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Abstract 

 

RelA is a guanosine tetraphosphate synthetase which catalyzes the production of 

(p)ppGpp during the stringent response in Escherichia coli. RelA consists of an N-

terminus, which is responsible for the catalytic activity, and a C-terminus, which is 

thought to be involved in the regulation of RelA activity. Furthermore, the C-terminus 

has dimerization and ribosome binding ability. ‘RelA-2, which is a fragment of C-

terminus, is a major domain responsible for dimerization and ribosome binding. 

In this study, it was demonstrated that combination of two mutations (C612G, 

D637R) in ‘RelA-2 significantly reduced the dimerization. This dimerization-

defective mutant still bound to ribosomes both in vivo and in vitro, indicating that 

dimerization is not required for its ribosome binding and that the dimerizaton domain 

is separated from its ribosome binding domain. The overexpression of the 

dimerization-defective mutant in amino acid starved cells inhibited chromosome-

encoded wild type RelA activity. As a result, the starved cells did not show a 

stringent response. This finding does not support the oligomerization model proposed 

by Gropp group. Previous studies in this laboratory have shown, and were confirmed 

here, that the overexpressed ‘RelA-3, another fragment of C-terminus, which is 

devoid of dimerization and ribosome binding ability, did not inhibit the RelA activity 

when cells are under amino acid starvation. This evidence supports the hypothesis 

that ribosome binding is somehow involved in the regulation of RelA activity. 



 iv 

It was demonstrated in this study that RelA was localized to the 50S subunit in 

vivo by Western Blot analysis. This result confirmed a previous study showing that 

the 50S subunit had the enzymatic activity in vitro, but not the 30S subunit.  However, 

an in vitro study using pure 50S and 30S ribosomal subunits for the binding 

experiments indicated that RelA mainly bound to the 30S subunit and weakly to the 

50S subunit. A model has been proposed to explain the possible mechanism of 

ribosome association for RelA. 

The involvement of L11 and EF-G in the regulation of RelA activity was also 

investigated. Three residues (C38, G131, and G137) in L11 have been identified to be 

crucial for the regulation of RelA activity. Three residues (T89, L438, and G628) in 

EF-G have been identified to be involved in the regulation of RelA activity. These 

preliminary studies implicate that the regulation of RelA inside amino acid-starved E. 

coli is complex.  
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Chapter 1  Introduction 

1.1. Stringent response 

In order to survive, bacteria possess a highly evolved system for adaptation to 

environmental stresses, such as heat, cold, oxidative stress, acid stress, and nutrient 

deprivation. The focus of my work is on amino acid starvation stress in Escherichia 

coli. Amino acid starvation of E. coli results in a complex reorganization of metabolic 

processes known as the stringent response (11). Mutants with an impaired stringent 

response are termed relaxed. The first measured phenotypic feature of the stringent 

response was rapid inhibition of stable RNA synthesis (13). It was subsequently 

discovered that stringent response was a pleiotropic phenomenon involving both 

negative and positive effects. For example, DNA replication (16, 42), protein 

biosynthesis (87, 90), cell wall biosynthesis (42, 84), and membrane biosynthesis (80, 

102) are downregulated by stringent response. Moreover, some processes, such as 

protein degradation (14, 106), universal stress protein synthesis (32), and amino acid 

synthesis (26) are upregulated. It would appear that the stringent response is designed 

to promote bacterial survival during periods of starvation. 

The hallmark of the stringent response is the rapid accumulation of two unusual 

nucleotides, guanosine 5’-triphosphate, 3’-diphosphate (pppGpp) and guanosine 3’, 

5’-bispyrophosphate (ppGpp), collectively designated (p)ppGpp (36). During the 
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stringent response, the synthesis of these nucleotides is catalyzed by an enzyme 

known as RelA which is encoded by the relA gene (63). The level of (p)ppGpp 

increases within a few seconds after amino acid starvation and peaks after 10-15 min 

as shown in Figure  1-1 (57). The level of ppGpp then drops to a new steady state 

value that is 10- to 20-fold above the basal level found in normal growing bacteria 

(10, 22). During this period, the cellular level of GTP decreases to 50% of the original 

level in proportion to the increase in (p)ppGpp (23). 

Figure  1-2 summarizes the mechanisms of synthesis and hydrolysis of (p)ppGpp. 

In amino acid-deprived E. coli, (p)ppGpp is synthesized by an enzyme known as 

RelA which catalyzes pyrophosphoryl group transfer of the β, γ pyrophosphate from 

ATP to the 3’ OH of either GTP or GDP (36). RelA is activated only by amino acid 

starvation stress in Gram-negative bacteria. SpoT, however, is activated by a variety 

of cellular stress conditions in Gram-negative bacteria. The half-life of the product of 

this reaction, pppGpp, is about 6 seconds (123). (p)ppGpp is then rapidly converted to 

ppGpp by pppGpp 5’-phosphohydrolase (Gpp) (123). Therefore, ppGpp is the major 

signal molecule that accumulates during the stringent response. During recovery from 

starvation, the accumulated pool of (p)ppGpp is degraded through the 3’-

pyrophosphatase activity of SpoT (20, 39). SpoT is actually a bifunctional enzyme 

that possesses (p)ppGpp synthetic activity and (p)ppGpp hydrolytic activity (49). 

During the steady-state growth, SpoT is thought to maintain the low level of 

(p)ppGpp (94). Rel exists in Gram-positive bacteria and is a trifunctional enzyme. Rel 

possesses RelA function by responding to amino acid starvation; in addition, Rel 

contains SpoT function by catalyzing the synthesis and degradation of ppGpp. In 
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summary, the intracellular concentration of (p)ppGpp is dependent on the relative 

synthetic activity of RelA and hydrolytic activity of SpoT or Rel. 

It has been suggested that the relA and spoT genes of Gram-negative bacteria 

evolved from the rel gene of Gram-positive bacteria (65). Pairwise alignment of RelA 

and SpoT of E. coli reveals a 29% amino acid identity; whereas, E. coli SpoT and M. 

smegmatis Rel have 35% identity. In addition, the Rel protein of M. smegmatis is 

similar to the SpoT protein of E. coli, as both proteins possess the hydrolytic and 

synthetic activities. RelA protein does not carry out hydrolytic activity due to the 

substitution of the HD domain, which is found in SpoT and Rel (65). Some 

intracellular bacteria do not contain rel-like gene (65). It appears that during the 

process of reductive evolution, rel genes were deleted while bacteria were adapting to 

their intracellular life. 

RelA and SpoT homologues exhibit widespread distribution in bacterial species (4, 

9, 120, 122) and it was long thought to be restricted to the bacteria. However, 

(p)ppGpp synthesis has recently been demonstrated in chloroplasts of certain plants 

where it regulates stress-induced defense systems (108). When plants were subjected 

to certain stresses, such as wounding, heat shock, high salinity, acidity, heavy metal, 

drought, and UV irradiation, the level of (p)ppGpp increased significantly (108). A 

substantial elevation of (p)ppGpp levels was also observed when plants were moved 

from light to dark (108). In vitro, chloroplast RNA polymerase activity was inhibited 

in the presence of (p)ppGpp, indicating that a stringent response similar to bacteria 

also exists in plants (108). 
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Figure 1-1. (p)ppGpp level during amino acid starvation 

Under normal condition, bacteria maintain a basal level of pppGpp. pppGpp starts to 

accumulate within a few seconds after amino acid starvation and peaks after 10-15 

minutes. The level of ppGpp then drops to a new steady state value that is 10- to 20- 

fold above the basal level found in normal growing bacteria. 
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Figure 1-2. Representation of the mechanisms of synthesis and hydrolysis of (p)ppGpp 

by RelA/SpoT or Rel 

RelA, SpoT and Rel catalyze pyrophosphoryl group transfer of the pyrophosphate 

from ATP to the 3’ OH of either GTP or GDP to produce pppGpp. pppGpp is rapidly 

converted to ppGpp by pppGpp 5’-phosphohydrolase (gpp). SpoT and Rel degrade 

ppGpp to GDP to maintain the cellular concentration of (p)ppGpp. 
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The (p)ppGpp synthetase from chloroplast extract from peas has been 

characterized (50). Fractionation by ultracentrifugation suggests that the enzyme is 

associated with 70S ribosomes. Furthermore, this enzymatic activity was inhibited by 

tetracycline (50). Structural comparisons demonstrate that the putative tetracycline-

binding site between rRNA of E. coli and rRNA of pea chloroplast is highly 

conserved (50). These findings indicate that a ribosome-associated (p)ppGpp 

synthetase exists in the chloroplast of higher plants, suggesting that ppGpp is 

involved in the signalling response to environmental stresses, and contributes to the 

adaptation of plants to unfavourable environmental changes. 

1.2.  (p)ppGpp synthetase I (RelA) 

RelA was initially named as a stringent factor (10). It was purified and 

characterized early in 1975 (6). The intracellular concentration of RelA was low, and 

the yield after purification was 1mg per kg cells (6). In addition, the protein is labile 

and becomes insoluble at low salt concentration, and these factors make it difficult to 

characterize the enzyme thoroughly (6). The relA gene of E. coli has been cloned, 

sequenced, and further characterized (63). It encodes a protein of 744 amino acids 

with a molecular mass of 84 kDa (98).  Structural studies indicated that RelA consists 

of two functional domains. A derivative consisting of the N-terminal 455 amino acids 

encoded a soluble (ribosome-independent), constitutive (p)ppGpp synthetase, 

indicating that ribosome-binding is essential in the regulation of RelA activity. The 

C-terminal fragment (amino acids 456 to 744) was devoid of synthetic activity but 

was responsible for regulating RelA activity (98). Independent studies in two 
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laboratories indicated that the C-terminal domain, referred to as ‘RelA, has two 

activities: ribosome binding and oligomerization (31, 126). 

Haseltine et al. (36) first reported that E. coli RelA was ribosome-associated and 

could be salt-extracted from purified ribosomes using 0.5M NH4Cl. The enzyme is 

inactive in growing bacteria but is activated during amino acid starvation when 

translation is stalled by the association of uncharged tRNA with the codon on the 

ribosomal A site (36). The mechanism of RelA-mediated (p)ppGpp synthesis has 

been investigated in an in vitro systems (121). The results of this study indicated that 

binding of RelA to the ribosome and (p)ppGpp synthesis are inversely coupled. For 

example, (p)ppGpp synthesis decreases the affinity of RelA for the ribosome. It is the 

release of RelA from the ribosome, not the release of the deacylated tRNA that is 

concomitant with (p)ppGpp synthesis. 

RelA binding to ribosome is governed primarily by mRNA, but independent of 

ribosomal protein L11. In contrast, RelA-catalyzed (p)ppGpp synthesis is strictly 

dependent on ribosomal protein L11. Based on these evidence, a model has been 

proposed that RelA hops between blocked ribosomes and catalyzes the ppGpp 

synthesis (121).  The intracellular concentration of RelA is low (110 molecules 

RelA/cell), and this has certainly hampered earlier studies. A laboratory-grown E. coli 

cell has been estimated to carry 1,500 ribosomes meaning that RelA is associated 

with only about 5% of them (77). This is much less than what would be expected of a 

protein closely associated with ribosome. The above model provides an explanation 

to how intracellular concentration of RelA can catalyze the rapid accumulation of 

(p)ppGpp that accurately reflects the starved-ribosome population. 
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1.3. (p)ppGpp synthetase II (SpoT)   

SpoT was identified to be (p)ppGpp synthetase II in 1991 (39). SpoT is a 

bifunctional enzyme possessing ppGpp synthetase and hydrolase activity (125). In E. 

coli spoT mutants, (p)ppGpp degradation is low, and (p)ppGpp synthesis is strongly 

reduced compared with that observed in spoT+ strains (20). The mechanism of how 

SpoT degrades ppGpp has been well studied (46).  

The spoT gene sequence has been characterized (95) and it encodes 702 amino 

acids. The first 203 amino acids are sufficient for the ppGpp 3’-pyrophosphatase 

activity. An overlapping region containing residues 63-374 is involved in ppGpp 

synthetase activity (28). One residue Asp 293 in SpoT is crucial for its activity, and 

substitution of this residue resulted in the complete elimination of ppGpp 

accumulation in E. coli RelA deletion strain (25). Unlike RelA which is a ribosome-

associated enzyme, SpoT has been identified to localize in the cytosolic fraction of 

the cell (27). The crystal structure of the bifunctional Rel/SpoT homologue from 

Streptococcus has been solved (40). It reveals two conformations of the enzyme 

corresponding to known reciprocal activity states: (p)ppGpp-hydrolase-OFF/ 

synthetase-ON and (p)ppGPp-hydrolase-ON/ synthetase-OFF states. The individual 

active sites conferring synthetase and hydrolase activities are in two separated 

domains. The crystal structure shows that an unusual GDP derivative, guanosine 5’-

diphosphate-2’:3’-cyclic monophosphate binds to the hydrolase domain and appears 

to lock this entity in a hydrolase-ON/ synthetase-OFF conformation. Conversly, GDP 

binding to a catalytically competent synthetase site coincides with a nonproductive, 

unliganded state at the hydrolase center. In E. coli, SpoT tightly regulates the 
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stringent response; therefore, it is likely that the bifunctional activity of E. coli SpoT 

is also regulated by two conformational changes (40). 

