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ABSTRACT

Assessment of the fidelity of gene expression is cru-
cial to understand cell homeostasis. Here we present
a highly sensitive method for the systematic Quan-
tification of Rare Amino acid Substitutions (QRAS)
using absolute quantification by targeted mass spec-
trometry after chromatographic enrichment of pep-
tides with missense amino acid substitutions. By
analyzing incorporation of near- and non-cognate
amino acids in a model protein EF-Tu, we show that
most of missense errors are too rare to detect by
conventional methods, such as DDA, and are esti-
mated to be between <10~"-10"° by QRAS. We also
observe error hotspots of up to 10~3 for some types
of mismatches, including the G-U mismatch. The er-
ror frequency depends on the expression level of EF-
Tu and, surprisingly, the amino acid position in the
protein. QRAS is not restricted to any particular mis-
coding event, organism, strain or model protein and
is a reliable tool to analyze very rare proteogenomic
events.

INTRODUCTION

Fidelity of gene expression is an important determinant of
cellular homeostasis. Errors of transcription or translation
can lead to formation of non-functional or toxic proteins
which disrupt cellular fitness, multiply the energy waste, and
increase the costs of quality control in the cell (1). One ma-
jor type of errors is substitution of a correct amino acid
encoded by the mRNA by an incorrect amino acid (mis-
sense errors). Missense errors can arise during transcrip-
tion caused by the mistakes of the RNA polymerase or
by mRNA derivatization (2). Alternatively, errors can arise
during translation due to either charging a tRNA with an

incorrect amino acid or to misreading of an mRNA codon
by an incorrect aminoacyl-tRNA on the ribosome. Tran-
scription and translation machineries make very few mis-
takes due to intricate selection mechanisms that allow their
active sites to select the correct, and reject incorrect, sub-
strates. Amino acid substitutions may lead to incorrectly
folded proteins (3-5) that are recognized by the cellular
quality control systems which remove misfolded proteins
(1,6). As a result, the steady-state error frequency in the
cell reflects the balance between error-making and error-
removing processes.

Despite the eminent importance of translation errors for
understanding cellular fitness and evolution, a comprehen-
sive catalogue of error frequencies for different codons,
types of substitutions or different protein contexts is not
available. So far, the sensitivity of the available analyti-
cal methods limits the quantification depth, which sets the
lower limit to measured missense error frequencies. Early re-
ports quantified error frequencies in vivo based on the mis-
incorporation of a radioactive amino acid into a protein
that normally lacks this amino acid (e.g. Cys into the Cys-
free flagellin (7) or L7/12 (8)). Alternatively, error frequen-
cies were estimated using reporter systems that measure
how the activity of an enzyme with deleterious mutations
is restored by amino acid substitutions reverting it to the
wild-type sequence (e.g. in B-lactamase (9), chlorampheni-
col acetyl transferase (10), B-galactosidase (11), luciferases
(12,13) or green fluorescent protein (14)). These estimations
of the overall error frequency in the cell, together with the
direct quantification of the transcription errors, suggested
that mRNA decoding on the ribosome is the most error-
prone step in gene expression (with an error frequency of
about 107°-1073%), whereas transcription is more accurate
(107°-1073) (reviewed in (1)). When used to estimate how
many miscoded proteins are produced, an error frequency
of 1073 translates into a prediction that about 30% of cel-
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lular proteins will have at least one error (assuming an av-
erage protein length of 300 amino acids). This means that
cells have to cope with a high error load, which has evolu-
tionary and medical implications (1). However, the reporter
assays used so far are restricted in the choice of model pro-
teins, positions and types of amino acid substitutions and
limited sensitivity. In addition, these assays rely on the over-
expression of the reporter protein, which may activate cellu-
lar stress responses leading to altered error rates, and limit
the choice of the model organism to strains that allow pro-
tein overexpression.

Mass spectrometry is routinely applied to detect low
level sequence variants in proteins, such as used in qual-
ity control of biopharmaceutical products (15,16). Recently,
mass spectrometry was also used to quantify error fre-
quencies in model proteins (17-19) or proteome-wide in
cell lysates (BioRxiv: https://doi.org/10.1101/255943) in Es-
cherichia coli and Saccharomyces cerevisiae. These studies
identified a set of frequent errors which can be classified into
two major classes. One class entails highly abundant substi-
tutions induced by various types of stress, such as the in-
corporation of non-proteinogenic amino acids (19), protein
overexpression in combination with suboptimal mRNA
codon usage, aminoglycoside treatment (BioRxiv: https://
doi.org/10.1101/255943), or mutations in the protein syn-
thesis machinery (20). In these cases, the error frequency
can reach 10%, as observed for norvaline incorporation in-
duced by an error-prone Leu-tRNA synthetase (20). Errors
are also abundant in some organisms such as Microsporidia
or Ascoidea asiatica which have elevated miscoding levels in
comparison to classical model organisms (21,22).

The second class of errors comprises stress-independent
amino acid substitutions reflecting the basal level of errors
that escaped the cellular correction mechanisms. The most
prominent members of this class are substitutions that have
a G-U mismatch in the codon-anticodon helix, such as
Gly (GGC) — Asp, Val (GUU) — Ile or Arg (CGC) —
Gln (17) (BioRxiv: https://doi.org/10.1101/255943). The er-
ror frequency for this class is ~10~4~1073, consistent with
the results of reporter assays (11). The G-U base pair can
adopt a Watson-Crick-like geometry due to tautomeriza-
tion and thus escape shape discrimination used by the ri-
bosome to distinguish between correct and mismatched
codon—anticodon base pairs (23). G-U mismatches can pass
the initial selection phase during ribosome decoding (24),
but are rejected at the proofreading phase (25). Alterna-
tively, these errors can be attributed to erroneous transcrip-
tion, because the corresponding C— U replacement rep-
resents an error hotspot (26) due to preferential cytosine
deamination (2).

