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Disruption of transcription-translation coordination in
Escherichia coli leads to premature transcriptional termination

Manlu Zhul, Matteo Mori2, Terence Hwa?, Xiongfeng Dail
1School of Life Sciences, Central China Normal University, Wuhan, China

2Department of Physics, University of California at San Diego, La Jolla, California, USA

Introductory paragraph

Tight coordination between transcription and translation is crucial to maintaining the integrity of
gene expression in bacteria. How bacteria manage to coordinate these two processes remains
unclear. Possible direct physical coupling between the RNA polymerase and ribosome has been
intensely investigated in recent years. Here, we quantitatively characterize the transcriptional
kinetics of £. coliin different growth conditions. Transcriptional and translational elongation
remain coordinated under various nutrient conditions as previously reported. However,
transcriptional elongation was not affected under antibiotics that slowed down translational
elongation. The same was found by introducing non-sense mutation that completely dissociated
transcription from translation. Our data thus provide direct evidences showing that translation is
not required to maintain the speed of transcriptional elongation. In cases where transcription and
translation are dissociated, our study provides quantitative characterization of the resulting process
of premature transcriptional termination (PTT). PTT-mediated polarity caused by translation-
targeting antibiotics substantially affected the coordinated expression of genes in several long
operons studied, contributing to important physiological effects of these antibiotics. Our results
also suggest a model in which the coordination between transcriptional and translational
elongation under normal growth conditions is implemented by ppGpp.

INTRODUCTION

The transcription and translation processes are tightly coordinated in bacterial cellsl2, as
demonstrated by the same elongation speeds of RNA polymerase (RNAP) with ribosomes in
different growth conditions?~4. The loss of coordination in cases such as nonsense mutation®
or ribosome pause® can lead to premature transcriptional termination, affecting the
expression of downstream genes as demonstrated in the “polarity” phenomenon®7:8, Despite
the importance of transcriptional-translational coordination, underlying mechanisms remains
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unclear. It is known that the elongating RNAP is closely followed by a trailing ribosome
during gene expression2910, Previous work suggested that the trailing ribosome could
effectively push the elongating RNAP by inhibiting the spontaneous backtracking of the
latter, thereby matching the speed of RNAP with ribosome in many growth conditions?.
Structural and biochemical studies have provided evidences that ribosome can interact with
RNAP, either directly®11.12 or indirectly by the bridging of NusG protein or its homolog,
RfaH13-15 providing a physical mechanism of the ribosome-RNAP coupling. The direct
physical coupling picture is inconsistent with results on hammerhead-catalyzed cleavage of
mRNA which did not affect protein synthesis in rich medium6. Thus, it remains unclear
whether and under what conditions direct coupling may occur, and if not, how bacterial cells
manage to coordinate transcriptional and translational elongation.

Here, we quantitatively investigate the transcription-translation coordination of £. co/iunder
various growth conditions. We show that transcriptional elongation speed is unaffected when
translation is slowed down by antibiotics or completely abolished by nonsense mutation,
demonstrating that translating ribosome (hence physical coupling) is not required at all for
maintaining the speed of transcriptional elongation. Further investigations support a model
in which the coordination of transcriptional and translational elongation under nutrient
limitation is mediated by ppGpp. Importantly, our study quantitatively elucidates the effect
of premature transcriptional termination (PTT) that results from the dissociation between
transcription and translation upon treatment of translation-inhibiting antibiotics, which
contributes to important physiological consequences of antibiotics.

Quantitative characterization of transcriptional kinetics

We first established a versatile ‘multi-probe’ approach for quantifying the mRNA
transcriptional kinetics. We measured the induction Kinetics of /acZ mRNA upon IPTG
addition for exponentially growing £. coli K-12 NCM3722 cells by qRT-PCR. Seven pairs
of primers were used to detect the synthesis of different /acZ mRNA sub-regions. For
example, primer P297 detects near 5’-head region of the mRNA and the P3105 primer
detects near 3’-tail region of the /acZ mRNA (Supplementary Figure 1). The /acZ mRNA
abundances as detected by these seven primers all increased linearly with time after some
delays (Figure 1A). The “waiting time” required for transcribing each mRNA sub-region
(e.g., /= 297 for primer P297), T, was directly deduced from the linear fit of each induction
curves. Plotting each 7;against its position jalong the /acZ mRNA, we obtained a linear
relation (Figure 1B), the slope of which gives the transcriptional elongation speed, 15.9

+ 0.4 codons/s, being quantitatively consistent with previous estimates17:18, The X-
intercept, 8 + 1 s, denotes the time (7;,) needed to initiate /acZ mRNA transcription after
IPTG induction, including IPTG penetration, Lacl depression and RNAP transcriptional
initiation. These results are highly reproducible (Supplementary Figure 2).

Quantitative comparison of transcriptional and translational elongation speeds

We next characterized LacZ protein induction®-2! and /acZ mRNA induction
simultaneously to investigate transcriptional-translation coordination. As exemplified in
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Figure 1C for cells grown in glucose medium, the waiting time for the synthesis of the
complete LacZ protein was similar to that for the synthesis of the complete /acZ mRNA,
suggesting similar speeds for transcriptional and translational elongation. The translational
elongation speed can be quantitatively deduced using the Schleif plot (Supplementary Figure
3)22, The result, 16.0 + 0.3 aa/s, matches well with the transcriptional elongation speed
obtained by the multiple-probe approach above.

