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Abstract 
Bacteria can adapt in response to numerous stress conditions. One such stress condition 
is zinc depletion. The zinc-sensing transcription factor Zur regulates the way enteric 
bacteria respond to severe changes in zinc availability. Under zinc sufficient conditions, 
Zn-loaded Zur (Zn2-Zur) is well-known to repress transcription of genes encoding zinc 
uptake transporters and paralogues of a few ribosomal subunits. Here, we report the 
discovery and mechanistic basis for the ability of Zur to up-regulate expression of the 
ribosomal protein L31 in response to zinc in E. coli. Through genetic mutations and 
reporter gene assays, we find that Zur achieves the up-regulation of L31 through a double 
repression cascade by which Zur first represses the transcription of L31p, a zinc-lacking 
paralogue of L31, which in turn represses the translation of L31. Mutational analyses 
show that translational repression by L31p requires an RNA hairpin structure within the 
l31 mRNA and involves the N-terminus of the L31p protein. This work uncovers a new 
genetic network that allows bacteria to respond to host-induced nutrient limiting conditions 
through a sophisticated ribosomal protein switching mechanism. 
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Graphical Abstract  

 
 
Introduction 

Zinc serves many important functions in bacteria, performing both as an enzymatic co-

factor and structural roles in proteins (1, 2). Sufficient intracellular zinc levels are needed 

to maintain these functions, but excess intracellular zinc can lead to toxicity (3). To survive 

in a range of zinc concentrations in external environments and within hosts, bacteria have 

adapted several mechanisms to maintain intracellular zinc levels within a viable range (4, 

5) 

 

One example of zinc adaptation in bacteria is switching of ribosomal proteins from zinc-

binding to zinc-lacking paralogues, which releases zinc from the zinc-binding ribosomes 

for other cellular functions (6, 7). The zinc-binding paralogues (called C+) have 4 

conserved cysteines for binding zinc, while the zinc-lacking paralogues (called C-) lack 

this zinc binding motif (8). In the model organism E. coli, the C+ ribosomal proteins are 

L31 and L36 (also referred to as L31A and L36A, respectively, encoded by the genes 
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rpmE and rpmJ.) L31 and L36 have C- paralogues, L31p and L36p (also referred to as 

L31B and L36B or YkgM and YkgO, encoded by the genes ykgM and ykgO)(8, 9). In the 

E. coli ribosome, L31 acts as a flexible bridge connecting the large 50S and small 30S 

subunit, switching between an extended and kinked conformation as the ribosome 

ratchets during translation elongation (10). In l31 knockout strains, E. coli have decreased 

efficiency of 70S ribosome assembly, decreased 70S ribosome stability, decreased in 

vitro translation output, increased frameshifting, and decreased growth, especially at 

lower temperatures and in rich media (11–14). L36 is a small and basic ribosomal protein 

involved in late-stage assembly of the 50S subunit and organization of the 23S rRNA (15, 

16). Recent crystallography and 2D gel electrophoresis studies of the E. coli ribosome 

indicate that L31p and L36p can replace L31 and L36 in the same general location in the 

ribosome, leading to ribosomes that can translate proteins with similar efficiency as with 

the C+ proteins present (13, 17). In addition to their dependence on intracellular zinc 

levels, L31p and L36p were identified in ribosomes in higher abundance during stationary 

phase than exponential phase (17). The zinc-lacking protein paralogues could also alter 

translation in a gene-depend manner, as suggested in a recent study in Mycobacterium 

smegmatis (18). 

 

To enact the ribosomal protein switch, microbes have evolved sophisticated gene 

regulatory networks that are governed by zinc availability. Much of this regulation focuses 

on the master transcription factor Zur, which among other targets represses transcription 

of l31p and l36p in the ykgMO operon in E. coli (Figure 1A) (19, 20). Zur is in the Fur 

family of transcription factors and represses gene transcription by binding to a consensus 
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palindromic sequence in the promoter called a Zur box (21). Besides the ykgMO operon, 

other genes repressed by Zur in E. coli include the ABC transporter znuABC, the 

periplasmic zinc scavenger zinT, and the lysozyme inhibitor pliG (19, 20, 22, 23).  

Biochemical studies indicate that E. coli Zur represses transcription by binding to the 

znuC promotor at free zinc concentrations in the subfemtomolar range (5). Live cell 

expression experiments in Bacillus subtilis suggest that Zur represses different genes 

across a range of zinc concentrations (24). While these studies all provide a clear 

mechanism for how Zur decreases L31p and L36p protein levels in response to zinc, they 

do not address how L31 or L36 could be affected by changes in zinc availability.  

 

In RNA-seq data comparing WT E. coli MG1655 to a zur knockout strain, mRNA levels of 

l31 (but not l36) were lower when zur was knocked out compared to wild-type, suggesting 

that Zur might regulate l31 transcription or mRNA stability (unpublished data, Wang and 

O’Halloran). Unlike the previously identified Zur-regulated genes in E. coli, the l31 

promoter lacks the consensus Zur-binding site (20), suggesting a more complex 

mechanism is at play than Zur’s canonical transcriptional repression. Some bacterial 

species both repress and activate gene expression with Zur, but those examples still 

depend on Zur binding to a Zur box in the promoter. In the actinobacteria Streptomyces 

coelicolor, Zur activates expression of the zinc exporter gene zitB at micromolar zinc 

concentrations by binding at additional sites directly upstream of the main Zur box (25). 

In Xanthomonas campestris, Zur can also activate gene expression by binding to DNA in 

the promoter, although the inverted repeat sequence for activation differs than that for 

repression (26). Because the E. coli l31 promoter region does not contain this type of 
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sequence, we hypothesized that Zur might regulate l31 mRNA levels expression through 

a different mechanism than promoter binding. 

 

One possible explanation is that a Zur-regulated protein could alter l31 mRNA levels 

through protein-DNA or protein-RNA interactions. In the recently uncovered L31 

autoregulation mechanism, L31 protein is proposed to bind to the l31 mRNA 5’ 

untranslated region to repress its own translation (27). Ribosomal protein autoregulation 

mechanisms have been identified for a series of bacterial ribosomal protein operons(28–

33). A similar mechanism could explain the zinc and Zur dependent increase in l31 mRNA 

in the RNA-seq data. The Zur-repressed L31p shares several structural characteristics 

with L31 protein, despite sharing <40% sequencing identity (17). In this model, L31p could 

bind the l31 mRNA 5’UTR in a similar manner as L31. By binding to the l31 5’UTR, L31p 

protein could block L31 translation, increase mRNA decay, and/or modulate transcription. 

Understanding this mechanism would help explain how bacteria are able to adapt to zinc-

deficient conditions, such as those presented by the host in nutritionally immunity to 

challenge pathogens (4, 34, 35). 

 

Here we address proposed mechanism 

s for zinc and Zur regulation of ribosomal protein switching between L31 and its zinc-free 

paralogue L31p in E. coli. Through L31-reporter gene assays, reverse transcription 

quantitative polymerase chain reaction, and proteomic analysis of purified ribosomes, we 

find that Zur and zinc increase L31 protein and mRNA levels by repressing the repressor 

L31p. By connecting zinc’s regulation of L31p protein to regulation of its paralogue L31, 
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this work proposes an RNA-protein mechanism that explains one means of bacterial 

adaption to zinc-deficient environments. Overall, this study increases our understanding 

of how bacterial ribosomes can change their composition to adapt to environmental 

stressors. 

 

Materials and Methods 

Preparation of Plasmids and Strains  

Strains used in the reported assays are derivatives of E. coli MG1655. The strain MG1655 

Dzur was provided by Dr. Suning Wang, and the remaining strains were created through 

P1 phage transduction as previously described, with BW25113 DykgM or DykgO from the 

Keio collection as donor strains and MG1655 wild-type or Dzur as recipient strains (36, 

37) 

 

Plasmids used in this manuscript are described in Table S1. Plasmids were cloned using 

Gibson Assembly or inverse PCR, propagated in E. coli TG1 competent cells in LB media, 

and isolated through miniprep (Qiagen.) Reporter plasmids had a p15A origin of 

replication, chloramphenicol resistance, and the terminator trrnB downstream of the 

sfGFP coding sequence. Plasmids for overexpressing ribosomal proteins in vivo had a 

ColE1 origin of replication, ampicillin resistance, the synthetic constitutive E. coli promoter 

J23108 from the Registry of Standard Biological Parts, and the terminator trnnB after the 

protein expression gene.  

 

Bacterial Growth Conditions 
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E. coli cells were grown in LB media (Difco LB Broth, Miller [Luria Bertani,] Fisher 

Scientific, Catalog #DF0446-07-5) for reporter gene and RT-qPCR assays. Antibiotic 

concentrations used were 34 µg/mg chloramphenicol and 100 g/mL carbenicillin 

(ampicillin derivative) as needed for plasmids. 

 

Plasmid were transformed using heat shock into cells and plated on LB-agar plates with 

selective antibiotics. Colonies were picked and transferred to 300 µL of LB media with 

appropriate antibiotics, then grown at 37° C for overnight culture. Overnight cultures were 

then diluted 1:50 in 200 µL of fresh media, placed in 96-well culture blocks (Costar 3961 

Assay block, 2 mL, 96 well standard,) covered in Breathe-EASIER covers (Diversified 

Biotech, cat. # BERM-2000,) and grown by shaking at 1000 RPM and 37 °C for the 

indicated times in a Vortemp shaker for cellular assays.  