Notably, even the most complete mass spectrometry
datasets comprise only a small subset of all possible amino
acid substitutions (17) (BioRxiv: https://doi.org/10.1101/
255943). It is unclear whether this reflects technical limita-
tions of common data dependent acquisition approaches or
a low cellular error frequency. Thus, new specialized work-
flows are needed to detect rare misreading events. Here, we
introduce a mass spectrometry workflow for deep Quantifi-
cation of Rare Amino acid Substitutions (QRAS). We com-
bined chromatographic enrichment of peptides that contain
amino acid substitutions with targeted mass spectromet-
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ric approaches to overcome the dynamic range restrictions.
This allowed us to probe the high-fidelity regions on the er-
ror frequency landscape and thus to draw a more compre-
hensive map of misreading errors.

MATERIALS AND METHODS
AQUA peptides

Chemicals were purchased from Merck or Sigma Aldrich if
not stated otherwise. Chemicals used for chromatographic
separation were of HPLC/MS grade. All protein and pep-
tide handling was performed in low retention reaction
cups (Eppendorf). Quantified heavy isotope-labeled AQUA
peptides (5 wM) were purchased from Thermo Scientific.
AQUA peptides for the quantification of correct peptides
were Ultimate grade with a guaranteed concentration er-
ror <5%; AQUA peptides for the quantification of missense
peptides were QuantPro grade with a guaranteed concen-
tration error <25%.

Bacterial strains and cell growth

EF-Tu (wild type) was prepared from E. coli MRE-
600 (ATCC29417) purchased as freeze-dried pellet from
UAB School of Medicine, Birmingham, AL, USA. Cells
were grown in enriched medium and harvested at mid-
logarithmic growth phase. E. coli BL21 (DE3) (Merck Mil-
lipore) strain was used for the overexpression of EF-Tu
and EF-Tu mutants. For overexpressed EF-Tu, tufA gene
from E. coli BL21(DE3) was cloned into the expression vec-
tor pet24(+)(kanamycin resistance cassette, C-terminal His-
tag; Novagen) using Ndel and Xhol. Cells were grown at
37°C in Terrific broth medium in a Biostat B-plus 5 L fer-
menter (Sartorius) in the presence of 30 wg ml~! kanamycin
(Serva Electrophoresis). Protein expression was initiated at
~0.7-0.8 ODygo by addition of I mM IPTG (Roth) for 2
h and cells were harvested by centrifugation after 4 h of
induction. E. coli W3110 (K12) (Deutsche Sammlung von
Mikroorganismen und Zellkulturen) was used to generate
the chromosome-encoded C-terminally His-tagged EF-Tu
(27). Cells were grown in LB medium at 37°C up to ~1
ODygo and harvested by centrifugation. For DDA analysis
cells were grown to 0.3 ODyg and treated with streptomycin
(4 pM) for 2 h.

EF-Tu purification

Cells for the purification of EF-Tu without an affinity tag
were resuspended and lysed in buffer A (50 mM HEPES-
KOH pH 7.5, 50 mM KCI, 10 mM MgCl,, 5 mM B-
mercaptoethanol, containing Complete Protease inhibitor
(1 tablet per 50 ml, Roche Diagnostics) and traces of DNase
I (Sigma Aldrich)). Cells were lysed using the EmulsiFlex
C3 (Avestin). Cell debris were removed by centrifugation.
Lysate was loaded on a HighTrap Q HP anion exchange col-
umn (5 ml, GE Healthcare) and eluted using a salt gradient
in buffer B (5-400 mM KCl in 25 mM HEPES-KOH pH
7.5,3mM MgCl,, 5 mM B-mercaptoethanol, 30 uM GDP).
EF-Tu-containing fractions were applied to two sequential
purification steps by SEC (HiLoad 26/60 Superdex 75, prep
grade, GE Healthcare). EF-Tu-containing fractions were
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pooled, re-buffered into buffer C (50 mM HEPES-KOH
pH 7.5, 50 mM KCI, 10 mM MgCl,), concentrated, and
stored at —80°C.

Cells for His-tagged EF-Tu purification under native con-
ditions were solubilized in B-PER reagent (Thermo Sci-
entific) supplemented with 200 mM KCI, 3 mM MgCl,,
Complete Protease inhibitor (1 tablet per 50 ml, Roche
Diagnostics), 30 puM GDP, 5 mM B-mercaptoethanol
and traces of DNase I (Sigma Aldrich). Solubilized cells
were sonicated for 1 min and cell debris were precipi-
tated by centrifugation. EF-Tu was purified using Ni-IDA
Protino columns (Macherey-Nagel) according to manufac-
turer’s protocol. EF-Tu was stored in buffer D (50 mM
Tris—-HCI pH 7.5, 70 mM NH4Cl, 30 mM KCIl, 7 mM
MgCl,) at —80°C. For DDA analysis His-tagged EF-Tu
(chromosome-encoded) was purified under denaturating
conditions in urea. Cells were opened in buffer E (25 mM
HEPES-KOH pH 7.5, 8 M urea, 200 mM KCI, 10 mM
MgCl,, 5 mM B-mercaptoethanol) by sonification. Affinity
purification was carried out using a Protino Ni-IDA col-
umn according to manufacturer’s protocol. After elution,
the sample complexity was further reduced by running EF-
Tu on a 15% SDS-PAGE. The EF-Tu band was excised and
proteolysed as described by Shevchenko et al. (28), except
that n-methylmaleimide was used for alkylation instead of
iodoacteamide.

In-solution proteolysis

For proteolysis of EF-Tu prepared under native conditions,
EF-Tu (3000-100 000 pmol) was precipitated overnight
with 5 volumes of ice-cold acetone at —20°C. Protein
was collected by centrifugation, washed with ice-cold 80%
ethanol and the pellet dried. EF-Tu was resuspended in 1%
RapiGest (Waters) in 25 mM NH4HCOj3 and incubated for
10 min at 37°C. Disulfide bonds were reduced by addition
of 20 mM DTT (in 25 mM NH4HCO3) in two incubation
steps, at 60°C for 10 min and at 37°C for 20 min. Alkyla-
tion of thiols was performed in 30 mM iodoacetamide (in
25 mM NH4HCO3) and incubating the sample at RT for 30
min in the dark. RapiGest in the sample was diluted to 0.1%
with 25 mM NH4HCOj;. Trypsin (1 pg/pl) (Trypsin Gold,
Promega) was added to the sample (final concentration 0.01
wng/pl) and EF-Tu proteolysed overnight at 37°C.

