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Protein synthesis is the most energetically costly process in the cell. Consequently, it is a tightly regulated process, and regulation of the resources allocated to the protein synthesis machinery is at the heart of bacterial growth optimization theory. However, the molecular mechanisms that result in dynamic downregulation of protein synthesis in response to nutrient starvation are not well described. Here, we first quantify the Escherichia coli response to phosphate starvation at the level of accumulation rates for protein, RNA and DNA. Escherichia coli maintains a low level of protein synthesis for hours after the removal of phosphate while the RNA contents decrease, primarily as a consequence of ribosomal RNA degradation combined with a reduced RNA synthesis rate. To understand the molecular basis for the low protein synthesis rate of phosphate-starved cells, template mRNA for translation was overproduced in the form of a highly induced long-lived mRNA. Remarkably, starved cells increased the rate of protein synthesis and reduced the rate of ribosomal RNA degradation upon mRNA induction. These observations suggest that protein synthesis in phosphate-starved cells is primarily limited by the availability of template, and does not operate at the maximum capacity of the ribosomes. We suggest that mRNA limitation is an adaptive response to phosphate starvation that prevents the deleterious consequences of overcommitting resources to protein synthesis. Moreover, our results support the model that degradation of ribosomal RNA occurs as a consequence of the availability of idle ribosomal subunits.
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1. Introduction

Phosphorus (P) is an integral and irreplaceable element for living cells and is regarded as a primary geochemically limiting resource for biological mass production on Earth. In Escherichia coli, as is typical for living cells, phosphorus is mainly assimilated as orthophosphate (Pi) during the synthesis of adenosine triphosphate (ATP; reviewed in Wanner, 1996). More than half of the total P of a cell is found in RNA, and the remainder is distributed in phospholipids, DNA, low-molecular-mass metabolites such as nucleotides and sugar-phosphates, and inorganic polyphosphate (Wade, 1952). Although proteins do not contain appreciable amounts of phosphate, protein synthesis is directly dependent on the phosphate-rich ribosomal RNA (rRNA), transfer RNA (tRNA), messenger RNA (mRNA), ATP and GTP. Cells that starve for phosphate are therefore compromised in synthesis of the major macromolecules RNA, DNA, and protein.

Protein synthesis is the most energetically demanding process in fast-growing cells, and the translational machinery accounts for a large and adjustable fraction of cellular mass. The deduced bacterial “growth laws” for cultures in balanced growth suggest that E. coli reaches a maximal growth rate for a given nutritional quality of the growth medium through near-optimal resource allocation by proteome partitioning. The fraction of the proteome that is dedicated to protein synthesis machinery, and even the sub-partitioning within this fraction (ribosomal proteins, elongation factors, amino-acyl tRNA synthetases and ribosome-affiliated proteins), show a clear growth-rate dependence and the control of its size is at the core of resource allocation optimization theory (Scott et al., 2010; Klumpp et al., 2013; Scott et al., 2014). These models and growth laws are, however, restricted to describe the balanced growth situation where E. coli grows at a constant exponential rate.

Outside of the steady state growth regime much less is understood about the prioritization made by E. coli regarding the resources allocated to protein synthesis. In a recent study using the slow-growth steady-state approximation of chemostat cultures that grow at a constant rate under limitation for an essential nutrient, it was shown that limitations on carbon (C), nitrogen (N) or phosphorus (P) at identical slow growth rates triggered distinct adaptations of the protein synthesis machinery (Li et al., 2018). During growth in N- or C-limited media, E. coli maintained similar ribosome levels as judged by the RNA/protein ratio, but the ribosomes of N-limited cells operated at reduced elongation rates, while C-limited cells increased the fraction of ribosomes that were inactive and free of mRNA, and thus reduced the number of active ribosomes. When P was the limiting nutrient, the RNA/protein ratio was markedly lower than for N- or C-limited cultures growing at the same rate, suggesting the P-limited cells obtained the growth rate despite harboring fewer ribosomes (Li et al., 2018).

We have shown that steady-state cultures exposed to abrupt and complete starvation for C, N, or P, not only limit ribosome synthesis, but also dynamically down-regulate their ribosome content through degradation of rRNA (Fessler et al., 2020; Himeoka et al., 2022; Prossliner et al., 2022). This agrees with previous reports using varying starvation conditions (Davis et al., 1986; Zundel et al., 2009; Basturea et al., 2011; Piir et al., 2011; Sulthana et al., 2016). We found that starvation for P resulted in the fastest degradation kinetics among the three conditions and in agreement with the chemostat experiments, P-starved populations reached the lowest content of full-length rRNA.

At present, it is not well understood how cells regulate the extent of rRNA degradation to adapt to different nutrient-limited growth conditions. In general, only a small number of regulatory factors are known to regulate the levels of the protein synthesis machinery. Most dominantly, the alarmones guanosine tetra- and penta-phosphate, commonly referred to jointly as (p)ppGpp, trigger the stringent response, a coordinated response to many sources of stress in the cell, including nutrient starvation (Cashel and Gallant, 1969). In E. coli, (p)ppGpp binds to RNA polymerase to regulate transcription of rRNA, tRNA and ribosomal protein genes, as well as up- and downregulation of expression of other genes, such as those involved in amino acid biosynthesis and GTP metabolism, respectively (Wang et al., 2020). While (p)ppGpp is the key factor responsible for the stark reduction of rRNA and tRNA synthesis rates upon nutrient starvation, including P starvation, it is not known to be involved in regulating rRNA degradation rates. The specific response to P limitation or depletion is regulated by the two-component system PhoR-PhoB. PhoB is a response regulator, which is activated when the histidine kinase PhoR detects P limitation. In response, PhoB changes the transcriptional profile of the cell by regulating the expression of genes that contain an upstream Pho box (Blanco et al., 2002). The central response revolves around the activation of the high-affinity Pi transport system encoded by pstSCAB, and the alkaline phosphatase PhoU (reviewed in Gardner and McCleary, 2019). In essence, the regulatory response to P depletion thus consists in part of halted synthesis of RNA, in particular rRNA and tRNA, and in part of production of P-scavenging proteins. How the high rate of rRNA degradation seen under P starvation is coordinated with these other parts of the starvation response is not yet clear.

