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ABSTRACT In nature, bacteria frequently experience many adverse conditions, in-
cluding heat, oxidation, acidity, and hyperosmolarity, which all tend to slow down if
not outright stop cell growth. Previous work on bacterial stress mainly focused on
understanding gene regulatory responses. Much less is known about how stresses
compromise protein synthesis, which is the major driver of cell growth. Here, we
quantitatively characterize the translational capacity of Escherichia coli cells growing
exponentially under hyperosmotic stress. We found that hyperosmotic stress affects
bacterial protein synthesis through reduction of the translational elongation rate,
which is largely compensated for by an increase in the cellular ribosome content
compared with nutrient limitation at a similar growth rate. The slowdown of transla-
tional elongation is attributed to a reduction in the rate of binding of tRNA ternary
complexes to the ribosomes.

IMPORTANCE Hyperosmotic stress is a common stress condition confronted by E. coli
during infection of the urinary tract. It can significantly compromise the bacterial growth
rate. Protein translation capacity is a critical component of bacterial growth. In this
study, we find for the first time that hyperosmotic stress causes substantial slowdown in
bacterial ribosome translation elongation. The slowdown of translation elongation origi-
nates from a reduced binding rate of tRNA ternary complex to the ribosomes.

KEYWORDS hyperosmotic stress, protein synthesis, ribosome content, translational
elongation rate

acteria frequently encounter various environmental stress conditions in their nat-

ural habitat. For Escherichia coli, the primary cause of the urinary tract infections,
the bacterium needs to cope with the hyperosmotic environment existing in the
bladder (1, 2). Hyperosmotic stress (e.g., a high concentration of salts or sugars) tends
to draw water out of cells. In order to maintain its turgor pressure and growth, E. coli
counters hyperosmotic stress by accumulating large amounts of osmolytes such as
potassium ions, glutamate, and trehalose (3-6). Nevertheless, protein synthesis and
bacterial growth are still adversely affected under hyperosmotic conditions (3, 6).
Previous work mainly focused on elucidating the molecular interactions sensing and
responding to hyperosmotic stress (7-9). However, it is not known how hyperosmotic
stress affects the translation capacity, a critical component of bacterial growth (10).

In the present study, we quantitatively characterize the translational capacity of
E. coli growing exponentially under hyperosmotic stress. We establish that hyperos-
motic stress causes substantial slowdown in the translational elongation rate (ER),
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FIG 1 Growth and protein synthesis in hyperosmotic stress. (A) Growth rate versus sodium chloride
(NaCl) concentration for strain NCM3722 growing in glucose and fructose MOPS-buffered minimal
medium. (B) Translational elongation rate versus NaCl concentration for strain NCM3722 at different
osmolarities. (C) Ribosome content versus NaCl concentration for strain NCM3722 at different osmolar-
ities. (D) Active ribosome fraction versus NaCl concentration for strain NCM3722 at different osmolarities.
Data points are the average of triplicate determinations. The standard deviations were around 5% to
~10% (approximately the size of the symbols).

which is largely compensated for by an increase in the ribosome content compared to
nutrient limitation. We further show that a reduced binding rate of tRNA ternary
complexes (TCs) to ribosomes is the likely origin of the observed slowdown in trans-
lational elongation.

RESULTS

We focused on wild-type E. coli K-12 strains growing exponentially under hyperos-
motic conditions, achieved through supplementation of minimal growth medium with
various concentrations of sodium chloride (see Materials and Methods). We first char-
acterized the batch culture growth rate (A), which is seen to decrease with increasing
sodium chloride concentrations in both glucose and fructose minimal medium (Fig. 1A;
see Fig. S1 in the supplemental material).