Recent work shows that the translational elongation speed of £. coli drops moderately under
nutrient limitation29, Here, we found that the transcriptional elongation speed also steadily
decreased under poor nutrient conditions (Figure 1D), exhibiting the same dependence on
growth rate as the translational elongation speed (Figure 1E; see also the comparison
between transcriptional and translational kinetics in typical growth medium (Supplementary
Figure 4). In particular, in the extreme poor condition (glycerol threonine medium, with
doubling time ~20 hours), transcriptional elongation speed (8.6 + 0.3 codons/s) and
translational elongation speed (9.1 + 0.2 aa/s) are both approximately half of the maximum
elongation speeds obtained for rapidly growing cells (Figure 1E and 1F). In summary, the
above results recapitulate earlier finding by Vogel and Jensen3, that £, co/i maintains a tight
coordination between transcriptional and translational elongation under nutrient limitation,
but determined at a broader range of growth rates.

Maintenance of transcriptional elongation speeds under chloramphenicol inhibition

Translation-inhibiting antibiotic is potentially an effective way to perturb the effect of
translation on transcriptional elongation. Proshkin et a/* reported that a low dose of
chloramphenicol (Cm, 1 pg/mL or 3 uM) slowed down translational elongation by ~35%
with similar drop in the transcriptional elongation speed for £. co/i MG1655 cells growing
in LB medium, supporting their model of transcription-translation coupling via ribosome
pushing RNAP. However, the reported slowdown of translation elongation by Cm is
inconsistent with the result of Refs.19:20 which found the translational elongation speed to
be maintained under Cm treatment in various conditions (Supplementary Figure 5).

As the outcome of the Cm study is key to this leading model of transcription-translation
coupling, we repeated this investigation for £. co/i NCM3722 cells growing in glucose
medium with 8 uM Cm (Supplementary Table 1). Although the overall synthesis rate of
LacZ protein was significantly reduced by Cm (Figure 1G), the waiting time for the
appearance of first protein was hardly changed from that of no-drug condition (inset of
Figure 1G), indicating the maintenance of translational elongation speed under Cm
treatment. Similarly, the overall synthesis rate of /acZ mRNA was reduced by Cm (filled
purple circles in Figure 1H). However, the waiting time for the appearance of the first full-
length /acZ mRNA was also not affected by Cm, indicating that the transcriptional
elongation speed was also not reduced (Figure 1H), as quantitatively demonstrated by the
multi-probe assay (Figure 11). Therefore, Cm does not affect either the transcriptional or
translational elongation speeds. We further repeated the experiment for MG1655 cells
growing in LB medium with/without 3 UM Cm as done in Ref. 4. Again we found
transcriptional and translational elongation speeds to be maintained under Cm treatment
(Supplementary Figure 6). The difference in the conclusion between our measurements and
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those of Ref. 4 may be attributed to the larger uncertainty of their dot-blotting data and the
longer time interval (20 s) used in their sample collection.

In addition to Cm, recent work has also shown that sublethal doses of erythromycin (Ery) do
not reduce the translational elongation speed of £. coli cells?® (Supplementary Figure 7A).
Here we found that transcriptional elongation speed was also not affected (Supplementary
Figure 7B). In summary, the transcriptional and translational elongation speeds match well
with each other in both normal conditions and including treatment of Cm and Ery.

Dissociation between transcription and translation under fusidic acid inhibition

Our results on Cm inhibition, while not supporting the ribosome-pushing RNAP model of
Ref.4, are not inconsistent with the model. To test the possibility of physical coupling, we
turned to another antibiotic, fusidic acid (FA), which targets the ribosome translocation by
inhibiting the recycling of EF-G2324, FA causes the gradual slowdown of translational
elongation at sublethal doses?0:21, Unfortunately, both NCM3722 and MG1655 are
insensitive to FA, so we turned to a fusidic acid permeable £. coli B/r strain AS1923. This
strain has similar growth rate and ribosome content as NCM3722 in different medium
(Supplementary Figure 8). As expected, translational elongation speed of AS19 cells
dropped by 50% (~8 + 0.2 aa/s) under sublethal FA treatment (1.2 mg/ml) in glucose
medium (Figure 2A, Supplementary table 1). Strikingly, the waiting time for the appearance
of the full-length /acZ mRNA was almost not affected by FA (Figure 2B), suggesting that
transcriptional elongation was unaffected, as quantitatively demonstrated by the multi-probe
assay (Figure 2C). Plotting /acZ mRNA induction with the Schleif plot directly demonstrates
the shorter waiting time for generating the first intact /acZ mMRNA compared to the first
LacZ protein (Supplementary Figure 9A). A similar result was obtained for cells growing in
glycerol medium (Figure 2D and supplementary Figure 9B). The transcription-translation
dissociation was also observed at a lower dose of FA (0.3 ug/mL) where translational
elongation speed was reduced (~12 aa/s) but transcriptional elongation speed was
maintained (Figure 2D and supplementary Figure 9C). In summary, transcriptional
elongation speed is maintained when translational elongation is slowed down by FA,
indicating that ribosome-pushing is not required to maintain the transcriptional elongation
speed, opposite to the expectation of the model of Ref. 4.