Here, we first measure changes in the levels of RNA, DNA and protein that occur upon P starvation in E. coli to characterize the resource-allocation-level response to this specific type of nutrient starvation. Secondly, we induce a change in the size of the mRNA pool by means of an overexpressed, long-lived hybrid mRNA, and show that P-starved cells have the capacity to synthesize more protein in the presence of the long-lived hybrid mRNA, suggesting that ribosomes are not per se limiting for translation under P starvation. Rather, our results suggest that the limiting factor for translation is the availability of mRNA. Thirdly, rRNA degradation is less severe in the presence of the long-lived hybrid mRNA. Our results support the model that the degree of rRNA degradation upon starvation is regulated by the protein synthesis activity under the different types of starvation, as proposed previously (Zundel et al., 2009; Fessler et al., 2020).



2. Materials and methods


2.1. Strains, media, and growth conditions

The bacterial strains and plasmids used in this study are listed in Table 1. Except for MAS1074, all strains derive from wild-type strain E. coli K12 MAS1081(Stenum et al., 2017). The strain MAS1074 (BL21(DE3)-derived) carries pET11a(selC), which overproduces the rare tRNAselC when induced with IPTG. MAS1074 was used as the spike-in strain for normalization of RNA quantification (Stenum et al., 2017). All cultures were grown in MOPS minimal medium (Neidhardt et al., 1974) supplemented with 0.2% glucose or 0.4% glycerol as specified. The auxotrophic strains MAS1190 and REP37 were additionally supplemented with 50 μg/ml arginine, 20 μg/ml leucine, and 10 μg/ml uracil. 100 μg/ml ampicillin was used when plasmid-bearing strains were cultured. Cells were grown in flasks at 37°C, shaking at 180 rpm. Growth was monitored by measurement of optical density at 436 nm (OD436) in a spectrophotometer. Cultures were grown for at least 10 generations to reach steady-state growth before sampling. Cells were phosphate-starved by filtration at 37°C using a 0.45 μm filter and washed twice with phosphate-free medium. The filter was resuspended in preheated, phosphate-free medium. When specified, 1 mM IPTG was added for induction of the rpsA’-‘lacZ allele carried on pIV18 (Vind et al., 1993), or for overexpression of tRNAselC in MAS1074. For cell viability measurements, samples were serially diluted, plated on YT agar (0.8% tryptone, 0.5% yeast extract, 0.5% NaCl, 1.5% agar) plates with 100 μg/ml ampicillin, and incubated overnight at 37°C. Next day, visible colonies were counted and reported as colony forming units (CFU) per milliliter of undiluted culture.



TABLE 1 List of strains and plasmids used in this study.
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2.2. Measurements of protein and nucleic acid accumulation by radioactive labeling

The two auxotrophic strains, MAS1190 and REP37 were grown in supplemented MOPS minimal medium as described above, additionally containing 0.18 μCi/ml 3H-leucine and 0.15 μCi/ml 14C-uracil. Samples were harvested every 30 min until the culture reached an approximate OD436 of 0.4–0.5. Cultures were then filtrated and resuspended in the same medium without phosphate. Samples were harvested every 10 min after phosphate was removed. Total protein (3H-leucine incorporated) and total nucleic acids (14C-uracil incorporated) were precipitated with 5% TCA at 0°C for at least 30 min. Samples for total DNA (also 14C-uracil incorporated) were treated with 0.5 M NaOH at 0°C for 16 h to hydrolyze RNA, followed by precipitation with 5% TCA at 0° C for at least 30 min. Precipitated TCA samples were filtrated onto glass fiber filters (Advantec) by vacuum filtration, washed three times with 5 ml ice-cold 5% TCA and dried overnight at room temperature (RT) before addition of 5 ml Ultima Gold™ scintillation cocktail (Perkin Elmer) and measuring counts per minute (cpm) by liquid scintillation counting.

Alternatively, protein accumulation was measured by 35S-methionine incorporation. The strain MAS1143/pIV18 was cultured to balanced growth. For volume normalization, 0.1 μCi/ml 3H-lysine was added and then chased after one generation with 10 μg/ml of non-radioactive lysine. At OD436 of 0.4–0.5, cells were P-starved by filtration and resuspension in the same medium without phosphate. Immediately after P starvation, the culture was split into two identical flasks containing 1 μCi/ml 35S-methionine and 75 μg/ml of non-radioactive methionine. One of the two cultures was then induced with 1 mM IPTG 9 min into starvation. Samples were harvested every 10 min, and radioisotope incorporation into total protein was measured by TCA-precipitation followed by determination of the 35S and 3H radioactivity of each sample in a scintillation counter.



