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Abstract 23 

The expression of glnA (ammonia-assimilating glutamine synthetase) is high for 24 

uropathogenic E. coli grown in urine. Because glnA is part of an operon that codes for 25 

regulators of the nitrogen-regulated (Ntr) response, high glnA expression has been 26 

interpreted to suggest nitrogen limitation, which is unexpected because of the high urinary 27 

ammonia concentration and the extremely rapid bacterial growth. We present evidence 28 

that glnA expression does not result from nitrogen limitation. First, in the presence of 29 

ammonia, urea induced expression of glnA from the cAMP receptor protein (Crp)-30 

dependent glnAp1 promoter, which circumvents control from the nitrogen-regulated 31 

glnAp2 promoter. This urea effect on glnA expression has not been previously described. 32 

Second, the most abundant amino acids in urine inhibited GS activity, based on reversal 33 

of the inhibition by glutamate and glutamine, and increased glnA expression. The 34 

relevance of these inhibitory amino acids in natural environments has not been previously 35 

demonstrated. Third, neither urea nor the inhibitory amino acids induced other Ntr genes, 36 

i.e., high glnA expression can be independent of other Ntr genes. Finally, the urea-37 

dependent induction did not result in GlnA synthesis because of a previously undescribed 38 

translational control. We conclude that glnA expression in urea-containing environments 39 

does not imply growth rate-limiting nitrogen restriction and is consistent with rapid growth 40 

of uropathogenic E. coli. 41 

Significance 42 

Urinary tract infections (UTIs), often caused by E. coli, frequently become resistant to 43 

antibiotic treatment. Expressed metabolic genes during an infection could guide 44 

development of urgently-needed alternate or adjunct therapies. glnA (glutamine 45 
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synthetase) is expressed during growth in urine, which implies growth-restricting nitrogen 46 

limitation. We show that glnA expression results from urinary amino acids that inhibit GlnA 47 

activity and urea, but not from nitrogen limitation. Urinary components will vary greatly 48 

between individuals which suggests corresponding variations in glnA expression. GlnA 49 

may be a metabolic vulnerability during UTIs, which may depend on a variable urinary 50 

composition. glnA expression may be important in a complex host-pathogen interaction, 51 

but may not be a good therapeutic target. 52 

Introduction 53 

Urinary tract infections (UTIs) are common bacterial infections and UTI-associated E. 54 

coli (UTEC) causes most UTIs (1-3). During an infection, UTEC strains cycle between the 55 

bladder lumen and intracellularly within uroepithelial cells (4). Rapid growth occurs in both 56 

environments and is considered a virulence factor. Rapid growth is reflected in gene 57 

expression patterns, such as high expression of genes for the translational machinery (4-58 

6). Antibiotic treatment is often effective but continued antibiotic use increases the risk of 59 

generating multidrug resistant organisms that can ultimately impact the outcome of other 60 

clinically important diseases that are treated with the same antibiotics (2, 7-9). Alternate 61 

or adjunct therapies are urgently needed (2, 4, 10), but potential targets of therapy have 62 

been elusive, in part because of an incomplete understanding of virulence. Likely targets 63 

include proteins that are expressed during an infection. 64 

The genes for ammonia and iron acquisition are induced during growth in urine which 65 

implies multiple nutrient limitations that should be incompatible with rapid growth (11-13). 66 

Nitrogen limitation is implied by high glnA expression which is unexpected because 67 

urinary ammonia is high (> 20 mM) (13). The glnA product, glutamine synthetase (GS), 68 
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catalyzes ATP-dependent glutamine synthesis from ammonia and glutamate. Multiple 69 

mechanisms control activity and synthesis of GS which is at the intersection of carbon 70 

and nitrogen metabolism (14). Figure 1 (black arrows) summarizes known regulation of 71 

GS activity and synthesis which includes direct inhibition of activity by several amino acids 72 

and nucleotides, a three-protein regulatory cascade that adenylylates and inactivates GS,  73 

transcriptional activation from the glnAp1 promoter by carbon limitation, and 74 

transcriptional activation from the glnAp2 promoter  by nitrogen limitation. glnA is part of 75 

the glnALG operon that codes for regulators of a set of genes that respond to nitrogen 76 

limitation, which are collectively called Ntr (nitrogen-regulated) genes. Although not a 77 

direct regulatory factor, ammonia ― a precursor for glutamine synthesis ― suppresses 78 

glnA expression, except in urine. 79 

Our goal was to determine the factor(s) that could induce glnA expression in an 80 

ammonia-containing environment. We show that both urea and GS-inhibiting amino 81 

acids, which are abundant in urine, affect glnA expression (Fig. 1), and unexpectedly 82 

observe a previously undescribed translational control. We present the first description of 83 