 

For assays that included TPEN, transformations and cultures were set up as described 

above. The overnight cultures were diluted in LB containing antibiotics and 100 µM TPEN 

(Sigma Cat. #P4413-100MG.) After 2 hours of growth, 100 µM of ZnSO4 (Sigma-Aldrich, 

cat. #221376-100G) was added to selected wells for +Zn condition. Cells were grown for 

an additional 2 hours with or without the additional zinc. 

 

Growth and Fluorescence Analysis  

Unless otherwise noted, OD600 and fluorescence were measured on a Biotek Synergy 

H1 MF plate reader using clear-bottom 96-well plates (Thermo Scientific Nunc, #265301). 

Prior to plate reader measurements, 50 µL of culture was added to 50 µL of 0.1 M PBS 
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(Sigma-Aldrich, Cat. # P4417-100TAB). Three wells with 50 µL of media in PBS were 

also measured to use as a blank. Fluorescence was measured with excitation or 485 nm, 

emission of 528 nm, gain of 50. Growth was measured simultaneously on the same plates 

with 600 nm absorbance.  

 

The average fluorescence (485 nm, 528 nm) of three blanks was subtracted from the 

fluorescence of each well. The average OD600 of the same three blanks was subtracted 

from the OD600 of each sample. This calculated fluorescence value was divided by this 

calculated OD600 value to obtain the fluorescence/OD600 ratio to adjust for increases in 

fluorescence cause by increased density of cells. The average and standard deviations 

were calculated from the fluorescence/OD600 ratio of each sample well. 

 

Inductively Coupled Plasma Mass Spectrometry 

400 uL of LB media was added to three metal-free tubes (VWR Centrifuge tubes, 15 mL, 

Ref. #525-1121,). Nitric acid (Honeywell, Fluka, 84385-2.5 L, ³0.69%, TraceSELECT for 

trace analysis) was added to each LB sample and then diluted in water to a final volume 

of 3 mL and concentration of 3% nitric acid (v/v). Samples were heated at 60 °C overnight 

to digest. Tubes were weighed on an analytic balance between each step. ICP-MS was 

performed on a computer-controlled (QTEGRA software) Thermo iCapQ ICP-MS 

(Thermo Fisher Scientific, Waltham, MA, USA) operating in KED mode and equipped with 

an ESI SC-2DX PrepFAST autosampler (Omaha, NE, USA). Internal standard was added 

inline using the prepFAST system and consisted of 1 ng/mL of a mixed element solution 

containing Bi, In, 6Li, Sc, Tb, Y (IV-ICPMS-71D from Inorganic Ventures). Each sample 
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was acquired using 1 survey run (10 sweeps) and 3 main (peak jumping) runs (40 

sweeps).  The isotopes selected for analysis were 64,66Zn, and 89Y, 115In (chosen as 

internal standards for data interpolation and machine stability). Instrument performance 

is optimized daily through autotuning followed by verification via a performance report 

(passing manufacturer specifications). The average ppb of zinc was calculated by 

averaging 64Zn and 66Zn for each sample. Molarity was calculated by normalizing data 

to a series of standard zinc solutions (Inorganic Ventures, Christiansburg, VA, USA)." 

 

Ribosome Purification 

The ribosome purification protocol was developed in  our lab (Shepotinovskaya, Philips, 

et al., unpublished) using a method adapted from previous literature (38). Wild type and 

Dzur E. coli  MG1655 were streaked from glycerol stocks onto LB agar plates and 

incubated overnight at 37 °C. Cultures of one colony  of WT and Dzur strains were grown 

in LB overnight at 37 °C, shaking at 250 RPM. Those cultures were used to inoculate1L 

of LB at 1:100 dilution for each strain. Each 1L was grown for 4-5 hours at 37 °C, with 

shaking at 250 rpm, to an OD600 of ~0.7. The cells were harvested by centrifugation at 

6000 rpm, at 4 °C,  for 10 minutes. The cell pellets were resuspended in Buffer A [10 mM 

Tris-Cl (pH 7.4 at 4 °C), 70 mM KCl and 10 mM MgCl2], centrifuged at 6000 rpm, at 4 °C, 

for 5 minutes to remove traces of LB and then resuspended in 10 mL of fresh Buffer A. 

Samples were flash-frozen in liquid N2 and stored at -80 °C. When needed, the cells were 

thawed, then disrupted by sonication (60 seconds total with 1 second on/off cycles) at 

30% amplitude with a Branson Digital Sonifier® 450 (Branson Ultrasonics Corporation, 

Danbury, CT). The lysate was pre-treated with RNAse-free DNAase (20 U/mL) and CaCl2 
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(0.5 mM) and incubated on ice for 10 minutes. The lysate was then clarified from cell 

debris by centrifugation at 20,000 rpm, at 4 °C, for 60 minutes and used for ribosome 

purification.  

 

Lysates in Buffer A were cleared through Nalgeneâ GF-PRE and 0.45 µm SFCA syringe 

filters (Thermo Fisher Scientific, Waltham, MA). Ribosomes were purified with a 

CIMmultus™ QA-8 Advanced Composite Column [2 µm pores; 8 mL column volume 

(CV)] with a quaternary amine strong anion exchanger (BIA Separations d.o.o, 

Ajdovščina, Slovenia) using a Bio-Rad BioLogic DuoFlowä 10 chromatography system 

(Bio-Rad) set to 5 mL/min flow rate. All column purification steps were performed at 4 °C. 

Cleared lysates were applied to the QA-8 column over 1.25 CV with 38% Buffer B (Buffer 

B = Buffer A + 1 M NaCl). This was followed by a wash step over 10 CV with 38% Buffer 

B. Ribosomes were eluted over 10 CV with 46% Buffer B. The column was cleared of any 

remaining protein/nucleic acids with 100% Buffer B over 5 CV. Throughout the 

purification, 7.5 mL fractions were collected during the injection, wash (38% Buffer B) and 

clearing steps (100% Buffer B), and 4.0 mL fractions were collected during the ribosome 

elution step (46% Buffer B). Various fractions, corresponding to chromatogram peaks 

(measured at 280 nm absorbance), were analyzed by SDS-PAGE for the presence of 

ribosomal proteins. Fractions containing ribosomes were combined, exchanged into 

ribosome Storage Buffer [50 mM HEPES (pH 7.5 at 4 °C), 10 mM MgCl2 and 70 mM 

NH4Cl], and concentrated using an Amicon Ultra-15 centrifugal filter units (3K MWCO) 

(MilliporeSigma, Burlington, MA) at 4 °C to a volume of 1-2 mL. Ribosome concentrations 

were measured using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) to 
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measure total protein concentration. The presence of L31 and L31p in the ribosome was 

confirmed by proteomics analysis. Proteomics services were performed by the 

Northwestern Proteomics Core Facility. 

 

TMT Sample Preparation 

All reagents were purchased from Thermo Fisher Scientific unless otherwise notes. 

Purified ribosomes were sonicated for three rounds of 15 seconds and centrifuged at 

10,000 x g for 10 minutes. Protein concentration was determined by BCA and 100 µg 

protein was diluted in a final volume of 200 µL with 100 mM TEAB prior to reduction with 

TCEP at a final concentration of 10 mM for 1 hour at 50 °C. Reduced cysteines were 

derivatized with iodoacetamide at a final concentration of 18.75 mM for 30 minutes in the 

dark. Proteins were precipitated with 8 volumes of ice-cold acetone and 1 volume TCA 

and incubated overnight at -20 °C. Precipitates were pelleted at 15,000 x g for 15 minutes 

at 4 °C, washed twice with ice-cold acetone, and air dried followed by resuspension in 

100 mM TEAB. Samples were digested at 37 °C with 0.5 µg Lys-C for 6 hours then 1 µg 

trypsin overnight. TMT labelling and desalting were performed according to 

manufacturer’s recommendations (Thermo Fisher Scientific). 

 

LC-MS/MS Analysis for TMT 

Peptides were analyzed by LC-MS/MS using a Dionex UltiMate 3000 Rapid Separation 

nanoLC and a Q Exactive HF Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo 

Fisher Scientific Inc, San Jose, CA). Approximately 1 μg of peptide samples was loaded 

onto the trap column, which was 150 μm x 3 cm in-house packed with 3 μm ReproSil-Pur 

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 27, 2022. ; https://doi.org/10.1101/2022.05.27.493739doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.27.493739
http://creativecommons.org/licenses/by/4.0/


beads (Maisch, GmbH). The analytical column was a 75 μm x 10.5 cm PicoChip column 

packed with 3 μm ReproSil-Pur beads (New Objective, Inc. Woburn, MA) at 300 nL/min. 

Solvent A was 0.1% formic acid (FA) in water and Solvent B was 0.1% FA in acetonitrile 

(ACN). The peptides were separated on a 180-min analytical gradient from 5% ACN/0.1% 

FA to 30% ACN/0.1% FA. The mass spectrometer was operated in data-dependent 

mode. Data were acquired in technical duplicate. The source voltage was 2.10 kV and 

the capillary temperature was 320 °C. MS1 scans were acquired from 300-2000 m/z at 

60,000 resolving power and automatic gain control (AGC) set to 3x106.  The top 15 most 

abundant precursor ions in each MS1 scan were selected for fragmentation. Precursors 

were selected with an isolation width of 2 Da with fixed first mass at 100 m/z for a reporter 

ion detection and fragmented by Higher-energy collisional dissociation (HCD) at 30% 

normalized collision energy in the HCD cell. Previously selected ions were dynamically 

excluded from re-selection for 20 seconds. The MS2 AGC was set to 1x105. 