Data dependent aquisition

LC-MS/MS analysis was performed on a nanoflow lig-
uid chromatography system (Ultimate 3000RSLC, Thermo
Fisher Scientific) coupled to an Orbitrap Fusion mass spec-
trometer (Thermo Fisher Scientific). Samples were desalted
on a self-packed reversed phase C-18 pre-column (20 mm x
0.1 mm inner diameter, Reprosil-Pur C18-AQ 5 pm resin,
Dr. Maisch). Peptide separation was carried out on a self-
packed RP C18 analytical column (100 mm x 0.05 mm in-
ner diameter, ReproSil-Pur C18-AQ 3 wm resin, Dr Maisch)
packed into a Silica Tip emitter (FS360-50-8-N, New Ob-
jective). Peptides were separated using a segmented linear
gradient of 6.4-72% acetonitrile over 88 min using 0.1%
formic acid as ion pair reagent at a flow of 300 nl/min.

Acquisition was performed using two acquisition
schemes to maximize identifications while keeping consis-
tent quantification. Quantification runs were performed
in positive ion mode and a top 5 method with four micro
scans per MS spectrum was applied. MS survey spectra
were acquired at a resolution of 120 000 FWHM in the
range of 350-1500 m/z. Precursors with charge states z
= 2-7 that reached the intensity threshold of 5.0e* were
selected for fragmentation. Ions with unassigned charge
states were excluded from fragmentation selection. Masses
of fragmented precursor were dynamically excluded for
30 s. Higher energy collisional dissociation (HCD) with
a normalized collision energy setting of 35% was applied
for peptide fragmentation and fragments were detected
in the ion trap. To gain additional identifications that are
aligned to the quantification runs, identification runs using
the same gradient were performed. Identification runs were
acquired at a resolution of 120 000. Precursors with the
charge states z = 2-7 that reached the intensity threshold
of 5.0e® were selected for fragmentation in the top speed
mode. Masses of fragmented precursor were dynamically
excluded for 15 s. HCD with a normalized collision energy
setting of 35% was applied for peptide fragmentation and
fragments were detected in the ion trap. Proteolysed EF-Tu
from Str-treated and untreated samples was analyzed in
four technical replicates using the quantification method.
The quantification runs were complemented with two
identification runs of the Str-treated sample. To avoid carry
over of Str-induced missense peptides untreated replicates
were analyzed before treated replicates and identification
runs.

Acquired raw data were processed using MaxQuant soft-
ware (version 1.5.5.1) (29). We constructed two sequence
databases to allow for systematic detection of sequence vari-
ants. In the first search the sequence database contained all
proteins that in sum contributed to >99.9% of all iBAQ
values and a file with 248 common laboratory contami-
nants. In the main search the EF-Tu peptide sequences with
all possible amino acid substitutions were included in the
database. Leucine and isoleucine were considered to be the
same amino acid. The main search mass tolerance was set
to 20 ppm. N-methylmaleimide was used as fixed modifi-
cation. Peptide identifications were filtered using a target-
decoy approach at a false discovery rate of 0.01. In many
cases, several peaks in one run or varying peaks in differ-
ent chromatographic runs were identified as the same mis-
sense peptide. To achieve consistent quantifications the data
were further analyzed using the Skyline software (30). Max
Quant IDs were imported and the MS signal of the precur-
sor ions (z = 2-5) of correct and missense EF-Tu peptides
were extracted at a resolution setting of 60 000. Substitu-
tions were considered to be identified by the globally high-
est scoring identification and the corresponding peaks were
integrated in the same elution window in every chromato-
graphic run. All significantly populated, interference-free
charge states were integrated and summed up to one inte-
grated MS signal. Two cognate tryptic peptides and their
corresponding missense peptides were excluded from anal-
ysis for the following reasons. One peptide was lost dur-
ing data acquisition due to instability. The other showed
poor chromatographic properties and eluted over several



minutes. In addition, atryptic peptides, missed-cleaved pep-
tides, and identifications with non-integratable MS signals
or inconsistent isotope patterns were excluded from analy-
sis. In ambiguous cases, amino acid substitutions were in-
terpreted as results of near-cognate misincorporations. Be-
cause the integration borders in Skyline may differ from the
MaxQuant retention times, the average idotproduct (>0.8)
and the mass accuracy (delta mass < 10 ppm) of the Str-
induced samples were used as cut-off filters to reduce the
number of false positives. In some cases individual features
were assigned to different isobaric amino acid substitutions
(e.g. N—>Q, D—E, V—L/I). Because such regioisomers of-
ten co-elute and lead to chimeric spectra, this problem is
hard to resolve in DDA approaches. However, a stricter fil-
tering that assigns the features only to the highest-scoring
identification would reduce the number of identifications
and thus strengthen the notion that DDA datasets are in-
complete while all other conclusions would be not effected.
The integrated MS signals of treated and untreated samples
were compared by a one-tailored t-test. For better compari-
son all MS signals were normalized to the median MS signal
of the correct EF-Tu peptides.