(a) the effect of urea on glnA expression, and (b) the physiological relevance of amino 84 

acid inhibition of GS activity.  85 

Results 86 

Abundant urinary amino acids inhibit growth and GS activity 87 

We grew UTI89 and W3110 in a minimal salts medium (MM) and a defined synthetic 88 

urine (SU) with basal components at urine-like concentrations. UTI89 and W3110 grew 89 

equally well in SU medium with glucose (Fig. 2), succinate (Fig. S1), and glycerol (Fig. 90 
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S1) as the carbon source. ΔglnA derivatives were grown as negative controls. Doubling 91 

times were comparable between MM and SU media for UTI89 (Table S1), while the 92 

doubling time was slightly faster in MM-ammonia medium for W3110 (Table S2). (Tables 93 

S1 and S2 have the doubling time and final cell densities for all growth experiments). 94 

To more closely emulate urinary conditions, we supplemented SU medium with amino 95 

acids which total 5-7 mM in urine (13). SU supplementation with the 10 most abundant 96 

urinary amino acids (SU-10) did not affect UTI89 growth (Fig. 3A), but impaired W3110 97 

growth (Fig. 3B). SU supplementation with the five most abundant urinary amino acids 98 

(SU-5) impaired UTI89 growth (Fig. 3A) and eliminated W3110 growth (Fig. 3B). 99 

Glutamine reversed the inhibitory effect (Fig. S2) which is consistent with the known 100 

inhibition of GS activity by the amino acids in SU-5 medium (14).  101 

Because SU-10 supports better growth than SU-5, we tested whether the GS 102 

substrate glutamate, which is present in SU-10, but not SU-5, could overcome the 103 

inhibitory effect of amino acids in SU-5. Glutamate improved growth in SU-5 for UTI89 104 

(Fig. 4A), but not for W3110 (Fig. 4B). Additional glutamate in SU-10 improved growth for 105 

W3110 which shows that glutamate was not toxic (Urs, K. and Reitzer, L. unpublished 106 

observation). Tryptone or casamino acids also improved growth in SU-5 for both UTI89 107 

and W3110, but the positive effect was only partial for W3110 and occurred after an 108 

extremely long lag phase (Figs. 4AB). In summary, urinary levels of several amino acids 109 

hinder growth and glutamate or glutamine overcomes the impairment which implies that 110 

the inhibitory amino acids block GS activity. 111 

Urine consists of amino acids in free and peptide forms (13). Compared to free amino 112 

acids, dipeptides are transported rapidly into bacterial cells (15). A dipeptide containing 113 
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an inhibitory amino acid should have the same effect as the five most abundant amino 114 

acids in urine. We supplemented SU with the alanyl-leucine (AL) dipeptide (SU-AL) which 115 

should generate the inhibitory amino acid alanine after transport and hydrolysis. UTI89 116 

grown in SU-AL medium had a long lag phase which glutamate reduced (Fig. 4C). We 117 

conclude that the lag results from inhibition of GS. The AL dipeptide eliminated growth of 118 

W3110 in SU, which glutamate did not reverse (Urs, K. and Reitzer, L. unpublished 119 

observation). In summary, a single inhibitory amino acid can have the same effect as 120 

several inhibitory amino acids. 121 

As a negative control for growth experiments, we grew ΔglnA derivatives of UTI89 122 

and W3110, and as expected, ΔglnA mutants failed to grow in any media with one 123 

exception: UTI89ΔglnA displayed limited growth in SU-10 medium (Fig. 3A). We 124 

reconstructed UTI89ΔglnA several times, and the mutants always displayed the same 125 

phenotype. Furthermore, GS activity was undetectable in these mutants (Urs, K. and 126 

Reitzer, L. unpublished observation). An analysis of this phenotype is beyond the scope 127 

of this paper. 128 

Non-coordinate expression of glnA and the Ntr gene nac in urea-containing media 129 

To test the effects of urine-like conditions on glnA expression, we grew strains 130 

carrying a plasmid with a transcriptional fusion of the glnA promoter region (glnA has two 131 

promoters) to the gene for the green fluorescent protein (gfp). The fusion properly 132 

responded to nitrogen availability in both strains for growth in minimal media: glnA 133 

expression was high in MM-alanine medium (nitrogen limiting) and low in MM-ammonia 134 

medium (nitrogen excess) (Figs. 5AB and quantified in Figs. 6AB). In ammonia-containing 135 

SU and SU-10 media, glnA expression was comparable to the activated level in MM-136 
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alanine in both strains (Figs. 5AB and 6AB). The presence of the 5 most abundant amino 137 

acids in urine or the alanyl-leucine dipeptide induced glnA expression about 3- to 4-fold 138 

higher than in SU medium (SU vs SU-5 and SU-AL), and glutamate reversed the increase 139 

