
1

1

2 Disruption of nucleoid expanded 
3 conformation by toxic aberrant proteins 
4 synthesized in Escherichia coli
5

6 Running head: Toxic proteins trigger nucleoid condensation

7

8 Mangala Tawde1, Abdelaziz Bior2, Michael Feiss3, and Paul Freimuth4*

9

10

11 1Department of Biological Sciences and Geology, Queensborough Community College, City 
12 University of New York, Bayside, New York, United States of America

13

14 2Department of Natural and Applied Sciences, Cheyney University of Pennsylvania, Cheyney, 
15 Pennsylvania, United States of America

16

17 3Department of Microbiology and Immunology, University of Iowa Carver College of Medicine, 
18 Iowa City, Iowa, United States of America

19

20 4Biology Department, Brookhaven National Laboratory, Upton, New York, United States of 
21 America

22

23 *corresponding author

24 E-mail: freimuth@bnl.gov

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2021. ; https://doi.org/10.1101/2021.10.06.463398doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.06.463398
http://creativecommons.org/licenses/by/4.0/


2

25 Abstract 
26

27 Aminoglycoside antibiotics interfere with selection of cognate tRNAs during translation, 

28 resulting in the production of aberrant proteins that are the ultimate cause of the antibiotic bactericidal 

29 effect. To determine if these aberrant proteins are recognized as substrates by the cell’s protein quality 

30 control machinery, we studied whether the heat shock (HS) response was activated following exposure 

31 of Escherichia coli to the aminoglycoside kanamycin (Kan). Levels of the HS transcription factor σ32 

32 increased about 10-fold after exposure to Kan, indicating that at least some aberrant proteins were 

33 recognized as substrates by the molecular chaperone DnaK. To investigate whether toxic aberrant 

34 proteins therefore might escape detection by the QC machinery, we studied model aberrant proteins 

35 that had a bactericidal effect when expressed in E. coli from cloned genes. As occurred following 

36 exposure to Kan, levels of σ32 were permanently elevated following expression of an acutely toxic 48-

37 residue protein (ARF48), indicating that toxic activity and recognition by the QC machinery are not 

38 mutually exclusive properties of aberrant proteins, and that the HS response was blocked in these cells 

39 at some step downstream of σ32 stabilization. This block could result from halting of protein synthesis 

40 or from radial condensation of nucleoids, both of which occurred rapidly following ARF48 induction. 

41 Nucleoids were similarly condensed following expression of toxic aberrant secretory proteins, 

42 suggesting that transertion of inner membrane proteins, a process that expands nucleoids into an open 

43 conformation that promotes growth and gene expression, was disrupted in these cells. The 48-residue 

44 ARF48 protein would be well-suited for structural studies to further investigate the toxic mechanism of 

45 aberrant proteins. 
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46 Introduction
47

48 Aminoglycoside antibiotics such as kanamycin (Kan) bind to 16S rRNA in the A site of the 30S 

49 ribosomal subunit, interfering with the selection of cognate tRNAs [1]. Aberrant proteins are produced 

50 as a result, including proteins truncated by premature termination or with sequences garbled by frame-

51 shift events or misincorporation of amino acids [2]. By contrast, protein synthesis is completely halted 

52 by non-aminoglycoside antibiotics like tetracycline (Tc) [3, 4] and chloramphenicol (Cm) [5]. Importantly, 

53 the growth-inhibiting effects of Tc and Cm are reversible, indicating that cells can tolerate absence of 

54 new protein synthesis for extended periods, whereas aminoglycosides are bactericidal [6]. Cells survive 

55 exposure to aminoglycosides if simultaneously treated with translation halting antibiotics like Cm, 

56 therefore indicating that the aberrant proteins synthesized in aminoglycoside treated cells are the 

57 ultimate cause of the bactericidal effect [6, 7]. Since each affected ribosome likely synthesizes a unique 

58 set of aberrant proteins, it has not been possible to directly study the sequence and structural 

59 determinants of aberrant protein toxic potential. Earlier work suggested that the diverse population of 

60 aberrant proteins may act in concert to disrupt cell membrane integrity, based on the finding that 

61 membrane permeability to ions increased following exposure to aminoglycoside antibiotics [8]. This led 

62 to the suggestion that aberrant proteins might be incorporated into the membrane, forming ion-

63 conducting channels [7]. However, these putative channels were not isolated or directly characterized.

64 For aberrant proteins to have toxic effects they must escape detection and destruction by the 

65 cell’s protein quality control (QC) machinery. The heat shock (HS) response is the major protein QC 

66 system in bacteria and consists of a set of chaperones and proteases, together known as HS proteins, 

67 that function to rid cells of excess unfolded proteins and proteins that are irreparably damaged by 

68 exposure to extreme environmental conditions, such as elevated temperature [9]. HS gene expression is 

69 closely regulated to enable cells to adapt to changes in the burden of unfolded protein. The HS response 
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70 is positively regulated by the transcription factor σ32 [10] and negatively regulated by the molecular 

71 chaperone DnaK, which binds σ32, promoting its degradation by the FtsH protease [11, 12].

72 Here we report that σ32 levels were increased about 10-fold in cells exposed to the 

73 aminoglycoside kanamycin (Kan), indicating that at least some aberrant proteins produced in these cells 

74 were recognized as substrates by DnaK. To gain insights into whether aberrant proteins vary significantly 

75 in their recognition as substrates by the QC machinery and whether this might be an important factor in 

76 determining their toxic potential, we studied aberrant proteins that were expressed in E. coli from 

77 cloned genes. Our results indicated that aberrant protein toxicity and recognition by the QC machinery 

78 are not mutually exclusive properties, suggesting that the QC machinery capacity to process aberrant 

79 proteins can be exceeded when aberrant proteins are produced at high rates. Our results further 

80 suggest that the toxic potential of aberrant proteins varies with their ability to disrupt the coupled 

81 transcription and co-translational insertion (transertion) of inner membrane (IM) proteins into the cell 

82 membrane, which is thought to stretch the nucleoid into an expanded conformation in growing cells 

83 [13-15].

