic hydrolytic editing. Here, we compared norvaline (Nva), a linear
amino acid not coded for protein synthesis, to the proteinogenic, branched valine (Val) in their propensity to
mistranslate isoleucine (lle) in proteins. We show that in the synthetic site of isoleucyl-tRNA synthetase
(IleRS), Nva and Val are activated and transferred to tRNA at similar rates. The efficiency of the synthetic
site in pre-transfer editing of Nva and Val also appears to be similar. Post-transfer editing was, however, more
rapid with Nva and consequently lleRS misaminoacylates Nva-tRNA'"® at slower rate than Val-tRNA'".
Accordingly, an Escherichia coli strain lacking lleRS post-transfer editing misincorporated Nva and Val in the
proteome to a similar extent and at the same lle positions. However, Nva mistranslation inflicted higher toxicity
than Val, in agreement with lleRS editing being optimized for hydrolysis of Nva-tRNA"®. Furthermore, we found
that the evolutionary-related lleRS, leucyl- and valyl-tRNA synthetases (I/L/VRSs), all efficiently hydrolyze
Nva-tRNAs even when editing of Nva seems redundant. We thus hypothesize that editing of Nva-tRNAs had
already existed in the last common ancestor of I/L/VRSs, and that the editing domain of I/L/VRSs had primarily
evolved to prevent infiltration of Nva into modern proteins.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

The accuracy of protein synthesis (translation) is
tightly controlled (error frequency about 107°—-10~%)
[1,2]. Key guardians are aminoacyl-tRNA synthetases
(aaRSs). These enzymes covalently couple amino
acids to their cognate tRNAs (aminoacylation), thus
providing the substrates for ribosomal protein synthe-
sis. In principle, there are 20 aaRSs, each specific
for one amino acid. Aminoacylation proceeds in
two steps (Fig. 1). The amino acid is firstly activated
using ATP to form the aminoacyl-adenylate interme-
diate (aa-AMP; Fig. 1, step 1). In the second step

0022-2836/© 2019 Elsevier Ltd. All rights reserved.

that proceeds in the same active site, the 2'- or 3'-
OH group of the terminal adenosine of the tRNA
nucleophilically attacks the carbonyl carbon of aa-
AMP resulting in transfer of aminoacyl moiety to
the tRNA (Fig. 1, step 2). Approximately half of
the aaRSs are unable to ensure the required level
of specificity in recognition of their amino acid
substrates, and may thus activate structurally and
chemically similar non-cognate amino acids and
transfer them to tRNA. The pool of competing amino
acids that a particular aaRS may encounter in the cell
consists of both canonical (proteinogenic) and non-
canonical (non-proteinogenic) amino acids. The latter
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Fig. 1. lleRS pathways of aminoacylation and editing. The synthetic pathway, colored in black, consists of amino acid
activation (1) and the aminoacyl transfer step (2). The editing pathways include pre-transfer editing, colored in green, and
post-transfer editing, in red. Pre-transfer editing occurs at the synthetic site and comprises the hydrolysis of non-cognate
aminoacyl-AMP, which may be tRNA-independent (3) or tRNA-dependent (4). Post-transfer editing regards the hydrolysis
of misaminoacylated tRNA (5) at the dedicated editing domain.

are intermediates of metabolic pathways [3] or
damaged metabolites [4] that accumulate under
various growth/stress conditions [5-8]. To cope with
their limited specificity, aaRSs evolved hydrolytic
editing to clear their own mistakes in activating and
aminoacylating non-cognate amino acids (reviewed in
Ref. [9]). Both aminoacyl-AMPs and misaminoacy-
lated tRNAs can be edited. Hydrolysis of aa-AMPs
takes place in the same synthetic active site where
aa-AMP is formed (pre-transfer editing; Fig. 1, steps 3
and 4), while deacylation of misaminoacylated tRNAs
occurs at a separate domain dedicated for post-
transfer editing (step 5).

isoleucyl-tRNA synthetase (lleRS) is a well-
studied enzyme, responsible for charging tRNA'®
with lle. It bears high structural resemblance with
leucyl- (LeuRS) and valyl-tRNA synthetase (ValRS).
Accordingly, these three enzymes (I/L/VRSs) are
thus classified in the la subgroup [10] and likely
diverged from one common ancestor. Among other
features, these three enzymes possess a domain
dedicated for post-transfer editing—insertion in the
so-called connective peptide 1 (CP1) protodomain
that is present in all class | aaRSs.

[leRS has been long known to misrecognize Val
[11] and uses both tRNA-dependent pre-transfer
editing of Val-AMP within the synthetic site (Fig. 1,
path 4) [12] and deacylation of Val-tRNA'"® at
the post-transfer editing domain (Fig. 1, path 5)
[18,14] to clear the outcome of Val misrecognition.
However, besides Val that is the well-established
non-cognate substrate of lleRS, norvaline (Nva) also
acts as aminoacylation surrogate of lle. Nva is a non-
canonical amino acid that is a side-product of leucine
biosynthesis [15]. Pezo et al. [16] demonstrated that
Nva incorporation into cellular proteins is prevented by
lleRS post-transfer editing, and that in the absence of
lleRS editing, Nva is toxic. However, the mechanistic
basis of Nva recognition, aminoacylation and editing
by 1leRS remains unknown. Furthermore, Nva and
Val represent an interesting pair for comparison of
mistranslation effects in vitro and in vivo by a single

aaRs (herein lleRS), something that has not yet been
addressed. Val is ever-present and typically available
at high concentration, for example, in Escherichia
coli at around 4 mM [17]. On the other hand, Nva
accumulates only under microaerobic growth up to
approximately 1 mM concentration [5]. Having the
same molecular mass, Val and Nva differ only in the
structure of their side chains—Val being -branched
and Nva linear. Thus, these two amino acids may
incur different effects on protein folding and stability
when substituting lle, with the linear Nva being
potentially more deleterious [18,19]. Hence, a partic-
ularly interesting question that remains unanswered is
whether Nva misincorporation into proteins is more
deleterious compared to Val, and conversely, if and
how 1leRS differs in its discrimination against Nva
compared to Val (in either the synthetic and/or the
editing pathways).

With this in mind, we set to examine Nva as a
mimic of lle in aminoacylation and compare it to the
previously studied Val. We examined aaRS kinetics
in vitro, and also misincorporation of Nva and Val
in vivo. In vitro, we found that Nva and Val are
equally acceptable non-cognate substrates in the
synthetic reaction of 1leRS, both discriminated by
200-fold relative to lle. We found, however, that
editing of Nva-tRNA"® is more efficient. Why did
lleRS evolve superior editing against a sporadically
present non-cognate amino acid? To answer this
question, we used a strain with inactivated lleRS
editing domain to test the effect of Nva and Val
mistranslation in vivo and to correlate it with their
misincorporation into E. coli proteins. This analysis
showed that proteome-wide substitution of lle with
Nva occurred to a similar extent and at the same
lle positions as substitution of lle with Val. Nonethe-
less, Nva misincoproration incurred higher toxicity.
Surprisingly, we found that ValRS efficiently edits
Nva-tRNAV@ although it discriminates sufficiently
well against Nva at the synthetic step. Taken together
with our recent finding that Nva is a prime target of the
LeuRS editing domain [20], our results raise some
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intriguing hypotheses regarding the evolutionary
history of leRS, ValRS and LeuRS, and participation
of Nva in primordial proteins.

