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Supplementary Methods 

Strain construction 

In NMK80, the expression of a lacZ reporter gene was controlled by a synthetic promoter PLTet-O1 (PLTet-

O1-lacZ) 1. Construction of this strain was described elsewhere 2. We received the pALS13 plasmid 3 and 

strain CF15004 which contains the spoT E319Q allele (associated with Zib 256::Tn10) 4 from Dr. 

Michael Cashel. We transformed NMK80 with the pALS13 plasmid, creating NMK156. Transducing the 

spoT E319Q allele to NMK80 using P1 transduction 5, we created NMK215. We amplified the Ptac-relA’ 

cassette in the pALS13 plasmid using the primer named tac_relA_fwd and relA_kan_rev. See 

Supplementary Table 3 for sequences of all the primers used. Kanamycin resistance gene was amplified 

from the pKD13 plasmid 6, using the primers kan_fwd and kan_relA_rev. The PCR products were then 

fused using fusion PCR, using the primers ins_tac_relA_fwd and ins_relA_rev. The PCR cassette was 

electroporated into the NMK 215 cells containing pKD46. Kanamycin-resistant colonies were selected 

and the presence of Ptac-relA’ was verified by PCR and Sanger sequencing. The resulting strain was 

named NMK217.  

Supplementary Note 1 

Cells lacking peptidase activities lose viability rapidly upon starvation 7. The measurement of WT cells 

showed high rates of protein degradation during the early hours of starvation (a few hours) 7. 

Interestingly, WT cells also exhibit high rates of new protein synthesis during the early hours of 

starvation 8. The inhibition of protein synthesis in the early hours of starvation has detrimental effects on 

cell survival, whereas the inhibition at later times has only limited effects 9. The newly synthesized 

proteins are involved in alterations of the composition/structure of cell membrane and peptidoglycan or 

energy generation for long-term survival without cell growth 10-15. Also, starvation was shown to lead to 

oxidative damage to cells 16-19, and proteins protecting cells from oxidative stress are synthesized during 

starvation 20,21.   

Supplementary Note 2 

What determines transcription elongation speed in starved cells treated with chloramphenicol is an 

interesting question. The primary effect of chloramphenicol is inhibition of translation. Because 

transcription relies on translation during C-starvation, translation inhibition by chloramphenicol leads to a 

slowdown of transcription elongation (green bars in Fig. 2c). However, transcription does not rely on 

translation during N-starvation. Thus, translation inhibition by chloramphenicol does not lead to a 

slowdown of transcription elongation (blue bars in Fig. 2c). Interestingly, early in N-starvation (10 mins), 



transcription elongation is a bit higher with than without chloramphenicol treatment; compare the solid 

and open blue bars at 10 mins in Fig. 2c. This marginal difference could be explained by a known effect 

of chloramphenicol on (p)ppGpp levels together with our findings regarding the effects of (p)ppGpp on 

transcription elongation. Without chloramphenicol treatment, (p)ppGpp concentrations reach their 

maximum values within 10 mins after starvation 22-24. Previous studies have shown that chloramphenicol 

treatment results in a decrease in (p)ppGpp levels 25-27. Our experiments using the (p)ppGpp-

overexpressing strain (NMK156) and (p)ppGpp-defective strain (NMK217) showed that a decrease in 

(p)ppGpp levels causes an increase in transcription elongation speed (Fig. 3a and Supplementary Fig. 12). 

Therefore, early in N-starvation, transcription elongation speed is expected to be higher with 

chloramphenicol treatment, because the treatment leads to a decrease in (p)ppGpp levels and this decrease 

causes an increase in transcription elongation speed. Note that (p)ppGpp concentrations decrease to low 

levels later in starvation regardless of chloramphenicol treatment 22-24, which is why we do not see a 

difference in the speed at 45 mins in Fig. 2c. 

Supplementary Note 3 

Our extensive characterization has shown that lacZ mRNA tails are hybridized as well as the head (see 

Fig. 2-3 in our previous article 2, and also compare Fig. 1b and Supplementary Fig. 5 in this work); 

therefore, the fact that we did not observe hybridization signals from tails strongly suggests the absence of 

tails. It is possible that the tails were produced but degraded. When we characterized the degradation of 

mRNA molecules, we observed that mRNA heads disappeared first and after a time delay, mRNA tails 

disappeared (Fig. 3b in our previous article 2); such a time delay was previously reported by others as well 

28. Therefore, degradation would lead to the disappearance of both heads and tails or disappearance of just 

heads. To further support premature termination, we treated cells with bicyclomycin, a selective inhibitor 

of Rho (Rho is an important protein involved in premature termination). We found that the treatment led 

to an increase in LacZ expression (the results were shown in Supplementary Fig. 1). Lastly, in the field, 

the presence of mRNA heads but absence of tails are taken as a sign of premature termination (we briefly 

summarized previous studies of premature termination in Supplementary Fig. 1 caption. Please see the 

reference therein). Collectively, these pieces of evidence strongly support that premature termination 

underlies the failure in the detection of mRNA tails. 

  



Supplementary Fig. 1. Premature termination of transcription. 

 

 

The transcription terminator factor Rho has significant effects on protein expression because it triggers 

premature termination of transcription 29,30. But, there are other factors that influence premature 

termination. For example, the Nus transcription factors are involved in intrinsic termination either directly 

by affecting RNA structures (possibly independently of Rho) or modulating the Rho activity 31-38. Gre 

factors stimulate transcript cleavage during transcriptional arrests, also affecting termination 39,40. DksA 

prevents premature termination by removing transcription roadblocks 41,42. A recent study revealed a role 

of RNAP-binding aptamers (RAPs) in premature termination 43. 60% genes in E. coli were shown to carry 

RAPs. Many of these RAPs are inhibitory; they uncouple transcription and translation, marking nascent 

mRNAs accessible to Rho, thereby causing premature termination of transcription. The degree of 

premature termination varies depending on environmental conditions, which could provide a condition-

dependent mechanism of gene expression.   