Effect of nonsense mutation on transcriptional elongation

To complement the study on FA where severe growth inhibitions occurred, we also
characterized transcriptional elongation speed under nonsense mutation in which the trailing
ribosomes are eliminated without causing any physiological perturbations. We introduced a
stop codon at the 500t nucleotide after transcription start of /ac.Zto terminate translation.
Multi-probe assay shows that the elongation speed is still indistinguishable from that of WT
lacZ in glucose medium and aspartate ammonium medium (Figure 3A, 3B). These findings
thus strongly reinforce the conclusion that ribosome is not required to maintain the
elongation speed of RNAP.

The ability to measure transcriptional elongation speed of nonsense mutated-/acZ may be
surprising given past work on the “polarity effect’>7, that the expression level of the
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downstream gene was reduced substantially. However, inspection of our induction curves
(Figure 3C) shows a substantial but graded reduction in the rate of local mMRNA
accumulation (black diamond in Figure 3D), allowing us to determine the transcriptional
elongation speed accurately in the absence of translation with the first six primers. The
position-dependent decline in local MRNA synthesis seen in Figure 3D is naturally
attributed to the premature transcriptional termination (PTT) effect mediated by Rho®7, as
supported by the fact that PTT was largely prevented by a specific Rho inhibitor,
bicyclomycin (Becm) (Figure 3E). The accuracy of the multi-probe assay allows us to
quantify the spatial dependence of this Rho-dependent PTT effect for the first time: the
MRNA synthesis rate of different sub-regions generally declined by ~50% over ~500 nt
(black diamond in Figure 3D). An abrupt drop in transcriptional processivity can be obtained
by inserting a transcriptional pause site2>-26 shortly downstream of the nonsense mutation,
with ~80% drop in local mMRNA accumulation rate immediately downstream of the pause
site (Supplementary Figure 11, red triangles). This observation indicates that termination
efficiency of Rho-mediated PTT is much lower than that of a designated Rho-dependent
terminator.

PTT induced by translation inhibiting antibiotics

In contrast to the case of nonsense mutation, PTT is negligible under nutrient limitation
where translation and transcription coordination is tightly maintained (red circle of Figure
3D, supplementary Figure 10). In the case of FA treatment where translation-transcription
dissociation occurs, the synthesis rates of downstream /acZ mRNA sub-regions was reduced
as well, displaying severe PTT (Figure 3F and Supplementary Figure 12A). For Cm and Ery
treatment, although translational elongation speed still matches well with transcriptional
elongation speed, severe PTT was still observed (Supplementary Figure 12B and 12C). We
reasoned here that although transcription and translation are still coordinated for a fraction
of normally elongating ribosomes, PTT would likely result from transcription-translation
dissociation on mRNAs with stalled ribosomes (illustrated in supplementary Figure 12D).
We developed a mathematical model of PTT in the presence of Cm-ribosome binding and
found that a quantitative agreement of these distinct dataset can be obtained if the timescale
for /n vivo Cm-ribosome unbinding is 1~2 min (see Supplementary Note).

In all cases of treatment with translation inhibiting drugs (colored symbols in Figure 3G),
PTT is less severe than that in the case of honsense mutation (black diamond in Figure 3G),
reflecting presumably partial coordination between transcription with the remnant
translation activities of the ribosomes under drug treatment. /n vitro studies have shown that
there are five intrinsic rutsites (Rho-binding site) in the near 5’ region of /acZ gene, locating
at ~180, 220, 379, 421 and 463 base pairs downstream from the transcriptional start point?’.
In the case of nonsense mutation, those rutsites do not contribute to the PTT since the stop
codon was introduced downstream of them. Moreover, all the data of Figure 3G shows a
smooth attenuation of transcription compared to that induced by the pause site in
supplementary Figure 11, indicating that those intrinsic rut sites do not contribute notably
over the background PTT effect and should not be related to the PTT effect of antibiotic
treatment.
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We next extended the transcriptional Kinetics study to downstream genes of the /acZYA
operon with four additional primer pairs detecting the 5” and 3’ region of the /acYand /acA
MRNA (Supplementary Figure 1). In normal conditions where PTT within /acZis negligible
(Figure 1A), the synthesis rates in /ac YA mRNA sub-regions were similar with that the 3’-
tail of JacZmRNA, indicating that transcriptional elongation was fully processive within the
entire /ac operon (Supplementary Figure 13A). In contrast, the synthesis rates of /ac YA
mMRNA becomes progressively slower for culture under drug treatment, indicating that strong
PTT occurred throughout the length of the /ac operon (Figure 3H, Supplementary Figure
13BC), as quantitatively shown in Figure 31. In summary, the transcription rate of a gene
downstream is smaller than that of the upstream gene due to PTT under the treatment of
translation inhibiting drugs. This is a quantitative generalization of the “polarity effect”>’ to
the case of antibiotics.

Antibiotics induced polarity effect for ribosomal protein operons

We next tested the occurrence of similar antibiotic-induced “polarity effect” for the r-protein
operons, whose synthesis significantly increased upon the treatment of translation-inhibiting
antibiotics20:23.28.29 \We focused on the expression of the two longest r-protein operons, S10
operon and Spc operon (Figure 4A and 4D) treated with sublethal doses of drugs. The
mRNA abundance of r-protein indeed decreased along the length of the two operons (red
symbols in Figure 4B, 4E), suggesting the occurrence of PTT effect. In contrast, no PTT was
observed for cells grown in poor carbon sources (purple squares in Figure 4B, 4E) where
transcription-translation coordination is maintained. For the protein abundances, although
most r-proteins exhibit generally increasing trend with increasing Cm concentration20:30, the
abundance pattern of individual r-proteins is strongly dependent on their positions within the
operon (Supplementary Figure 15). The abundances of individual r-proteins in S10 operon
and Spc operon significantly dropped along the length of each operon (red circles in Figure
4C, 4F), displaying a similar trend as the transcription levels along the operon. In contrast,
no PTT is detected for similar slow growth resulting from poor carbon or nitrogen sources
(Figure S10), and the abundances of individual r-protein do not show appreciable positional
dependences (purple squares and green triangles in Figure 4C and 4F). These results support
the notion that antibiotics-induced PTT is responsible for disrupting the coordinated
synthesis of individual ribosomal proteins along these operons.

