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Abstract

Macrolide antibiotics, such as erythromycin, bind to the nascent peptide exit tunnel (NPET) of the bacterial
ribosome and modulate protein synthesis depending on the nascent peptide sequence. Whereas in vitro
biochemical and structural methods have been instrumental in dissecting and explaining the molecular
details of macrolide-induced peptidyl-tRNA drop-off and ribosome stalling, the dynamic effects of the
drugs on ongoing protein synthesis inside live bacterial cells are far less explored. In the present study,
we used single-particle tracking of dye-labeled tRNAs to study the kinetics of mRNA translation in the
presence of erythromycin, directly inside live Escherichia coli cells. In erythromycin-treated cells, we find
that the dwells of elongator tRNAP"® on ribosomes extend significantly, but they occur much more seldom.
In contrast, the drug barely affects the ribosome binding events of the initiator tRNA™®!. By overexpress-
ing specific short peptides, we further find context-specific ribosome binding dynamics of tRNAP"®, under-
scoring the complexity of erythromycin’s effect on protein synthesis in bacterial cells.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-

mons.org/licenses/by/4.0/).

Introduction

Ribosome-catalyzed protein synthesis is one of
the most critical processes in any living cell. In
bacteria, several different classes of antibiotics
specifically tarqet ribosomes or translation-related
protein factors.’ Erythromycin (ERY), of the macro-
lide family of antibiotics, targets mostly gram-
positive and a small range of gram-negative bacte-
ria by binding to the nascent peptide exit tunnel
(NPET) (recently reviewed in?). The NPET is a cav-
ity about 100 A long and 1020 A wide, spanning
through the entire large 50S ribosomal subunit. This
tunnel allows the nascent peptide chain to pass
through before getting released to the cytoplasm.®

Structural information on the binding site of ERY
in the ribosome suggested that the drug allows
translation only up to a specific peptide length,
acting as a ‘plug-in-the-bottle.” This hypothesis
was supported by experiments showing

accumulation of peptidyl-tRNA in ERY-treated
cells, and further confirmed by additional in vitro
experiments®® which identified that peptidyl-tRNA
drop-off occurs mostly at codon seven.” However,
in further in vitro studies, it was also shown that
peptidyl-tRNA drop-off is slow, and that, in the con-
text of the particular experiment, a substantial frac-
tion of the ribosomes managed to synthesize the
whole 12 amino acid long peptide in the presence
of the drug.” More recent cryo-EM studies of ERY-
bound ribosomes show that the drug does not
occupy the entire space of the tunnel but could very
well allow nascent peptides to pass.® '° It is now
clear that ERY treatment does not entirely inhibit
translation in E. coli cells, as ~7% of the proteome
is still produced."’ More evidence that ERY modu-
lates translation, rather than blocking it,”> comes
from ribosome profiling experiments, which showed
that even though the highest ribosome density
locates at the beginning of genes, footprints occur
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throughout entire genes. In addition, these experi-
ments also showed that ribosomes systematically
stall only at particular amino acid motifs.'*"®

Hence, from recent methodological advances, a
new picture emerges where the mechanism of
action of macrolide drugs is seemingly much more
complex than the initial ‘plug-in-the-bottle’ model.
In vitro studies,® '°'*" and snapshots of ERY
action inside the cells'®'® suggest sequence-
specific effects of a tunnel-bound drug, including
peptidyl-tRNA drop-off, peptide by-pass (i.e., some
peptides appear to be able to by-pass the bound
macrolide in the tunnel), or nascent chain-
mediated translational arrest. However, the ques-
tions of how all these effects combine inside the cell
and what consequences they have on ongoing pro-
tein synthesis remain open.

In order to understand how ERY affects protein
synthesis dynamics in the context of the living cell,
we applied our recently developed single-particle
tracking approach, where we follow electroporated
fluorescently-labeled tRNAs inside live E. coli
cells.’® By measuring the frequency and duration
of ribosome binding events of elongator [Cy5]
tRNAP"® and initiator [Cy5tRNA™®! in the presence
or absence of the drug, we observe different effects
on the first codons relative to the average codon.
Also, by overexpressing specific short open-
reading frames, with a phenylalanine codon placed
in a crucial position, we study sequence-specific
dynamic effects of ERY on ongoing protein synthe-
sis, at codon resolution in live cells.