Targeted mass spectrometry

Selected reaction monitoring (SRM). Samples were ana-
lyzed on an Easy nLCII Nano LC or Ultimate 3000RSLC
system coupled to a TSQ Vantage or TSQ Quantiva triple
quadrupole mass spectrometer (Thermo Fisher Scientific).
Peptides were separated using an in-house packed col-
umn (14 cm length, 50 wm inner diameter, packed with
Reprosil-Pur 120 C18 3 wm material) at 50°C or Acclaim
PepMapRSLC (15 cm length, 75 wm inner diameter, 2 pm
RP18 material) and eluted in a 45 min linear gradient from
5% acetonitrile with 0.1% formic acid to 50% acetonitrile
with 0.1% formic acid at 0.3 wl/min flow. Q1 was set to unit
resolution 0.7 Full Width at Half Maximum (FWHM) ex-
cept for non-cognate peptides analysis where it was set to 0.5
to reduce interference. A spray voltage of 1800 V (TSQ Van-
tage) and 2100 V (TSQ Quantiva) was used with a heated
ion transfer tube setting of 270°C (TSQ Vantage) and 325°C
(TSQ Quantiva), respectively. The declustering voltage was
kept at 10 V (TSQ Vantage) and a Chromfilter setting of
4 (TSQ Vantage) or 3 (TSQ Quantiva). Collision energies
were optimized as described elsewhere (30). Scheduled tran-
sitions were recorded in a 5 min window and a cycle time of
3 s (TSQ Vantage) or 1s (TSQ Quantiva) was applied, typi-
cally resulting in dwell times of 100-200 ms per transition.

The open source program Skyline version 3.5 was used
for the SRM method set up and results analysis (30). For
each peptide of the SRM method, the predominant charge
state of the precursor was experimentally assessed and 3—
S transitions per peptide were chosen (31) (Supplementary
Table S5). For data analysis, raw files were imported into
Skyline that automatically calculates the area under each
transition peak to yield the light/heavy ratio for each pep-
tide. To achieve high identification reliability, only peptides
with a ratio dot-product (rdotp) close to 1 were considered
and the light/heavy ratio of each peptide was ultimately
used to calculate the error frequency.
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Parallel reaction monitoring (PRM ). The identity of en-
riched peptides was further verified by targeted selected
ion monitoring (tSIM) and parallel reaction monitoring
(PRM) on a QExactive Plus mass spectrometer (Thermo
Fisher Scientific). Peptides were separated by a 58 min lin-
ear reversed phase gradients from 5% acetonitrile with 0.1%
formic acid to 50% acetonitrile with 0.1% formic acid on in-
house packed columns (28 cm length, packed with Reprosil
1.9 pm C18 material) at 60°C. Eluted peptides were sprayed
by an ESI-source set at 2400 V and capillary temperature
275°C in a Q-Exactive Plus mass spectrometer and t-SIM
method was set at resolution 70 000, AGC target Se*, maxi-
mum injection time 70 ms and scan range 150-2000 m2/z and
a 3.0 m/z isolation window. PRM method was set at a reso-
lution of 35 000, AGC target 1e®, maximum injection time
300 ms and isolation windows of 0.4 m/z. Raw files were
analyzed using Skyline software. MS1 and MS/MS filtering
settings were set at a 60000 m/z and 35 000 m/z resolving
power, respectively.

Multidimensional chromatography. For absolute quantifi-
cation of correct peptides the final volume of tryptic digest
was determined. 2 wl of the digestion mixture were diluted
1:20 with 5% acetonitrile with 0.5% formic acid and mixed
with varying ratio of cognate AQUA Peptides 1-4. The ra-
tios of endogenous: AQUA peptides were determined by
SRM on TSQ Vantage or TSQ Quantiva mass spectrome-
ter in triplicate (see below for details). The ratios calculated
for each peptide were averaged and used to determine the
amount of digested EF-Tu.

The tryptic digest was spiked with substoichiometric
amounts of AQUA peptides containing the amino acid
substitutions of interest (AQUA: proteolyzed EF-Tu was
1:1000-10 000). Normally 10-15 missense peptides were
quantified in a single enrichment. Prior to enrichment,
RapiGest was degraded by incubating the sample at acidic
pH for 30 min at 37°C and its hydrolytic by-products re-
moved by centrifugation. To remove any particles, the su-
pernatant was filtered using Costar Spin-X Centrifuge Tube
Filter 0.45 p.m Cellulose Acetate and lyophilized in a Speed-
Vac vacuum concentrator. Peptides were dissolved in 200
pl 20% acetonitrile with 0.1% formic acid and separated by
size-exclusion chromatography (SEC) on a Superdex Pep-
tide 10/300 GL column in an isocratic HPLC run (20% ace-
tonitrile with 0.1% formic acid; 0.8 ml/min flow, fraction
size 0.4 ml) as a first chromatographic dimension. For large
amounts of EF-Tu (>15000 pmol) 2-3 SEC runs were nec-
essary to fractionate the entire digest. From fractions ex-
pected to contain target peptides, an aliquot was taken and
diluted 1:5 with 0.1% formic acid to dilute the final con-
centration of acetonitrile and analyzed by SRM. Depend-
ing on the peptides” distribution, 1-3 fractions were pooled
and lyophilized. Peptides were redissolved in 10 mM ammo-
nium acetate in 2% acetonitrile and separated by reversed
phase chromatography at neutral pH in the second dimen-
sion (33) using a LiChrospher WP300 RP-18 (5 wm) col-
umn. Peptides were eluted with a 2-82% acetonitrile gra-
dient in 10 mM ammonium acetate in 45 min run and 0.8
ml/min flow; fraction size 0.8 ml. The elution time for each
peptide was established in an independent chromatographic
run performed with AQUA peptides alone, by screening
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each fraction by SRM or MALDI analysis. The respective
fractions from the second dimension were selected accord-
ingly, lyophilized and resuspended in 50 w1 5% acetonitrile
with 0.1% formic acid. Missense peptides were either quan-
tified or further enriched in a third chromatographic sepa-
ration (reversed phase chromatography at acidic pH). Pep-
tides were eluted from a LiChrospher WP300 RP-18 (5 wm)
column with a 0-65% acetonitrile gradient in 0.1% trifluo-
roacetic acid in 65 min run and 0.8 ml/min flow; fraction
size 0.8 ml.

RESULTS

Amino acid substitutions quantified by data dependent acqui-
sition (DDA)

We first estimated the missense error frequencies by DDA
mass spectrometry in a bottom-up approach (Figure 1
and Supplementary Figure S1). To achieve the maximum
coverage for rare missense peptides, we selected a model
protein, elongation factor Tu (EF-Tu), as a highly con-
served and highly abundant E. coli protein (Supplementary
Figure S1A). EF-Tu is an essential GTPase that delivers
aminoacyl-tRNA to the ribosome. EF-Tu is easy to purify
in large quantities without a tag or with a C-terminal His-
tag that does not interfere with its function (32), including
translation fidelity (25,33). The use of a model protein de-
creases sample complexity and allows utilizing the full dy-
namic range of quantifications.

