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This dissertation has two chapters and two appendices: Chapters 1-2 are 

published research, and Appendices 1-2 are research in progress.  

Chapter 1 focuses on biomechanical manipulations of the multicomponent 

efflux complex, CusCBA, a system used by E. coli to resist copper and silver toxicity. 

Here, I collaborated with colleagues in Cornell’s mechanical engineering department 

to investigate the role of mechanical forces on the function of protein complexes that 

span the envelope of Gram-negative cells. We found that mechanical stress promotes 

disassembly of the CusCBA complex in E. coli and, as a result, renders bacteria more 

susceptible to metal toxicity. I performed single-molecule imaging experiments and 

cell-growth assays, analyzed the data, and wrote the paper, which resulted in a co-first 

authored publication (Proc. Natl. Acad. Sci. U.S.A. 2019, 116, 25462-25467)1. 

Chapter 2 focuses on the two-component regulatory system, CusRS. Here, I 

collaborated with two post-docs in the Chen Lab to elucidate the mechanism by which 

sensor CusS interacts with response regulator CusR to aid in E. coli’s metal 

detoxification. From live cell single-molecule imaging experiments, we determined 
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the timepoint in which CusS-CusR interaction affinity switches on (i.e., after CusS 

senses its metal substrate) and discovered a substrate-sensing−induced mobilization of 

CusS. I designed and constructed cell strains, performed biochemical experiments, and 

helped write the manuscript, in which I am a co-first author (Proc. Natl. Acad. Sci. 

U.S.A. 2020, 117, doi: 10.1073/pnas.1919816117)2. 

The introductions of Appendices 1-2 are patterned from the proposals of Prof. 

Peng Chen; the rest of these chapters detail my molecular biology progress for these 

projects. Appendix 1 focuses on a novel bottom-up microbiome approach to 

understand microbial community and cell-cell interactions in bacterial metal 

homeostasis. We seek to understand how individual E. coli cells communicate with 

one another in the context of zinc uptake and efflux and how this communication can 

be regulated in a cell community under changing zinc environments. Appendix 2 

focuses on the tripartite efflux complex EmrAB-TolC, which protects E. coli from 

ionophores and antibiotics. We plan to elucidate the assembly mechanism of EmrAB-

TolC, as well as its substrate-responsive element, to determine whether there are 

parallels between this system and CusCBA, in which we discovered an adaptor-

protein−mediated dynamic pump assembly3. 
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INTRODUCTION 

  
This dissertation has two chapters and two appendices: Chapters 1-2 are 

published research, and Appendices 1-2 are preliminary studies towards two new 

research directions (Figure 1). While each of these studies cover different topics, 

ranging from metal homeostasis to drug efflux, one common thread connecting each 

of these stories is the goal to understand – using single-molecule super-resolution 

imaging – how membrane proteins and their interacting partners behave inside the 

Gram-negative bacterium Escherichia coli.  

 

Figure 1.	Overview of the major findings (Chapters 1-2) and goals of two ongoing 

studies (Appendices 1-2) presented in this dissertation. (A) Chapter 1: Mechanical 

stress induces disassembly of the E. coli multicomponent efflux complex in the cell 
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envelope, CusCBA, a member of the resistance-nodulation-division (RND) 

superfamily. (B) Chapter 2: Interaction affinity of CusR-CusS, a two-component 

regulatory system, turns on after copper binding to mobilized CusS. (C) Appendix 1: 

Bottom-up zinc microbiome to probe how zinc homeostasis of individual cells are 

related to one another in a cell community. (D) Appendix 2: Multicomponent efflux 

complex, EmrAB-TolC, a member of the major facilitator superfamily (MFS), to 

probe its dynamic assembly-disassembly mechanism in the cell envelope. Chapters 1 

and 2 are published research, and Appendices 1-2 are research in progress. The model 

organism for each of these studies is the Gram-negative bacterium E. coli, and we use 

the technique of single-molecule super-resolution imaging to study these systems.  

 

Membrane proteins mediate many biological processes in the cell4. Nearly 

25% of all genes in the E. coli genome encode for membrane proteins, many of which 

form transient complexes with other proteins, lipids, or co-factors5. These complexes 

are involved in critical aspects of bacterial survival such as cell division6,7, signal 

transduction8,9, bioenergetics processes10 (e.g., energy generation/conversion in the 

electron transport chain)5, and transport of ions and small molecules11-13.  However, 

the mechanisms by which membrane proteins function – and interact with other 

biomolecules – are still largely unexplored. In this dissertation, the dynamics of five 

membrane proteins are interrogated to understand their functions at the single-

molecule level: CusA (Chapter 1), CusS (Chapter 2), ZntA (Appendix 1), ZnuB 

(Appendix 1), and EmrB (Appendix 2).  
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In Chapter 1, the inner-membrane protein pump CusA forms a multicomponent 

efflux complex with the periplasmic adaptor protein CusB and outer-membrane 

channel CusC3,14,15 (Figure 1A). Together, these proteins assemble to form the 

tripartite complex CusCBA (or, more accurately, CusC3B6A3, where the subscripts 

correspond to each subunit’s oligomeric state) that traverses the bacterial cell envelope 

(i.e., forming a channel spanning the inner membrane, periplasm, and outer 

membrane) to expel excess copper (Cu+) and silver (Ag+) ions from the cell14-17, as 

these metals can pose a toxic threat to E. coli3. In this chapter, we utilize microfluidics 

and single-molecule super-resolution imaging techniques to investigate how 

mechanical forces impact the function of CusCBA in live cells. We found that 

mechanical stress promotes disassembly of the CusCBA complex in E. coli and, as a 

result, renders bacteria more susceptible to metal toxicity. These findings resulted in a 

co-first authored publication (Proc. Natl. Acad. Sci. U.S.A. 2019, 116, 25462-25467)1. 

Moreover, CusA belongs to the resistance-nodulation-division (RND) family of efflux 

pumps12,18-20, which serve as major efflux systems that can extrude many diverse toxic 

compounds, including clinically relevant antibiotics, from the cytoplasm and/or 

periplasm to the extracellular space19,21-27). Therefore, our study could have broad 

clinical relevance to other RND-family efflux pumps.  

 

In Chapter 2, the theme of elucidating the role of inner membrane proteins in 

conferring Cu+/Ag+ resistance in E. coli is further explored. Here, we focus on the 

two-component regulatory system, CusRS, which involves two proteins: CusS, an 

inner-membrane sensor histidine kinase28, and CusR, the cognate cytosolic response 
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regulator (i.e., transcription factor) that interacts with CusS29,30 (Figure 1B). The role 

of CusS is to sense Cu+/Ag+ and to activate/phosphorylate CusR, which controls the 

transcription of the cusRS and cusCFBA operons to aid in E. coli’s metal 

detoxification (as a note, the cusCFBA operon produces the CusCBA complex that is 

the focus of Chapter 1)28. While the signal transduction from the inner-membrane 

sensor CusS to response regulator CusR had been previously elucidated28,30-32, the 

mechanism by which CusS interacts with CusR remained unknown. Using live cell 

single-molecule super-resolution imaging experiments, we determined the time point 

in which CusS-CusR interaction affinity switches on (i.e., after CusS senses its metal 

substrate) and discovered a substrate-sensing−induced mobilization of CusS. These 

findings resulted in a co-first author publication (Proc. Natl. Acad. Sci. U.S.A. 2020, 

117, doi: 10.1073/pnas.1919816117)2. 

Appendix 1 continues to explore inner membrane proteins in the context of 

bacterial metal homeostasis, but with a shift in our focus from the role of copper (as 

studied in Chapters 1-2) to zinc. Like copper, zinc is an essential metal but is toxic to 

E. coli in excess, as high concentrations of these metals perturb the redox potential 

inside the cell and can displace functionally important metal cofactors from their 

intended locations33. To survive, E. coli must utilize mechanisms of metal homeostasis 

to monitor the balance of uptake, efflux, and sequestration of metals34-36. The goal of 

this project is to elucidate metal homeostasis dynamics of individual bacterial cells 

within the greater microbial community. To do so, we are studying zinc efflux and 

uptake by probing inner-membrane proteins ZntA and ZnuB at the single-molecule 

level within a population of different bacterial strains.  
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Embedded in the inner membrane of E. coli, ZntA is a P1-type ATPase that 

confers resistance to zinc (Zn2+), lead (Pb2+), and cadmium (Cd2+)37 (Figure 1C). ZntA 

is a key protein involved in zinc efflux by pumping excess zinc from the cytoplasm to 

the periplasm38,39. In contrast, the inner-membrane protein ZnuB plays a critical role in 

zinc uptake by forming a complex with periplasmic zinc-binding protein ZnuA and 

peripheral membrane protein ZnuC, which is an ATP-binding protein that provides 

energy for zinc transport40 (Figure 1C). Altogether, this complex, ZnuABC (or more 

accurately, ZnuAB2C2, where the subscripts correspond to each subunit’s oligomeric 

state)35, belongs to the family of ATP-binding cassette (ABC) transporters and is 

critical for bacterial survival under zinc-limiting conditions35,41. By tagging these 

proteins with fluorescent reporter tags, we will be able to track how individual E. coli 

cells communicate with one another in the context of zinc efflux and uptake and how 

this communication can be regulated in a cell community under changing zinc 

environments. This process of interrogating dynamics of microbial communities at the 

single-cell level is something we refer to as a “bottom-up microbiome” approach, as 

we are using reductionist methods to model the complex microbiome (i.e., “from the 

ground up”). 

 

Appendix 2 revisits the role of inner membrane proteins in forming 

multicomponent efflux complexes (as covered in Chapter 1) while offering even 

broader relevance to our group’s previous CusCBA findings1,3 by expanding our 

studies to a different superfamily of efflux pumps within Gram-negative bacteria. 
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Here, we focus on the tripartite efflux pump EmrAB-TolC, which is comprised of the 

inner-membrane protein EmrB (a member of the major facilitator superfamily)42, 

periplasmic adaptor protein EmrA43,44, and outer-membrane channel TolC45-47 (Figure 

1D). Like CusCBA, the EmrAxBy-TolC3 complex (where the subscripts correspond to 

each subunit’s oligomeric state48-50; the stoichiometry of EmrA and EmrB is not yet 

known42) provides a continuous extrusion pathway across the cell envelope; however, 

instead of conferring resistance to Cu+/Ag+ (as is the role of CusCBA), EmrAB-TolC 

protects E. coli from ionophores and antibiotics44,51-53. In this project, we plan to use 

single-molecule super-resolution imaging to elucidate the assembly mechanism of 

EmrAB-TolC, as well as to identify its substrate-responsive element, to determine 

whether there are parallels between this system and CusCBA, in which we discovered 

an adaptor-protein−mediated dynamic pump assembly3. 

 

Using the technique of single-molecule super-resolution imaging to study each 

of these systems, we can understand the dynamics of these inner membrane proteins 

and their roles in accomplishing key processes to help E. coli survive. By learning 

more about the behaviors of these proteins, we can provide the greater scientific 

community with knowledge to aid in the development of new therapeutic interventions 

for antibacterial resistance. 
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CHAPTER 1 

MECHANICAL STRESS COMPROMISES MULTICOMPONENT EFFLUX 

COMPLEXES IN BACTERIA 

 

1.1 ABSTRACT 

 

Physical forces have a profound effect on growth, morphology, locomotion, 

and survival of organisms. At the level of individual cells, the role of mechanical 

forces is well recognized in eukaryotic physiology, but much less is known about 

prokaryotic organisms. Recent findings suggest an effect of physical forces on 

bacterial shape, cell division, motility, virulence, and biofilm initiation, but it remains 

unclear how mechanical forces applied to a bacterium are translated at the molecular 

level. In Gram-negative bacteria, multicomponent protein complexes can form rigid 

links across the cell envelope and are therefore subject to physical forces experienced 

by the cell. Here we manipulate tensile and shear mechanical stress in the bacterial cell 

envelope and use single-molecule tracking to show that octahedral shear (but not 

hydrostatic) stress within the cell envelope promotes disassembly of the tripartite 

efflux complex CusCBA, a system used by E. coli to resist copper and silver toxicity. 

By promoting disassembly of this protein complex, mechanical forces within the cell 

envelope make the bacteria more susceptible to metal toxicity. These findings 

demonstrate that mechanical forces can inhibit the function of cell envelope protein 

assemblies in bacteria and suggest the possibility that other multicomponent, trans-



 

38 

envelope efflux complexes may be sensitive to mechanical forces including complexes 

involved in antibiotic resistance, cell division, and translocation of outer membrane 

components. By modulating the function of proteins within the cell envelope, 

mechanical stress has the potential to regulate multiple processes required for bacterial 

survival and growth. 

 

1.2 INTRODUCTION 

 

Over 100 years ago the mathematical biologist D’Arcy Thompson in his book 

On Growth and Form argued for the role of physical forces in the development and 

morphology of organisms using examples including the shapes of wings, bones, shells 

and individual cells54.  Physical forces are now recognized as major contributors to 

embryogenesis55, tissue healing56, and the development of disease57. While the effect 

of physical forces on cell physiology is well-recognized in eukaryotic systems, 

physical forces are also believed to be relevant to prokaryotes58, although much less is 

known about their role in prokaryotic organisms including bacteria. Bacteria are 

ubiquitous in the environment and their sensitivity to physical forces has the potential 

to influence biotechnology, human health, diagnostics and biofouling. 

 

Bacteria experience a wide range of mechanical stimuli in their environment 

including changes in osmolarity and hydrostatic pressure; as well as forces associated 

with adhesion to surfaces, locomotion, division, turbulent flows, and growth within 

constrained spaces59-62. Rapid changes in osmolarity or hydrostatic pressure can 
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influence cell growth and a variety of stretch activated channels62, primarily by 

modulating surface tension in the cell envelope. The mechanical stresses experienced 

by the bacterial cell envelope during locomotion63, surface adhesion61,64, and cell 

division65 are more complicated than those associated with osmolarity and can include 

combinations of tensile (lengthening), compressive (shortening), and shear (shape 

changing) mechanical stresses. How a bacterium responds to these more complicated 

states of mechanical stress is not well understood. 

 

In eukaryotic systems, the initial transmission of external forces to the cell 

often occurs through cell surface protein assemblies that cross the cell membrane66. 

Bacteria contain many trans-envelope protein complexes. In Gram-negative bacteria, 

trans-envelope protein assemblies such as tripartite efflux complexes enable the 

bacteria to extrude a diverse set of antibiotics and other toxic chemicals, enabling 

bacterial multidrug resistance13. CusCBA is a tripartite Cu+ and Ag+ efflux complex in 

E. coli and belongs to the resistance-nodulation-division (RND) family complexes that 

provide clinically relevant multidrug resistance to Gram-negative bacteria13. CusA is a 

trimeric proton-motive-force−driven pump located in the inner-membrane; CusB is a 

periplasmic adaptor protein; CusC is a trimeric outer-membrane pore protein; these 

three proteins assemble into the complete CusC3B6A3 complex to enable efflux of 

Cu+/Ag+ from the cell16,20,67. By tagging CusA with a photoconvertible fluorescent 

protein and using single-molecule tracking measurements, we previously found that 

inside cells, CusCBA exists in a dynamic equilibrium between an assembled and 

disassembled state; and this equilibrium is responsive to environmental increase of 
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copper concentration and shifts toward the assembled state for effective efflux in 

defending against metal (e.g., copper) stress3. 

 

Here we use a microfluidic system to generate combinations of tension, 

compression and shear within the bacterial cell envelope to study the effects of 

mechanical stress on the function of protein complexes that span the envelope of 

Gram-negative cells. We demonstrate that cell envelope mechanical stress promotes 

disassembly of the CusCBA complex in E. coli cells and thereby enhances copper–

induced reductions in cell reproduction and growth. We further show that the reduced 

assembly of CusCBA is not associated with tensile/compressive stresses (the primary 

form of stress generated by osmolarity and hydrostatic pressure) but is correlated with 

octahedral shear stresses within the cell envelope.   