The level of (p)ppGpp depends on the balance of (p)ppGpp synthetase and 

hydrolase activity of the SpoT. In relA-deleted strain, under amino acid deprivation or 

energy starvation, the activity of (p)ppGpp hydrolase decreased and the activity of 

(p)ppGpp synthetase increased. It appears that low overall charging tRNA during 

amino acid starvation inhibits the hydrolase and correlates with the high level of 

SpoT-derived (p)ppGpp (70). In relA
-
relC

-
 strain and relA

-
relC

+
 strain, it was 

observed that the rates of (p)ppGpp synthesis and degradation during glucose 

deprivation were similar, indicating that unlike RelA, SpoT is not regulated by 

ribosomal protein L11 (70). SpoT hydrolase is a stable enzyme activity, whereas, 

SpoT synthetase activity is unstable and its functional lifetime is about 40 seconds 

(70). Recently, it was reported that in Vibrio cholerae, conserved bacteria G protein 

CgtA acts as a repressor of the stringent response by regulating SpoT activity to 

maintain low levels of ppGpp (86). It was observed that depletion of CgtA leads to 

the accumulation of (p)ppGpp which correlates with induction of the stringent 

response. Analysis of cgtA mutants showed that the level of (p)ppGpp was increased 

during the steady-state growth, however, the acculumation of (p)ppGpp was not 

affected during nutrient stress. A yeast two-hybrid analysis showed that CgtA 

interacts with SpoT. All above evidence supports the notion that CgtA might regulate 

SpoT activity to maintain the low level of (p)ppGpp during growth in a nutrient rich 

environments. 
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1.4. Pleiotropic effects of ppGpp  

(p)ppGpp plays a significant role in the survival of bacteria under different 

environmental conditions and is known to act as a global regulator during the 

stringent response. It is beyond the scope of this review to cover every aspect, and 

only a few examples, which have been extensively investigated, are given here.  

1.4.1. Inhibition of stable RNA transcription  

How ppGpp exerts its regulatory inhibition of stable RNA synthesis has been 

debated for some time. The rRNA promoters are very sensitive to the intracellular 

concentrations of (p)ppGpp, and (p)ppGpp was identified as a global regulator of 

rRNA synthesis (10). The inhibition of stable RNA synthesis is the best-characterized 

feature of the stringent response. Extensive research has been done to elucidate the 

mechanisms of regulation of RNA transcription. More than 95% of the total RNA in a 

bacterial cell is ribosomal RNA and transfer RNA, therefore, the transcription of 

rRNA and tRNA constitutes the majority of all cellular RNA polymerase activity (76). 

In E. coli, there are seven rRNA operons, each containing three rRNA genes (23S, 5S, 

and 16S) and at least one tRNA gene. Each of the seven rRNA operons is transcribed 

from two promoters, the upstream promoter P1 and the downstream promoter P2 that 

are separated by 120 base pairs. The P1 promoters are stronger than P2 promoters, and 

have been intensively studied. Recent studies have shown that P2 promoters are 

regulated. P2 displays clear response to a stringent control and changes in growth rate 

(68). Because P2 promoters are less inhibited than P1 promoter during slow growth, P2 

promoters account for the majority of rRNA transcription during the slow growth rate 
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and stationary phase, providing the cells with the basal level of rRNA, and ribosomes 

under poor nutrient conditions (69). 

A crystal structure of the Thermus thermopmhilus RNA polymerase (RNAP) 

holoenzyme in complex with ppGpp revealed that ppGpp binds to a single site at the 

RNAP holoenzyme surface close to the active center in two alternative orientations: 

the 5’ orientation and the 3’ orientation (2). Based on the progress in determining the 

location of ppGpp in the RNAP complex, at least three mechanisms have been 

proposed. One model suggests that the asymmetry in the active site configuration on 

RNAP induced by the two modes of the ppGpp binding might play an important role 

in the transcriptional regulation by ppGpp. For example, in the 3’ orientation, ppGpp 

may decrease the affinity of the active site for catalytic Mg ion and disfavor the 

binding of substrate. In contrast, in the 5’ orientation, ppGpp facilitates substrate 

binding to the active site since ppGpp increases the affinity of the active site for the 

catalytic Mg ions. (2). A second model accounts for the competition between ppGpp 

and the substrate for binding in the active site. In this model, it would be likely that 

ppGpp and substrate phosphate compete for binding to the same basic residues on 

RNAP. Recent studies have supported this model (47). In a third mechanism, it was 

proposed that ppGpp bound in the 3’ orientation might form base pairs with cytosine 

the nontemplate DNA strand. The interaction between ppGpp and cytosine slows 

down the translocation or disrupts the protein-DNA interaction, which stabilizes the 

open complex, and as a result, transcription is inhibited (2).  In summary, the exact 

molecular mechanism responsible for the inhibition of transcription in these cases 

awaits clarification. 
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Recent discoveries show that DksA is a cofactor of genes controlled by (p)ppGpp 

and is necessary for rRNA regulation (75). dksA was initially identified as a 

suppressor of the temperature sensitivity of dnaK mutants. A dnaK deletion mutant 

strain containing a multicopy plasmid carrying wild-type dksA gene survives at 37°C, 

and as high as 40°C (48). DksA has been cloned, sequenced and characterized (115). 

It contains 151 amino acids encoded by a nonessential gene in bacteria. The crystal 

structure of DksA showed that it consists of a coiled-coil in N-terminus and a highly 

conserved zinc finger motif in the C-terminus. The deletion of dksA leads to a variety 

of effects on gene expression, resulting in defects in cell division, RpoS expression, 

amino acid biosynthesis, quorum sensing, and virulence in a number of organisms 

(75), and DksA has been recently suggested to act at the level of replication, 

transcription, and translation (92). 

It was recently discovered that DksA is a critical transcription factor that binds 

directly to RNAP and is absolutely essential for proper regulation of rRNA promoters 

controlled by ppGpp (75), DksA acts as a coregulator of genes controlled by ppGpp. 

In a DksA deletion mutant, rRNA transcription does not respond to amino acid 

starvation, or shut down upon entry into stationary phase, or exhibit growth rate-

dependent regulation. Purified DksA decreases the lifetimes of rRNA promoter open 

complexes even without the presence of ppGpp. It also greatly strengthens the effect 

of ppGpp on open complex lifetimes and on rRNA transcription in vitro, at least in 

part by increasing the apparent K m of ppGpp for RNAP.  

DksA has a similar structure as GreA and GreB that are RNA cleavage factors (78). 

This structural similarity indicates that a coiled coil with two highly conserved Asp 
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residues of DksA protrudes into the secondary RNAP channel to coordinate the 

ppGpp bound Mg
2+

 ion with Asp residues, therefore stabilizing the ppGpp-RNAP 

complex (78). DksA also increases the initial NTP concentration required for 

transcription (75). Unlike ppGpp, DksA is present under all growth conditions and the 

concentration of DksA does not change during these transitions. Besides increasing 

the affinity of ppGpp for RNAP during amino acid starvation, DksA is apparently 

required to regulate rRNA transcription under all growth conditions (75). In addition 

to the identical role of DksA and ppGpp in E. coli, DksA also possesses independent 

and opposing roles (60). Overexpression of DksA can compensate for the absence of 

ppGpp in terms of transcription of certain promoters as well as a variety of 

physiological activities, such as motility, cell-cell aggregation, and filamentation (60). 

This indicates that DksA can independently function in regulating gene expression. In 

addition, the investigation of the similarities and differences between the phenotype 

of a ppGpp-deficient mutant and the phenotype of a dksA deletion strain shows that 

ppGpp and DksA have opposing effects on cell adhesion (60). 

1.4.2. Initiation and elongation of DNA replication 

It has been known that ppGpp participates in the regulation of initiation and 

elongation of DNA replication (98). DNA replication consists of initiation, elongation, 

and termination phases (5). The initiation of chromosomal replication occurs only 

once during the cell cycle in bacteria. Initiation of chromosome replication is the first 

and tightly controlled step of DNA synthesis. The regulation of the initiation phase of 

DNA replication has also been well characterized (62, 119). Bacterial chromosome 
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replication starts at a single origin called oriC. oriC is approximately 250 base pairs in 

length and contains multiple 9-bp repeat elements, termed DnaA boxes. The initiator 

protein DnaA specifically interacts with the 9-bp sequences at oriC. 20-30 DnaA 

monomers interact with 11 DnaA boxes. Three of these sites are high-affinity binding 

sites. The others require oligomerization of DnaA. The control of initiation relies on a 

reduction of the availability and/or activity of the two key elements, DnaA and the 

oriC region (62, 67). Two promoters are responsible for the transcription of DnaA, 

and the dnaA promoters are growth rate regulated in that its cellular concentration is 

directly proportional to the growth rate (16). Under amino acid starvation, the 

increase of (p)ppGpp leads to the net decrease of DnaA protein concentration. 

Therefore, induction of a stringent response appears to inhibit initiation of DNA 

replication at oriC itself (58, 99).  

In bacteria, the stringent response regulates replication elongation as well. 

Recently a mechanism of how the stringent response regulates replication elongation 

has been characterized (30). ppGpp, which is induced upon starvation, appears to 

inhibit replication elongation by directly inhibiting DNA primase, an essential 

component of the replication machinery. In vivo and in vitro results indicate that 

primase is a likely target of (p)ppGpp. It has been demonstrated in vitro that 

(p)ppGpp inhibited primase activity by measuring the effects of (p)ppGpp on the 

activities of purified components of the replication machinery. To examine the effects 

of (p)ppGpp on the activity of primase in vivo, they used a plasmid that contains a 

conditional and nonessential mechanism for lagging-strand synthesis. The unique 

feature of this plasmid is that lagging-strand synthesis is inhbited, but leading-strand 
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synthesis continues under the inhibition of primase activity, which leads to an 

increase in the amount of ssDNA in vivo (8). When cells are under amino acid 

starvation a 2-fold increase of ssDNA was observed, suggesting that amino acid 

starvation probably inhibited primase activity (117). Evidence has shown that RNAP 

is a target of (p)ppGpp (2). Primase synthesizes RNA using DNA as a template, 

analogous to RNAP. Nevertheless, the ppGpp binding site on primase needs to be 

identified. Regulation of replication elongation allows for a much more rapid 

response to starvation than if replication was regulated at initiation alone. 

1.4.3. Degradation of protein synthesis   

(p)ppGpp inhibits the rate of protein synthesis (105). Although the high level of 

(p)ppGpp inhibits the synthesis of rRNA, the magnitude of the observed inhibition of 

protein synthesis cannot be explained by the decreased content of the ribosome. 

Therefore it has been proposed that ppGpp competes with GTP at the level of GTP-

dependent steps in initiation, elongation and termination of translation. 

Recently another mechanism has been discovered (54, 85). In E. coli, amino acid 

starvation results in the accumulation of an unusual molecule, polyphosphate (poly-P), 

a linear polymer of many hundreds of orthophosphate residues. Protein degradation 

during the stringent response appears to be triggered by the accumulation of poly-P. 

Poly-P forms a complex with the ATP-dependent Lon protease called the stringent 

protease, and this complex degrades protein. Two enzymes in the cells, PPK and PPX, 

regulate the concentration of poly-P. poly-P kinase (PPK) reversibly transfers the 

terminal Pi group of ATP to short-chain poly-P, generating long-chain poly-P, and 
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exopolyphosphatase (PPX) degrades poly-P into Pi to balance the level of poly-P in 

the cell (52). An E. coli relA spoT mutant that fails to produce (p)ppGpp is deficient 

in the accumulation of poly-P (55). An in vitro study showed that (p)ppGpp inhibited 

the activity of PPX, and had no influence on the activity of PPK, suggesting that 

(p)ppGpp inhibits the accumulation of poly-P by inhibiting the activity of PPX (55). 

Figure  1-3 is a summary of how (p)ppGpp is involved in protein degradation.  

Degradation of protein and inhibition of protein synthesis provides a possible 

protective mechanism for bacteria under amino acid starvation. Amino acids from the 

degradation of protein can be used as the nutrient source to synthesize the proteins 

essential for the survival of bacteria. 

1.4.4. Positive control of transcription by (p)ppGpp  

(p)ppGpp  has been reported to positively regulate the transcription of certain 

genes. The genes include those encoding proteins involved in proteolysis and amino 

acid biosynthesis (15, 57, 113), but the mechanism remains unclear. In vitro 

(p)ppGpp positively controls the transcription of his operon (103) and lac operon (81). 

Furthermore, it was demonstrated in vitro that (p)ppGpp positively regulated the 

argECBH gene cluster which encodes the enzymes necessary for the synthesis of 

arginine in the cell (73). It has been proposed that (p)ppGpp is a positive effector to 

sense the amino acid limitation and enables the cells to compensate the change of 

amino acid during the stringent response. 
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Figure 1-3. The poly-P-mediated stringent network for protein degradation 

During amino acid starvation, uncharged tRNA on the ribosome triggers the stringent 

response and RelA binds to ribosome to catalyze the accumulation of pppGpp. 

(p)ppGpp inhibits the activity of PPX which results in the overproduction of poly-P. 

Poly-P forms a complex with Lon-protease, and this complex degrades free ribosomal 

proteins described as the stars. The cell is then able to adapt to the poor nutrient 

condition. 

Adapted from (54) 
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(p)ppGpp also positively regulates the transcription of rpoS gene which encodes 

RpoS (29). RpoS controls the expression of a large number of genes involved in 

cellular response to a diverse number of stresses, such as starvation, heat shock, cold 

shock, acid shock, oxidative DNA damage and also during entry into the stationary 

phase. A Western Blot analysis showed that RpoS synthesis was inhibited in a 

(p)ppGpp-deficient strain. Furthermore, under amino acid starvation, RpoS synthesis 

was increased in wild type strain, and was defective in the (p)ppGpp-deficeint strain. 