For exponentially growing bacteria, the total rate of protein synthesis depends on
two crucial parameters, the translational elongation rate (ER) and the ribosome content
(11, 12), and we characterized these two parameters under hyperosmotic conditions.
Based on the classical LacZ induction assay (11, 13-15) (see Fig. S2 in the supplemental
material), the ER was found to decrease steadily by 50% upon increasing hyperosmotic
stress from 0.1 M to 0.6 M NaCl in both glucose and fructose minimal medium (red
circles and green triangles, respectively, in Fig. 1B; see Table S1 in the supplemental
material). To exclude the possibility that the results on ER are specific to LacZ protein,
we employed two other methods—the LacZa fusion assay (11, 16) (see Fig. S3A-D in
the supplemental material) and the classic pulse-chase labeling assay (11, 17) (see Fig.
S3E-l in the supplemental material)—to measure the ERs of six other proteins: These
ERs were found to decrease similarly at high osmolarity, and all the ER values obtained
from different methods and for different proteins are quantitatively consistent with
each other, as summarized in Fig. S3J in the supplemental material. We note that in
principle, it is possible that the translational slowdown observed is a secondary effect
of the slowdown of transcriptional elongation by RNA polymerase (RNAP) since ribo-
some follows RNAP during mRNA translation. However, by the pulse-chase labeling
method (Fig. S3E-I), for a protein of 70 to 80 kDa (600 to ~700 amino acids [aa]) over
half of the synthesized protein should be independent of the RNAP speed since the
half-life of a normal mRNA is around 2 min (18). The consistency between the results
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FIG 2 Comparison of translation parameters under hyperosmotic stress and under nutrient limitation.
(A) Translational elongation rate. (B) Ribosome content. (C) Active ribosome fraction. The data points
under hyperosmotic stress correspond to those in Fig. 1. The data points under nutrient limitation are
replotted from data in the article by Dai et al. (11).

of pulse-chase labeling and the LacZ and LacZa induction method therefore indicates
that the observed slowdown is translational in origin.

Another parameter crucial to protein synthesis is the abundance of the ribosomes,
which can be readily deduced from the RNA/protein ratio (R/P) since the amount of
rRNA is stoichiometrically related to the amount of ribosomal proteins (r-protein) and
accounts for most (86%) of the RNA content (11, 12, 19, 20). As shown in Fig. S4, the
proportionality between the R/P and the proteome fraction of r-protein still holds well
under hyperosmotic stress, being the same as the case of nutrient limitation under
normal osmolarity (11). Therefore, from here on, we use R/P as a proxy for the total
ribosome content under hyperosmotic stress. It is seen to decrease by ~30% from 0.1 M
to 0.6 NaCl (Fig. 1Q).

Since the cellular ribosomal content and ER depend intimately on the growth rate
(11, 21, 22), while hyperosmolarity reduces cell growth (Fig. 1A), we must take the
altered growth rate into account when evaluating the effect of hyperosmolarity on
these quantities. We will do so by comparing them to effects due to nutrient limitation
at the same growth rate, since we have recently characterized systematically the
relationship between ER, R/P, and growth rate under nutrient limitation (11). In Fig. 2,
we plotted the ER and R/P with growth rate for both hyperosmotic stress (red) and
nutrient limitation (gray). The drop in ER under hyperosmotic stress is nearly 2-fold
steeper than the drop under nutrient limitation (Fig. 2A), while the drop in R/P under
hyperosmotic stress is less than that under nutrient limitation (Fig. 2B). Thus, cells under
hyperosmotic stress have somewhat higher ribosome content than cells growing at the
same rate under nutrient limitation, likely a result of a compensatory response to the
larger drop in ER.

We next estimated the fraction of active ribosomes. For exponentially growing
bacteria with negligible protein degradation, mass balance leads to the following
equation (11, 23):

N X N, =k X N 1
N,, is the number of amino acids contained in total proteins in a culture and k is the
translational elongation rate. N&'™, the number of actively translating ribosomes in a
culture, can be calculated since the other three quantities in equation 1 have been
directly measured in our study. We can further obtain the fraction of active ribosomes,
frtive = N&Y9Nygp, since the total number of ribosomes in a culture, Ng,, is known
through the RNA/protein ratio (11, 20). The result for f, under hyperosmotic stress

active
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is shown in Fig. 1D. It is almost constant for [NaCl] at <0.5 M, but drops significantly at
higher osmolarity. When plotted against the growth rate, f, ;.. was seen to be at a
constant high value (~85%) from moderate to fast growth (A > 0.4/h), but dropped
significantly for slower growth (Fig. 2C). Comparing to the growth rate dependence
exhibited under nutrient limitation (gray symbols), we see that the two have similar
trends, with the active fraction under hyperosmolarity being only slightly (<10%) larger
than that under nutrient limitation. Thus, the loss in ER under hyperosmolarity is largely
compensated for by increases in the amount of the ribosomes.