(Figs. 6AB). In summary, glnA expression was induced by (a) amino acids that inhibit GS 140 

activity and (b) a component in SU medium.  141 

Because SU medium does not contain amino acids that inhibit GS activity, induced 142 

glnA expression was unexpected. A major difference between SU and minimal media is 143 

urea. Addition of urea to MM-glucose-ammonia medium increased glnA expression 3-fold 144 

for both UTI89 and W3110, and decreased glnA expression in nitrogen-limited MM-145 

glucose-alanine medium which does not contain ammonia (Figs. 5CD and quantified in 146 

Figs. 7AB) (similar results were observed for MM-glycerol medium ― Urs, K. and Reitzer, 147 

L. unpublished observation). Removal of urea from SU medium lowered glnA expression 148 

to the level for cells grown in MM-ammonia medium (Figs. 7AB), which would be expected 149 

for glnA expression in an ammonia-containing environment. The results of this section 150 

show that urea increased glnA expression in the presence of ammonia.  151 

glnA is part of the glnALG operon, which encodes the regulators of the Ntr response 152 

(14). To test if other Ntr genes are activated in parallel with glnA, we assayed the 153 

expression of nac (nitrogen assimilation control) which codes for a transcriptional 154 

regulator that activates a subset of Ntr genes (14, 16). Unlike glnA expression, nac 155 

expression was low in SU, SU-10, and SU-5 media (Figs. 5EF). To ensure that the fusion 156 

is properly regulated, we examined nac expression in minimal medium and, as expected, 157 

nac expression was high in both strains during growth in MM-alanine and low during 158 
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growth in MM-ammonia (Figs. 5EF). In conclusion, glnA can be induced independent of 159 

other components of the Ntr response in synthetic urine.  160 

glnA expression from the Crp-dependent glnAp1 promoter in urea-containing 161 

media  162 

Transcription of glnA is initiated at either the Crp-dependent glnAp1 or the GlnG-163 

dependent glnAp2 promoter (Fig. 8) (17). Crp and GlnG are the only regulators of glnA 164 

expression, at least in the tested growth media, because ΔglnGΔcrp double mutants of 165 

UTI89 and W3110, like ΔglnA mutants, failed to grow (Fig. 9 and Figs. S3ABCD). The 166 

Δcrp mutants had an extended lag phase, often greater than 10 hours, for UTI89 and 167 

W3110 grown in SU (Fig. 9), and SU-10 and SU-5 (Fig. S3ABCD). Growth eventually 168 

occurred, but the final cell density was always less than the parental strains (Figs. 9 and 169 

S3). A glnA-containing plasmid eliminated the lag phase in the Δcrp strains (Figs. 9 and 170 

S3). The ΔglnG mutants did not have a lag phase and grew to approximately the same 171 

final cell density as the parental strains (Figs. 9 and S3). UTI89 ΔglnG grew slower than 172 

its parental strain, but W3110 ΔglnG grew as well as its parental strain (Figs. 9 and S3). 173 

Since GlnG-dependent transcription from glnAp2 contributes to growth and glnA 174 

expression in a Δcrp mutant only after an extended lag period, Crp-dependent 175 

transcription from glnAp1 is effectively required, even if not absolutely required, for growth 176 

in urea-containing media. 177 

Low glutamine synthetase activity and glnA translation during growth in urea-178 

containing media 179 
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High glnA expression in SU medium is unexpected because of the high ammonia 180 

content. However, GS activity is very low and comparable to that in MM-ammonia (Figs. 181 

10AB). GS activity in MM-alanine is significantly higher in comparison to the activity seen 182 

in any SU medium. The assay measures total GS activity regardless of the adenylylation 183 

state. To test the possibility that translational control could explain low enzymatic activity 184 

in cells with high glnA transcription, we constructed a plasmid containing a glnA-gfp 185 

translational fusion. Growth in urea-containing media resulted in expression from the 186 

translational fusion that was much lower than in nitrogen-limited minimal medium (Fig. 187 

11), unlike expression from a glnAp-gfp transcriptional fusion (Fig. 6) for both UTI89 and 188 

W3110. In summary, elevated glnA transcription does not necessarily result in elevated 189 

GS synthesis. 190 

Discussion 191 

glnA expression is unexpectedly high for E. coli grown in urine, despite a high 192 

ammonia concentration, which was interpreted to suggest that urine is nitrogen limited 193 

(11, 12). Our results describe activation of glnA expression by abundant components in 194 

urine — urea and several amino acids — in the presence of ammonia. Glutamate and 195 

glutamine reversed the activation by amino acids, but did not reverse the urea-dependent 196 

activation. These results imply that the abundant urinary amino acids inhibited GS activity, 197 

but that urea acts by a different mechanism. Urea-dependent glnA expression was 198 

initiated from the glnAp1 promoter and did not result in enzymatically active GS or 199 

induction of the Ntr response. We conclude that glnA expression for cells grown in urine 200 

does not imply nitrogen limitation.  201 
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Urea-dependent stimulation of glnA expression. The stimulatory effect of urea on 202 

glnA expression was observed for strains UTI89 and W3110 ― members of phylogenetic 203 

groups B2 and A, respectively ― which suggests that the urea effect is not strain specific. 204 