RpoS synthesis was also increased when (p)ppGpp was artifically induced (29). All 

above evidence indicates that (p)ppGpp positively regulates the transcription of rpoS. 

The positive regulation of rpoS gene by (p)ppGpp helps bacteria to adapt to 

unfavorable conditions.  

1.4.5.  Influence of (p)ppGpp on bacterial virulence  

(p)ppGpp has been lately demonstrated to have direct influence in virulence, 

pathogenesis, and survival of microorganisms inside a host cell. (p)ppGpp plays a 

central role in regulating virulence gene expression in many pathogens, such as 

Vibrio choerae (35), Salmonella  (79), Pseudomonas (33) and Mycobacterium 

tuberculosis (82). In Vibrio cholerae, a relA mutant, which failed to accumulate 

(p)ppGpp under nutrient deprivation, exhibited a significant reduction of two main 

virulence factors, cholera toxin and toxin-coregulated pilus. These data suggest that 

ppGpp is essential for the production of virulence factors (35). Vibrio cholerae has 

two important virulence regulatory genes, toxR and toxT. The regulation of ToxR and 

ToxT expression is independent. ToxR also directly regulates the expression of two 
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outer membrane proteins, OmpU and OmpT. A Western Blot analysis showed that 

the expression of OmpU and OmpT proteins was also affected in relA mutant strain. 

Therefore, it is most likely that the reduction of vriulence factors in relA mutant strain 

appears to be due to down regulation of the transcription of toxR. In Salmonella 

typhimurium, a relA spoT deleted strain deficient in the production of (p)ppGpp under 

nutrient deprivation was found to be avirulent in vivo and to lose the ability of 

invasiveness in vitro. The expression of two transcription activators of pathogenicity 

island 1-encoded genes, hilA and invF, was reduced in the relA spoT deleted strain 

RelA (79). Therefore, this clearly shows that (p)ppGpp is required for the virulence 

gene expression in Salmonella. Mycobacterium tuberculosis contains a gene 

homologous to relA/spoT, named rel (Mtb).  Rel (Mtb) is responsible for the 

accumulation of (p)ppGpp in response to the nutrient deprivation. A rel (MtB) 

knockout strain exhibited a significantly slower growth rate in rich or minimal media 

and lower survival rate than the wild-type organism during the anerobic incubation, 

indicating that (p)ppGpp is necessary for the long-term survival of pathogenic 

mycobacteria under stress conditions (82). It was recently reported that the stringent 

response is necessary for Brucella virulence and is required for the expression of a 

major virulence factor VirB in Brucella (21). The intracellular pathogen, Brucella 

possesses an rsh gene, encoding a ppGpp synthetase. An rsh deletion mutant in 

Brucella exhibited the reduced survival under starvation condition. Evidence showed 

that the expression of VirB is rsh-dependent. Therefore, the stringent response may 

be a common strategy used by pathogens to adapt to environmental changes inside 

the host. 
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1.4.6. Inhibition of cell wall biosynthesis 

E. coli is a Gram-negative bacterium, and its cell wall possesses an outer and an 

inner membrane. The outer membrane consists of phospholipids, lipopolysaccarides 

and a number of proteins. The inner membrane is a phospholipid bilayer protected by 

the outer membrane. The peptidoglycan layer is located in the periplasmic space 

between the two membranes (71). The peptidoglycan layer determines the cell shape; 

thus, the integrity of peptidoglycan layer is of vital importance to the cell. 

Phospholipids and peptidoglycans are two main components of cell walls, and their 

biosynthesis must be tightly controlled during cell growth and division. 

It has long been suggested that ppGpp regulates the membrane phospholipid 

synthesis (72). Recent in vivo studies showed that the inhibition of fatty acid and 

phospholipid syntheses during the stringent response was associated with the 

accumulation of long-chain acyl-acyl carrier protein, the end products of fatty acid 

synthesis, and substrates for the glycerol-3-phosphate acyltransferase (plsB gene 

product) (37). Heath et al. (1994) also demonstrated that the activity of PlsB is 

inhibited when intracellular concentrations of ppGpp are increased. Moreover, the 

overexpression of PlsB in the presence of high levels of ppGpp restored phospholipid 

synthesis and prevented the accumulation of long-chain acyl-acyl carrier protein. This 

evidence indicates that PlsB might be the key target of ppGpp involved in the 

regulation of phospholipid biosynthesis. However, the detailed mechanism of 

inhibition of PlsB by ppGpp remains to be determined. 
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ppGpp is also involved in the regulation of peptidoglycan metabolism. 

Peptidoglycan synthesis was shown to be inhibited when the intracellular 

concentrations of ppGpp were increased (42). This evidence supports the proposal 

that ppGpp inhibits peptidoglycan synthesis at two key sites. One of the sites is the 

terminal stage of peptidoglycan biosynthesis and involves the incorporation of the 

disaccharide-pentapeptide into peptidoglycan (84). The second site corresponds to an 

early step in the regulation of UDP-MurNAc pentapeptide synthesis (41).  

The antibiotic penicillin kills bacteria by interfering with cell wall biosynthesis. 

This mode of action is a two step phenomenon involving the inhibition of penicillin 

binding proteins and the downregulation of peptidoglycan hydrolase (111). Amino 

acid- starved bacteria exhibit penicillin tolerance, and this phenomenon is directly 

attributable to the overproduction of ppGpp (56, 91). The mechanism of how ppGpp 

regulates peptidoglycan metabolism and causes penicillin tolerance is unclear. The 

studies indicated that the composition of peptidoglycan from amino acid-starved cells 

and normally growing cells was different. Therefore, it has been proposed that amino 

acid deprivation leads to changes in peptidoglycan structure, where the new form of 

peptidoglycan is resistant to peptidoglycan hydrolase (112). 

1.5. Objectives and significance of this dissertation 

The long-range objective of this research is to determine how the activity of RelA 

is regulated during amino acid starvation. Three specific objectives were included in 

this dissertation: the first objective is to elucidate the structure-function relationships 
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of the E. coli RelA protein, concentrating primarily on domains involved in 

oligomerization and ribosome-binding. The second objective is to reinvestigate the 

interaction of RelA and ribosome. The third objective is to investigate ribosomal 

protein L11 and elongation factor G (EF-G) that are involved in RelA regulation. It is 

anticipated that the information gained from this study may eventually be applied to 

the design of specific drugs that inhibit RelA activation. 

  



Chapter 2  Materials and Methods 

2.1. Bacterial strains, growth conditions and plasmids  

 Escherichia coli strain DH5α or XL1-blue (Stratagene) were used for general 

recombinant DNA manipulations. E. coli strain BL21(DE3) (Novagen), a protease-

deficient strain carrying the T7 RNA polymerase on the DE3 lysogen or BL21(DE3) 

plysS which encodes the T7 lysozyme, a natural inhibitor of T7 RNA polymerase 

were used to express recombinant proteins. The DE3 prophage contains the gene 

encoding phage T7 RNA polymerase under the control of the lac promoter.    

MRE600, an RNase-deleted strain was used to purify ribosomes.  Strain VC6216 was 

from our laboratory collection (141). This strain is a derivative of W3110 (a 

prototrophic derivative of E. coli K-12) that is lysogenized with phage DE3. 

Plasmids used in this study are listed in Table  2-1. Plasmids were transformed into 

bacterial strains by electroporation with a Bio-Rad Gene Pulser or by heat-shock 

transformation. Luria-Bertani broth (Difco), M9 minimal medium and MOPS 

minimal medium were used in these studies. Cells were grown at 37˚C in a gyratory 

shaker, with final concentration of 50 μg/ml kanamycin, ampicillin or 25 μg/ml 

chloramphenicol, where necessary for plasmid maintenance.  



 24 

Table 2-1. Plasmids used in this study. The sources and structures of the various RelA 

derivatives described in this table are shown in Figure 3-1 

Plasmids Relevant Genotype and Description Source or 

reference 

pXY38 Kan
r
, E. coli ‘relA in pET30(a+) Laboratory 

collection (141) 

pXY38-2 Kan
r
, Fragment 2 of ‘relA in pET30(a+) Laboratory 

collection (141) 

pXY38-3 Kan
r
, Fragment 3 of ‘relA in pET30(a+) Laboratory 

collection (141) 

pXY62 Kan
r
, E. coli ‘relA  in pGBKT7 Laboratory 

collection (141) 

pLA382-11 Ap
r
, Fragment 2 of ‘relA in pGADT7 This study 

pXY63 Ap
r
, E. coli ‘relA clone in pGADT7 Laboratory 

collection (141) 

pET30(a) Kan
r
, His-S-tag fusion protein expression vector Novagen 

pGBKT7 Kan
r
, Yeast Two-hybrid vector (GAL4 DB) Clontech 

pGADT7 Ap
r
, Yeast Two-hybrid vector (GAL4 AD) Clontech 

pGBKT7-53 Kan
r
, a DNA-BD/murine p53 fusion protein in pGBKT7 Clontech 

pGADT7-T Ap
r
, an AD/SV40 T-antigen fusion protein in pGADT7 Clontech 

pSG21 Ap
r
,  E. coli ‘relA2 (C612G, D637R) clone in pGADT7 This study 

pSG22 Ap
r
, E. coli ‘relA2 (C612G, C638F) clone in pGADT7 This study 

pSG23 Ap
r
, E. coli ‘relA2 (C638F, D637R) clone in pGADT7 This study 

pSG24 Ap
r
, E. coli ‘relA2 (C638A, D637A) clone in pGADT7 This study 

pSG25 Ap
r
, E. coli ‘relA2 (C612G) clone in pGADT7 This study 

pSG2-37 Kan
r
, E. coli ‘relA2 (C612G, D637R) in pET30(a+) This study 

pSG2-38 Kan
r
, E. coli ‘relA2 (C612G, C638F) in pET30(a+) This study 

pSG2-78 Kan
r
,
 
E. coli ‘relA2 (D637R, C638F) in pET30(a+) This study 

pXY51 Kan
r
,
 
E. coli rplK in pET30(c+) Laboratory 

collection (142) 

pSG26 Kan
r
,
 
E. coli rplK (G137D) in pET30(c+) This study 

pSG27 Kan
r
,
 
E. coli rplK (C38A) in pET30(c+) This study 

pSG28 Kan
r
,
 
E. coli rplK (G131D) in pET30(c+) This study 

pSG89 Kan
r
,
 
E. coli fusA (T89A) in pET30(a+) This study 

pSG438 Kan
r
,
 
E. coli fusA (L438N) in pET30(a+) This study 

pSG628 Kan
r
,
 
E. coli fusA (G628C) in pET30(a+) This study 

pSG29 Kan
r
,
 
E. coli fusA in pET30(a+) This study 
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2.2. Site-directed mutagenesis  

Quick-change Site-directed mutagenesis kit (Stratagene) was used for site-directed 

mutagenesis. Restriction sites were introduced into each primer by silent mutation in 

order to screen the mutant via digestion. Mutations were confirmed by sequencing at 

the Centre for Biomedical Research Core Facility at the University of Victoria, 

Victoria, and British Columbia. 

2.3. Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE), and Western Blotting   

SDS-polyacrylamide gel electrophoresis was carried out according to the 

protocol described by Ausubel et al (3). Proteins were separated by 10% separating 

gel and 4% stacking gel, using the Mini-PROTEAN system (Bio Rad). Samples were 

run at 90 V for about 15min and then run at 200 V for about 45 min. The gel was 

either stained with Coomassie blue or transferred to a nitrocellulose membrane for 

Western Blot analysis. Western Blots were developed with monoclonal mouse 

primary antibodies prepared against His•Tag, ‘L11 or ‘RelA and a monoclonal goat 

anti-mouse secondary antibody conjugated to an infrared dye (Rockland, Inc.). 

Alternatively, a monoclonal antibody specific for the His-tag (Immuno-precise 

Antibodies, Victoria, British Columbia) was used.  Bands were visualized with the 

Odyssey Infra-red imaging system (Licor). 
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2.4. Expression and purification of His-tag recombinant proteins  

Cells containing the appropriate plasmids were grown in 200 ml of LB with 

antibiotic at 37˚C to late log phase. Recombinant protein synthesis was induced with 

1 mM of IPTG and cultures were grown for an additional three hours. Cells were 

harvested by centrifugation and lysed with 10 ml of Bugbuster (Novagen). Proteins 

were purified from inclusion bodies by applying to a 2 ml Ni-NTA agarose column 

(Novagen) and refolded by using a protein refolding kit (Novagen). The concentration 

of protein was estimated by the RC DC protein assay (Bio-Rad) and the purity was 

assessed by SDS-PAGE. 

2.5. Isolation of ribosomal subunits  

70S ribosomes from E. coli strain MRE600 were purified according to Schiavone 

and Szulmajster (97, 107) with minor modifications. The ribosomes were suspended 

in ribosome buffer (10 mM Tris-Cl, pH 7.5, 14 mM MgCl2, 10 mM KCl, 6 mM 2-

mercaptoethanol) and stored in small aliquots at -80˚C. Ribosomal 30S and 50S 

subunits were purified through a 5-40% sucrose gradient containing 10 mM Tris, 100 

mM NH4Cl, 1 mM Magnesium acetate, 50 μM EDTA chilled to 4˚C prior to use. 