Since ER decreases remarkably under hyperosmotic stress, we next investigated the
origin of the reduction in ER by revisiting a recently established quantitative model of
translation elongation (11). In this coarse-grained model, the aminoacyl-tRNA/EF-Tu/
GTP ternary complex (TC) is treated as the substrate of the ribosome (24). In this
scenario, the elongation rate, k, has a Michaelis-Menten dependence on the TC con-
centration (11):

1 1 1

E - kon X [TCeff] " Knng (2)

keiong is the maximal rate of translation elongation, k,,, is the on rate of TC-ribosome
binding, and [TC.] is the effective concentration of TCs. The TC concentrations are
difficult to quantify. Recently, it has been shown that the RNA/protein ratio could
conveniently be used as a proxy of [TC.] under nutrient limitation and translation
inhibition (11), since the ribosome abundance was proportional to the EF-Tu abun-
dance and tRNA abundance, and the charged fraction of tRNA was approximately
constant under those growth conditions. The relation between [TC_«] and R/P could be
described as [TC.i] = C X (R/P), where the proportionality constant, C, was estimated
to be ~31 uM under normal osmolarity (11). The above relation leads to a Michaelis-
Menten relation between ER and R/P and has been validated under both nutrient
limitation and translation inhibition (11) (see Fig. S5 in the supplemental material).
Here under hyperosmotic stress, we found the RNA/protein ratio to be still propor-
tional to EF-Tu (see Fig. S6 in the supplemental material) and the charged fraction of
tRNA to be still approximately constant (green triangles in Fig. S7), similar to the case
under nutrient limitation and translation inhibition (black circles and red triangles,
respectively, in Fig. S7). However, because the cytoplasmic water content drops signif-
icantly under hyperosmotic stress (3, 6), the constant C drops with increasing NaCl
concentration, leading to increased ternary complex concentration, [TC.g] (Fig. S8).
According to equation 2, the drop in ER may be due to changes in [TC ], k,,, and/or
Keiong- Since hyperosmotic stress reduces the cytoplasmic water amount, [TC.q] even
increased under these conditions (Fig. S8). Therefore, the decrease in ER is likely caused
by the decrease in k,, and/or kg4 To distinguish these two factors, we adopted a
recently described approach (11) to vary the TC concentration by growing cultures with
different amounts of the translational inhibitor chloramphenicol (Cm), here at various
fixed osmolarities. In normal osmolarity, ER was found to increase upon Cm inhibition
because of the increased [TC,¢] caused by Cm (Fig. S5) (11). Under those conditions, the
relationship between ER and [TC.4] under both nutrient limitation and Cm inhibition
could be uniformly described by a Michaelis-Menten relation (Fig. S5C). Similarly,
Fig. 3A shows that for different fixed high osmolarity, R/P significantly increased in Cm
treatment, indicating a concomitant increase in [TC.ql, as found in normal osmolarity
(Fig. S5B). The increased [TC.4], upon addition of Cm at 0.3 and 0.4 M NaCl, is
accompanied by increases in ER (Fig. 3B), again as is known under normal osmolarity
(Fig. S5A) (11). The correlation between ER and [TC.4] under different fixed external
osmolarities could be analyzed within the Michaelis-Menten framework (11) (Fig. 3Q).
The corresponding Lineweaver-Burk plots of equation 2 (Fig. 3D) reveal a vertical
intercept that is almost invariant at high osmolarity, giving ke onq = 24 = 2 aa/s. On the
other hand, the slope (1/k,,,) clearly increased, by ~60% at 0.4 M NaCl compared with
0.1 M NaCl (Fig. 3E). Our results thus suggest that hyperosmotic stress reduces the
steady-state translational elongation rate by inhibiting the on rate between the ternary
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FIG 3 Michaelis-Menten correlation between translational elongation rate and ribosome content in a fixed high
osmolarity. (A) RNA/protein ratio (R/P) in Cm inhibition under a fixed high osmolarity in both glucose medium and
glucose-6-phosphate-gluconate medium. (B) Translational elongation rate in chloramphenicol (Cm) inhibition for
a fixed high osmolarity (green, 0.3 M NaCl; blue, 0.4 M NaCl). (C) Correlation between translational elongation rate
and the effective concentration of ternary complex ([TC.¢]). [TC.] data were obtained based on [TC ] = C X (R/P),
where the values of C were 31 (from reference 11), 25, and 22 uM in 0.1, 0.3, and 0.4 M NaCl, respectively (Fig. S8).
ER data for 0.1 M NaCl include both nutrient limitation and Cm inhibition, as shown in Fig. S5. (D) Lineweaver-Burk
plot of panel C at different osmolarities. The slope of the linear correlation denotes 1/k,,, and the y intercept
denotes 1/kgiong- (E) Summary of ER, k,,,, and k., at different osmolarities. From the plot of panel D, the k,,, values
in 0.1, 0.3, and 0.4 M NaCl are 6.4, 3.6, and 2.8 uM~" s~7, respectively, and the k, values in 0.1, 0.3, and 0.4 M
NaCl are 22, 24, and 25 aa/s, respectively.