84

85 Materials and methods

86

87 Protein expression constructs

88 The toxic ARF48 protein is encoded by an open +1 alternate reading frame (ARF) in an 

89 Arabidopsis thaliana cDNA for a Golgi-localized protein (At3G62370) involved in cell wall synthesis [16], 

90 which was obtained from the Arabidopsis Biological Resource Center at Ohio State University (clone 
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91 U10771). A fragment of cDNA coding for the plant protein ectodomain (residues 18-325) was subcloned 

92 between the SacII and PstI sites in pASK-IBA3 (www.iba-lifesciences.com) and had an acutely toxic effect 

93 when expressed in E. coli. Deletion studies implicated ARF48 as the toxic factor, which was confirmed by 

94 subcloning the ARF48 coding sequence behind the TetA promoter in pASK-IBA3. Expression constructs 

95 for the ARF-NR and ARF-DA variants were created by PCR on circular ARF48 expression plasmid template 

96 DNA, using divergent primers that annealed to sites flanking the KL decapeptide coding sequence and 

97 had 5ʹ extensions that encoded the NR or DA heptapeptide substitutions, followed by self-ligation of the 

98 amplimers. 

99 The coding sequence for E. coli alkaline phosphatase (AP) was amplified from genomic DNA and 

100 cloned behind the TetA promoter in pASK-IBA3 as previously described [17]. To create expression 

101 constructs for truncated AP variants, tandem stop codons were introduced in the AP reading frame 

102 between pre-AP codons 31-32, 149-150, 241-242, 337-338, or 429-430, using a 2-step method. In the 

103 first step, circular AP expression plasmid template DNA was amplified by PCR using divergent primer 

104 sets that annealed at each insertion point and had 5ʹ extensions specifying restriction sites for BamHI 

105 and XhoI. In the second step, the linear amplimers were doubly digested with BamHI and XhoI and were 

106 then ligated to a double-stranded oligonucleotide adapter that introduced tandem stop codons into the 

107 AP open reading frame. PCR with divergent-facing primers also was used to delete the coding sequence 

108 for pre-AP residues 10-14, to introduce the Δhc mutation into each truncated AP expression construct. 

109 All enzymes used for DNA manipulations were obtained from New England Biolabs, and the structure of 

110 all expression constructs was confirmed by DNA sequencing.

111 Growth analysis

112 All growth studies were performed in LB broth containing antibiotic, using E. coli BL21 as the 

113 host strain except where noted. Three independent colony isolates of each construct were analyzed in 
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114 parallel, and representative results are shown. Frozen stocks of cell strains were first grown overnight at 

115 30°C, without shaking, in 2 ml of LB containing antibiotic. The starter cultures were then diluted 1:100 in 

116 3.5 ml of LB containing antibiotic, in plastic 15x90 mm tubes with loose-fitting caps, and the tubes were 

117 then tilted about 15-20° from vertical and incubated at 37°C with shaking (280 rpm). Cell growth was 

118 monitored at the indicated times by measuring the optical density of culture samples (diluted 1:10 in 

119 saline) at 600 nm, using a Perkin Elmer Lambda 14 UV/VIS spectrophotometer and semi-micro glass 

120 cuvettes (1 ml sample volume). Expression of cloned genes from the Tet promoter in pASK-IBA3 was 

121 induced in early log phase cultures (OD600 ~ 0.35) by addition of 0.2 µg/ml anhydrotetracycline (aTc) to 

122 the culture media. To measure cell viability, culture samples were serially diluted in LB broth, mixed with 

123 molten top agar and plated on LB agar containing antibiotic. The number of colonies was then counted 

124 after overnight incubation of plates at 37°C.

125 Protein gel electrophoresis

126 Culture samples were centrifuged, and cell pellets were resuspended directly in 2X Laemmli 

127 sample buffer at a concentration of 5 OD600 units per ml. To reduce viscosity, samples were sonicated 

128 using a cuphorn sonicator or passed through a 27 gauge needle prior to loading on SDS-polyacrylamide 

129 gels. Proteins were visualized either by staining gels directly with Coomassie Blue or after semi-dry 

130 electroblotting to immobilon membranes for Western blot analysis. Anti-σ32 monoclonal antibodies 

131 were purchased from BioLegend, San Diego, CA. Rabbit anti-DnaK and DnaJ serum was kindly provided 

132 by B. Bukau. Anti-GroEL antibodies were purchased from Sigma-Aldrich. 

133 Peptide binding assay

134 Peptides were synthesized commercially (Peptide 2.0, Inc., Chantilly, VA) with fluorescein-

135 modified N-terminal extensions (FITC-TEKA-) and amidated C-terminal extensions (-KTEQ-NH2). The 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2021. ; https://doi.org/10.1101/2021.10.06.463398doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.06.463398
http://creativecommons.org/licenses/by/4.0/


7

136 concentrations of peptide solutions were determined by measuring fluorescein absorbance at 485 nm 

137 and applying the fluorescein extinction coefficient (50,358/M-cm). 6His-DnaK was purified from the 

138 ASKA expression clone [18] by chromatography on Ni-NTA agarose. The concentration of DnaK solutions 

139 was determined by BCA assay. 20 nM peptide was incubated with varying concentrations of DnaK in 

140 MST buffer (50 mM Tris pH 7.4, 150 mM NaCl, 10 mM MgCl2 supplemented with 0.05% Tween-20 and 

141 0.05% bovine serum albumin) for 1 h at 20°C, before analysis by microscale thermophoresis [19], using a 

142 NanoTemper Technologies Monolith NT.115 instrument. Plots show the average ± SD for 3 independent 

143 trials for each peptide. Dissociation constants were determined using software provided with the 

144 instrument. 