Approximately 10 A260 units of 70S ribosomes were diluted in the same buffer and 

left overnight at 4˚C to dissociate into 30S and 50S subunits. The mixture was layered 

on the top of the sucrose gradient and centrifuged for 22 hours at 200,000 x g (SW28, 

Beckman) at 4˚C. Fractions of 30S and 50S subunits were collected based on their 

absorbance at 260nm (Single path UV monitor from Pharmacia Fine Chemicals). The 
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30S and 50S ribosomal subunit fractions were centrifuged again at 4˚C for 3 hours at 

300,000 x g (Beckman Ultracentrifuge, SN 2633). The pellets were dissolved in 

ribosome buffer and aliquots were stored at -80˚C.  The ribosome concentration was 

determined by UV absorbance (1A260 unit = 70 nM for 30S, 39 nM for 50S, and 20 

nM for 70S (110). The purity of the ribosomal subunits was checked by non-

denaturing polyacrylamide gel electrophoresis and analytical sucrose gradient 

centrigugation. 

2.6. RNA synthesis assay 

The assay for RNA synthesis was performed according to Yang and Ishiguro (127) 

with modifications. E. coli VC6216 carrying the corresponding plasmid was grown in 

M9 minimal medium with appropriate antibiotic overnight. The culture was 

inoculated into M9 minimal medium without antibiotic (1:30 ratio). When the cell 

reached exponential phase, the culture was divided into three portions. The final 

concentration of 0.5 mM IPTG was added to one of these to induce the synthesis of 

protein. After 20 minutes, [5, 6-
3
H] uracil (Amersham Corp.) was added to each of 

three cultures. After an additional 10 minutes of incubation, two cultures including 

the induced one were subjected to amino acid deprivation by the addition of L-valine 

to the cultures. The addition of L-valine inhibited the synthesis of acetohydroxyacid 

synthase in the cells, and this enzyme is required for all branched-chain amino acids 

synthesis, valine, leucine, and isoleucine. Therefore, the addition of L-valine to the 

cultures resulted in the deprivation of isoleucine and leucine.  
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From this point on, the OD of cultures were measured by OD420 at the indicated 

time, meanwhile, the 100 μL samples were removed from cultures, and the 

incorporation of [5,6-
3
H] uracil into cold trichloroacetic acid (TCA)-insoluble 

fractions was determined as described previously (142). 

2.7. In vitro ribosome binding  

The in vitro ribosome binding assays for wild type ‘RelA-2, mutant ‘RelA-2 or 

‘RelA-3 were performed in 100 μL reactions containing 10 pmol of ribosomes and 

proteins in the ribosome buffer. Reactions were incubated at room temperature for 30 

minutes, followed by ultracentrifugation 300,000 × g for 2 hours to collect the 

ribosomes. Supernatant fractions were concentrated by lyophilization. Both the 

supernatant and ribosome fractions were then resuspended in 20 μL of ribosome 

buffer and analyzed by immunoblot using monoclonal anti-‘RelA antibody (Immuno-

precise Antibodies, Victoria, British Columbia). 

2.8. In vivo ribosome binding  

The in vivo ribosome binding assays for wild type ‘RelA-2, mutant ‘RelA-2 or 

‘RelA-3 were performed in strain BL21 (DE3). 20 ml of exponential phase cells 

carrying the plasmid were induced for 10 minutes at 37 ˚C with 1mM of IPTG. 

Cultures were immediately harvested and resuspended in 2ml of ice-cold ribosome 

buffer, followed by cell lysis by sonication (50% duty, 2 × 25S). Cell debris was 

removed by centrifugation at 14,000 × g for 20 minutes. The ribosomes were then 
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collected by ultracentrifugation at 300,000 × g for 2 hours. Equivalent volumes of 

ribosome and cytosolic fractions were then analyzed for the presence of wild type 

‘RelA-2, mutant ‘RelA-2 or ‘RelA-3 by immunoblot. 

2.9. General recombinant DNA techniques 

The procedures for plasmid and DNA purification, restriction endonuclease 

digestion, DNA ligation, and PCR amplification were those described by Sambrook 

et al. (93)  Restriction endonucleases and T4 DNA ligase were purchased from New 

England BioLabs Inc. Constructions of specific plasmids are described in each 

chapter.   

2.10. PCR amplication of fusA gene 

PCR amplification of fusA gene was performed with the 5’ primer, 

5’GGGGGATCCTAATGGCTAAGAAAGTACAAGCCTA3’, and the 3’ primer, 

5’TGCGTCGACTTTCTCGCGGATAACACGC3’.  The reaction contained 1 unit of 

Vent DNA polymerase and 1X ThermoPol Reaction Buffer (New England BioLabs 

Inc.) supplied with 100 pmol of each primer, 200 µM dNTP and 4 mM MgSO4 in a 

total of 100 µl. Genomic DNA from E. coli strain W3110 was used as the template. 

Thermocycling consisted of an initial denaturation at 95°C for 5 min, followed by 

25 cycles with denaturation at 95°C for 1 min, annealing at 52°C for 1 min and 

extension at 72°C
 
for 1 min. 
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2.11. In vitro crosslinkingofwildtype‘RelA-2ormutant‘RelA-2 

The crosslinking of wild type ‘RelA-2 or mutant ‘RelA-2 experiments were 

performed according to Ghosh et al (99) with modifications. 5 µl of 1 mg/ml of wild 

type ‘RelA-2 or mutant ‘RelA-2 were diluted in PBS, pH7.4 to a final volume of 70 

µl. Reactions were then incubated at 4 ºC for 48 hours to facilitate protein interactions; 

140 µl of 8% glutaraldehyde was then added. After 5 minutes of incubation at room 

temperature, the crosslinking reaction was quenched by the addition of 8 µl of 100 

mg/ml freshly made sodium borohydride. The protein was then precipitated after 15 

minutes by the addition of 120 µl of 1% deoxycholic acid and 50 µl of 78% 

trichloroacetic acid. Proteins were collected by centrifugation at 14,000 × g at 4 ºC 

for 10 minutes, followed by washing with 1 ml of ice-cold acetone. The protein was 

dissolved in PBS buffer and analysed by Western Blotting. 

2.12.  Measurement of (p)ppGpp 

The synthesis of (p)ppGpp was measured in MOPS minimal medium with 0.26 

mM K2HPO4 (31).  Three overnight cultures, VC6216 and VC6216 carrying plasmid 

pXY38-2 and pSG2-37, respectively, were inoculated into three flasks of media to 

yield the culture with the starting OD600 close to 0.1. Plasmids pXY38-2 and pSG2-

37 encode ‘RelA-2 and ‘RelA2 (C612G, D637R), respectively.  When OD600 reached 

0.1, one portion (1 ml) of VC6216 culture, and two portions of VC6216 carrying 

plasmid pXY38-2, two portions of VC6216 carrying pSG2-37 were aliquoted into test 

tubes. 
32

Pi (New England Nuclear, 40 µCi per ml) was added to the cultures.  One 
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hour later, one portion of VC6216 (pXY38-2) and one portion of VC6216 (pSG2-37) 

received IPTG at 0.5 mM to induce the expression of proteins from plasmids. After 1 

additional hour of incubation, all the portions were subjected to amino acid 

deprivation by adding L-valine at 500 µg per ml.  Ten minutes later, 200 µl samples 

were removed from each of the 5 cultures.  Each sample was extracted with 20 µl of 

11 M formic acid on ice for 30 minutes. The samples were centrifuged to remove cell 

debris, and 10µl aliquots of the extracts were applied to a polyethyleneimine cellulose 

thin-layer chromatography plate (Aldrich Chemical Company Inc.).  The 

chromatogram was developed in 1.5 M KH2PO4. The developed chromatogram was 

visualized by autoradiography. 

2.13. Yeast two-hybrid analysis 

The yeast two-hybrid technique was used to determine protein-protein interactions.  

The technology was based on the Matchmaker Two-Hybrid System 3 (Clonetech).  

The two cloning vectors, pGBKT7 and pGADT7, contain the GAL4 DNA-binding 

and activation domains, respectively. Plasmids pGBKT7-53 and pGADT7-T are 

positive controls encoding murine p53 fused to the GAL4 DNA-binding domain and 

SV40 T-antigen fused to the GAL4 activation domain, respectively; these two 

proteins are known to interact with each other. 

Saccharomyces cerevisiae (MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4, 

gal80, LYS2::GAL1UAS-GAL1TATAHIS3, GAL2UAS-GAL1TATA-ADE2, ura3::MELUAS-

MEL1TATA-lacZ) was used as a host for the two-hybrid plasmids. Yeast cells were 
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grown at 30
o
C in either YPD or SD synthetic media as described in the Clontech User 

Manual for the Matchmaker System. The ‘relA gene was fused to the GAL4 DNA 

binding domain in pGBKT7. The ‘relA-2 gene or its derivatives were fused to the 

GAL4 transcription activating domain in pGADT7. The two-hybrid plasmids were 

then cotransformed into yeast cells. The transformed cells were grown in the 

synthetic dropout nutrient medium (SD-His/-Leu) at 30
o
C overnight. The cultures 

were then streaked on the synthetic dropout nutrient medium plates (SD-His/-Leu/-

Ade/-Trp). The -galactosidase activities from each culture were measured by the 

method of Miller (64). If interaction occurs, reporter gene lacZ is transcribed. The 

reporter gene lacZ encodes -galactosidase, this enzyme converts the coulorless 

substrate X-gal into blue product. In this system, a high level of -galactosidase 

activity from the reporter gene indicated positive yeast two-hybrid. The results were 

determined by the liquid ONPG assay in at least three independent experiments. 



 

Chapter 3  Structure and Function of RelA 

3.1. Introduction 

RelA is a ppGpp synthetase that catalyzes the rapid accumulation of ppGpp during 

the stringent response.  Continuing studies indicate that (p)ppGpp plays a significant 

role in microbial physiology. Its numerous and varied activities appear to enhance 

bacterial survival especially in slow growing or nongrowing states. For example, it 

regulates antibiotic synthesis and differentiation in Streptomyces species (104), 

quorum sensing in Pseudomonas aeruginosa (113), and tolerance to penicillin in E. 

coli (53). Of great interest is the growing list of microbial pathogens that utilize 

(p)ppGpp for expression of virulence genes, e.g., Legionella pneumophila (34), 

Salmonella (79), Mycobacterium tuberculosis (19), and Vibrio chlorae (35). In 

addition, (p)ppGpp plays a general role in enhancing resistance to a variety of stresses 

including oxidative stress and acidity, two important ways by which bacteria are 

killed by mammalian phagocytes. The clinical relevance of (p)ppGpp, together with 

the apparent absence of a mammalian RelA counterpart, makes this enzyme an 

important candidate for the development of new antibacterial drugs. A better 

understanding of its mode of action is crucial for such an undertaking. 

Figure 3-1 is a summary of the structural and functional domains of RelA. The 

RelA protein comprises 744 amino acids and it contains the C-terminal regulatory 
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domain and the N-terminal catalytic domain (98). The C-terminus, designated as 

‘RelA, has two activities: ribosome binding and oligomerization. Studies in this 

laboratory (126) showed that ‘RelA could be dissected further into 3 smaller regions, 

designated as ‘RelA-1 (amino acids 455-538), 'RelA-2 (amino acids 550-682) and 

‘RelA-3 (amino acids 682-744), respectively. ‘RelA-1 exhibited the weak 

oligomerization and ribosome binding activities; ‘RelA-2 was the major domain 

responsible for oligomerization and ribosome binding. However, the third region 

(amino acids 682-744) was apparently devoid of function. Interestingly, two 

laboratories have independently reported that the high level expression of ‘RelA or its 

smaller derivatives, ‘RelA-1 and ‘RelA-2, prevented the activation of chromosomally 

encoded RelA during amino acid deprivation (31, 126). In contrast, the overexpressed 

‘RelA-3, which is devoid of dimerization and ribosome binding activities, had no 

inhibitory effect on RelA, indicating that one or both of these activities was required 

for this phenomenon (126). Gropp et al. (31) reported that three different site-directed 

mutations (C612G, D637R, and C638F) in ‘RelA partially inhibited dimerization and 

eliminated the inhibitory effect on RelA activation. They proposed that RelA 

activation was controlled through oligomerization and that RelA dimers were inactive. 

Their model proposes that amino acid starvation induces dissociation, or, alternatively, 

a change in the conformation of the RelA dimer, resulting in enzyme activation. They 

further propose that heterodimers composed of normal RelA and the C-terminal 

domain, ‘RelA, do not dissociate, or assume the correct conformation, and thus 

remain inactive. The diagram shown in Figure  3-2 explains this model. In this regard, 
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the mutations that partially inhibited dimerization presumably do not prevent such 

permanently inactive heterodimers from forming. 

The purpose of this study was to investigate the relationship of structure and 

function of RelA, specifically to investigate the dimerization model of Gropp et al. 

‘RelA-2 was chosen as an experimental model since it contains both ribosome 

binding and oligomerization activities amd is relatively small. The results presented 

in this chapter lead to the following conclusions: (i) Combination of two mutations in 

‘RelA-2 dramatically reduced the dimerization; (ii) Dimerization is not required for 

the ribosome binding; and (iii) Overexpression of dimerization-defective mutant 

inhibited the wild type RelA activity during the amino acid-starved condition.  