2.3. Measurement of protein synthesis by pulse-chase analysis and 2D gel electrophoresis

Pulse-chase experiments for total protein labeling and separation by 2-dimensional (2D) gel electrophoresis were performed as previously described (Sørensen and Pedersen, 1998). The strain MAS1143/pIV18 was grown in balanced exponential growth, as described above. For volume normalization, 0.1 μCi/ml 3H-lysine was added and then chased after one generation with 10 μg/ml of non-radioactive lysine. At OD436 of 0.4–0.5, cells were phosphate-starved by filtration. Immediately after phosphate starvation, the culture was split into two identical flasks, and only one of them was induced with 1 mM IPTG at time 5 min. Samples for pulse-chase were taken by moving 2 ml of culture to a test tube, adding 10 μCi/ml of 35S-methionine for 30 s labeling and then chased with an excess (100 μg/ml) of non-radioactive methionine for 2 min. 0.5 ml of the pulse-chased culture were TCA-precipitated as described above to account for incorporation of radioactivity into total protein in each sample. The remainder of the culture was harvested into ice-cold tubes containing 50 μl of 50 mg/ml of chloramphenicol. After centrifugation, cell pellets were boiled in SDS buffer to obtain the total protein extracts. Proteins were separated by equilibrium 2D gel electrophoresis, as previously described (O’Farrell, 1975; Sørensen and Pedersen, 1998). Two percentages (7.5% and 10.5%) of polyacrylamide were used. Individual proteins (DnaK, ribosomal protein S1, GroEL) were identified by visualization in autoradiograms, and then extracted from the gel by protease digestion (Subtilisin). 35S and 3H counts of each protein at different time points were measured in a scintillation counter and divided by the 35S/3H ratio in TCA-precipitated total protein of each sample, to normalize for variations in 35S-methionine pulse sizes.



2.4. Spike-in, RNA extraction, and northern blot analysis

As described above, the strain MAS1081/pIV18 was grown in balanced exponential growth, and at OD436 of 0.4–0.5, cells were phosphate-starved by filtration. Shortly after phosphate starvation, the culture was split into two identical flasks, and only one of them was induced with 1 mM IPTG at the 5 min time point after filtration. Samples for RNA extraction were harvested in 1/6 volume of stop solution, consisting of 5% water-saturated phenol in ethanol, and kept at 0°C until all samples had been collected (Bernstein et al., 2002). A volume of spike-in culture equivalent to 5% of sampled cells was added to each sample from balanced growth based on the OD436 (Stenum et al., 2017). Since OD measurements do not correspond directly to cell numbers in starved cultures (Koch, 1970; Fessler et al., 2020), the phosphate-starved samples all received a fixed ratio of spike-in culture volume to sampled culture volume, which corresponded to 5% spike-in cells relative to cells in the sample harvested immediately upon filtration and resuspension in phosphate-free medium. For this reason, the relative levels of rRNA quantified by northern blot to changes in rRNA per volume of culture, irrespective of changes to the OD of the culture that occurred in the phosphate-free medium. RNA was extracted using a hot phenol protocol as previously described (Gummesson et al., 2020). RNA was separated on 1.5% agarose, 6% formaldehyde gels. Gels were blotted onto Hybond N+ (GE Healthcare) membranes by capillary transfer overnight. RNA was immobilized by UV irradiation at 1,200 μJ/cm2 and hybridized sequentially with 32P end-labeled DNA-oligo probes with the sequences: 23S 5′-GACCCATTATACAAATACGC, 16S 5′-AAGGAGGTGATCCAACCGCA, 5S 5′-ACACTACCATCGGCGCTAC, tRNAselC 5′-ATTTGAAGTCCAGCCGCC. After washing, blots were exposed to phospho-storage screens and a Typhoon phosphorimager FLA7000 (GE Healthcare) was used to collect the radioactive signal. Quantification of the radioactivity of probed bands was done using ImageQuant TL 8.2. The quantified intensity of each band was divided by the intensity of the tRNAselC band for spike-in normalization. This ratio was plotted relative to the average of the three reference samples harvested immediately before P starvation.



2.5. Reverse transcription quantitative PCR

Relative mRNA levels were measured by reverse transcription quantitative PCR (RT-qPCR) of the same RNA samples used for northern blots of ribosomal RNA. For this, RNA samples were treated with DNase I (Thermo Scientific) for 30 min at 37°C and phenol-extracted. Between 0.6 and 1.0 μg of RNA was used for reverse transcription using Thermo Scientific RevertAid RT Kit with the supplied random hexamer primers. To check for genomic DNA contamination, a reaction without the reverse transcriptase was included for every sample. 1/50 of the total cDNA of each sample was analyzed in triplicate by RT-qPCR using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) in the QuantStudio 3 system (Applied Biosystems). The thermal cycling program was 30 s at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. For detection of rpsA cDNA only, the elongation temperature was instead 62.5°C. To check for amplification artifacts, a melting curve was performed with a final cycle of 15 s at 95°C, 1 min at 60°C, and a dissociation step to 95°C with 0.15°C/s increments. The primer sequences for target genes (dnaK, groL, rpsA, lacZ) and control gene (selC) were the following: dnaK-fw 5-CCACGCCTTCTATCATTGCC, dnaK-rv 5′-ACAGAGTGTTTTGCGGGTTC, groL-fw 5′-GCTATGCTGCAGGATATCGC, groL-rv 5′-CAACACGTTTAGCCTGACCC, lacZ fw 5′-TTTGCCGTCTGAATTTGACCTGAGCG, lacZ rv 5′-TCTTCCAGATAACTGCCGTCACTCCAG, rpsA fw 5′-TGACCAACCTGACCGACTAC, rpsA rv 5′-CAACTTTGGACGGGTGGATG, selC-fw 5′-GGCGGCTGGACTTCAAATC, selC-rv 5′-CGGAAGATCACAGGAGTCGA. The relative mRNA levels were calculated by normalizing to the control RNA (selC) expressed from the spike-in cells (MAS1074) following the formula EtargetΔCt/EcontrolΔCt. These values were then normalized to the average of steady-state triplicate samples.