Results

Severe effect of ERY on tRNAP"-ribosome
binding dynamics

The effects of ERY on translation elongation
depend on the nascent peptide sequence, where
three alternative scenarios have been reported:
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peptidyl-tRNA drop-off,” nascent chain mediated
translational arrest,’”'® or peptide by-passing of
the drug.”''® In order to investigate the effects of
ERY on ongoing translation elongation in live cells,
we used a tRNA-tracking based approach to mea-
sure the rate of translation elongation directly. We
have previously shown that Cy5-labeled tRNAP"®,
electroporated into E. coli cells, undergo repeated
bindinp%s to ribosomes.’® The dwell-time of [Cy5]
tRNA™® in the slow diffusion state, i.e., ribosome-
bound state, was found to be 100 ms on average.
This result is in line with indirect estimates of a
translation cycling time of 50 ms per codon,?°" pro-
vided that the deacylated tRNA dissociates rapidly
from the ribosomal E site.*”

To investigate the effect of erythromycin on the
average translation elongation cycle, we
electroporated [Cy51tRNAP" into E. coli cells and
placed the cells on a rich-defined medium (RDM)-
agarose pad under the microscope (Figure 1), as
previously reported.'® This time, however, after
the cells had formed micro-colonies (2—16 cells),
we injected a solution of RDM supplemented with
100 pg/ml erythromycin. This ERY concentration
completely inhibits cell growth (Supp Figure S1).
After the treatment, the cells stopped dividing and
developed an elongated phenotype (Supp Fig-
ure S2). After 1 h of incubation, we acquired fluores-
cence movies at 639 nm laser illumination of 150—
250 colonies, along with bright-field and phase-
contrast images. Also, we acquired fluorescence
images at 405 nm laser illumination in order to dis-
tinguish cells with a disrupted cell membrane that
had taken up the dead-cell stain SYTOX blue from
the agarose pad.

We analyzed the fluorescence movies using our
previously reported dot detection and tracking
pipeline.'®?* The positions of fluorophores were
detected in all frames and used to build diffusion tra-
jectories within intact cells (i.e., not SYTOX
stained), segmented based on phase-contrast
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Figure 1. Schematic representation of the experimental method.
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images. The number of trajectory steps obtained
from a single experiment was between 5000 to
10,000. Based on our previous analysis of simu-
lated microscopy data, 5 we know that we need
more than 16,000 trajectory steps to estimate the
underlying binding kinetics of the [Cy5]tRNA with
reasonable precision.'® Hence, we pooled the tra-
jectories from several independent experiments
for further analysis. The total number of trajectory-
steps in the analysis was >25,000 for all experimen-
tal conditions.

In order to estimate the transition frequency of the
labeled tRNAs between different diffusion states,
we employed a Hidden-Markov-Model (HMM)
based approach.'®?* The model size varied from
2 to 10 discrete diffusion states. We selected the
best-fit model using the Akaike Information Criterion
(AIC), and further coarse-grained it to a two-state
model using a threshold of 1 pm?/s as reported pre-
viously.'® The fast state corresponds to free tRNA
and tRNA bound to EF-Tu or the aminoacyl-tRNA
synthetase, whereas the slow diffusion state corre-
sponds to ribosome binding events.'®

By tracking the diffusion of single [Cy5/tRNAP"®
molecules inside cells, we observed that, despite
treatment with a high concentration of ERY, there
are clear binding events of the labeled tRNA to
ribosomes (Supp Movie S1). However, from the
HMM analysis, we also conclude that the average
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dwell-time of [Cy51tRNAP™ on ribosomes is
prolonged significantly, from ~100 ms to ~400 ms
(Figure 2(C) and Supp Table S1), in ERY-treated
cells compared to untreated cells. Interestingly,
the bootstrap estimate of the standard error of the
dwell-time is rather high, 20% (vs. 4% in untreated
cells). The larger error might suggest that, during
ERY treatment, there is a much wider variation in
the tRNA dwell-time on ribosomes compared to in
untreated cells, perhaps due to the different
peptide-sequence-dependent effects induced by
the drug.