Bicyclomycin is the selective inhibitor of Rho and has been used to identify the role of Rho in premature 

termination 43,44. In the main text, we observed N-starved (p)ppGpp-defective cells exhibited severe 

defects in LacZ proteins synthesis (Fig. 3c), due to premature transcription termination (Fig. 3b). We 

repeated the experiment and treated (p)ppGpp-defective cells with 100 g/ml of bicyclomycin. The graph 

above shows that the treatment somewhat restored LacZ expression, although the LacZ amounts were still 

lower than those of N-starved wild-type cells (Fig. 3c). We performed two biologically independent 

experiments and obtained very similar results from the two independent experiments. 

Collectively, previous studies and our results shown here indicate that Rho as well as other factors are 

involved in low LacZ expression of N-starved (p)ppGpp-defective cells.   

 



Supplementary Fig. 2. The inducer aTc fully induces LacZ expression from the PLTet-O1 promoter at 

a concentration of 100 ng/ml.  

 

 

(A) Our strain (NMK80) harbors a synthetic promoter PLTet-O1 driving the expression of a lacZ reporter 

gene (PLTet-O1-lacZ) in its chromosome 1. This strain constitutively expresses TetR, a repressor of the 

promoter. An inducer, aTc, diffuses into cells rapidly within a couple of seconds 2 and relieves the 

repression by TetR, leading to the expression of the lacZ gene. (B) We added aTc to exponentially-

growing cultures at various concentrations and measured the steady-state LacZ levels (we performed 

three biologically independent experiments and obtained very similar results from the three independent 

experiments). At a concentration of 100 ng/ml, LacZ expression reached the maximum, and a further 

increase in the concentration did not lead to higher expression. Therefore, we used 100 ng/ml of aTc in all 

our experiments.  

  



Supplementary Fig. 3. Carbon- and nitrogen-starvation. 

 

 

We cultured cells in N-C- medium 45, with glycerol and ammonium as the sole carbon and nitrogen 

sources. For carbon starvation, we let glycerol run out by cell growth. Specifically, we supplemented 

medium with 6 mM glycerol and 20 mM ammonium and cultured cells in the supplemented medium. Cell 

growth is initially exponential and stops abruptly at OD600  0.6 due to glycerol depletion 46 (panel A). 

This abrupt cessation of cell growth, indicating the onset of carbon starvation, defines time zero (see the 

arrow in panel A). OD600 remains constant afterwards. For nitrogen starvation, we used a low ammonium 

concentration and let ammonium run out by cell growth (panel B). We used 20 mM glycerol and 6 mM 

ammonium. Cell growth stops abruptly at OD600  0.6, which defines time zero (see arrow in panel B). 

We performed three biologically independent experiments and obtained very similar results from the 

three independent experiments. 

We note that glucose is a common carbon source for cell growth, being frequently used for starvation 

experiments (e.g., see ref. 7,47). we did not use glucose in our experiments because of bacterial Crabtree 

effect 48; cells growing on glucose excrete acetate, and the excreted acetate is used upon glucose 

exhaustion 49. This switch to acetate upon glucose exhaustion makes it difficult to determine when 

starvation begins 49. On the other hand, growth of cells on glycerol does not lead to acetate production 50, 

allowing us to avoid this complication. This is why we used glycerol as the carbon source in our 

experiments.  

 

  



Supplementary Fig. 4. In our experimental time window, viability loss was negligible.  

 

Starvation leads to gradual loss of viability 8,9,46,51. As discussed in the main text, we focused on the 

kinetics of gene expression during the first hour of starvation. When we characterized a change in 

viability in starved cultures, the results showed that in our experimental time window, viability loss was 

negligible. We performed two biologically independent experiments and obtained very similar results 

from the two independent experiments. 

  



Supplementary Fig. 5. Comparing the average copy number of mRNA tail per cell, mtail, in C+N+, 

C-starved, and N-starved cells.  

 

The average copy number of mRNA tail per cell, mtail was plotted here (the average copy number of 

mRNA head per cell, mhead, was plotted in Fig. 1b). Starvation led to a significant reduction in mRNA 

amount; see blue columns on the left for N-starvation and green columns on the right for C-starvation. 

The reduction was more severe under C-starvation than N-starvation. Two biologically independent 

experiments were performed. The dots and bar show the data from the two independent experiments and 

their mean. 

  



Supplementary Fig. 6. Characterizing mRNA degradation kinetics. 

 

The mRNA amounts are determined by the mRNA synthesis rate, m, and the degradation rate, βm in the 

following manner,  

    m m

dm
m

dt
.  Eq. (S1) 

Consider that lacZ expression was induced previously, and then at time zero, the induction was inhibited 

abruptly, e.g., by adding a transcription inhibitor, rifampicin (rif) to the culture. From then on, the mRNA 

synthesis rate would be zero. Applying m =0 to the Eq. (S1) in the main text, i.e., the law of mass action 

for transcriptional kinetics, we have   

 ( ) (0)exp( )mm t m t   ,  Eq. (S2) 

where m is the mRNA amount at a given time t. Eq. (S2) predicts that after the inhibition of mRNA 

synthesis, m decreases exponentially over time, and the rate of a decrease is equal to the degradation rate 

βm.  

In our experiments, we induced mRNA lacZ mRNA synthesis using 100 ng/ml of aTc for 10 mins and 

then inhibited the synthesis using rifampicin (the inhibition defined time zero). As predicted, mRNA 

amounts decreased exponentially; see a linear decrease in the semi-log plots above for exponentially 

growing cells in a nutrient-rich condition (red squares), cells starved of carbon for 30 mins (green circles) 

and cells starved of nitrogen for 30 mins (blue triangles). Analyzing the slopes, we determined the 

degradation rate βm. We repeated this procedure for cells starved for different duration and reported the 

values of βm in Supplementary Table 1. In all cases, two biologically independent experiments were 

performed. We obtained very similar results from the two independent experiments.  



Supplementary Fig. 7. Characterizing the induction kinetics of lacZ mRNA. 