Results

Our kinetic analysis was designed to address
two questions: (i) Does lleRS display different
misincorporation rates of sporadically present non-
proteinogenic Nva relative to ever-present Val? and
(ii) If so, which individual step(s) in the synthetic and
editing reactions mediates the different aminoacyla-
tion propensities of lleRS toward Nva and Val?
The first question was addressed through a steady-
state analysis of the overall rates of Nva-tRNA"®
formation and editing. This approach examines
multiple turnover conditions, largely the manner by
which enzymes operate in cells, thus providing the
basis for comparison of in vitro and in vivo data.
However, this analysis cannot address the mecha-
nistic issues posed under the second question.
Therefore, to unveil details of the mechanism by
which 1leRS discriminates against Nva and Val, the
individual synthetic and editing steps were analyzed in
isolation, using either steady-state or single-turnover
conditions as appropriate.

lleRS exhibits lower misaminoacylation rate with
Nva than with Val

ATP is used stoichiometrically (one ATP per amino
acid) in aminoacylation. However, enhanced ATP
consumption is observed in the presence of non-
cognate amino acids due to active editing that results
in futile cycles of the synthetic and hydrolytic
reactions (Fig. 1). Therefore, aaRS editing can be
detected as an increase in [**PJAMP formation [21]
in the presence of non-cognate amino acids. Here
we applied our recently developed assay [12,22] that

follows AMP formation (kamp) and in a parallel
reaction, under the very same conditions, formation
of misaminoacylated tRNA (Kaatrna) Using [*2P]
tRNA. This approach also provides the AMP/aa-
tRNA ratio that reflects the efficiency of editing, that
is, the number of ATP consumed per accumulated
misaminoacylated tRNA.

We found that, in the presence of 100 mM Nva,
lleRS accumulated trace amounts of Nva-tRNA"®,
while AMP accumulation was substantial under the
identical steady-state conditions (kavp = 2.64 s,
Table 1). This demonstrates that Nva-tRNA"® accu-
mulation is prevented by pre- and/or post-transfer
editing (indistinguishable by this approach). The AMP/
Nva-tRNA"® ratio (>2000, Table 1) reports approxi-
mately 2000 error-correction cycles per each errone-
ously released Nva-tRNA", thus indicating efficient
editing of Nva. For comparison, the ratio obtained with
the cognate amino acid gives an AMP/lle-tRNA"" ratio
of 1.5[12].

Surprisingly, this AMP/Nva-tRNA" ratio is sub-
stantially higher that the previously measured AMP/
Val-tRNA"® ([12]; Table 1). The higher AMP/Nva-
tRNA'""® ratio results from both higher kavp (2.5-fold)
and lower knvatrna (~50-fold). As a consequence,
lleRS accumulates Val-tRNA" to a significantly
higher extent than Nva-tRNA"®. However, the ob-
served aminoacylation could also originate from
cognate aminoacylation of lle that might be present
at trace amounts in the Val sample. The overall
amount of AA-tRNA observed with 20 mM Val was
6 uM, and thus, if ascribed to lle contamination, this
level corresponds to 0.03%. Thus, a 10-fold lower Val
concentration should yield a total level of AA-tRNA of
0.6 uM, and accordingly a different AMP/AA-tRNA""®
ratio. However, using 2 mM Val, we aminoacylated
more than 3 pM of tRNA and obtained the same
AMP/Val-tRNA"® ratio (Table 1) as with 20 mM
Val, indicating that the formation of Val-tRNA"® is
indeed being monitored. Furthermore, the formation

Table 1. Steady-state rate constants for AMP and AA-tRNA" formation?

kame (s7") knatrna (871) Kanmp/Kna4rna ked® = Kamp — Knvatrna (87')
WT lleRS + Nva (100 mM) 2.54 + 0.08 <107%° >2035 2.54
WT lleRS + Nva (2 mM) 0.25 + 0.06 N.D.
D342A/T243R 1leRS® + Nva (100 mM) 1.63 + 0.07 0.56 + 0.02 2.9 1.07
WT lleRS + Val (20 mM)f 0.97 + 0.02 0.06 + 0.003 16 0.91
WT lleRS + Val (2 mM) 0.30 = 0.07 0.015 + 0.002 19 0.29
D342A 1leRS® + Val (20 mM)f 0.40 = 0.006 0.13 = 0.006 3.1h 0.28

The values represent the best fit + SE from >3 independent experiments.
2 AMP formation and tRNA misaminoacylation were followed in parallel reactions under the same conditions.

b K.q represents formation of AMP solely from editing.

° Nva-tRNA"® accumulated to trace amounts. In some experiments, we were not able to trace it. We thus estimate the aminoacylation
rate to be <0.001. This brings some uncertainty in the comparisons that use this value.

9 Not determined as Nva-tRNA"® could not be traced under these conditions.

© lleRS variant deprived of post-transfer editing of Nva-tRNA"® (see Table 3) and Val-tRNA"® ([23]).

f Data taken from Ref. [12].

9 leRS variant deprived of post-transfer editing of Val-tRNA"® ([14]).
" The AMP/Val-tRNA'" ratio of 2.8 was measured for the D342A/T243R mutant under the same conditions.
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of Nva-tRNA"® could not be traced in the presence
of 2 mM Nva in agreement with the observation
of higher editing rates of Nva-tRNA"®. Ideally, the
accumulation of AA-tRNA should be compared under
the same concentration of Val and Nva. However, to
observe trace amounts of Nva-tRNA"®, the concen-
tration of Nva had to be raised up to 100 mM,
while for Val, the concentration could not be raised
above 20 mM due to the risk of lle contamination.
Nonetheless, this comparison indicates that lleRS
accumulates Val-tRNA"® at higher rate than Nva-
tRNA"® (0.06 versus < 1072 s~7) even when Nva is
present at higher concentration than Val.

Because the measured overall rates may be
directed by different individual steps in the reaction
pathways, we next isolated and kinetically charac-
terized individual steps in the synthetic and editing
reactions of lleRS to delineate the mechanism by
which lleRS rejects Nva more efficiently than Val.

Nva and Val are equally activated by lleRS

Activation of Nva was assessed using the standard
ATP-PPi exchange assay (Table 2). Nva was activat-
ed with a similar k. as the cognate lle (41 s~' versus
55 s7'), while its Kjy was higher by 200-fold (0.82 mM
versus 0.0046 mM). The discrimination factor for Nva
(defined as [kead K (Ile))/[k.at/ Km (Nva)]) was thus 239,
indicating that Nva can be readily activated by lleRS.
These kinetic constants are highly similar to the
constants obtained previously for Val (Table 2, [11]).

Recognition of lle in the synthetic site of 1leRS is
mediated by tRNA, which increases the Ky, for lle by

Table 2. Kinetic parameters for Nva activation by lleRS
and ValRS?