Effect of ppGpp on transcriptional and translational elongation

Given that ribosome is not required to maintain the transcriptional elongation speed, we
asked how transcriptional and translational elongation remained coordinated under nutrient
limitation (Figure 1E). We focused on the role of the alarmone ppGpp31, which was
suggested to affect transcriptional elongation under starvation conditions32-3# and was
shown to inhibit transcriptional elongation /i vitro®38. We constructed a ppGpp up-
regulation strain, FL56, allowing overexpression of a constitutively active RelA protein
(called RelA™, Figure 5A)37. RelA* overexpression resulted in elevated levels of ppGpp and
inhibited cell growth38:3° (Supplementary Figure 16A). Cell growth arrest occurred rapidly
upon addition of 20 ng/mL cTc. At 20 min after the onset of growth arrest (Supplementary
Figure 16B), we found both the transcriptional and translational elongation speeds decreased
by ~50% (Supplementary Figure 16C-E). To remove possible interferences of translation on
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transcription, we repeated the RelA* induction experiment for FL56 cells growing
exponentially with FA, where transcription is dissociated from translation (Figure 2).
Addition of 20 ng/mL cTc for ppGpp synthesis (black circles in Figure 5B) again reduces
the transcriptional elongation speed by ~50% (circles in Figure 5C). For an intermediate
level of induction (5 ng/mL cTc), transcriptional elongation speed exhibited an intermediate
drop (triangles in Figure 5C). Thus, the transcriptional elongation speed can be gradually
varied by titrating ppGpp synthesis. Given that the translational elongation speed was not
affected by cTc addition (Figure 5D, blue bars in Figure 5E), these results establish that the
transcriptional elongation speed is ppGpp-dose dependent independent of translation.

of transcriptional elongation speed with RNA/protein ratio

Since ppGpp level is known to increase poor nutrient conditions?40:41 while increased
ppGpp synthesis slows down transcriptional elongation (Figure 5E), the slowdown of
transcriptional elongation under nutrient limiting conditions may simply be a result of
increased ppGpp levels. In a simple model (Figure 6A), the coordination with translational
elongation is explained by the fact that ppGpp also regulates the synthesis of the tRNA
ternary complex174142 whose abundance dictates translational elongation speed under
different nutrient conditions2°. This model highlights the role of ppGpp as a coordinator by
simultaneously modulating transcriptional and translational elongation under nutrient
limitation.

We next seek to test this model quantitatively. The ppGpp is the primary factor that regulates
ribosome synthesis in £, col720:23:41.43.44 Under nutrient limited growth, the elevated
ppGpp pool reduces the RNA/protein ratio, R/P (Supplementary Figure 17A and B)17. In
contrast, ppGpp pool decreases under FA treatment?3, leading to the increase of R/P23
(Figure 6B). Therefore, /P can reasonably be used as an (inverse) indicator of the ppGpp
pool. Under nutrient limitation alone, transcriptional and translational elongation speeds and
R/Pall decreased with decreasing growth rate (black circles in Figure 6B-D). Addition of
sub-lethal doses of FA slowed down the translational elongation in various nutrient
conditions (colored symbols of Figure 6C). In contrast, transcriptional elongation speed was
maintained in glucose medium and even increased in poorer nutrient conditions (Figure 6D
and Supplementary Figure 18). Strikingly, when we plotted the transcriptional elongation
speed data against //Pdata (the latter used here as the indicator of ppGpp), we found that
the diverging data of transcriptional elongation speed versus //P collapsed onto a single
Michaelis-Menten curve (Figure 6E), being the same as previously found in the dependence
of the translational elongation speed on //Punder nutrient limitation20. Transcriptional
elongation speed follows the Michaelis-Menten dependence even when translational
elongation speed deviates from it under FA treatment (Supplementary Figure S19). Thus,
transcriptional elongation speed follows the R/Pratio, which reflects the ppGpp pool,
regardless of the state of translational elongation.

DISCUSSION

In this study, we firmly establish that translation by a trailing ribosome is not required for
maintaining the elongation speed of RNAP across growth conditions. Although ribosomes
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can play the role of anti-backtracking?, the data of fusidic acid and nonsense mutation
indicate that such anti-backtracking is not required to maintain the transcriptional elongation
speed /n vivo. Our findings do not exclude the physical coupling between RNAP and the
trailing ribosome. Given that the actual distance between RNAP and the first trailing
ribosome may vary due to fluctuations in the two speeds, physical coupling could effectively
limit the gap between RNAP and its trailing ribosome, thereby avoiding Rho-mediated PTT.
However, the hypothetical bridges between RNAP and ribosome (observed in structure)?
might not be strong enough to hold when translation slows down (e.g., under antibiotic
treatment). Our results are also consistent with recent findings of the lack of difference
between single- and multiple-rounds of translationl6, reflecting the lack of physical
coupling. Thus, instead of physical coupling enabling the coordination of transcriptional and
translational elongation, our results suggest that the coordination of the two elongation
processes is necessary for the occurrence of physical coupling.