To identify missense peptides, purified EF-Tu was di-
gested with trypsin and peptides were analyzed by LC-
MS/MS. Data were analyzed with MaxQuant software
(29,34) and searched against a database that contained the
correct native EF-Tu peptide sequences and all possible
amino acid substitutions. Identifications with appropriate
delta mass shifts were considered to represent peptides with
amino acid substitutions (missense peptides). Extracted ion
chromatograms (XICs) of missense peptides were manu-
ally integrated by MS1 filtering using the Skyline software
(30,35). Error frequencies were estimated as the ratio of
XICs of missense peptides to the median of XICs of cor-
rect peptides (Supplementary Table S1).

One caveat of this type of analysis is the prevalence
of false positives caused by difficulties in distinguishing
whether peptides of the expected delta masses originate
from degradation or posttranslational modifications, rather
than from true missense amino acid substitutions. The com-
parison with predicted fragmentation spectra and retention
times, the use of additional fragmentation techniques, or
simply the removal of known false positives can help to cu-
rate the dataset (reviewed in (16)). Alternatively, error fre-
quency of gene expression can be altered, e.g. by antibiotics
which increase miscoding. This increases the abundance of
true missense peptides, but does not affect the frequency of
false positives, allowing to distinguish between false posi-
tives and true missense peptides in the score-based peptide
identification.

We used the latter approach and modulated the error fre-
quency experimentally by adding the misreading-inducing
aminoglycoside antibiotic streptomycin (Str) to the growth
medium. Str binds to the decoding center of the ribo-
some and impairs its ability to discriminate between cog-

nate tRNAs that fully match the codon and near-cognate
ones with a single mismatch in the first, second, or third po-
sition of the codon—anticodon helix. As expected, treatment
of E. coli cells with Str did not affect the peak intensities of
the correct EF-Tu peptides (Figure 1A), but increased the
abundance of missense peptides. Str-induced missense pep-
tides have a higher mass accuracy (<Appm, Supplemen-
tary Figure S1B) and a closer to expected isotope pattern
(>ion-dot products, Supplementary Figure S1C) than those
that do not respond to Str treatment. Database search and
data annotation revealed 558 missense peptides for EF-Tu
(Figure 1A, Supplementary Table S1). Amino acid substi-
tutions isobaric to peptide modifications due to common
degradation reactions (such as deamidation, oxidation or
fragmentation, see Supplementary Table S4) were in most
cases not affected by Str (Figure 1B). Therefore, missense
peptides with the same mass as false positives were ex-
cluded by this approach. About 50% of peptides that were
not induced by Str had substitutions that appeared to arise
from non-cognate tRNA recognition, i.e. with more than
one mismatch in the codon-anticodon complex. As non-
cognate tRNAs are normally rejected by the ribosome very
efficiently (36), this type of amino acid substitutions more
likely represents false positives or amino acid substitutions
that were introduced at different steps of protein synthe-
sis such as misacylation by tRNA synthetases (37); as ex-
pected, they were not upregulated by Str treatment. In con-
trast, among the missense peptides that were induced by
Str (122) only <5% were non-cognate (Figure 1A). Among
the Str-upregulated missense peptides, 46 were due to first-
position codon—anticodon mismatches, 24 to the second po-
sition mismatches, 34 to third position mismatches, and 12
were of ambiguous origin. When the number of identifi-
cations was normalized by the distribution of all possible
substitutions based on the sequence of EF-Tu, errors due
to third-position mismatches were overrepresented, consis-
tent with recent report (BioRxiv: https://doi.org/10.1101/
255943) (Figures 1A). Identifications corresponding to non-
native peptides were found at a ratio of 107> to 10~! to
the respective correct peptides, which covers the entire dy-
namic range of the mass spectrometer (38,39), whereas the
frequency of true miscoding events was below 1073, Of
note, basal level of F—L/I errors is relatively high, in the
range of 10, which compares well with error frequencies
expected from the in vitro experiments, 10°-1073 (40). While
Str-induced errors are due to mistranslation, the basal error
in the absence of antibiotic is more difficult to assess, and
can represent the combination of errors at any step of gene
expression together with the activity of quality control ma-
chinery, or even chemical noise of mass-spectrometry mea-
surements. Thus, quantifications of the basal error frequen-
cies in the DDA setup should be considered as an upper
limit for the corresponding amino acid substitution.
Surprisingly, amino acid substitutions introduced by G-
U mismatches in the codon—anticodon complex, i.e. with
G in the mRNA read by a tRNA that has a U in the
anticodon instead of a canonical C, which were reported
to be the main source of translation errors (11,17,23,25),
did not increase upon Str treatment (Supplementary Figure
S1D). Similarily, most U-G mismatches (U in the codon)
were not induced by streptomycin. Only Y—H substitu-
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tions resulting from a U-G mismatch in the first codon po-
sition of a UAU/C codon, were systematically affected by
Str treatment. To demonstrate that errors based on G-U
mismatches do exist in the cellular proteome of the refer-
ence strain MG1655, we quantified the frequency of Arg to
His (R—H) substitutions, which result from a G—U mis-
match at the second codon position; the G-U base pair
tautomerization is particularly well tolerated at this posi-