3. Results


3.1. Phosphate starvation was reflected in strongly reduced macromolecular synthesis rates and a net loss of RNA

To characterize the E. coli response to P starvation in terms of macromolecular synthesis, the overall replication, transcription, and translation activities before and after P starvation were monitored. We measured incorporation of radioactively labeled amino acid (3H-leucine) and nucleobase (14C-uracil) into proteins and nucleic acids, respectively, in a derivative of our E. coli wildtype strain (MAS1190 ΔargG ΔleuA ΔpyrE::tet) that is auxotrophic for leucine, arginine and uracil. The bacteria were cultured in MOPS minimal medium supplemented with glucose, uracil, leucine, and arginine as described in Methods. Prior to starvation, the cultures were in balanced growth, where protein, DNA and RNA accumulated at the same rate as the OD of the culture increased (Figure 1; Supplementary Figure S1). Steady-state growth was abruptly disrupted by rapid filtration of the cells into P-free medium. The effect of P starvation was most readily apparent in the RNA, which transitioned from exponentially growing RNA accumulation to a net loss of RNA from the culture in the hours after removal of P from the medium (Figure 1B). This finding agrees with the recently described fast degradation kinetics of rRNA, which constitutes the majority of cellular RNA, during short-term P starvation (Fessler et al., 2020).
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FIGURE 1
 Macromolecular profile of E. coli MAS1190 (ΔargG ΔleuA ΔpyrE::tet) during balanced growth (white background) and after filtration into P-free medium (gray background). The panels show (A) optical density of the culture, (B) 14C-uracil incorporated into DNA (filled circles) and RNA (open circles), and (C) 3H-leucine incorporated into protein. The data set presented in this figure is representative of three independent biological replicates with similar results. The replicate experiments are shown in Supplementary Figure S1. Cells grew with a doubling time of ~57 min prior to starvation. The minor drop observed in all measurements immediately upon starvation was caused by the loss of cells during filtration. Note the logarithmic scale on the Y-axes.


The culture’s DNA contents continued to increase in the first hour after starvation before plateauing (Figure 1B), in line with the observation that stationary phase cells prioritize completion of replication to yield intact copies of chromosomes (Akerlund et al., 1995). Since the pools of free nucleotides are turned over within seconds in the cell (Chapman et al., 1971), the triphosphate nucleotides required to complete DNA replication must mainly arise from the breakdown of RNA, through the interconversion of ribonucleotides to deoxyribonucleotides (Bolton and Reynard, 1954; Bremer and Dennis, 2008; Jensen et al., 2008) in combination with further breakdown of ribonucleotides that releases inorganic phosphate for the generation of deoxyribonucleotide triphosphates (Rinas et al., 1995).

Protein synthesis continued after starvation, as seen by a net gain of protein in the culture for more than 2 h into the starvation period, albeit at a slower rate than before starvation (Figure 1C). The slight increase in accumulation of proteins correlates with the increase in OD (compare Figures 1A–C) and suggests that the OD increase during P starvation is caused mainly by continued protein synthesis. To our knowledge, neither a phenomenological nor a molecular theory has been developed to quantitatively predict how substantial the drop in protein synthesis rate would be upon removal of P. Moreover, it is not known which component of the translational apparatus first becomes limiting for protein synthesis under the P starvation condition.



3.2. Introduction of a long-lived mRNA resulted in increased protein synthesis during phosphate starvation

To address the latter question of the limiting factor for protein synthesis, we asked if the protein synthesis rate would change if we made changes to the mRNA pool. We used a previously described hybrid mRNA, which is expressed as an rpsA’-‘lacZ translational fusion from plasmid pIV18(Vind et al., 1993; Figure 2A). In the hybrid mRNA, a 220 bp fragment, including the 5′ UTR and the 20 first codons of an rpsA expression-up mutant is inserted at the sixth codon of lacZ. This modification extends the functional half-life of the lacZ mRNA from 2 to 6 min. The expression of the hybrid mRNA is inducible by IPTG, and because the mRNA is highly expressed, has an extended half-life, a strong ribosomal binding site, and encodes a long open reading frame, it causes a redirection of ribosomes so that β-galactosidase produced from the mRNA takes over 25% of the total protein synthesis when the promoter is fully induced in unstarved cells (Vind et al., 1993).

[image: Figure 2]

FIGURE 2
 Induction of a long-lived hybrid mRNA led to an increased protein synthesis rate during P starvation. Effects of induction of a long-lived hybrid mRNA on protein synthesis under balanced growth and P starvation in E. coli strain MAS1143 (lacIq1 lacZ::Tn5). (A) Schematic showing the rpsA’-‘lacZ hybrid gene construct (not to scale). (B) Accumulation of 35S-methionine in protein during balanced growth (open circles) and after induction of the rpsA’-‘lacZ mRNA with IPTG (closed circles) in E. coli strain MAS1143/pIV18. The ratio of 35S/3H counts is presented over time. At time “0”, 35S-methionine was added to a culture in balanced growth that was pre-labeled with 3H-lysine. The culture was divided into two flasks, and IPTG was added to one of them at time +9 min. The data in panel B is representative of two independent biological replicates. The replicate experiment is shown in Supplementary Figure S2. (C) Accumulation of 35S-methionine in protein during P starvation, with (closed circles) or without (open circles) induction of rpsA’-‘lacZ transcription with IPTG in E. coli strain MAS1143/pIV18. Procedure as described for panel B, except that cells were transferred to P-free medium by filtration at time −2 min. The data in panel C corresponds to the average of two biological replicates, and the error bars (smaller than plotting symbols) indicate the SEM. The cultures used in panel B and C were grown in MOPS minimal medium supplemented with 0.4% glycerol and 100 μg/ml ampicillin. The average doubling time during balanced growth was 100 min.