 

Proteomics Data Analysis 

Proteins were identified from the tandem mass spectra extracted by Xcalibur version 4.0. 

MS/MS spectra were searched against the Uniprot E. Coli K12 database using Mascot 

search engine (Matrix Science, London, UK; version 2.5.1). All searches included 

carbamidomethyl cysteine as a fixed modification and oxidized Met, deamidated Asn and 

Gln, acetylated N-term, and TMT6-plex on Lys and N-term as variable modifications. 

Three missed tryptic cleavages were allowed. The MS1 precursor mass tolerance was 

set to 10 ppm and the MS2 tolerance was set to 0.05 Da.  TMT reporter ion quantification 

and validation of identified peptides and proteins were performed by Scaffold software 
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(version Scafpercent_4.8.4, Proteome Software Inc., Portland, OR).  Intensity of reporter 

ions were calculated by Scaffold Q+. A 1% false discovery rate cutoff was applied at the 

peptide level. Only proteins with a minimum of two peptides above the cutoff were 

considered for further study. An ANOVA test with Benjamini and Hochberg false discovery 

rate (FDR) correction was applied to the comparison among the conditions, using a 0.05 

threshold for statistical significance. 

 

RT-qPCR of sfGFP mRNA 

Overnight cultures were grown in LB media in a Vortemp shaker as described above with 

3 cultures per strain/plasmid combination, each from a different transformed colony.  Each 

overnight culture was diluted 1:50 in LB-antibiotic the next morning into 3 separate 200 

µL cultures to increase the volume for analysis while still allowing for sufficient 

oxygenation of each well. Cells were then grown as described in “Bacterial Growth 

Conditions” above. After 2 hours, or early exponential phase, 150 µL of each culture from 

samples of the same strain/plasmid combination were combined and pelleted by 

centrifugation. RNA was isolated by resuspending in Trizol (Ambion, Ref #15596018) 

extracting with chloroform (Acros Organics, Code 423555000) and ethanol precipitation. 

RNA was quantified using a Qubit ssRNA broad range assay (Catalog # Q10211). DNA 

from the samples was digested by incubating 200 ng of total RNA from each sample with 

DNAse Turbo (Invitrogen, Ref #AM2238) in Turbo DNAse buffer (Invitrogen, #4022G) for 

1 hour at 37 °C to digest.  Phenol:chloroform extraction was then performed (Acros 

Organics Phenol/Chloroform/Isoamyl alcohol (25:24:1) Code 327115000; Acros Organics 

Chloroform, Code 423555000) followed by an additional ethanol precipitation. RNA was 
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quantified again using a Qubit ssRNA high sensitivity assay to quantify the volume 

needed for the reverse transcription (RT) reaction (Catalog #Q32852). Reverse 

transcription was then performed by incubating 1 ng of RNA with 0.5 µL of 10 mM dNTPs 

and 0.5 µL of 2 µM reverse transcription primer (Table S3) in a 6.5 µL volume at 65 °C 

for 5 minutes, then placed on ice for 5 minutes. For each sample, one reaction was 

performed with the sfGFP reverse transcription primer, and the other was performed with 

the 16S rRNA primer as a control. To those reactions, 2 µL of First Strand buffer 

(Invitrogen, P/N Y02321,) 0.5 µL of 0.1 M fresh DTT, 0.5 µL of RNAse-out (Thermo Fisher 

Scientific, cat. # 10777019,) and 0.25 µL Superscript III reverse transcriptase (Invitrogen, 

P/N 56575) were added to a volume of 10 µL. Samples were then incubated at 55 °C for 

1 hour. Control reactions without Superscript III with each reverse transcription primer 

were performed to verify the absence of plasmid DNA contamination. 

 

Quantitative PCR was performed on the above cDNA samples in technical triplicate, 

performing the PCR reaction in three separate wells for the same reverse transcription 

sample. Each reaction consisted of 1 µL of reverse transcription samples, 5 µL SYBR 

Green mastermix (Applied Biosystems by Thermo Fisher Scientific, Ref. #4344463) and 

0.5 µL of 2 µM of each corresponding forward and reverse qPCR primers: sfGFP qPCR 

primers for sfGFP RT reactions, and 16S rRNA qPCR primers for the 16S rRNA RT 

reactions (Table S3). Control reactions without reverse transcription enzyme from above, 

and reactions with nuclease-free water instead of cDNA template were run 

simultaneously. Samples were prepared on a 96-well PCR plates (Corning, Thermowell 

gold PCR plates, polypropylene, Ref. #3752) and covered with a clear sealing cover 
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(Thermo Scientific, Ref. #23701). PCR was performed on a BioRad CFX Connect Real-

Time System with the following cycling settings: 50 °C for 2 minutes, 95 °C for 10 minutes, 

40 cycles of 95°C for 15 seconds and 60 °C for 1 minute, followed by a melt curve analysis 

from 65 to 95 °C in 0.5 °C increments. The cycle threshold, or Cq, for each sample was 

calculated by the software CFX Manager Version 3.1.1517.0823. The D Cq for each 

sample was calculated by subtracting 16S rRNA average Cq from each sfGFP Cq value 

from the same RNA isolation sample (i.e. the Cq with sfGFP primers minus the Cq with 

16S rRNA primers, both from WT strains with the control-sfGFP plasmid.) The average D 

Cq of the WT control-sfGFP sample was subtracted from the D Cq of each well to obtain 

the DDCq of each well. Relative quantification of each well was calculated as 2^(- DDCq.)  

 

Prediction and Design of 5’UTR Structures 

RNA structures were predicted using the online software NUPACK (39–43). For the l31 

5’UTR and its mutants, RNA from the transcription start site to the 10th nucleotide of the 

l31 coding region were including in the input. 

 

The scrambled control was generated by adding a ribosome binding site and randomly 

scrambling the remaining nucleotides to generate a new 5’UTR that has the same length 

and nucleotide composition as the l31 5’UTR. Mutations to the 5’UTR were designed by 

trial-and-error and input in NUPACK to design mutants in which the minimum free energy 

structure only changes in the targeted location or does not change, depending on the 

experiment. 
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Modeling Protein-RNA Interactions 

Images were rendered on the software ChimeraX using PDB 6i7v (17, 44, 45). 

 

Material Availability 

All plasmids are deposited at Addgene depository, Deposit # 80991. Plasmids are 

described in Table S1. 

 

Results 

The presence of zur increases L31-reporter levels 

 

Zur is well known as a zinc-responsive repressor of transcription in bacteria (20, 21, 46) 

In a previous un-published RNA-Seq study comparing transcriptome wide gene 

expression in WT and Dzur E. coli cells, we found evidence that Zur could potentially up-

regulate l31 mRNA levels (Wang and O’Halloran, unpublished data.) We first sought to 

corroborate this finding using reporter gene assays. To determine how the presence of 

Zur, combined with zinc, could affect L31 protein levels, we constructed a sfGFP reporter 

plasmid by fusing 400 nucleotides of the l31 promoter region, the 105 nt-long l31 

5’untranslated region (5’UTR), and the first 90 nt of the l31 coding region (encoding 30 of 

L31’s 70 amino acids) translationally fused to the superfolder sfGFP coding sequence 

(Figure 1B). This expression construct was then placed on a p15A plasmid with 

chloramphenicol resistance (47). Similarly, we constructed a control DNA construct by 

fusing an E. coli sigma70 constitutive promoter, a scrambled l31 5’UTR, and the same 

fusion protein coding sequence on the same plasmid backbone (Figure 1B).  
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We next performed gene expression assays by transforming these plasmids in both WT 

and Dzur MG1655 cells, growing colonies in LB media overnight, subculturing, and 

characterizing sfGFP fluorescence and cell growth over time with a plate reader (Figure 

1C-F, S1A). The fluorescence from sfGFP for each culture was divided by its plate reader-

measured absorbance at 600 nm (OD600) in order to normalize for cell density (Figure 

1E). The OD600 values were measured by diluting cultures 2x and measuring on a plate 

reader, which gave similar trends as when measured using a standard cuvette (Figure 

1D, S1B, S1C). At all measured timepoints, expression of the L31-sfGFP construct was 

greater in WT than Dzur cells (Figure 1E). In addition, the control plasmid showed similar 

levers of fluorescence/OD600 in both WT and Dzur cells (Figure 1F, S1D-F). Taken 

together, these results show that the presence of zur results in increased expression from 

the l31 expression context and suggest a role for Zur in up-regulating L31 expression.  

 

Exogenous zinc further increases L31-reporter levels in the presence of zur  

Because Zur is a zinc-responsive transcriptional repressor of a variety of E. coli genes, 

we next sought to determine if L31-sfGFP protein levels were also affected by exogenous 

zinc concentration in the media. The average zinc concentration in the batch of LB media 

used in these experiments was established by ICP-MS to be 91.5 µM (Table S2). To 

compare zinc-limitation and zinc replete conditions, 100 µM TPEN was added to LB 

media in the subcultures.  To half of these samples, 100 µM zinc was later added, and 

growth was analyzed as described above (see Materials and Methods). In WT cells 

transformed with the L31-sfGFP construct, we observed a significant increase in 
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fluorescence/OD600 levels in the zinc-replete relative to zinc-limitation conditions (Figure 

2A). However, the same construct transformed in the Dzur strain showed no significant 

dependence on zinc availability (Figure 2A). Parallel experiments in strains containing the 

control plasmid showed a small decrease in fluorescence/OD600 in zinc-replete conditions 

regardless of the presence of zur (Figure 2B). Overall, these results show that zinc leads 

to increased expression of the regulated l31-sfGFP expression construct, but only in the 

presence of zur. This suggests that that both Zur and zinc together increase L31 

expression. 