145 RNA polymerase pull-down assay

146 An E. coli strain that produces RNA polymerase containing a 6-histidine-tagged β subunit [20] 

147 was obtained from M. Kashlev (NIH/NCI) and was transformed with the expression plasmids for ARF48 

148 and the ARF-NR and ARF-DA variant proteins. Cells were grown to early log phase in 50 ml of LB broth 

149 containing ampicillin and were then treated with aTc to induce ARF polypeptide expression. At the 

150 indicated times 12.5 ml samples of culture were taken and the cells were lysed essentially as described 

151 [20]. Briefly, cells were washed in 1 ml of buffer 1 (10 mM Tris pH 8 / 100 mM NaCl / 1 mM β-

152 mercaptoethanol / 5% glycerol), disrupted by sonicating 2x 15s with a microprobe in 300 µl of buffer 1 

153 and then centrifuged 5min in a microcentrifuge. Protein concentration in supernatants was determined 

154 by BCA assay, and 100 µg samples of each lysate were then adjusted to 750 mg/ml by dilution with 

155 buffer 1. Samples were then adjusted to 0.05% Tween20 and 1 mM imidazole and incubated for 1 h on 

156 ice with 20 µl of Super Ni-NTA beads (www.proteinark.com), with frequent mixing. Beads were pelleted 

157 by centrifugation for 1 min at 830x g in a swinging bucket rotor, the unbound fraction (supernatant) was 

158 saved, and the beads were then washed twice in 100 µl buffer 1 containing 10 mM imidazole, then once 
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159 in 100 µl buffer 1 containing 40 mM glycine. Bound proteins were then eluted in 50 µl of buffer 1 

160 containing 150 mM imidazole.

161 Proteins in 15 µl samples of the pull-down and flow-through fractions were then run on 7% 

162 polyacrylamide gels and either stained with Coomassie Blue or transferred to PVDF membranes for 

163 Western blot analysis. Membranes were blocked for > 1h in PBS-T containing 5% BSA and then probed 

164 for 1 h with antibodies diluted in PBS-T containing 0.5% BSA. Mouse monoclonal antibodies against E. 

165 coli σ70 and σ32 were purchased from BioLegend (SanDiego, CA). Rabbit anti-GroEL IgG was purchased 

166 from Sigma-Aldrich. Rabbit sera against E. coli DnaK and DnaJ proteins was kindly provided by B. Bukau. 

167 Microscopy

168 Culture samples (0.3 ml) collected at the indicated times were centrifuged and the cell pellets 

169 were resuspended in 20-100 µl of Tris-buffered saline pH 8 (TBS) and held on ice. Cell suspensions were 

170 then stained with 1 µl of Hoechst 33342 (10 mg/ml stock solution was first diluted 1:100 in TBS). After 

171 incubation for 10 min on ice, 2 µl samples of cell suspension were mounted on coverslides using agarose 

172 blocks as described [21]. Cells were then examined by epi-fluorescence microscopy, using a Zeiss 

173 Axiophot and a 63X oil immersion lens. Exposure times for 2-channel images (both transmitted and 

174 reflected light) were set automatically using on-board Zen 2011 software. In some experiments as 

175 noted, exposure times for reflected light images were fixed at 1 s, for comparison of relative 

176 fluorescence intensity.

177

178 Results

179
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180 Aberrant proteins produced in aminoglycoside-treated E. coli are 

181 substrates for DnaK

182 The molecular chaperone DnaK plays a key role in protein quality control (QC) by binding 

183 reversibly to exposed hydrophobic regions in unfolded proteins, blocking non-specific interactions that 

184 could disrupt protein folding [22]. DnaK also binds the heat shock (HS) transcription factor σ32 [11], but 

185 in contrast to the positive effect on most substrate proteins, interaction with DnaK promotes 

186 degradation of σ32 by proteolysis [23]. DnaK-dependent proteolysis of σ32 is competitively inhibited 

187 during periods of increased synthesis of DnaK substrate proteins, resulting in transient accumulation of 

188 σ32 protein and activation of the HS response [24]. We therefore monitored σ32 concentration to 

189 determine whether aberrant proteins synthesized in aminoglycoside-treated cells were recognized as 

190 substrates by DnaK.

191 Early log phase E. coli cells were exposed to the aminoglycoside kanamycin (Kan), and to the 

192 non-aminoglycoside antibiotics tetracycline (Tc) and chloramphenicol (Cm). Cell division was halted soon 

193 after exposure to all three antibiotics over a range of concentrations, as shown by leveling of the growth 

194 curves (Fig 1, panels A-C). σ32 levels in cells after 20, 60 or 120 min of antibiotic exposure were then 

195 determined by Western blotting. σ32 accumulated to high relative concentration in cells exposed to 

196 Kan, even at a low dose (3 µg/ml) that slowed but did not completely halt cell division, whereas σ32 was 

197 not detected in cells exposed to Cm or to any but the highest concentration (143 µg/ml) of Tc (Fig 1D; 

198 only the 60 min time point is shown). Quantification of the blotting data (Fig S1) showed that σ32 levels 

199 in Kan-treated cells increased by up to 12-fold in comparison to untreated control cells. Importantly, in 

200 contrast to the transient increase in σ32 concentration that occurs during an effective HS response, σ32 

201 concentration remained permanently elevated in cells exposed to Kan (Fig 1E). These results indicated 

202 that aberrant proteins synthesized in Kan-treated cells can be recognized as substrates by DnaK, raising 
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203 the question whether toxic species therefore might escape recognition or degradation by QC factors. 