 

1.3 RESULTS AND ANALYSIS 

 

1.3.1 Extrusion loading provides controlled mechanical stress on individual 

bacteria 

 

To query the contributions of mechanical stress to bacterial physiology, we 

used a microfluidic device with submicron features to apply mechanical loads to 

individual bacteria. The device is analogous to micropipette aspiration commonly used 

to study mammalian cell biomechanics68,69 but instead of pulling the cell into a tapered 

channel, the device forces cells into tapered channels using fluid pressure70. Each 
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device contains sets of tapered channels to apply twelve distinct magnitudes of 

pressure difference (ΔP) across the trapped bacteria within a single experiment 

(Figures 2A–B, and Supplementary Figure 1). The pressure difference is controlled by 

modifying fluid pressure at the inlet (also affecting the average pressure, Pave, which is 

indicative of hydrostatic pressure experienced by the cell) and determined locally with 

hydraulic circuit models (Section 1.9.1.2). We refer to this loading modality as 

“extrusion loading.” Bacteria submitted to stepwise increases in ΔP exhibited 

increases in cell length and decreases in cell width, resulting in a net reduction in cell 

volume (Figure 2C and Supplementary Figure 4). Analytical and finite element 

models indicate that extrusion loading causes increases in axial tensile stress and 

reductions in hoop (transverse) tensile stress, related to the magnitude of ΔP (Figure 

2D and Supplementary Figures 5 and 6). Furthermore, analytical examination shows 

that reductions in cell volume during extrusion loading result in an increase in cell 

internal pressure, which we attribute to increases in osmolarity associated with loss of 

water from the cytoplasm when cell volume declines. 
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Figure 2. Mechanical loading of bacteria via a microfluidic device. (A) A functional 

unit of the microfluidic device has twelve sets of five tapered channels. Fluid flow 

enters the functional unit at the bottom left, travels around the bypass channel, and 

exits out the bottom right. The difference between upstream and downstream pressure 

is larger for tapered channels closer to the inlet and outlet. Increasing the applied 

pressure increases the pressure difference ΔP at each set of tapered channels (and also 

increases the average pressure, Pave). (B) Trapped bacteria experience greater upstream 

pressure than downstream pressure. The pressure difference ΔP is defined as the 

difference between the upstream and downstream pressures. Internal pressure due to 

turgor is also present. (C) Increases in ΔP via stepwise increases of externally applied 
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pressure results in reduced cell volume of trapped cells. Lines connect measurements 

of same cells. (D) Analytical modeling of a trapped cell indicates a linear increase in 

axial stress along the length of the cell. 

 

1.3.2 Mechanical stress from pressure differentials disrupts the assembly of 

CusCBA in the cell 

 

To understand the effects of mechanical stress on a trans-envelope complex, 

we examined the assembly of CusCBA in E. coli cells under extrusion loading (Figure 

2B). When assembled, CusCBA forms a rigid link across the cell envelope and is 

therefore subject to mechanical stress and strain experienced by the cell envelope. To 

probe the assembly of CusCBA, we tagged the C-terminus of the inner-membrane 

protein CusA by a photoconvertible fluorescent protein mEos3.2 (i.e., CusAmE) at its 

chromosomal locus (Section 1.9.1.7); this tagging ensures physiological expression of 

CusAmE in the cell. This fluorescent protein tag also enables the use of sparse 

photoconversion and subsequent time-lapse stroboscopic fluorescence imaging to 

track the motions of individual photoconverted CusAmE proteins at tens of nanometer 

precision and 60 ms time resolution (Figure 3B, inset) and quantify CusAmE copy 

number in each cell3.  

 

We examined hundreds of cells submitted to extrusion loading containing, in 

total, thousands of CusAmE proteins. These cells were in different tapered channels 

and sampled a large range of ΔP (Figure 3A), allowing us to sort the cells into groups 
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of similar ΔP and determine the relationship between the magnitude of extrusion 

loading and diffusive behaviors of tracked CusAmE proteins. Within assembled 

CusCBA complexes, the motion of CusAmE is severely restricted to be almost 

stationary, but CusAmE that is disassembled from the complex is highly mobile. These 

two diffusive states of CusAmE can be differentiated by analyzing the distribution of 

CusAmE’s single-molecule displacement lengths between adjacent image frames 

(Figure 3B and Section 1.9.1.12)3. After using an inverse transformation approach to 

deconvolute the effects of cell confinement and 2-D projection of 3-D motions3,71,72, 

we could resolve the displacement length distribution into the two diffusive states 

across all applied pressure conditions: the stationary assembled state and the mobile 

disassembled state, along with diffusion constants and fractional populations (Figure 

3B and Supplementary Figure 11C). The resolution and assignment of these two 

diffusion states were validated previously by control measurements on the free 

mEos3.2 tag, single deletion strains missing CusC or CusB, and diffusion 

simulations3. 

 

Strikingly, the fractional population of the mobile disassembled state of 

CusAmE in the cell increases by a factor of ~2 when ΔP increases from ~4 to ~25 kPa 

(Figure 3C), indicating a direct association between the magnitude of extrusion 

loading and the disruption of CusCBA assembly in the cell. Concurrently, the 

effective diffusion constant of the mobile disassembled CusAmE decreases by a factor 

of ~4 across this range of ΔP, while that of the stationary assembled CusCBA 

complex, which traverses the cell envelope, remains the same, as expected for 



 

45 

stationary objects (Figure 3D). We further conducted experiments where the applied 

pressure is zero and ΔP is thus also zero on the trapped cells. The determined 

fractional population and diffusion constant of the mobile disassembled CusAmE 

remain on the same trends vs. ΔP (Figures 3C-D). These trends show that external 

mechanical stress can influence the assembly of the CusCBA complex as well as the 

diffusivity of mobile unassembled inner membrane proteins, the latter of which could 

have contributions from membrane fluidity changes from mechanical stress73. 
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Figure 3. Single-molecule tracking uncovers mechanical stress−induced CusCBA 

disassembly. (A) Cells were examined at two applied external loading conditions 

resulting in average pressure values of 12.5 kPa (n = 592 cells; blue points) and 30.0 

kPa (n = 732 cells; red points), giving a range of ∆P across individual cells. (B) 
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Distribution of displacement length r per time lapse for single CusAmE proteins at Pave 

= 30.0 kPa and ΔP = 24.7 ± 3.7 kPa, in which the cell confinement effect is 

deconvoluted (Section 1.9.1.12). The distribution here resolves minimally two 

Brownian diffusion states (Eq. S23): a mobile disassembled state (orange dashed line) 

and an almost stationary assembled state (green dashed line), with diffusion constants 

of Dm = 0.16 ± 0.01 µm2 s−1 and Ds = 0.027 ± 0.001 µm2 s−1 and fractional populations 

of Am = 44 ± 2% and As = 56 ± 2%, respectively. Solid black line: overall fit. Inset: 

Overlay of many position trajectories of single CusAmE proteins in a living E. coli cell 

trapped in a tapered channel. Each colored line is from one CusAmE. Yellow dashed 

line: cell boundary; solid black lines: inner walls of the tapered channel. (C) Fractional 

populations of the mobile disassembled state of CusAmE increases with increasing ∆P 

at Pave = 30.0 kPa (red) or 12.5 kPa (blue). Black: results combining Pave = 30.0 and 

12.5 kPa conditions. Magenta: results where Pave = 0 and ΔP = 0. Color coding of 

points applies to D-F as well. Inset: CusCBA can dynamically shift between two 

forms: assembled (stationary, left) and disassembled (mobile, right). OM, outer 

membrane; PG, peptidoglycan; IM, inner membrane. Yellow star: mEos3.2-tag on 

CusA. (D) The diffusion constants of the mobile disassembled state (Dm) and the 

stationary assembled state (Ds) vs. ΔP at different pressure conditions. (E) Copy 

number of CusA trimers (CusA3) vs. ΔP at different pressure conditions. (F) Effective 

disassembly rate constant kd vs. ΔP at different pressure conditions. Error bars are s.d., 

and lines connecting the points are eye guides in C–F. Numerical values reported here 

are in mean ± s.d. 
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Bacteria submitted to extrusion loading experience a pressure difference across 

the tapered channels (ΔP), as well as a hydrostatic pressure (Pave, the average between 

upstream and downstream pressures on a cell), both related to the fluid pressure 

applied at the device inlet. While the behaviors of CusAmE in response to ΔP were 

substantial, the behaviors of CusAmE showed no significant differences when Pave 

changed by a factor of 2 (Figures 3C–D, blue vs. red points); combining results from 

the two Pave conditions gave the same behaviors (Figures 3C–D, black points). 

Therefore, hydrostatic pressure, at least within our experimental regime, does not play 

significant roles in membrane protein assembly and diffusivity, suggesting that 

mechanically-induced disassembly of CusCBA would not be observed using osmotic 

shock or hydrostatic pressure, two commonly used mechanical stimuli that primarily 

modify surface tension74.  

 

We further examined the copy number and spatial distribution of CusAmE in all 

cells across the different pressure conditions. Neither of these two properties show 

noticeable changes with varying ∆P or Pave under applied pressure conditions (Figure 

3E and Supplementary Figure 14), supporting the idea that modifications in CusCBA 

assembly induced by extrusion loading are likely not due to cell physiological changes 

such as CusA protein expression or intracellular localization.  

 

We further analyzed the single-molecule displacement vs. time trajectories of 

CusAmE to estimate the underlying kinetics of CusAmE disassembly from the CusCBA 
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complex. In these trajectories, transitions from small displacements to large ones 

predominantly reflect disassembly events (Supplementary Figure 12 and Section 

1.9.1.13). The extracted effective disassembly rate constant increases from ~0.5 to 

~2.8 s−1 with increasing ∆P (Figure 3F), supporting the idea that mechanical stress 

compromises the stability of the assembled CusCBA complex in part by enhancing the 

disassembly rate. In the absence of applied pressure where ΔP is also zero for all cells 

in the tapered channels, the effective disassembly rate constant as well as the copy 

number of CusAmE are slightly higher than those under applied pressures, but the 

differences are within or close to experimental errors (Figures 3E and F).    

 

1.3.3 Mechanical stress enhances cell sensitivity to copper stress 

 

Copper and silver are toxic to E. coli, impeding cell growth at low to moderate 

concentrations and causing cell death at high concentrations. CusCBA plays a crucial 

role in E. coli’s ability to resist the presence of copper (and silver) ions in the 

environment67. The mechanical stress−induced disassembly of CusCBA in the cell 

should therefore lead to a further reduction in cell growth under copper stress 

conditions. To confirm such functional effects, we examined how mechanical stress in 

extrusion loading affected elongation and reproduction of hundreds of individual E. 

coli cells by tracking cell length and time to division under copper stress. Rate of 

elongation and time to division were both examined in media with 0 or 2.5 mM 

CuSO4 (Supplementary Figures 16 and 17). The maximum rate of elongation 

decreased with larger magnitudes of extrusion loading (greater ΔP, Figure 4A) and 
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followed an exponential decay, consistent with known adverse effect of mechanical 

stress on bacterial growth75-77. In the presence of copper stress, the exponential decay 

rate (0.38 ± 0.14 kPa−1, value ± SE) was substantially greater than that without copper 

stress (0.08 ± 0.04 kPa−1, p = 0.048), indicating synergy between mechanical and 

copper stress in suppressing cell elongation (or division) (Figure 4A). It is worth 

noting that the indiscernible difference with or without copper at ΔP greater than ~20 

kPa is due to a saturation effect – the growth has slowed by mechanical stress to an 

extent that additional copper stress would make little difference.  

 

To confirm that the effects of mechanical stress on the function of CusCBA 

were not limited to extrusion loading in microfluidic chambers, we also assessed the 

effects of copper stress using an alternative mechanical loading approach: the growth 

of cells encapsulated in agarose gel with increasing stiffness77,78. We used three 

different concentrations of agarose (0, 0.25, and 0.5 w/v %), corresponding to three 

different levels of gel stiffness (Supplementary Figure 13 and Section 1.9.1.14) (it is 

worth noting that at agarose concentrations smaller than 0.25%, the solution does not 

form gels). The maximum growth rate of the E. coli population decreased in higher 

agarose concentration gels, consistent with a previous report78 (Figure 4B, black 

points). Expectedly, the presence of copper also decreases the cell growth rate (e.g., 

pink vs. black points in Figure 4B). More important, in gels that impose mechanical 

resistance on cell growth, the copper-induced decrease in growth rate is greater in 

magnitude than that in the absence of gels (e.g., pink and black points at 0.25% vs. at 

0.0% agarose in Figure 4B), indicating that mechanical stress enhances the toxic 
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effects of copper ions on growth. It is worth noting that such agarose gel encapsulation 

does not restrict nutrient access to the cells77,78. Taken together, the results from 

extrusion loading and agarose gel embedding support the idea that mechanical 

stress−induced disassembly of CusCBA enhances the toxic effects of copper stress on 

bacterial physiology. 

 

 

Figure 4. Mechanical loading enhances the toxic effects of copper stress on elongation 

and growth of E. coli. (A) Maximum growth rate (elongation) of individual cells under 

extrusion loading without copper stress (n = 253 cells) and with copper stress (n = 134 

cells). Solid lines display exponential decay fits that differ between groups (p = 0.048). 
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(B) Maximum growth rate of cells encapsulated in agarose gel without and with 

increasing copper stress. Maximum growth rate is influenced by copper concentration, 

agarose stiffness (concentration), and copper*agarose (p = 0.046 for all copper 

concentrations at 0% and 0.25% agarose conditions), indicating synergy between 

copper concentration and agarose stiffness (Section 1.9.1.14). Error bars are s.d. (C) 

Finite element analysis demonstrates that octahedral shear stress in the cell envelope 

of bacteria under extrusion loading increased with increasing ΔP. Material properties 

used in the analysis are in Supplementary Table 3. Error bars are s.d. Inset: 3D 

depictions of the effects of octahedral shear stress (left) on an infinitesimal element 

located in the cell envelope. The volume does not change but the shape is distorted 

(compared with hydrostatic stresses, Supplementary Figure 7A inset). (D) Octahedral 

shear stress in the cell envelope of bacteria encapsulated in gel (growth confinement 

loading) increased with increasing compressive pressure from the gel (Pgel). The 

compressive pressure was normalized to the assumed turgor pressure (Pt,0), where a 

value of Pgel / Pt,0 greater than 1.0 would result in buckling or collapse of the cell. 

 

1.3.4 Role of shear stress within the cell envelope 

 

Extrusion loading and gel encapsulation techniques generate substantially 

different combinations of tensile, compressive, and shear stresses in the bacterial cell 

envelope (Section 1.9.1.6). To better understand the components of cell envelope 

stress associated with mechanically-enhanced disassembly of CusCBA and resulting 

enhancement of copper sensitivity, we generated analytical and finite element models 
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of the two mechanical loading modalities (Sections 1.9.1.5 and 1.9.1.6). Extrusion 

loading increases axial tension and reduces tensile hoop stresses while gel 

encapsulation reduces axial tension in the cell envelope with little effect on hoop 

stresses (Supplementary Figure 6C).  

 

 To identify the forms of mechanical stress that promote disassembly of 

CusCBA, we decomposed the three-dimensional stress state within the cell envelope 

into a hydrostatic (volume-changing) component and an octahedral shear (shape-

changing) component (Figure 4C, inset). Hydrostatic stress in the cell envelope is 

known to affect molecular processes like stretch−activated channels, however, in 

extrusion loading, hydrostatic stresses in the cell envelope showed only a small 

increasing trend with increasing ∆P, whereas in gel encapsulation an opposite trend 

was observed (Supplementary Figure 7). The lack of concurrence between the two 

loading modalities suggests that hydrostatic stress is not likely the main cause of the 

mechanically-induced disassembly of CusCBA; this assertion is supported by the fact 

that CusCBA disassembly during extrusion loading was insensitive to variation in 

hydrostatic pressure (Pave, which primarily regulates cell envelope hydrostatic stress). 

In contrast, mechanical loading through both extrusion loading and gel encapsulation 

lead to large increases in cell envelope octahedral shear stress (Figures 4C–D), 

suggesting that octahedral shear stress is a likely contributor to disassembly of 

CusCBA. In materials science, octahedral shear stress is often a useful predictor of 

material failure. We postulate that octahedral stress within the cell envelope, by 

promoting distortion of the cell envelope, can facilitate separation of the components 



 

54 

of CusCBA and/or modulate the assembly-disassembly kinetics. Moreover, the total 

strain energy imposed on the entire cell envelope during extrusion loading or in gel 

encapsulation was on the order of 10−18 to 10−13 kcal, more than sufficient to overcome 

the energy needed to disrupt all CusCBA complexes in a cell (about 10−24 to 10−23 

kcal; Supplementary Section 1.9.3). 

 

1.4 DISCUSSION 

 

Using extrusion loading and single-molecule imaging of individual E. coli 

cells, we have discovered that mechanical stress on the cell disrupts the assembly of 

CusCBA, a tripartite metal efflux pump that is crucial for resistance to toxic metals, 

thereby enhancing the effects of copper stress on cell growth. Our finding that 

octahedral shear stresses (but not hydrostatic stresses) within the cell envelope 

influence molecular mechanisms further suggests that mechanical loading modalities 

that primarily generate hydrostatic stress in the cell envelope (e.g., osmotic shock and 

other variations in turgor pressure; Supplementary Figure 8) may stimulate only a 

subset of mechano-sensitive mechanisms in bacteria79. Octahedral shear stresses can 

develop in the cell envelope following a number of common mechanical events 

experienced by bacteria in the environment including adhesion to surfaces, overgrowth 

within crowded cavities, and locomotion. Furthermore, octahedral shear stresses have 

long been recognized as having distinct effects on physiology; in mammalian systems, 

octahedral shear stresses have been recognized as having effects on cell, tissue and 

organ physiology that are distinct form hydrostatic stresses66,80. Our findings suggest a 
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broader role for cell envelope stresses in bacteria. Lastly, our findings demonstrate 

that mechanical stress in the cell envelope can influence trans-envelope protein 

complexes resulting in physiological changes in bacteria. Trans-envelope protein 

complexes are ubiquitous in Gram-negative bacteria and their functions include 

regulating antibiotic resistance13,25,81, cell division82, and the translocation of outer 

membrane components83. Similar effects of mechanical stresses on these other classes 

of trans-envelope complexes would suggest that many more physiological 

mechanisms in bacteria can be sensitive to mechanical forces. 