Our results support a global role of ppGpp in coordinating transcriptional and translational
elongation speeds under nutrient limitation (Figure 6A). Under poor nutrient conditions,
limitation in the charged tRNA levels due to elevated ppGpp level*® reduces the translational
elongation speed!7:2041.42 resylting in the empirical Michaelis-Menten dependence of the
translational elongation speed on R/P; see Supplementary Figure 17C and Ref.20. The
relation between R/Pand ppGpp pool implies a relation between the translation speed and
the ppGpp pool (Supplementary Figure 17D). Since elevated ppGpp level directly inhibits
the transcriptional elongation (Figure 5C)35. The degree of this inhibitory interaction can in
principle be adjusted to match the relation between the ppGpp pool and the translational
elongation speed. We analyzed the quantitative dependence of the transcriptional elongation
speed on the ppGpp pool: Strikingly, the correlation between the ppGpp pool and
transcription elongation speed obtained /77 vivo is quantitatively consistent with the
inhibitory kinetics of ppGpp effect on the RNAP elongation /n vitro (Supplementary Figure
17D, 17E)35. Thus, by adjusting the two parameters characterizing the interaction between
ppGpp and RNAP elongation, the cell can readily match transcriptional and translational
speeds without the need to finely adjust interaction for each nutrient condition.

Our work also brings to light the PTT-mediated polarity effect induced by antibiotics.
According to previous model* where ribosome pushes RNAP to maintain the same
elongation speeds, one would not expect to observe polarity in response to translation-
inhibiting antibiotics. Instead, we find such antibiotics to dissociate translation from
transcription, resulting in extensive polarity effect for long operons. PTT-mediated polarity
resulted in ~50% attenuation of transcription of the r-protein operons (Figure 4), thereby
significantly breaking the coordinated synthesis of individual r-proteins upon Cm treatment.
The ~50% attenuation of a subset of r-proteins diminishes the number of functional
ribosomes by 50%, since all r-proteins are required in equal amount in order to have a
functional ribosome. It has been noted previously that non-coordinated synthesis of r-
proteins inhibits ribosome assembly and generates inactive ribosome precursors28:2946_ Qur
results further show that a large fraction of r-proteins synthesized (from the upstream part of
the long operons exhibiting polarity) are useless. It is known that up to 40% of cellular
proteins are r-proteins under translation-inhibiting antibiotics3C. If half of them are rendered
useless due to dis-coordinated synthesis by the polarity effect, then as much as 20% of the
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proteome is rendered useless, leading to a ~50% reduction in growth rate according to
previous studies of proteome resource allocation3%47, Thus, PTT is an important
consequence of these drugs, comparable to the direct effect they exert on inhibiting the
translation process. By exposing these physiological problems arising from drug treatment,
our results demonstrate the importance of coordination between transcriptional and
translational elongation, which prevents PTT and hence prevents cells from the synthesis of
useless proteins in normal growth conditions.

Finally, we caution that our results on polarity are derived from a limited study of a few long
operons, specifically, the /ac operon and the two ribosomal operons. Quantitative effects of
polarity might also depend on the specific operons, on specific transcriptional pause sites (as
seen in Supplementary Figure 11) and with contributions from factors such as Rho and
global regulator, H-NS%8. In addition, some operons (e.g. AlyCABD) contain certain DNA
elements that could suppress transcription polarity within the operons#9. In the future,
systematic studies are necessary to fully elucidate the variation of polarity effects among
different operons.

MATERIALS AND METHODS

Strains

Mediums

The strains used in this study included wild type K-12 NCM3722 strain and B/r AS19
strain23, The AS19 strain is a membrane permeable strain that is sensitive to fusidic acid
treatment, and was thus used for fusidic acid study.

To construct the re/A* overexpression strain, FL56, the re/A” coding sequence (coding the
N-termini 455 amino acids of native re/A gene) was PCR amplified, and inserted into the
Kpnl/Xbal sites of the pZE11-/acZ vector to replace the /acZ gene, generating the pZE11-
relA+vector. The pZE11-relA+vector was co-transformed with the pZA31-TetR vector into
the AS19 strain to obtain the ppGpp-up-regulating strain, FL56.

To construct a /acZnonsense mutant strain, the native /acZ gene was PCR amplified and
inserted into the Kpnl/BamHI site of the pZA31-/uc vector, obtaining pZA31-/acZ vector. A
point mutation converting “G” (the 500t nucleotides from the transcription start site of
lac2) to “A” was introduced with PCR mutation to the /acZ gene in pZA31-lacZ vector,
generating pZA31-/acZ’ vector. pZA31-/acZ’was transformed into a NCM3722 facZ
deficient strain to obtain the lacZ nonsense mutant strain FL57.