tion (41) (Supplementary Figure S1E). The R— H error fre-
quency did not change within the tested range of Str con-
centrations, whereas frequency of Y—H (U-G mismatch
at the first position) and other unrelated missense errors
(e.g. E=>D and R—C) increased by almost 10-fold. We ob-
served that the R— H error frequency is modulated by mu-
tations in ribosomal proteins that render ribosomes either
hyper-accurate or error-prone (Supplemenatry Figure S1F)
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supporting the notion that G-U misreading occurs dur-
ing the decoding step. Comparison of translation errors in-
duced by streptomycin or by mutations in ribosomal pro-
teins reveals that G-U mismatches and second position U-
G mismatches are relatively unaffected by Str treatment but
are induced by ribosomal mutations. In contrast, decod-
ing involving first position U-G mismatches such as Y—H,
S—P and C—R can be strongly affected by streptomycin
(Supplemental Figure 1G). We then tested whether other
aminoglycoside antibiotics that affect fidelity increase G—
U misreading. Neamine, ribostamycin, and paromomycin,
which also bind to the decoding center and impair the abil-
ity of the ribosome to discriminate between cognate and
near-cognate tRNAs, strongly induced R—H errors (Sup-
plementary Figure S1H), in agreement with earlier studies
((42) and BioRxiv: https://doi.org/10.1101/255943). In sum-
mary, these results show that, in agreement with recent re-
ports (43), the details of decoding involving G-U and U-G
mismatches at different positions in the codon—anticodon
helix differs in detail. They also underscore differencial er-
ror profiles of various aminoglycoside antibiotics, which can
be rationalized by their different error-induction mecha-
nisms (44).

Similarly to the most comprehensive datasets ((18) and
BioRxiv: https://doi.org/10.1101/255943), coverage of mis-
sense peptides in our DDA analysis is rather limited. Out
of > 1500 possible individual near-cognate amino acid sub-
stitutions (calculated for sequences of the peptides ana-
lyzed) only 304 were observed, while 48 types of amino
acid substitutions, e.g. C—Y, R—G, H—P or M—V, were
not observed for any of the possible positions in the EF-
Tu sequence. Among the 304 near-cognate substitutions se-
quence variants that are isobaric to common degradation
products such as oxidations or deamidations (e.g. A—S
and N—D) were overrepresented and could be detected
for almost each position. Together with the fact that only
116 near-cognate substitutions are induced by Str treat-
ment, this indicates that the true missense peptides cover-
age is even smaller. These qualitative considerations are sup-
ported by the integrated peak intensities (XICs) of the Str-
responsive amino acid substitutions. Half of the identified
peptides detected in the presence of Str could not be quan-
tified in the samples without Str treatment, indicating that
their cellular levels either are obscured by noise or are out-
side of the dynamic range of the instrument (Figures 1B and
C). Thus, a systematic analysis of error frequencies by si-
multaneous quantification of correct and incorrect peptides
in the linear dynamic range of current mass spectrometers
using DDA does not appear feasible even for purified pro-
teins.

The QRAS workflow

To overcome the limitations in the detection of miscod-
ing events by DDA, we developed a workflow in which
missense peptides are chromatographically enriched (Fig-
ure 2A). Correct and missense peptides are quantified in-
dependently of each other before and after enrichment, re-
spectively. First, the amount of correct peptides is deter-
mined by selected reaction monitoring (SRM, reviewed in
(31)) using four isotopically labeled Absolute QUAntifica-

tion (AQUA) peptides of known concentration (45) (Fig-
ure 2B). Then, missense AQUA peptides containing amino
acid substitutions are spiked into the digest at substoichio-
metric amounts and missense peptides are enriched in se-
quential chromatographic steps (Figure 2A and Supple-
mentary Figure S2A). In the first chromatographic dimen-
sion, peptides are separated by size-exclusion chromatogra-
phy (SEC). Fractions are screened by MALDI/SRM anal-
ysis targeting the missense AQUA peptides. Target missense
peptides are further purified by reversed phase chromatog-
raphy (RP) at neutral pH. Depending on the sample com-
plexity, target peptides are either quantified or further en-
riched in a third RP step at acidic pH. Because the subse-
quent chromatographic steps are at least partially orthogo-
nal (Supplementary Figure S2B), sample complexity is step-
wise reduced (Figure 2C and Supplementary Figure S2C).
Typically, after the multidimensional enrichment all highly
abundant correct peptides were removed and the target mis-
sense AQUA peptides were enriched by >1000-fold, which
made them very abundant in the sample fraction.

After enrichment, missense peptides were quantified by
SRM analysis (Figure 2D and Supplementary Figure S3)
and error frequencies were calculated as the ratio between
of the missense and the correct peptides. The identity of
the target peptide was ensured by co-elution and the iden-
tical fragmentation pattern of the endogenous and AQUA
target peptide and was further validated by high-resolution
MS and MS/MS spectra (Figure 2E, Supplementary Fig-
ures S2F and S4). In those cases where the MS and MS/MS
spectra were ambiguous, we used the more selective par-
allel reaction monitoring (PRM, reviewed in (46)) (Sup-
plementary Figure S5). The strong reduction of the sam-
ple complexity eliminated most interferences and allowed
us to apply larger amounts of target peptides leading to
higher signal intensities and a lower limit of quantification.
The linear dynamic range of this quantification covered 6—
7 orders of magnitude (Figure 2F). For additional valida-
tion, we controlled all AQUA peptides for contaminations
with unlabeled peptides or interfering peptide derivatives
(Supplementary Figures S4 and S5). We also estimated the
precision and accuracy of quantifications. When error fre-
quencies determined in different digestions of one EF-Tu
preparation were compared, the average coefficient of varia-
tion was ~0.05, suggesting high precision of technical repli-
cates (Supplementary Figure S2D). Because error frequen-
cies vary over several orders of magnitude, such small vari-
ations are negligible and technical replicates were not fur-
ther acquired in favor of biological replicates. Furthermore,
we evaluated the quantitative accuracy of our results us-
ing EF-Tu mutants which contained the target amino acid
substitutions. The resulting missense peptides should ap-
peared in a 1:1 stoichiometry to the correct peptides. Over-
all the average deviation from the accurate stoichiometry
was ~33% without a systematic bias in one direction (Sup-
plementary Figure S2E). Considering the guaranteed accu-
racy of AQUA peptide concentrations (25% in the Quant-
Pro grade (Thermo Scientific) used for missense peptides)
and the correctness of absolute quantification in other stud-
ies (47), this accuracy is expected and is well suited to study
error frequencies that differ over orders of magnitude.
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Injected amounts of AQUA peptides as indicated.