Ky (mM) Keat Keat/ Km Discrimination
(s (s mMmTY) factor®

lleRS

lle® 0.0046 + 0.0005 55+ 9 11,956

Nva 0.82 + 0.07 41 £ 1 50 239

Val® 0.47 +0.03 35+6 75 159
lleRS + tRNA"® @

lle® 0.081 + 0.006 37 £ 1 457

Nva 79=+0.5 25+ 3 3.2 143

Val® 11 +2 31+2 2.8 163
ValRS

Val® 0.048 + 0.008 64 + 2 1333

Nva 14 +2 43+0.2 0.3 4443

The values represent the best fit value + SE of at least three
independent experiments.

2 Activation is followed by ATP-PP; exchange assay.

® Discrimination factor is defined as [kza/Kw (cognate aa)l/[Keat/
Kw (non-cognate aa)].

¢ Data taken from Ref. [23].

9 ATP-PP; was measured in the presence of aminoacylation
inactive tRNA""_.. an tRNA"® analogue having vicinal diols at the
terminal ribose oxidized to dialdehydes

¢ Data taken from Ref. [14].

10-fold (measured in the presence of aminoacylation
inactive tRNA analogue) [24]. The Ky, for Nva also
increased by the same 10-fold (Table 2). Thus, as
previously seen with Val [14], tRNA binding does
not influence discrimination of Nva. Overall, Nva and
Val are activated with similar efficiency, which is in
both cases higher than the overall error of protein
synthesis (average error frequency 1073) [1], sug-
gesting that lleRS editing plays a role with both these
amino acids.

Nva is rapidly transferred to tRNA"®

Next, we tested the second step of aminoacylation—
the transfer of the norvalyl moiety to tRNA. Because
WT lleRS efficiently hydrolyses Nva-tRNA"®, an lleRS
mutant that is inactive in post-transfer editing was
used (T243R/D342A lleRS; see below). The editing-
deficient lleRS mutant was preincubated with Nva and
ATP to promote in situ formation of the lleRS:Nva-
AMP complex and subsequently mixed with a limiting
amount of [32PJtRNA'® using a rapid chemical
quench. Time-dependent Nva-[*2PJtRNA""® formation
fits well a single exponential with a Kians Of 10.6 s
(Fig. 2). This transfer rate appears faster than the
transfer rate for cognate lle (2.2 s™', Fig. 2) and Val
(0.8 s7', Fig. 2 and [14]). Thus, Nva is a good
surrogate of lle in both aminoacylation steps, similar
or even to some extent better than Val.

lleRS synthetic site hydrolyzes Nva-AMP through
tRNA-dependent pre-transfer editing

The steady-state assays showed that Nva is edited
by lleRS—apparently even better that Val (Table 1).
However, these assays cannot indicate whether Nva
is edited through pre- and/or post-transfer editing.

60

% aa-tRNA'®

0 T T

t/s

Fig. 2. Single-turnover transfer of Nva, lle and Val to
tRNA""® by lleRS. To measure transfer rates, post-transfer
editing must be inactivated, and hence, an lleRS variant
carrying two mutations in the editing domain was applied
(lleRS-T243R/D342A). Time-points fit a single exponential
with a rate constant of kyans (ll€) = 2.2 + 0.1 57", Kyans
(Nva) = 10.6 + 0.9 ™" and Kyans (Val) = 0.87 + 0.01 s .
Error bars correspond to the SE from three independent
experiments.
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Among I/L/VRSs, lleRS appears unique in using
tRNA-dependent pre-transfer editing, a pathway that
occurs in the synthetic site (Fig. 1, path 4). This
pathway was demonstrated [11] and kinetically
analyzed only for erroneously activated Val [12].
To study tRNA-dependent pre-transfer editing, a
mutant lacking post-transfer editing must be used
(T243R/D342A lleRS, see below). However, even
with the post-transfer editing-deficient mutant, one
cycle of tRNA misaminacylation occurs, thus con-
tributing to AMP formation in parallel with pre-transfer
editing. To isolate these two contributions to AMP
formation, we followed [*?P]JAMP formation (Kawe)
in parallel with misaminoacylation of [*?PJtRNA
(kaa-trRna) @s described above for WT 1leRS. The rate
of pre-transfer editing (keg) was then derived by
subtracting kaairna (representing AMP that origi-
nates from misaminoacylation) from the kamp-

We found that T243R/D342A lleRS accumulated
[®2P]JAMP in the presence of Nva and tRNA with a
rate constant of kayp = 1.63 s~!, while AMP accu-
mulation arising solely from misaminoacylation pro-
ceeded with a rate constant of 0.56 s~ (Table 1).
The AMP/Nva-tRNA" ratio of 3 thus indicates pre-
transfer editing with the rate constant of 1.07 s™".
Note that the AMP/Nva-tRNA"® ratio is significantly
lower for T243R/D342A than for the WT—the latter
has both pre- and post-transfer editing, while the
former has only pre-transfer editing and hence
significantly misaminoacylates tRNA with Nva
(Knva-trna = 0.56 s7', Table 1). The rate of tRNA-
independent editing was determined separately by
following increase in AMP formation in the absence
of tRNA (Keg.trna = 0.086 s~') suggesting a minor
contribution compared to tRNA-dependent pre-
transfer editing (1.07 s7').

The above data are analogous to the previously
acquired data with Val (Table 1) showing that
erroneously activated Nva and Val are removed
by lleRS pre-transfer editing with similar efficiency
(i.e., with the same AMP/aa-tRNA ratios). Data for
Val ([12]) were measured with D342A lleRS that is
unable to hydrolyze Val-tRNA"®, while herein, we
present Nva data acquired with the T243R/D342A
mutant that is inactive in both Val- and Nva-tRNA"®
hydrolyses. To eliminate the possibility that different
mutations in the editing domain result in different
kinetics, we measured the AMP/Val-tRNA"® ratio
for T243R/D342A and found it to be the same as
for D342A (Table 1). Finally, when lleRSAla10 (the
mutant inactivated in post-transfer editing, see below)
was used, both the rates and the AMP/AA-tRNA
ratios for Nva and Val were highly similar (Table S1).
Comparison of the koy values for the post-transfer
editing-deficient mutants to those of WT lleRS show
that with both Nva (this study) and Val [12], tRNA-
dependent pre-transfer-editing is a minor pathway
compared to post-transfer editing. Altogether, our
kinetic analysis supports a view that tRNA-dependent

pre-transfer editing is an inherent lleRS activity and
not a specific solution evolved for a particular amino
acid.

lleRS post-transfer editing is better optimized for
elimination of Nva-tRNA"®

Next, we tested lleRS post-transfer editing, the
main editing pathway localized at the editing domain.
Product release determines the steady-state rate
of post-transfer editing [22], thus demanding single-
turnover conditions. We followed the rate of deacyla-
tion of preformed Nva-[*?P]tRNA"® using rapid
chemical quench in the presence of an excess of
lleRS. The decrease in the percentage of Nva-tRNA'"®
fits a single exponential with a rate constant of 85 s~
(Table 3). The rate of deacylation of Nva-tRNA'® is
2-fold faster than the rate of Val-tRNA"® hydrolysis
(Kdeacyl = 49 s™', Table 3). This is in agreement with
the steady-state data showing better editing of Nva
than Val (higher AMP/aa-tRNA ratio).