In addition to the dwell-time of the labeled tRNA
on ribosomes, the HMM analysis also estimates
the occupancy in the different diffusion states, i.e.,
the estimated steady-state fraction of tRNAP"®
bound to ribosomes. When comparing the results
from ERY-treated cells to data from untreated
cells, we find that the slow-state occupancy
decreases from 17% to 8% (Figure 2(B) and Supp
Table S1). Hence, with a four-fold increase in
slow-state dwell-time, but a two-fold lower slow-
state occupancy, we conclude that the total
average usage frequency of tRNAP™ on
ribosomes inside the cells decreases by a factor
of 8 during ERY treatment (Fﬁure 2(D)).

The effect of ERY on tRNA™® binding kinetics to
ribosomes is similar to the effect caused by the
antibiotic chloramphenicol (CHL), studied using
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Figure 2. Effect of ERY on elongator [Cy5tRNAP" binding to the bacterial ribosome. (A) Cartoon representation of
the experimental setup. Using HMM analysis, the occupancy (B) and dwell-time (C) of [Cy5tRNAP"™ bound to
ribosomes were analyzed. The frequency of usage (D) was calculated from the occupancy divided by the dwell-time.
Experiments were performed in the absence of ERY (blue) or 100 ng/ml ERY (orange). Error bars represent bootstrap

estimates of standard errors.
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the same tRNA tracking method®® — both drugs
cause 3- to 4-fold longer dwell-times of [Cy5]
tRNAP"® on the ribosome and 2- to 3-fold lower
occupancies compared to in untreated cells. Both
of these drugs target translation elongation, but in
different ways. Whereas ERY allows the formation
of short peptides, and in some cases even full pro-
teins (reviewed in“), CHL has traditionally been
regarded as a general elongation inhibitor, com-
pletely blocking tRNA accommodation.?>?° Recent
ribosome profiling results®” suggest that CHL also
blocks elongation in a sequence-specific manner,
making it more similar to the macrolide mode of
action. Nevertheless, CHL has a strong impact
already during the first elongation cycle,”®> most
likely due to its binding site at the A-site crevice.
We do not, however, expect such an effect of
ERY in the first elongation cycle, considering its
binding site inside the nascent peptide exit tunnel.

Unperturbed tRNA™¢! usage on
ribosomes in the presence of ERY

To investigate the effect of ERY on the first
translation elongation cycle, we performed tRNA
tracking experiments in ERY treated cells, now
using Cy5-labeled initiator tRNA™®'. In this case,
the dwell-time of the labeled tRNA on ribosomes
reports the time required to finish translation
initiation (i.e., 50S subunit joining) plus the time for
the first elongation cycle.'® As expected, we only
see a minimal effect of ERY on the binding of
[Cy5tRNA™Met o ribosomes. Compared to in
untreated cells, the dwell-time in the slow
(ribosome-bound) state remains unaffected (Fig-
ure 3(C) and Supp Table S1), which is in stark con-
trast to the 4-fold effect on tRNAP"™ bound-state
dwell-time (Figure 2(C)). The occupancy of the
ribosome-bound state increases slightly (Figure 3
(B) and Supp Table S1), with both numbers yielding
a practically unchanged frequency of tRNA™M®
usage (Figure 3(D)). Hence, in line with the current
model for ERY mode of action, we find that the fre-
quency of translation initiation, as well as the first
elongation cycle, are unaffected by the drug.

Context-specific [Cy5]tRNAP"® binding
events in vivo

At the translatome level, ERY treatment affects
elongation strongly in an amino acid sequence-
specific manner. In order to study these
sequence-specific effects of ERY on translation
kinetics, we constructed cell strains
overexpressing short ORFs containing a
phenylalanine (Phe) codon in the position where
we expect to see the specific effect. We then
tracked [Cy5]tRNAP™ in the presence and
absence of ERY in each cell strain.