Error frequencies determined by QRAS

We then applied QRAS to determine error frequencies re-
sulting from various types of codon—anticodon mismatches
and at different positions in the protein. First, we se-
lected three positions in EF-Tu (R231, K249 and K314) for
which four missense peptides (R231C, R231H, K249N and
K314N) were identified by DDA (Figure 1 and Supplemen-
tary Table S1); of them, only R231H could be detected in
the absence of Str. Based on the genetic code, 6 near-cognate
mismatches are possible for each position. Thus, a total of
18 missense substitutions should be detected, 17 of which
we were able to enrich and quantify (Figure 3, Suppleme-

natry Figure S3 and Supplementary Table S2). Error fre-
quencies spanned three orders of magnitude from 1077 to
10~*. Consistent with the DDA data (Figure 1C, Supple-
mentary Table S1), R231H is the only amino acid substi-
tution that was abundant enough to be directly detected
(error frequency of 107%), supporting the notion that a
G-U mismatch in the second position is a common source
of codon misreading (11,17,23,25). Error frequencies of all
other 16 substitutions were <107>. We note that the condi-
tions of EF-Tu expression had a significant effect on some
error frequencies. In general, EF-Tu overexpression resulted
in higher error levels; in an extreme case the difference was
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were interferences even after multidimensional enrichment.

two orders of magnitude (K249Q, 3.7 x 1077 versus 3.4 x
103, respectively) (Figure 3). The C-terminal His-tag had
very little effect on error frequency at most positions tested
in EF-Tu.

We then expanded our analysis to non-cognate amino
acid substitutions, as the frequency of such substitutions is
expected to be very low and has never been estimated so
far. We systematically studied all possible substitutions at

one position in EF-Tu, R231. Out of 13 possible R sub-
stitutions to non-cognate amino acids, 11 were tested (A,
D,E.ELN Q, T, V,W,Y). R231M and R231K were ex-
cluded from the analysis, because methionine is reactive and
quantification of R231K would require to use a different
protease. We quantified 7 non-cognate amino acid substitu-
tions (Figure 4, Supplementary Figure S5 and Supplemen-
tary Table S3), while the remaining four substitutions could
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not be detected. The range of error frequencies for such sub-
stitutions was 1077107, i.e. not very different from some
near-cognate substitutions at the same position. Whether
non-cognate amino acids are incorporated during transla-
tion or arise from other steps of gene expression, such as
incorrect tRNA charging (37), remains unclear.

The low error frequencies measured by QRAS for the ma-
jority of positions and types of mismatches may explain the
low missense peptide coverage of in the DDA data. How-
ever, it does not explain why even relatively abundant amino
acid substitutions, e.g. R—H, were not detected for each
position in EF-Tu by DDA. For example, R172H, R231H,
R234H, R263H were detected in DDA, whereas 19 other
R — H substitutions were not detected. To test whether
the position of Arg in the protein sequence affects the ob-
served error frequency, we enriched peptides with the R—H
substitution for 12 out of 23 possible positions in EF-Tu.
The error frequencies varied by more than two orders of
magnitude between 107° and 10~ depending on the Arg
codon and the amino acid position (Figure 5, Supplemen-
tary Figure S3 and Supplemenatry Table S2). The R172H,
R231H and R234H substitutions were relatively abundant
(103-107), consistent with the DDA estimations, whereas
R319H, R328H, R378H and R382H (all located in domain
111 of EF-Tu) were significantly less abundant (1076-1073).
Overexpression of EF-Tu resulted in a consistently higher
error frequency, in some cases up to 1073 (R234H). Thus,
steady-state levels of missense peptides depend not only on
the type of codon—anticodon mismatch, but also on the po-
sition of the amino acid in the peptide sequence and the pro-
tein expression level.

DISCUSSION

We developed the QRAS workflow to quantify very rare
protein sequence variants and to determine steady-state
error frequencies for cellular proteins. The enrichment of
missense peptides by QRAS is conceptually similar to

biomarker approaches (48), which in combination with tar-
geted MS opens a dynamic range encompassing ~7 orders
of magnitude and is also suitable for analysis of rare substi-
tutions in heterogeneous protein mixtures from any strain
or organism. We envisage that QRAS approach can be used
not only to probe the frequency of amino acid substitutions,
but also to study diverse proteogenomic events which are
often predicted by bioinformatics analysis, but need vali-
dation and quantification by mass spectrometry. For most
proteogenomic events such as frameshifting, premature ter-
mination, stop-codon readthrough or alternative splicing
there are no established affinity enrichment workflows and
QRAS might be the only option to detect them. For other
events such as alternative initiation (49) or translation of
pseudogenes (50) or non coding regions enrichment pro-
cedures were reported and QRAS might help for system-
atic and accurate quantifications. QRAS is also applicable
for analysis of post-translational modifications (PTMs), es-
pecially for those cases where no specific PTM enrichment
strategies are available, or when different PTMs should be
analyzed in one sample. QRAS can be also used to bet-
ter control the quality of biotherapeutic products. Differ-
ent impurities such as PTMs or amino acid substitutions
where proposed to cause immunogenicity (15,51) and track-
ing such impurities QRAS might help to improve produc-
tion of biotherapeutics. Another example of a potential ap-
plication is to detect rare splicing variants or amino acid
substitutions in disease variants, e.g. in cancer cells, which
are predicted by DNA or RNA sequencing, but the quantifi-
cation of sequence variants is crucial to better understand
how they drive tumor biology (52).