 

We determined the lacZ mRNA synthesis rate under C+N+ (the left plot), C-starvation (top panel), and 

N-starvation (bottom panel) conditions, by characterizing how mRNA amounts increased after induction. 

First, aTc was added to an exponentially-growing culture in the C+N+ condition at a final concentration 

of 100 ng/ml; the addition defined time zero. We observed that the amounts of the mRNA head (mhead, 

blue squares) and tail (mtail, red circles) increased linearly (the left plot). When we prepared cells starved 

of carbon (top panel) and nitrogen (bottom panel) and add aTc to the cultures at different times, we again 

observed linear increases of mhead and mtail, although the slopes were different.  

This linear increase can be understood using Eq. (S1), i.e., the law of mass action for transcriptional 

kinetics. Immediately after the induction of mRNA expression, the mRNA amounts are very low, and Eq. 

(S1) can be approximated by m

dm

dt
 . Assuming m does not change much during the short period of 

measurements (a few minutes as shown above), we have    

 
mm t    Eq. (S3) 

Thus, soon after induction, mRNA amounts increase linearly and the slope of the linear increase is equal 

to the mRNA synthesis rate, m. The values of m determined in this manner were reported in Fig. 1c and 

Supplementary Table 1.  



Additionally, the data plotted above were used to calculate mRNA-chain elongation speeds; see our 

recently published article for details 2. Briefly, after promoter induction, the head of the mRNA appeared 

with a time delay (blue squares). The X-intercept of the fit (blue lines) reflects the delay and we denote 

the X-intercept by Thead. With the knowledge of the length of the head (Fig. 1a and Supplementary Table 

4 and 5), the time delay was used to calculate the mRNA-chain elongation speed (Method A). Please note 

that we considered the time delay between the addition of the inducer to the medium and transcription 

initiation, which we denoted as Tlag; we showed that Tlag is 6.5 sec in our previous study 2. Therefore, the 

transcription elongation speed is equal to 935 nt / (Thead - 6.5 sec). Alternatively, the time delay between 

the appearance of the head (blue squares) and the appearance of the tail (red circles) can be used to 

calculate the speed (Method B); the transcription elongation speed would be (3075 nt -935 nt) / (Ttail - 

Thead). We previously showed that the speeds calculated from these two different methods are consistent 2. 

We further tested the consistency of the two methods by using the data plotted here for C+N+ cells, cells 

starved of carbon for 45 mins, and cells starved of nitrogen for 45 mins. Using Method A and B 

respectively, we obtained 48.6 (±2.2) and 49.0 (±3.7) nt/sec in C+N+ cells, 12.9 (±2.5) and 12.7 (± 2.1) 

nt/sec in C-starved cells, and 20.9 (±3.2) and 19.7 (±1.2) nt/sec in N-starved cells (here, we reported the 

mean and standard deviation of values obtained from two independent experiments). These results show 

that the two methods yield consistent results. Throughout this work, we determined the speed from the 

time of appearance of the head signals (Method A), because in some experiments, there are no tail signals 

due to premature termination (e.g., see Fig. 3b). In all cases, two biologically independent experiments 

were performed. We obtained very similar results from the two independent experiments. 

In the main text, we discussed that C-starvation has severe effects on transcription. For example, when 

cells were starved of carbon for 45 mins, the transcription rate decreased more than 10 fold, whereas the 

transcription elongation speed decreased ~2.5 fold (the actual values of these rates and speeds were 

provided in the main text and Fig. 1c). A much greater decrease in the transcription rate compared to the 

transcription elongation speed indicates that transcription initiation is rate-limiting in transcription during 

C-starvation. 

 

 

  



Supplementary Fig. 8. LacZ proteins were not degraded in our experimental time window. 

 

We measured the LacZ degradation rate, βp in two different experiments. (A) We first induced LacZ 

expression using aTc, and then stopped the expression by suspending cells in inducer-free medium. We 

observed that protein levels remained constant in N-starved cells, as well as C-starved cells. (B) In a 

separate experiment, we stopped protein synthesis using chloramphenicol, the translation elongation 

inhibitor. Again, the protein levels remained constant. Therefore, LacZ proteins were not degraded in 

starved cells, i.e., βp = 0. In all cases, two biologically independent experiments were performed. We 

obtained very similar results from the two independent experiments. 

  



Supplementary Fig. 9. Charactering the kinetics of LacZ protein expression 

 

The LacZ amount, p, is governed by the number of mRNA molecules (m), rate of protein synthesis from a 

single mRNA molecule (p), and rate of protein degradation (βp), in the following manner,  

     p p

dp
m p

dt
  Eq. (S4) 

In Supplementary Fig, 8, we showed that the rate of protein degradation is zero (βp =0). Thus, we have  

 
p

dp
m

dt
    Eq. (S5) 

In Supplementary Fig. 7, we established that immediately after induction, lacZ mRNA amount increases 

linearly; see Eq. (S3). Combining Eq. (S3) and Eq. (S5), we have  

 
m p

dp
t

dt
      Eq. (S6) 

Taking the integral, we have 

 ( ) (0)
2

m p
p t p t

 
   ,  Eq. (S7) 

where p(0) is the amount of LacZ proteins present before induction, due to its leaky basal expression. 

Thus, immediately after induction, the square root of LacZ amounts increases linearly against time, and 

the plots above confirmed this prediction. Importantly, the slope of the linear increase is determined by 



the mRNA synthesis rate, m, and protein synthesis rate, p (Eq. (S7)). Analyzing the slope, and using the 

value of m that we previously determined (Supplementary Fig. 7 and Supplementary Table 1), we 

calculated p (Fig. 1e). Note that we have used m from the mRNA tail because it reflects the synthesis 

rate of full-length mRNAs. In all cases, two biologically independent experiments were performed. We 

obtained very similar results from the two independent experiments. 

Previous studies routinely determined the peptide-chain elongation speed using a time delay in the 

appearance of the LacZ protein after induction 52-56. Such a delay is evident in our data shown here, which 

we used to determine the peptide-chain elongation speed under starvation conditions.  