We measured protein production in strain MAS1143 (lacIq1 lacZ::Tn5) carrying pIV18 during balanced growth and after P starvation. A culture of MAS1143/pIV18 in balanced growth was first labeled with 3H-lysine for one generation for volume normalization. The culture was split in two and rpsA’-‘lacZ expression was induced in one of them by addition of IPTG. Protein accumulation was measured using 35S-methionine, which was added with excess methionine when the cultures were split. When the expression of the long-lived mRNA was induced in exponentially growing cells, protein production was initially undisturbed, but within 30 min, the rate of incorporation of 35S-methionine into protein became slower than that of the uninduced culture (Figure 2B; Supplementary Figure S2). The production of unnecessary protein, such as β-galactosidase, has been reported to reduce growth rate due to the inability of such cells to allocate sufficient resources to production of ribosomes and other translation machinery to sustain rapid growth (Scott and Hwa, 2011; Basan et al., 2015). Similarly, by claiming a large fraction of the translating ribosomes, the rpsA’-‘lacZ mRNA reduces translation of other mRNAs, including those encoding proteins of the translational apparatus, leading to an overall reduction in the protein synthesis capacity of the cells (Vind et al., 1993).

Intriguingly, the induction of the rpsA’-‘lacZ mRNA had a radically different effect on protein synthesis in P-starved cells. When transcription of the hybrid mRNA was induced after P starvation, we observed an increase in protein production compared to the uninduced culture (Figure 2C). Specifically, protein accumulation slowed down upon P starvation in both cultures, but the culture expressing rpsA’-‘lacZ maintained a higher level of protein synthesis than the uninduced culture for at least 2 h.

To investigate whether the synthesis of β-galactosidase occurred at the expense of the synthesis of other proteins, we performed pulse-chase labeling of newly synthesized proteins followed by two-dimensional gel electrophoresis. As in the previous labeling experiment, a culture of MAS1143/pIV18 in balanced growth was first labeled with 3H-lysine for volume normalization. Immediately after P starvation, the culture was split in two, and expression of rpsA’-‘lacZ was induced with IPTG in one of them. Aliquots of the cultures were used for pulse-chase labeling with 35S-methionine at different time points after the addition of IPTG and the proteins were separated on two dimensional-polyacrylamide gels as shown for the time point 55 min into P starvation in Figure 3A (uninduced) and Figure 3B (induced). Additional autoradiograms from time point 10, 25, and 95 min are shown in Supplementary Figure S3. We focused our analysis on the first hours of P starvation, and did not include autoradiograms of steady-state samples, since P starvation is known to induce substantial changes to the proteome, independent of hybrid mRNA availability (Groat et al., 1986; Vanbogelen et al., 1996). Induction of the hybrid mRNA resulted in production of more β-galactosidase than any other protein that could be detected on the gels but did not appear to gravely disturb the expression levels of the majority of other proteins since neither the intensities of the individual spots nor the spot pattern changed substantially (compare panel A and B in Supplementary Figure S3). We also did not observe any indication of mistranslation, which can often be detected as “stuttering spots” on 2D-gels (Parker et al., 1978). In particular, the expression of three specific proteins (ribosomal protein S1, chaperone DnaK and chaperonin GroEL) was previously shown to suffer from ribosome deficiency upon induction of the hybrid lacZ mRNA during exponential growth (Vind et al., 1993). The incorporation of 35S-methionine into these three endogenous proteins under P starvation was determined by cutting the protein spots out of the gels, followed by digestion of the protein and determination of the isotope ratio by liquid scintillation counting. The relative synthesis rates ((35S/3H in spot)/(35S/3H in total protein)) of the selected proteins in the induced and uninduced samples are shown in Figure 3C. At the first time point, 10 min after starvation, we observed a reduction in synthesis of DnaK, GroEL, and S1 in the induced culture relative to the uninduced counterpart, as was previously observed under unstarved conditions (Vind et al., 1993). However, there were no substantial differences in the relative synthesis rates of these three proteins for the remainder of the starvation period. Thus, expression of β-galactosidase from the long-lived rpsA’-‘lacZ transcript occurred at the expense of endogenous proteins during early starvation, but once E. coli had adapted to P starvation, the exogenous rpsA’-‘lacZ gene was expressed in addition to the endogenous genes (Rinas et al., 1995), suggesting that auxiliary capacity for protein expression was available in the starvation-adapted cells. This interpretation of the data was validated at the mRNA level by RT-qPCR. As can be seen in Figure 3D, induction of rpsA’-‘lacZ with IPTG 5 min into P starvation resulted in >15-fold up-regulation of the hybrid mRNA, and was accompanied by a brief relative reduction in dnaK and groL mRNAs shortly after P starvation, but ~25 min after P removal the mRNA levels of dnaK, groL and rpsA in the induced culture closely resembled those of the uninduced culture. The similar production rates of DnaK, S1 and GroEL protein (Figure 4C) from similar quantities of mRNA (Figure 3D) in starvation-adapted cells shows that translation initiation on these mRNAs is not affected by the presence of high levels of the rpsA’-‘lacZ transcript. Together, these measurements show that protein synthesis upon P starvation does not operate at an absolute capacity maximum determined by, e.g., the total P available in the culture, but is amenable to increase if additional mRNA is available for translation.
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FIGURE 3
 Effects of hybrid mRNA induction on expression of endogenous mRNA and protein. (A) Expression pattern of E. coli MAS1143/pIV18 proteins from pulse labeling after 55 min of P starvation, shown on a 10.5% 2D PAGE gel. (B) As panel A, except IPTG was added to the culture at time + 5 min. (C) Expression levels of ribosomal protein S1, GroEL and DnaK determined from 2D-gels of pulse labeling experiments made at the times indicated, like the examples shown in panel A and B. Autoradiograms from additional time points are shown in Supplementary Figure S3. The ratio of 35S/3H shows the relative synthesis rate during P starvation, with (closed symbols) or without (open symbols) induction of the rpsA’-‘lacZ hybrid mRNA. Each sample was run on an independent gel for protein separation and identification. (D) Relative mRNA levels quantified by RT-qPCR of total RNA harvested from MAS1143/pIV18 before and after P starvation. After starvation, the culture was split, and IPTG was added to one of the cultures at t = 5 min. Five per cent spike-in cells overexpressing the rare tRNAselC were added for normalization (see Methods). The values shown in panels C-D correspond to the average of two biological replicates, and the error bars indicate the SEM. The cultures used in panels A-D were grown in MOPS minimal medium supplemented with 0.4% glycerol and 100 μg/ml ampicillin. The average doubling time during balanced growth was 100 min.