 

zur increases l31 mRNA levels and L31 incorporation into ribosomes 

To determine if the presence of zur also increases the expression of l31-sfGFP at the 

mRNA level, we performed qRT-PCR on E. coli WT and Dzur subcultures. These 

subcultures were grown for two hours to early exponential phase using the same strains, 

plasmids, and growth methods used in the L31-sfGFP in vivo expression assays. Similar 

to our previous sfGFP fluorescence results, the l31-sfGFP mRNA was shown to be higher 

in the presence of zur, but only for the plasmid with the l31 promoter and 5’UTR (Figure 

3A, Figure S2.) 

 

We next investigated how the presence of zur affects the abundance of L31 vs. L31p 

protein that are incorporated into cellular ribosomes. A recent study in Mycobacteria 

smegmatis suggests that alternative zinc-lacking ribosomal protein paralogues could alter 

ribosome translation gene-specifically, indicating a potential role of ribosomal protein 

paralogue switching in modulating translation to adapt to environmental stressors (18). 
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The first step to study a possible similar mechanism in E. coli is to determine if the 

ribosomal protein L31p replaces L31 when Zur is de-repressed (or zur is absent). To 

investigate this, ribosomes were purified from both WT and Dzur strains grown in 

exponential phase cultures in LB media from diluted overnight cultures (Figure S3), 

avoiding a possible increase in L31p resulting from stationary phase (17). Mass 

spectrometry was performed on both ribosome samples to determine the change in L31 

and L31p from WT to Dzur ribosomes. Based on this analysis, we found that ribosomal 

incorporation of L31 was lower and L31p incorporation higher in Dzur cells, suggesting 

that a decrease in L31 protein levels in Dzur cells also results in decreased L31 in the 

ribosome (Figure 3B). These results demonstrate that the absence of zur can lead to 

changes in l31 mRNA levels, which could lead to increases in L31p and decreases of L31 

incorporation into cellular ribosomes. 

 

 

L31p is required for zur and zinc to increase L31-reporter levels 

We then aimed to determine the general mechanism by which Zur and zinc act to increase 

L31 protein expression. Zinc-loaded Zur is known to be a repressor of transcription of the 

ykgMO operon by binding to the Zur box in the promoter of the operon (19, 20). Recent 

work suggests that the L31 protein represses its own translation by binding to its mRNA 

(27). We therefore hypothesized that L31p, which is structurally similar to L31 and 

encoded in the ykgMO operon, could act as a repressor of L31 translation when that 

operon is de-repressed by Zur. To determine if Zur and zinc act to increase L31 protein 

levels through the Zur-regulated ribosomal protein L31p (or L36p, also encoded in the 
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ykgMO operon), we first generated strains lacking these genes, with or without zur. We 

did not knock out l31 to avoid growth defects of Dl31 (DrpmE) (12), which could confound 

results with inconsistencies in growth phase. These strains were transformed with the 

L31-sfGFP and control-sfGFP plasmids, grown in LB cultures overnight, subcultured for 

various timepoints, and characterized for fluorescence and OD600 on a plate reader 

(Figure S4A-D). Comparison of fluorescence/OD600 between zur-containing and Dzur 

strains of the three different contexts (WT, Dl36p, Dl3lp) at 6 hours of subculturing allowed 

us to investigate how l36p and l31p affect zur-mediated regulation. For the regulated L31-

sfGFP construct in both the WT and Dl36p contexts, we observed a decrease in 

expression with Dzur as before (Figure 4A, S4E-F), but not with the control plasmid 

(Figure 4B, S4G-H), suggesting that l36p does not play a principal role in regulation of 

L31-sfGFP. In contrast, the Dl31p context showed no repression of the L31-sfGFP 

construct when knocking out zur (Figure 4A). These data suggest that knocking our zur 

only decreases L31-sfGFP levels in the presence of l31p.  

 

To determine if L31p’s repression is also regulated by zinc, the same strains were tested 

for sfGFP fluorescence in the presence of 100 µM TPEN, with or without added 100 µM 

zinc (Figure 5, S5). Comparing the observed fluorescence/OD600 measurements in the 

zinc and no zinc conditions between strains showed that the Dl31p context broke Zn-

mediated regulation, while the Dl36p context still showed a Zn-mediated increase in 

expression though with quantitatively different levels (Figure 5A). This trend was not 

observed with the control-sfGFP plasmid (Figure 5B). 
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Combined, these data further support that Zur and L31p - but likely not L36p - are 

elements in the Zur regulatory circuitry that increases L31 expression in sufficient zinc. 

Because Zur and zinc were previously reported to repress l31p expression (19), we 

hypothesize that L31p could be a Zur-regulated repressor of L31 protein expression.  By 

playing the role as a translational repressor, the role of L31p is to flip the repression logic 

of Zur into an activator. 

 

The L31 protein can autoregulate its own translation through a mechanism that requires 

the 5’UTR of its mRNA for repression (27). We therefore hypothesized that the 5’UTR 

region of the l31 mRNA is similarly required for zur to increase L31-sfGFP levels in our 

assays. To test this hypothesis, we constructed reporter plasmids that contained either 

the l31 5’UTR or a scrambled 5’UTR plus a ribosome binding site, in combination with 

either the l31 promoter region or a synthetic sigma 70 promoter (Figure 6A). When WT 

and Dzur cells were grown in LB with these plasmids, the Dzur cells showed a significant 

decrease in sfGFP expression only when the constructs contained the l31 5’UTR, 

independent of promoter region (Figure 6B). This result demonstrated that the l31 

5’UTR—not the promoter—is required for zur’s regulation of L31 protein levels. 

 

We next asked which sequence or structural features of the l31 5’UTR may be responsible 

for this regulation. The l31 5’UTR sequence is highly conserved and is predicted to fold 

into a secondary structure consisting of 4 stem-loops, including a long, asymmetrical 

stem-loop (Figure 6C) (27, 48) Using this secondary structural model as a guide and 

NUPACK RNA structure prediction software, we mutated regions of the l31 5’UTR within 
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our expression plasmid constructs and performed gene expression assays to determine 

which structural features are most important in this regulatory mechanism (Figure S6) 

(39–43). Deletion of the first 39 nucleotides showed similar L31-sfGFP expression trends 

to WT (Figure 6D). Deleting part of the predicted single stranded region between the first 

and second stem-loop (D35-46) caused low overall expression — a result seen in L31 

autoregulation — but still a decrease from Dzur vs. WT (Figure 6D) (27). Deleting part of 

the longest stem-loop (D47-54, D76-86), however, eliminated zur’s ability to regulate this 

mechanism (Figure 6D). Deleting part of the stem-loop that binds with the RBS (D84-89) 

still allows zur to regulate L31-sfGFP to some extent, suggesting that the mechanism 

likely does not require interactions that directly block or free the ribosome binding site 

(Figure 6D). 

 

We then performed a more refined mutational analysis of the long stem-loop to determine 

which nucleotides or sections of the stem-loop are required for regulation. When the lower 

predicted inner loop was deleted (DG52, DG79), Dzur reduced L31-sfGFP with almost as 

great of percent change as WT, albeit higher overall sfGFP levels (Figure 6E). However, 

when the predicted inner loop was closed by creating a wobble base pair (G79U), the 

ability of Dzur to repress was almost completely eliminated (Figure 6E). In the upper inner 

loop, deleting the 2 nucleotides A74 and A76 to symmetrize the inner loop structure fully 

eliminated zur’s regulation and resulted in higher overall expression (Figure 6F). Similar 

results were observed in the U54C mutation, which strengthens a wobble pair to form a 

stronger Watson-Crick-Franklin base pair in this region. In contrast, mutating nucleotides 

74-76 while maintaining the same minimum free energy predicted structure (AGA 74-76 
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GAG), only reduced the percent change of Dzur’s repression approximately in half (Figure 

6F, S6). Similarly, mutating the wobble pairs to Watson-Crick-Franklin pairs in the upper 

stem (U58C, U70C) had no discernable effect of regulation, nor did shrinking the upper  

loop (DG62, DG67) have a large effect on the percent change between strains, other than 

higher overall expression (Figure S7).  

 

Overall, these data demonstrate the importance of the RNA hairpin structure within l31 

5’UTR and, in particular, of the asymmetrical inner loop region in the ability of zur to 

upregulate L31 protein expression. 

 

The L31p N-terminus is needed to repress L31-sfGFP expression  

Next, we examined the effect of overexpressing L31p variants in cells to determine which 

region of L31p is most important for L31-sfGFP regulation.  To do so, we performed 

assays in which WT E. coli were grown as in previous experiments with the addition of 

plasmids that constitutively express L31p, mutants of L31p, or other proteins as controls. 

The previous study on L31 autorepression determined that the deletion of the N-terminus, 

but not deletion of the C-terminus, reduced L31 autorepression (27).  An existing crystal 

structure of L31p protein within the E. coli ribosome showed that 3 residues of the L31p 

N-terminus interacts with the 5s rRNA, suggesting a possible role in the L31p N-terminus 

in binding to l31 mRNA (Figure 7A-C). 

 

We first determined the effect of overexpressing L31p in vivo on L31-sfGFP levels. 