In summary, translation rates and translation elongation speeds can be separately determined by 

measuring the slopes and delays in the appearance of LacZ amounts.   

Previous studies showed that starvation leads to a decrease in ATP and GTP levels, although the decrease 

is minor during the first hour of starvation (which was the focus of our study) 24,57,58. Such a decrease is 

expected to contribute to changes in transcription and translation processes observed in our study.    

  



Supplementary Fig. 10. Transcription elongation speed in N-starved cells treated with serine 

hydroxamate (SHX) or chloramphenicol (CM) or without any treatment.  

 

In our experiments, chloramphenicol treatment was used to show that translation inhibition does not slow 

down transcription elongation under nitrogen starvation (Fig. 2c). Previous studies have shown that 

chloramphenicol treatment results in a decrease in (p)ppGpp levels 25-27, which could possibly complicate 

the interpretation of the results. To test this possibility, we repeated the experiments using serine 

hydroxamate (SHX). SHX prevents charging of seryl-tRNAs and leads to ribosome stalling, hence 

inhibiting translation like chloramphenicol 59. However, unlike chloramphenicol, SHX induces (p)ppGpp 

synthesis, leading to an increase in (p)ppGpp levels 60. When we treated cells starved of nitrogen for 10 

mins with SHX, we found the transcription elongation speed is very similar to the speed without any 

treatment (see the panel above), again demonstrating that translation inhibition does not slow down 

transcription elongation even when (p)ppGpp synthesis is induced. We note that the transcription 

elongation speed with chloramphenicol treatment is somewhat higher, possibly due to the negative effects 

of chloramphenicol on (p)ppGpp concentrations 25-27. In any case, the control experiment with SHX 

indicates that the interpretation of our results (i.e., that translation inhibition does not slow down 

transcription elongation under nitrogen starvation) holds true and is not complicated by the negative effect 

of chloramphenicol on (p)ppGpp concentrations. In all cases, two biologically independent experiments 

were performed. The dots and bar show the data from the two independent experiments and their mean. 

Currently, the kinetic process responsible for (p)ppGpp-mediated coordination of transcription and 

translation under N-starvation is unclear. One possible mechanism, which is supported by the match of 

transcription elongation speeds with and without SHX treatment as shown above, is that (p)ppGpp slows 

down RNAPs, and ribosomes catches up with RNAPs and slow down accordingly.  

  



Supplementary Fig. 11. The kinetics of lacZ mRNA expression under C+N+ with chloramphenicol 

treatment. 

 

 

We cultured cells in nutrient-rich conditions and added chloramphenicol (100 µg/ml). After 5 minutes of 

incubation, we added aTc (100 ng/ml). The chloramphenicol abolished the synthesis of the mRNA tails.  

Two biologically independent experiments were performed. We obtained very similar results from the 

two independent experiments. 

  



Supplementary Fig. 12. (p)ppGpp accumulation results in a lower transcription elongation speed.  

 

In E. coli, (p)ppGpp molecules are synthesized by two enzymes, mono-functional RelA (with synthesis 

activity only) and bi-functional SpoT (with synthesis and hydrolysis activities) 61. In WT cells under 

nutrient-rich conditions, (p)ppGpp levels are very low, because both the expression of these enzymes and 

their activities are low 62,63. To increase the (p)ppGpp concentration, we utilized a plasmid containing Ptac-

relA, pALS13 3. The relA is a truncated relA gene and encodes a catalytically active protein containing 

the first 455 amino acids of the RelA protein. In contrast to native RelA, the RelA protein maintains 

strong synthesis activity even in nutrient-rich conditions. Its expression, driven by the promoter Ptac, can 

be controlled artificially using the inducer IPTG. We introduced this plasmid into our E. coli strain, 

cultured the resulting strain (NMK156) in C+N+ minimal medium, and stimulated (p)ppGpp synthesis by 

adding 1 mM IPTG. The synthesis led to a reduction in the transcription elongation speed by ~2-fold. In 

all cases, two biologically independent experiments were performed. The dots and bar show the data from 

the two independent experiments and their mean. 

  



Supplementary Fig. 13. Comparing the transcription elongation speed for 10 mins-starved cells.  

 

 

We compared the mRNA-chain elongation speed of the (p)ppGpp-defective strain to that of the WT strain 

subjected to the same C-starvation condition. The data for 30 min starvation were shown in Fig. 3a and 

3d. Here, we reported the speeds for 10 mins-starved cells. In all cases, two biologically independent 

experiments were performed. The dots and bar show the data from the two independent experiments and 

their mean. 

We found that (p)ppGpp synthesis defect did not lead to an increase in the speed under C-starvation (Fig. 

3d and panel B here). This lack of increase under C-starvation may also be accounted for by the 

translation-aid-transcription mechanism. As discussed in the main text, when RNAPs transcribe a DNA 

template, in the absence of trailing ribosomes, they frequently pause and backtrack 64-66. Roadblocks 

along a DNA template (e.g., DNA-bound molecules) exacerbate this pausing and backtracking, further 

slowing down transcription elongation 55. However, translational motion of ribosomes is highly energetic 

and processive 67. Thus, with the translation-aid-transcription mechanism, trailing ribosomes help RNAPs 

push away the roadblocks 55. It is possible that a similar process is in play; the translation-aid-

transcription mechanism helps to overcome the repressive effect of (p)ppGpp on transcription elongation 

under C-starvation. Importantly, the translation-aid-transcription mechanism is no longer in effect under 

N-starvation. Therefore, the repressive effect of (p)ppGpp is expected to be evident. Indeed, the (p)ppGpp 

synthesis defect leads to a significant increase in transcription elongation speed (Fig. 3a and panel A 

here).  

  



Supplementary Fig. 14. The growth rate of the (p)ppGpp-defective strain in C+N+ minimal media.   