The expression of the ERY resistance
methylases (erm), which methylate the binding
site of ERY within the ribosomal tunnel, is
regulated by short peptides encoded 5 of the erm
gene. These short leader peptides act as sensors
for the drug, arresting the bacterial ribosome while
translating the leader peptide at a specific codon
in the presence of ERY. This arrest mechanism
induces the expression of a downstream erm
gene, either by transcriptional attenuation,?® or
post-transcriptionally by opening up the down-
stream mRNA secondary structure so that a second
ribosome can translate the erm gene.'”'® The lea-
der peptide ErmDL has been suggested to regulate
the expression of ErmD post-transcriptionally.'®
ErmDL arrests the bacterial ribosome once codon
7 reaches the P-site. This particular Leu codon in
the 7th position can be mutated to a Phe codon
without abolishing the arrest.'® Arrest peptides have
been studied in detail using, e.g., reporter genes,*’
cryo-EM,®° smFRET'® and toe printing.'* However,
the stability of arrest peptides in the context of a liv-
ing cell remains unknown.

In order to investigate the dynamics of ERY-
induced translational arrest inside live cells, we
overexpressed the ErmDL-L7F mRNA (Fi%ure 4
(A)) in cells electroporated with [Cy5]tRNAP™. We
acquired fluorescence movies as described
above, in peptide overexpressing cells with or
without treatment with ERY. The expression of
ErmDL-L7F is regulated by a T7 promoter. Hence,
after induction of the T7 RNA polymerase we
expect that the short-peptide mRNA constitutes
the major fraction of the total mMRNA in the cells.*°

We observe a dramatic effect on [Cy5]tRNAP"®
diffusion in ERY-treated cells overexpressing the
arrest peptide with a Phe codon at the seventh
position. In these cells, ERY-treatment induces a
stall of nearly half of the [Cy5]tRNAP"® on
ribosomes at any given moment (45% slow-state
occupancy, Figure 4(B), and Supp Table S1). This
occupancy can be compared to 8% slow-state
occupancy in the ERY treated background strain
(Figure 2(B)) or 9% occupancy in the
overexpressing strain without ERY treatment
(Figure 4(B)). The HMM-estimated slow-state
dwell-time, 800 ms (Figure 4(C) and Supp
Table S1), is also significantly longer than in the
ERY-treated background strain (Figure 2(C)) or in
the overexpressing strain without ERY-treatment
(Figure 4(C)). However, this extended dwell-time
might still be underestimated considering the
frame time of data acquisition (5 ms) and a mean
trajectory length of ~20 frames.'® Our previous work
using simulated microscopy data showed approxi-
mately 15% underestimation of a known bound-
state dwell-time of 400 ms.'® To investigate this
scenario, we repeated the experiment at a 20 ms
camera frame time. Indeed, the dwell-time of
[Cy5tRNAP" in ERY-treated cells increased to
~7 s while the bound-state occupancy remained
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Figure 3. Effect of ERY on initiator [Cy5]tRNA™®! binding on the bacterial ribosome. (A) Cartoon representation of
the experimental setup. Using HMM analysis, the occupancy (B) and dwell-time (C) of tRNA bound to ribosomes were
analyzed. The frequency of usage (D) was calculated from the occupancy divided by the dwell-time. Experiments
were performed in the absence of ERY (blue) and 100 pg/ml ERY (orange). Error bars represent bootstrap estimates

of standard errors.

C 1000
o
g £
£ % 800 |
5 9
- 2 600
c o
g wv
>
g £ g0}
(]
©
g £
B
S = 200
O 2
EPA site o 0

4THSMRPFRGTI*

ERY

ERY

No drug No drug

Figure 4. ERY arrests the bacterial ribosome on codon 7 while translating the ErmDL peptide. (A) Cartoon
representation of the experimental setup. Using HMM analysis, the occupancy (B) and dwell-time (C) of [Cy5]tRNAP"
bound to ribosomes were analyzed. Experiments were performed by inducing the expression of the T7 transcribed
MTHSMRFRGI* ORF. These cells were untreated (blue) or treated with 100 pg/ml ERY (orange). Error bars

represent bootstrap estimates of standard errors.

similar to that obtained at 5 ms frame time (Supp
Table S1). Our current analysis relies on tracking
of both fast- and slow-diffusing tRNA. Therefore,
data acquisition at longer exposure intervals
becomes difficult, since the resolution of the fast
state is affected. Hence, with our current experi-
mental and analytical tools, we are limited to quan-
tifying tRNA-ribosome binding events not longer
than 1-2 seconds at a reasonable precision, and

we thus, at this point, only make the qualititative
conclusion that the arrested ribosomes are stable
and form long-lasting complexes in the presence
of ERY.