 

RelA

RelA’

‘RelA

‘RelA-1

‘RelA-2

‘RelA-3

 

Figure 3- 1 Relevant structures and functions of RelA and RelA derivatives 

      Footnote: courtesy of X. Yang and E. Ishiguro 

 

 Relevant structure and functions of RelA and RelA derivatives 
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Figure 3-2. Diagram for dimerization model proposed by Gropp et al (31) 

RelA binds to the ribosome as a dimer, and the dimer is inactive. Amino acid 

starvation dissociates the dimer into monomer. The resulting ribosome-bound 

monomer is active. However, when ‘RelA derivatives are overexpressed in the cells, 

the overexpressed ‘RelA derivatives form the heterodimer with chromosome-encoded 

wild type RelA. The heterodimer binds to the ribosome; amino acid starvation does 

not dissociate the heterodimer, therefore, the enzyme RelA is inactive. 
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3.2. Results 

3.2.1. Combinationoftwomutationsreduceddimerizationin‘RelA-2 

To study the relationship between ribosome binding and dimerization, the first 

objective was to construct a mutant that was defective in dimerization. Based on the 

studies of Gropp et al., several mutant derivatives of ‘RelA-2 were constructed. The 

residues changed and the primers used for this purpose are listed in Table  3-1. The 

introduced mutations were confirmed by DNA sequencing (data not shown). 

 

Table 3-1. Primers used in this study 

Mutations Primers 

C612G 5’-CACCACATCGCCCGGGGCTGCCAGCCGATTC-3’ 
 
3’-GTGGTGTAGCGGGCCCCGACGGTCGGCTAAG-5’ 

D637R 5’-CAGTACACCGGGCCCGTTGCGAACAACTGGC-3’ 
 
3’-GTCATGTGGCCCGGGCAACGCTTGTTGACGG-5’ 

C638F 5’-CAGTACACCGGGCCGATTTCGAACAACTGGCGGAAC-3’ 
 
3’-CAGTTCCGCCAGTTGTTCGAAATCGGCCCGGTGTAC-5’ 

 

Mutated bases are indicated in bold type. 

The restriction sites introduced to facilitate the selection of the site-directed 

mutants are underlined: SmaI (C612G), ApaI (D637R), and MspI (C638F). 
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To study the effects of the mutations introduced on the dimerization of ‘RelA-2, 

analysis was performed using the yeast two hybrid system to measure the in vivo 

interactions between wild type ‘RelA and ‘RelA-2, and wild type ‘RelA with various 

mutant derivatives of ‘RelA-2. The ‘relA-2 gene fragment and its derivatives were in-

framed fused to the transcriptional activating domain of GAL4 in pGADT7 to 

generate the plasmids pLA382-11, pSG25, pSG21, and pSG22, respectively. pXY62 

is a previous construct which the ‘relA gene fragment was in-framed fused to the 

transcriptional DNA binding domain of GAL4 in pGBKT7.  The yeast strain, AH109, 

carrying two plasmids, pGADT7-T and pGBKT7-53, was able to express the Ade2, 

His3, and lacZ reporter genes. This strain provides a positive control for interacting 

proteins. The yeast strain, AH109, carrying two plasmids, pGADT7 and pGBKT7, 

did not express the Ade2, His3, and lacZ reporter genes. This strain is used as a 

negative control for the yeast two-hybrid analysis.  Figure 3-3 shows the growth of 

the yeast strains carrying different plasmids on SD–Ade/-His/-Leu/-Trp plate. As a 

positive control, the strain grew well on –Ade/-His/-Leu/-Trp dropout plate. However, 

the strain representing the negative control failed to grow on SD–Ade/-His/-Leu/-Trp 

plate.  The strain representing the interaction of wild type ‘RelA and ‘RelA-2 grew as 

well as the positive control did.  The growth of the strain representing the interaction 

of wild type ‘RelA and ‘RelA-2 with C612G substitution was slightly affected.  The 

growth of transformants representing the interaction of wild type ‘RelA and ‘RelA-2 

with C612G and C638F or C612G and D637R subustitions was significantly affected. 

The results indicate that the single mutations had weak, if any, effects on dimerization 
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activity by this assay. However, when two mutations were combined, there was a 

significant effect on dimerization.   

To confirm this, quantitative ß-galactosidase activity assays were performed, and 

the results are shown in Figure  3-4. Sample a describes the interaction of wild type 

‘RelA with itself, and the result confirms that wild type ‘RelA dimerizes. Sample b 

shows the interaction between wild type ‘RelA and wild type ‘RelA-2. The observed 

reduction in the interaction between ‘RelA and ‘RelA-2, apparent from the 

comparison between samples a and b, is probably a result of the deletion of the N-

terminal portion of ‘RelA designated ‘RelA-1.  ‘RelA-1 has been shown previously to 

interact with ‘RelA in the yeast two-hybrid analysis (126).   Sample c shows that a 

single mutation, C612D, in ‘RelA-2 only slightly reduced its interaction with ‘RelA. 

However, the combination of two mutations (C612G and D637R) in ‘RelA-2 

significantly reduced its interaction with ‘RelA (sample d) with results that were 

similar to the negative control shown in sample e. In summary, yeast two hybrid 

assays showed that a combination of two mutations in ‘RelA-2 reduced its interaction 

with RelA. 

The above results were further examined by in vitro protein crosslinking using 

purified recombinant wild type and mutant ‘RelA-2 proteins. Proteins were 

crosslinked with glutaraldehyde and then analyzed by Western Blotting.  The results, 

shown in Figure  3-5, confirmed that wild type ‘RelA-2 dimerized and that the 

combination of the C612G and D637R mutations significantly reduced the 

dimerization activity of ‘RelA-2. The C612D, D637R dimerization-defective mutant 
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was used to investigate whether dimerization plays a significant role in ribosome 

binding and regulation of RelA activity. 
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Figure 3-3. Interactionofwild type ‘RelAand ‘RelA-2 derivatives in a yeast two-

hybrid assay 

 The yeast strain, AH109, carrying plasmids pGBKT7-53 and pGADT7-T 

(positive control), pXY62 and pLA382-11 (‘RelA-‘RelA-2), pXY62 and pSG25 

(‘RelA-‘RelA-2 with C612G substitution), pXY62 and pSG22 (‘RelA-‘RelA-2 

with C612G, C638F substitutions), pXY62 and pSG21 (‘RelA-‘RelA-2 with 

C612G, D637R substitutions), or pGBKT7 and pGADT7 (negative control) were 

grown at 30°C for three days on SD–Ade/-His/-Leu/-Trp plates. 1 represents 

positive control; 2 represents the interaction of wild type ‘RelA-2 and ‘RelA; 3 

represents the interaction of ‘RelA-2 (C612G) and ‘RelA; 4 represents the 

interaction of ‘RelA-2 (C612G, C638F); 5 represents the interaction of ‘RelA-2 

(C612G, D637R) and ‘RelA; 6 represents negative control. 



 41 

 

 

Figure 3-4. Yeast two-hybrid analysis of interactions between wild type ‘RelA and

‘RelA-2,andwildtype‘RelAand‘RelA-2 derivatives 

The specific activities of the ß-galactosidase reporter were determined in S. cerevisiae 

containing two-hybrid plasmids to test interactions between the following proteins (In 

each case, the first protein listed is fused to GAL4 DNA-binding domain, and the 

second protein is fused to GAL4 activation domain):  a, ‘RelA and ‘RelA; b, ‘RelA-2 

and wild type ‘RelA; c, ‘RelA-2 with C612G substitution and wild type ‘RelA; d, 

‘RelA-2 with C612G and D637R substitutions and wild type 'RelA; e, negative 

control consisting of cloning vectors alone.  The values shown are the averages of 

three independent transformants, each measured in triplicate. 
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1     2 dimer

monomer

 

Figure 3-5. Glutaraldehyde crosslinking to determine dimerization in vitro 

Lane 1: wild type ‘RelA-2  

Lane 2: ‘RelA-2 (C612G; D637R) 
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Both in vivo and in vitro results have demonstrated that the combination of two 

mutations (C612G, D637R) was able to eliminate the dimerization of ‘RelA-2. The 

construction of the dimerization-defective mutant enabled us to investigate whether 

dimerization plays significant roles in ribosome binding and RelA activity regulation. 

3.2.2. Dimerizationisnotrequiredfor‘RelA-2 ribosome binding 

The effects of the C612G and D637R mutations on the ribosome-binding activity 

of ‘RelA-2 were examined in vitro. Purified wild type and mutant ‘RelA-2 proteins 

were incubated with ribosomes. The reactions were then subjected to 

ultracentrifugation to separate the unbound protein from the ribosome fraction. The 

fractions were analyzed by Western Blot analysis using anti-RelA antibody. The 

results in Figure  3-6.A show that the ‘RelA-2 mutant which is defective in the 

dimerization binds to ribosomes indicating that the dimerization is unnecessary for 

ribosome binding in RelA. 

The ribosome-binding activities of the wild type and mutant ‘RelA-2 proteins were 

also determined in vivo. These recombinant proteins were induced by IPTG for a 

short period in strain VC6216 (DE3). The ribosome and non-ribosome RelA from 

these cells were analyzed by immunoblotting using anti-RelA antibody. Figure  3-6.B 

shows that the dimerization-defective derivative of ‘RelA-2 still bound to the 

ribosomes as did the wild type ‘RelA-2. These results indicate that dimerization of 

‘RelA is unnecessary for its ribosome binding. Moreover, they indicate that the 

dimerization domain and ribosome binding domain of ‘RelA-2 are separate. 
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A. In vitro      1        2        3      4       5         6       7       8    

B. In vivo                 1     2      3     4

 

Figure 3-6.Effectof‘RelA-2 (C612G, D637R) on its ribosome binding in vitro (A) and 

in vivo (B) 

A. Equal amounts of purified wild type ‘RelA-2 and the ‘RelA-2 (C612G, D637R) 

were incubated with ribosomes at room temperature for 30 min.  The mixtures then 

were separated into ribosome (lanes 3, 7) and supernatant (lanes 4, 8) fractions by 

ultracentrifugation. The controls were the purified proteins incubated without 

ribosomes and then subjected to ultracentrifugation to obtain pellet (lanes 1, 5) and 

supernatant (lanes 2, 6) fractions. The preparations were Western Blotted and probed 

with anti-‘RelA serum. The first four lanes are the samples from the reactions of wild 

type ‘RelA-2 without or with ribosomes. Lanes 5-8 are the samples from the reactions 

of mutant ‘RelA-2 (C612G, D637R) without or with ribosomes. 

B. Bacteria expressing either ‘RelA-2 or ‘RelA-2 (C612G, D637R) were fractionated 

into ribosomal and soluble fractions by ultracentrifugation. The fractions were 

subjected to SDS-PAGE and Western Blotting. The blots were probed with anti-

’RelA serum. The ribosome and soluble fractions from bacteria expressing ‘RelA-2 

are shown in lanes 1 and 2, respectively. The ribosome and soluble fractions from 

bacteria expressing ‘RelA-2 (C612G, D637R) are shown in lanes 1 and 2, 

respectively. 
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3.2.3. Effectofoverexpressed‘RelA-2 mutant on the stringent response 

The availability of the dimerization-defective derivative of ‘RelA-2 permitted us to 

examine the oligomerization model for regulating RelA activity proposed by Gropp et 

al. (31).  According to the model described above, overexpression of ‘RelA, or 

smaller derivatives of it, inhibits the activation of the chromosomally encoded RelA 

during amino acid deprivation because the (p)ppGpp synthetase activity cannot be 

activated in heterodimers composed of the full length RelA and smaller C-terminal 

fragments derived from RelA. If this hypothesis is correct, then the expression of 

dimerization-defective mutant of ‘RelA-2 should not affect the stringent response. To 

test this hypothesis, the effects of expressing the wild type and dimerization-defective 

derivatives of ‘RelA-2 on the stringent response were compared. The incorporation of 

3
H-uracil into RNA by amino acid-deprived bacteria was used as an assay for the 

stringent response. The experiment showing the effect of the overexpressed wild type 

‘RelA-2 on the stringent response has been previously performed by Yang and 

Ishiguro (142). The results indicated that the overexpression of wild type ‘RelA-2 in 

amino acid-starved strain relaxed the stringent response and inhibited the 

chromosome-encoded RelA activity.  Figure  3-7 shows the effect of the 

overexpressed ‘RelA-2 (C612G, D637R) on the incorporation of [5, 6-
3
H] uracil into 

cold TCA-insoluble fractions. [5, 6-
3
H] uracil incorporation was continued when the 

strain VC6216 carrying plasmid pSG2-37 which encodes the ‘RelA-2 (C612G, 

D637R) was untreated with amino acid deprivation and IPTG (curve with O). Under 

amino acid deprivation, strain VC6216 carrying plasmid pSG2-37 exhibited a normal 
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stringent response with the inhibition of [5, 6-
3
H] uracil incorporation (curve with ●). 

Moreover, [5, 6-
3
H] uracil incorporation was relaxed when the amino acid-deprived 

strain was induced for the overexpression of ‘RelA-2 (C612G, D637R) with IPTG 

(curve with Δ), indicating that the overexpression of dimerization-defective ‘RelA-2 

still inhibited wild type RelA activity and relaxed the stringent response.  