204 The permanent increase in σ32 concentration also suggested that some step downstream of σ32 

205 stabilization required for increased production of pro-survival HS proteins was blocked in these cells.

206

207 Fig 1. Effect of ribosome-targeting antibiotics on cell growth and σ32 stability. A-C, early log phase 

208 cultures of E. coli BL21 cells were exposed to the indicated doses of Kan, Tc or Cm (panels A, B and C, 

209 respectively), and cell division was then monitored by measuring culture optical density at 600 nm 

210 (OD600). D, an equal number of cells harvested from each culture at 60 min after exposure to antibiotics 

211 was analyzed by Western blotting for levels of the σ32 transcription factor. x, a cross-reacting protein 

212 that served as a loading control; NT, lysate from untreated control culture; aTc, lysate from culture 

213 exposed to 0.2 µg/ml anhydrotetracycline; triangles above lanes, relative dose of antibiotics as shown in 

214 panels A-C. E, Western blot analysis of σ32 concentration in cells following exposure to the indicated 

215 antibiotics for 20, 60, or 120 min as indicated. Cell extract from a non-induced culture was loaded in lane 

216 1. 

217

218 A gene-encoded toxic aberrant protein

219 Each affected ribosome in aminoglycoside-treated cells likely synthesizes a unique set of 

220 aberrant proteins, and it is therefore difficult to isolate and characterize individual toxic species from 

221 these cells. To circumvent this problem, we studied aberrant proteins that were expressed in E. coli from 

222 cloned genes and mimicked the bactericidal effect of aminoglycoside antibiotics. ARF48 is a 48-residue 

223 protein encoded by an alternate reading frame in an Arabidopsis thaliana cDNA clone and is translated 

224 in E. coli from an internal Shine-Dalgarno-like sequence (Fig 2A-C). Cell division was halted immediately 
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225 following ARF48 expression from a multi-copy plasmid (Fig 2D) and cell viability decreased about 10,000-

226 fold by 2 h after induction (Fig 2E). ARF48 expression therefore mimics the bactericidal effect of 

227 aminoglycoside antibiotics [6]. By contrast, cells remained viable for several hours following growth 

228 arrest by 30 µg/ml of the bacteriostatic antibiotic Cm (Fig 2E). At higher concentration, Cm was 

229 increasingly toxic (Fig 2E).

230

231 Fig 2. An alternate reading frame-encoded polypeptide is toxic when expressed in E. coli. A, an 

232 Arabidopsis thaliana cDNA (Genbank accession At3G62370; open rectangle) that was acutely toxic when 

233 expressed in E. coli from the tetracycline-inducible promoter (P-tet arrow) in pASK-IBA3. The plant 

234 protein coding sequence was fused in-frame to vector sequences coding for an N-terminal pentapeptide 

235 (MGDRG) and a C-terminal StrepTag. Deletion studies showed that an internal region of cDNA (shaded 

236 box, not drawn to scale) was sufficient for the toxic effect. B, a Shine-Dalgarno-like sequence [25] 

237 contained within the toxic region of cDNA. The ATG initiation codon for this putative translation start 

238 site is positioned in the +1 alternate reading frame (ARF) relative to the cDNA-encoded plant protein. C, 

239 the 48-residue protein (ARF48) produced by translation of the +1 ARF coding sequence from the start 

240 site in pASK-IBA3. A 10-residue sequence (KL decapeptide) that was tightly bound by DnaK in vitro is 

241 underlined. Vector-encoded residues are shown in italic type. D, the effect of ARF48 expression or 

242 exposure to 30 or 200 µg/ml Cm on growth of E. coli BL21 cells. NI, a non-induced culture grown in 

243 parallel, for comparison; inset, growth of the NI control culture. E, the effect of ARF48 expression or 

244 exposure to Cm on cell viability. Samples of culture taken at 0, 1, 2 and 5 h after treatment were serially 

245 diluted and plated on LB agar without inducer or Cm. Colonies were counted after incubating the plates 

246 overnight at 37°C. The results shown are representative of 3 independent experiments.

247
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248 The ARF48 toxic effect is gene dosage dependent

249 Proteins expressed from genes cloned in multi-copy plasmid vectors, such as the ColE1-based 

250 plasmid used for ARF48 expression, often are produced at high rates, leading to rapid accumulation of 

251 the proteins to high concentration [26]. To determine whether overexpression caused the ARF48 acutely 

252 toxic effect, we reduced the expression plasmid copy number by transforming cells with a second ColE1-

253 based plasmid that conferred resistance to a different antibiotic [27]. The toxic effect indeed was 

254 attenuated when ARF48 was induced in cells that contained the co-resident ColE1 plasmid (Fig 3A). DNA 

255 gel electrophoresis confirmed that cells contained approximately equal amounts of each co-resident 

256 plasmid (Fig 3B).