elong

complexes and the ribosomes, from k,,, = 6.4 uM~" s~ to 2.8 uM~"' s~ for the range
of external osmolarities from 0.28 osM (0.1 M NaCl) to 0.83 osM (0.4 M Nacl) (Fig. 3E).

DISCUSSION

Hyperosmolarity is a common stress condition encountered by E. coli (1, 2). Our work
has demonstrated that the translational elongation rate slowed down by 2-fold under
hyperosmolarity compared to nutrient limitation over the same growth rate range. The
Michaelis-Menten correlation analysis indicates that this drop occurs due to a 2-fold
reduction in the binding of tRNA ternary complex to the ribosome. This may be caused
by different mechanisms that are not mutually exclusive. For example, it may originate
from the dramatically increased intracellular potassium pool under hyperosmolarity (3,
6, 25), which may negatively affect the equilibrium and kinetics of the interaction
between tRNA ternary complex and the ribosome. Another possibility is macromolec-
ular crowding. It has been proposed that even under normal osmolarity, the slow
diffusion of tRNA ternary complex in the crowded bacterial cytoplasm imposes a
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physical limit on the speed of translational elongation by ribosomes (24, 26). Since the
cytoplasm becomes even more crowded under hyperosmotic stress due to reduction in
water content, the diffusion of tRNA ternary complex may become even slower, leading
to the reduced on rates for TC-ribosome binding (27-29). It was found previously that
the diffusion of green fluorescent protein (GFP) slowed down under hyperosmolarity
(28). A comparison of the deduced k,, and GFP diffusion coefficient in cells adapted to
hyperosmolarities found the drop of GFP diffusion to be about half of that of k,, over
the range of osmolarity where both data are available (0.3 to ~1.0 osM) (Fig. S9). Since
the tRNA ternary complex (70 kDa; linear physical dimension, ~12 nm; PDB accession
no. 1B23) (30) is much larger physically than GFP (30 kDa; linear physical dimension,
~4.7 nm; PDB bank accession no. 1GFL) (31, 32), it is possible that its diffusion rate is
more severely affected by high osmolarity than GFP in the crowded cytoplasm (28, 29).

The active fraction of the ribosome decreased by ~2-fold at very slow growth under
hyperosmolarity, similar to previous observations made under nutrient-poor conditions
(Fig. 2C). Possible origins of ribosome inactivation include sequestration of ribosomes
by ribosome-inactivating proteins (33), inhibition of the translational initiation (34), and
abortion of translation elongation due to stalled ribosomes (11). In the future, it will be
interesting to investigate whether there exists a common mechanism that reduces the
active ribosome fraction under different kinds of adverse conditions.