To confirm this observation, the effects of expressing the wild type and 

dimerization-defective mutant derivatives of ‘RelA-2 on the accumulation of 

(p)ppGpp by amino acid-starved cells were determined.  Figure  3-8 shows the 

intracellular levels of (p)ppGpp under these various conditions. A large amount of 

ppGpp, along with a small amount of pppGpp accumulated within 10 minutes in 

strain VC6216 or the strains carrying the plasmid (pSG2-37 or pXY38) after the onset 

of amino acid deprivation as shown in lanes 2, 3, and 5.  The overexpression of wild 

type ‘RelA-2 or dimerization-defective mutant ‘RelA-2 (C612G, D637R) in amino 

acid-deprived strain VC6216 inhibited the accumulation of (p)ppGpp (lanes 1 and 4), 

indicating that the overexpressed dimerization-defective mutant ‘RelA-2 (C612G, 

D637R) in amino acid-deprived bacteria inactivates the chromosome-encoded RelA 

as does the overexpressed wild type ‘RelA-2. These results suggest that dimerization 

does not appear to be responsible for the relaxation of the overexpressed ‘RelA-2, or 

its derivatives on the stringent response. Our observations were in conflict with the 

oligomerization model proposed by Gropp group. 
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Figure 3-7. Effect of the overexpressed 'RelA-2 (C621G, D637R) on the stringent 

response as measured by the incorporation of 3H-uracil into cold TCA-precipitable 

fractions by E. coli strain VC6216 carrying the plasmid pSG2-37 

O represents the culture without amino acid starvation and IPTG treatment; Δ 

represents the culture amino acid-deprived with 50 µg of valine per ml in the 

presence of 0.5 mM IPTG; ● represents the culture amino acid-deprived with 50 µg 

of valine per ml in the absence of IPTG. IPTG was added to induce the 

overexpression of ‘RelA-2 (C612G, D637R) 30 min prior to the start of amino acid 

deprivation at 0 min. OD420, optical density 420. 
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Figure 3-8. Effectofoverexpressionofwildtype‘RelA-2or‘RelA-2 (C612G, D637R) on 

(p)ppGpp accumulation 

 Formic acid extracts of 
32

P-labeled strain VC6216 carrying plasmid pXY38 or pSG2-

37 were fractionated by thin-layer chromatography. Lane 1: Strain VC6216 amino 

acid-deprived with the overexpression of ‘RelA-2 (C612G, D637R); Lane 2: Strain 

VC6216 amino acid-deprived without the overexpression of ‘RelA-2 (C612G, 

D637R); Lane 3: Strain VC6216; Lane 4: Strain VC6216 amino acid deprived with 

the overexpression of ‘RelA-2; Lane 5: Strain VC6216 amino acid-deprived without 

the overexpression of ‘RelA-2. 
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3.2.4. Effectofoverexpressed‘RelA-3 on the stringent response 

It has previously been shown (126) that ‘RelA-3 has no dimerization or ribosomal 

association abilities. The ribosome-binding activity of ‘RelA-3 was re-tested.  

Figure  3-9 shows that ‘RelA does not bind to ribosomes in vitro and in vivo, 

confirming previous results (141). It was also previously shown that the expression of 

‘RelA-3 did not inhibit the stringent response, in contrast to results obtained with 

‘RelA-1 and ‘RelA-2 (126).  To investigate this further, the effect of expressing 

‘RelA-3 on the accumulation of (p)ppGpp by amino acid-deprived bacteria was 

determined. The results shown in Figure  3-10 indicate that the expression of ‘RelA-3 

did not interfere with the accumulation of (p)ppGpp.  This is in agreement with the 

previous observation showing that ‘RelA-3 did not inhibit the stringent response as 

measured by RNA synthesis by amino acid-deprived bacteria (126).  In summary, it is 

confirmed here that ‘RelA-3 does not bind ribosomes and that its overexpression does 

not inhibit the stringent response.  These results are in direct contrast to those 

obtained with ‘RelA-1 and ‘RelA-2. 
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Figure 3-9. ‘RelA-3 does not bind to ribosome in vitro and in vivo 

In vitro: Purified ‘RelA-3 was incubated with ribosomes at room temperature for 30 

min.  The mixtures then were separated into ribosome (lane 4) and supernatant (lane 

3) fractions by unltracentrifugation. The control was the purified ‘RelA-3 protein 

incubated without ribosomes and then subjected to ultracentrifugation to obtain pellet 

(lane 2) and supernatant (lane 1) fractions. The preparations were Western Blotted 

and probed with anti-‘RelA antibody. In vivo: Bacteria expressing ‘RelA-3 were 

fractionated into ribosomal and soluble fractions by ultracentrifugation. The fractions 

were subjected to SDS-PAGE and Western Blotting. The blots were probed with anti-

’RelA antibody. The ribosome and soluble fractions are shown in lanes 3 and 4, 

respectively. Lanes 1 and 2 are the cultures without or with expressing ‘RelA-3. 

Footnote: In vitro result was provided by Sienna McWilliams. 
 



 51 

 

 

GDP

GTP

ppGpp

pppGpp

Origin

1    2
 

Figure 3-10. Effect of theoverexpressed‘RelA-3 on ppGpp accumulation 

Formic acid extracts of 
32

P-labeled strain VC6216 carrying plasmid pXY38-3 were 

fractionated by thin-layer chromatography. Lane 1 represents strain VC6216 amino 

acid-deprived with the overexpression of ‘RelA-3, lane 2 represents strain VC6216 

amino acid-deprived without the overexpression of ‘RelA-3. 
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3.3. Discussion 

Based on previous studies, ‘RelA-2 represents one of two regions of RelA 

involved in ribosome binding and dimerization. One objective of these studies was to 

identify the dimerization domain in ‘RelA-2.  It is shown above that a combination of 

two mutations (C612G, D637R) in ‘RelA-2 significantly reduced its ability to form 

heterdimers with ‘RelA as determined by the yeast two-hybrid assay. The in vitro 

crosslinking assay with glutaraldehyde was performed to examine the formation of 

homodimer. The results of the in vitro protein crosslinking assay with glutaraldehyde 

were consistent with the results of the yeast two-hybrid assays, confirming that the 

mutated residues are involved in dimerization.  

Gropp et al. suggest that oligomerization in RelA is involved in the regulation of 

RelA activity. Their model is based primarily on two observations.  First, they noted 

that the overexpression of certain truncated nonenzymatic derivatives of RelA 

inhibited the activation of the chromosomally encoded wild type enzyme during 

amino acid deprivation.  Second, they found that the introduction of certain mutations 

into the truncated RelA derivatives that partially inhibited RelA oligomerization 

restored the stringent response.  From these observations, Gropp et al. propose that 

wild type RelA oligomers are inactive and that amino acid deprivation causes the 

dissociation of the RelA oligomer or, alternatively, a change in the conformation of 

the RelA oligomer, resulting in enzyme activation. They further propose that hetero-

oligomers composed of wild type RelA and truncated RelA derivatives, that are 

otherwise normal, cannot dissociate and thus remain inactive during amino acid 
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deprivation. According to their model, this inability to dissociate is reversed by the 

introduction of mutations that partially affect dimerization. 

The inhibitory effect of overexpressing the C-terminal fragments derived from 

RelA on the stringent response was independently reported by this laboratory (126).  

In this case, the expression of the fragments designated ‘RelA-1 and ‘RelA-2 resulted 

in the inhibition of RNA accumulation by amino acid-deprived relA
+ 

bacteria, with 

the ‘RelA-2 fragment consistently exhibiting the stronger inhibitory activity.  In 

contrast, the overexpressed ‘RelA-3 did not inhibit the stringent response.  It was 

further shown that ‘RelA-1 and ‘RelA-2 exhibited both ribosome-binding activity and 

dimerization activity whereas ‘RelA-3 was devoid of these activities. 

In this study, the single mutants described by Gropp et al. were constructed in 

‘RelA-2.  In our hands, these single mutants were poorly, at best, compromised in 

dimerization activity, as determined by the yeast two-hybrid assay.  However, the 

combination of two of the mutations described by Gropp et al., C612G and D637R, 

resulted in significant loss of dimerization activity. The availability of this 

dimerization-defective mutant made it possible to test the oligomerization model of 

Gropp et al. The results clearly indicate that the expression of the dimerization-

defective mutant still inhibited the stringent response and, in fact, was 

indistinguishable from the wild type ‘RelA in this regard.  These results have been 

confirmed in two ways, by following RNA synthesis and the accumulation of 

(p)ppGpp during amino acid deprivation.  These results do not support the 

oligomerization model of Gropp et al. 
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An alternative explanation for these results is one proposed by Yang and Ishiguro 

(126).  They propose that the inhibitory activity exhibited by the various ‘RelA 

derivatives on the stringent response may be a consequence of the overexpressed 

recombinant proteins binding to ribosomes and making them unavailable to the 

naturally low copy wild type RelA protein.  Recall that ribosome binding is necessary 

for RelA activity.  Evidence for this proposal is based on the fact that the brief period 

‘RelA expression employed in these experiments was apparently sufficient to saturate 

the ribosome population.  No wild type RelA protein has been observed associated 

with the ribosome fractions under these conditions.  Furthermore, so much ‘RelA 

(‘RelA derivatives) is synthesized that the excess is found in the soluble fraction of 

the cells. This proposal is further supported by the fact that the ‘RelA-3 derivative 

that exhibits no ribosome-binding activity does not inhibit the stringent response. 



 

Chapter 4  Localization of RelA on the ribosome 

and involvement of L11 and EF-G in RelA 

regulation 

4.1. Introduction 

Over 30 years of research has failed to identify the ribosomal components to which 

RelA binds. The ribosome-binding activity of RelA is not species-specific. For 

example, E. coli RelA binds to ribosomes from other bacterial species (89). This 

probably means that the RelA docking site on the ribosome is highly conserved. In E. 

coli, RelA has been reported to be associated with 70S ribosomes and to the native 

50S subunit, but not the 30S subunit (83). Ribosomes from stringent (rel+) cells can 

synthesize the (p)ppGpp in vitro from GTP plus ATP in the presence of mRNA and 

uncharged tRNA (36). Ribosomes from relaxed (rel
─
) cells do not catalyze this 

reaction, however, they become active when RelA is added, the extract from 

ribosomes of stringent cells by 0.5 M NH4CL (36).The activity of RelA protein was 

assayed with rel
─
 ribosomes that are naturally defective in the RelA protein. It has 

been reported that rel
─
 ribosomes were saturated with respect to mRNA and 

uncharged tRNA, which were subsequently required for the reaction. Measurements 

of in vitro (p)ppGpp  synthesis showed that the 70S ribosomes and the 50S ribosomal 

subunits, but not the 30S ribosomal subunits from the rel
+
 ribosome were able to 

synthesize the (p)ppGpp in the presence of rel
─
 ribosomes indicating that RelA 
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protein localized on the 70S ribosome and the 50S subunit, but not on the 30S subunit. 

The unpublished results cited in a review (12) also showed that RelA localized to the 

50S subunit. 

Factors that affect ribosome binding of RelA have been investigated in an in vitro 

system (121). GTP and ATP are found to reduce the ribosome binding of RelA. The 

RelA binding to 70S is inversely correlated with (p)ppGpp synthesis. The synthesis of 

(p)ppGpp significantly reduces the binding of RelA to the ribosome, whereas 

excellent binding of RelA is observed in the absence of (p)ppGpp. Ribosome binding 

of RelA is dependent on mRNA. RelA binding to 70S ribosomes is significantly 

reduced in the presence of the short synthetic mRNA, whereas efficient binding of 

RelA to 70S ribosomes is found in the presence of a longer mRNA.  L11 and 

deacylated tRNA at the A site play no role in RelA binding (121). The ratio of RelA 

binding to ribosome in vitro is 1:1 (121). 

The mechanism of RelA-mediated (p)ppGpp synthesis has been dissected in this in 

vitro system as well (121). The results show that RelA-catalyzed (p)ppGpp synthesis 

is strictly dependent on L11. Moreover, it is the release of RelA from the ribosome, 

not release of the deacylated tRNA, that occurs simultaneously with (p)ppGpp 

synthesis. 

These observations provide a model for RelA-mediated (p)ppGpp synthesis. 

Amino acid starvation triggers the accumulation of a large amount of deacylated 

tRNAs. These deacylated tRNAs bind to the ribosomal A site and block the ribosome. 

RelA associates with the blocked ribosome with a 3’ extension mRNA and mediates 
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the conversion of GTP to ppGpp. RelA, but not the A site-bound deacylated tRNA, is 

released from the ribosome. RelA then hops to the next blocked ribosome and 

catalyzes the synthesis of ppGpp. 

Other observations support the proposal that the GTPase center may be an 

important site for RelA interaction. The GTPase center is an important domain in the 

ribosomal 50S subunit responsible for GTPase-related events. GTPase center is 

composed of a highly conserved 23S rRNA region, ribosomal protein L11, and the 

L10 (L7/L12) complex. L11 consists of C-terminal and N-terminal domains with a 

short linker between them (17). The compact C-terminal domain tightly binds to the 

23S rRNA and stabilizes the tertiary structure of the rRNA. In contrast, the N-

terminal domain is loosely folded and is more flexible than the C-terminal domain. 

The N-terminal domain has been proposed to function as a molecular switch that 

reversibly associates with rRNA. The conformation of GTPase center is fundamental 

for the recruitment of translation factors to the ribosome and the function of factors 

on the ribosome (38). In bacteria, translation involves four types of G-proteins, 

initiation factors, elongation factor Tu, elongation factor G (EF-G) and release factors. 

All of these translation factors possess the highly conserved G domain that binds and 

hydrolyzes GTP to carry out their functions on GTPase center. The N-terminus of 

L11 has been demonstrated to be involved in the association with EF-G (1), release 

factors 1 and 2 (109, 114). Lately it has been reported that L12 directly binds 

initiation factor 2, elongation factor Tu, elongation factor G and release factor 3 (38). 