Peptidyl-tRNA accumulates within ERY treated
E. coli cells lacking peptidyl-tRNA hydrolase,* sug-
gesting that ERY induces peptidyl-tRNA drop-off
from the ribosome. Similar conclusions were made
from studies using an in vitro reconstituted transla-
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tion system, identifying codon 7 as the primary
drop-off position.” In order to study the kinetics of
peptidyl-tRNA drop-off using [Cy5tRNAP"® track-
ing, we used a slightly modified version of the first
12 amino acids of the MS2 coat protein® with a
Phe codon at 'g)osition seven in the short ORF.
The [Cy5]tRNA he tracking experiments were per-
formed the same way as with the ErmDL-L7F over-
expressing cells in the previous section.

Based on the HMM analysis of [Cy5tRNAP"®
trajectories in cells overexpressing the MS2CP-7F
peptidyl-tRNA drop-off mRNA, we find that ERY-
treatment results in longer  dwell-time
(330 + 60 ms) of [Cy5tRNAP™ on ribosomes
compared to in untreated cells (210 + 20 ms,
Figure 5(C) and Supp Table S1), a significantly
lower bound-state occupancy (8 + 1 % vs. 20 + 3
%, Figure 5(B) and Supp Table S1) and frequenc1y
of usage (0.25 + 0.05 s ' vs. 0.95 + 0.15 s ',
Figure 5(D)). However, the results are also very
different from those obtained from ERY-treated
cells overexpressing the ErmDL-L7F stalling ORF
(Figure 4), with a much shorter bound-state dwell-
time on the MS2CP-7F mRNA, and a significantly
lower bound-state occupancy. Hence, the results
suggest that in the presence of ERY, the
ribosomes rarely reach the seventh codon of the
overexpressed MS2CP-7F mRNA, and when they
do, the hypothesized peptidyl-tRNA drop-off event
occurs after an average ~300 ms. To corroborate

A
E P A site
MVSNATFAVLVYVD*
C 400
@
£
[]
=
©
2
%]
2
o
-
£
(]
E
=
o
2
(&)

ERY

No drug

this result even further, we modified the coding
region of the mRNA by moving the Phe codon to
the third position, and again performed the [Cy5]
tRNAP™  tracking  experiment in  cells
overexpressing these peptides. As expected,
treatment with ERY had minimal effect on [Cy5]
tRNAP" binding to ribosomes on the third codon
(Figure 6).

Discussion

Here, we present a strategy to study general as
well as peptide-sequence specific effects of ERY
treatment on protein synthesis in live cells. From
single [Cy51tRNA™® and [Cy5tRNAP"® tracking
results in live E. coli cells, we suggest that ERY
slows down the overall protein synthesis rate
(Figure 2(D)) by slowing down the average
elongation cycle (Figure 2(C)), while the first
elongation cycle on mRNAs is barely affected
(Figure 3(C)). These results are in line with
previous reports showing that ERY binds in the
NPET,?>?° and only interfere severely with peptide
bond formation after the nascent peptide has
reached a certain length.”