Compared to expression of the control protein L34, L31p decreased L31-sfGFP 
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fluorescence with a 67% decrease, supporting its role as a repressor of L31 (Figure 7D 

S8A, S8B). Expression of L31, a known autorepressor, decreased its own expression 

with a 39% percent decrease (Figure 7D). Expressing L31p and L31 from plasmids did 

not decrease sfGFP expression in the control construct (Figure S8C-E). Expression of 

L36p also resulted in some repression of L31-sfGFP--a 24% decrease, but it is unclear 

from this result if L36p can also contribute to L31p’s repression of L31 protein expression 

(Figure 7D).  

 

We then studied the role of different regions of L31p protein on its ability to repress L31-

sfGFP. Deletion of N-terminal amino acids 2-8 prevented L31p from repressing L31-

sfGFP, while deletion of C-terminal amino acids allowed L31p to repress L31-sfGFP just 

as effectively (Figure 7E, S8F). To evaluate roles of individual amino acids in the 

repression mechanisms, we focused on individual charged residues (K2, H6, E8) that 

have the potential to affect L31p interactions with the negatively charged l31 5’UTR 

mRNA. Independently mutating K2, H6, or E8 to an alanine each resulted in as much or 

almost as great of L31-sfGFP expression as deleting the N-terminus (Figure 7E, 7F, S8F). 

This suggests that either all these charged residues are important for the protein-RNA 

interaction, or these individual mutations cause too great of a structural change for L31p 

to bind to the l31 mRNA.  

 

Collectively, these results demonstrate that L31p, like L31, requires its N-terminus to 

repress L31 protein expression. 
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Discussion 

Taken together, the data in this study lead us to propose a mechanism to explain the 

switch to the zinc-lacking ribosomal protein L31p in zinc-deficient conditions from the zinc-

binding L31 in zinc-sufficient conditions (Figure 8). In zinc-deficient conditions, the 

transcription factor Zur does not repress the ykgMO operon, allowing L31p protein to be 

expressed. We propose that the L31p protein in turn interacts with an RNA hairpin 

structure in the l31 5’UTR mRNA, blocking L31 translation, decreasing transcription, 

and/or increasing l31 mRNA decay. In zinc-sufficient conditions, Zur represses the 

expression of l31p, preventing L31p protein from repressing L31. Results from in vivo 

L31-sfGFP assays support this mechanism by demonstrating that l31p is needed for zur 

and zinc to regulate L31-sfGFP expression (Figures 4A, 5A). This mechanism is further 

supported by increased repression of L31-sfGFP when L31p is constitutively expressed 

off a plasmid (Figure 7D). We identified three levels at which Zur regulates l31: l31 mRNA 

through RT-qPCR, L31-sfGFP protein through in vivo reporter gene assays, and L31 

protein incorporation into the ribosome through proteomic analysis of purified ribosomes 

(Figure 1E, 3A, 3B). The proteomics results suggest that Zur—and likely its ligand zinc—

not only affect L31 protein levels within the cell but also alters the content of the ribosome, 

corroborating a recent examination of an E. coli Dzur ribosome though 2D gel 

electrophoresis (13). In summary, zinc-loaded Zur increases L31 protein expression by 

repressing a repressor of L31 expression: L31p. Similar repression of a repressor 

mechanisms have previously been reported with bacterial sRNAs (49). One such 
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example is the activation of genes by the iron-sensing transcription factor Fur; Fur 

represses expression the small RNA RyhB, which in turn represses numerous genes by 

binding to their mRNA (50, 51) 

 

This information alone is not enough to determine if the repression of L31 by L31p occurs 

through transcription, translation, or RNA-degradation-level regulation. RNA-binding 

proteins can modulate any of these levels or multiple at once (52). Even though we 

observe a decreased L31-sfGFP mRNA level in Dzur cells (Figure 3A), translational 

regulation of the transcript could still occur. Reduced translation can increase a 

message’s susceptibility to RNAse degradation or increase transcription termination, as 

ribosomes and RNA polymerase can occupy the same message simultaneously (47– 50) 

Several instances of autoregulatory ribosomal protein that primarily act through 

translational mechanisms also decrease its mRNA half-life in E. coli, including L1 and S4 

(57, 58). E. coli ribosomal protein L4 can regulate its own expression at both at the 

translational level and by regulating the formation of a transcription terminator in its 

operon (59, 60). Further studies are needed to determine at which of these levels L31p 

regulates l31. 

 

Mutational analyses of the l31 5’UTR and L31p protein provide several key insights to the 

proposed L31p protein-l31 mRNA binding mechanism. The longest stem-loop in the l31 

5’UTR appears to be most important for this regulation, which parallels the findings of L31 

autoregulation (Figure 6C-D) (27). Deleting nucleotides 74 and 76 from bulge 2 in that 

stem-loop broke the L31-sfGFP on at a high level, while just mutating nucleotides 74-76 

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 27, 2022. ; https://doi.org/10.1101/2022.05.27.493739doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.27.493739
http://creativecommons.org/licenses/by/4.0/


resulted in L31-sfGFP regulation more similar trend--although not identical--to the native 

l31 5’UTR. (Figure 6F). Therefore, maintenance of the overall structure of the bulge 

appears to be more important than specific nucleotide identity. Based on the NUPACK 

prediction, two base pairs between the two bulges have a lower predicted probability of 

pairing compared to other base pairs within the stem-loop (Figure S6). This could result 

in a dynamic opening of those base pairs to create one large bulge from the two smaller 

bulges. In a U54C mutant, which increases the probability of base pairing by replacing a 

U-G wobble pair with a C-G Watson-Crick-Franklin pair, the percent change to Dzur was 

almost completely eliminated (Figure 6F). Wobble U-G base pairs serve many necessary 

roles in RNA structures due to their conformational flexibility and alteration of the helical 

twist compared to canonical pairs (61). Similar asymmetric bulges adjacent to non-

canonical base pairs are present in other bacterial ribosomal protein mRNA that bind 

ribosomal proteins, including the E. coli L1 and L10(L12)4 binding sites (28, 62, 63). 

Combined, this information could indicate that L31p protein binds to the l31 5’UTR at this 

region at bulge 2 when it is correctly oriented, and it depends on the increased flexibility 

from being adjacent to a G-U wobble pair.  

 

Mutational and biochemical analyses of the l31 5’UTR and L31p protein provides limited 

insights into l31 mRNA-L31p interaction. For one, our study and previous analyses of the 

l31 5’UTR involves the predicted minimum free energy equilibrium structure. While this 

structure can play an important role in this mechanism, other RNA structures, including 

higher energy structures in equilibrium and co-transcriptional RNA folding pathways, can 

also be critical to regulatory mechanisms (64, 65). Consequently, more rigorous structural 
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studies are needed to determine more detailed structural, dynamic, and mechanistic 

information. 

 

Results of the in vivo assays suggest that L31p appears to be the primary repressor of 

L31-sfGFP. Still, we cannot rule out the possibility that L36p, which is encoded in the 

same operon as L31p, also plays a role in this mechanism. L36p could contribute to 

L31p’s repression of L31; mechanisms of two ribosomal proteins binding to one transcript 

have been reported (66, 67). The S6:18 and L10(L12)4 proteins are proposed to regulate 

translation of their transcripts by binding to their mRNA, indicating this as possible for 

L31p and L36p (66, 67). In vitro studies with both L31p and L36p proteins are needed to 

determine if L36p could play an additive role in this mechanism. 

 

Our L31/L31p switching mechanism in Figure 8 complements some recent studies that 

elucidate the function of zinc-lacking paralogues in bacterial ribosomal proteins. Recent 

work has shown that L31p (or L36p) in the ribosome allows improved growth and 

translation compared to cells lacking either both L31 and L31p or L36 and L36p (13). 

Compared with L31, though, L31p moderately reduces low-temperature growth, 

translational fidelity within the reading frame, and translation processivity in cells with 

L31p (12). A study in Mycobacteria smegmatis used ribosome profiling to determine that 

the zinc-lacking ribosomal proteins preferentially translate certain genes compared to the 

zinc-binding forms (18); however, Mycobacteria smegmatis have a different set of C+/C- 

paralogue ribosomal protein compared to E. coli (8). Profiling ribosomes in E. coli with 

L31/L36 or L31p/L36p could provide insight on the role of L31p in translation specificity. 
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These and other methods to analyze ribosome function could help explain the 

significance of bacteria switching to these paralogues in zinc-deficient conditions. 

 

In conclusion, the transcription factor Zur and its ligand zinc increase expression of zinc 

-dependent ribosomal L31 protein in E. coli in a multistep process. The data support a 

model in which regulation of L31 protein occurs through a repression of a repressor 

mechanism: Zur and zinc repress transcription of ribosomal protein gene l31p, and L31p 

protein represses translation of L31 protein expression by binding to the l31 mRNA 

5’UTR. This mechanism helps to explain how bacteria can change ribosome composition 

to adapt to environmental stress. 

 

Data Availability 

Data generated in this manuscript are available in the extended data file. 

 

Supplementary Data 

Supplementary data are available in the supplemental information. 

 

Acknowledgements 

We thank Steven Philips for assisting with ribosome purification and Suning Wang for the 

unpublished results that inspired the initiation of this project. Elemental analysis was 

performed at the Northwestern University Quantitative Bio-element Imaging Center 

generously supported by NASA Ames Research Center Grant NNA04CC36G.  Proteomic 

analysis was performed at the Northwestern Proteomics Core Facility, supported by NCI 

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 27, 2022. ; https://doi.org/10.1101/2022.05.27.493739doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.27.493739
http://creativecommons.org/licenses/by/4.0/


CCSG P30CA060553 awarded to the Robert H Lurie Comprehensive Cancer Center, 

instrumentation award (S10OD025194) from NIH Office of Director, and the National 

Resource for Translational and Developmental Proteomics supported by P41GM108569. 