The mechanism of urea stimulation is unexpected because urea has been previously 205 

shown to inhibit expression from other cyclic-AMP-dependent promoters (18, 19). 206 

However, urea inhibited expression from the GlnG-dependent glnAp2 promoter (lower 207 

glnA expression in MM-alanine medium with urea). Because transcription from glnAp2 208 

requires GlnG and supercoiled DNA (20, 21), one possibility is that a urea-dependent 209 

reduction of supercoiling in the glnA promoter region prevents one aspect of GlnG-210 

dependent activation, such as binding to DNA, and consequent derepression from 211 

glnAp1. A second possibility is based on the known inhibition of glnAp2 by Crp (22), if 212 

urea results in higher levels of cyclic-AMP, adenylate cyclase, or Crp. Regardless of 213 

mechanism, urea results in Crp-dependent glnA expression from glnAp1. Loss of Crp 214 

could result in a partial or complete glutamine auxotrophy for cells grown in a urinary 215 

environment, which could explain the attenuation of virulence of crp mutants in a mouse 216 

model (23). In this context, it should be noted that urinary urea in a mouse is six times 217 

higher than in humans (24), which could be a factor in mouse models of infection. Our 218 

results suggest that potential effects of urea on gene expression could contribute to 219 

virulence. 220 

Amino acid-dependent stimulation of glnA expression. Several amino acids have 221 

been known to inhibit GS activity for over 50 years (25, 26), and the mechanism of 222 

inhibition — binding to the glutamate site — is also known (27). However, the bladder is 223 

the first natural environment where the inhibitory amino acids are not only present at a 224 
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high enough concentration to affect GS activity, but also glnA expression. This regulation 225 

is surprising because glutamate is by far the most abundant intracellular metabolite (28). 226 

However, alanine as the sole nitrogen source reduces intracellular glutamate (29), and 227 

the inhibitory amino acids may collectively have a similar effect. One of the inhibitory 228 

amino acids, alanine, has been previously shown to impair growth and alter gene 229 

expression in ammonia-containing minimal media (29, 30). Ikeda et al., citing unpublished 230 

results, argued that transcription in their ammonia-containing medium was initiated from 231 

the glnAp2 promoter (29). If this conclusion is correct, then in the absence of urea the 232 

increase in glnA expression by our inhibitory amino acid mixture may result from 233 

transcription initiated from the glnAp2 promoter (Fig 7). In the presence of urea, our 234 

results suggest that the inhibitory amino acids act via the glnAp1 promoter because (a) 235 

the combined effects of urea and the amino acids were greater than urea alone (Fig. 7), 236 

(b) urea impaired expression from the glnAp2 promoter (Fig. 7, nitrogen limiting medium), 237 

and (c) loss of crp impaired growth more than loss of glnG in urea-containing media (Figs. 238 

9 and S3). Although further experiments are required to more directly determine promoter 239 

usage during these conditions, our results clearly show that the inhibitory amino acids 240 

increase glnA expression regardless of media. 241 

The responses to the inhibitory amino acids differed between UTI89 and W3110. SU-242 

10 had no effect on UTI89 but inhibited growth of W3110, and SU-5 impaired growth of 243 

UTI89, and eliminated growth of W3110 (Fig 3). Our experience with these strains 244 

indicates that UTI89 and strains of phylogenetic group B2 in general grow faster in almost 245 

all media than W3110 and strains of phylogenetic group A (ref. (31) and Petter, A., 246 

Hogins, J. and Reitzer, L. unpublished observation). Of the 5 inhibitory amino acids, E. 247 
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coli can degrade serine, glycine, alanine, and cysteine, but cannot degrade histidine (32, 248 

33). We suggest that the differential responses may result from faster transport and 249 

degradation of the inhibitory amino acids by UTI89 that diminishes their intracellular 250 

concentration and minimizes their effect on glnA expression.  251 

Translational control of glnA expression. The unexpected and previously 252 

undescribed translational control of glnA was observed in urea-containing media (Fig. 253 

10). Physical or chemical factors, such as urea which affects glnA expression but is not 254 

a sensor of nitrogen metabolism, may necessitate an additional layer of regulation. 255 

However, the factors that control this regulation are not apparent. 256 

Concluding remarks. A common assumption for analysis of pathogenic strains is 257 

that the regulation and physiology observed for growth in standard lab media for 258 

extensively passaged lab strains is the same as that for growth in natural environments. 259 