Our finding of practically unperturbed [Cy5]
tRNA™®! ysage frequency in ERY-treated cells
(Figure 3(D)), concurrent with significantly lower
[Cy5tRNAP"  usage frequency (Figure 2(D)),
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Figure 5. ERY induced peptidyl-tRNA drop-off from codon F7. (A) Cartoon representation of the experimental
setup. Using HMM analysis, the occupancy (B) and dwell-time (C) of [Cy5tRNAP"™® bound to the ribosome was
analyzed. The frequency of usage (D) was calculated from the occupancy divided by the dwell-time. Experiments
were performed by inducing the T7 expressed MVSNATFAVLVD* ORF. These cells were untreated (blue) or treated
with 100 ng/ml ERY (orange). Error bars represent bootstrap estimates of standard errors.
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the T7 expressed MVFNATAAVLVD* ORF. These cells were untreated (blue) or treated with 100 pg/ml ERY
(orange). Error bars represent bootstrap estimates of standard errors.

further suggests that the number of elongation
cycles per initiation event drastically decreases as
a consequence of ERY binding to ribosomes.
These results agree with previous ribosome
profiling data showing a much higher ribosome
density on earlier codons''® and also the notion
of peptidyl-tRNA drop-off as the general effect of
ERY on translating ribosomes. Our results, how-
ever, suggest that ribosomes are rather quickly res-
cued and recycled after these prematurely
terminated translation events, as we would other-
wise see a much lower initiation frequency.

We further investigated, directly in live cells, the
peptide-sequence specific effects induced by ERY
treatment, i.e., nascent chain mediated-
translational arrest, and peptidyl-tRNA drop off. In
order to do so, we overexpressed mMRNAs
encoding short peptides known to induce the
respective effect. The peptide’s overexpression in
the absence of the drug led to up to two-fold
longer dwell-time of [Cy5[tRNAP" on ribosomes
(Figures 4(C), 5(C), and 6(C) vs. Figure 2(C)), and
in one case also to lower bound-state occupancy
(Figure 4(B) vs Figure 2(B)). This slight repression
on translation efficiency has been seen before
(Volkov 2018) and might be due to a general
reduction in tRNA charging levels upon
overexpressing a specific peptide sequence.

Upon ERY treatment of the peptide-
overexpressing cells, the occupancy and dwell-
time of [Cy5]tRNAP" in the ribosome-bound state
changed significantly when the Phe codon was
inserted at the seventh position. In the case of the
arrest peptide (ErmDL-L7F), the occupancy
increased up to 45%, and the dwell-time
increased up to several seconds (Supplemental
Table 1), which is at the limit of our detection.
Thus, we find that these arrested ribosomes are
stable in vivo.

In the case of the proposed peptidyl-tRNA drop-
off sequence, MS2CP-F7, our results show that
the [Cy5]tRNAP"™ occupancy in the ribosome-
bound state decreased while the bound-state
dwell-time increased in the ERY-treated cells
compared to in untreated cells (Figure 5). The
bound-state dwell-time of [Cy5]tRNAP"®, 300 ms
is, however, considerably shorter than what would
be expected from previous in vitro measurements
of ERY-induced peptidyl-tRNA drop-off time in the
order of minutes.” With our experimental setup, it
is challenging to distinguish productive from unpro-
ductive [Cy5]tRNAP" bindings to ribosomes, so the
300 ms average dwell-time detected might repre-
sent a combination of peptidyl-tRNA drop-off and
productive elongation events occurring in the pres-
ence or absence of ERY in the tunnel. However,



A. Carolin Seefeldt, J. Aguirre Rivera and M. Johansson

Journal of Molecular Biology 433 (2021) 166942

we speculate that the dissociation of [Cy5]tRNAP"®
in the MS2CP-F7-expressing cells mainly represent
peptidyl-[Cy5tRNAP" drop-off from the ribosome,
since ERY dissociation from its binding site occurs
on a much longer timescale (approximately three
orders of magnitude’), and since the bound-state
dwell-time of [Cy51tRNAP™ in ERY-treated cells
expressing the ErmDL-L7F arrest peptide is much
higher (Figures 4 and 5). If this is the case, the
question of why peptidyl-tRNA drop-off is so much
faster in vivo (hundreds of milliseconds) than
in vitro (minutes) requires further investigation.
Although the buffer composition in the in vitro exper-
iments performed in reference’ has been shown to
yield in vivo compatible translation rate and accu-
racy,”'®! there might be some additional factor pre-
sent inside the cells increasing the rate of peptidyl-
tRNA drop-off.