The growth media used in this study were MOPS-buffered medium containing 40 mM
MOPS, 0.1 M NaCl, 4 mM Tricine (adjusted to pH 7.4 with NaOH), 0.1 mM FeSOy, 0.276
mM NaySQy, 0.5 uM CaCl,, 0.523 mM MgCl, and also micronutrient mixtures as used in
Cayley et al®. The carbon sources and nitrogen sources were varied to create different
nutrient limitation. Detailed nutrient conditions are the same as Dai et al?0,
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Cell growth was always performed in a 37°C air bath shaker (200 rpm). The cell growth
procedure contained three steps: seed culture, pre-culture and experimental culture. Cells
from a fresh colony in the LB plate were inoculated into LB medium and grown for several
hours as seed culture. Seed cultures were then transferred into the medium of the final
experimental culture (e.g. glucose minimal medium or glycerol minimal medium with
certain antibiotic concentration) as precultures. Inoculation of the pre-culture with washed
seed culture was selected such that the pre-culture grown overnight were still growing before
reaching saturation on the morning of the experiment. Cells in the pre-culture were kept
growing exponentially for at least ten doublings (at least five for growth rates below 0.4 h
~1). Exponentially growing pre-culture were inoculated into the final experimental medium
at an initial ODggg ~ 0.015 as experimental culture. For each condition, we took 6-8 ODgqg
points (at the range of 0.05 to 0.5) to get an exponential growth curve for the calculation of
growth rate. The values of ODgyg Were measured by a Thermo Sci genesys30
spectrophotometer.

For the growth measurement of FL56 cells, the seed culture and pre-culture were grown
without cTc; the final experimental cultures of FL56 cells (either with or without fusidic
acid) were first growing exponentially to ODggg~0.3, then cTc was added to induced RelA*
expression, ODgqq data points were taken at a 5-min interval to record growth arrest. IPTG
was added at 20 min after the onset of growth arrest.

Measurement of translation elongation speed

Measurements of the translational elongation speed of £. coli were based on the classical
JacZ induction assay with a 10-s initiation time calibrated, as described in Dai et al19:20,

Transcription kinetics measurement

E. coli cells were exponentially growing to ODggg ~0.4 followed by the induction of /ac
operon expression through addition of 5 mM isopropyl-g-D-thiogalactoside (IPTG).
Immediately after the IPTG induction, 2 mL of cell culture was withdrawn at a 10- or 15-s
interval and transferred into a 5-mL plastic tube containing 2 mL stop solution containing
60% ethanol, 2% phenol and 10 mM EDTA (pre-cooled in =20 °C). The total cellular RNA
was then extracted with a bacterial total RNA extraction kit (TianGen, China). The final
concentration of RNA was then measured with a NanoDrop-1000 micro-spectrophotometer.
1-pg total cellular RNA was used for cDNA synthesis with a first-strand cDNA synthesis
reverse transcriptase kit (Tsingke biotech, China). The gRT-PCR reaction was performed
based on the Super-premix SYBR green Plus kit (Yeasen Biotech, Shanghai, China) using
Bio-rad CFX96 Touch real-time PCR system. Detailed qRT-PCR reaction protocol is as
follows: 95°C for 15 min, followed by 40 cycles of 95°C for 10 s, 60°C for 20 s, and 72°C
for 30 s. The /facZ mRNA abundance of a sample taken immediately before IPTG addition
(referred to as “basal sample”), M(0), was set as “1”. The relative /acZ mRNA abundance in
each time point, M(t), equals to 2€99-Cat, where Cq0 means the Cq value of basal sample
and Cqgt means the Cq value at each time point. The /acZ mRNA abundance was plotted with
the time to obtain the transcriptional kinetics curve from which the transcriptional time of
seven mRNA sub-regions (detected by the corresponding seven pairs of primers) can be
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deduced. The linear range of each induction kinetic was fit with linear line. The best fit of
the each linear line was described as: y= a- x— bwhere a (the slope of the line) denoted the
relative mRNA transcription rate of each mRNA sub-regions; the transcriptional time of
each position, 7}, equals to (1 + b)/a. The position (the position of the 3" nucleotide within
he transcriptional start site) of the seven mRNA was plotted with the transcriptional time to
deduce the transcriptional elongation speed (as exemplified in Figure 1A and 1B). For each
condition, the average and standard error of three multiple-probes data from three
independent cultures in parallel was calculated as the final data listed in supplementary table
(Table S1 and Table S2). Instead, the error shown in related figures of the main text
corresponds to the uncertainty of linear fit of single-round multiple probe data. For the
experiments with bicyclomycin (Bcm), cell were first exponentially growing to ODggp~0.3,
20 pg/mL Bem was added to exponentially growing cells; after 15s, IPTG was added to
induce the transcription of /acZ mRNA.

Total RNA measurement

The total RNA content measurement was the same as described in Dai et al20. Three total
RNA samples were separately taken from the same three independent cultures (above) for
transcriptional kinetics measurement before addition of IPTG. Data of total RNA value are
averages of triplicates.

Total protein measurement

The total protein content measurement was the same as described in Dai et al20. Three total
protein samples were separately taken from the same three independent cultures (above) for
transcriptional kinetics measurement before addition of IPTG. Data of total protein are
averages of triplicates.