We next set to explore inactivation of Nva-tRNA'"®
deacylation. Mutation of the highly conserved Asp
342 led to a 4500-fold drop in the deacylation
rate indicating that Asp342 is crucial for anchoring
Val-tRNA"® for hydrolysis [25]. However, we found
that the D342A mutation decreased Nva-tRNA"®
deacylation by only 50-fold (Kqeacyi = 1.6 877,
Table 3). A substantial loss of post-transfer editing
of Nva-tRNA"® was accomplished only with a second
mutation that targets the interaction with the tRNA
terminal ribose (Thr243Arg) [23,26]. Hence, T243R/
D342A lleRS displayed about 10”-fold drop in the
rate of Nva-tRNA"® hydrolysis relative to WT IleRS
(Kgeacyl = 0.0046 s~!; Table 3). This indicates that
the lleRS editing site establishes more anchoring
contacts with Nva- than with Val-tRNA"®, and thus,
hydrolysis of Nva-tRNA"® is less sensitive to inacti-
vating mutations.

Table 3. Single-turnover rate constants for hydrolysis of
aminoacyl-tRNAs?

kdeacyl (5_1)
WT lleRS Nva-tRNA"® 85+ 10
WT lleRS Val-tRNA'"® 49+ 6
D342A lleRS Nva-tRNA"® 1.6+ 0.1
D342A/T243R lleRS Nva-tRNA'"® 0.0046 + 0.0003
WT ValRS Nva-tRNAV& 450 + 131 s7'P
WT ValRS Thr-tRNAY® 438 + 47

The values represent the best fit value + SE of at least three
independent experiments.

@ The enzymes concentrations were as follow: 10 pM WT lleRS,
30 M D342A lleRS, 30 pM D342A/T243R lleRS and 30 pM
ValRS. In all reactions, the enzyme concentration was >20-fold
hi%her than AA-RNA.

Nva-tRNAV? hydrolysis showed biphasic behavior with about
30% of Nva-tRNA@ hydrolyzed with the rate constant of 450 =

131 s, while the remaining was hydrolyzed at 0.13 = 0.3 s™".
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ValRS also rapidly hydrolyzes Nva-tRNA " at its
editing domain

lleRS's closest homologs are LeuRS and ValRS—
these three enzymes share common ancestry of
both the synthetase and the post-transfer editing
domains. Similar to lleRS, LeuRS rapidly deacylates
Nva-tRNA-e! (Kgeacyl = 310 s~') [22]. This prompted
us to explore how ValRS discriminates against
Nva. ValRS activated Nva with 300-fold higher Ky
and 15-fold lower k. than cognate valine. This
discrimination factor of 4443 (compared to 239 for
Nva and lleRS; Table 2) is sufficiently high to support
high fidelity protein synthesis. It thus appears that
ValRS would not require editing of Nva-tRNA V',

We tested the rate of hydrolysis of Nva-[*P]
tRNAVY@ by ValRS under single-turnover conditions
as described above for lleRS, and found it to
be surprisingly high (Table 3). Notably, a similar
rate was obtained for hydrolysis threonyl-tRNA"@
(ThrtRNAV2' Table 3), in agreement with Thr
being poorly discriminated by ValRS synthetic site
(discrimination factor of 270) [23]. Thus, despite the
sufficiently high discrimination of Nva by its synthetic
site, ValRS still rapidly hydrolyses Nva-tRNAY?' at
its editing domain. It appears, therefore, that post-
transfer editing of Nva is a common feature of all
three extant I/L/VRSs regardless if needed (lleRS
and LeuRS) or not (ValRS), suggesting that the
important evolutionary pressure for acquisition of the
editing domain was to prevent infiltration of Nva into
proteins.

In vivo Nva exhibits higher toxicity than Val when
incorporated at lle protein sites

Taken together, in vitro kinetics revealed that Nva
is better edited by lleRS, suggesting that lle-to-Nva
mistranslation could be more deleterious than lle-to-
Val. To compare the effects of mistranslation in vivo,
we used a previously described E. coli strain relying
on an editing-deficient 1leRS [16]. In that strain
(lleRS ED™, PS7066) wild-type (WT) chromosomal
lleRS was replaced with a mutant in which the
conserved threonine-rich peptide (T241-N250) in
the editing domain was substituted with 10 consec-
utive Ala residues (lleRSAla10). As expected, this
strain exhibits growth defects when challenged with
Nva or Val [16]. Our attempts to create an E. coli
strain with genomic double mutant lleRS used for
in vitro kinetics (T243R/D342A) were not successful.
However, we confirmed in vitro that lleRSAla10 is,
like T243R/D342A lleRS, inactive in post-transfer
editing (Kgeacy for Nva- and Val-tRNA"® were
0.0008 + 0.0002 s™' and 0.0007 + 0.0002 s, re-
spectively) and equivalently discriminates Nva and
Val in activation (Supplementary Table S2). Deter-
mination of AMP/aa-tRNA ratios (Supplementary
Table S1) revealed also similar pre-transfer editing

of Nva and Val by lleRSAla10. Thus, as is the case
with WT 1leRS, lleRSAla10 utilized Nva and Val
equally well in the synthetic and pre-transfer editing
reactions, demonstrating that strain 1leRS ED™ is
suitable for comparing Nva and Val mistranslation
in vivo.

The effect of mistranslation was measured by
challenging the growth of strain 1leRS ED™ by
addition of either Nva or Val (Supplementary Fig.
S1). Excess of Val produces lle pseudoauxotrophy
in strains derived from E. coli K12 [15]; hence, the
growth conditions included lle, Leu and Val, each at
100 pM concentration. The analysis revealed that
in 1-mM range, Nva inhibited the growth of lleRS
ED™ significantly more than Val. However, at higher
concentrations, Nva and Val had similar toxic effect
that resulted in complete growth inhibition when
each was present at >10 mM (Fig. 3A). Thus, at
this point, mistranslation with either Nva or Val
becomes highly toxic. Albeit the ICso values were
similar (1.6 = 0.1 mM for Nva and 1.98 + 0.04 mM
for Val), the difference is reproducible and statisti-
cally significant (p = 0.018). Furthermore, the ICsq
values appear to underestimate the difference in
Nva versus Val toxicity. The growth of MG1655 was
insensitive to added Nva or Val (Fig. 3A), confirming
that the effect in strain lleRS ED™ is primarily due to
mistranslation.

Next, we tested viability of 1leRS ED ™ strain during
prolonged growth supplemented with 2 mM Nva or
2 mM Val. We found that cells survival significantly
differs after 24 h of growth; the number of colony-
forming units (CFU) was 4-fold lower in the presence
of Nva compared to Val (Fig. 3B). Under the same
conditions, the WT strain did not show a decrease in
viability (Fig. 3B). Taken together, our data indicate that
Nva mistranslation inhibits E. coli growth to a signif-
icantly larger extent compared to Val, thus providing
rationale for our findings that Nva is a preferred target
of the lleRS editing.