All four factors bound to the same region of L12. 
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 Translation factor EF-G has been shown to be necessary for (p)ppGpp synthesis in 

vitro (36). (p)ppGpp can be synthesized in vitro on the ribosome in the presence of 

GTP, ATP and RelA. When the synthesis was attempted with ribosomes washed 

seven times in high salt, supplemented EF-G stimulated the synthesis of (p)ppGpp up 

to eight times. Without RelA, the salt-washed ribosomes and EF-G alone did not 

synthesize (p)ppGpp. Inhibition experiments using fusidic acid further confirmed that 

(p)ppGpp synthesis was dependent on EF-G (36). Fusidic acid which interacts 

directly with EF-G and inhibits protein synthesis prevented the conversion of GTP to 

(p)ppGpp. 

The relationship between the binding domains of EF-G and RelA on ribosomes 

has been argued. Early research showed that EF-G and RelA did not compete for 

identical ribosome region (88). Ribosomes carrying RelA were active in EF-G 

dependent functions. Furthermore, ribosomes carrying EF-G were fully active in 

binding RelA. Ribosomes that were defective in the two ribosomal proteins L7 and 

L12 essential for EF-G functions bound RelA and were active in (p)ppGpp synthesis. 

However, there are other observations that are not fully compatible with a separate, 

nonoverlapping ribosome domain for RelA. 

The competition between EF-G and RelA for the ribosome binding sites was 

investigated by Kurland et al. (116). The data showed that EF-G bound to ribosomes 

prevents subsequent binding of RelA to ribosomes as well as inhibited the (p)ppGpp 

synthesis. Therefore, their conclusion was that the ribosome sites for EF-G and RelA 

are either partially overlapping or functionally coupled to each other. 



 59 

To date, no unequivocal explanation has been provided to explain the discrepancy 

between Kurland group’s results and Richter group’s results. The EF-G binding site 

has been identified by rRNA-EF-G crosslinking to be nucleotides 1054 to 1081 in the 

GTPase Center (18, 66, 101).  Research has shown that L12, one component of 

GTPase center, binds directly to EF-G. A set of strictly conserved residues in L12 has 

been identified to be responsible for the interaction of EF-G (38). L11 is involved in 

EF-G-dependent translocation, and EF-G interacts with the cleft between the 23S 

rRNA and the N-terminus of L11 during the translocation (1).  

L11 is the only ribosomal protein that has been identified to be involved in the 

regulation of RelA activity. A mutation mapped in the relC gene inhibited the 

accumulation of (p)ppGpp in amino acid-starved E. coli and gave rise to a relaxed 

phenotype (24). The relC gene was later shown to be identical to rplK gene encoding 

ribosomal protein L11 (51). Ribosomes containing the mutant L11 protein still bound 

RelA, but exhibited only 10% of the normal (p)ppGpp synthetase activity in vitro (24). 

Subsequent studies employing site-directed mutagenesis of the cloned L11 gene in 

this laboratory demonstrated that a single amino acid substitution (Pro22Leu) on the 

N terminus of L11 was sufficient to confer a relaxed phenotype (127). Lately a report 

has further confirmed that the N-terminus of L11 is necessary for the activation of 

RelA. Point or deletion mutants were established to determine which region in L11 is 

necessary for the activation of RelA. The different mutants were then reconstituted 

with programmed 70S ribosomes lacking L11 and examined for their ability to 

activate RelA in a in vitro (p)ppGpp synthesis assay. The results showed that a single 

mutation at proline 22 decreased the activity of RelA to 33% compared to ribosomes 
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with wild type L11. L11 protein without the linker between the N and C-terminus or 

the proline-rich helix was unable to activate RelA (43). The N-terminus on its own 

was able to activate RelA in a ribosome-dependent manner. All the results presented 

in this studies show that the flexible N-terminus of L11 is important for activation of 

RelA. 

The mechanism for the involvement of L11 in the regulation of RelA activity has 

not been determined.  Several experimental approaches failed to demonstrate a direct 

interaction between L11 and RelA.  These included a yeast two-hybrid analysis of 

RelA and L11, protein crosslinking experiments, and a far western analysis.  It was 

therefore proposed that the activation of RelA by L11 during amino acid starvation 

may be mediated by 23S rRNA (127). The N-terminus of L11 has been demonstrated 

to be involved in the association with EF-G (1), release factors 1 and 2 (109, 114).  

L11 is involved in EF-G translocation by moving its N-terminus close to the G’ 

domain (1). Structural studies show that Cys38 in L11 is located in the crucial 

position in this movement (100). In addition, recently it has been reported that many 

mutations on L11 affect the function of release factors 1 and 2 by enhancing or 

reducing the termination efficiency (7, 96). This raises the interesting possibility that 

one function for L11 could be to promote the conformational change in ribosome 

necessary to activate RelA and mediate interactions between the ribosome and 

translation factors that are necessary for the stimulation of their enzymatic activity. 

The purpose of this study was to reinvestigate the interaction of the ribosome and 

RelA and the involvement of L11 and EF-G in RelA regulation. In this study, we 

have confirmed that RelA was localized to the 50S subunit. We also showed that 
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RelA strongly bound to the 30S subunit and weakly to the 50S subunit in vitro. A 

model was proposed to explain the association of RelA with the ribosome during the 

stringent response. In addition, three new residues in L11 have been identified to be 

involved in the regulation of RelA activity. Residues involved in the regulation of 

RelA are found in various locations within L11. Three residues in EF-G have been 

identified to be involved in the regulation of RelA activity. 

4.2. Results 

4.2.1. Localization of RelA on ribosomal subunits 

To localize RelA on the ribosome, two experiments, the in vitro ribosome-binding 

assay, and the in vivo ribosome-binding assay were designed. For the in vitro assay, 

the purified ‘RelA proteins were incubated with the ribosomes, and then the reaction 

was subjected to sucrose gradient to separate the ribosome into 50S and 30S subunits, 

samples from both fractions were detected by immunoblot. For the in vivo assay, the 

ribosomes saturated with ‘RelA were purified from the cells, and then the ribosomes 

were loaded onto the sucrose gradient for separation into 50S and 30S subunits. 

Samples were then subjected to immunoblot analysis to detect the existence of ‘RelA 

(Figure  4-1 and Figure  4-2). Both assays detected ‘RelA in the 50S subunits fractions. 

Our results confirmed that RelA localized on the 50S subunit. 

The next experiment designed was to investigate the binding of RelA with pure 

30S and 50S subunits in vitro.  Active 30S and 50S subunits were purified by a 
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method described by Szulmajster et al. (107). The purity of the subunits was analyzed 

by analytical sucrose gradient and polyacrylamide gel (data not shown). 20 pmol of 

purified ‘RelA was incubated with 20 pmol of 30S subunit, 50S subunit and 70S 

subunit, respectively. The reactions were then subjected to ultracentrifugation to 

separate the unbound proteins. Ribosome fractions and supernatants were then 

analyzed by Western Blot analysis using antibody against‘RelA. The results showed 

that ‘RelA totally bound to 70S ribosome, but only partially to 50S and 30S subunits 

(Figure  4-3). Interestingly, it was found that ‘RelA strongly bound to the pure 30S 

subunit, but weakly to the pure 50S subunit. 

A model has been proposed here to explain the difference between the in vivo and 

the in vitro results where RelA initially binds to the 30S subunit. Stable binding with 

the 30S subunit then promotes a secondary binding to the 50S (Figure  4-4). RelA 

catalyzes the synthesis of (p)ppGpp on the 50S subunit. The early stages of this 

model were based on the in vitro experiment indicating that RelA strongly bound to 

the 30S subunit, and only weakly to the 50S subunit. The results from the in vivo 

experiment suggested that RelA localizes on the 50S subunit after its dissociation 

from the 70S ribosome. 
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Figure 4-1. Localization of 'RelA on ribosomal subunits 

10µg of ‘RelA was incubated with 2 nmol of ribosomes in 500 μl of reaction at 37ºC 

for an hour, 50 μl of reaction mixture was taken for ultracentrifugation in order to 

check the binding, lane 1 is the ribosome pellet, and lane 2 is the supernatant. The rest 

was dialyzed overnight in ribosome buffer (10 mM Tris, 100 mM NH4Cl, 1 mM 

Magnesium acetate, 50 μM EDTA) for the separation into 50S and 30S subunits, and 

then loaded onto the top of the sucrose gradient, centrifuged for 16 hours with SW28 

rotor. The fractions were collected based on the absorbance of OD260, 40µl of each 

fraction from two peaks were subjected to Western Blot using antibody against 

‘RelA, lanes 3 and 4 are the fractions from peak 1 (50S subunits), lanes 5 and 6 are 

the fractions from the peak 2 (30S subunits). 
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Figure 4-2. Localizationof‘RelAontheribosome subunits in vivo 

Strain VC6216 containing the plasmid pXY38 was grown in LB at 37ºC until the 

optical density at 600 nm reached 0.8. At this point, the cultures were induced for the 

overexpression of ‘RelA by adding 1 mM IPTG. After three hours of further 

incubation, bacteria were harvested by centrifugation. Ribosomes were purified from 

the harvested bacteria, and then loaded on the top of the sucrose gradient. The sucrose 

gradients were ultracentrifuged for 16 hours to separate 50S and 30S subunit. 

Fractions were then collected based on the absorbance of OD260 (1 ml for each 

fraction), each fraction was subjected to Western Blot using the antibody against 

‘RelA.  

Lanes 1-4 are the fractions from the peak 1 (50S); 

Lanes 5-9 are the fractions from the peak 2 (30S). 
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Figure 4-3. Bindingof‘RelAwith70Sribosomesandribosomalsubunitsinvitro 

Pure 50S and 30S subunits were purified by the method described in chapter 2. 10 

pmol of 70S, 50S and 30S were incubated with 10 pmol of ‘RelA at 37ºC for 30 min. 

The mixtures were then ultracentrifuged to pellet the ribosome down. Ribosomal 

fractions and supernatant were collected and detected by Western Blot using antibody 

against ‘RelA.  R rpresents ribosome fraction and S represents supernatant.  

Lanes 1 and 2 are the reactions without ribosome; 

Lanes 3 and 4 are the binding of ‘RelA with 70S; 

Lanes 5 and 6 are the binding of ‘RelA with 50S; 

Lanes 7 and 8 are the binding of ‘RelA with 30S. 
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Figure 4-4. Model for association of RelA with ribosomes based on experiments 

RelA initially binds tightly to a site on the 30S subunit in vivo (either free 30S or as 

part of 70S unit). Stable binding with the 30S subunit promotes a stable secondary 

interaction with the 50S subunit. The early stages of this model are based on in vitro 

experiments indicating that RelA bound tightly to 30S subunits but only weakly to 

50S subunits and in vivo experiments suggesting that RelA localized on 50S subunit 

after the 70S ribosome separation. 
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4.2.2. Site-directed mutagenesis of L11 

Previous studies in this laboratory have shown that single mutation in L11 

(Pro22Leu) relaxed the stringent response when the mutant was overexpressed in 

amino acid-starved cells (127). It is already well established that L11 is somehow 

involved in RelA regulation. Our previous studies were concentrated on one domain 

of L11, the so-called proline-rich helix on the N-terminus. In these studies, we have 

attempted to extend the earlier studies by examining other regions of L11 for 

involvement of RelA regulation. Three residues, one (Cys38) from the N-terminus of 

L11, two (Gly131, Gly137) from the C-terminus of L11 were investigated. One 

residue (Cys38) was selected due to the reason that it is located in the crucial position 

with the interaction of EF-G during the ribosome conformation change. The other two 

residues (Gly131, Gly137) have been chosen because those mutations in L11 affect 

the activity of release factor1 (96). The residues mutated and the primers used for 

generation of these mutants in L11 are listed in Table  4-1. The mutations were 

confirmed by DNA sequencing. 
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Table 4-1. Summary of residues mutated in L11 and primers used for generation of 

these mutations 

Mutations Primers 

C38A 5’-CATCATGGAATTCGCCAAAGCATTCAACGC-3’ 

5’-GCGTTGAATGCTTTGGCGAATTCCATTCCATG-3’ 

G131D 5’-GCTCCATCGAAGACACTGCACGTTCC-3’ 

5’-GGAACGTGCAGTGTCTTCGATGGAGCG-3’ 

G137D 5’-CACGTTCCATGGACCTGGTGGTGGAGGAC-3’ 

5’-GTCCTCCACCACCAGGTCCATGGAACGTGC-3’ 

 

Mutated bases are indicated in bold type. 

The restriction sites introduced to facilitate the selection of the site-directed 

mutants and underlined: BsmI (C38A), BstI (G131D), and XcmI (G137D). 
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4.2.3. Characterization of L11 mutants 

Before testing the effect of these mutations on stringent response, the 

overexpression of each L11 mutant in VC6216 was analyzed. Cells harboring the 

plasmid containing the mutated L11 gene were grown into log phase; IPTG was then 

added to the culture to induce the overexpression of L11 mutant. Uninduced culture 

and induced culture were sampled for analysis by immunoblot using anti-L11 

antibody. The results showed that all the mutants were induced and overexpressed in 

VC6216 strain (Figure  4-5). 

The subsequent experiment was designed to investigate the incorporation of L11 

mutants into the ribosome. Plasmid-borne L11 mutants were marked with his-tag. 