 

We constructed a strain that is capable of producing (p)ppGpp at a low level and yet incapable of 

accumulating it in massive amounts under starvation (NMK217). First, to abolish the rapid accumulation 

of (p)ppGpp upon starvation, we replaced the native PrelA-relA on the chromosome in WT cells (NMK80) 

with Ptac-relA (cloned from pALS13 3). Also, the native spoT gene was replaced by spoT-E319Q, which 

contains a mutation that eliminated (p)ppGpp synthesis 4. In the resulting strain (NMK217), (p)ppGpp 

synthesis can be artificially controlled using the Ptac inducer IPTG. When we cultured this strain in C+N+ 

minimal medium (containing glycerol and ammonium as the sole carbon and nitrogen sources), with 10 

µM IPTG, it grew at the same rate as WT; see the plot above. Above and below this concentration, this 

strain exhibited growth defects; this observation agrees with previous reports that non-optimal (p)ppGpp 

levels resulted in defective growth 3,68,69. This growth pattern indicates that in C+N+ minimal medium, 

with 10 µM IPTG, this strain maintained a basal (p)ppGpp level comparable to that of WT cells. Thus, 

throughout the experiment, we maintained the level of IPTG at 10 µM in the culture. Two biologically 

independent experiments were performed. We obtained very similar results from the two independent 

experiments. 

  



Supplementary Fig. 15. Premature transcription termination in the (p)ppGpp-defective strain.  

 

 

In the main text, we cultured the (p)ppGpp-defective strain with 10 M IPTG. Under N-starvation, this 

strain produced the mRNA heads similarly to WT cells but failed to produce mRNA tails (Fig. 3b), and 

failed to produce LacZ proteins (Fig. 3c). We repeated this experiment with no IPTG. This strain again 

produced the mRNA heads similarly to WT cells but failed to produce mRNA tails (panel A), and failed 

to produce LacZ proteins (panel B). Our observation remained the same when we repeated the 

experiments with 20 M IPTG. Therefore, our observation of premature termination and failure to 

produce LacZ proteins does not depend on the exact (p)ppGpp concentrations. In all cases, two 

biologically independent experiments were performed. We obtained very similar results from the two 

independent experiments. 

  



Supplementary Fig. 16. (p)ppGpp is likely to act directly on RNA polymerases. 

 

Upon starvation, (p)ppGpp level increases during the first 10 mins 22-24,70,71. We found that (p)ppGpp 

slows down transcriptional elongation (Fig. 3 and Supplementary Fig. 12 and 13). This slow-down is 

critical for gene expression under N-starvation, as the (p)ppGpp-defective strain, which exhibited fast 

transcriptional elongation, was not able to express LacZ proteins (and also other proteins); see Fig. 3c and 

4a. 

In our data, the slow-down of transcriptional elongation by (p)ppGpp is already evident at 10 mins after 

N-starvation (Supplementary Fig. 13). This rapid response supports the possibility that (p)ppGpp directly 

acts on RNAPs. Previous studies have shown that UvrD binds to RNA polymerases (RNAP) and 

promotes RNAP backtracking 72,73. To test the role of UvrD in our findings, we repeated the LacZ 

measurements under N-starvation using the uvrD strain. In Fig. 3c, we showed that under N-starvation, 

the WT strain expresses LacZ proteins while the (p)ppGpp-defective strain exhibits severe defects in 

LacZ protein synthesis; these data are re-plotted in the panel A above. When we repeated the experiments 

using the uvrD strain, we found that the uvrD strain also exhibits severe defects in LacZ protein 

synthesis (panel A). This finding suggests that UvrD is involved, possibly mediating the binding of 

(p)ppGpp on RNAPs during transcriptional elongation slow-down. Please note that the experiments with 

the uvrD strain had to be repeated multiple times because this strain exhibits increased spontaneous 

mutagenesis 74; we found that when this strain was cultured for extended periods of time, the strain 

expressed LacZ proteins under N-starvation. Furthermore, recent biochemical studies showed that 

(p)ppGpp can directly bind to RNAPs, forming a transcription complex 75-77. Two binding sites were 

identified and strains lacking these sites were constructed 76. We received these strains, RLG14535 (both 

binding sites intact, 1+2+), RLG14536 (the first binding site is deleted, 1-2+), and RLG14537 (the second 

binding site is deleted, 1+2-). We starved them of nitrogen and artificially expressed LacZ proteins from 

the native promoter by adding 1 mM of IPTG and 10 mM of cAMP. We observed that the strains lacking 

binding sites exhibited defects in LacZ protein synthesis (panel B). In all cases two biologically 



independent experiments were performed. We obtained very similar results from the two independent 

experiments.  



Supplementary Fig. 17. Comparing the kinetics of mRNA synthesis for 10 min-starved WT and 

(p)ppGpp-defective strains.  

 

In the main text, we reported mRNA synthesis kinetics for WT and (p)ppGpp-defective strains starved of 

carbon or nitrogen for 30 mins (Fig. 3b and 3e). Here, we reported the kinetics for 10 mins-starved cells. 

In all cases, two biologically independent experiments were performed. We obtained very similar results 

from the two independent experiments. 

  



Supplementary Fig. 18. Comparing the kinetics of LacZ protein synthesis for 10 min-starved WT 

and (p)ppGpp-defective strains. 

 

In the main text, we reported the kinetics of LacZ protein synthesis for WT and (p)ppGpp-defective 

strains starved of carbon or nitrogen for 30 mins (Fig. 3c and 3f). Here, we reported the kinetics for 10 

mins-starved cells. In all cases, two biologically independent experiments were performed. We obtained 

very similar results from the two independent experiments. 

  



Supplementary Fig. 19. Comparing the transcription and translation elongation speeds for the 

(p)ppGpp-defective strain.  

 

In Fig. 2d, we plotted lacZ mRNA-chain elongation speed (a red solid column, left axis) and LacZ 

peptide-chain elongation speed (a red striped column, right axis) in WT cells under the C+N+ condition. 