 

1.5 MATERIALS AND METHODS 

 

Materials and methods are described in Section 1.9.1. These include 

fabrication and characterization of the microfluidic device, device loading, strain 

construction84,85, imaging sample preparation, procedures of single-molecule 

imaging/tracking86-92 and single-cell protein quantification3,93, image and data 

analysis, and agarose embedding assay of cell growth. 

 

1.6 STATISTICAL INFORMATION 

 

Differences among groups were identified using two-tailed ANOVA. 

Differences between trends were determined using ANCOVA to account for the 

effects of covariates. Where appropriate, data were submitted to logarithmic 

transformation to achieve normal distributions. Least squares regression models were 
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generated to describe trends. Exponential decay rates are determined from nonlinear 

regression fits to y = a0+ a1e−xτ, where τ is the decay rate constant (variance noted 

using standard error; e.g., Figure 4A). Unless otherwise stated, statistical tests were 

performed with α = 0.05. For single-molecule imaging results, the data presented 

included the number of cells measured. Standard deviations are provided in relevant 

figures and tables for data points and fitted parameters. 
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1.9 SUPPLEMENTARY INFORMATION TO CHAPTER 1 

 

1.9.1 Materials and experimental methods 

 

1.9.1.1  Microfluidic device  

 

A microfluidic device was used to mechanically stimulate individual 

bacteria70,93. Six devices were placed onto each fabricated wafer (Supplementary 

Figure 1A). Each one of the six devices had four subdivisions, visible as four 
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diamond-like shapes in the device (Supplementary Figures 1A-B). The diamond-like 

subdivisions contained five fanned-out channels (Supplementary Figure 1B). Each 

channel led to a functional unit for extrusion loading experiments (Supplementary 

Figures 1B-C). A functional unit consisted of sixty tapered channels arranged in 

twelve groups of five, with a long bypass channel connecting all tapered channels 

(Supplementary Figures 1C-D). Tapered channels were designed with an inlet width 

large enough to permit entry of individual bacteria (1.2 µm) and exit widths small 

enough to inhibit bacterial exit (250 nm). Each tapered channel had a length of 75 µm 

between inlet and outlet. Fluid flow through the bypass channel generated a difference 

in fluid pressure across each tapered channel. Bacteria submitted to loading within the 

tapered channels were observed using microscopy (Supplementary Figure 1E). 

 

 

Supplementary Figure 1. Microfluidic device design. Design and measurements 

from a typical device are shown. (A) A patterned wafer shown during the fabrication 

process, with the chromium hard mask still present. Six devices were patterned into 

fused silica. Inlets and outlets are seen as circles above and below each device. A red 
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box indicates one subdivision in a device. (B) Within a subdivision, channels carry 

bacterial cultures towards five functional units (red box indicating one functional 

unit). (C) In one functional unit, twelve groups of five tapered channels are arranged 

along a bypass channel. (D) A close-up view of two sets of five tapered channels from 

the red box in c is shown. Numbers adjacent to each set of tapered channels allow for 

identification and image processing. (E) A bright-field image of E. coli cells (arrows) 

trapped in five tapered channels. 

 

Sub-micron patterns in the microfluidic devices were fabricated using Deep 

UV (DUV) lithography at the Cornell Nanoscale Science & Technology Facility. The 

device was manufactured from fused silica to achieve optical clarity and large 

stiffness. Fused silica wafers, 500 µm thick, with a 100 mm diameter 

(WF3937X02031190, Mark Optics, Santa Ana, CA, USA). Bare wafers were initially 

cleaned with RCA1 (10 min 6:1:1 H2O:NH4OH:H2O2 at approximately 70°C) and 

RCA2 (10 min 6:1:1 H2O:HCl:H2O2 at approximately 70°C) procedures. A 55 nm 

thick chromium etch hard mask was sputter-deposited (3 mTorr, 150 W, 450 sec) onto 

the cleaned surface (Orion 8, AJA International, Scituate, MA, USA). Residue on the 

bottom of the wafer from the sputter deposition process was removed in a Nanostrip 

bath (10 min at approximately 50°C). A 60 nm thick layer of anti-reflective coating 

(ARC, DUV 42P, Brewer Science, Rolla, MO, USA) and a 510 nm thick layer of 

DUV photoresist (UV210, MicroChem, Westborough, MA, USA) were deposited on 

the chromium hard mask using an automated spinner and hot plate system (Gamma, 

Suss MicroTec AG, Garching, Germany). Thickness and uniformity of the ARC and 
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DUV photoresist layers were validated by optical measurement (FilMetrics, San 

Diego, CA, USA). Exposure of the DUV photoresist was accomplished with a DUV 

Stepper at approximately 28 mJ/cm2 exposure and approximately −0.14 µm focus 

offset, 0.63 numerical aperture, and 0.8 outer sigma (ASML 300C, Veldhoven, 

Netherlands). The exposed photoresist was then developed for 60 sec with a single 

puddle (AZ 726 MIF, MicroChemicals GmbH, Ulm, Germany). 

 

 The exposed pattern was transferred to the silica substrate using plasma 

etching. An Ar/O2 etch was performed to transfer the pattern from the DUV 

photoresist to the ARC layer (1.5 min, 42.5 sccm Ar, 7.5 sccm O2, 15 mTorr, 

PlasmaLab 80+ , Oxford Instruments, Oxfordshire, England), followed by a Cl2/O2/Ar 

etch to transfer the pattern to the chromium hard mask below (90s, 1 sccm Cl2, 9 sccm 

O2, 3 sccm Ar, 30 mTorr, Minilock III, Trion Technology, Tempe, AZ, USA). Oxygen 

plasma was used to remove residual photoresist and ARC (3 min, 50 sccm O2, 60 

mTorr, Oxford 80+). The exposed chromium pattern was then transferred to the silica 

substrate using a CHF3/Ar etch (4:35 min, 30 sccm Ar, 20 sccm CHF3, 4 mTorr, 

50°C). A chrome wet etch was performed to clean off residual chromium (Cyantek 

CR-14, KMG, Fort Worth, TX, USA), leaving behind bare silica with the etched 

device pattern. Thru holes were laser-etched into the patterned silica wafer to serve as 

inlets and outlets (VersaLaser VLS3.50, Universal Laser Systems, Scottsdale, AZ, 

USA). Ridges in the silica resulting from the laser etch were removed with a 10 sec 

6:1 BOE dip coupled with abrasions from a diamond drill bit (1 mm diamond drill, 

Lasco Diamond Products, Chatsworth, CA, USA). 
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 Characterization was performed to confirm channel depths (Supplementary 

Figure 2A). Depths of device feeder channels were confirmed using a profilometer 

(P10, KLA-Tencor, Milpitas, CA, USA). Characterization of taper dimensions was 

performed with SEM (UltraSEM, Zeiss, Oberkochen, Germany) and AFM (Icon, 

Veeco, Plainview, NY, USA), where taper inlet and outlet widths were measured with 

SEM images and channel depths were sampled with a high-aspect ratio AFM tip 

(Supplementary Figures 2B-C). Once device characterization was finished, the 

patterned silica wafer was bonded to a thin, bare silica wafer to seal the device (170 

µm thickness, WF3937X02031190, Mark Optics). A wafer thickness of 170 µm is 

equivalent to a no.1 thickness microscope slide. The fused silica wafers were put 

through a MOS clean sequence of RCA1, RCA2, and RCA1 baths before drying in a 

spin-rinse-dryer. Immediately afterwards, the patterned and bare silica wafers were 

bonded together and annealed in a furnace tube at 1100°C for 5 hr in a N2 

environment. Once bonded, wafers were removed from the furnace and allowed to sit 

for a minimum of one week at room temperature before use. 
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Supplementary Figure 2. Validation of microfluidic dimensions was performed 

using profilometry, SEM, and AFM. Measurements from a typical device are shown. 

(A) Prior to sealing devices, fluidic channels with large widths were scanned by a 

profilometer. Variations in channel depth within the testing region of the device were 

no more than 10%. (B) Inlet and outlet widths for tapered channels were measured by 

SEM. Variation between wafers could be large (up to 60%), but variation within one 

experimental device was smaller (20%). (C) AFM was used to verify tapered channel 

depths were less than 1200 nm. Sample measurements from three wafers are shown 

and indicated using distinct symbols. 

 

1.9.1.2   Fluid pressure calculation  

 

 The fluidic pressure through the device was determined from the inlet pressure 

(measured) and hydraulic circuit model94. Fluidic pressure was determined using the 

Hagen–Poiseuille law (Supplementary Equation [1]), where Q is the flow rate, ΔP is 
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the pressure difference between the inlet and outlet of a channel, and Rh is the 

hydraulic resistance of the channel. 

 

  [1] 

 

Poiseuille flow was assumed for channels where the ratio between width and 

depth was small (width/depth < 20). The hydraulic resistance determined using 

Poiseuille flow is shown in Supplementary Equation [2], where µ is the fluid viscosity, 

L is the channel length, A is the cross-sectional area, and rh is the hydraulic radius of 

the channel94. 

 

  [2] 

 

 The hydraulic radius is an equivalent length of the channel’s geometry, defined 

below in Supplementary Equation [3] where P is the channel perimeter. 

 

  [3] 

 

 Plane Poiseuille flow was assumed when the ratio between width and depth of 

the fluidic channel was large (width/depth > 20). Hydraulic resistance determined for 

ΔP =QRh
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plane Poiseuille flow is given in Supplementary Equation [4], where h is the height 

(depth) of the channel. 

 

  [4] 

 

1.9.1.3  Loading of device – protocol  

  

 Fluid was delivered to the device using a syringe pump (Fusion Infusion 400 

Syringe Pump, Chemyx, Stafford, TX, USA) with a 3mL syringe (Monojet, 

Medtronic, Minneaplis, MN, USA) connected to capillary tubing (OD 360 µm, IDEX-

HS 1572, IDEX, Lake Forest, IL, USA) (Supplementary Figure 3). The capillary 

tubing and syringe were joined together with a luer adapter (P-642, IDEX) and union 

assembly (VICI ZRU1.5XC union, VICI C-NL.35L sleeve, VICI C-NNFFPK ferrule 

extracted from fitting, VICI Valco Instruments, Houston, TX, USA). A pressure 

sensor (uPS0800-C360-10, LabSmith, Livermore, CA, USA) was attached to the 

capillary tubing line using an interconnect tee (C360-203, LabSmith) and threaded 

fittings (C360-100, LabSmith). A seal was formed between the capillary tubing and 

device inlet using a fluidic attachment (BMP-LP-MAG, CorSolutions, Ithaca, NY, 

USA) and flat-bottomed PEEK ferrule (N-123-03, IDEX). 

 

 A solution of 70% EtOH (0.5 mL) was flushed through the capillary tubing to 

clean out any residue, followed by sterile growth media to prime the tubing line. For 

Rh =
12µL
Ah2
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super-resolution microscopy, 1X-M9 minimal media was used (see Section 1.9.1.8, 

“Cell sample preparation”) as the growth media. For diffraction-limited microscopy, 

sterile LB Broth was used (see Section 1.9.1.8, “Cell sample preparation”). For 

copper-treated media, sterile LB Broth was treated with 2.5 mM of CuSO4 (see 

Section 1.9.1.8, “Cell sample preparation”). 

 

 After flushing the lines with experimental media, the capillary tubing was 

attached to the device and connected with the fluidic attachment. Force was applied on 

a syringe plunger to increase fluidic pressure. The pressure in the fluid was measured 

and maintained at approximately 80 kPa for 6 min to wet the channels and flush out 

air bubbles. Once the device channels were wetted, the tubing line was disconnected 

from the device. The capillary tubing was then flushed with 0.25 mL of media with 

bacteria. 

 

 To load bacteria into the device, the syringe with bacteria was removed and 

exchanged for a syringe with sterile media to prevent bacterial concentrations from 

becoming too great. The capillary tubing was then reconnected to the device with the 

fluidic attachment. The media-filled syringe connected to the capillary tubing was 

mounted onto a syringe pump, and pressure was increased until bacteria were 

observed within the tapered channels (Fusion 400 Syringe Pump, Chemyx, Stafford, 

TX, USA). Once bacteria were loaded into the tapered channels, the pressure was 

reduced to the desired experimental value (the magnitude of pressure while loading 

was not found to influence results). For the experimental condition of zero applied 
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pressure where ΔP is zero for all cells trapped in the tapered channels, the capillary 

tubing was removed from the device after loading the cells into the tapered channels.  
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Supplementary Figure 3. Extrusion loading implemented with previously 

demonstrated PALM imaging3,93. (A) Schematic overview of imaging set-up. A 

syringe pump was used to apply fluidic pressure. Pressure was measured along the 

capillary tubing line prior to entering the microfluidic device. (B) Laser and camera 

timing diagram for SMT and SCQPC (described in Section 1.9.1.9).  

 

1.9.1.4  Deformations of bacteria submitted to stepwise increases in extrusion 

loading  

 

 E. coli suspended in liquid media were submitted to extrusion loading (Figures 

2A-B) with an initial Pave of 46 kPa (ΔP: 11.55 – 37.73 kPa). Microscopy images of 

trapped bacteria were collected using bright-field microscopy (0.108 µm per pixel, 

Supplementary Figure 1E). To induce a stepwise increase in extrusion loading on 

trapped cells, the applied fluidic pressure was increased (measured at the device inlet). 

The trapped cells were imaged at the larger applied pressure again using bright-field 

microscopy (Supplementary Figure 4A). The process was repeated for another 

stepwise increase in applied pressure, resulting in an image of the same trapped cells 

at three ΔP magnitudes. Stepwise loading occurred over a short timeframe (~19 min) 

at room temperature to minimize the influence of cell growth on changes in cell 

length. Increases in applied ΔP resulted in movement of bacteria farther into the 

tapered channels leading to a reduction in cell width (Supplementary Figures 4A-B). 

Additionally, cell length increased (Supplementary Figure 4B). These observations 
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show that increased magnitude of extrusion loading results in reductions in tensile 

hoop strains, increases in tensile strain in the axial direction, and a net reduction in cell 

volume (Figures 2C-D). 

 

 

Supplementary Figure 4. Changes in cell dimensions in E. coli submitted to stepwise 

increases in extrusion loading. (A) Bright-field images of a trapped cell submitted to 

three magnitudes of extrusion loading (15.0 kPa, 22.5 kPa and 28.6 kPa top to 

bottom). Arrow: Trapped E. coli cell. (B) The length of trapped cells at each of the 

stepwise increases in pressure (n = 17; lines connect measures of the same cell).  

 

1.9.1.5  Analytical model of cell envelope stress state  

 

 An analytical model was used to characterize the stress and strain states in an 

E. coli cell submitted to stepwise increases in extrusion loading. The model uses the 

thin-walled approximation and assumes an axisymmetric cell geometry. The cell 

contains a turgor pressure (Pt) associated with osmolarity and is submitted to an 

upstream hydrostatic pressure (Pu) and a downstream hydrostatic pressure (Pd). The 
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difference between upstream and downstream pressure (Pu – Pd) is the pressure 

difference ∆P. A normal pressure (Pwall) is exerted by the channel wall on the cell, and 

a frictional stress (τ) associated with contact to the cell envelope is also present 

(Supplementary Figure 5A). 

 

The stress and strain, and the change in turgor pressure of a bacterium at two 

loading configurations (∆P1 and ∆P2), are considered (Supplementary Figure 5A). The 

cylindrical portion of the bacterium (AA’ to BB’ in Supplementary Figure 5A) is 

referred to as ‘trunk’ and the ends caps as ‘caps.’ The cell envelope thickness is 

denoted by t. As the taper angle α in the microfluidic channel is very small (~0.5o), we 

assume uniform radius for the trunk. 

 

  

Supplementary Figure 5. Free body diagrams of a bacterium under extrusion 

loading. (A) Schematic of a bacterium trapped inside a channel at two applied 
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pressures. The blue (left) bacterium is at lower applied pressure, and the red (right) 

one is at higher applied pressure. (B) The local force balance in the hoop direction. 

The black dots denote the axial axis. (C) The local force balance of a segment of a 

trapped bacterium in the axial direction.  