Next, we assessed the macromolecular synthesis profile of a derivative of our wildtype E. coli strain REP37 (ΔargG ΔleuA ΔpyrE::tet lacIq1 lacZ::Tn5) with the hybrid mRNA plasmid (REP37/pIV18). As in Figure 1, we measured accumulation of protein, DNA and RNA of REP37/pIV18 (Figure 4). While total protein synthesis clearly increased during phosphate starvation upon induction of the hybrid mRNA (Figures 2, 4A), we could not detect a difference in the DNA accumulation between the induced or uninduced cultures (Figure 4B), indicating that the β-galactosidase-producing cells complete DNA replication at the expense of total RNA under P starvation, like wildtype cells (Figure 1B; note that Figures 1, 4 are shown on different scales). The rates of loss of 14C-uracil-labeled RNA also appeared very similar with and without induction of the hybrid mRNA (Figure 4C). We return to this point in the Discussion.

[image: Figure 4]

FIGURE 4
 Production of unnecessary protein decreased E. coli’s ability to recover from P starvation. Macromolecular profile of E. coli strain REP37/pIV18 (ΔargG ΔleuA ΔpyrE::tet lacIq1 lacZ::Tn5) with or without induction of long-lived hybrid mRNA during P starvation (gray background) and refeed (white background). The panels show accumulation of (A) protein, (B) DNA, (C) RNA, panel (D) shows optical density, and (E) cell viability as CFU/ml. The data shown in this figure is representative of two independent biological replicates. The replicate experiment is shown in Supplementary Figure S4. The cultures were grown in MOPS minimal medium supplemented with 50 μg/ml arginine, 20 μg/ml leucine, 10 μg/ml uracil, 0.4% glycerol and 100 μg/ml ampicillin. The average doubling time in steady state was 100 min. Note the linear scale on the Y-axes.


As could be expected from the behavior of cultures in balanced growth upon induction of the hybrid mRNA (Vind et al., 1993; Figure 2B), the induced cultures did not recover as well as the uninduced cultures when P was supplied after a period of starvation. Figures 4A–C show reduced rates of macromolecular synthesis in the induced cultures compared to their uninduced counterparts after P refeed. In fact, despite some macromolecular synthesis and thus increased optical density upon refeed with P (Figure 4D), the number of viable cells in the induced cultures did not increase for several hours after P refeed (Figure 4E).

Our results show that the availability of the hybrid mRNA during P starvation enables E. coli to produce protein at an increased rate. The results suggest that the limiting factor for protein production during P starvation in wildtype cells is not directly the lack of ribosomes, ternary complexes or GTP, but that protein synthesis is limited by regulatory events and substrate availability that lead to reduced amounts of mRNA.



3.3. rRNA degradation in cells expressing unnecessary protein

P starvation leads to extensive degradation of rRNA (Fessler et al., 2020; Himeoka et al., 2022; Prossliner et al., 2022). We wondered if the increased protein synthesis activity in the presence of the hybrid mRNA might affect the rate of rRNA degradation. We therefore used northern blots to measure the relative levels of full length 23S, 16S, and 5S rRNA under P starvation in the presence or absence of the long-lived rpsA’-‘lacZ transcript. Figure 5 shows that rRNA was degraded both in the induced and uninduced samples, which explains the overall loss of RNA shown in Figures 1, 4C. However, rRNA levels remained higher in the cells that are expressing the hybrid mRNA. The observed differences (13% for 23S and 16S rRNA, and 18% for 5S rRNA after 2 h of starvation) were minor but consistent throughout all biological replicates (n = 5). The results suggest that rRNA degradation under P starvation is controlled at least in part by the degree to which the ribosomes are engaged in translation, as proposed also for carbon starvation (Zundel et al., 2009).
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FIGURE 5
 Induction of a long-lived hybrid mRNA resulted in higher levels of full-length rRNA during P starvation. (A) A 1.5% agarose denaturing gel was used for separation of RNA samples from E. coli strain MAS1143 (lacIq1 lacZ::Tn5)/pIV18 before (–) and after P starvation. After starvation, the culture was split, and IPTG was added to one of the cultures at t = 5 min. Five per cent spike-in cells overexpressing the rare tRNAselC were added to each sample for normalization (see Methods). The RNA was transferred from the agarose gel to a Hybond N+ membrane, and probed for 23S, 16S, 5S, and tRNAselC. (B) Quantification of full length 5S, 16S, and 23S normalized to tRNAselC are shown relative to the average of the three RNA samples harvested during balanced growth prior to starvation. The shown values correspond to the mean of five independent biological replicates, and the error bars indicate the SEM.