We provided evidence for previously undescribed aspects of nitrogen metabolism: urea-260 

dependent stimulation of glnA expression, post-transcriptional control of glnA expression, 261 

and a curious observation that, superficially, is consistent with the possibility of glnA-262 

independent glutamine synthesis, at least in UTI89. Study of E. coli strains other than 263 

laboratory strains in non-laboratory environments such as the bladder or bladder-like 264 

environments is likely to produce other surprises. For example, we showed glnA induction 265 

by the urinary components urea and several amino acids. GS and glnA would be a good 266 

therapeutic target for UTIs if urinary components were sufficiently high in all individuals 267 

to induce glnA expression. However, this is unlikely because of large variations in urinary 268 

components, changes in some components with age, and different levels of hydration 269 

that have the potential to dilute urinary components (13, 34). The initial interpretation that 270 
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growth of E. coli in urine is nitrogen limited would imply that components of the Ntr 271 

response would be good therapeutic targets. Our results on the factors that affect glnA 272 

expression and their variations in the urine of individuals would suggest that glnA is not a 273 

good therapeutic target. 274 

Material and Methods 275 

Bacterial strains and plasmids: All E. coli strains and plasmids used are listed in Table 1. 276 

Deletion alleles for ΔglnG and Δcrp were derived from the KEIO collection strains (35) 277 

and for ΔglnA from TH16 (36). Deletions were transferred to background strains by P1 278 

transduction (37). Where necessary, the antibiotic resistance gene was removed using 279 

the pCP20 plasmid as described (38).  Primers to check deletions are provided in Table 280 

S3. The low copy number plasmid pUA139 was obtained from the E. coli promoter 281 

collection, a library of fluorescent reporter strains carrying transcriptional fusions of GFP 282 

to different promoters in E. coli K12 strain MG1655 (39). Strains transformed with pUA139 283 

and its derivatives carrying the upstream promoter regions of either glnA or nac were 284 

used to monitor gene expression during growth. The plasmid pCA24N encoding glnA 285 

under the control of IPTG-inducible promoters was derived from the ASKA collection (40) 286 

and used to assess the effect of glnA overexpression during growth in the deletion 287 

mutants. 288 

Plasmid pTEglnA, derived from pUA139, was constructed to monitor translational 289 

expression of glnA during growth. It carries the upstream promoter region of glnA along 290 

with an in-frame fusion of 72 base pairs (or 24 amino acids) of the N-terminal of GlnA to 291 

GFP. In brief, primers for separate glnA and gfp fragments were generated using the 292 

NEBuilder Assembly Tool (neb.com, New England Biolabs Inc., MA, USA). The fragments 293 
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carry overlapping segments to one another and with the pUA139 vector. PCR amplified 294 

fragments were assembled with BamHI and SbfI linearized pUA139 using the NEBuilder 295 

HiFi DNA Assembly kit (New England Biolabs Inc., MA, USA) to generate pTE24G. 296 

Sequence verified plasmid was then used for transformation into strains. Primers used 297 

for amplification and sequencing are described in Table S3. 298 

Media and growth conditions: Strains were grown in either minimal medium (MM) 299 

containing ‘W’ salts (10.5 g/l K2HPO4, 4.5 g/l KH2PO4, and 0.05 g/l MgSO4 which was 300 

adjusted to pH 7.0) (41) or basal synthetic urine medium (SU) to assess growth, 301 

fluorescence and enzyme activity. The components for SU, SU-5, and SU-10 are listed 302 

in Table 2; the buffer was MES (50 mM) and the total mixture was adjusted to pH 6.0. 303 

Both media types contained 10 mM of a carbon source, which was glucose, unless 304 

otherwise indicated. MM was supplemented with 0.15% (w/v) nitrogen source ((NH4)2SO4 305 

– nitrogen-rich or alanine – nitrogen-deficient). Commercial amino acid mixtures (tryptone 306 

or casamino acids), where indicated, were added at a concentration of 0.02% (w/v). To 307 

assess growth, starter cultures (12- to 14-hour incubation) from a single colony were 308 

grown either in MM-ammonia or SU. Starter cultures for the ΔglnA, Δcrp and ΔglnGΔcrp 309 

strains were supplemented with 5 mM glutamine. Cells were pelleted, washed with 310 

phosphate-buffer-saline (pH 7.4), resuspended in no-carbohydrate MM or SU and diluted 311 

to an OD600 of 0.2. Washed cells were inoculated at a ratio of 1:200 in a culture volume 312 

of 200 µl per well of a 96-well microtiter plate. Growth was assayed by measuring OD600 313 

at intervals of 30 minutes for 48–72 hours on plate readers (Biotek Instruments Inc., VT, 314 