 

We denote the displacement of the point X in the cell envelope as it moves 

from configuration 1 to configuration 2 as u, such that x = X + u. As the cell moves 

from configuration 1 to configuration 2, the axial strain εa and the hoop strain εh in the 

cell envelope are given by: 

 

  [5] 

 

  [6] 

 

 We assume small strains and neglect bending of the cell envelope95. The 

incremental tensile axial stress δσa and the incremental tensile hoop stress δσh between 

two configurations are given as: 

 

  [7] 

 

  [8] 

 

( ) / '( )a du X dX u Xε = =

2 1

1
h
r r
r

ε −=

2 1a a aσ σ δσ= +

2 1h h hσ σ δσ= +
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 The cell envelope is modeled as a linear elastic transversely isotropic 

material96,97 with hoop Young’s modulus, Eh, on the transverse isotropic plane and the 

axial Young’s modulus, Ea. The ratio between hoop and axial Young’s modulus is 

described by the anisotropic coefficient γ = Eh / Ea. The Poisson’s ratio in the axial 

direction is denoted by νha. The transversely isotropic constitutive law between 

incremental stresses (δσa and δσh) and strains (εa and εh) gives the following equations: 

 

  [9] 

 

  [10] 

 

 Local force balance in the hoop direction (Supplementary Figure 5B) for the 

two pressure configurations can be expressed as: 

  [11] 

 

  [12] 

 

 Axial force balance (Supplementary Figure 5C) is obtained by assuming a 

constant Coulomb friction coefficient f between the cell and channel walls, such that 

the shear friction stress was given by τ = f · Pwall(X). The resulting axial force balances 

2 1
2 2

1

( ) '( )h h
a a ha h ha

ha ha

E E r ru X
r

δσ ε ν ε ν
γ ν γ ν

⎡ ⎤−= + = +⎢ ⎥− − ⎣ ⎦
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for both configurations are given in Supplementary Equations [13] and [14], with 

higher-order incremental terms not included. 

 

  [13] 

 

  [14] 

 

 Considering the cell as a single body, the axial forces from the pressure 

difference must be balanced by wall pressure and friction, which results in the 

following equations: 

 

  [15] 

  [16] 

 

 The change in turgor pressure between the two configurations can be assessed 

from the force balance in the hoop direction. By subtracting Supplementary Equation 

[11] from Supplementary Equation [12], then integrating both sides of the equation 

across the length of the cell and using Supplementary Equations [10], [15], and [16], 

we obtain:  
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  [17] 

 

 Substituting values for pressure, radius, and Young’s moduli within the 

experimental range, the right-hand side of Supplementary Equation [17] is always 

positive (i.e. increases in pressure difference result in increases in internal pressure).  

The increase in turgor pressure is consistent with observed reductions in cell volume 

during stepwise extrusion loading (Figure 2C). Since the cell remains viable after 

loading, it is expected that the volume loss is predominately water. A reduction in 

water content would be expected to increase osmolarity and thereby increase turgor 

pressure. 

 

 Differentiating Supplementary Equation [7] and replacing the resulting terms 

with Supplementary Equations [9], [11]-[14], and [17] gives us Supplementary 

Equation [18], where M is given by Supplementary Equation [19] and B by 

Supplementary Equation [20]. 

 

  [18] 
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  [19] 

 

  [20] 

 

 The displacement (u) and the axial strain (εa) distribution can be obtained by 

solving [18] while noting that cell geometry requires [r2 – r1 = –u(0) · α] and [u(l1) – 

u(0) = l2 – l1]. The axial strain distribution is found to be:  

 

  [21] 

 

 The axial strain can be shown to increase monotonically from the upstream end 

(X = 0) to the downstream end (X = l1) of the trunk if we solve and use the results of 

the force balance at two end caps in the axial direction. The incremental axial stress is 

then obtained from Supplementary Equations [9] and [21], which also exhibits a 

monotonically-increasing pattern from the upstream end to the downstream end of the 

cell trunk. 
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1.9.1.6  Finite element model for bacteria submitted to mechanical loading  

 

 The experimental results (Figures 4C-D) indicate a response to both extrusion 

loading and loading through gel encapsulation. The analytical model described above, 

while providing insight into the stresses and strains generated by extrusion loading, 

has limited utility for comparing the two loading modes since many of the variables 

are not well characterized. Here, we generate finite element models to compare cell 

envelope stress states between the two loading modes. 

 

 Characterization of the stress and strain states in the cell envelope during 

extrusion loading was performed using nonlinear finite element analysis. A finite 

element model of a bacterium submitted to extrusion loading was developed using 

Abaqus (CAE 6.9-EF2, Dassault Systems, Providence, RI, USA). An axisymmetric 

model was generated in which the cell envelope consisted of solid elements. The use 

of solid elements constrains the model to consider situations with a positive turgor 

pressure (a reasonable assumption given the increases in internal pressure during 

extrusion loading, see above). The trunk of the cell envelope was modeled as 

transversely isotropic (see above section). The Poisson’s ratio was modeled as 0.3 on 

the isotropic plane and as 0.34 in the hoop/axial direction98. The cell end caps were 

assigned isotropy, with the Young’s modulus set as the average of the Young’s moduli 

in the hoop and axial direction of the trunk. The Poisson’s ratio in the end caps was 

assumed as 0.3. Channel walls were represented as rigid surfaces with dimensions 

matched to the microfluidic device design. Contact between the cell envelope and the 
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channel walls was simulated using a surface-to-surface contact. Coulomb friction was 

applied between the cell envelope and channel walls. Each finite element model 

consisted of 103,680 four-node bilinear quadrilateral elements (16 elements across the 

cell thickness, CAX4 elements with geometric nonlinearities included). The thickness 

of the cell envelope t was assumed to be 4 nm96,99. 

 

 Extrusion loading was simulated in two steps (Supplementary Figure 6A). In 

the initial step, the cell envelope is inflated with a turgor pressure characteristic of the 

free-floating state (Pt,0). Although reports of turgor pressure vary dramatically in the 

literature, cell width is highly constrained100 and has small variability in the strain of 

E. coli used in this experiment93. Hence, we expect a relationship between unstressed 

width w0, turgor pressure, and the Young’s modulus of the cell envelope. The 

unstressed width at a given turgor pressure and cell envelope Young’s modulus were 

determined iteratively to achieve a final width that was the same as the cell width of 

free-floating E. coli. 
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Supplementary Figure 6. Parametric finite element methods, and the stress and strain 

results. (A) Schematic of the finite element model. Numbers mark the steps in a 

simulation. (B) Flowchart of the parametric analysis. Finite element model outputs cell 

width W, which is compared to the experimental width plus and minus one standard 

deviation, Wave ± SD (Supplementary Table 2). Axial and hoop stresses are checked 

whether they are tensile. We analyze the simulative stress and strain states only if 

these two conditions are achieved. (C) An example of the simulative stress and strain 

distributions that match experimental findings. Normal pressure (pink) and axial (red), 

hoop (blue), and shear (green) stresses are shown for a typical case. Here the variables 

are: Ea = 25 MPa, Pt,0 = 150 kPa, Pt,load = 270 kPa, l0 = 1200 nm, under applied 

pressure ∆P = 15.4 – 23.1 kPa, Pave = 30.0 kPa. 

 

 In the second step of the simulation, upstream and downstream pressure were 

included and the internal pressure was increased to Pt,load. Stabilization control was 
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used to allow for small rigid body motion of the cell envelope within the channels and 

was confirmed to not affect final stress and strain. 

 

 As many of the parameters used in the finite element model have not yet been 

well defined experimentally (Supplementary Table 1) we performed a parametric 

analysis to identify the combination of descriptive variables that result in deformations 

similar to what is seen experimentally (Supplementary Figure 6B). Key input 

parameters for the model include Young’s moduli, initial turgor pressure, and turgor 

pressure after deformation. Finite element model results were compared to 

experimentally-measured cell widths and lengths with a known pressure difference ∆P 

(data from Supplementary Table 2). Cell width was not highly variable in this strain of 

E. coli, but cell length varied considerably depending on the cell cycle. For this 

reason, final deformed cell width was used as the primary indicator of a finite element 

model result consistent with experimental findings. If the deformed cell width was 

within one standard deviation of the experimental cell width, the finite element model 

result was accepted. The parametric analysis was performed with the following 

parameter values: the Young’s modulus in the hoop direction Eh was two times larger 

than the Young’s modulus in the axial direction Ea
96,97. The friction coefficient f was 

estimated from the global force balance on the cell envelope in the axial direction of a 

trapped cell. When we ran simulations with Pt,0 as 100, 150, and 200 kPa, f was 

estimated to be 0.0039, 0.0026, and 0.0020, respectively. The unstressed cell length l0 

can also affect how far a cell travelled downstream into the tapered channel, affecting 

the final cell width, so l0 was parameterized as well. Although the amount of initial 
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contact between the cell envelope and the channel walls in the first step of the 

simulation can vary based on the axial position of the cell within the tapered channel, 

variation in the starting position in the channel had little effect on final cell width. A 

change of 78% in the starting position of the cell in the channel resulted in the same 

deformation of the cell. 

 

 The stress and strain states from the finite element simulations (Supplementary 

Figure 6C) showed a pattern in stress magnitude consistent with analytical results (see 

above section). The axial strain increased monotonically from the upstream end to the 

downstream end along the cell length. The parameter ranges that matched 

experimental findings suggested greater turgor pressure in the bacteria submitted to 

larger extrusion loading (Supplementary Table 3), which is in agreement with the 

conclusion from the analytical model (see above section). 

 

 The stress and strain states of bacteria under extrusion loading were compared 

to bacteria under agarose gel encapsulation (see Section 1.9.1.14, “Agarose 

embedding assay of cell growth,” Supplementary Table 4). During elongation of a 

single cell, material is added to the cell envelope, thereby increasing cell length. When 

encapsulated in a stiff gel, the axial extension of the cell during growth is constrained 

(Supplementary Figure 13A). The cell envelope is typically under tension due to 

turgor. The presence of the gel results in a reduction in axial tensile stresses in the 

bacterial cell envelope (l0). As there is typically no expansion of E. coli in the hoop 

direction, hoop stress in an encapsulated cell remains the same as hoop stress in a free-
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floating cell. We modeled bacteria using a transversely isotropic linear elastic 

constitutive model (see Section 1.9.1.5 above) with applied turgor pressure and axial 

compressive forces Pgel (applied on the cell poles as the cell grows). The resulting 

strain tensor is given in Supplementary Equation [22], where υ is the Poisson’s ratio in 

the isotropic plane, υah and υha are the transverse direction Poisson’s ratio of the cell 

envelope, σa,0 is the axial stress, σh,0 is the hoop stress, and σr,0 is the radial stress of a 

free-floating cell calculated from a thin-walled pressure vessel model. 

 

  [22] 

 

 

 Using a set of material properties that were consistent with extrusion loading 

experimental results (Supplementary Table 3), we compared the cell envelope stress 

states during extrusion loading with those during gel encapsulation. The normal 

stresses generated by extrusion loading and gel encapsulation differ considerably 

(Supplementary Table 4). Extrusion loading leads to increased axial stresses and 

reduced hoop stresses while gel encapsulation results in reductions in axial stress and 

negligible changes in hoop stress. Although the normal stresses are very different, 

decomposing the three-dimensional stress state into hydrostatic and octahedral shear 
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components shows that both loading modes result in increases in octahedral shear 

stress (Figures 4C-D, Supplementary Figure 7). 

 

 

Supplementary Figure 7. (A) Hydrostatic stresses (inset) within the cell envelope are 

not correlated with the magnitude of extrusion loading (∆P). Inset: An illustration of 

the effects of hydrostatic stresses on an element within the cell envelope. Hydrostatic 

compression causes a reduction in volume but does not change shape (compare to 

octahedral shear stresses in Figure 4C inset). (B) Hydrostatic stresses in the cell 

envelope show only a slight negative trend with increases in compressive pressure 

generated by agarose encapsulation. 

 

Extrusion loading and agarose encapsulation do not cause increases in biaxial 

stress, the primary form of membrane tension required to open stretch activated 

channels79, and is therefore less capable of opening stretch-activated mechanosensitive 

channels in the cell membrane (Supplementary Figure 8). 
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Supplementary Figure 8. (A) Hypo-osmotic pressure applies biaxial tension that 

stretches open a segment of the cell envelope, enabling opening and function of stretch 

activated channels. (B) Extrusion loading applies tension in one direction but 

compression in another direction and is therefore not as effective at opening stretch 

activated channels (the net mechanical stress in both directions remains tensile due to 

large tensile stresses generated by turgor).  

 

 

Supplementary Table 1. Parameters for the cell envelope in the finite element model 

 

Parameter Definition Parameter Range Reported Range 

Ea Axial Young’s modulus 20 – 60 MPa 
20 – 150 

MPa77,78,96,97,101-103 

Pt,0 
Turgor pressure prior to 

extrusion loading 
100, 150, 200 kPa 30 – 300 kPa97,104,105 

Pt,load Turgor pressure during Pt,0 – 500 kPa − 
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extrusion loading 

l0 Unstressed cell length 1000 – 2400 nm − 

 

Supplementary Table 2. Applied pressure difference and cell dimensions for cells 

shown in Figure 3A (with different ∆P binning)a 

 

Pave 

(kPa) 

∆P (kPa) n Pu,ave 

(kPa) 

Pd,ave 

(kPa) 

Wave ± SD 

(nm) 

Lave ± SD 

(nm) 

30.0 7.7 – 

15.4 

95 37.73 22.25 684 ± 165 2762 ± 438 

15.4 – 

23.1 

146 42.16 17.82 697 ± 134 2617 ± 467 

23.1+ 296 47.28 12.70 645 ± 104 2596 ± 457 

aNote: the parametric analysis identifies sets of unknown parameters (turgor pressure, 

Young’s modulus, and cell length at unstressed state) that result in a cell width similar 

to what is seen experimentally. Pu,ave is the average upstream pressure and Pd,ave is the 

average downstream pressure for trapped cells. W is the width of the cell expressed at 

mid-cell (halfway between the upstream and downstream ends of the cell) and L is the 

length of the cell trunk (not including caps). 
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Supplementary Table 3. An example of parameter ranges using fixed and assumed 

values for the Young’s modulus (Ea) and initial turgor pressure (Pt,0). Values were 

assumed from literature (see Reported Range in Supplementary Table 1) 

 

Pave (kPa) ∆P (kPa) Ea (MPa) Pt,0 (kPa) Pt,load (kPa) l0 (nm) 

30.0 

7.7 – 15.4 25 150 150 − 230 1400 − 2400 

15.4 – 23.1 25 150 190 − 280 1200 − 2000 

23.1+ 25 150 260 − 300 1200 – 1600 

 

Supplementary Table 4. The responses of stress and strain to increases in external 

loading of the two loading modesa  

 

Loading mode σa σh σr τ σhyd τoct εhyd γoct 

Extrusion loading ↑ ↓ ↓ ↑ − ↑ − ↑ 

Agarose gel encapsulation ↓ − − − ↓ ↑ ↓ − 

 aNote: “−” denotes no change. The ↑ symbol indicates an increase in the specified 

stress or strain with an increase in the loading (either from greater ∆P or increased 

agarose content), ↓ is a decrease in stress or strain with increased loading. Stresses 

examined were axial (σa), hoop (σh), radial (σr), shear (τ), hydrostatic (σhyd), and 

octahedral shear (τoct). Strains examined were hydrostatic (εhyd) and octahedral shear 

(γoct). 
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1.9.1.7  Bacterial strain construction  

 

 All strains used in this study were derived from the E. coli BW25113 strain 

(CGSC# 7739 Keio Collection, Yale; genotype: F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ−, rph-1, Δ(rhaD-rhaB)568, hsdR514). The cusAmE (i.e., 

CALMF) strain was constructed and characterized in our previous work3. Briefly, 

CALMF (cusA-linker-mEos3.2-FLAG) was created via lambda Red recombineering, 

where a short, flexible linker L of 10 amino acids (sequence = AGSAAGSGEF) was 

used to connect mEos3.2-FLAG (a monomeric, irreversibly photoconvertible 

fluorescent protein mEos3.284,85 with a C-terminal FLAG tag) to the C-terminus of 

CusA at its chromosomal locus3. This CusAmE fusion protein is functional and stays 

intact, as shown by cell growth assays and Western blot3. 
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1.9.1.8  Cell sample preparation  

 

 For single-molecule imaging: CusAmE (i.e., CALMF) cells were grown in LB 

with chloramphenicol (25 µg/mL, USBiological) for 18 h in 37 °C with shaking (250 

rpm). From this culture, a 1:100 dilution was prepared in LB containing 

chloramphenicol (25 µg/mL). This diluted 10 mL culture was incubated at 37 °C for 4 

h (reaching OD600 = 0.4) with shaking (250 rpm). The cells were centrifuged (4500 

rpm, 4 °C) for 10 min. The supernatant was removed, and the resulting cell pellet was 

re-suspended in 10 mL of M9 medium supplemented with 8% v/v 50X MEM amino 

acids (GIBCO, cat. #: 11130051), 4% 100X MEM vitamins (GIBCO, cat. #: 

11120052), and 0.4% glucose (Sigma-Aldrich, cat. #: G7528). The liquid suspension 

of cells was loaded into the microfluidic device as described in Section 1.9.1.3. 