Nva and Val are incorporated with equal
frequencies into the proteome

Nva exhibited higher toxicity than Val, indicating
that Nva misincorporation at lle positions may incur
higher penalty to protein structures and/or functions.
Val and lle are both beta-branched, while Nva linear
side chain may be more destabilizing. On the other
hand, it is also possible that in vivo, Val is better
discriminated than Nva, by lleRS, or via other
mechanisms, thus making Val misincorporation
less frequent and thereby less toxic. To compare
the levels of misincorporation, we performed mass
spectrometry (MS)-based proteome analyses of
lleRS ED™ strain upon adding exogenous Nva or
Val. The parental strain MG1655 with genomic WT
lleRS was used as a control. Both strains were grown
to mid-exponential phase in the presence of 0.5 or
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Fig. 3. In vivo toxicity of Nva and Val in the absence of lleRS post-transfer editing. (A) Growth inhibition. The growth
rates of an E. coli strain deprived of lleRS post-transfer editing (IleRS ED™) were monitored in enriched M9 supplemented
with either Val or Nva (0.1-10 mM, Supplementary Fig. S1). The growth rate constants were extracted by fitting to the
exponential equation (see Materials and Methods). The IC5, values derived from fitting the growth rate constants to the
logistic equation were 1.6 + 0.1 mM (Nva) and 1.98 + 0.04 mM (Val). The ICsq values are given as arithmetic mean + SE
of four independent determinations. The paired ttest (two-tailed) p value was 0.018, indicating that the 1C5, values for Nva
and Val differ significantly. WT strain MG1655 (a control with lleRS post-transfer editing) did not show growth inhibition
under the same conditions. The figure shows the best curve fit to the averaged growth rate constants for Nva and Val;
error bars correspond to SEs (n = 4). (B) Cell viability. leRS ED™ was grown in enriched M9 supplemented with either
2 mM Nva or 2 mM Val. The number of colony-forming units (CFU/ml) after 24 h growth was (5.5 = 1.7) x 107 (Nva) and
(22.5 + 3.2) x 107 (Val). The control was done in enriched M9 without exogenously added Nva or Val ((282 + 35) x 107).
WT strain MG 1655 did not show a decrease in viability in enriched M9 supplemented with either 2 mM Nva or 2 mM Val.
Error bars correspond to SD from three biological replicates.

2 mM of either Nva or Val (Fig. 4A). Upon lysis, the
total proteome was analyzed by high-resolution liquid
chromatography—tandem MS (LC-MS/MS).
Proteome-wide MS analysis of 1leRS ED™ indi-
cated that given the same concentrations of exoge-
nously added Nva or Val, lle positions were
mistranslated at similar frequencies (Fig. 4B). Thus,
in agreement with in vitro results, in the absence
of post-transfer editing, Nva and Val appeared as
similar competitors of lle in aminoacylation in vivo.
The frequencies of lle mistranslation at 0.5 mM Nva
and Val were 6% and 8%, respectively. When
challenged with 2 mM Nva or Val, misincorporation
frequencies increased to 14% for Nva and 20% for
Val (Fig. 4B, Supplementary Table S3). Nva and Val
misincorporations at Leu positions (control for the
accuracy of misincorporation assignment, see M&M)
was negligible, as expected (Supplementary Table
S4). Owing to its active lleRS editing, WT MG1655
exhibited significantly lower lle mistranslation under
the same conditions (Fig. 4B). Because Nva accu-
mulates only under microaerobic growth [5,7],
misincorporations observed with supplemented Val
were all assigned to Val rather than Nva. Lower
mistranslation at Leu positions in MG1655 when
growth was supplemented with Val compared to Nva
(Supplementary Table S4) confirmed that Nva does
not endogenously accumulate under the applied
conditions (LeuRS can mistranslate Nva to some

extent but not Val [7]). Endogenously synthesized
Val and Val added to all media (100 uM) could also
compete with the supplemented Nva. Therefore, a
control experiment was performed wherein the lleRS
ED™ strain was grown in a medium supplemented
only with 100 uM lle, Leu and Val. Under these
conditions, mistranslation at lle positions was 0.3%
(Fig. 4B, Supplementary Table S3) indicating a very
low background frequency of lle-to-Val mistransla-
tion in our experimental setup. Thus, in lleRS ED~
grown in the presence of Nva, misincoporation arises
from lle-to-Nva substitutions. Taken together, our
data revealed that similar frequencies of Nva or Val
misincorporation induced the noteworthy difference
in cellular toxicity: cells with 14% lle-to-Nva mistrans-
lation exhibited 4-fold lower viability compared to
cells with 19% lle-to-Val misincorporation.

Nva and Val misincorporate at the same lle
positions and proteins

Misincorporation of Nva at equal or even lower rate
compared to Val inflicted higher growth inhibition.
A simple explanation could be that Nva and Val are
misincorporated into different positions and/or differ-
ent proteins. To address this, we further analyzed
the MS data from the strain lleRS ED™ grown in the
presence of exogenously added Nva or Val. The
likelihood of detecting misincorporation at a given lle
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Fig. 4. Nva and Val misincorporation at lle positions of E. coli proteins in the absence of lleRS post-transfer editing.
(A) Experimental workflow. WT strain MG1655 and its strain deprived of 1leRS post-transfer editing (IleRS ED™) were
grown in enriched M9 with or without exogenously added Val or Nva (0.5 mM or 2 mM). The proteomes were isolated and
digested, and amino acid misicorporation was analyzed by LC-MS/MS at high resolution. (B) MS/MS analysis. The
frequency of lle-to-Nva or lle-to-Val substitutions (Ixx) was determined by counting of MS/MS spectra that corresponded to
correctly translated peptides (with lle) versus mistranslated ones (with either Nva or Val). To calculate the frequency of
mistranslation, the total number of Ixx substitutions identified in all Ixx-containing MS/MS spectra was divided by the total
number of expected lle positions in all analyzed peptides (Ixx + lle). Error bars correspond to SD from three biological
replicates. The control represents mistranslation observed during growth in enriched M9 only.

position is proportional to the frequency by which also mistranslated at higher concentrations (2 mM)
this position is sampled. Thus, to reduce sampling (93% and 94%, respectively; Fig. 5A and B). Out of
bias, we examined only peptides observed at least  the 1178 lle positions measured, 734 are identified
4 times (Supplementary Fig. S2) and in all analyzed  as mistranslated by both Nva and Val under at least
conditions (Supplementary Table S5). The analysis  one condition (0.5 or 2 mM), and the overlapping
revealed a high degree of overlap between the  positions comprise 91% and 81% of all mistranslated
unique lle positions mistranslated under different  sites with Nva and Val, respectively (Fig. 5C).
error-prone conditions (Fig. 5). The vast majority of ~ This high overlap and the high percentage of
lle sites that were observed mistranslated at low  mistranslated lle positions (66% and 74% for Nva
exogenous Nva and Val concentrations (0.5 mM)are  and Val, Supplementary Table S5) indicated that
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Fig. 5. lle positions that are mistranslated with Nva and Val overlap. Venn diagrams depicting the overlap between the
unique lle positions (defined by the location of the lle residues in the primary sequences of E. coli proteins) identified as
mistranslated at least once in 1leRS ED™ strain. The analysis includes positions identified in peptides that were measured
>4 times (Supplementary Fig. S2) under all conditions (samples F—J, Fig. 4). (A) Comparison of lle positions identified in
0.5 and 2 mM exogenously added Val. (B) Likewise for 0.5 and 2 mM exogenously added Nva. (C) Comparison of lle
positions identified as mistranslated by both Nva and Val under at least one condition (0.5 or 2 mM, samples G versus |, or
H versus J; Fig. 4). The percentages of overlapping positions are shown in parenthesis.
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misincorporation is random and is likely to occur at
most lle positions given enough sampling. Indeed,
we observed overlap of mistranslated lle positions
approaching 100% using higher sampling threshold
(Supplementary Fig. S3). Thus, based on the analysis
of proteins that are more easily detected in cells,
Nva and Val seem to be misincorporated within the
same positions and proteins, suggesting that Nva is
more toxic because its misincoporation imposes more
damage compared to Val.