Measurement of ppGpp pools in FL56 strain by UPLC-MS

The measurement of cellular ppGpp level is based on the UPLC-MS method as described in
Yuta et al®L. In brief, the culture of FL56 strain was growing exponentially to OD600~0.4. 2
mL cell sample was taken and immediately collected by centrifugation for 0.5 min at 14000
rpm at 4 °C and washed once by ice-cold water. Cells were then crushed in 3 mL pre-cooled
2 M formic acid at 30 min and subjected to solid-phase extraction (SPE) protocol as detailed
in Ref.51, The UPLC-MS experiment was performed with Thermo Scientific TSQ Fortis
triple quadrupole mass spectrometer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: gRT-PCR based characterization of transcriptional elongation speed.
(a) facZmRNA induction curves of £. coli K-12 NCM3722 cells grown exponentially in

MOPS glucose minimal medium. Seven pairs of primers were used to detect the abundances
of different JacZ mRNA sub-regions. The rising component of each mRNA induction curve
was fitted to a line. (b) Transcriptional elongation speed obtained by plot the waiting time
against the probe position of each primer pair. The data are fitted to a linear line, whose
slope gives the transcriptional elongation speed and the X-intercept gives the time needed to
initiate the /acZ mRNA transcription after addition of IPTG. The errors denote the
uncertainty of the linear fit. (c) The induction curve of intact /acZ mRNA (detected by
P3105 primer) is plotted together with the LacZ induction curve. (d) The multi-probe
transcriptional elongation analysis done at 3 other growth conditions as indicated by the
legend. The errors denote the uncertainty of the linear fit. (€) Growth-rate dependent
transcriptional and translational elongation speeds under nutrient limitation. Transcriptional
elongation speeds are listed in supplementary table 1. Data of translational elongation speed
is from Ref.20, (f) Summary of transcriptional and translational elongation speeds in
different growth conditions. Data were shown as media with standard deviation of three
biological replicates. (g) LacZ induction curve of cells growing in glucose minimal medium
with/without 8 uM Cm. The inset shows the corresponding Schleif plots. (h) The induction
curve of the intact /acZ mRNA (detected by P3105 primer) of cells growing in glucose
minimal medium with/without 8 uM Cm. (i) Multiple-probe transcriptional elongation
analysis of cells growing in glucose medium with 4 or 8 uM Cm. Data of no-drug condition
is the same as in panel b. The errors in panel i denote the uncertainty of the linear fit. Data
shown in panel a, c, e, g and h have been repeated three times independently with similar
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results. Data shown in panel b, d and i show the analytic result of a typical multiple-probe
curve such as panel a and we repeated three times independently with similar results.

Nat Microbiol. Author manuscript; available in PMC 2020 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhu et al.

position (nt)

g
. B / A
o /
abk* /
. Yl /
Induction time (s) ‘

/
/

] A

£os A Aok B8 A—A" x« «

5000

4000

(yusuneasn v4)
uiajoid zoeT aAiejal

3000

induction time (s)

3200 no drug A
A FA 4
2400- /4
)/A)}
16004 /,.A
e
800- A 162105

0 50 100 150 200 250

C L] L L
0 15 30 45 60 75
transcription time (s)

90

o

Page 17
- -40
3
] : 2 TS
, 30 P
. Py 58
B )
! o 23R
 } e 3
i [ F10 2 3
¢¢ g
12222820 % s 0
0 50 100 150 200
induction time (s)
s 207 -20
L
® ~
22 slmm A P B hs o,
o c k-]
°3 B
g8 101 10 2
o= )
2% @
£3 . = £
5 ° ’
c
g
e C T T T T T 0
O > 2 O %
(\) Q L ‘\) A
o P oY
o%° \)0°6 \><'a°6 e‘o\ o°‘°
o & ¢ o

Figure 2. Transcriptional elongation in conditions of reduced trandational elongation by fusidic

acid.

(a) The induction curve of LacZ protein for £. coli AS19 strain growing in glucose minimal
medium with/without 1.2 pg/mL FA. Inset shows the Schleif plots. (b) The induction curve
of full-length /acZ mRNA for E. coli AS19 growing in glucose minimal medium with/
without 1.2 pg/mL FA. (c) Multiple-probe analysis of transcriptional elongation for £. coli
AS19 cells growing in glucose medium with 1.2 pg/mL FA. (d) Summary of transcriptional
and translational elongation speeds for cells subjected to fusidic acid treatment. Data shown
in panel a and b have been repeated three times independently with similar results. Data
shown in panel b, d and i show the analytic result of a typical multiple-probe curve and we
repeated three times independently with similar results. Data of panel d were shown as
media with standard deviation of three biological replicates.
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Figure 3. ThelacZ mRNA transcription induction kinetics upon nonsense mutation and
antibiotic treatment.

(a) Transcriptional elongation analysis of nonsense-mutated /acZ mRNA of FL57 strain
growing in glucose medium. (b) Same as panel a, but growing slowly in medium with
aspartate as the sole carbon source. In all cases, the error shown denotes the uncertainty of
the linear fit. Data shown in panel a and b show the analytic result of a typical multiple-
probe curve and we repeated three times independently with similar results. (c) The mMRNA
induction curves of /acZwith a nonsense mutation in glucose medium. (d) The relative
synthesis rate of each mRNA sub-regions (the slope of the linear induction curve) versus the
hybridization location of the primers in the /acZ mRNA molecules. The position of the
transcriptional start site of facZ mRNA is set as location “zero”. The synthesis rate of the 5’
mRNA sub-region detected by P297 primer is set as “1”. Data of native /acZgene and
nonsense mutated /acZ corresponds to Figure 1a and panel c, respectively. (€) Transcription
kinetics of nonsense-mutated /acZ mRNA of E. coli cells treated with 20 pg/mL
bicyclomycin (Bcm). Becm was added to exponentially growing cells; after 15 s, IPTG was
added to induce the transcription of /acZ mRNA. (f) The mRNA induction curves of /acZin
E. colicells growing with 1.2 ug/mL fusidic acid. (g) The relative synthesis rate of each
mRNA sub-regions versus the hybridization location of the primers in the /acZ mRNA
molecules in drug conditions. (h) Transcriptional premature termination of the entire /ac
operon under FA treatment. Cells were grown in glucose minimal medium with 0.3 pg/mL
fusidic acid. Z 3’ corresponds to the synthesis kinetics of the 3’ end (tail) of /acZ mRNA
using P3105 primer. Four additional primers were used for detect the synthesis rate of the
near 5’ head sub-region and near-3’ sub-region of both /acY (Y1 and Y2) and /acA mRNA
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(Al and A2). (i) The relative synthesis rate of each mRNA sub-regions (the slope of the
linear induction curve) versus the hybridization location of the primers in the entire /ac
operon in drug conditions. Data shown in panel ¢ to i have been repeated three times
independently with similar results.
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Figure 4. Expression polarity of the ribosomal protein (r-protein) operon under antibiotic
treatment.