 

 For cell growth under copper stress in device: For cell samples requiring 

copper stress (e.g., in measuring the rate of cell elongation and division), CALMF cell 

cultures were prepared as described above. The pellet was re-suspended in 10 mL of 

LB, and 25 µL of copper sulfate (Mallinckrodt) was added to yield a 2.5 mM copper 

solution. This concentration of copper impacts E.coli cell growth but still renders the 

cells viable.  

 

1.9.1.9 Single-molecule tracking (SMT) and single-cell quantification of protein 

concentration (SCQPC)  
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 SMT86-92 via stroboscopic imaging and SCQPC were performed as previously 

described on an inverted fluorescence microscope (Olympus IX71; Supplementary 

Figure 3)3,93. For SMT, the cells were first illuminated with a 405 nm laser (1–10 

W/cm2) for 20 ms to photoconvert a single mEos3.2 molecule (or none) from its green 

fluorescent form to its red fluorescent form. A series of 30 pulses of a 561 nm laser 

(21.7 kW/cm2) in epi-illumination mode with pulse duration Tint = 4 ms and time lag 

Ttl = 60 ms were then used to excite the red mEos3.2. The resulting red mEos3.2 

fluorescence was imaged by an EMCCD camera (Andor Technology, DU-897E-CSO-

#BV), which was synchronized with the 561 nm laser pulses. This imaging scheme 

was repeated for 500 cycles for each field of view. 

 

 After the SMT step, SCQPC was performed on the same cells, in which the 

cells were illuminated with the 405 nm laser (1–10 W/cm2) for 1 min to photoconvert 

all remaining mEos3.2 molecules, followed by 561 nm laser illumination for 2000 

frames with the same laser power density and exposure time as in the SMT step to 

quantify the number of remaining mEos3.2 molecules. This 405-illumination and 561-

excitation sequence was repeated once more to ensure all mEos3.2 molecules had 

photobleached. All CusA concentrations cited in the study correspond to those of 

CusA trimers, i.e., one-third of the total mEos3.2 concentration, and are corrected for 

the photoconversion efficiency (42%) of mEos3.2 as previously described93,106,107. 

 

1.9.1.10  Single-molecule imaging data analysis  
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 The boundary of each cell inside tapered channels was determined from the 

optical transmission image. Due to the interference of tapered channels, automated 

detection of the cell boundary in the image was problematic, and a manual approach 

was used. An ellipse was hand-drawn to initially outline crudely each cell’s boundary, 

which was then fitted with a cell-shape model of a cylinder with two hemispherical 

caps93,108. The resulting fitted cell boundary was then used as a mask to define the 

region of interest (ROI) for each cell in the corresponding fluorescence image. 

Fluorescence spots of individual CusAmE molecules from SMT were identified within 

each ROI [i.e., if the pixel intensities of these spots were greater than a user-defined 

threshold (the mean pixel intensity value + 4 standard deviations of the whole image)], 

fitted with a 2-D Gaussian point spread function, and position-localized to nanometer 

precision (typically ~40 nm precision), as previously described93. 

 

 To obtain more precise measurements of the boundary of each cell, we took 

horizontal and vertical line profiles of each cell’s optical transmission image 

(Supplementary Figure 9). For the horizontal line profile, the midpoints of each of the 

two curves surrounding the cell were used to determine the cell length. For the vertical 

line profile, the midpoints of the two taper channel walls were used to determine the 

width. In cases of ambiguity, the lengths and widths obtained from line profiling were 

each dilated by one pixel (135.4 nm) in each direction. From these refined 

measurements, the lengths and widths of the cells can be accurately reported 

(Supplementary Table 5). The more precise measurements of cell lengths and widths 

were used to generate refined cell boundaries (i.e., new ROIs), which were used to 
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clean up the fluorescence localizations of individual CusAmE molecules. Fluorescence 

localizations outside these new ROIs were eliminated as false hits. 

 

 We further examined the cells with higher numbers of detected trajectories 

(i.e., the top 5% cells). If the cell dominantly had fluorescence localizations that 

appear to stay at the same location (i.e., within ~270 nm, which is about diffraction-

limited spot size) repetitively for long periods (i.e., for an average of 8 minutes), the 

cell was removed, as these apparent stationary bright objects are likely from dust 

particles.  For all 1337 cells analyzed, a total of 10 cells (i.e., less than 1%) were 

discarded due to the presence of these dust-particle-like behaviors. 

 

  

Supplementary Figure 9. Line profiling for determining accurate cell boundary. (A) 

Exemplary transmission image of cells trapped in tapered channels. (B) Horizontal 

(blue) and vertical (pink) line profiling of a cell from a (lower left). For the horizontal 

line profile (upper), the midpoints (blue dots) of each of the two curves surrounding 

the cell were used to determine the cell length. For the vertical line profile (right), the 
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midpoints (pink dots) of the two taper channel walls were used to determine the cell 

width. 

 

Supplementary Table 5. Applied pressure difference and cell dimensions for cells 

shown in Figures 3C-Fa 

Pave (kPa) ΔP (kPa) n Lave ± SD (µm) Wave ± SD (µm) 

0.0 0.0 284 1.56 ± 0.33 1.00 ± 0.13 

12.5  

3.8 ± 1.7 205 2.04 ± 0.51 1.01 ± 0.16 

8.9 ± 1.1 199 2.22 ± 0.44 0.71 ± 0.13 

11.9 ± 0.5 188 2.22 ± 0.53 0.63 ± 0.08 

30.0 

3.3 ± 2.6 189 2.24 ± 0.47 0.88 ± 0.16 

14.5 ± 3.1 194 2.27 ± 0.48 0.72 ± 0.13 

25.7 ± 2.8 349 2.28 ± 0.45 0.61 ± 0.07 

All 12.5 and 

30.0 kPa data 

combined 

4.3 ± 2.6 481 2.14 ± 0.49 0.91 ± 0.19 

11.6 ± 1.8 438 2.24 ± 0.49 0.67 ± 0.12 

24.7 ± 3.7 408 2.29 ± 0.46 0.62 ± 0.08 

 

a: Pave denotes the average pressure applied to the cells; ΔP is the pressure difference 

experienced across the cell; n represents the number of cells; L is the length of the cell 

as calculated from line profiling; W is the width of the cell expressed at mid-cell 

(halfway between the upstream and downstream ends of the cell) as calculated from 

line profiling; and SD is standard deviation. 
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1.9.1.11  Quantification of stage drift: it is insignificant within our experimental 

time.  

 

 To check and ensure that our microscope stage did not drift significantly 

during our imaging — each fluorescence imaging movie was acquired over ~20 

minutes, consisting of SMT (~15 min) and 2 rounds of SCQPC (~2 min each), we 

took the optical transmission images of our device containing the cells before and after 

each movie was recorded (Supplementary Figure 10A). Our device had numerical 

labels etched in, and each transmission image contained at least one fully-intact 

symbol from these labels (number or hyphen), which acted as reference position 

markers. Upon selecting the transmission image of interest, the Canny edge detection 

algorithm in MATLAB was used to determine all of the edges in the entire image 

(Supplementary Figure 10B). A mask was applied to include all the edges surrounding 

the position marker of interest. All connected regions within this mask were filled, and 

the region with the maximum number of pixels (i.e., greatest area) was identified 

(Supplementary Figure 10C). The centroid position (geometric center) of this 

identified region was calculated (Supplementary Figures 10C-D). If multiple symbols 

were present in one transmission image, multiple centroids were determined, and their 

averages were used as position markers. 

 

 Upon analyzing the hundreds of centroid positions over many imaging areas, 

the average stage drifts in the x and y directions are 29.3 ± 27.6 nm and 44.3 ± 37.8 

nm, respectively, over the duration of one movie (~20 min), corresponding to average 
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drift rates of 0.28 ± 0.028 and 0.43 ± 0.034 nm s−1 (Supplementary Figure 10E). 

Considering the localization precision of our single-molecule imaging is ~40 nm, the 

magnitude of stage drift falls within the localization error. Thus, no subsequent steps 

were needed to correct for stage drift in analyzing the single-molecule tracking 

trajectories. 

 

  

Supplementary Figure 10. Edge detection and centroid determination. (A) 

Transmission image containing the taper set label “2−3−3” etched into the imaging 

wafer. Blue dots connected by white lines indicate the selection of the mask for the 

desired symbol (position marker). (B) The Canny edge detection algorithm selects the 

edges of the entire transmission image. The intensity values are converted into binary. 

(C) Selection of the edges within the mask indicated in panel B, followed by filling in 

the connected regions. The filled region with the maximum number of pixels (i.e., the 

greatest area) — i.e., the solid white innermost region — is identified. The centroid 

position (i.e., the geometric center) of this identified region is calculated, depicted here 

by the red superimposed circle. This process was repeated for each fully-intact symbol 
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on each set of transmission images taken before and after the recording of each movie. 

(D) Overlay of the centroid position (red circle) determined from C on the original 

transmission image of A. (E) Histograms (upper left and bottom right) and scatter plot 

(lower left) of the stage drift in x and y direction for all analyzed centroids. 

 

1.9.1.12  Analysis of diffusive behaviors of CusAmE in cells to determine its diffusive  

states and the associated diffusion constants and fractional populations 

 

 From SMT data, the diffusive behaviors of CusAmE can be extracted by 

analyzing the probability distribution function (PDF) of the displacement length r per 

time lapse (Ttl) of each tracked CusAmE molecule, as we reported in our previous study 

of CusCBA assembly3. Only the first displacement was used here from each tracking 

trajectory to avoid biasing toward long trajectories93. The experimentally determined 

histogram of r (i.e., un-normalized PDF of r) was initially transformed via an inverse 

transformation method ITCDD3,71,72 to deconvolute out the cell confinement effect 

that distorts the displacement distribution and was then fitted by a linear combination 

of two terms, each representing a diffusive state that follows the Brownian diffusion 

model (Supplementary Equation [23]) (the actual fitting was done on the integrated 

form of the PDF to be numerically more robust): 

 

  [23] 
PDF(r,Ttl )unnormalized = N

Amr
2DmTtl

exp − r2

4DmTtl
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where N is a scaling factor, D is diffusion constant, A is fractional population, and the 

subscripts m and s refer to the mobile (faster) and stationary (slower) populations, 

where Am + As = 1. This analysis was applied to all PDF(r)’s across all experimental 

conditions to evaluate how the fractional populations and diffusion constants of the 

two states varied. 

 

 Upon ITCDD transformation of the original experimental PDF, the resulting 

distribution of displacement lengths are fitted by the Brownian diffusion model as in 

Supplementary Equation [23] above. However, we often observe that after ITCDD, 

there are some displacement lengths that are too large to be reasonable for a 

membrane protein3 and need to be discarded. To determine the appropriate upper limit 

of displacements for the transformed PDF, we performed simulations of a statistically-

saturated number of diffusion trajectories (5000) with a given diffusion constant on 

the membrane of a cell matching the average cell geometry of our experimental data. 

The resulting simulated displacements were transformed via ITCDD, from which the 

diffusion constant was extracted from Brownian diffusion model analysis. Each 

simulation was repeated four times for each diffusion constant input (diffusion 

constant inputs of 0.1 to 1.1 µm2 s−1 were sampled). The extracted diffusion constants 

from the ITCDD-transformed simulations very well recover the intrinsic diffusion 

constant input, validating our ITCDD method (Supplementary Figure 11A), which we 

showed previously in our method paper71. Next, the displacement distributions from 

the simulations were truncated in 0.1 µm increments at the 95% population of the 

theoretical PDF (i.e., the displacement threshold rupper @ 95%). We chose 95% 
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confidence to be better than our typical experimental uncertainty. This established our 

calibration curve for the upper-limit truncation on the ITCDD-transformed PDF 

(Supplementary Figure 11B, red points). We then iteratively truncated each of our 

ITCDD-transformed experimental PDF (going from high to low upper limit) until the 

value of the extracted experimental diffusion constant of the mobile faster state agreed 

with the expected diffusion constant from the calibration curve at the same truncation 

rupper (i.e., crossed the red calibration curve, Supplementary Figure 11B). The PDF 

analysis results at this rupper value were subsequently taken as our final results 

(Supplementary Figure 11C).   

 

 

Supplementary Figure 11. Truncation and analysis of ITCDD-transformed PDF 

across a range of ΔP.  (A) Diffusion constant input plotted against extracted diffusion 
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constant fitted from simulated displacements that were transformed via ITCDD and 

truncated at 95% population inclusion. Each red square represents the average 

extracted diffusion constant from four simulations; y-error bars are s.d. For reference, 

a diagonal line (y = x) was plotted to illustrate that the values of the extracted diffusion 

constants from the simulations very closely align with the original diffusion constant 

inputs. (B) The rupper value at 95% of ITCDD-transformed PDF vs. the extracted 

diffusion constant (red points). The blue, pink, and green curves represent the three ΔP 

groups of the experimental data. The ITCDD-transformed PDF from each group was 

truncated iteratively in the direction of high to low rupper (indicated by the direction of 

the color-corresponding arrows) until the extracted diffusion constant meets the red 

calibration curve. The corresponding upper limit of displacement (as indicated by each 

color-corresponding vertical dashed line) was used for subsequent analysis of the 

ITCDD-transformed PDF. (C) ITCDD-transformed PDF(r) generated from CusA
mE

 

SMT data at ΔP = 4.3 ± 2.6 kPa, 11.6 ± 1.8 kPa , and 24.7 ± 3.7 kPa. Each ITCDD-

corrected PDF (yellow bars) can be sufficiently fitted with two Brownian diffusion 

states (Eq. S23): a mobile disassembled state (orange dashed line) and an almost 

stationary assembled state (green dashed line). The solid black line denotes the overall 

fit. Diffusion constants for the mobile (Dm) and stationary (Ds) states and the 

corresponding fractional populations (Am, As) are denoted. Errors are s.d. The diffusion 

constants and mobile fractional populations are also presented as black data points in 

Figures 3D and 3C, respectively, in the main text. The PDF on the far right is the same 

as Figure 3B in the main text. 
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1.9.1.13   Determination of effective disassembly rate constant 

 

The disassembly rate constant of CusA from the CusCBA complex was 

determined by analyzing the distribution of microscopic residence times τ of single 

CusAmE molecules at the stationary state (i.e., assembled state) (Supplementary Figure 

12); these single-molecule residence times were obtained by up-thresholding the 

displacement vs. time trajectories. Two different methods are described below. 

 

In the first method (Method 1), the displacement threshold r0 (≈100 nm) was 

determined from the resolved distribution of displacements (Supplementary Figure 

12D), as described in our previous work3. Specifically, r0 was determined by 

determining the intersection between PDF(r) of the two slower states before inverse 

transformation (these two slower states correspond to the stationary and mobile states 

after inverse transformation while the third (fastest) state with apparent diffusion 

constant of 4.70 ± 0.91 µm2 s−1 is an artifact from the cell confinement effect as we 

showed previously3,71: r0 = 137 nm for ΔP = 0 kPa; r0 = 99 nm for ΔP = 4.3 ± 2.6 kPa; 

r0 = 99 nm for ΔP = 11.6 ± 1.8 kPa; r0 = 95 nm for ΔP = 24.7 ± 3.7 kPa. 

 

In the second method (Method 2), r0 (= 127 nm) was selected as to include 

99% of the population of the stationary state (D = 0.015 ± 0.001 µm2 s−1 for ΔP = 0.85 

to 29.3 kPa) (Supplementary Figure 12D). Note the displacement distribution here is 

before applying the inverse transformation method, but the diffusion constant of the 

stationary state is essentially the same as that after the inverse transformation (Ds = 
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0.03 to 0.04 µm2 s−1; Figure 3D), as the cell confinement effect only significantly 

distorts the displacement distribution of the faster mobile state. 

 

For both methods of determining r0, we obtained the thresholded individual 

residence times (Supplementary Figures 12B-C), and their distributions f(τ) (e.g., 

Supplementary Figure 12E) were fitted with the following equation (Supplementary 

Equation [24]): 

 

  [24] 

 

where N is a scaling parameter, kbl is the photobleaching/blinking rate constant of 

mEos3.2 (independently determined by analyzing the distribution of the mEos3.2 

fluorescence on-times in the SMT trajectories, as described in our previous work93; kbl 

= 256 ± 7 s−1; 273 ± 8 s−1; 268 ± 6 s−1 for the three ΔP > 0 groups in Figure 3F and 

Supplementary Figure 12F; kbl = 327 ± 6 s−1 for the 0 kPa group), Tint is the laser 

integration time (4 ms), Ttl is the time lapse (60 ms), and kd is the effective first-order 

disassembly rate constant3. 
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Supplementary Figure 12. Determination of the effective first-order disassembly rate 

constant kd from SMT trajectories. (A,B,C), Position (A) and corresponding 

displacement vs. time trajectories (B, C) of a single CusAmE molecule. The horizontal 

brown dashed line in B indicates the threshold r0 ≈ 100 nm (Method 1), while the 

horizontal purple dashed line in C indicates the threshold r0 =127 nm (Method 2). Two 

residence times τ are indicated in panels B and C by the arrows fitting the light gray 

regions. The vertical gray dashed lines in panels B and C indicate a photobleaching or 

photoblinking event. (D) For Method 1 of determining r0, the experimental PDF(r) 

before inverse transformation is fitted with three states, with the fastest artificial state 

in green (D1) and the two slower states in red (D2) and blue (D3), respectively. The 

overall fit is delineated in solid black. The vertical brown dashed line indicates the 

threshold r0 ≈ 100 nm, the intersection between the resolved PDF(r) of the 2 slower 

states. The vertical purple dashed line indicates the threshold r0 = 127 nm for Method 
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2. (E) Distribution of the microscopic residence time τ and the fit with Supplementary 

Equation [24]. (F) kd vs. ΔP when using the alternative Method 1, which also shows 

that kd increases with increasing ΔP. Error bars are s.d. 