Discussion

Nva and Val present an interesting comparison
for exploring mistranslation effects by a single aaRS.
Val is an ever-present proteinogenic amino acid,
while Nva accumulates only under microaerobic
growth [5] and is not coded for protein synthesis.
Having the same mass, Nva and Val differ only in
the structure of their side chains: Val has a beta-
branched side chain, while Nva has a linear. They
can both compete with lle in aminoacylation and
are substrates of lleRS editing. However, opposed
to Val whose recognition by lleRS was well studied
[11,12,14,23], the mechanism of participation of
Nva in lleRS reactions remains unknown. Here, we
performed an in vitro analysis of aminoacylation
and editing of Nva and compared it with the
previously studied Val. We also compared the
degree and effects of misincorporation of both Nva
and Val in vivo.

lleRS generates aminoacylated tRNAs via a
multiple step cycle that includes several editing
steps (Fig. 1). Our data indicate that Nva and Val are
similarly treated by lleRS in both steps of aminoa-
cylation—both being discriminated at the activation
step with a 200-fold specificity relative to the cognate
lle (Table 2, Fig. 2). However, this value is far below
the threshold of translational errors, thus indicating
that editing plays an important role in 1leRS with
both Nva and Val. We further showed that, within its
synthetic site, 1leRS hydrolyses erroneously acti-
vated Nva and Val with similar efficiency via tRNA-
dependent pre-transfer editing (Table 1; Fig. 1,
path 4). Overall, Nva and Val are similarly treated
in both the synthetic and editing reactions of the
lleRS synthetic site. However, when the overall
reaction cycle, which includes post-transfer editing,
is examined, lleRS edits Nva substantially more
efficiently than Val. Thus, through multiple turn-
overs, tRNA""® misaminoacylated with Val accumu-
lates at rate that is approximately 50-fold faster
than with Nva (Table 1). Single-turnover kinetics
accordingly revealed that the editing site mediates
hydrolysis of Nva-tRNA"® at 2-fold faster rate com-
pared to Val-tRNA'"® (Table 3). The smaller difference
measured in the single-turnover reaction compared
to the multiple-turnover one indicates that some

other additional steps in lleRS catalytic cycles differ
between Nva and Val, most likely tRNA displacement
and/or release.

Why does lleRS exhibit superior editing against
Nva? To this end, we tested the consequences of
misincorporation of Nva and Val in vivo using an
E. coli strain lacking the functional lleRS editing
domain (herein named 1leRS ED™) [16]. Proteome
MS/MS high-resolution analysis revealed that under
these error-prone conditions, Nva and Val misincor-
porated with similar frequency (Fig. 4). Thus, both
the in vivo and in vitro analyses indicated that in
the absence of post-transfer editing, Nva and Val are
equally good substrates of lleRS. Nonetheless, a
similar level of misincorporation of Nva (14%) and
Val (20%) into E. coli proteome (Fig. 4) resulted in
about 4-fold higher toxicity with Nva (Fig. 3B). Higher
toxicity with Nva occurs despite the fact that the
proteins, and lle positions within these proteins, that
are mistranslated by Nva and Val overlap (Fig. 5).
Overall, it appears that higher toxicity of Nva relates
to the higher damage it inflicts on E. coli proteins.
Higher damage is presumably a consequence of
the higher conformational entropy associated with
the linear side-chain of Nva compared to the beta-
branched of Val, thus providing the rationale for
lleRS editing being better tailored for elimination of
Nva-tRNA"®.

On the evolutionary origin of Nva editing

What might be the evolutionary origin of editing
against Nva? This cannot be conclusively estab-
lished, yet we propose some ideas and hypotheses.
lleRS shares common ancestry with the two other
branched hydrophobic aaRSs—ValRS and LeuRS.
We have recently shown that LeuRS efficiently
misactivates Nva and hydrolyzes Nva-tRNA-®U
rapidly at its editing domain [22]. ValRS, as shown
here, discriminates against Nva well enough to
support its overall fidelity of translation (4000-fold,
Table 2). This suggests that ValRS has not been
under evolutionary pressure to edit against Nva.
Strikingly, however, ValRS hydrolyzed Nva-tRNA
(Table 3), which presumably presents its latent
activity. Latent activities typically comprise a vestige
of an enzyme's ancestral function ([27]), thus support-
ing the view that editing of Nva-tRNA existed in the last
common ancestor of I/L/VRSs, which likely preceded
the last universal common ancestor (LUCA).

The idea that editing of Nva-tRNA was present in
the last common ancestor of I/L/VRSs is in agree-
ment with the view that Nva was present in the
pre-LUCA environment. Nva is found in meteorites
and accumulates to high degree in the Miller
experiment that imitated the conditions of the early
Earth atmosphere [28]. Both these findings were
taken as indication of Nva ancient history [28,29].
That editing against Nva-tRNA likely existed in the last
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common ancestor of I/L/VRSs provides an additional
and independent indication for Nva ancient history.

Why is then Nva absent in the canonical amino acid
alphabet? We hypothesize that Nva had participated
in early translation but was later removed. Because
Nva resembles lle, Leu and also Val to an extent, it
was presumably not efficiently discriminated by the
early ancestor of I/L/VRSs, which comprised the
class defining catalytic core only [30-32]. Further-
more, Nva was likely present at higher amounts than
Val, Leu or lle in the primordial conditions [28] (and
may have been even explicitly synthesized [33]). This
might have promoted aminoacylation and translation
of Nva [34] to yield primordial “statistical proteins.”
However, an early ancestor of I/L/VRSs could have
proofread aminoacyl-AMPs, although presumably
to a limited extent. The discovery of Nva-AMP
hydrolysis by 1leRS (Table 1), LeuRS [22] and
ValRS (data not shown) indicates that pre-transfer
editing might had been indeed present in the I/L/
VRSs ancestor. Furthermore, pre-transfer editing
can still be traced in the synthetic domains of extant
I/L/IVRSs [12,22,23,35] and many other aaRSs
[36—38]. However, pre-transfer editing does not
prevent misaminoacylation of tRNA in contemporary
aaRSs, suggesting that even if the primordial pre-
transfer editing was physiologically meaningful, it
was insufficient to ensure accurate translation. The
urge for faster and more accurate translation likely
presented the driving force for the attainment of the
post-transfer editing domain (for detailed discussion,
see Ref. [12]). We further hypothesize that the need
to eliminate Nva from protein synthesis was an
important driving force for the acquisition of the
editing domain, and that the domain was acquired by
the early ancestor of I/L/VRSs prior to its duplication
and divergence to three specialized enzymes
[39]. Replacement of the linear Nva, or other non-
proteinogenic linear side-chain amino acids such as
a-aminobutyrate, by branched hydrophobic amino
acids, and takeover of precise translation instead of
statistical incorporation of hydrophobic amino acids,
were likely critical in enabling the evolution of larger,
more complex proteins with better-defined 3D struc-
tures. The toxicity of Nva when replacing Leu [7] and
the higher toxicity of Nva relative to Val (Fig. 3) lend
support to this idea.