257

258 Fig 3. Effect of co-resident plasmids on the ARF48 toxic effect. A, cell growth following ARF48 induction 

259 (at T=0) in E. coli BL21(DE3) cells transformed by pARF48 alone (-CP, open circles) or in cells containing 

260 the co-resident plasmid pVS10(Sp-r), which confers resistance to spectinomycin (+CP, solid triangles) 

261 and is from the same plasmid incompatibility group as pARF48. B, agarose gel electrophoresis of plasmid 

262 DNA recovered from cells containing the co-resident plasmids pARF48 and pVS10(Sp-r) was loaded in 

263 lane 3. Purified samples of pARF48 and pVS10(Sp-r) were loaded in lanes 2 and 4, respectively. Phage 

264 lambda DNA digested with HindIII was loaded in lane 1, and the sizes of restriction fragments is 

265 indicated at left. C, E. coli BL21DE3 cells co-transformed by pARF48 and p15A-based expression plasmids 

266 for either RpoA or RpoB (different plasmid incompatibility groups) were grown to early log phase and 

267 then treated with IPTG (time 0) to induce expression of RpoA or RpoB. After incubation for 0, 10, 20 or 

268 30 min, samples of each culture were removed and treated with aTc to induce ARF48 expression. After 

269 further incubation for 2 h, equal numbers of cells from each culture were lysed and the proteins were 

270 analyzed by SDS-polyacrylamide gel electrophoresis and Coomassie blue staining. Samples from control 
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271 cultures not treated with aTc were loaded in lanes 1 and 6. The positions of RpoA and RpoB proteins in 

272 the gel are indicated. The corresponding growth curves for this experiment are shown in Fig S2. 

273

274 In contrast to these results, the toxic effect was not attenuated when ARF48 was produced in 

275 cells containing co-resident plasmids from a different plasmid incompatibility group (p15A replicon; Fig 

276 S2). This was expect since the two plasmid replicons (ColE1 and p15A) in this case are regulated 

277 independently, and the coresident p15A plasmid therefore should not affect the ColE1-based ARF48 

278 expression plasmid copy number [27]. Interestingly, in addition to halting cell growth, ARF48 induction 

279 also halted synthesis of the proteins expressed from genes cloned in the co-resident p15A plasmids (Fig 

280 4C). Synthesis of LacZ (β-galactosidase), which is encoded by a single-copy gene localized in the 

281 chromosome, also was blocked following ARF48 expression (Table 1). Protein synthesis therefore 

282 appears to be globally halted following ARF48 overexpression.

283 Table 1. ARF48 blocks expression of β-galactosidase

Hours 

after IPTG

+ARF48a -ARF48b

1 3.0 ± 17% 472 ± 22%

2 13.8 ± 16% 1137 ± 7%

284 Cells were treated with aTc to induce ARF48 and were then treated with IPTG 5 min later to induce 

285 expression of β-galactosidase. After culturing for an additional 1 or 2 h, the amount of β-galactosidase 

286 enzyme activity (Miller units) in extracts of equal numbers of cells was determined. 

287 a activity in cells expressing ARF48 (Miller units) 

288 b activity in non-induced control cells
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289 ARF48 is recognized as a substrate by DnaK

290 The foregoing results could be explained if the cell’s QC machinery recognizes ARF48 as a 

291 substrate and the machinery capacity to process aberrant proteins is exceeded when ARF48 is 

292 overexpressed. To test this model, we analyzed the ARF48 amino acid sequence for potential binding 

293 sites for DnaK, using the program Limbo [28]. Limbo predicted two partially overlapping binding sites for 

294 DnaK contained within ARF48 residues 25-34 (KLVIKLLALG; hereafter the KL decapeptide; underlined in 

295 Fig 2C). Purified DnaK indeed bound synthetic KL decapeptide tightly in vitro, with about 3-fold higher 

296 affinity than the canonical DnaK peptide substrate NRLLLTG [29, 30], as determined by microscale 

297 thermophoresis [19] (Fig 4A). Furthermore, the ARF48 toxic effect was attenuated or abrogated, 

298 respectively, when the KL decapeptide was substituted by NRLLLTG (ARF-NR) or by DAGAKAG (ARF-DA), 

299 a sequence predicted not to interact with DnaK (Fig S3A). The KL decapeptide therefore was recognized 

300 by DnaK in vitro and was required for the ARF48 toxic effect.

301

302 Fig 4. ARF48 is a substrate for DnaK in vitro and in vivo. A, equilibrium binding of fluorescein-labeled 

303 synthetic peptides (20 nM) to increasing concentrations of purified E. coli DnaK protein, determined by 

304 microscale thermophoresis [19]. All synthetic peptides were flanked by the same N- and C-terminal 

305 extensions (FITC-TEKA- and -KTEQ, respectively). KL, FITC-TEKAKLVIKLLALGKTEQ; NR, FITC-

306 TEKANRLLLTGKTEQ; σ32, FITC-TEKAQRKLFFNLRKTEQ; Kemptide, FITC-TEKALRASLGKTEQ. Earlier studies 

307 showed that the NR and σ32 peptides were bound by DnaK in vitro [29, 31], and that Kemptide [32] was 

308 poorly recognized by comparison [33]. The results shown are representative of 3 independent 

309 experiments. D, the σ32 concentration in BL21 cells at 0, 15, 30 or 60 min after induction of ARF48 (ARF-

310 KL) or the ARF-NR and ARF-DA variants, determined by Western blotting. NI, a non-induced control 

311 culture. Levels of the major sigma factor σ70 were determined in parallel (lower panel). The results 
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312 shown are representative of 3 independent experiments. E, heat shock protein levels in cells before and 

313 after ARF protein induction (lanes 1-6) or heat shock at 42°C for 15 min (lanes 7-12). 

314

315 To determine whether ARF48 was recognized as a substrate by DnaK in vivo, we monitored σ32 

316 concentration as described above. As in Kan-treated cells, the σ32 concentration increased following 

317 ARF48 induction and then remained at elevated concentration indefinitely, presumably until cell death 

318 (Fig 4B). σ32 concentration increased to a lesser degree following ARF-NR induction but did not increase 

319 following induction of ARF-DA (Fig 4B). ARF48 and ARF-NR therefore were recognized as substrates by 

320 DnaK in vivo. These proteins also were toxic when overexpressed in an E. coli mutant that lacks 

321 functional DnaK [34] however (Fig S3B), indicating that DnaK itself was not required for the toxic effect. 