 

1.9.1.14   Agarose embedding assay of cell growth 

 

 Our experimental procedure for the agarose embedding assay to probe 

mechanical effects on cell growth was adapted from Auer et al.77 (Supplementary 

Figure 13A). 

 

 CusAmE (i.e., CALMF) cells were grown in LB with chloramphenicol (25 

µg/mL, USBiological) for 18 h in 37 °C with shaking (250 rpm). From this culture, a 

1:100 dilution was prepared in LB with chloramphenicol (25 µg/mL). This diluted 10 

mL culture was incubated at 37 °C for 4 h (reaching OD600 = 0.4) with shaking (250 

rpm). The cells were centrifuged (4500 rpm, 4 °C) for 10 min. The supernatant was 

removed, and the resulting cell pellet was re-suspended in 1 mL LB. 

 

 UltraPureTM agarose (Invitrogen) was prepared as solutions of 0% (control), 

0.25%, and 0.5% w/v in 20 mL LB, corresponding to 0, 2.5, 5 mg/mL, respectively. 

Note, it is not possible to prepare agarose gel at concentrations in lower than 

<0.25%, as in this concentration agarose gel does not solidify. The agarose solutions 

were heated in a microwave until the agarose was fully dissolved. The solutions were 

then transferred to a 50 °C water bath, where they were incubated for at least 20 min 
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to ensure that the temperature of the agarose solution was equilibrated, and to keep the 

agarose solution in liquid state for the following steps. To prepare each sample for 

spectrophotometric analysis, 2 mL of this agarose solution was pipetted into a cuvette, 

and 2 µL of chloramphenicol (from a 25 mg/mL stock, USBiological) was added. The 

appropriate amount of CuSO4 (Mallinckrodt) was subsequently added to make final 

copper concentrations of 0, 0.3, 0.6, and 1 mM. Finally, 67 µL of cells were added to 

each cuvette. The contents of the cuvette were then gently mixed (resuspended) 

thoroughly via pipetting; each cuvette was then sealed with Parafilm (Bemis NA), and 

the cuvettes were allowed to cool to room temperature, where the agarose solution 

could solidify (typically takes ~45 min). 

 

 Once all samples were prepared, the cuvettes were shaken (250 rpm) at room 

temperature for a period of 5 hr (a time by which all samples had experienced their 

maximum rate of growth). The absorbance (λ = 600 nm) for each sample was 

measured (Beckman Coulter DU800 UV-Vis spectrophotometer) against its 

corresponding blank every 30 minutes over this 5 hr duration. The maximum rate of 

growth was determined for each condition (Supplementary Figure 13B), which was 

used by Auer et al. 77 to report mechanical effects on cell growth rate. The sensitivity 

of cells to copper upon agarose stress was also determined by computing the change in 

maximum growth rate relative to 0 mM Cu (Supplementary Figures 13C-D). 

 

 Possibility of clustering effect on OD measurements. The absolute 

absorbance in optical density (OD) measurements can be dependent on the clustering 
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state of the cells in the agarose gel. However, this possible clustering should have 

minimal effect on our results for the following reasons: 

 

1) We measure OD600 every 0.5 hour to monitor cell growth in the agarose gel 

to determine the maximal growth rate over one interval (Supplementary Figure 13E, 

inset, for an exemplary OD600 vs time trajectory). During such a 0.5 hour interval, the 

OD600 only increases by less than ~20%. This OD600 increase reflects that on average 

only 20% of the cells divided once, which should not change the clustering state of the 

cells in the agarose. As the growth rate is calculated from the difference in the OD600 

values of two adjacent time points, any clustering effect on each of the two OD600 

values should cancel. 

 

2) We further measured the UV-Vis absorption spectra of cells in agarose gel, 

rather than a single OD600 value. The absorption spectra are featureless and show 

broad absorbance across the visible region, as expected for such bacterial cell samples. 

More important, the two spectra between which we calculated the maximal growth 

rate essentially have identical shape (although differ in amplitudes; Supplementary 

Figure 13E), consistent with the idea that the clustering state of the cells did not 

change much. 

 

3) Auer et al.77 reported that the measured OD of E. coli cells embedded in 1% 

agarose (higher than our agarose concentration) is linearly correlated with the actual 
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(known) cell density; however, we do note that their measurements did not allow the 

cells to grow significantly in the gel. 

 

 We also attempted to mimic Yan et al.109, who vortexed cells grown in glass-

bead-containing liquid cultures to mechanically disrupt cell clusters. However, 

vortexing agarose-embedded cells damaged the agarose gel (unsurprisingly) and 

generated broken gel pieces that scatter light badly and made absorption 

measurements unreliable. 

 

 Furthermore, we attempted to assess the clustering effect: by measuring the 

OD of agarose-embedded cells and then heat to re-liquify the agarose so that we could 

resuspend the cells and measure the OD again after solidification. However, these 

attempts failed, as the melting temperature of this agarose is 88 °C, and it took ~1 hour 

for the agarose gel to become a liquid. E. coli cells are known to lyse and/or decrease 

in size at ≥ 55 °C110. We searched for low-melting temperature agarose alternatives 

but found that even these agarose products have a minimal melting point of 65 °C, 

which would also be thermally lethal to E. coli.  
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Supplementary Figure 13. Cells become more sensitive to copper stress at higher 

agarose concentrations (i.e., more mechanical constraints). (A) A cell encapsulated in 
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agarose gel is depicted. As the cell grows, the agarose gel exerts a compressive 

pressure (Pcell) onto the poles of the cell. Internal pressure (Pt) within the cell 

maintains cell shape and prevents buckling. (B) Maximum growth rate (µmax) as a 

function of percentage of agarose in LB (w/v %). The stiffness of the media increases 

with increasing agarose concentration. The data in this panel are the same as in Figure 

4B in the main text. Maximum growth rate is influenced by copper concentration (p = 

2.28 ×10−5), agarose stiffness (concentration, p = 1.10 ×10−10) as well as 

copper*agarose (p = 0.046 between 0% and 0.25% [agarose] datasets), indicating that 

mechanical stress enhances the effect to copper. Note from 0.25% to 0.5% agarose, the 

reduction of growth rate by mechanical stress has reached saturation (i.e., plateaued). 

(C) Sensitivity of cells to copper stress was determined as the absolute value of change 

in µmax relative to 0 mM Cu (denoted as µmax-0). (D) Sensitivity of cells to copper stress 

was determined as the percent decrease in maximum growth rate (µmax) relative to 0 

mM Cu. Data were recorded in triplicate. Error bars in B-D are s.d. (E) Absorption 

spectra of 0.25% agarose-embedded E. coli cells at 0.5 hr and 1.0 hr time points of cell 

growth with 0 mM Cu (i.e., our fastest growth condition among all agarose-embedded 

samples). These two time points correspond to the period of maximal cell growth (see 

inset on OD600 vs time). The gray spectrum depicts the 1-hr (black) curve multiplied 

by a scaling factor (0.79) to be overlaid on the green spectrum. Inset: OD600 vs time of 

0.25% agarose-embedded E. coli cells with 0 mM Cu. The maximum growth rate was 

determined as the largest change in OD600 between two consecutive timepoints (i.e., 

between the 0.5 and 1 hr timepoints here). Error bars in E are s.d. of 5 replicates.   
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1.9.2 Pairwise distance distribution analysis supports that clustering or 

declustering is not responsible for the observed population shifts in CusA 

disassembly 

 

 In our previous work, we discovered CusAmE trimers tend to cluster together 

under certain conditions (e.g., when examined in a ΔcusCB double-deletion strain)3.  

To determine whether CusA clustering played a role in the increased disassembly 

observed when cells are exposed to increased levels of mechanical stress (i.e., ΔP), we 

examine the pairwise distance distributions of individual CusAmE proteins that were 

tracked at different pressure conditions. Pairwise distance distribution (PWD) is 

defined here as the range of Euclidean distances between pairs of first localizations of 

individual CusAmE proteins. The more prominent the clustering, the shorter the 

pairwise distances are expected. 

 

 Supplementary Figures 14A-B show the normalized pairwise distance 

distributions for the three ΔP groups of individual cells (>400 cells per pressure 

condition/group), and their differences, respectively. Within experimental uncertainty, 

the distributions are indistinguishable from one another, and no significant shortening 

in the pairwise distances was observed with increasing ΔP, indicating that clustering 

of CusA trimers does not play a significant role in the observed increase in the CusA 

disassembly upon greater mechanical stress. Note in Supplementary Figure 14B, we 
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consider the small peak at ~70 nm in the pink curve to be insignificant, as it is close to 

the uncertainty (i.e., standard deviation ~57 nm) of the pairwise distances. 

 

Supplementary Figure 14. Pairwise distance distribution analysis of CusAmE shows 

no significant changes under different levels of mechanical stress (i.e., ΔP). (A) 

Normalized pairwise distance distribution (PWD) obtained from CusAmE SMT results. 

Green: cells with ΔP = 4.3 ± 2.6 kPa; purple: ΔP = 11.6 ± 1.8 kPa; pink: ΔP = 24.7 ± 

3.7 kPa. (B) Difference of normalized PWDs in A, relative to that of the green curve. 

The dashed lines are the 99.7% confidence bounds, which represent 3× the standard 

deviation of the respective ΔPWDs between 2 simulations of randomly-distributed 

proteins on the cell membrane displaying no clustering: one simulation with 5,000 
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cells and a total of ~40,000 to ~50,000 locations (which give statistically saturated 

results), and the other with the same number of cells as obtained under experimental 

conditions (e.g., ~350 cells in each group with a total of ~3,000 to ~3,500 locations), 

as we previously described3. The cell geometry of each simulation matched that of the 

average cell geometry of the corresponding experimental dataset. 

 

1.9.3 Estimation of energy needed to disrupt the CusCBA complex 

 

While the crystal structure of the complete CusCBA complex is not yet known, 

the CusB6A3 complex crystal structure has been elucidated16. Based on the reported 

CusB-CusA interaction affinity of 5.1 ± 0.3 µM16, as well as Supplementary Equation 

[25],  

 

  [25] 

where c is the standard reference concentration of 1M, it follows that the ΔG needed to 

form a complex of CusCBA is estimated to be about −7 kcal/mol.  

 

Moreover, KD (and thus ΔG) can be estimated from the ratio of disassembled 

vs. assembled fractional populations, which are directly obtainable from our single-

molecule tracking measurements. Across the three ΔP > 0 conditions (reported as the 

three “all” groups) in this study, ΔG varies from −0.6 to −0.1 kcal/mol, from low to 

high ΔP. Considering the average copy number of CusA3 trimers in a cell is ~30, these 

ΔG = RT ln
KD
c
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ΔG values translate to about ~10−24 to 10−23 kcal for the formation of all CusCBA 

complexes in one cell, which would be the energy required to disrupt all CusCBA 

complexes entirely in one cell. 

 

We additionally determined the strain energy involved in deforming the cell 

envelope during extrusion loading (Supplementary Figure 15A) and gel encapsulation 

(Supplementary Figure 15B) using finite element models. The total strain energy in the 

entire cell envelope during extrusion loading was on the order of 10−17 kcal while the 

strain energy in gel encapsulation was on the order of 10−18 to 10−13 kcal.  The strain 

energy calculated in this manner is distributed through multiple components of the cell 

envelope as well as CusCBA, and far exceeds what is required to disrupt all of the 

CusCBA complexes in an entire cell. Furthermore, in both cases the strain energy was 

dominated by distortional strains (the contribution from octahedral shear stress), 

further supporting our association between octahedral shear stress and disassembly of 

CusCBA. As an important note, it is not necessary for mechanical stresses to disrupt 

CusCBA – there only needs to be sufficient energy to shift the assembly-disassembly 

kinetics rate to cause the observed increase in disassembly. 
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Supplementary Figure 15. Strain energy in the cell envelope associated with (A) 

extrusion loading and (B) gel encapsulation are shown. The total strain energy is 

dominated by the distortional component (octahedral shear stress).  
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1.9.4 Additional results on cell growth rate within tapered channels 

 

 

Supplementary Figure 16. Trapped cells were observed until division, and cellular 

reproduction was slowed by extrusion loading. (A) A single cell is trapped at an 

unknown point during the cell cycle. Sequential images were then taken until the cell 

was observed to divide. (B) The cell length was measured using line profiling (see 

Supplementary Figure 9) of bright-field images. A quadratic fitting was applied, and 

the maximum rate or elongation extracted from the fitted line in the time frame was 

observed. Data from a typical cell is shown. (C) Time observed until division was 

plotted for cells not treated with copper (black squares, n = 468) and for cells treated 

with 2.5 mM Cu (orange circles, n = 209). An increase in time observed until division 
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was seen for both copper treatment and no treatment cells. All tested pressure 

difference levels for applied average pressures of 12.5 and 30.0 kPa saw cell viability. 

(D) The length measured at cell division was not noted to change with pressure 

difference.  

 

Supplementary Figure 17. Measured cell length over time for cells that were 

observed until division. Cells were divided into six pressure difference (ΔP) groupings 

for (A), no copper treatment (n = 260) and (B), 2.5 mM copper treatment (n = 155). 
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Measurements were made as described in Supplementary Figure 16. Cells where 

division was not observed are included. 

 

1.9.5 Stiffness−sorted analysis suggests softer cells are more responsive to 

pressure−induced deformation)  

 

 To evaluate whether cell stiffness is related to mechanically inducible CusCBA 

disassembly, we used the distance traveled by the cell in the tapers as an approximate 

metric for cell stiffness70 — the less stiff the cell, the farther the cell can travel into the 

taper. Upon plotting each cell’s distance traveled against its corresponding pressure 

difference ΔP, we fitted the data with a saturation curve (Supplementary Figure 18A). 

 

 We then computed each cell’s residual by taking the difference between the 

cell’s actual distance traveled and its predicted value from the saturation curve 

equation (Supplementary Figure 18B). To account for uncertainty, we removed cells 

with residuals between −3 and +3 µm; the range was chosen to be significantly larger 

than the average length of the cells studied. The resulting (n = 1011) cells were sorted 

into two categories: one category of cells with positive residuals and presumably “less 

stiff,” and the other with negative residuals and “more stiff.”  

 

For each category, we further sorted the cells into three groups of similar ΔP 

values, and analyzed the CusAmE diffusive behaviors in each group The resulting 

fractional population of the disassembled state suggests that less stiff cells show 
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perhaps more response to pressure-induced CusCBA disassembly (Supplementary 

Figure 18C).  

 

 

Supplementary Figure 18. Stiffness-sorted analysis suggests less stiff cells 

are more responsive to pressure-induced CusCBA disassembly. (A) Scatter plot of 

distance traveled in the tapered channels as a function of pressure difference (ΔP). 

Each blue dot represents one cell. Red line denotes saturation curve fitting: Distance 

traveled = [74.29(ΔP) + 389.7]/(10.49 + ΔP). (B) Scatter plot of each cell’s residual 

vs. pressure difference. Red line represents the saturation curve; the black dashed lines 

are at residuals of +3 and −3 µm. All cells within these two bounds were eliminated 

from the analysis presented in panel C. (C) Fractional population of the disassembled 

state of CusA with increasing ΔP for cells of differing stiffness. Green triangles 

denote cells with positive residuals (less stiff cells); orange squares denote cells with 

negative residuals (more stiff cells).  
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CHAPTER 2 

 

METAL-INDUCED SENSOR MOBILIZATION TURNS ON AFFINITY TO 

ACTIVATE REGULATOR FOR METAL DETOXIFICATION IN LIVE 

BACTERIA 

 

2.1 ABSTRACT 

 

Metal detoxification is essential for bacteria’s survival in adverse environments 

and their pathogenesis in hosts. Understanding the underlying mechanisms is crucial 

for devising antibacterial treatments. In the Gram-negative bacterium E. coli, 

membrane-bound sensor CusS and its response regulator CusR together regulate the 

transcription of the cus operon that plays important roles in cells’ resistance to 

copper/silver, and they belong to the two-component systems (TCSs) that are 

ubiquitous across various organisms and regulate diverse cellular functions. In vitro 

protein reconstitution and associated biochemical/physical studies have provided 

significant insights into the functions and mechanisms of CusS-CusR and related 

TCSs. Such studies are challenging regarding multidomain membrane proteins like 

CusS and also lack the physiological environment, particularly the native spatial 

context of proteins inside a cell. Here we use stroboscopic single-molecule imaging 

and tracking to probe the dynamic behaviors of both CusS and CusR in live cells, in 

combination with protein- or residue-specific genetic manipulations. We find that 

copper stress leads to a cellular protein concentration increase and a concurrent 



 

116 

mobilization of CusS out of clustered states in the membrane. We show that the 

mobilized CusS has significant interactions with CusR for signal transduction and that 

CusS’s affinity toward CusR switches on upon sensing copper at the interfacial metal-

binding sites in CusS’s periplasmic sensor domains, prior to ATP binding and 

autophosphorylation at CusS’s cytoplasmic kinase domain(s). The observed CusS 

mobilization upon stimulation and its surprisingly early interaction with CusR likely 

ensure an efficient signal transduction by providing proper conformation and avoiding 

futile cross-talks. 