Materials and Methods

Enzymes and tRNAs

lleRS (WT, D342A and T243R/D342A mutants) and
ValRS (WT and D286A mutant) enzymes from E. coli
were overexpressed and purified by Ni-NTA chroma-
tography as described [23]. ValRS enzymes were
further purified from bound Val-AMP by a preparative

aminoacylation in 100 mM Hepes (pH 7.5), 20 mM
MgCl,, 2 mM DTT and 0.1 mg/ml BSA followed by
urea/NaCl treatment and Ni-NTA chromatography
as described [22,40]. The gene for lleRSAla10, in
which the editing domain peptide T241-N250 was
substituted with 10 Ala residues, was cloned from
genomic DNA of the strain PS7066 (see below).
lleRSAla10 was overexpressed, purified by Ni-NTA
chromatography as other lleRSs and subjected to
size-exclusion chromatography on Superdex Increase
200 10/300 GL (GE Healthcare) column equilibrated in
1 M NaCl, 50 mM Hepes, 5 mM [-mercaptoethanol
and 5% rglycerol to remove co-purified tRNA.

tRNA"® g7 (with the the native A':U"2 replaced by
G':C™) and tRNAV2@.c from E. coli were over-
expressed and purified as described [23]. Plateau
aminoacylation established that the purified samples
have ~75% (for tRNA"®) and 80% (for tRNAV®)
aminoacylation active tRNAs. tRNA"®_ . having
terminal diols oxidized to dialdehydes, was produced
bsy previously established protocol using NalO4 [14].
[*2PItRNA"® and [*?P]tRNA"? were prepared using
tRNA nucleotidyltransferase and [a-*2P]JATP as
previously described [23,41].

Preparation of misaminoacylated tRNAs

Misaminoacylated tRNA"® and tRNAY? variants
were prepared by mixing approximately 0.3 pM [*2P]
tRNA, 1 pM deacylation defective D342A 1leRS or
D286A ValRS, 4 mM ATP, 0.004 U/ul IPPase, 2 uM
non-labeled tRNA and 2 mM Nva, Val or Thr in
100 mM Hepes (pH 7.5), 20 mM MgCl,, 2 mM DTT
and 0.1 mg/ml BSA, followed by phenol extraction
and gel-filtration purification [14]. Misaminoacylated
tRNAs were renatured prior to use as described [40].
The used enzymes had negligible amount of bound
aa-AMP.

Amino acid activation

Misactivation of Nva was followed by ATP-PPi
exchange assay [40] at 37 °C in a buffer containing
100 mM Hepes (pH 7.52, 20 mM MgCl,, 0.1 mg/ml
BSA,4 mMATP, 1 mM[*?P]PP; (0.2-0.4 uCi pmol~")
and2 mMDTT. lleRS was 25 nM, ValRS was 100 nM
and Nva was varying from 0.1 to 10 x Ky. The effect
of tRNA on the Nva misactivation was assessed in the
presence of 10 yM 2',3'-dialdehyde tRNA (tRNAyy).
Misactivations of Nva and Val by lleRSAla10 (50 nM)
were performed under the same reaction conditions
with the addition of 150 mM NH,CI.

Parallel formation of AMP and aa-tRNA'"®

Formation of [*°P]JAMP and aa-[*?P]tRNA was
followed in parallel steady-state reactions as de-
scribed in Ref. [40]. The reactions were followed
at 37 °C in 100 mM Hepes (pH 7.5), 20 mM MgCls,
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0.1 mg/ml BSA, 2 mM DTT, 0.004 U/ul IPPase,
200 pM ATP and 150 mM NH4CI (only in the
reactions with lleRSAla10) containing either [a-32P]
ATP or [*2PItRNA". WT lleRS was 20 nM and
lleRSAla10was 20 nM, Val was 75 mM (for lleRSAla
10) or 2 mM (lleRS) and Nva was 2 mM or 100 mM.

Single-turnover aminoacyl transfer step

Deacylation defective lleRS D342A/T243R (20 uM)
was incubated with 10 mM ATP and 8 mM lle, 80 mM
Val or 100 mM Nva in a buffer containing 20 mM
Hepes (pH 7.5), 10 mM MgCl,, 0.008 U/ul IPPase,
100 uM EDTA, 150 mM NH4CI and 10 pg/ml BSA,
for 10—-30 min at 37 °C, to promote formation of the
lleRS D342A/T243R:aa-AMP complex (no difference
between these incubation times was observed,
indicating that consumption of ATP due to tRNA-
independent editing is not a factor). The single
turnover reactions were then performed by mixing
the equal volumes of the in situ formed complex with
2 uM [*2PtRNA" (in the same buffer) using rapid
chemical quench (KinTek RQF-3) (detailed protocol
in Ref. [40]). Time-courses fit to an exponential
equation (y= Yo+ Ax (1 — e k=) where Y, is
the y intercept, A is an amplitude, kians represents the
apparent rate constant of the aminoacyl transfer step
and tis time.

Single-turnover deacylation

Assays were performed at [enzyme] > 20 x[AA-
tRNA], thus ensuring pseudo-first order conditions
and saturation with resgect to the bound AA-tRNA.
The renatured Nva-[**PJtRNA"® or Nva- or Thr-
[32P]tRNAY3" (200-500 nM) in 5 mM NaOAc
(pH 4.5) and 20 mM MgCl, were mixed with the
equal volume of 10 uM WT lleRS, 30 uM D342A
lleRS, 30 uM D342A/T243R IlleRS or 30 uM ValRS
[in 100 mM Hepes (pH 7.5), 20 mM MgCl, and 2 mM
DTT] using KinTek RQF-3 (detailed protocol in
Ref. [40]). In case of lleRSAla10, the enzyme (4 uM
final) was mixed with a limiting amount of Nva- or
Val-[®2PItRNA"® and the reactions were quenched by
hand. Time-courses fit to an exponential equation
(y = Yo + A x e fe=o!) where Y; is the y intercept, A
is the amplitude; Kyeacyl represents the apparent
deacylation rate constant and tis time.

Bacterial strains, growth media and conditions

WT E. coli strain MG1655 was obtained from
The Coli Genetic Stock Center (Yale University). An
E. coli strain deprived of lleRS post-transfer editing
(PS7066, herein named lleRS ED™) was kindly
provided by P. Schimmel [16].

Standard growth conditions for testing mistransla-
tion included M9 media enriched with lle, Leu, Val
each at 100 yM (herein named enriched M9). To

assay mistranslation, the growth was supplemented
with various concentrations of Nva or Val.