322 These results support the model that the QC machinery capacity to process aberrant proteins is 

323 exceeded when ARF48 is overexpressed, and further suggest that the KL decapeptide mediates ARF48 

324 interaction with some other factor(s) in addition to DnaK, which leads to cell death.

325 ARF48 triggers an abortive HS response

326 Stabilization of σ32 typically indicates that HS gene expression has been activated [10], which 

327 normally would result in increased production of HS proteins that promote cell survival during periods of 

328 proteotoxic stress. However, cell viability decreased following ARF48 induction (Fig 2E) despite the 

329 increased concentration of σ32 in these cells, therefore indicating that the HS response was not 

330 effective. To further investigate this, we monitored the concentration of several HS proteins, including 

331 DnaK, DnaJ and GroEL, following ARF48 induction. Levels of these HS proteins essentially were 

332 unchanged following ARF48 induction but increased markedly when non-induced cultures were grown 

333 at 45°C for 10 min (Fig 4C). The HS response therefore functioned normally in these cells prior to ARF48 
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334 induction, suggesting that some step downstream of σ32 stabilization must be blocked following ARF48 

335 induction.

336 To investigate whether the stabilized σ32 that accumulated following ARF48 expression could 

337 associate with RNA polymerase, we expressed ARF48 in an E. coli strain that produces RNA polymerase 

338 containing a 6-histidine-tagged βʹ subunit [20]. Following ARF48 induction, RNA polymerase was purified 

339 from cell lysates by metal affinity chromatography, and the sigma factors associated with the enzyme 

340 were then analyzed by Western blotting. RNA polymerase isolated from cells following ARF48 induction 

341 indeed was associated with an increased amount of σ32 protein (E-σ32) in comparison to cells 

342 expressing ARF-NR or ARF-DA (Fig 5), indicating that the stabilized σ32 that accumulates following 

343 ARF48 expression is functionally intact. The failure of cells to increase production of HS proteins 

344 following ARF48 expression therefore must result from a block in either transcription of HS genes by E-

345 σ32 or translation of HS protein mRNAs by cell ribosomes.

346

347 Fig 5. Excess σ32 that accumulates following ARF48 induction associates with RNA polymerase. ARF48 

348 and the ARF-NR and ARF-DA variant polypeptides were expressed in an E. coli strain that produces RNA 

349 polymerase containing a 6-histidine-tagged βʹ subunit [35]. Cell lysates taken immediately before 

350 induction (T=0) and 20 min after ARF protein induction (T=20) were incubated with Ni-NTA beads. 

351 Samples of the bound (Pull-down) and unbound (Flow-through) fractions were then electrophoresed in 

352 an SDS-polyacrylamide gel, transferred to an immobilon membrane, and then probed with antibodies 

353 specific for σ70 and σ32.

354

355 ARF48 effect on nucleoid conformation
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356 The initial decrease in culture OD600 following ARF48 induction (Fig 2D) suggested that some 

357 cell lysis might have occurred. However, the OD600 eventually stabilized (Fig 2D), and cell proteins were 

358 not detectably released into the culture medium (not shown). To further investigate the effect of ARF48 

359 expression on cell membrane integrity, cells were incubated with the DNA-binding fluorescent dye 

360 Hoechst 33342 (H33342). Following ARF48 induction, cells accumulated approximately 8-times more 

361 H33342 than non-induced (NI) cells, based on the exposure times required to produce images of equal 

362 fluorescence intensity (Fig 6). Enhanced uptake of H33342 does not necessarily indicate the membrane 

363 is damaged however, because some bacteria can actively exclude H33342 by an efflux pumping 

364 mechanism [36]. Whether this efflux pumping mechanism also is present in E. coli has not yet been 

365 determined. Importantly, the microscopy also showed that nucleoids were radially condensed by 5-10 

366 min after ARF48 induction, whereas the nucleoids in non-induced cells had a radially expanded 

367 conformation (Fig 6).

368

369 Fig 6. ARF48 induces radial condensation of nucleoids. An early log phase culture of BL21 cells 

370 transformed by pARF48 was divided and either left untreated (NI) or treated with anhydrotetracycline 

371 (aTc; 0.2 µg/ml) to induce ARF48 expression or with 30 or 200 µg/ml Cm. At 10 min after ARF48 

372 induction or 60 min after treatment with Cm, cell samples were stained with H33342 and examined by 

373 fluorescence microscopy. Exposure times were automatically set by camera software and were 0.22 s 

374 for ARF48 and Cm samples and 1.7 s for the non-induced (NI) sample. Scale bar, 10 µm. The results 

375 shown are representative of at least 3 independent experiments.

376
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377 Cm has long been known to induce radial condensation of nucleoids [37], which is thought to 

378 result from disruption of transertion, the coupled transcription and co-translational insertion of inner 

379 membrane (IM) proteins into the cell membrane [13, 15]. During transertion, the cognate IM protein 

380 genes are anchored to the cell membrane [38], thus stretching the nucleoid into an open or radially 

381 expanded conformation [14]. Consistent with earlier studies, we also found that nucleoids were radially 

382 condensed following exposure to Cm (Fig 6; Cm30 and Cm200), but the effect took longer to develop in 

383 comparison to ARF48 induction and was not uniformly apparent in all cells until 30-45 min after 

384 treatment. As occurred following ARF48 expression, uptake of H33342 also was enhanced following 

385 exposure to Cm. Since the effects of Cm (30 µg/ml) are reversible for several hours (Fig 2D), the 

386 enhanced uptake of H33342 in this case does not indicate that the cells are dead or that the membrane 

387 has been irreparably damaged. 