Molecular graphics and analyses performed with UCSF ChimeraX, developed by the 

Resource for Biocomputing, Visualization, and Informatics at the University of California, 

San Francisco, with support from National Institutes of Health R01-GM129325 and the 

Office of Cyber Infrastructure and Computational Biology, National Institute of Allergy and 

Infectious Diseases. 

 

Funding 

This material is based upon work supported by the National Science Foundation 

Graduate Research Fellowship Program under Grant No. DGE-1842165 to R.A.R. Any 

opinions, findings, and conclusions or recommendations expressed in this material are 

those of the author(s) and do not necessarily reflect the views of the National Science 

Foundation. Research reported in this publication was supported by the National 

Institute of General Medical Sciences of the National Institutes of Health under Award 

Number [T32GM105538 to R.A.R., R01GM038784 to T.V.O.]. The content is solely the 

responsibility of the authors and does not necessarily represent the official views of the 

National Institutes of Health. 

 

Conflict of interest statement: none declared 

 
 
 
 

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 27, 2022. ; https://doi.org/10.1101/2022.05.27.493739doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.27.493739
http://creativecommons.org/licenses/by/4.0/


References 
1. Andreini,C., Banci,L., Bertini,I. and Rosato,A. (2006) Zinc through the Three Domains 

of Life. J. Proteome Res., 5, 3173–3178. 

2. Malgieri,G., Palmieri,M., Russo,L., Fattorusso,R., Pedone,P.V. and Isernia,C. (2015) 
The prokaryotic zinc-finger: structure, function and comparison with the 
eukaryotic counterpart. FEBS J, 282, 4480–4496. 

3. Choudhury,R. and Srivastava,S. (2001) Zinc resistance mechanisms in bacteria. 
Current Science, 81. 

4. Capdevila,D.A., Wang,J. and Giedroc,D.P. (2016) Bacterial Strategies to Maintain 
Zinc Metallostasis at the Host-Pathogen Interface. Journal of Biological 
Chemistry, 291, 20858–20868. 

5. Outten,C.E. and O’Halloran,T.V. (2001) Femtomolar Sensitivity of Metalloregulatory 
Proteins Controlling Zinc Homeostasis. Science, 292, 2488–2492. 

6. Gabriel,S.E. and Helmann,J.D. (2009) Contributions of Zur-Controlled Ribosomal 
Proteins to Growth under Zinc Starvation Conditions. J Bacteriol, 191, 6116–
6122. 

7. Akanuma,G., Nanamiya,H., Natori,Y., Nomura,N. and Kawamura,F. (2006) Liberation 
of Zinc-Containing L31 (RpmE) from Ribosomes by Its Paralogous Gene 
Product, YtiA, in Bacillus subtilis. J Bacteriol, 188, 2715–2720. 

8. Makarova,K.S., Ponomarev,V.A. and Koonin,E.V. (2001) Two C or not two C: 
recurrent disruption of Zn-ribbons, gene duplication, lineage-specific gene loss, 
and horizontal gene transfer in evolution of bacterial ribosomal proteins. Genome 
Biol, 2, research0033.1. 

9. Hemm,M.R., Paul,B.J., Miranda-Ríos,J., Zhang,A., Soltanzad,N. and Storz,G. (2010) 
Small Stress Response Proteins in Escherichia coli : Proteins Missed by 
Classical Proteomic Studies. J Bacteriol, 192, 46–58. 

10. Fischer,N., Neumann,P., Konevega,A.L., Bock,L.V., Ficner,R., Rodnina,M.V. and 
Stark,H. (2015) Structure of the E. coli ribosome–EF-Tu complex at <3 Å 
resolution by Cs-corrected cryo-EM. Nature, 520, 567–570. 

11. Lilleorg,S., Reier,K., Remme,J. and Liiv,A. (2017) The Intersubunit Bridge B1b of 
the Bacterial Ribosome Facilitates Initiation of Protein Synthesis and 
Maintenance of Translational Fidelity. Journal of Molecular Biology, 429, 1067–
1080. 

12. Lilleorg,S., Reier,K., Volõnkin,P., Remme,J. and Liiv,A. (2020) Phenotypic effects of 
paralogous ribosomal proteins bL31A and bL31B in E. coli. Sci Rep, 10, 11682. 

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 27, 2022. ; https://doi.org/10.1101/2022.05.27.493739doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.27.493739
http://creativecommons.org/licenses/by/4.0/


13. Ueta,M., Wada,C. and Wada,A. (2020) YkgM and YkgO maintain translation by 
replacing their paralogs, zinc-binding ribosomal proteins L31 and L36, with 
identical activities. Genes Cells, 25, 562–581. 

14. Chadani,Y., Niwa,T., Izumi,T., Sugata,N., Nagao,A., Suzuki,T., Chiba,S., Ito,K. and 
Taguchi,H. (2017) Intrinsic Ribosome Destabilization Underlies Translation and 
Provides an Organism with a Strategy of Environmental Sensing. Molecular Cell, 
68, 528-539.e5. 

15. Maeder,C. and Draper,D.E. (2005) A Small Protein Unique to Bacteria Organizes 
rRNA Tertiary Structure Over an Extensive Region of the 50S Ribosomal 
Subunit. Journal of Molecular Biology, 354, 436–446. 

16. Arai,T., Ishiguro,K., Kimura,S., Sakaguchi,Y., Suzuki,T. and Suzuki,T. (2015) Single 
methylation of 23S rRNA triggers late steps of 50S ribosomal subunit assembly. 
Proc Natl Acad Sci USA, 112, E4707–E4716. 

17. Lilleorg,S., Reier,K., Pulk,A., Liiv,A., Tammsalu,T., Peil,L., Cate,J.H.D. and 
Remme,J. (2019) Bacterial ribosome heterogeneity: Changes in ribosomal 
protein composition during transition into stationary growth phase. Biochimie, 
156, 169–180. 

18. Chen,Y.-X., Xu,Z., Ge,X., Hong,J.-Y., Sanyal,S., Lu,Z.J. and Javid,B. (2020) 
Selective translation by alternative bacterial ribosomes. Proc Natl Acad Sci USA, 
117, 19487–19496. 

19. Hensley,M.P., Gunasekera,T.S., Easton,J.A., Sigdel,T.K., Sugarbaker,S.A., 
Klingbeil,L., Breece,R.M., Tierney,D.L. and Crowder,M.W. (2012) 
Characterization of Zn(II)-responsive ribosomal proteins YkgM and L31 in E. coli. 
Journal of Inorganic Biochemistry, 111, 164–172. 

20. Gilston,B.A., Wang,S., Marcus,M.D., Canalizo-Hernández,M.A., Swindell,E.P., 
Xue,Y., Mondragón,A. and O’Halloran,T.V. (2014) Structural and Mechanistic 
Basis of Zinc Regulation Across the E. coli Zur Regulon. PLoS Biol, 12, 
e1001987. 

21. Mikhaylina,A., Ksibe,A.Z., Scanlan,D.J. and Blindauer,C.A. (2018) Bacterial zinc 
uptake regulator proteins and their regulons. Biochemical Society Transactions, 
46, 983–1001. 

22. Patzer,S.I. and Hantke,K. (2000) The Zinc-responsive Regulator Zur and Its Control 
of theznu Gene Cluster Encoding the ZnuABC Zinc Uptake System in 
Escherichia coli. Journal of Biological Chemistry, 275, 24321–24332. 

23. Graham,A.I., Hunt,S., Stokes,S.L., Bramall,N., Bunch,J., Cox,A.G., McLeod,C.W. 
and Poole,R.K. (2009) Severe Zinc Depletion of Escherichia coli. Journal of 
Biological Chemistry, 284, 18377–18389. 

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 27, 2022. ; https://doi.org/10.1101/2022.05.27.493739doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.27.493739
http://creativecommons.org/licenses/by/4.0/


24. Shin,J.-H. and Helmann,J.D. (2016) Molecular logic of the Zur-regulated zinc 
deprivation response in Bacillus subtilis. Nat Commun, 7, 12612. 

25. Choi,S.-H., Lee,K.-L., Shin,J.-H., Cho,Y.-B., Cha,S.-S. and Roe,J.-H. (2017) Zinc-
dependent regulation of zinc import and export genes by Zur. Nat Commun, 8, 
15812. 

26. Huang,D.-L., Tang,D.-J., Liao,Q., Li,H.-C., Chen,Q., He,Y.-Q., Feng,J.-X., Jiang,B.-
L., Lu,G.-T., Chen,B., et al. (2008) The Zur of Xanthomonas campestris functions 
as a repressor and an activator of putative zinc homeostasis genes via 
recognizing two distinct sequences within its target promoters. Nucleic Acids 
Research, 36, 4295–4309. 

27. Aseev,L.V., Koledinskaya,L.S. and Boni,I.V. (2020) Autogenous regulation in vivo of 
the rpmE gene encoding ribosomal protein L31 (bL31), a key component of the 
protein–protein intersubunit bridge B1b. RNA, 26, 814–826. 

28. Meyer,M.M. (2018) rRNA Mimicry in RNA Regulation of Gene Expression. Microbiol 
Spectr, 6. 

29. Yates,J.L., Arfsten,A.E. and Nomura,M. (1980) In vitro expression of Escherichia 
coli ribosomal protein genes: autogenous inhibition of translation. Proceedings of 
the National Academy of Sciences, 77, 1837–1841. 