4. Discussion

Based on a hypothesis of optimal resource allocation, E. coli is expected to redistribute cellular P upon depletion of extracellular sources to the extent that it would maximize evolutionary fitness. The optimal outcome is not well defined, and there are several possibilities, such as maximizing survival time during P starvation, minimizing lag time upon P refeed or obtaining a maximal protein synthesis per unit P during starvation. The optimal outcome is likely some combination of these possibilities, depending on the specific circumstances of the P limitation. Redistribution of P would occur between RNA and the other P-rich compounds such as DNA and cell membrane, as well as within the RNA fraction to optimize the size of the sub-fractions rRNA, tRNA and mRNA. Several studies suggest that the total mass of the translation apparatus, including the relative size of the rRNA and tRNA fractions, is indeed subject to careful tuning by evolution. For example, experiments with hyper- and hypo-accurate ribosomes have shown that the processivity of the ribosomes, at the cost of accuracy, is an important parameter to save investment in ribosome mass (Kurland and Ehrenberg, 1984) as is the bias in codon usage in highly expressed genes (Ehrenberg and Kurland, 1984). Strikingly, it was recently demonstrated that there is an accurate correspondence between the experimentally measured quantities and the computed theoretical minimum for total dry mass allocated to the protein synthesis machinery that could achieve a given protein synthesis rate (Hu et al., 2020). With respect to the relative size of the rRNA and tRNA pools specifically, it has been observed repeatedly that the ratio of ternary complexes (charged tRNAs bound to EF-Tu⋅GTP) to ribosomes increases at decreasing steady-state growth rates [see Scott et al., 2014 and references therein]. The growth-rate-dependence of this ratio was faithfully replicated theoretically by computing the minimal sum of ribosome and ternary complex masses (RNA and protein) that would yield the protein production rates characteristic for each growth rate (Hu and Lercher, 2021). Furthermore, the optimal ratio of ternary complexes to ribosomes at different steady-state growth rates was proposed to be hard-wired into the genome of fast-growing bacteria, arising as a direct consequence of the relative location of rRNA and tRNA genes relative to the origin of replication (Hu and Lercher, 2021).

If similar adaptive changes to the relative sizes of the RNA pools occur dynamically upon nutrient starvation, it would need to occur at the level of differential RNA degradation rates, since rRNA and tRNA synthesis is strongly reduced upon starvation (reviewed in Dennis et al., 2004). Indeed, tRNA is exceedingly stable under C, N, and P starvation (Prossliner et al., 2022), while starvation triggers rRNA breakdown to different extents depending on the type of nutrient starved for (Deutscher, 2003; Fessler et al., 2020; Prossliner et al., 2022).

The extensive degradation of rRNA during P starvation offers a fitness advantage by releasing nucleotide mono- and diphosphates that are salvaged to regenerate nucleotide triphosphates in the absence of an external P source. An extreme example of how degradation of ribosomes can allow growth under P starvation was seen for E. coli grown in a P-free medium containing arsenate (Basturea et al., 2012). Arsenate triggered massive ribosome break down, which served as a P source that allowed a small subset of arsenate-resistant cells in the culture to continue growth, albeit very slowly. An intriguing question is how cells regulate the extent of rRNA breakdown that is appropriate for a given starvation condition.

Here, we studied the extreme condition of abrupt removal of extracellular P by filtration of E. coli cultures in balanced growth into P-free medium. We observed a net loss of RNA from the P-starved cells, which was mainly caused by degradation of rRNA (Figure 1B, 5; Fessler et al., 2020). The RNA loss was concomitant with a net gain of DNA, illustrating dynamic resource allocation. Protein synthesis continued upon P depletion at a reduced rate relative to steady-state growth (Figure 1C). To study which factor(s) limits the starved cultures’ protein synthesis rate, we made use of a hybrid rpsA’-‘lacZ mRNA, which supports abundant translation of β-galactosidase in cultures of E. coli that are nutrient replete. The hybrid mRNA has a long lifetime, a strong ribosome binding site, a long open reading frame, and translation is not feedback inhibited by S1 protein as it is for rpsA mRNA (Vind et al., 1993). Thus, one molecule of the hybrid mRNA can support many more amino-acid-incorporation events than an average endogenous mRNA molecule. A key finding from this study is that induction of the hybrid mRNA under P starvation led to an increased protein synthesis rate. Furthermore, the synthesis of individual proteins was largely unaffected by the induction of the hybrid mRNA once the cells had adapted to the P starvation condition (Figures 3A–C; Supplementary Figure S3). These observations suggest that once the cells have adapted to P starvation, they are operating below their capacity for protein synthesis, limited by the availability of the mRNA template, rather than by lack of the catalyst (the ribosome) or the substrate for the reaction (the ternary complexes). Furthermore, the mRNA measurements (Figure 3D) indicate that the induction of the hybrid mRNA 5 min into phosphate starvation further reduced the availability of substrate to the RNA polymerase to a point where the stress response genes dnaK and groL had reduced mRNA synthesis at 10 min into the starvation, compared to the synthesis in the uninduced culture. At later time points there was no detectable difference between the individual mRNA pools and they appear to have reached a new stable level, except for the induced rpsA’-‘lacZ hybrid mRNA with the extraordinary long half-life (Figure 3D). We expect that the emergence of auxiliary capacity for protein synthesis coincides with degradation of the majority of the pre-starvation bulk mRNA.