388 Sec pathway localization enhances aberrant protein toxic potential

389 IM proteins are inserted into the membrane through translocons, channels in the membrane 

390 formed by the SecYEG protein complex [39]. Earlier studies showed that cytoplasmic proteins such as 

391 LacZ (β-galactosidase) can be mis-localized into the protein secretion (Sec) pathway by fusing a signal 

392 peptide to the protein N-terminus, and that this can result in lethal jamming of translocons [40]. To 

393 determine the impact of translocon jamming on nucleoid conformation, we studied a LamB-LacZ fusion 

394 protein that previously was shown to jam translocons [41]. In contrast to the plasmid-borne ARF48 

395 gene, the LamB-LacZ fusion protein gene is present in just one copy per chromosome. Following 

396 induction of LamB-LacZ expression, cell growth continued at a slow rate for about 3 h before finally 

397 halting (Fig 7A). Cell uptake of H33342 increased markedly after 1-2 h of induction, and by 4 h many 

398 nucleoids had a radially condensed conformation (Fig 7B).

399
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400 Fig 7. Toxic LamB-LacZ fusion protein increases cell uptake of H33342 and induces radial condensation 

401 of nucleoids. A, growth of E. coli strain JCM912 (kindly provided by T. Silhavy) following induction (by 

402 IPTG) of a toxic LamB-LacZ fusion protein expressed from a single-copy chromosomal gene (filled 

403 circles), in comparison to a non-induced control culture (open circles). B, fluorescence microscopy of cell 

404 samples from both cultures, taken at the indicated times after LamB-LacZ induction. The exposure time 

405 for all images was fixed at 1 s.

406

407 To further investigate the impact of Sec pathway localization on aberrant protein toxic potential 

408 and nucleoid conformation, we overexpressed truncated variants of the E. coli alkaline phosphatase (AP) 

409 protein. AP is a periplasmic enzyme that is synthesized as a precursor with an N-terminal signal peptide 

410 that is cleaved during or soon after translocation across the cell membrane [42]. Premature stop codons 

411 were introduced at different positions within the AP coding sequence, to mimic the protein truncating 

412 effect of aminoglycoside antibiotics. Cell growth was inhibited to varying degrees by all the truncated AP 

413 variants, but the smallest proteins, which were truncated after AP residues 149 or 241, had the most 

414 acutely toxic effect (Fig 8A). Enhanced accumulation of the larger variants (Fig 8C) suggests they may 

415 have self-aggregated before entering the Sec pathway. Deletion of 5 residues (LLPLL) from the signal 

416 peptide hydrophobic core (Δhc) attenuated the toxic effect of all truncated variants (Fig 8B), therefore 

417 indicating that Sec pathway localization is required for the toxic effect of these proteins. Nucleoids were 

418 rapidly condensed following expression of the acutely toxic variants (Fig 8E) and the effect was 

419 suppressed by the Δhc mutation (Fig 8D). These results support the conclusion that the toxic effect of 

420 aberrant proteins can result from disruption of transertion-mediated expansion of nucleoids into an 

421 open conformation required for cell growth [15].

422
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423 Fig 8. Truncated alkaline phosphatase (AP) variants are toxic when localized to the Sec pathway. A, 

424 growth of BL21 cells following induction of AP variants that were truncated after preAP codons 31, 149, 

425 241, 337, or 429 but contain an intact N-terminal signal peptide. B, same experiment as in A except the 

426 signal peptide of each truncated AP variant was inactivated by deletion of 5 amino acid residues (LLPLL) 

427 from the hydrophobic core (Δhc). C, 2h after induction, cell samples from the indicated cultures were 

428 lysed in 2X Laemmli sample buffer and electrophoresed in an SDS-polyacrylamide gel. Proteins were 

429 then visualized by staining with Coomassie blue. D, nucleoid conformation 1 h after induction of AP241 

430 containing a mutant signal peptide (Δhc). E, nucleoid conformation 1 h after induction of AP241 

431 containing a wild-type signal peptide. Scale bar, 10 µm. Cells in insets are enlarged 3X. Exposure times 

432 were set automatically by microscope software and were 1.8 s (D) and 0.3 s (E). 

433

434 Discussion

435

436 Misfolded and aberrant proteins have toxic potential [6, 43], but the underlying mechanisms 

437 have proven difficult to elucidate. Here we show that the HS transcription factor σ32 concentration 

438 increases following treatment of E. coli with the aminoglycoside Kan, indicating that at least some of the 

439 diverse aberrant proteins synthesized in these cells are recognized as substrates by the molecular 

440 chaperone DnaK [24]. Stabilization of σ32 indicates that HS gene expression has been activated, which 

441 typically results in increased synthesis of HS proteins that restore protein homeostasis and reset σ32 

442 concentration back to basal levels. σ32 concentration was permanently elevated following exposure to 

443 Kan however, suggesting that the HS response in these cells was blocked at some stage downstream of 

444 σ32 stabilization. 
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445 To investigate the abortive HS response in more detail without possible complicating effects of 

446 Kan or other antibiotics, we studied aberrant proteins that mimicked the bactericidal effect of 

447 aminoglycosides when expressed in E. coli from cloned genes. ARF48 proved to be an excellent model 

448 for this study, since it not only was bactericidal but also caused σ32 concentration to remain 

449 permanently elevated, as occurred following exposure to Kan. Knowledge of the ARF48 amino acid 

450 sequence and access to the coding sequence enabled the discovery of a 10-residue region, termed the 

451 KL decapeptide, that was required both for the toxic effect and for recognition by DnaK. This important 

452 finding indicates that toxic activity and recognition as a QC substrate are not mutually exclusive 

453 properties of aberrant proteins. This apparent paradox was resolved by the finding that the ARF48 toxic 

454 effect was proportional to gene dosage. Together these results suggest that QC capacity can be 

455 exceeded when aberrant proteins are produced at high rates, as can occur when aberrant proteins are 

456 overexpressed from genes cloned on multi-copy plasmid vectors or when aminoglycoside antibiotics are 

457 used above the minimum inhibitory concentration.