Since the elongation rate dropped significantly (~50%) under hyperosmolarity
compared to nutrient limitation (Fig. 2A), it is tempting to attribute the cause of growth
slowdown to the reduced ER. However, reduction in ER itself does not necessarily need
to result in reduction in growth. For example, a previously characterized ribosome
mutant strain (streptomycin resistant [Sm']) also had an ~50% reduction in ER com-
pared to its wild type counterpart, but grew at a rate similar to the wild-type strain in
minimal medium. It turned out that the drop in ER in the Smr strain was compensated
for by increased active ribosome fraction (20). For the case of hyperosmolarity, we
found the reduced ER to be largely compensated for by the moderate increase of the
ribosome content (Fig. 2B), in the sense that a similar active ribosome fraction can
account for the observed protein synthesis flux under high-osmolarity and nutrient-
poor conditions (Fig. 2C). The compensation in ribosome content can be a burden for
cell growth, as shown by previous studies overexpressing other useless proteins (20,
35). However, given the moderate increase in ribosome content, it seems unlikely that
translational slowdown itself is the major cause of the substantial growth slowdown
encountered. Nevertheless, the slowdown in translation established here is surely one
of the important physiological problems cells have to deal with when growing under
hyperosmotic conditions and must be confronted within a grand understanding of
adaptation to osmotic stress.

MATERIALS AND METHODS

Strains. The strains used in the study include the wild-type E. coli K-12 NCM3722 strain and its
derivative, NQ1468, for measurement of the LacZa induction kinetics (11), the FL-2 strain for measure-
ment of the translational elongation rate of FusA-LacZa protein, and the FL-3 strain for measurement of
the translational elongation rate of TufA-LacZa protein.

To construct the FL-2 and FL-3 strains, the cassettes containing Ptet-lacZw/Plac-fusA-lacZa and
Ptet-lacZw/Plac-tufA-lacZa in the pKUT15 series were digested by Avrll, gel purified with a kit (Tsingke
Biological Technology), and inserted into the Spel (the isocaudarner of Avrll) site of low-copy pBBR
plasmid to obtain pFL-fusA and pFL-tufA vectors, respectively. A lacZ-deficient NCM3722 strain, FL1, was
then made through transfer of the AcynX782:kan AlacZ4787(:rrnB-3) allele in strain JW0332 (Keio
Collection in CGSC) to the wild-type NCM3722 strain through P1 transduction (16). The pFL-fusA and
pFL-tufA vectors were transformed into the FL1 strain to obtain the FL-2 and FL-3 strains, respectively.

Growth medium. The growth medium used in this study was MOPS (morpholinepropanesulfonic
acid)-buffered medium (pH 7.4) containing 40 mM MOPS (Coolaber, Beijing), 4 mM Tricine, 0.1 mM FeSO,,
0.276 mM Na,SO,, 0.5 uM CaCl,, 0.523 mM MgCl,, and micronutrients as detailed by Cayley et al. (3). The
carbon sources added as supplements to the medium were 0.2% glucose or 0.2% fructose. The nitrogen
source was 10 mM NH,Cl. The medium was supplemented with different concentrations of NaCl to vary
the osmolarity. Different concentrations of chloramphenicol were added to achieve different extents of
translational inhibition.

Cell growth. The cell growth experiments were performed in a 37°C water bath shaker. A standard
cell growth experiment series contains three steps: seed culture, preculture, and the final experimental
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culture. Cells from a fresh colony in an LB solid agar plate were inoculated into LB medium (Solarbio Life
Sciences) or LB medium plus 0.3 M NaCl (for culture that finally grew under high osmolarity) as seed
culture. After several hours, cells were transferred into MOPS medium (the same as the final experimental
medium) for growth overnight as a preculture. The next day, the cells in precultures were transferred to
fresh MOPS medium at an initial optical density at 600 nm (OD,,) of ~0.015 as the final experimental
culture. To obtain the growth rate of the culture, 5 to 10 OD,, data points were recorded within the
0Dy, range of 0.05 to 0.5 to obtain the exponential growth curve.