Ribosomes were prepared from lysed cells that were induced with IPTG for the 

overexpression of L11 fusion protein. Ribosomal fractions and cytosolic fractions 

were analyzed by Western Blot. To rule out the interference of chromosome-encoded 

wild type L11 protein to the accuracy of the result, anti-his antibody was used to 

detect the fusion recombinant L11 mutants. It was demonstrated that all L11 mutants 

were still incorporated into the ribosome shown as Figure  4-6, indicating that the 

mutations introduced did not affect the ribosome binding ability. 
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Figure 4-5. L11 derivatives are induced by IPTG in strain VC6216 

Strain VC6216 harboring plasmids bearing the different mutations of L11 was grown 

in LB with shaking at 37ºC until an OD600 of 0.6, at which time 1 mM IPTG was 

added to induce the overexpression of protein. Induced (I) and uninduced (U) cultures 

were analyzed by immunoblot using anti-L11 antibody.  

Lanes 1 and 2: L11 (C38A);  

Lanes 3 and 4: L11 (G131D);  

Lanes 5 and 6: (G137D);  

Lanes 7 and 8: L11 wild type. 
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Figure 4-6. Detection of L11 proteins incorporated into ribosomes 

Ribosomes were purified from lysed cells that were induced to overexpress the 

corresponding proteins: L11 (C38A), L11 (G131D), and L11 (G137D). Cytosolic 

fractions (C) and ribosomal fractions (R) were analyzed by immunoblot using the 

antibody against his-tag. 
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4.2.4. Overexpressed L11 mutants relaxed the stringent response 

To investigate the effects of the overexpressed L11 mutants on the stringent 

response, RelA activity was assayed by measuring rRNA synthesis from amino acid-

starved cells with the overexpression of L11 mutants. The results are shown in 

Figure  4-7. The curve with Δand the curve with ● represent the rRNA synthesis from 

amino acid starved cells with or without the overexpression of wild type L11, 

respectively. The results showed that rRNA synthesis was inhibited in the amino acid-

starved cells with or without the overexpression of wild type L11. However, rRNA 

synthesis continued in the amino acid starved cells with the overexpressed L11 

mutants (curve with ○, curve with ■, and curve with □). As we know, the inhibition 

of rRNA synthesis is the first  observed phenotypical feature for the stringent 

response. These results suggest that L11 mutants relaxed the stringent response; the 

overexpressed L11 mutants also inhibited RelA activity during the amino acid 

starvation.  

As mentioned above, previous studies in this laboratory have shown that a single 

mutation (Pro22Leu) at the N-terminus of L11 relaxed the stringent response. In this 

study, one residue from N-terminus and two residues from C-terminus were identified 

to be involved in the regulation of RelA, indicating that the residues involving in the 

regulation of RelA activity are spread all over L11.  
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Figure 4-7. Effect of the overexpression of L11 or L11 mutants on the stringent 

response, as measured by the incorporation of [5, 6-
3
H]-uracil into cold 5% TCA-

precipitablefractionsbyE.coliVC6216straincarryingtheplasmidpXY51(Δ)pSG26

(○),pSG27(■),orpSG28(□) 

For the details of the plasmids, see Table 2-1 in Chapter 2. ▲ represents the culture 

(strain carrying the plasmid pXY51) without amino acid starvation and IPTG 

treatment; ○, ■, Δ and □ represent the cultures amino acid-deprived with 50 µg of 

valine per ml in the presence of 0.5 mM IPTG; ● represents the culture (strain 

carrying pXY51) amino acid-deprived with 50 µg of valine per ml in the absence of 

IPTG. Where appropriate, IPTG was added to induce the overexpression of wild type 

L11 or L11 mutants 30 minutes prior to the start of amino acid deprivation at 0 min. 

OD420, optical density 420. 
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4.2.5. Involvement of EF-G in regulation of RelA activity 

Considering that L11 does not interact with RelA, action of L11 might be 

mediated by the conformational structure of RNA. The RNA structure stabilized by 

L11 is necessary for many factors binding, such as EF-G, release factor1 and 

antibiotics, such as thiostrepton, micrrococcin. Evidence has shown that the residue 

Cys38 in L11 is involved in the regulation of RelA. Furthermore, Cys38 is located in 

the crucial position in EF-G translocation during the protein biosynthesis. Therefore, 

it would be interesting to investigate whether EF-G is involved in the regulation of 

RelA. 

The E. coli fusA gene was amplified by PCR from the chromosome of strain E. 

coli K-12, and cloned into pET30, resulting in the plasmid pSG29. Wild-type EF-G 

was able to be induced by IPTG and be overexpressed in strain VC6216 (DE3) (data 

not shown). To examine whether EF-G is involved in the regulation of RelA, the 

cloned fusA gene was subjected to site-directed mutagenesis. Three fusA mutants 

were constructed that encoded EF-G derivatives containing the amino acid exchanges 

T89A, L438N, and G628C, resulting in the plasmid pSG89, pSG438, and pSG628, 

respectively. The residues mutated and the primers used for generation of these 

mutants in EF-G are listed in Table  4-2.  The mutations were confirmed by DNA 

sequencing. 

 The overexpression of each EF-G derivative in strain VC6216 (DE3) was 

analyzed by Western Blot using anti-his tag antibody shown as Figure  4-8.  The 
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results showed the similar expression for each derivative. Subsequently RNA 

synthesis assay was performed to investigate the effect of each derivative on the 

stringent response, and the result showed that the overexpression of wild type EF-G 

did not affect the stringent response, and all the mutants partially relax the stringent 

response (Figure  4-9). These results indicate that EF-G is involved in RelA activity 

regulation in E. coli. 

 

 

Table 4-2. Summary of residues mutated in EF-G and primers used for generation of 

these mutations 

Mutations Primers 

T89A 5’-CATCATCGACGCCCCGGGGCATGTTGACTTC-3’ 

5’-GTGAAGTCAACATGCCCCGGGGCGTCGATGATG-3’ 

L438N 5’-GGCTCTGGGCCGGCAGGCTAAAGAAGAC-3’ 

5’-GGTCTTCTTTAGCCTGCCGGCCCAGAGCC-3’ 

G628C 5’-GGAAGAGAACACATGTGACGTTATCGGT-3’ 

5’-CGATAACGTCACATGTGTTCTCTTCC-3’ 

 

Mutated bases are indicated in bold type. 
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The restriction sites introduced to facilitate the selection of the site-directed 

mutants and underlined: NspI (T89A), NaeI (L438N), and NspI (G628C). 
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Figure 4-8. EF-G derivatives are induced by IPTG in strain VC6216 

Strain VC6216 harboring plasmids bearing the different mutations of EF-G was 

grown in LB with shaking at 37 ºC until an OD600 of 0.6, at which time 1 mM IPTG 

was added to induce the overexpression of recombinant EF-G protein with His-tag on 

the N-terminus. Induced (I) and uninduced (U) cells were analyzed by immunoblot 

using the antibody against his-tag. 

Lanes 1 and 2: EF-G (T89A); 

Lanes 3 and 4: EF-G (G628C);  

Lanes 5 and 6: EF-G (L438N).  
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Figure 4-9. Effect of the overexpression of EF-G or EF-G mutants on the stringent 

response, as measured by the incorporation of [5,6-3H]-uracil into cold 5% TCA-

insoluble fractions byE. coliVC6216 strain carrying the plasmid pSG29(▲)pSG628

(■),pSG438(Δ),orpSG89(□) 

For the details of the plasmids, see Table 2-1 in Chapter 2.● represents the culture 

(strain carrying the plasmid pSG29) amino acid-deprived with 50 µg of valine per ml 

in the absence of IPTG; ○ represents the culture (strain carrying pSG29) without 

amino acid starvation and IPTG treatment; ▲, ■, Δ and □ represent the cultures 

amino acid-deprived with 50 µg of valine per ml in the presence of 0.5 mM IPTG.  

Where appropriate, IPTG was added to induce the overexpression of wild type EF-G 

or EF-G mutants 30 minutes prior to the start of amino acid deprivation at 0 min. 

OD420, optical density 420. 
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4.3. Discussion 

It has been known that RelA is a ribosome-associated protein.  Our results in these 

studies have reconfirmed the previous observations that RelA localized on the 50S 

ribosomal subunit after the 70S separation.  Whether RelA is a factor that joins and 

leaves during the ribosome cycle has remained unclear for a long time. Recently one 

group has proposed that RelA hops between blocked ribosomes (121). Primarily 

mRNA governs RelA binding to ribosomes. During translation, 70S ribosome first 

dissociates into 50S and 30S subunits, mRNA and fMet-tRNAf
Met

 then binds to the 

30S subunit to form the initiation complex, and followed by 50S subunit which joins 

the complex to form the 70S ribosome to synthesize proteins (118). Our in vitro 

ribosomal subunit binding experiments suggested that RelA mainly bound to the 30S 

subunit, and in vivo ribosome binding experiments indicated that RelA localized to 

50S subunit after the 70S separation. These results led us to propose a model to 

summarize the possible mechanisms of RelA binding to ribosome. Uncharged tRNA 

triggers the binding of RelA to the ribosomal 30S subunit first, and then the 30S 

subunit associates with the 50S subunit to form the 70S ribosome. Stable binding with 

the 30S subunit promotes a secondary binding of RelA to the 50S subunit, RelA 

carries out its function on the A site of 50S subunit. After the synthesis, ribosome 

dissociates again into 50S subunit and 30S subunit, and RelA mainly ends up with the 

50S subunit. 

In this study, three residues in L11, Cys38 from the N-terminus, Gly131 and 

Gly137 from the C-terminus, have been identified to be involved in the regulation of 
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RelA activity. Previous studies in our laboratory have shown that single mutation in 

L11 (Pro22Leu) relaxed the stringent response (127). Lately it has been reported that 

the flexible N-terminus of L11 is necessary for the activation of RelA (43). Our 

results extended the previous studies showing that single mutations in L11 (Cys38Ala, 

Gly131Asp or Gly137Asp) relaxed the stringent response as well. In this chapter, 

attempts have been made to explore the possible mechanism of how L11 is involved 

in the regulation of RelA activity. 

The rationale of selecting the residues for mutation in L11 was based on the 

previous investigation showing that the N-terminus of L11 has been implicated as a 

reversible switch in facilitating the coordinated movements associated with EF-G-

driven GTP hydrolysis, the residue C38 in L11 is in the crucial position during the 

closer movement of EF-G translocation (1, 100), the residues G131 and G137 have 

been shown to interact with 23S rRNA (124), furthermore, lately it has been reported 

that L11 mutants G131D or G137D affect the activity of release factors 1 and 2 (96). 

It has long been proposed that the activity of RelA is regulated by the conformational 

change in the ribosome (127). It is possible that L11 promotes the conformational 

change necessary to activate RelA during the amino acid starvation. Since there are 

no direct contacts between RelA and L11 as well as other ribosomal proteins, L11 

may mediate RelA activation through interactions between the ribosome and 

translation factors, such as EF-G or release factors, which are necessary for the 

triggering of their enzymatic activity. Our observations show that residues C38, G131 

and G137 in L11 are involved in the regulation of RelA activity, which provides the 

evidence to support the speculation. 
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To verify further the assumption that L11 may regulate RelA activity through 

interactions between the ribosome and translation factors, we investigated the 

involvement of EF-G in the regulation of RelA activity by employing site-directed 

mutagenesis. It was reported that EF-G is necessary for the accumulation of ppGpp as 

early as in 1972 (36). However, the details about the mechanism of how EF-G is 

involved in the synthesis of ppGpp are unclear. It was proposed long ago that EF-G 

might mediate the change in the function of RelA (74). Subsequently It has been 

demonstrated that fusidic acid-resistant EF-G perturbed the accumulation of 

(p)ppGpp during amino acid starvation in Salmonella typhimurium (59). These 

fusidic acid-resistant mutants have an unfavorable conformational change for GTP 

binding and subsequent interaction with the ribosomes (61), thereby interfering with 

the function of EF-G. Due to the high degree of identity of EF-G between Salmonella 

and E. coli (98%) (44), we selected three residues to do the site-directed mutagensis 

and investigated the involvement of EF-G in the regulation of RelA. The selected 

residues have been reported to be involved in fusidic acid-resistance in Salmonella 

(45). Our observations show that all three EF-G mutants (T89A, G628C or L438N) 

inhibit the accumulation of (p)ppGpp during the amino acid starvation in E. coli. EF-

G is essential for protein synthesis as a translation factor responsible for tRNA 

translocation, therefore it is not surprising that the EF-G mutants (T89A, G628C or 

L438N) perturbed the accumulation of (p)ppGpp. Previous studies have shown that 

these three residues are involved in the GTP binding and the interaction between EF-

G and ribosome, therefore, it is reasonable to speculate that recruitment of EF-G to 

the ribosome during amino acid starvation is crucial for the accumulation of 



 82 

(p)ppGpp. Extensive research has shown that L11 is involved in the interaction of EF-

G to the ribosome. Our studies in EF-G support the assumption that L11 may regulate 

RelA activity by mediating the interaction of translation factors and ribosome. 

In summary, the regulation of RelA is complex and involves many factors on the 

ribosome. The studies presented here strengthen the idea that L11 might indirectly 

regulate RelA activity by mediating the interaction of translation factors and 

ribosome. In addition, it should be pointed out that there is another possibility that all 

the factors that are involved in the regulation of RelA activity act cooperatively. The 

conformational change of one factor affects the function of other factors. Therefore, it 

would be interesting for future studies to focus on other factor, which interacts with 

the GTPase center region during protein synthesis, such as, release factor, L10, L12 

etc. These studies would help to elucidate the components that may be involved in the 

regulation of RelA activity and provide insights on the mechanism of how RelA is 

regulated. 
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