The scales of the axes were adjusted such that the heights of the two columns matched. We re-plotted 

them in the same manner here on the left. To the right, we then plotted the mRNA-chain elongation speed 

of the (p)ppGpp-defective strain starved of carbon (left axis, solid), which showed that the speed was 

lower than that of the WT strain in the C+N+ condition. Next to them, we plotted the peptide-chain 

elongation speed of the same strain under the same condition as red striped columns (right axis). The 

heights of these columns remained matched, indicating that the peptide-chain elongation speed decreased 

by the same degree as the mRNA-chain elongation speed. In all cases, two biologically independent 

experiments were performed. The dots and bar show the data from the two independent experiments and 

their mean. 

  



Supplementary Fig. 20. Characterizing global protein synthesis activity during starvation for the 

WT and (p)ppGpp-defective strains. 

                N starvation      C-starvation 

    1     2     3     4                   1     2     3     4 

                 

 

 

 

 

 

 

 

Starvation leads to up-regulated expression of hundreds of proteins 15,78. To compare total protein 

synthesis activities between WT and (p)ppGpp-defective strains, we fluorescently labeled proteins newly 

synthesized during starvation and compared the total fluorescence intensities 79-81; See text. We first 

starved WT and (p)ppGpp-defective cells of nitrogen at time zero, and immediately added L-

azidohomoalanine (AHA), the amino acid surrogate for L-methionine, to the culture. AHA, replacing 

methionine, is incorporated into proteins synthesized during starvation. After 1 hour, we collected cells 

and fluorescently labeled the AHA molecules incorporated into the proteins (see Methods for detail). 

Here we showed raw images of the fluorescent protein gel. Even from a cursory visual inspection, it is 

clear that the fluorescence intensity for the WT strain (the left image, the second lane) is much higher 

than that for the (p)ppGpp-defective strain (the left image, the fourth lane). We measured the total 

fluorescence intensities and reported their relative values in Fig. 4a.  

We repeated this procedure using cells starved of carbon. In contrast to our observation under N-

starvation, the fluorescence intensity for the WT strain (the right image, the second lane) is about the 



same as that for the (p)ppGpp-defective strain (the right image, the fourth lane). We measured the total 

fluorescence intensities and reported the values in Fig. 4b. Two biologically independent experiments 

were performed. We obtained very similar results from the two independent experiments. 

  



Supplementary Fig. 21. Characterizing global protein synthesis activity with relA overexpression 

 

           

 

 

 

 

By starving NMK217 of nitrogen, we showed that ppGpp synthesis defect leads to inhibition of LacZ 

expression and global protein synthesis (Fig. 4a and Supplementary Fig. 20). Here, we characterized the 

effect of (p)ppGpp over-synthesis. NMK217 harbors Ptac-relA on the chromosome. When we induced 

relA  expression with 10 M IPTG, this strain failed to produce LacZ proteins (Fig. 4c). When we 

induced the expression with 1 mM IPTG, LacZ expression in this strain was lower than that in WT; 

compare the blue circles and red squares in the left panel above. We then induced the relA expression 

from a plasmid pALS13 containing Ptac-relA; see the ref. 3 for details of this plasmid and see NMK230 in 

Supplementary Table 2 for details of the strain used. We found that with 10 M IPTG, NMK230 

expressed higher amounts of LacZ proteins than WT; compare the blue circles and red triangles in the left 

panel above. We then followed the procedure described in Supplementary Fig. 20 and measured the total 

protein synthesis activities. Even from a cursory visual inspection of raw images of the fluorescent protein 

gel (right panel), it is clear that NMK230 exhibits higher global protein synthesis activities than WT; 

compare the second and fourth lanes. Two biologically independent experiments were performed. We 

obtained very similar results from the two independent experiments. 

  



Supplementary Fig. 22. The kinetics of lacZ mRNA expression under C+N+.  

 

We determined the lacZ mRNA amounts after induction under C+N+. aTc was added to an exponentially-

growing culture in the C+N+ condition at a final concentration of 100 ng/ml; the addition defined time 

zero. We observed that the amounts of the mRNA head (mhead, blue squares) and tail (mtail, red circles) 

increase, reaching their steady state levels within 5 mins. Two biologically independent experiments were 

performed. We obtained very similar results from the two independent experiments. 

  



Supplementary Table 1. Values of all the date obtained from this study. 

 C+N+ Carbon-starved  Nitrogen-starved 

  10 

mins 

30 

mins 

45 

mins 

 10 

mins 

30 

mins 

45 

mins 

lacZ mRNA head copy number 7.6 1.9 1.6 1.2  4.7 3.7 3.2 

lacZ mRNA tail copy number 7.9 1.6 1.6 1.1  3.3 4.2 3.5 

LacZ protein amounts (m.u.) 12705 127.0 246.8 300.0  47.6 150.3 250.1 

lacZ mRNA head synthesis rate 

(/min) 

5.3 0.4 0.2 0.1  1.9 1.3 1.0 

lacZ mRNA tail synthesis rate 

(/min) 

5.3 0.3 0.1 0.1  1.2 0.7 0.8 

LacZ protein synthesis rate 

(m.u./min) 

8.7 5.1 4.4 4.1  1.2 1.9 1.3 

lacZ mRNA-chain elongation speed 

(nt/sec) 

48.6 23.3 16.9 12.9  19.3 20.4 20.9 

LacZ peptide-chain elongation 

speed (aa/sec) 

12.9 5.7 4.6 3.5  4.1 5.2 5.3 

lacZ mRNA head degradation rate 

(/min) 

-0.49 -0.23 -0.24 -0.15  -0.53 -0.52 -0.56 

lacZ mRNA tail degradation rate 

(/min) 

-0.52 -0.22 -0.25 -0.16  -0.55 -0.5 -0.58 

lacZ mRNA-chain elongation 

speed, chloramphenicol treated. 