30. Dean,D., Yates,J.L. and Nomura,M. (1981) Identification of ribosomal protein S7 as 
a repressor of translation within the str operon of E. coli. Cell, 24, 413–419. 

31. Jinks-Robertson,S. and Nomura,M. (1982) Ribosomal protein S4 acts in trans as a 
translational repressor to regulate expression of the alpha operon in Escherichia 
coli. J Bacteriol, 151, 193–202. 

32. Brot,N., Caldwell,P. and Weissbach,H. (1980) Autogenous control of Escherichia 
coli ribosomal protein L10 synthesis in vitro. Proceedings of the National 
Academy of Sciences, 77, 2592–2595. 

33. Babina,A.M., Soo,M.W., Fu,Y. and Meyer,M.M. (2015) An S6:S18 complex inhibits 
translation of E. coli rpsF. RNA, 21, 2039–2046. 

34. Velasco,E., Wang,S., Sanet,M., Fernández-Vázquez,J., Jové,D., Glaría,E., 
Valledor,A.F., O’Halloran,T.V. and Balsalobre,C. (2018) A new role for Zinc 
limitation in bacterial pathogenicity: modulation of α-hemolysin from 
uropathogenic Escherichia coli. Sci Rep, 8, 6535. 

35. Kandari,D., Gopalani,M., Gupta,M., Joshi,H., Bhatnagar,S. and Bhatnagar,R. (2019) 
Identification, Functional Characterization, and Regulon Prediction of the Zinc 
Uptake Regulator (zur) of Bacillus anthracis – An Insight Into the Zinc 
Homeostasis of the Pathogen. Front. Microbiol., 9, 3314. 

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 27, 2022. ; https://doi.org/10.1101/2022.05.27.493739doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.27.493739
http://creativecommons.org/licenses/by/4.0/


36. Thomason,L.C., Costantino,N. and Court,D.L. (2007) E. coli Genome Manipulation 
by P1 Transduction. In Ausubel,F.M., Brent,R., Kingston,R.E., Moore,D.D., 
Seidman,J.G., Smith,J.A., Struhl,K. (eds), Current Protocols in Molecular Biology. 
John Wiley & Sons, Inc., Hoboken, NJ, USA, p. 1.17.1-1.17.8. 

37. Baba,T., Ara,T., Hasegawa,M., Takai,Y., Okumura,Y., Baba,M., Datsenko,K.A., 
Tomita,M., Wanner,B.L. and Mori,H. (2006) Construction of Escherichia coli K-12 
in-frame, single-gene knockout mutants: the Keio collection. Mol Syst Biol, 2. 

38. Trauner,A., Bennett,M.H. and Williams,H.D. (2011) Isolation of Bacterial Ribosomes 
with Monolith Chromatography. PLoS ONE, 6, e16273. 

39. Dirks,R.M. and Pierce,N.A. (2003) A partition function algorithm for nucleic acid 
secondary structure including pseudoknots. J. Comput. Chem., 24, 1664–1677. 

40. Dirks,R.M. and Pierce,N.A. (2004) An algorithm for computing nucleic acid base-
pairing probabilities including pseudoknots. J. Comput. Chem., 25, 1295–1304. 

41. Dirks,R.M., Bois,J.S., Schaeffer,J.M., Winfree,E. and Pierce,N.A. (2007) 
Thermodynamic Analysis of Interacting Nucleic Acid Strands. SIAM Rev., 49, 65–
88. 

42. Fornace,M.E., Porubsky,N.J. and Pierce,N.A. (2020) A Unified Dynamic 
Programming Framework for the Analysis of Interacting Nucleic Acid Strands: 
Enhanced Models, Scalability, and Speed. ACS Synth. Biol., 9, 2665–2678. 

43. Zadeh,J.N., Steenberg,C.D., Bois,J.S., Wolfe,B.R., Pierce,M.B., Khan,A.R., 
Dirks,R.M. and Pierce,N.A. (2011) NUPACK: Analysis and design of nucleic acid 
systems. J. Comput. Chem., 32, 170–173. 

44. Goddard,T.D., Huang,C.C., Meng,E.C., Pettersen,E.F., Couch,G.S., Morris,J.H. and 
Ferrin,T.E. (2018) UCSF ChimeraX: Meeting modern challenges in visualization 
and analysis: UCSF ChimeraX Visualization System. Protein Science, 27, 14–25. 

45. Pettersen,E.F., Goddard,T.D., Huang,C.C., Meng,E.C., Couch,G.S., Croll,T.I., 
Morris,J.H. and Ferrin,T.E. (2021) UCSF CHIMERAX : Structure visualization for 
researchers, educators, and developers. Protein Science, 30, 70–82. 

46. Patzer,S.I. and Hantke,K. (1998) The ZnuABC high-affinity zinc uptake system and 
its regulator Zur in Escherichia coli. Mol Microbiol, 28, 1199–1210. 

47. Mendoza-Vargas,A., Olvera,L., Olvera,M., Grande,R., Vega-Alvarado,L., 
Taboada,B., Jimenez-Jacinto,V., Salgado,H., Juárez,K., Contreras-Moreira,B., et 
al. (2009) Genome-Wide Identification of Transcription Start Sites, Promoters 
and Transcription Factor Binding Sites in E. coli. PLoS ONE, 4, e7526. 

48. Eckert,I. and Weinberg,Z. (2020) Discovery of 20 novel ribosomal leader candidates 
in bacteria and archaea. BMC Microbiol, 20, 130. 

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 27, 2022. ; https://doi.org/10.1101/2022.05.27.493739doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.27.493739
http://creativecommons.org/licenses/by/4.0/


49. Hör,J., Matera,G., Vogel,J., Gottesman,S. and Storz,G. (2020) Trans-Acting Small 
RNAs and Their Effects on Gene Expression in Escherichia coli and Salmonella 
enterica. EcoSal Plus, 9, ecosalplus.ESP-0030-2019. 

50. Massé,E. and Gottesman,S. (2002) A small RNA regulates the expression of genes 
involved in iron metabolism in Escherichia coli. Proc. Natl. Acad. Sci. U.S.A., 99, 
4620–4625. 

51. Massé,E., Vanderpool,C.K. and Gottesman,S. (2005) Effect of RyhB Small RNA on 
Global Iron Use in Escherichia coli. J Bacteriol, 187, 6962–6971. 

52. Holmqvist,E. and Vogel,J. (2018) RNA-binding proteins in bacteria. Nat Rev 
Microbiol, 16, 601–615. 

53. Deana,A. (2005) Lost in translation: the influence of ribosomes on bacterial mRNA 
decay. Genes & Development, 19, 2526–2533. 

54. Cole,J.R. and Nomura,M. (1986) Changes in the half-life of ribosomal protein 
messenger RNA caused by translational repression. Journal of Molecular 
Biology, 188, 383–392. 

55. McGary,K. and Nudler,E. (2013) RNA polymerase and the ribosome: the close 
relationship. Current Opinion in Microbiology, 16, 112–117. 

56. Irastortza-Olaziregi,M. and Amster-Choder,O. (2021) Coupled Transcription-
Translation in Prokaryotes: An Old Couple With New Surprises. Front. Microbiol., 
11, 624830. 

57. Singer,P. and Nomura,M. (1985) Stability of ribosomal protein mRNA and 
translational feedback regulation in Escherichia coli. Mol Gen Genet, 199, 543–
546. 

58. Mattheakis,L.C. and Nomura,M. (1988) Feedback regulation of the spc operon in 
Escherichia coli: translational coupling and mRNA processing. J Bacteriol, 170, 
4484–4492. 

59. Zengel,J.M. and Lindahl,L. (1990) Ribosomal protein L4 stimulates in vitro 
termination of transcription at a NusA-dependent terminator in the S10 operon 
leader. Proceedings of the National Academy of Sciences, 87, 2675–2679. 

60. Zengel,J.M. and Lindahl,L. (1990) Escherichia coli ribosomal protein L4 stimulates 
transcription termination at a specific site in the leader of the S10 operon 
independent of L4-mediated inhibition of translation. Journal of Molecular 
Biology, 213, 67–78. 

61. Varani,G. and McClain,W.H. (2000) The G·U wobble base pair: A fundamental 
building block of RNA structure crucial to RNA function in diverse biological 
systems. EMBO Rep, 1, 18–23. 

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 27, 2022. ; https://doi.org/10.1101/2022.05.27.493739doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.27.493739
http://creativecommons.org/licenses/by/4.0/


62. Nevskaya,N. (2005) Ribosomal protein L1 recognizes the same specific structural 
motif in its target sites on the autoregulatory mRNA and 23S rRNA. Nucleic Acids 
Research, 33, 478–485. 

63. Iben,J.R. and Draper,D.E. (2008) Specific Interactions of the L10(L12) 4 Ribosomal 
Protein Complex with mRNA, rRNA, and L11. Biochemistry, 47, 2721–2731. 

64. Lai,D., Proctor,J.R. and Meyer,I.M. (2013) On the importance of cotranscriptional 
RNA structure formation. RNA, 19, 1461–1473. 

65. Wu,M.T.-P. and D’Souza,V. (2020) Alternate RNA Structures. Cold Spring Harb 
Perspect Biol, 12, a032425. 

66. Johnsen,M., Christensen,T., Dennis,P.P. and Fiil,N.P. (1982) Autogenous control: 
ribosomal protein L10-L12 complex binds to the leader sequence of its mRNA. 
The EMBO Journal, 1, 999–1004. 