USA). Cultures were incubated at 37⁰C and at 237 cpm. For strains carrying the pUA139 315 

plasmid or its derivatives, fluorescence was measured concurrently with growth at an 316 
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excitation wavelength of 485 nm and emission recorded at 540 nm (42). IPTG at a final 317 

concentration of 0.2 mM was added to cultures carrying the pCA-glnA plasmid to control 318 

glnA expression. Strains carrying the empty pCA24N vector were used as controls to 319 

assess the effect of glnA expression during growth in the deletion mutants. Antibiotics, 320 

where necessary, were added at the following concentrations, kanamycin 25 µg/ml and 321 

chloramphenicol 7.5 µg/ml.  322 

Growth kinetics and relative fluorescence calculations: Data from each growth run were 323 

exported from the Gen5 software (Biotek Instruments Inc., VT, USA) into Microsoft excel 324 

and OD600 reads corrected for pathlength. Data from independent experiments were used 325 

to plot growth curves using GraphPad Prism (Ver. 9.2.1, GraphPad Software Inc., CA, 326 

USA). Specific growth rate (µ) of each culture was calculated using the formula, µ = 327 

ln(ODt2/ODt1)/(t2-t1), where ODt2 and ODt1 are OD600 during the exponential growth phase 328 

at time t2 and t1 respectively. Doubling time is calculated as, DT = ln(2)/µ. All time 329 

measurements are in hours. Final cell densities were determined as colony forming units 330 

(CFU) per milliliter. At the end of each growth assay, cultures were diluted and 20 µl 331 

spotted on Luria-Bertani (LB – 10 g tryptone, 10 g NaCl, 5 g yeast extract, pH 7.0) agar 332 

plates and incubated at 37⁰C for 16–18 hours before counting colonies for CFU 333 

calculations. For the fluorescence measurements, fluorescence reads from strains with 334 

an empty pUA139 vector (plasmid with no promoter region or truncated gene fused to 335 

GFP) were subtracted from the reads of strains carrying the pglnAp-gfp, pnacp-gfp and 336 

pTEglnA plasmids, under similar growth conditions, to correct for the background 337 

fluorescence signal at each time point. The corrected reads were used for calculating 338 

relative fluorescence, which is determined as the ratio of the rate of change of 339 
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fluorescence to the rate of change of absorbance (OD600) during the exponential growth 340 

phase. All graphs were generated, and analyses performed using GraphPad Prism (Ver. 341 

9.2.1, GraphPad Software Inc., CA, USA). 342 

Enzyme activity: Cells were harvested in the exponential phase during growth in microtiter 343 

plates by the addition of cetyltrimethylammonium bromide (CTAB) and MnCl2 to a final 344 

concentration of 100 µg/ml and 1 mM respectively, followed by shaking for 15 minutes. 345 

Cells were pelleted, resuspended in cold 2.5 mg/ml CTAB, pelleted again, resuspended 346 

in buffer (pH 7.27) containing 20 mM imidazole, 100 µg/ml CTAB and 0.3 mM MnCl2, 347 

stored on ice and used for the enzyme assays. Glutamine synthetase activity of cultures 348 

was determined by using 25-100 µl of the prepared cell suspension in a reaction mixture 349 

(pH 7.27) containing 135 mM imidazole, 80 µg/ml CTAB, 25 mM potassium arsenate, 20 350 

mM hydroxylamine, 0.4 mM ADP, and 0.2 mM MnCl2. Glutamine at a final concentration 351 

of 20 mM was added to the reaction mixture incubated at 37⁰C. The reaction was stopped 352 

by adding 1 ml of a stop mix containing 0.2 M FeCl3, 0.12 M trichloroacetic acid and 0.25 353 

N HCl. Cell debris were removed by centrifugation and the absorbance measured at 540 354 

nm. Protein estimation was done by the Lowry method (43). Final enzyme activities are 355 

recorded as nanomoles of product formed per minute per milligram of protein. All graphs 356 

were generated, and analyses performed using GraphPad Prism (Ver. 9.2.1, GraphPad 357 

Software Inc., CA, USA). 358 
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Figure Legends 492 

Figure 1. Overview of regulation of glutamine synthetase activity. Known factors that 493 

control GS activity and glnA expression are shown with black arrows, and factors that are 494 

identified in the present work are shown with blue arrows. First, high intracellular 495 

glutamine ― mediated by the glutamine-sensing GlnD (uridylyltransferase/uridylyl-496 

removing enzyme), and acting via GlnB (the regulatory protein PII), and GlnE 497 

(adenylyltransferase/deadenylylase) ― covalently adenylylates and inactivates GS. 498 

Second, low intracellular glutamine ― which is sensed by GlnD acting through GlnB, GlnL 499 

(a sensor kinase), and GlnG (a response regulator) ― activates expression of glnA from 500 

the glnAp2 promoter and a set of genes, which are collectively called Ntr (nitrogen-501 

regulated) genes. Third, cyclic-AMP-Crp activates glnA expression from the glnAp1 502 

promoter. Fourth, urea increases glnA expression in ammonia-containing media from the 503 

glnAp1 promoter, but impairs expression in nitrogen-limited media from the glnAp2 504 

promoter. Finally, several amino acids and nucleotides, including many that require 505 

glutamine for their synthesis, bind the glutamate- and nucleotide-binding sites and inhibit 506 