Our results also support the model that rRNA breakdown upon starvation is tied to reduced protein synthesis, as proposed by the Deutscher group (Zundel et al., 2009). During C starvation, the initial rRNA cleavage occurs at the interface between the small and large ribosomal subunit, suggesting that rRNA breakdown occurs from free ribosomal subunits rather than assembled ribosomes (Zundel et al., 2009; Basturea et al., 2011; Sulthana et al., 2016). This finding led to the simple model that increased rRNA breakdown may be a direct consequence of reduced protein synthesis activity under starvation, which leads to an increase in unengaged ribosomal subunits (Zundel et al., 2009). We observed higher rRNA levels in the P-starved cultures that synthesized more protein due to IPTG-induced expression of the hybrid mRNA, than in similar cultures without IPTG (Figure 5). The increase in rRNA levels was modest, ~10%–15%, and while the difference was reproducibly detected by northern blot probing of full length 5S, 16S, and 23S rRNA, we could not detect it in the 14C-uracil experiment shown in Figure 4C. A possible explanation for this discrepancy is that the total RNA content was indirectly calculated in the latter approach by measuring 14C-labeled total nucleic acid precipitation with TCA and subtracting the alkali-stable counts obtained from 14C-labeled DNA precipitated after sodium hydroxide treatment. This is a less targeted method than northern blotting, and does not discriminate between full-length and partially degraded RNA molecules, which may explain our inability to detect a difference between induced and uninduced cultures by 14C labeling.

Figure 6 summarizes the emerging picture of how resources within the RNA pool are redistributed upon P starvation. During balanced growth in minimal medium (Figure 6A), nucleotides are synthesized de novo, and a large flux is provided by recycling of the short-lived mRNA. Most ribosomes are engaged in translation and rRNA is therefore not subject to degradation. Upon P starvation (Figure 6B), phosphate for nucleotides can no longer be assimilated de novo, and overall RNA synthesis is strongly reduced, mainly by the action of (p)ppGpp on RNA polymerase and the reduced nucleotide triphosphate pools (Nazar et al., 1972; Spira et al., 1995). The reduction in mRNA availability results in an increase of free ribosomal subunits, making more rRNA subject to degradation. The nucleotides released from rRNA breakdown are used to sustain a reduced level of mRNA synthesis and protein synthesis during starvation. This simple model implies a dynamic rRNA degradation process, which is continuously adjusted by the degree to which ribosomes are engaged in protein synthesis. The levels of full-length rRNA eventually stabilize at a low level after ~8 h of P starvation (Himeoka et al., 2022; Prossliner et al., 2022). This may indicate the ‘tipping point’, at which additional mRNA would not lead to surplus protein synthesis, because ribosome availability becomes the limiting factor for protein synthesis, as it is during balanced growth (Vind et al., 1993). More experiments are needed to clarify if such a tipping point occurs during prolonged P starvation.
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FIGURE 6
 Coarse model of RNA pool redistribution upon P starvation. (A) During steady-state growth, the nucleotide pools are maintained by de novo synthesis and nucleotide recycling from mRNA turnover. Most ribosomes are engaged in translation. (B) During starvation, no extracellular P is available for de novo synthesis. RNA synthesis is decreased and focused on mRNAs of the Pho regulon. Reduced protein synthesis leads to more vacant ribosomes, which makes the RNA in the free ribosomal subunits susceptible to degradation. Nucleotides for continued mRNA synthesis are provided from rRNA degradation and mRNA turnover. The figure was created with Biorender.com.


This present set of data contributes to a coarse yet simple hypothesis for the regulation of ribosome degradation during various stresses: ribosome content in different starvation conditions might be causally correlated with the availability of mRNA for translation. It has been known for decades that mRNA is limiting for translation during (early) amino acid starvation (Sørensen et al., 1994), similar to the observation here for P starvation. In the case of amino acid starvation, the naïve expectation would be that the protein synthesis rate is directly limited by the concentration of charged tRNA carrying the amino acid starved for. However, inhibition of the RNA polymerase by the elevated level of (p)ppGpp (Ross et al., 2013, 2016) produced by RelA at the starving ribosomes (Winther et al., 2018) reduces the mRNA pool considerably within minutes (Gummesson et al., 2020) and ribosomes become vacant due to lack of mRNA. Likewise, increased ppGpp production during early P starvation combined with the effect of substrate depletion in the form of low ribonucleotide triphosphate pools (Spira et al., 1995; Germain et al., 2019) reduces the RNA polymerase activity, resulting in low mRNA production, leaving a fraction of ribosomes idle. This interpretation agrees with the general thinking that bacterial stress responses are tuned to ensure that the available resources for protein synthesis under stress are concentrated on the successful production of a limited number of proteins, rather than permitting more ribosomes to initiate translation than what the available resources can support. For example, a relA− mutant fails to limit mRNA availability upon amino acid starvation, and as a consequence of the increased protein synthesis activity, it suffers 10–40 fold greater reductions in tRNA charging, leading to increased stalling of ribosomes, mistranslation, and the inability to recover from starvation (Sørensen et al., 1994). Another example is that depletion of Mg2+ leads to extensive ribosome breakdown (McCarthy, 1962) and a halt in rRNA synthesis due to depletion of ATP and increased (p)ppGpp levels. Consequently, the available Mg2+ ions (~170 Mg2+ ions per ribosome) are concentrated on fewer, but functional, ribosomes. An interesting prediction from this simple view on the regulation of ribosome levels during starvation is that the total mRNA levels of cells cultured under different nutrient limitations might generally correlate with the observed ribosome levels (Li et al., 2018; Fessler et al., 2020).
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Bacterial strains Description Source

MAS1074 BL21(DE3)-derived, carrying plasmid pET11a(selC) Stenum etal. (2017)
MASI081 MG1655 rph gatC’ glpR* Gummesson et al. (2020)
MASI143 MAS1081 lacl", lacZ:Tn5 “This work

MAS1190 MAS1081 AargG, Aleud, ApyrE:tet Prossliner etal. (2022)
REP37 MAS1081 AargG, Aleu, ApyrEztet, lact", lacZ:Tns “This work

Plasmids

PET1Ia Expresses tRNA™ from an IPTG-inducible promoter Stenum et al. (2017)

pIVIS Expresses hybrid rpsA*lacZ mRNA from an IPTG-inducible promoter Vind etal. (1993)
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