(nt/sec) 

22.3 15.9 6.4 4.6  25.1 22.2 19.4 

lacZ mRNA-chain elongation 

speed, (p)ppGpp overexpression 

using pALS13 (nt/sec) 

26.0        

lacZ mRNA-chain elongation 

speed, relA deletion (nt/sec) 

 18.7 17.3   27.0 23.5 21.9 

lacZ mRNA-chain elongation 

speed, (p)ppGpp-defective strain 

(nt/sec) 

 21.1 16.9   30.1 35.0  

LacZ peptide-chain elongation 

speed, (p)ppGpp-defective strain 

(aa/sec) 

 5.2 4.3      

 

  



Supplementary Table 2. Strain list 

Strain Genotype Derived from Comments Reference 

NCM3722 - - E. coli K-12 wild-type 

strain 

82-84 

NMK 80 PlacZ-rbs::Ptet-rbs1, ∆lacI, 

sp:Pcon-TetR-LacIq(attB)  

 

NCM3722  2 

NMK 156 

 

PlacZ-rbs:Ptet-rbs1, ∆lacI, 

sp:Pcon-TetR-LacIq(attB); 

PLASMID: pALS13 

 

NMK 80 NMK80 was 

transformed with  the 

pALS13 plasmid 

See 3 for pALS13 

NMK 210 PlacZ-rbs::Ptet-rbs1, ∆lacI, 

sp:Pcon-TetR-LacIq(attB), 

prelA-relA::ptac-relA:km 

 

NMK 80 ptac-relA in the 

pALS13 plasmid was 

PCR-amplified and 

fused to kanamycin 

cassette from pKD13. 

This fusion product 

replaced the native 

prelA-relA in NMK80. 

 

See 6 for pKD13 

NMK 215 PlacZ-rbs::Ptet-rbs1, ∆lacI, 

sp:Pcon-TetR-LacIq(attB), 

spoT E319Q 

zib563::Tn10 

 

NMK 80 Performed P1 

transduction to move 

the spoT E319Q 

zib563::Tn10 allele 

into NMK 80. 

See 4 for spoT 

E319Q allele 

NMK 217 PlacZ-rbs::Ptet-rbs1, ∆lacI, 

sp:Pcon-TetR-LacIq(attB)  

, prelA-relA::ptac-relA:km, 

spoT E319Q 

zib563::Tn10 

 

 

NMK 215 Performed P1 

transduction to move 

the ptac-relA:km allele 

from NMK 210 into 

NMK 215  

 

 

NMK 230 PlacZ-rbs::Ptet-rbs1, ∆lacI, 

sp:Pcon-TetR-LacIq(attB),  

∆relA, spoT E319Q 

zib563::Tn10, 

PLASMID: pALS13 

   

 

Supplementary Table 3. Primer list 

Primer Name Primer sequence  

ins_tac_relA_fwd ttgtcgacgtcaaacaatgc 

tac_relA_fwd ttgtcgacgtcaaacaatgccccattttagcgccccaacttgaagcattggcataattcgtgtcgctcaa 

relA_kan_rev  ggaacttcgaactgcaggtcgagccaggcaaattctgttttatc 

kan_relA_rev gattgagcgcctgcattaacgtagccgggatccgcaccgccggtgaatttgctgcttcgaagttcctataC 



ins_relA_rev gattgagcgcctgcattaac 

 

Supplementary Table 4. Sequence of the lacZ gene, with the probe-binding sequences underlined 

ATGACCATGATTACGGATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGG

CGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAG

AGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTTGCC

TGGTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCTGGAGTGCGATCTTCCTGAGGCCG