GS activity. In addition to the metabolites shown, glucosamine-6-phosphate, AMP and 507 

CTP inhibit activity. These inhibitory amino acids also affect glnA activity. Our results 508 

suggest that with urea glnA expression is initiated from the glnAp1 promoter. Without 509 

urea, inconclusive evidence suggests expression initiated from the glnAp2 promoter.  510 

 511 

Figure 2: Growth of UTI89 and W3110 in minimal and basal SU medium. Growth 512 

curves of (A) UTI89 and (B) W3110 strains in the indicated media. The parental strains 513 

showed growth comparable in both media, while the ΔglnA mutants failed to grow. The 514 
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curves are averages of three independent experiments and the error bars represent the 515 

standard deviations. Doubling times are provided in supplemental tables. 516 

 517 

Figure 3: Growth of UTI89 and W3110 in SU supplemented with amino acids. Growth 518 

of (A) UTI89 and (B) W3110 in the indicated media. UTI89 was less sensitive to inhibitory 519 

amino acids compared to W3110 (green curves), and UTI89 ΔglnA showed marginal 520 

growth in SU-10 medium. The curves are averages of three independent experiments 521 

and the error bars represent the standard deviations. Doubling times are provided in 522 

supplemental tables. 523 

 524 

Figure 4: Glutamate or amino acid mixtures alleviated amino acid-induced growth 525 

inhibition in SU-5 medium or SU medium with the alanyl-leucine dipeptide. (A) 526 

Growth of WT UTI89 in SU-5 medium; (B) Growth of WT W3110 in SU-5 medium; and 527 

(C) Growth of WT UTI89 in SU-AL medium. W3110 did not grow in SU-AL medium. The 528 

curves are averages of three independent experiments and the error bars represent the 529 

standard deviations. 530 

 531 

Figure 5: Effect of amino acids and urea on glnA and nac expression. glnA 532 

expression in the indicated media for (A) WT UTI89 and (B) WT W3110 – glnA expression 533 

in SU is comparable to expression levels in MM-alanine. Growth in SU-5 or SU-AL 534 

induces higher glnA expression for UTI89. glnA expression in nitrogen-limited (MM-535 

alanine) and nitrogen-excess (MM-NH4+) minimal media with and without urea for (C) 536 
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UTI89 and (D) W3110 – Urea induces glnA expression in MM-NH4+ but represses 537 

expression in MM-alanine. nac expression in the indicated media for (E) WT UTI89 and 538 

(F) WT W3110 – nac is not expressed during growth in SU in both strains. All curves 539 

represent average expression from three independent experiments measured 540 

concurrently with growth in respective media and error bars represent standard 541 

deviations. 542 

 543 

Figure 6: Relative transcriptional expression of glnA in different media. glnA 544 

expression in (A) WT UTI89 and (B) WT W3110. Because W3110 did not grow in SU-5 545 

or SU-AL, there is no expression data. Significance was calculated using one-way 546 

ANOVA along with Dunnett’s multiple comparisons test; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 547 

0.001; **** p ≤ 0.0001. The data are averages of three independent experiments and 548 

the error bars represent the standard deviations. 549 

 550 

Figure 7: Relative transcriptional expression of glnA was altered by urea and the 551 

abundant urinary amino acids. (A) WT UTI89 and (B) WT W3110. NG means no 552 

growth. Significance was calculated using one-way ANOVA along with Dunnett’s multiple 553 

comparisons test; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. The data are 554 

averages of three independent experiments and the error bars represent the standard 555 

deviations. 556 

 557 
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Figure 8: The glnA regulatory region. The binding sites are drawn to scale. GlnG sites 558 

1 and 2 are strong sites required for activation from the glnAp2 promoter, while sites 3-5 559 

(shaded) appear to modulate activated expression (44). Crp-binding site(s) have not been 560 

experimentally determined for the glnA regulatory region. EcoCyc describes a Crp binding 561 

site from -133 to -120 which is between the strong GlnG binding sites and the RNA 562 

polymerase binding site (16). 563 

 564 

Figure 9: Growth phenotypes of ΔglnG, Δcrp and ΔglnGΔcrp mutants in SU 565 

medium. Growth of (A) UTI89 mutants and (B) W3110 mutants in SU medium. Growth 566 

is defective for Δcrp strains but not for ΔglnG strains. Overexpression of glnA in the Δcrp 567 

mutants restored growth back to WT levels in both strains. The curves are averages of 568 

three independent experiments and the error bars represent the standard deviations. 569 

Doubling times are provided in supplemental tables. 570 

 571 

Figure 10: Glutamine synthetase activity during growth in various media. GS activity 572 

in (A) WT UTI89 and (B) WT W3110. NG means no growth. GS activity was not 573 

detectable in urea-containing media even though glnA was transcribed (see Figs. 5 and 574 