 

2.2 INTRODUCTION 

 
 

Maintaining metal homeostasis is critical for cells111. Cells achieve this control 

through multiple mechanisms, including metal uptake, efflux, storage, and regulation 

pathways. Particularly, metal-sensing gene regulation enables cells to respond to metal 

stress or starvation efficiently34,112. In bacteria, metalloregulatory proteins can both 

sense (i.e., bind) metal ions and interact with DNA directly for transcriptional 

regulation36,113,114. There are also two-component systems (TCSs), comprising a sensor 

and a response regulator that perform metal sensing and transcription regulation, 

respectively31,112,115.  

 

In the Gram-negative bacterium Escherichia coli, CusS-CusR is the TCS that 

regulates the cus operon that is responsible for E. coli’s Cu+/Ag+ tolerance in 
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anaerobic growth and, under high copper stress, in aerobic growth116-118. CusS is a 

homodimeric inner-membrane histidine kinase sensor; each monomer has a 

periplasmic sensor domain, transmembrane domain, and cytosolic kinase domain28. 

CusR is the cognate cytosolic response regulator and has an N-terminal receiver 

domain that interacts with CusS and a C-terminal effector domain that binds DNA29,30. 

Once CusS binds Cu+/Ag+, its two periplasmic domains dimerize, and cis-

autophosphorylation occurs at the H271 residue in the kinase domain. The activated 

CusS transfers the phosphoryl group to the D51 residue of CusR, which then 

dimerizes and binds tightly to the chromosomal CusR box to activate the transcription 

of cusRS and cusCFBA genes divergently, where cusCFBA encodes proteins for 

Cu+/Ag+ efflux30,119,120. Besides CusS-CusR, TCSs across various organisms regulate 

genes of diverse functions121, such as osmoregulation (EnvZ-OmpR)122, chemotaxis 

(CheA-CheY)123, and virulence activation (PhoQ/PhoP)124. As in many TCSs, CusS-

CusR is also susceptible to cross-talks; e.g., CusR can be phosphorylated by other 

kinase sensors than CusS125,126.  

 

In vitro studies of TCSs have contributed significantly to our present 

understanding of their molecular mechanisms30,31,127. Studying purified proteins, while 

powerful and dissective, lacks the cellular environment. More important, the spatial 

context of proteins found inside a cell is abolished after reconstitution in vitro. For 

example, membrane proteins often cluster dynamically and localize spatially in the 

cell, leading to various mobilities that could bear different functions128-132; whether 

this applies to CusS and what biological roles they may play are unknown. 
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Measurements in live cells are needed to address these questions. Furthermore, the 

signal transduction from CusS to CusR comprises a series of molecular events: the 

binding of substrate (Cu+/Ag+) by CusS’s periplasmic sensory domain, the allosteric 

signal propagation through its transmembrane domain to its cytosolic kinase domain 

for ATP hydrolysis and autophosphorylation, and the subsequent phosphoryl group 

transfer to CusR, which then binds to DNA to activate transcription28,30-32. It is poorly 

defined how different domains of CusS coordinate with one another and further with 

CusR in performing these events. Studying these coordinated molecular events 

requires full-length proteins of CusS and CusR, which are challenging to reconstitute 

in vitro, especially for multidomain membrane proteins like CusS30.   

 

Here we report a single-molecule tracking (SMT) study of CusS-CusR in live 

E. coli cells via super-resolution stroboscopic imaging. By tagging CusS and CusR 

with a photoconvertible fluorescent protein, we resolve and quantify their various 

mobility states under both copper depleted and stressed conditions, in combination 

with single-cell quantification of protein concentration (SCQPC) as well as genetic 

manipulations. We find that environmental copper stress leads to a cellular protein 

concentration increase and a concurrent mobilization of CusS out of clustered states in 

the inner membrane. The M133/M135 internal metal-binding sites in CusS’s 

periplasmic sensor domains appear to play a role in CusS’s mobilization. Importantly, 

mobilized CusS has significant interactions with CusR for signal transduction, in 

which CusS’s affinity toward CusR switches on upon CusS binding copper at its 

interfacial metal-binding sites in the periplasmic sensor domains, prior to ATP binding 
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and autophosphorylation at its cytoplasmic kinase domain(s). The timing of these 

molecular events appears to be advantageous to ensure efficient phosphoryl group 

transfer from autophosphorylated CusS to CusR during signal transduction for metal-

sensing transcriptional regulation and could be broadly relevant to other TCSs in 

bacterial gene regulation. 

 

2.3 RESULTS AND ANALYSIS 

 
2.3.1 SMT identifies a mobile and a clustered stationary state of CusS in the 

membrane  

 
 To visualize CusS in live E. coli cells, we fused the photoconvertible 

fluorescent protein mEos3.2 (i.e., mE) 133 to its C-terminus at its chromosomal locus, 

creating CusSmE at a physiological expression level. Using cells that also express 

CusSmE from a plasmid to increase cellular protein level, Western blot shows that 

CusSmE is largely intact (<11% cleavage of the mE tag; Supplementary Figure 24), 

and confocal microscopy of these cells further confirms CusSmE’s membrane 

localization, where some cells show protein aggregation, likely due to protein 

overexpression (Figure 5A and Supplementary Figure 21) (Section 2.8.1.6). Cell 

growth assays (using a ΔcueO base strain to increase cells’ sensitivity to copper 

stress116-118) further show that CusSmE is as functional as the untagged CusS in 

conferring cell resistance to copper (Supplementary Figure 23B). 
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Using sparse photoconversion and time-lapse stroboscopic fluorescence 

imaging (4 ms laser exposure; 60 ms time lapse)134,135, we tracked the motions of 

single CusSmE proteins in live cells with tens of nm precision until their mE tags 

photobleached (Figure 5B inset; Section 2.8.1.4). Cells are viable under our imaging 

conditions135. This single-molecule tracking gives the probability distribution function 

(PDF) of the displacement length r per time lapse, which, although containing rich 

information about the diffusive behaviors of CusSmE, is distorted because of the 

confinement effect from a 2D projection of diffusion on the curved cell membrane 

surface. We therefore performed ITCDD (inverse transformation of confined 

displacement distribution)136-138 to deconvolute this confinement effect (Figure 5B; 

Section 2.8.4.1).  

 

For cells grown in copper-depleted medium (nutrient-supplemented M9, 0.01 ± 

0.003 µM residual Cu; Supplementary Table 9), the ITCDD-corrected PDF(r) is 

sufficiently fitted by two diffusion states (Figure 5B; Section 2.8.4.1): a mobile, faster 

state with diffusion constant (Dm) of 0.93 ± 0.06 µm2 s−1 and fractional population 

(Am) of 36 ± 2%; and a much slower state with diffusion constant (Ds) of 0.054 ± 

0.003 µm2 s−1 and fractional population (As) of 64 ± 2%. This slower state is quasi-

stationary because Ds is only slightly larger than the apparent diffusion constant 

(~0.01 µm2 s−1) for a stationary molecule considering our ~40 nm localization 

uncertainties (Section 2.8.4.3).  
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We assigned the mobile state to CusSmE dimers freely-diffusing in the inner 

membrane (Figure 5D, top right) because: first, free CusS dimers are expected to exist 

(CusS is intrinsically dimeric28); second, the diffusion constant Dm is comparable to 

those of mobile membrane proteins138-140. We attributed the quasi-stationary state to 

CusSmE dimers clustered together (either directly or in association with other proteins) 

(Figure 5D, top left), considering that membrane proteins can form clusters with 

reduced mobility131,132. To support the assignment of this clustered state, we examined 

the distribution of pairwise distances between the first locations of each tracked 

CusSmE (black curve, Figure 5C). A small peak is clearly visible at a short distance of 

~70 nm, supporting the presence of CusSmE protein clusters, whereas simulations of 

proteins distributed randomly on the membrane do not show such a peak (blue curve, 

Figure 5C; Section 2.8.5). We further separated these first locations into two 

categories: those associated with displacements smaller than a threshold displacement 

r0 (~166 nm, Section 2.8.5), which would be dominated by CusSmE in the quasi-

stationary state (Figure 5B and Supplementary Figure 25A), and those associated with 

displacements larger than this threshold, which would be dominated by CusSmE in the 

mobile free dimer state. Strikingly, the pairwise distance distribution (PWDD) from 

locations dominantly in the mobile state does not show any discernible peak in the 

<100 nm distance range (green, Figure 5C), whereas that for the quasi-stationary state 

has a pronounced peak at ~70 nm (red, Figure 5C). The PWDD of simulated 

randomly-positioned dimers (where the inter-monomer distance was artificially set to 

70 nm, Section 2.8.5) shows a peak at ~70 nm (magenta, Figure 5C), whose amplitude 

is much smaller than that for the quasi-stationary molecules in the experiment (red). 
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Therefore, this pronounced peak (red) cannot merely come from the dimeric nature of 

CusS, further supporting the assignment of the quasi-stationary state to CusSmE 

clusters.  

 

Figure 5. SMT resolves two states of CusS in the membrane. (A) Confocal 

fluorescence images of cells overexpressing CusSmE. (B) ITCDD-corrected 

distribution of displacement length r of CusSmE from 17029 molecules and 1282 cells 

grown in copper-depleted medium. Lines: overall fit (black) and the resolved quasi-

stationary (red) and mobile (green) diffusion states. The y-axis is not the actual counts 

of displacement lengths; it only represents the relative probabilities of different 

displacement lengths due to ITCDD correction. Inset: typical tracking trajectories in a 

cell overlaid on its bright-field transmission image. Dashed yellow lines: cell 
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boundaries. (C) Pairwise distance distribution (PWDD) of first locations of CusSmE 

tracks. Black: all CusSmE molecules; red: quasi-stationary molecules; green: mobile 

molecules; blue: simulated randomly-positioned molecules on cell membrane; 

magenta: simulated randomly-positioned dimers on cell membrane (Section 2.8.5). 

(D) Schematic of copper-stress−induced mobilization of CusS in the membrane. Top: 

quasi-stationary (clustered) and mobile (free) CusS dimers at a dynamic equilibrium. 

Bottom: CusS’s periplasmic sensor domains dimerize and CusS protein concentration 

([P]) increases upon copper stress; higher [P] and copper-binding both shift the 

equilibrium toward the mobile state. TM: transmembrane domain. 

 

2.3.2 Copper stress leads to CusS concentration increase and mobilization in the 

membrane 

 
 We performed SCQPC135 to determine the total CusSmE protein concentration 

in each cell ([CusSmE], in terms of monomers; Section 2.8.1.4). In copper-depleted 

medium, the physiological [CusSmE]  is heterogeneous and ranges from ~47 to 476 

nM, averaging at ~167 ± 80 nM (Figure 6A). We then sorted cells into groups, with 

each group having a similar [CusSmE], to deconvolute protein concentration 

heterogeneity in analyzing the displacement distributions. Regardless of [CusSmE], the 

same two diffusion states are resolved in each group: the mobile state and the quasi-

stationary state with diffusion constants of 0.97 ± 0.13 µm2 s−1 (Dm) and 0.05 ± 0.01 

µm2 s−1 (Ds), respectively, when globally fitted (Section 2.8.4.4).  
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In the presence of steady 2 mM Cu2+ stress in the medium, a level that was 

shown to induce significant CusS protein expression in the cell141 and inhibit cell 

growth in strains lacking the cusS gene28, the distribution of cellular [CusSmE] 

broadens significantly toward higher concentrations, reaching up to ~950 nM for some 

cells and averaging at ~312 ± 120 nM, which is ~2-fold higher than that in the absence 

of copper stress (Figure 6A). This protein level increase probably results mainly from 

transcriptional activation of the cus gene and less from post-transcriptional activation 

because the mRNA level of cusS gene increases by a similar ~2.2 fold upon copper 

stress (Section 2.8.1.7, Supplementary Figure 22). Note that this increase in [CusSmE] 

happens gradually over a period of ~2 hours after introducing copper stress 

(Supplementary Figure 22), reflecting that it takes time from transcription to protein 

synthesis (maturation of the mE tag is faster, at ~20 min133). Across this larger range 

of [CusSmE], the fractional population Am of the mobile state increases significantly 

from ~30% to ~70% (i.e., more than doubles), with a concurrent decrease of As for the 

quasi-stationary state (Figure 6B, open symbols), while both states increase in absolute 

concentration (e.g., mobile state increases from ~33 to ~557 nM; Supplementary 

Figure 21). (Note that the highest [CusSmE] data point in Figure 6B is not reliable 

because few cells have such high protein concentrations.) Moreover, at any fixed 

particular [CusSmE], the 2 mM Cu2+ stress increases Am by a factor of ~1.3 (e.g., 

comparing open vs. solid green triangles vertically at ~200 nM CusSmE; Figure 6B). 

Altogether, these results show that copper stress leads to a significant mobilization of 

CusS in the cell membrane, which results more from an increase of overall cellular 
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CusS concentration (more than 2-fold) and less from direct copper binding to CusS 

proteins (only ~1.3-fold). 
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Figure 6. (A) Distribution of cellular CusSmE concentration [CusSmE] (all in terms of 

monomeric CusS) in the absence or presence of 2 mM Cu2+ stress. (B-D) Fractional 

populations (A’s) of mobile (green) and quasi-stationary (red) states of CusSmE in the 
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absence (solid symbols) or presence (open symbols) of 2 mM Cu2+ stress vs. [CusSmE] 

in WT (B), CusSH42A
mE  (C), and CusSM133I/M135I

mE  strains (D). X error bars are standard 

deviations of protein concentration; y error bars are standard deviations of A from 

bootstrapping (Section 2.8.4.4). (E) Interconversion rate constants between the 

stationary and mobile states of CusSmE. kd: declustering rates from the stationary state, 

blue; kc:  clustering rates from the mobile state, red. Solid: 0 mM Cu2+; dashed: 2 mM 

Cu2+ stress. For calculations on kd and kc, see Supplementary Section 2.8.6. 

 

Previous studies have shown that dimeric CusS can bind Cu+/Ag+ at two types 

of sites in its periplasmic domains28: at two interfacial sites (each with Phe43 and 

His176 from one monomer and His42 from the other monomer as ligands; Kd ~8 µM 

for Ag+
 

32) that leads to the dimerization of the two periplasmic domains and the 

activation of CusS’s downstream signaling; and at two internal sites (each with 

Met133, Met135, His145 and Ser84 as ligands) that are not conserved across different 

organisms and appear insignificant for cell viability under copper stress28. To probe 

whether copper binding at the interfacial or internal sites is relevant to the observed 

CusS mobilization in the membrane, we first mutated CusSmE’s His42 to alanine, 

which should abolish its copper binding at the interfacial sites and was shown to 

abolish CusS autophosphorylation and impair cell’s resistance to copper stress 

(Supplementary Figure 23)28,30. The behaviors of this CusS!"#$!"  mutant are similar to 

CusSmE with or without copper stress (Figure 6C vs. B), including the increase in 

cellular CusS concentration upon copper stress as well as the significant mobilization 

with increasing [CusS!"#$!" ] and at any particular [CusS!"#$!" ]. This similarity strongly 
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suggests that copper binding at the interfacial sites, although important for CusS 

activation, has no significant contribution to CusS mobilization in the membrane. The 

copper-stress−induced CusS!"#$!"  concentration increase is surprising here, as this 

H42A mutation abolishes the activation of CusS, which autoregulates itself; we 

attribute this protein concentration increase to cross activations of cusRS regulon by 

other regulatory pathways126.  