67. Matelska,D., Purta,E., Panek,S., Boniecki,M.J., Bujnicki,J.M. and Dunin-
Horkawicz,S. (2013) S6:S18 ribosomal protein complex interacts with a structural 
motif present in its own mRNA. RNA, 19, 1341–1348. 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 27, 2022. ; https://doi.org/10.1101/2022.05.27.493739doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.27.493739
http://creativecommons.org/licenses/by/4.0/


Figures 

 
Figure 1 The presence of the zur gene increases L31-sfGFP expression in cells at 
all growth phases at 37 °C. A.) Operons that encode ribosomal proteins L31p and L31 
in E. coli MG1655. B) A DNA plasmid reporter gene contains the l31 promoter, 5’ UTR 
region, and a portion of the L31 coding sequence translationally fused to an sfGFP coding 
sequence. A control construct contains an E. coli sigma 70 promoter and a scrambled 5’ 
UTR region fused to the same coding sequence. Plasmids were transformed, grown 
overnight, and subcultured before measurement of fluorescence and OD600 in a plate 
reader to characterize expression from these constructs. C.) Fluorescence from L31-
sfGFP plasmid in cells from 0-24 hours, measured on a plate reader D.) OD600 of the 
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same samples as A., also measured directly from a plate reader. E.) sfGFP fluorescence 
divided by OD600 values from A. and B. to normalize fluorescence to cell density. F.) 
Normalized fluorescence/OD600 from control-sfGFP plasmid in cells from 0-24 hours. In 
each graph, the points indicate averages of three independent biological replicates, each 
performed with three technical replicates (cultures), for a total of nine data points (n=9). 
The error bars represent standard deviation of the mean.  
 

 
Figure 2. Zinc increases L31-sfGFP expression from regulated constructs in cells 
when zur is present. A.) Fluorescence divided by OD600 of subculture cells with the L31-
sfGFP reporter plasmid grown in LB + 100 µM of the zinc chelator TPEN for 2 hours, plus 
an additional 2 hours with or without the addition of 100 µM ZnSO4 before plate reader 
data collection B.) Fluorescence divided by OD600 of subculture cells with the control-
sfGFP reporter plasmid measured in the same way. In each graph, the bars indicate 
averages of three independent biological replicates, each performed with three technical 
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replicates (cultures) for a total of nine data points (n=9). The error bars represent standard 
deviation of the mean. Percent change was calculated using the average 
fluorescence/OD600 in the equation 100*(+Zn – No Zn) / No Zn. Significance was 
calculated with a 2-tailed student’s t-test between the fluorescence/OD600 values for each 
group. p-value < 0.05 = *, p-value < 0.01 = **, p-value < 0.001 = ***, p-value < 0.0001 = 
****. 
 

Figure 3. The presence of zur increases the levels of l31-sfGFP mRNA and L31 
incorporation into the ribosome. A.) Reverse-transcription quantitative PCR of l31-
sfGFP mRNA in WT and Dzur E. coli with L31-sfGFP and control-sfGFP plasmids in LB. 
The bars indicate averages of three technical replicates (independent wells of the same 
qPCR reaction) of one experiment. See Materials and Methods for experimental details. 
A second biological replicate of this experiment is shown in Figure S2. The error bars 
represent standard deviation of the mean. Percent change was calculated using the 
average fluorescence/OD600 values in the equation 100*(Dzur – WT) / WT. B.) 
Ribosomes were purified from cells grown in LB to exponential phase OD600 = 0.7. L31 
and L31p protein content was measured using mass spectrometry on TMT-labelled 
ribosomes. Fold-change of L31 and L31p protein quantity in Dzur ribosomes was 
calculated compared to WT ribosomes. 
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Figure 4.  Regulation of L31-sfGFP expression by zur requires L31p. A.) L31-sfGFP 
fluorescence divided by OD600 measured on a plate reader for different strains grown in 
LB for 6 hours. B.) Control-sfGFP fluorescence divided by OD600 on plate reader for 
different strains grown in LB for 6 hours. In each graph, the bars indicate averages of 
three biological replicates (independent experiments), each performed with three 
technical replicates (cultures per experiment) for a total of nine data points (n=9). The 
error bars represent standard deviation of the mean. Percent change between pairs of 
bars was calculated using the average fluorescence/OD600 values in the equations 
100*(Dzur – WT) / WT, 100*(Dl31pDzur – Dl31p) / Dl31p, and 100*(Dl36p Dzur – Dl36p) / 
Dl36p, respectively. Significance was calculated with a 2-tailed student’s t-test between 
the fluorescence/OD600 values for each comparison group. p-value < 0.05 = *, p-value < 
0.01 = **, p-value < 0.001 = ***, p-value < 0.0001 = ****. 
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Figure 5. L31p is necessary for zinc to increase L31-sfGFP expression in cells. A.) 
Fluorescence/OD600 with L31-sfGFP plasmid in various knockout strains, grown in LB + 
100 µM of TPEN for 2 hours, then with or without the addition of 100 µM ZnSO4 for an 
additional 2 hours. B.) Fluorescence/OD600 with control-sfGFP plasmid in various strains, 
grown in LB + 100 µM of TPEN for 2 hours, then with or without the addition of 100 µM 
ZnSO4 for an additional 2 hours. Note: the results on the WT and Dzur strains shown in 
this figure are also shown in Figure 2A-B. In each graph, the points indicate averages of 
three biological replicates (independent experiments), each performed with three 
technical replicates (cultures per experiment) for a total of nine data points (n=9.) The 
error bars represent standard deviation of the mean. Percent change was calculated 
using the average fluorescence/OD600 values in the equation 100*(+Zn – No Zn) / No Zn 
for each strain. Significance was calculated with a 2-tailed student’s t-test between the 
fluorescence/OD600 values for no added zinc vs added zinc for each strain. p-value < 0.05 
= *, p-value < 0.01 = **, p-value < 0.001 = ***, p-value < 0.0001 = ****. 
A stem-loop in the l31 mRNA 5’UTR is required for the zur-dependent increase in L31-
reporter output 
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Figure 6. The asymmetric inner loop in the l31 5’UTR stem loop 2 is important for 
zur’s regulation of L31-sfGFP expression. A.) DNA constructs on plasmids used in 
promoter and 5’UTR substitution experiments. B.) Measured Fluorescence/OD600 with 
promoter and 5’UTR substitutions on reporter plasmids. C.) Predicted structure of the l31 
5’UTR mRNA, drawn using secondary structure obtained from the software NUPACK. 
The predicted ribosome binding site and start codon are annotated. D.) 
Fluorescence/OD600 with L31-sfGFP plasmids with 5’UTR short region deletions E.) 
Fluorescence/OD600 with L31-sfGFP plasmid with mutations to the l31 5’UTR Bulge 1 
(G52 & G79,) and F.) Bulge 2 (AGA74-76.) In each graph, the bars indicate averages of 
three biological replicates (independent experiments), each performed with three 
technical replicates (cultures per experiment) for a total of nine data points (n=9.) The 
error bars represent standard deviation of the mean. Percent change was calculated 
using the average fluorescence/OD600 values in the equation 100*(Dzur – WT) / WT for 
each construct. Significance was calculated with a 2-tailed student’s t-test between the 
fluorescence/OD600 values for WT and Dzur with the same plasmid. p-value < 0.05 = *, p-
value < 0.01 = **, p-value < 0.001 = ***, p-value < 0.0001 = ****. 
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Figure 7. The L31p N-terminus is needed to repress L31-sfGFP expression. A.) 
Interaction between L31p (pink) and the 5S rRNA (yellow) in the E. coli ribosome. Image 
rendered on ChimeraX from PDB 6i7v. B. & C) Close up on polar bonds of the structure 
shown in A. The three L31p residues--Met1, Lys2, and His6—that interact with the 5S 
rRNA are shown in stick view and colored pink.  D.) Fluorescence/OD600 with L31-sfGFP 
plasmid in WT E. coli with additional plasmid expressing different ribosomal proteins and 
E) L31p mutants. F.) L31p protein sequence from Ecocyc database. N- and C- terminal 
deleted residues are underlined, and mutated residues are shown in red. In each graph, 
the bars indicate averages of three biological replicates (independent experiments), each 
performed with three technical replicates (cultures per experiment) for a total of nine data 
points (n=9.) The error bars represent standard deviation of the mean. Percent change in 
D. and E. was calculated using the average fluorescence/OD600 values in the equation 
100*(Result – Control(L34)) / Control(L34). Significance was calculated with a 2-tailed 
student’s t-test between the fluorescence/OD600 values compared to the sample 
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expressing the control-L34. p-value < 0.05 = *, p-value < 0.01 = **, p-value < 0.001 = ***, 
p-value < 0.0001 = ****. 

 
Figure 8. Schematic for proposed mechanism for Zur and zinc regulating L31 
protein expression levels through a network involving L31p. When free Zn2+ is below 
subfemtomolar concentration, only one zinc is bound to each monomer of Zur, allowing 
L31p to be expressed. We propose that L31p represses L31 translation by binding to a 5’ 
UTR structure in the l31 mRNA. At higher free zinc levels, Zur is bound to zinc ions, 
causing it to repress L31p expression. Depleting L31p thus allows L31 translation. 
Overall, we propose that L31p acts to invert the action of Zur by converting Zn-mediated 
repression into a genetic activator of L31 expression. 
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