6). Significance was calculated using one-way ANOVA along with Dunnett’s multiple 575 

comparisons test; **** p ≤ 0.0001. The data are averages of three independent 576 

experiments and the error bars represent the standard deviations. 577 

 578 
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Figure 11: Translational expression of glnA. Expression during growth is shown for 579 

(A) WT UTI89 and (B) WT W3110 and quantified for (C) UTI89 and (D) W3110. NG 580 

means no growth. glnA mRNA was not translated during growth in urea-containing media 581 

even though glnA was transcribed (see Fig. 5). Significance was calculated using one-582 

way ANOVA along with Dunnett’s multiple comparisons test; * p ≤ 0.05; ** p ≤ 0.01; **** 583 

p ≤ 0.0001. The data are averages of three independent experiments and the error bars 584 

represent the standard deviations. 585 

  586 
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Table 1: Strains and plasmids 587 
   

Strain or Plasmid Relevant genotype or description 
Source or 

Reference 

   

Strains   

UTI89 (wild type)  Laboratory strain 

UKU1 UTI89ΔglnA::Tn5, Kanr This study 

UKU2 UTI89ΔglnG::Kanr This study 

UKU3 UTI89ΔglnG::ΔKanr, Δcrp::Kanr This study 

UKU4 UTI89Δcrp::Kanr This study 

UKU5 UTI89(pUA139) This study 

UKU6 UTI89(pglnAp-gfp) This study 

UKU7 UTI89(pnacp-gfp) This study 

UKU8 UTI89(pTEglnA) This study 

UKU9 UKU1(pCA24N) This study 

UKU10 UKU1(pCA-glnA) This study 

UKU11 UKU3(pCA24N) This study 

UKU12 UKU3(pCA-glnA) This study 

UKU13 UKU4(pCA24N) This study 

UKU14 UKU4(pCA-glnA) This study 

W3110 (wild type) lacL8 lacIq Laboratory strain 

WKU1 W3110ΔglnA::Tn5, Kanr This study 

WKU2 W3110ΔglnG::Kanr This study 
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WKU3 W3110ΔglnG::ΔKanr, Δcrp::Kanr This study 

WKU4 W3110Δcrp::Kanr This study 

WKU5 W3110(pUA139) This study 

WKU6 W3110(pglnAp-gfp) This study 

WKU7 W3110(pnacp-gfp) This study 

WKU8 W3110(pTEglnA) This study 

WKU9 WKU1(pCA24N) This study 

WKU10 WKU1(pCA-glnA) This study 

WKU11 WKU3(pCA24N) This study 

WKU12 WKU3(pCA-glnA) This study 

WKU13 WKU4(pCA24N) This study 

WKU14 WKU4(pCA-glnA) This study 
   

Plasmids   

pCP20 Camr, Ampr, FLP recombinase (35) 

pUA139 
Kanr p15A ori; gfp transcriptional fusion 

template (No promoter fusion) 
(36) 

pglnAp-gfp 

pUA139 Ω[BamHI-XhoI::K-12 

complement(4,057,963 – 4,058,454) 492 

bp] transcriptionally fused to gfp 

492 bp insertion is 420 bp upstream 

fragment and 72 bp of glnA gene 

(36) 
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pnacp-gfp 

pUA139 Ω[BamHI-XhoI::K-12 

complement(2,061,841 – 2,062,288) 448 

bp] transcriptionally fused to gfp  

448 bp insertion is 355 bp upstream 

fragment and 93 bp of nac gene 

(36) 

pTEglnA 

pUA139Δ(499-530) Ω[6-531::K-12 

complement(4,057,963 – 4,058,454) 492 

bp] translationally fused to gfp  

492 bp insertion is 420 bp fragment 

upstream of glnA and first 72 bp (24 amino 

acids) of glnA 

This study 

pCA24N Camr lacIq PT5-lac::His6 (empty ASKA) (37) 

pCA-glnA Camr lacIq PT5-lac::His6-glnA+ (37) 

 588 
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Table 2: Synthetic urine media components 590 

       

Component  
Concentration in SU 

(synthetic urine) 
SU-5  SU-10 

       

Urea  250 mM as SU  as SU 

NaCl  100 mM as SU  as SU 

KCl  40 mM as SU  as SU 

Na2HPO4  10 mM as SU  as SU 

(NH4)2SO4  10 mM as SU  as SU 

MgCl2  3 mM as SU  as SU 

CaCl2  3 mM as SU  as SU 

FeSO4  0.005 mM as SU  as SU 

Glycine   2.1 mM  as SU-5 

Histidine   1.2 mM  as SU-5 

Cysteine   0.6 mM  as SU-5 

Serine   0.5 mM  as SU-5 

Alanine   0.5 mM  as SU-5 

Leucine     0.4 mM 

Aspartate     0.2 mM 

Threonine     0.2 mM 

Methionine     0.1 mM 

Glutamate     0.1 mM 
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