458 Our results also provided insights into the toxic mechanism of excess aberrant proteins that 

459 accumulate when QC capacity is saturated. As occurred following exposure of cells to Kan, σ32 

460 concentration increased about 10-fold over basal levels following ARF48 induction and remained at this 

461 elevated level indefinitely. As noted above, this atypical, prolonged stabilization of σ32 suggests that 

462 later stages of the HS response downstream of σ32 stabilization were not properly executed. In support 

463 of this conclusion, we found that levels of several HS proteins did not increase following ARF48 

464 induction. This block was not specific for HS proteins, because synthesis of other proteins unrelated to 

465 the HS response also was suppressed. Given the similarity to other effects of ribosome-targeting 

466 antibiotics, it is possible although unlikely that the global block in protein synthesis could result from 

467 direct inhibition of ribosomes by ARF48, in an antibiotic-like manner. In preliminary studies, we 

468 determined that the KL decapeptide is efficiently translated when inserted as a guest peptide at several 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2021. ; https://doi.org/10.1101/2021.10.06.463398doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.06.463398
http://creativecommons.org/licenses/by/4.0/


22

469 different positions in alkaline phosphatase (AB and PF, unpublished observations), indicating that this 

470 sequence element is not retained in the ribosomal exit tunnel as can occur during translation of the E. 

471 coli SecM protein [44, 45].

472 Radial condensation of nucleoids is a more likely mechanism for the general block in protein 

473 synthesis that occurs following ARF48 expression. Nucleoids in growing cells have an expanded 

474 conformation thought to result from coupled transcription and co-translational insertion (transertion) of 

475 inner membrane (IM) proteins into the cell membrane [13-15]. Based on modeling studies [15], it was 

476 proposed that the expanded nucleoid conformation is necessary for recycling of the 30S and 50S 

477 ribosomal subunits back into the genome for coupling of transcription and translation. According to this 

478 model, the rapid condensation of nucleoids that occurs following ARF48 induction would block recycling 

479 of ribosomal subunits, thus globally inhibiting gene expression.

480 Consistent with the model that transertion mediates expansion of nucleoids in growing cells, 

481 nucleoids are radially condensed when transcription or translation are inhibited by antibiotics [13, 15]. 

482 Since translocons serve as portals for insertion of IM proteins into the cell membrane [39] they also 

483 should be essential for transertion-mediated nucleoid expansion, but a role for translocons in nucleoid 

484 conformation has not been reported. Here we showed that nucleoids were radially condensed following 

485 expression of a LamB-LacZ fusion protein that previously was shown to jam translocons [46]. Nucleoids 

486 were similarly condensed following overexpression of truncated variants of the secretory protein 

487 alkaline phosphatase, and the effect was dependent on signal peptide function. These results are 

488 consistent with the model that transertion mediates nucleoid expansion and provide the first reported 

489 evidence that translocons play an essential role in this process.

490 The radial condensation of nucleoids following ARF48 induction suggests that ARF48 also might 

491 be localized to the Sec pathway. Unlike AP and LamB-LacZ, ARF48 does not have an N-terminal signal 
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492 peptide. However, our results indicate that the KL decapeptide mediates ARF48 interaction with an 

493 unidentified factor, in addition to DnaK, that might target ARF48 to the membrane. Possible candidate 

494 binding partners for KL include the signal recognition particle (SRP) and the SecA translocase, both of 

495 which were recently shown to have non-canonical interactions with substrate proteins [47, 48]. Earlier 

496 studies also showed that signal peptides enhance but are not always required for protein export through 

497 the Sec pathway [49]. Further studies will be needed to elucidate the ARF48 toxic mechanism. The small 

498 size of this protein would be advantageous for structural studies, which could reveal targets for novel 

499 antimicrobial drugs. 
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669 S1 Fig. Effect of Kan on σ32 stability. The data shown in Fig 1D (fold increase in σ32 concentration after 

670 60 min of exposure to varying doses of Kan) were quantified using the program Image J.

671 S2 Fig. The ARF48 toxic effect is not suppressed in cells containing co-resident plasmids from a 

672 different incompatibility group. Shown are growth curves corresponding to the experiment shown in 

673 Fig 3C. A, cell growth following ARF48 induction in cells containing a co-resident expression plasmid for 

674 RpoA (pACYC-pET-RpoA). Solid line with open circles, growth of the parental culture expressing RpoA 

675 alone; dotted lines with filled triangles, growth of parental culture samples after addition of aTc to 

676 induce ARF48 expression. The parental culture was treated with IPTG at time 0 to induce expression of 

677 RpoA. B, same experiment as A, except ARF48 was induced in cells containing a co-resident expression 

678 plasmid for RpoB (pACYC-pET-RpoB).

679 S3 Fig. DnaK is not required for the ARF48 toxic effect. A, growth of E. coli BL21 cells (which contain 

680 wild-type DnaK) following expression of ARF48 or the ARF-NR and ARF-DA variants. , non-induced 

681 control; , ARF48; , ARF-NR; , ARF-DA. B, same experiment as A, but proteins were expressed in a 

682 mutant E. coli strain that lacks the DnaK gene (ΔdnaK) [34]. The results shown are representative of 3 

683 independent experiments.
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