Finally, the striking difference in [Cy5]tRNAP"™
usage frequency in ERY-treated cells expressing
the MS2CP-F7 drop-off sequence (Figure 5(D))
compared to when the Phe codon is moved to the
third position (Figure 6(D)) also suggests that few
ribosomes reach codon seven during ERY
treatment. This is in line with previous findings® as
well as with our observation that the usage fre-
quency of tRNAP" is reduced significantly upon
ERY treatmeant (F'\iﬁ;ure 2(D)) whereas the usage
frequency of tRNA™®! is not (Figure 3(D)).

In conclusion, in the present study, we confirm,
directly in live cells, previous in vitro, and indirect
in vivo results regarding the effect of ERY-
treatment on bacterial protein synthesis. In line
with earlier proposals, we find that ERY does not
affect the first few elongation cycles on an mRNA,
whereas the average elongation cycle slows-down
4-fold. We also conclude that ERY-treatment
results in a significantly higher frequency of
translation initiation events relative to elongation
cycles, which probably is a result of ERY-induced
peptidyl-tRNA drop-off and rapid rescue of the
ribosomes. Finally, based on the strikingly
different results from [Cy5]tRNAP"™ tracking in cell
strains overexpressing either of three types of
short peptides, with a Phe codon in seventh
position (Figures 4 and 5) or third position
(Figure 6), we can also conclude that our
technique allows direct context-dependent
measurements of translation elongation kinetics at
codon resolution in live cells. Hence, we are
optimistic that our method opens up for detailed
measurements of mRNA-, codon-, or peptide-
sequence-specific effects on translation kinetics in
live cells, in the presence or absence of antibiotic
drugs.

Materials and Methods

tRNA preparation and labeling

tRNAP"® and tRNA™¢! were labeled with disulfo-
Cy5 (Cy5), aminoacylated, and purified as

described before.'®?® For electroporation, 1.5 pmol
[Cy51tRNAP" or 2 pmol [Cy5]tRNA™® were used.

Growth experiments

The E. coli strain DH50 was grown overnight at
37 °C in EZ rich defined media (RDM, from
Teknova) supplemented with 0.2% glucose. The
culture was inoculated by diluting the overnight
culture 1:1000 in 300 ul fresh RDM media
supplemented with different concentrations of
ERY: 0, 25, 50, or 100 pg/ml. The growth was
followed in a microplate reader (Bioscreen C, Oy)
at 37 °C under aerobic conditions. Optical
densities at 600 nm were measured every 5 min.
Data was taken in technical replicates and
analyzed with Microsoft Excel.

Sample preparation to determine the general
effect of ERY

To study the general effect of ERY on protein
synthesis in live cells, 20 pl of electroMAX DH5a-
E E. coli cells (Invitrogen) supplemented with
[Cy51tRNA  were transferred into a 1 mm
electroporation cuvette (Molecular Bio Products)
and a 1.9 kV pulse was applied using a
MicroPulser (Biorad). Cells were recovered for
30 min in RDM and washed three times with fresh
RDM. In the next step, cells were diluted to ODggg
0.03 and placed on a 2% agarose pad containing
1 puM SYTOX blue (Invitrogen). Cells were
incubated for 100 min at 37 °C to grow into mini
colonies (4-8 cells). Cells were exposed to the
drug by injecting RDM supplemented with 1 pM
SYTOX blue and 100 pg/ml ERY (or without ERY
for the no-drug control). Fluorescence microscopy
was performed 70-200 min after injection, or
directly after the injection in the case of no-drug
control. Each experiment was repeated 2—4 times.

Sample preparation of cells overexpressing
specific mMRNAs

To investigate peptidyl-tRNA drop off and nascent
chain mediated-translational arrest, short open
reading frames of representative sequences were
cloned into the pET3c vector. A T7 promoter
regulated the expression of the short peptides.
The sequences were designed based on previous
works,”'? introducing a phenylalanine codon in
the seventh position (Table 1, highlighted in bold).
The sequences are listed in Table 1.