ATACTGTCGTCGTCCCCTCAAACTGGCAGATGCACGGTTACGATGCGCCCATCTACACCAAC

GTGACCTATCCCATTACGGTCAATCCGCCGTTTGTTCCCACGGAGAATCCGACGGGTTGTTA

CTCGCTCACATTTAATGTTGATGAAAGCTGGCTACAGGAAGGCCAGACGCGAATTATTTTTG

ATGGCGTTAACTCGGCGTTTCATCTGTGGTGCAACGGGCGCTGGGTCGGTTACGGCCAGGAC

AGTCGTTTGCCGTCTGAATTTGACCTGAGCGCATTTTTACGCGCCGGAGAAAACCGCCTCGC

GGTGATGGTGCTGCGCTGGAGTGACGGCAGTTATCTGGAAGATCAGGATATGTGGCGGATG

AGCGGCATTTTCCGTGACGTCTCGTTGCTGCATAAACCGACTACACAAATCAGCGATTTCCA

TGTTGCCACTCGCTTTAATGATGATTTCAGCCGCGCTGTACTGGAGGCTGAAGTTCAGATGT

GCGGCGAGTTGCGTGACTACCTACGGGTAACAGTTTCTTTATGGCAGGGTGAAACGCAGGTC

GCCAGCGGCACCGCGCCTTTCGGCGGTGAAATTATCGATGAGCGTGGTGGTTATGCCGATCG

CGTCACACTACGTCTGAACGTCGAAAACCCGAAACTGTGGAGCGCCGAAATCCCGAATCTCT

ATCGTGCGGTGGTTGAACTGCACACCGCCGACGGCACGCTGATTGAAGCAGAAGCCTGCGA

TGTCGGTTTCCGCGAGGTGCGGATTGAAAATGGTCTGCTGCTGCTGAACGGCAAGCCGTTGC

TGATTCGAGGCGTTAACCGTCACGAGCATCATCCTCTGCATGGTCAGGTCATGGATGAGCAG

ACGATGGTGCAGGATATCCTGCTGATGAAGCAGAACAACTTTAACGCCGTGCGCTGTTCGCA

TTATCCGAACCATCCGCTGTGGTACACGCTGTGCGACCGCTACGGCCTGTATGTGGTGGATG

AAGCCAATATTGAAACCCACGGCATGGTGCCAATGAATCGTCTGACCGATGATCCGCGCTGG

CTACCGGCGATGAGCGAACGCGTAACGCGAATGGTGCAGCGCGATCGTAATCACCCGAGTG

TGATCATCTGGTCGCTGGGGAATGAATCAGGCCACGGCGCTAATCACGACGCGCTGTATCGC

TGGATCAAATCTGTCGATCCTTCCCGCCCGGTGCAGTATGAAGGCGGCGGAGCCGACACCAC

GGCCACCGATATTATTTGCCCGATGTACGCGCGCGTGGATGAAGACCAGCCCTTCCCGGCTG

TGCCGAAATGGTCCATCAAAAAATGGCTTTCGCTACCTGGAGAGACGCGCCCGCTGATCCTT

TGCGAATACGCCCACGCGATGGGTAACAGTCTTGGCGGTTTCGCTAAATACTGGCAGGCGTT

TCGTCAGTATCCCCGTTTACAGGGCGGCTTCGTCTGGGACTGGGTGGATCAGTCGCTGATTA

AATATGATGAAAACGGCAACCCGTGGTCGGCTTACGGCGGTGATTTTGGCGATACGCCGAA

CGATCGCCAGTTCTGTATGAACGGTCTGGTCTTTGCCGACCGCACGCCGCATCCAGCGCTGA

CGGAAGCAAAACACCAGCAGCAGTTTTTCCAGTTCCGTTTATCCGGGCAAACCATCGAAGTG

ACCAGCGAATACCTGTTCCGTCATAGCGATAACGAGCTCCTGCACTGGATGGTGGCGCTGGA

TGGTAAGCCGCTGGCAAGCGGTGAAGTGCCTCTGGATGTCGCTCCACAAGGTAAACAGTTG

ATTGAACTGCCTGAACTACCGCAGCCGGAGAGCGCCGGGCAACTCTGGCTCACAGTACGCG

TAGTGCAACCGAACGCGACCGCATGGTCAGAAGCCGGGCACATCAGCGCCTGGCAGCAGTG

GCGTCTGGCGGAAAACCTCAGTGTGACGCTCCCCGCCGCGTCCCACGCCATCCCGCATCTGA

CCACCAGCGAAATGGATTTTTGCATCGAGCTGGGTAATAAGCGTTGGCAATTTAACCGCCAG

TCAGGCTTTCTTTCACAGATGTGGATTGGCGATAAAAAACAACTGCTGACGCCGCTGCGCGA

TCAGTTCACCCGTGCACCGCTGGATAACGACATTGGCGTAAGTGAAGCGACCCGCATTGACC



CTAACGCCTGGGTCGAACGCTGGAAGGCGGCGGGCCATTACCAGGCCGAAGCAGCGTTGTT

GCAGTGCACGGCAGATACACTTGCTGATGCGGTGCTGATTACGACCGCTCACGCGTGGCAGC

ATCAGGGGAAAACCTTATTTATCAGCCGGAAAACCTACCGGATTGATGGTAGTGGTCAAATG

GCGATTACCGTTGATGTTGAAGTGGCGAGCGATACACCGCATCCGGCGCGGATTGGCCTGAA

CTGCCAGCTGGCGCAGGTAGCAGAGCGGGTAAACTGGCTCGGATTAGGGCCGCAAGAAAAC

TATCCCGACCGCCTTACTGCCGCCTGTTTTGACCGCTGGGATCTGCCATTGTCAGACATGTAT

ACCCCGTACGTCTTCCCGAGCGAAAACGGTCTGCGCTGCGGGACGCGCGAATTGAATTATGG

CCCACACCAGTGGCGCGGCGACTTCCAGTTCAACATCAGCCGCTACAGTCAACAGCAACTGA

TGGAAACCAGCCATCGCCATCTGCTGCACGCGGAAGAAGGCACATGGCTGAATATCGACGG

TTTCCATATGGGGATTGGTGGCGACGACTCCTGGAGCCCGTCAGTATCGGCGGAATTCCAGC

TGAGCGCCGGTCGCTACCATTACCAGTTGGTCTGGTGTCAAAAATAA 

Supplementary Table 5. Sequences of oligonucleotide probes used for lacZ mRNA molecules 

Probes that bind to the head Probes that bind to the tail 

GTGAATCCGTAATCATGGTC TTTACCTTGTGGAGCGACAT 

TCACGACGTTGTAAAACGAC GTAGTTCAGGCAGTTCAATC 

TGCAAGGCGATTAAGTTGGG TTGCACTACGCGTACTGTGA 

TATTACGCCAGCTGGCGAAA AGCGTCACACTGAGGTTTTC 

ATTCAGGCTGCGCAACTGTT  ATTTCGCTGGTGGTCAGATG 

AAACCAGGCAAAGCGCCATT ACCCAGCTCGATGCAAAAAT  

AGTATCGGCCTCAGGAAGAT CGGTTAAATTGCCAACGCTT 

AACCGTGCATCTGCCAGTTT CTGTGAAAGAAAGCCTGACT 

AATGGGATAGGTCACGTTGG TTGTTTTTTATCGCCAATCC 

GAACAAACGGCGGATTGACC GTGCACGGGTGAACTGATCG 

ATGTGAGCGAGTAACAACCC ACTTACGCCAATGTCGTTAT 

TAGCCAGCTTTCATCAACAT CACTGCAACAACGCTGCTTC 

AATAATTCGCGTCTGGCCTT CGCATCAGCAAGTGTATCTG 

TTGCACCACAGATGAAACGC AATAAGGTTTTCCCCTGATG 

TTCAGACGGCAAACGACTGT CATCAATCCGGTAGGTTTTC 

CGCGTAAAAATGCGCTCAGG CAACGGTAATCGCCATTTGA 

TCCTGATCTTCCAGATAACT AGTTTTCTTGCGGCCCTAAT 

GAGACGTCACGGAAAATGCC GTCAAAACAGGCGGCAGTAA 

TGTGTAGTCGGTTTATGCAG GGAAGACGTACGGGGTATAC 

GGCAACATGGAAATCGCTGA GTGGGCCATAATTCAATTCG 

CACATCTGAACTTCAGCCTC TGATGTTGAACTGGAAGTCG 

CACCCTGCCATAAAGAAACT TCAGTTGCTGTTGACTGTAG 

CTCATCGATAATTTCACCGC AGATGGCGATGGCTGGTTTC 

ACGTTCAGACGTAGTGTGAC ATTCAGCCATGTGCCTTCTT 

GCACGATAGAGATTCGGGAT AATCCCCATATGGAAACCGT 

 GAATTCCGCCGATACTGACG 

 ACACCAGACCAACTGGTAAT 
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