Determination of IC5q values

Overnight cultures of lleRS ED™ strain (in the
enriched M9) were used to inoculate (1:100) 4 ml of
the enriched M9 media supplemented with Nva or
Val (0.1-10 mM). The growth at 37 °C and 250 rpm
was monitored using Ultrospec 10 (GE Healthcare
Life Sciences). To extract the growth rate constants
(N, ODggo collected during the log phase were
fitted to exponential equation (y = yoe™). The ICso
values (inhibitory concentrations that decreased the
growth rate constants by 50%) were calculated by
fitting the r to equation r= ry/(1 + 10©@ = ¥?) where
x = log(c/mM) and a is log(ICso/mM).). The ICsq
values for Val or Nva were independently deter-
mined four times. The IC5y values obtained from
these individual measurements were averaged, and
the ICso values reported comprise the arithmetic
mean + SE. Statistical significance of the difference
between the I1Csq values for Val and Nva was tested
by paired Student's t test (two-tailed) that gave
a p value of 0.018 (p values <0.05 represent
statistically significant differences). Alternatively,
the input data (growth rates from the four indepen-
dent experiments) were averaged, and the ICsq
values were calculated by the non-linear regression
from the averaged data points, with the residuals
weighted by the standard deviation during fitting.
This procedure yielded essentially identical 1Cgq
values as the procedure described previously, with
a comparable statistical confidence. The WT strain
(MG 1655) showed no appreciable growth inhibition
in the given Val and Nva concentration range.

Cell viability test

Overnight cultures of WT and lleRS ED™ strain
were diluted 100-fold in the enriched M9 supple-
mented with 2 mM Val or Nva. The cultures were left
at 37 °C and 250 rpm for 24 h, to reach stationary
phase. Serial dilutions of the cultures were spread on
the LB plates. After 16-24 h at 37 °C, colonies
formed at appropriate dilutions were counted using
OpenCFU 3.9.0 [42] to calculate colony-forming
units per milliliter of the starting culture (CFU/ml).
As a control, the strains were grown under the same
conditions without the addition of 2 mM Val or Nva.
In all cases, the bacterial cultures reached similar
turbidity in stationary phase.

Proteome sample preparation for MS

The bacteria were grown at 37 °C in enriched M9.
Mistranslation was assayed in the presence of 0.5
and 2 mM Nva or Val. Bacteria from 10 ml culture
(ODggo = 0.2—0.6) were pelleted, resuspended in
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0.5 ml buffer containing 4% SDS, 100 mM Tris—HCI
(pH 8.0) and 10 mM EDTA and disrupted by sonica-
tion. The samples were heated 5 min at 95 °C
and cleared by centrifugation. The proteins were
precipitated using methanol/chloroform and resus-
pended in a denaturation buffer [6 M urea, 2 M
thiourea and 10 mM Tris (pH 8.0)] as described [7].

Protein samples (10 pg of each) were digested in-
solution [7]. Protein mixture was predigested with
endoproteinase Lys-C (1:100 w/w) for 3 h, then diluted
with 4 volumes of 20 mM ammonium bicarbonate
(pH 8) and supplemented with trypsin (1:100 w/w)
for overnight digestion at room-temperature.

LC-MS/MS measurement

Desalted and purified peptide samples (using C18
stage tips) [7] were separated by an EASY-nLC
1200 system (Thermo Scientific) coupled on-line
to an Orbitrap Elite mass spectrometer (Thermo
Scientific) through a nanoelectrospray ion source
(Thermo Scientific). Chromatographic separation
was performed on a 20-cm-long, 75-pm inner-
diameter analytical column packed in-house with
reversed-phase ReproSil-Pur C18-AQ 1.9-ym parti-
cles (Dr. Maisch GmbH). The column temperature
was maintained at 40 °C using an integrated column
oven. Peptides were loaded onto the column at a
flow rate of 1 pl/min under maximum back-pressure
of 850 bar. The peptides were eluted using 113-min
linear gradient of 5%—33% solvent B at a constant
flow rate of 200 nl/min. Peptides were ionized
at 2.3 kV and the capillary temperature of 275 °C.
The mass spectrometer was operated as previously
described [7].

MS data processing and analysis

Acquired data (60 MS raw files) were processed
using the MaxQuant software suite (version 1.5.2.8)
[43]. Derived peak list was searched using Andromeda
search engine integrated in MaxQuant [44] against a
reference E. coli K12 proteome (taxonomy ID 83333)
obtained from UniProt (4313 protein entries, released
in October 2015) and a file containing 245 common
laboratory contaminants implemented in MaxQuant.
During the first search, peptide mass tolerance
was set to 20 ppm and in the main search to
4.5 ppm. lle substitution by Nva or Val was defined
as variable modification with a loss of a CH, group
(-14.0156500642 Da) at lle position and named
Ixx. Leu substitution by Nva or Val was searched
alongside and was defined as variable modification
with a loss of a CH, group (-14.0156500642 Da) at
Leu position (Lxx). This was done as a control for the
assignment of mistranslation because lle and Leu are
isobaric. Peptide, protein and modification site identi-
fications were filtered using a target-decoy approach
at FDR set to 0.01 [45]. We also used an unbiased

protein modification search algorithm to verify that Nva
and Val misincorporated with high localization accu-
racy at lle positions (Supplementary Fig. S4) [7].

Frequencies of Val and Nva misincorporations were
determined by spectral counting approach [7]. All
contaminants and reverse hits were removed during
data analysis. MS/MS spectra in msms.txt file were
filtered for PEP scores of <0.01 and Andromeda
score of >40. Only Nva/Val substitution events with a
localization probability of >0.9 were considered
as localized at lle or Leu positions. The number of
occurrences of Ixx substitutions were counted in Ixx-
containing MS/MS spectra and divided by the number
of theoretical isoleucine positions extracted from the
unmodified version of peptide sequence of all MS/MS
spectra. The same approach was used to determine
mistranslation at Leu positions.

Bioinformatic analysis of shotgun proteomics data

Unique lle positions were determined by assigning
each measured peptide of the lleRS ED ™ strain from
the shotgun proteomics assay to Uniprot identifiers,
and by identifying the location of the lle residues in
the primary sequence. This way, Ixx positions from
the MS spectra were assigned to unique lle positions
in proteins. When comparing Val and Nva misincor-
poration positions, we restricted the dataset to
peptides that were measured under all analyzed
experimental conditions to avoid sampling bias of lle
positions. The probability to observe at least one
misincorporation event at a given position is higher
the more times the position was sampled (i.e., the
frequency of its sampling in MS spectra). Therefore,
we further limited the data set to peptides that were
measured at least 4 times under all analyzed
conditions (Supplementary Fig. S2). Three biological
replicates of conditions F-G (Fig. 4) were merged.
This resulted in data set of 827 unique peptides
(having unique primary sequences) and correspond-
ing to 1178 unique lle positions (Supplementary
Table S5). We tested the effect of different thresholds
and the results did not change qualitatively; however,
the more times an lle position was sampled, the more
lle positions were identified as mistranslated and
more overlap between Val and Nva mistranslation
was found (Supplementary Fig. S3). Using four
observations as a threshold, the number of mea-
sured peptides ranges from 5000 to 8000 for the
different conditions (Supplementary Table S5). All
analysis was performed using custom Python scripts.

Accession numbers

The MS proteomics data have been deposited
to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org/) via the
PRIDE partner repository with the dataset identifier
PXD011051 [46].
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