(a) The ribosomal S10 operon. (b) The relative mMRNA abundance of S10 r-protein upon 1.2
pg/mL FA, 90 pg/mL Ery, 8 uM Cm and carbon limitation. FA denotes fusidic acid; Ery
denotes erythromycin. (c) The correlation between the S10 operon r-protein abundance with
the location of each r-protein under 8 UM Cm, carbon limitation and nitrogen limitation. The
transcriptional start site of S10 operon is set as “zero”. The location of each r-protein
corresponds to the distance (nt) between its stop codon and zero site. Data of RpsJ
abundance in each set is set as “1”. (d) Spc operon. (€) The relative mMRNA abundance of
Spc r-protein upon antibiotic treatment and carbon limitation. FA denotes fusidic acid; Ery
denotes erythromycin. (f) The correlation between Spc operon r-protein abundance with the
location of each r-protein under 8 uM Cm or carbon limitation. The transcriptional start site
of Spc operon is set as “zero”. The location of each r-protein corresponds to the distance (nt)
between its stop codon and zero sites. Data of RpIN abundance in each set is set as “1”.
Proteomic data in panel ¢ and f originate from Ref.30 with three biological replicates. Data
shown in panel b and e have been repeated three times independently with similar results.
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Figure 5. Effect of ppGpp on transcriptional elongation.
(a) The ppGpp upregulation strain, FL56, derived from AS19, harbors titratable expression

of the re/A” gene (encoding constitutively active RelA protein, encoding the N-terminal 455
residues of the native RelA protein) under the control of the 2, ;o promoter located on a
PZE11 plasmid. The expression of RelA* protein is controlled by the TetR repressor (also
driven by the P, s:0 promoter located on a pZA31 plasmid), which can be de-repressed by
chlortetracycline (cTc). See Methods. (b) Expression of RelA* protein through the addition
of 5 or 20 ng/mL cTc in glucose medium with 1.2 pg/mL fusidic acid (FA) results in rapid
growth arrest within less than half an hour. IPTG was added to the cultures at ~20 minutes
after the onset of growth arrest to induce the /acZexpression for the characterization of
transcriptional and translational elongation speeds in panel c. (d) Multi-probe transcriptional
elongation analysis for FL56 strain grown in glucose medium with 1.2 mg/mL FA, 20 min
after different levels of RelA™ induction (by cTc addition). The error denotes the uncertainty
of the linear fit. (d) Schleif plot of LacZ protein induction curve for FL56 strain treated in
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the same way as panel c. (€) Summary of the effect of RelA* induction on the
transcriptional-translational elongation speeds for FL56 cells characterized in panels b and c.
Data shown in panel b and d have been repeated three times independently with similar
results. Data shown in panel ¢ show the analytic result of a typical multiple-probe curve and
we repeated three times independently with similar results. Data of panel e were shown as
media with standard deviation of three biological replicates.
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Figure 6. Coordination of transcriptional and translational elongation under nutrient limitation.
(a) Model of ppGpp-mediated coordination of transcriptional and translational elongation.

Under nutrient limitation, the cellular ppGpp pool increases, inhibiting the synthesis of
translation substrates such as tRNA, EF-Tu and EF-G, causing slowdown of translational
elongation. Concomitantly, ppGpp exerts inhibitory effect on transcriptional elongation of
mMRNA by RNAP; see supplementary Figure 17 for detailed explanation. (b) The RNA/
protein ratio of AS19 strain is plotted against growth rate under both nutrient limitations and
fusidic acid treatment. Each color represents a fixed nutrient source supplemented with
different doses of fusidic acid. The nutrient limitation case (black circles) represents
different nutrient conditions without FA. The slowest growth rate was obtained using
glycerol with threonine as the sole nitrogen source; it supports a doubling time of ~20 h. (c)
Translational elongation speed plotted against growth rate under the same growth condition
as described in panel b. (d) Transcriptional elongation speed plotted against growth rate;
same growth conditions as panel b. (€) Transcriptional elongation speed plotted against
RNA/Protein (R/P) ratio for the same growth conditions. The transcriptional elongation
speed of all the data points in panel d is used as the y-axis; the //Pdata in panel b are used
as the x-axis. Black line is a least-square fit to the Michaelis-Menten relation. Data points
shown in panel b to e have been repeated three times independently with similar results.
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