Measurement of translation elongation rate. The translational elongation rates of the ribosome in
this study were independently measured by the following three methods. (i) The first method was the
LacZ induction assay, where the translation time of the first newly synthesized LacZ after IPTG (isopropyl-
B-p-thiogalactopyranoside) induction, T,.,, was obtained through the Schleif plot of the LacZ induction
curve. The time cost of the initiation steps during LacZ induction was calibrated by the LacZ« induction
curve and found to be constant at 10 s. The translational elongation rate, k, equals 1,024/(T,., — 10). (ii)
The second method was the LacZa fusion protein induction assay, where the translation time of the first
newly synthesized LacZa fusion protein (FusA-LacZa or TufA-LacZa) was similarly obtained by Schleif
plot of the induction curve. The translational elongation rate, k, equals the length of the LacZa fusion
protein, L, divided by T, — 10. (i) The third method was pulse-chase radioactive labeling. Pulse-chase
radioactive labeling with a 3°S-labeled methionine incorporation assay was used to obtain the transla-
tional elongation rate of another four proteins.

The detailed processes of the three methods described above were the same as described by Dai
etal (11).

Total RNA quantification. Total RNA quantification was performed similarly to the method de-
scribed by You et al. (36). Briefly, 1.5 ml cell culture during exponential phase (ODg,, of ~0.4) was rapidly
collected by centrifugation, and the cell pellet was frozen in dry ice and stored at —80°C before
measurement. Cell pellets were first washed twice with 0.6 ml cold 0.7 M perchloric acid (HCIO,) and then
digested by 0.3 ml of 0.3 M KOH for 1 h at 37°C with occasional mixing. The cell extract was further
neutralized by 0.1 ml of 3 M HCIO,, and the reaction mixture was centrifuged to collect the supernatant.
The precipitate was then washed twice with 0.55 ml 0.5 M HCIO,, and the supernatants were combined
to give a 1.5-ml supernatant. The supernatant was then centrifuged to remove nonvisible precipitate and
further measured for its absorbance at 260 nm (A,¢,). The total amount of RNA (R) was calculated by the
formula R (ug/ml/ODgy0) = A,eo X 31/0Dgy0.

Total protein quantification. Total protein quantification is based on the biuret method as
described by You et al. (36). Briefly, 1.8 ml cell culture during the exponential phase (ODg, of ~0.4) was
rapidly collected by centrifugation. The cell pellet was washed with NaCl solution of similar osmolarity
to the growth medium and finally suspended in 0.2 ml of the same NaCl solution. The sample was frozen
in dry ice and stored at —80°C before measurement. The thawed cell sample was digested with 0.1 ml
3 M NaOH and further heated at 100°C for 5 min before cooling down to room temperature. The cell
mixture was then added to 0.1 ml of 1.6% CuSO,, shaken thoroughly, and allowed to stand for 5 min at
room temperature. The reaction mixture was centrifuged, and the supernatant was measured for its
absorbance at 555 nm. A similar experimental process was applied simultaneously to a series of bovine
serum albumin (BSA) standards to obtain a standard curve. The amount of bacterial protein was obtained
based on the BSA standard curve.

Measurement of ribosome protein and EF-Tu abundance by quantitative proteomics. To obtain
the abundance of ribosome proteins and EF-Tu of E. coli growing under different osmolarities, we
performed a quantitative mass spectrometry experiment on the cells to obtain proteome information.
The detailed process is the same as that described by Hui et al. (35). The same procedure was applied
to the MG1655 strain growing in the MOPS glucose medium as that described by Li et al. (37) as the
reference condition for which the abundances of all the individual proteins have already been deter-
mined by ribosome profiling; the absolute abundances of EF-Tu and each ribosome protein of NCM3722
strain growing under different osmolarities were obtained through calibration with the reference
condition.

Measurement of aminoacyl-tRNA fraction. The aminoacyl-tRNA (charged tRNA) fraction was
measured by Northern blotting under acidic conditions (38). The extraction of total aminoacyl-tRNA
under acidic conditions and the subsequent acidic gel electrophoresis and tRNA hybridization processes
were performed the same as described by Janssen et al. (38). The tRNA-specific probes are listed in the
article by Dong et al. (39).
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