The combination of co-purification, co-elution, matching
SRM transition ratio with the corresponding AQUA pep-
tide and high resolution MS and MS/MS spectra allows for
high confidence identifications that significantly supersede
other analytical methods that capture only relatively abun-
dant errors and are therefore biased towards higher median
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error frequencies. In contrast to reporter assays (11,12,14)
where low-frequency errors are often lost in the background
noise, QRAS can reliably detect very low amounts of pep-
tides against the unspecific background signal. The dynamic
range can be further expanded by increasing the amount of
starting material and applying more chromatographic sep-
aration steps. In practice, the dynamic range is limited by
the availability of the model protein, the limited choice of
truly orthogonal separations methods, the chemical purity
of AQUA peptides, ionizability of target peptides and the
physicochemical differences between correct and target pep-
tide. In the current work most target peptides differed from
the correct parental peptides by their tryptic cleavage pat-
tern, allowing for a separation by size exclusion chromatog-
raphy. However, even peptides without changes in the tryp-
tic pattern, such as K314R or R328H, could also be effi-
ciently enriched. Because the AQUA peptides as internal
standards help to correct for spray instabilities, matrix ef-
fects and differences in the ionization efficiencies between
correct and missense peptides, QRAS has the potential to be
more accurate than direct label-free quantification. Finally,
QRAS does not require specialized equipment and can be
applied using almost every mass spectrometric setup. A re-
cent review concluded that the diversity of proteoforms can-
not be studied currently due to dynamic range constraints
and that the quantification awaits new analytical technolo-
gies to come (53). QRAS may provide an important step in
this direction.

The limitations of QRAS are (i) the relatively large
amounts of proteins required for the enrichment (due to
high sample loss in chromatographic off-line separations
(54)); (i1) the high cost of precisely quantified AQUA pep-
tides; and (iii) the considerable measuring time required for
fraction screening, which are the main bottlenecks in apply-
ing QRAS for large-scale analysis. To reduce the necessary
measuring time, retention times of missense peptides can
be first determined in reference runs by MALDI-TOF and
then confirmed by SRM analysis in the respective enrich-
ment run. The combination of a semi-preparative HPLC
fractionation with a splitter mediated online LC-MS/MS

detection would further minimize the measuring time. Fur-
thermore, isobaric tagging (e.g. by tandem mass-tagging,
TMT (55)) prior to the multidimensional chromatographic
enrichment would allow analysis of a model protein from up
to ten biological states in a single chromatographic enrich-
ment. This would strongly reduce the required amount of
protein and allow the analysis of comparative experiments,
i.e. time courses or titrations, after a single enrichment.
Moreover, new data acquisition regimes (56,57) might re-
duce the number of necessary enrichment steps while the
use of bi- or triphasic HPLC columns (58)—which combine
different resins in one column—could alleviate sample loss
in multidimensional chromatography.

Using QRAS we determined the in-vivo steady-state level
of amino acid substitutions in the cell. We found a very
broad range of error frequencies (<1077-10~%) including
the lowest ever reported level of substitutions. This is consis-
tent with recent results obtained using specialized reporter
assays which, although constrained by the signal-to-noise
ratio, provided examples of error frequencies of <10~ for
a number of amino acid substitutions (11). Recent in vitro
data also suggest that the error frequency can vary between
1078-1073 (25), implying that translation can be surpris-
ingly accurate. In comparison, the fidelity landscape of tran-
scription is rather uniform and independent of growth con-
ditions and sequence context, with individual error frequen-
cies ranging between 1 x 107% and 5 x 1073 (26). These re-
sults suggest that translation errors are not systematically
more common than transcription errors, in contrast to the
current notion that translation is the most error-prone step
of gene expression.

Notably, some near-cognate substitutions in the steady-
state pool of EF-Tu detected in this work are even less abun-
dant than expected from the error rate of transcription in
vivo (26), which suggests that erroneous proteins may be
efficiently removed from the cellular pool by the quality
control machinery. Amino acid substitutions might destabi-
lize EF-Tu and make it more accessible to proteases. Under
stress conditions—which are expected to increase the error
frequency (16,20,37,59) (BioRxiv: https://doi.org/10.1101/
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255943)—EF-Tu is enriched in cellular aggregates (60,61),
preferentially carbonylated (62,63) and interacts with chap-
erones such as GroEL, IbpB or Hsp33 (64-66). Hsp33 was
reported to guide EF-Tu to Lon-mediated degradation (64),
suggesting that the cell can respond to appearance of aber-
rant proteins by specifically targeting them to degradation.
This also may explain why error frequency is higher for the
overexpressed EF-Tu than for the wild-type and the chro-
mosomally encoded protein, as most strains used for over-
expression lack the Lon protease and might therefore be de-
ficient in quality control. Alternatively, aberrant EF-Tu lo-
cated in aggregates might be removed by asymmetrical seg-
regation (67,68).

We also found that the error frequency varies for differ-
ent positions in EF-Tu. Positions with low error frequencies
cluster at the aminoacyl-tRNA binding interface of EF-Tu
(69), which leads us to speculate that the removal of aber-
rant EF-Tu molecules may depend on their impaired func-
tional activity. For instance, the mutation R378A results in
a 10-fold larger destabilization of the EF-Tu—aminoacyl-
tRNA complex, compared to mutations at positions R59
and R283 (69). Similar qualitative observations of context-
dependent errors were reported for other model proteins
expressed under stress conditions, and the effect was at-
tributed to differences in protein stability (19) or in the lo-
cal lower accuracy of translation due to rare codon clusters
(70). Thus, in the few cases for which quantitative informa-
tion is available, the observed lower fidelity correlates with
a higher complex stability. Proteins that have lost the ability
to bind their interaction partners may be less protected and
therefore easier for proteases to degrade.

In summary, our results suggest that the amounts of
incorrect proteins in the cell are very small, except for
a few hotspots, e¢.g. misincorporations caused by G-U
mismatches (11,17,23) (BioRxiv: https://doi.org/10.1101/
255943). This high-fidelity steady-state proteostasis may
rapidly change under conditions of cellular stress, e.g. due to
protein overexpression or the addition of antibiotics, which
results in the accumulation of miscoded proteins that are
not removed by the quality control machinery. This may
also explain why the reporter assays that monitor activity
of heterologously overexpressed model proteins often show
higher error frequencies. Those relatively frequent errors
can be analyzed by conventional approaches, such as DDA.
In contrast, the QRAS approach provides an insight into
the high-fidelity areas of the cellular error landscape, which
have been not accessible by other methods so far.
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