The pET3c was co-transformed with the pCS6
plasmid encoding the T7 RNA polymerase
(RNAP) regulated by a pBAD promoter®® into
E. coli DH5a cells. The transformed cells were
made electro-competent as described in detail pre-
viously."®#® 20 ul of the cell suspension, concen-
trated to ODgoy 60, were electroporated with
1.5 pmol [Cy5]tRNAP" using the same settings
and recovery procedure as above. Cells were
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Table 1 List of cloned sequences to study erythromycin induced peptidyl-tRNA drop-off and translational arrest. The Phe

codon is highlighted in bold

Expected effect Nucleotide sequence

Peptidyl-tRNA drop-off ATG GTT TCT AAC GCT ACC TTC
GCT GTT CTG GTT GAC TAA
F5A, AQ7
Peptidyl-tRNA drop-off ATG GTT TTC AAC GCT ACC GCC
GCT GTT CTG GTT GAC TAA

S3F, F5A, F7A, AQ7
Translational arrest ATG ACA CAC TCA ATG AGATTT

CGT GGA ATC TGA

Amino acid Introduced mutation from

sequence the original sequence
MVSNATFAVLVD*
MVFNATAAVLVD*

MTHSMRFRGI* L7F

incubated for 100 min at 37 °C before induction with
preheated RDM supplemented with 1 uM SYTOX
blue, 0.2% (v/w) L-arabinose, and 1 mM cAMP.
Induced cells were imaged 45—120 min after injec-
tion. For treatment with erythromycin, the induction
media was replaced with fresh, preheated (37 °C)
induction media supplemented with 100 pg/mi
ERY after 45 min after the first injection. Imaging
was performed 45-120 min after erythromycin
injection. Each experiment was repeated 2 to 7
times.

Optical setup

The optical setup was used as published
previously.'®?® For each position, bright-field,
phase contrast, and fluorescence images were
recorded. [Cy51tRNA tracking was performed using
a 639 nm laser (Coherent Genesis MX 639—1000
STM) set to an output density of 5 kW/cm? on the
sample plane. The sample was illuminated with
1.5 ms pulses during 5 ms camera exposure. Dead
cells were identified using SYTOX blue, which was
assayed by illumination with a 405 nm laser using
an output density of 4 W/cm? and a camera expo-
sure of 21 ms. The microscope was operated by
pManager 1.4 together with an in-house plug-in
for automatic data acquisition.

Single-particle tracking

The pipeline for data analysis has been explained
in detail previously.'® In summary, phase-contrast
images were used to segment the cells using the
published algorithm.*® Dead cells, as well as par-
tially segmented cells, were omitted from the analy-
sis. Also, cells with none or more than two
fluorophores were omitted from the analysis. The
radial symmetry-based method was used for dot
detection,®" and dot positions were refined using a
symmetric Gaussian spot model and maximum
posterior fit.>* Trajectories were built using
uTrack,®® allowing gaps of three missing points
but restricting to a maximum search radius of 20
pixels in general. However, during the peptide over-
expression experiments, which required a more

extended time between sample preparation (elec-
troporation) and data acquisition, we observed a
higher proportion of very fast diffusing fluorophores,
maybe representing free fluorophores from
degraded tRNAs. By restricting the search radius
to 8 pixels, we were able to omit these fast diffusing
fluorophores from the analysis. Datasets using the
same tracking parameters were pooled together.
To extract the diffusional properties from the
generated trajectories, we applied a Hidden
Markov modeling (HMM) algorithm®* to calculate
tRNA’s transition probability between different diffu-
sive states. The number of diffusion states was pre-
set, and the best-fit model was selected using the
Akaike Information Criterion (AIC) with maximum
10 states. Since we are mainly interested in
ribosome-binding events, and since the use of AIC
seems to overestimate the number of discrete diffu-
sion states,’® the selected model was coarse-
grained into a two-state model consisting of a
“slow”, ribosome-bound state, and a “fast” state
combining free tRNA and tRNA bound to the aaRS
or EF-Tu. The threshold value between those states
was set to 1 um?/s, as in."® It should be noted that
coarse-grained values vary only minimally with orig-
inal model size, and our conclusions do not depend
on any particular model size for any dataset. Dwell-
times in the ribosome-bound state were calculated
from the estimated state transition probabilities.'®
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