 

Alternatively, we performed an M133I/M135I double-mutation on CusSmE to 

abolish copper binding at the internal sites. As reported previously28, these mutations 

do not give phenotypical changes in cells’ resistance to copper stress (Supplementary 

Figure 23). Without copper stress, this CusS!"##$/!"#$%!"  mutant behaves similarly to 

CusSmE (Figure 6D vs. B, solid symbols). However, in the presence of 2 mM Cu2+, Am 

only increases to ~50%, significantly smaller than the ~70% for CusSmE, even though 

the protein concentration range reaches high levels (Figure 6D vs. B, open green 

triangles). Moreover, at any particular CusS concentration (i.e., comparing data 

vertically in Figure 6D), the copper-induced mobilization (i.e., increase in Am) 

vanishes. Altogether, these results suggest that copper binding at the internal sites of 

CusS, albeit having no phenotypic consequences, plays a role in copper-induced CusS 

mobilization in the cell membrane, perhaps via inducing CusS conformational 

changes.  

 

We further studied the diffusion dynamics of CusSmE in a ΔcusR deletion 

strain. Two-state diffusion behaviors were similarly observed (Supplementary Figure 
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24), indicating that the protein concentration−induced and copper−induced 

mobilization of CusS is unrelated to CusR. The copper-induced CusS concentration 

increase in this ΔcusR strain (as also observed in CusS!"#$!" ) again indicates that 

accumulation of CusS can be independent of a functional CusS-CusR regulatory 

circuit and here likely comes from cross activation via other regulatory pathways126. 

 

2.3.3 Mobile and clustered states of CusS are in dynamic exchange 

 
To probe whether the mobile free CusSmE dimers and their quasi-stationary 

clusters can exchange dynamically, we examined the interconversion kinetics between 

these two states (Section 2.8.6). Here we analyzed the displacement-length-vs.-time 

trajectories of single CusSmE in the cell, obtainable from the tracking trajectories as in 

Figure 5B inset. Thresholding these displacement trajectories with an upper 

displacement limit (determined from the diffusion constant of the quasi-stationary 

state) selects out those small displacements and provides the estimate of the individual 

residence times τ of a single CusSmE dimer within the clusters (Supplementary Figure 

35A). By analyzing the distribution of τ and correcting for the photobleaching/blinking 

kinetics of the mE tag (Supplementary Figure 35B), and using a validated quasi-

equilibrium two-state kinetic model between the mobile and clustered states 

(Supplementary Figure 35C), we obtained kd and kc, the two apparent first-order rate 

constants of CusSmE leaving and entering the clustered state, respectively, as a 

function of [CusSmE].  
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kd and kc are on the order of 100 to 101 s−1, corresponding to an interconversion 

timescale of 10−1 to 100 s between the mobile free CusSmE and the quasi-stationary 

clusters (Figure 6E). This interconversion timescale is also 1000 times faster than the 

typical protein lifetime of ~1200 min in bacteria142-145, indicating that these two states 

are in dynamic exchange (Figure 5D) and cannot be from different-aged CusS proteins 

in the cell (e.g., newly synthesized vs. partially degraded/aggregated). Moreover, 

under copper stress and with increasing [CusSmE], kd, the declustering rate constant 

increases (Figure 6E, open blue squares), consistent with the mobilization of CusS in 

the membrane. An independent analysis using hidden Markov models shows 

consistent results (Supplementary Figure 36C, Section 2.8.6). The dynamic exchange 

between the two diffusion states are also observed for CusSH42A
mE  and CusSM133I/M135I

mE  

(Supplementary Figure 35E-F). 

 

2.3.4 Mobilized CusS interacts with CusR upon copper stress  

 
We postulated that the mobilized, free dimer state of CusS in the membrane 

should be functionally important for interacting with CusR for signal transduction 

because: First, significant mobilization of CusS was observed only after copper stress 

(Figure 6B). Second, the major contributor to this enhanced mobilization is the 

increase in [CusS] in the cell, which is again a result of copper stress. Third, the 

physiological function of CusS is to sense copper (and silver) stress and transduce the 

signal to CusR. To test this postulate, we imaged in cells the dynamic behaviors of 

CusRmE, which carries a C-terminal mEos3.2 tag encoded at CusR’s chromosomal 



 

131 

locus. It is worth noting that in making this fusion, we considered the 11 base-pair 

overlap between cusR and cusS genes so that the strain still contains an intact CusS 

(Section 2.8.1.1). Cell growth assays and Western blot show that CusRmE is as 

functional as the untagged CusR in conferring cell copper resistance and is largely 

intact with <9% cleavage of the tag (Supplementary Figures 23 and 24).  

 

We then performed SMT of CusRmE along with SCQPC to quantify its 

concentration in each cell ([CusRmE]). Grown in copper-depleted medium, the cellular 

[CusRmE] (in terms of monomers) ranges from ~33 to 600 nM, averaging at 167 ± 42 

nM (Figure 7A), consistent with a previous immunoblotting study31. Under 2 mM Cu2+ 

steady stress, [CusRmE] increases expectedly, averaging at 285 ± 110 nM, but could 

reach ~1100 nM for some cells (Figure 7A).  

 

We again sorted cells into groups of similar [CusRmE] and analyzed ITCDD-

corrected displacement length distributions to extract the minimal number of diffusion 

states, as well as their corresponding diffusion constants and fractional populations. At 

any cellular [CusRmE], three states are resolved (e.g., Figure 7B). Under copper-

depleted conditions, the fastest diffusion state has a diffusion constant DFD of 7.9 ± 0.6 

µm2 s−1, which we assigned as CusRmE freely diffusing (FD) in the cytoplasm (either 

as monomers or dimers), as these species are expected to exist and DFD is consistent 

with those for freely-diffusing proteins in the bacterial cytoplasm137,146,147. The slowest 

state has a diffusion constant DTB of 0.02 ± 0.01 µm2 s−1, which we assigned as 

CusRmE tightly bound (TB) to the chromosome because CusR, when phosphorylated 
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(i.e., activated), can bind tightly at cognate sites; DTB is also consistent with those for 

proteins that bind chromosome specifically134,137,148,149, and its small magnitude 

mainly reflects chromosomal dynamics and experimental uncertainties in molecular 

localization. This TB state may or may not have contributions from CusRmE 

interacting with the quasi-stationary state of CusS, which has a similar diffusion 

constant (~0.05 µm2 s−1). With increasing cellular [CusRmE], the fractional population 

AFD of the freely-diffusing state increases expectedly (Figure 7C, solid blue squares), 

while ATB of the tightly-bound state decreases, which is also expected as there are a 

limited number of sites on chromosome for CusRmE to bind tightly (Figure 7C, solid 

red squares); both trends support the assignments of these two states. The third, 

intermediate (IN) diffusion state has a diffusion constant DIN in the range of 0.24 to 

0.33 µm2 s−1 (Figure 7E, solid green); we attributed this state to having contributions 

from CusRmE nonspecifically bound to the chromosome (which is expected to occur, 

and the magnitude of DIN is consistent with reports134) and possibly from interactions 

with the mobile state of CusS, the two of which are not resolved here.  

 

Under copper stress, the diffusion constants DFD and DTB of the freely-

diffusing and tightly-bound states remain almost unchanged from those under copper-

depleted conditions and subsequently were globally fitted across [CusRmE] groups 

(Section 2.8.4.4). Importantly, the fractional population ATB of the tightly-bound state 

increases upon copper stress, especially at low [CusRmE] — at ~83 nM, ATB increases 

from ~47% to ~62% (Figure 7C, solid vs. open red squares) — consistent with that 

upon copper stress, there should be more phosphorylated (i.e., activated) CusRmE, 
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which can bind the chromosome tightly. More interestingly, at the low end of cellular 

[CusRmE] range, the value of the intermediate diffusion state DIN is 0.80 ± 0.02 µm2 s−1 

(Figure 7E, open triangles), much larger than under copper-depleted conditions and 

close to the diffusion constant of the mobile CusS state (0.97 ± 0.13 µm2 s−1, Figure 

5B).  We attributed this larger DIN here to a significantly increased interaction of CusR 

with mobile CusS under copper stress. This attribution is consistent with expectation 

that under copper stress, CusS affinity for CusR should increase to recruit CusR for 

phosphorylation and subsequent signal transduction. Notably, this copper-

stress−induced increase in DIN diminishes with increasing cellular [CusRmE] (Figure 

7E, open triangles), suggesting that at higher [CusRmE], this intermediate state 

becomes dominated by nonspecific interactions with the chromosome rather than with 

mobile CusS (see discussion in Supplementary Section 2.8.6).  

 

To further validate the assignments of the diffusion states of CusRmE in cells, 

we examined CusR’s behavior in two control strains. The first is a ΔcusS strain, in 

which no CusS-to-CusR signal transduction is possible (Supplementary Figure 23). 

Here, SMT still resolved the three diffusion states of CusRmE. However, at the low ~70 

nM cellular [CusRmE], the copper-stress−induced increase in ATB is diminished 

compared with the WT CusRmE strain (Figure 7D, columns 3-4 vs. 1-2), consistent 

with that no CusS is present to phosphorylate and activate CusR for subsequent tight 

binding to chromosome. The residual small increase in ATB is attributable to CusR 

phosphorylation via cross-talks by other sensor kinases126,150 (see Discussion later). 

More important, the copper-stress−induced increase in DIN of the intermediate state in 
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the low protein concentration region, as observed in the WT CusRmE strain, vanished 

in the ΔcusS strain (Figure 7F, columns 3-4 vs. 1-2), strongly supporting that this 

increase in DIN in the WT strain reflects CusR interactions with CusS, more 

specifically with the mobile state of CusS, where the interactions switch on upon 

copper stress.  

 

The second control strain harbors a phosphorylation site mutation D51A on 

CusRmE (i.e., CusRD51A
mE ), so that CusR cannot be phosphorylated/activated 

(Supplementary Figure 23)30. Past studies151-154 on other TCS systems showed that this 

type of mutation on response regulators also alters their conformations and impairs 

their interactions with sensor kinases. No increase in ATB was observed upon copper 

stress (Figure 7D, columns 5-6), consistent with that CusRD51A
mE  cannot be 

phosphorylated (not even via cross-talks here) to increase its DNA binding affinity. 

Moreover, the increase in DIN upon copper stress also vanished (Figure 7F, columns 5-

6 vs. 1-2), further supporting our assignment of its origin in the WT strain, because 

CusRD51A
mE  was expected to not interact with CusS.  

 

Interestingly, CusRD51A
mE  always has a significant fractional population ATB of 

the tightly-bound state to the chromosome (e.g., ~50% at low CusR concentration), 

comparable to that for WT CusRmE under copper-depleted conditions, in which the 

unphosphorylated form should be a significant component of cellular CusR (Figure 

7D, columns 5-6 vs. 1). This comparability directly suggests that unphosphorylated 

CusR can also bind DNA tightly (although not as strongly as the phosphorylated 
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form), consistent with reports on unphosphorylated forms of other response 

regulators155-157 (this binding does not lead to gene activation though, possibly due to 

wrong interaction conformations).   

 

Figure 7. SMT reveals CusR interaction with the mobile state CusS upon copper 

stress. (A) Distribution of cellular CusRmE concentration (in monomers) in the WT 

CusRmE strain in the absence or presence of 2 mM Cu2+ stress. (B) ITCDD-corrected 
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distribution of displacement length r at [CusRmE] = 167 ± 12 nM in WT cells under 

copper-depleted condition. Black dotted line: overall fit; solid lines: the resolved 

freely-diffusing (FD, blue), intermediate (IN, green), and tightly-bound (TB, red) 

diffusion states. (C, E) Fractional populations of the three diffusion states (C) and 

diffusion constants of the IN state (E) vs. [CusRmE] in WT cells under copper-depleted 

(solid symbols) and copper-stress conditions (open symbols). Blue, green, and red: 

FD, IN, and TB states, respectively. (D, F) Fractional populations of the TB state (D) 

and diffusion constants of the IN state (F) at low cellular [CusRmE] (i.e., ~ 0 to 143 

nM) in various CusR mE-tagged strains under copper-depleted/stress conditions. 

Please note the break in the y-axis in D.  Error bars are s.d. 

 

2.3.5 CusS’s affinity toward CusR switches on upon sensing copper at its sensor 

domain prior to ATP binding and autophosphorylation at its kinase domain 

 
The pathway from CusS sensing copper (or silver) to the eventual 

phosphorylation and activation of CusR comprises a sequence of events30 (Figure 8): 

(i) copper binding at the interfacial sites in CusS’s periplasmic sensor domains, 

leading to sensor domain dimerization and allosteric conformational changes in the 

cytoplasmic kinase domains; (ii) ATP binding at the kinase domains; (iii) cis-

autophosphorylation of the kinase domain H271 residue30; and (iv) phosphoryl group 

transfer to the D51 residue on CusR, activating CusR for subsequent binding to 

chromosomal operator site.  
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 We have shown that upon copper stress, CusR interacts significantly with the 

mobile state of CusS. To probe where among the sequence of events this interaction 

affinity switches on, we first mutated the autophosphorylation site H271 at CusS’s 

kinase domain to alanine (i.e., CusSH271A), eliminating step iii, the last step before 

phosphoryl group transfer to CusR, and imaged the behaviors of CusRmE in cells. SMT 

shows that upon copper stress, the increase in the fractional population ATB of tightly-

bound state to chromosome is much less compared with the WT CusRmE (Figure 7D, 

columns 7-8 vs. 1-2), consistent with that CusSH271A cannot phosphorylate CusR, 

leaving only CusR phosphorylation via cross-talk mechanisms for subsequent 

chromosomal binding, similar to the behavior of the ΔcusS strain. However, unlike the 

ΔcusS strain, DIN, the diffusion constant of the intermediate state that contains CusR 

interaction with the mobile CusS, still increases (as in the WT CusRmE strain) upon 

copper stress (Figure 7F, columns 7-8 vs. 1-2), indicating that mobile CusS can 

interact with CusR even without autophosphorylation.  

 

 We then made N386A/N414A double-mutations in CusS’s kinase domain to 

abolish its ATP binding30 (i.e., step ii; Figure 8). Upon copper stress, similar behaviors 

of CusRmE were observed as in the above CusSH271A strain especially the increase in 

DIN (Figure 7F, columns 9-10 vs. 1-2). These results indicate that copper-induced 

CusR-CusS interactions are still feasible even without ATP binding to CusS.  

 

 Finally, we made an H42A mutation at CusS’s interfacial metal-binding sites 

in its periplasmic sensor domains, abolishing CusS’s copper sensing (step i in Figure 
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8) and examined CusRmE. Upon copper stress, there is a small increase in the tight 

DNA binding population (ATB) (Figure 7D, columns 11-12), as expected for the same 

cross-talk mechanism. Strikingly, there is no increase in DIN (Figure 7F, columns 11-

12), as in the ΔcusS strain, reflecting no significant interactions between CusR and 

mobile CusSH42A. Altogether, these results show that within the CusS-to-CusR signal 

transduction pathway, significant CusS-CusR interaction switches on as soon as CusS 

senses copper and before CusS undergoes subsequent ATP binding and 

autophosphorylation. 

 

2.4 DISCUSSION 

 
 We have imaged in live cells the spatiotemporal dynamics of membrane sensor 

CusS and response regulator CusR of the two-component sensor-regulator system for 

the cus operon that helps E. coli resist copper/silver toxicity through efflux. We found 

that CusS exists dominantly in two diffusive states that are in dynamic exchange 

(Figures 5D and 8A). The quasi-stationary state of CusS is attributable to clustered 

dimers in the inner membrane, whose existence could stem from natural affinities of 

CusS dimers toward each other or from association with other cellular proteins; this 

type of clustering is often observed for membrane proteins in bacteria131,132. The 

mobile state of CusS is attributable to free dimers diffusing in the membrane; this 

mobile state increases not only in absolute population but also in fractional population 

upon stressing the cell with copper in the medium (Figure 6B). This copper-

stress−induced CusS mobilization has two contributors. The major contributor is the 
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overall increase of the cellular CusS concentration, expected from copper-induced 

activation of cusS gene expression. Increase in overall protein concentration should 

increase the absolute population of the mobilized CusS, but the increase in its 

fractional population is nonintuitive. Using a simple clustering equilibrium model, we 

found that this protein concentration−induced mobilization could come from a 

reduction in apparent affinity between CusS dimers or a change of cluster size in the 

membrane (Section 2.8.8, Supplementary Figure 38). The minor contributor is copper 

binding to the internal sites in CusS’s periplasmic domains; here copper-

binding−induced conformational changes might decrease inter-dimer interactions, 

leading to CusS mobilization from the clustered state.  

 

  Interestingly, we discovered that CusR interacts with the mobile state of CusS, 

supporting the physiological significance in cellular signal transduction for CusS 

mobilization upon copper stress. Possibly, the mobile CusS has more freedom to adopt 

suitable conformations to interact with CusR for signal transduction. It is worth noting 

that although higher mobility may be perceived to increase CusS’s collision 

probability with CusR, this idea is likely invalid here. This is because the frequency of 

diffusional collisions is dominated by the faster-moving component of interacting 

partners (Section 2.8.7); and for the CusS-CusR interaction, it is dominated by CusR 

in the cytosol (DFD ~7.9 µm2 s−1), which is 8 times faster than the mobile CusS in the 

membrane (Dm ~ 0.97 µm2 s−1).  
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 Moreover, we found that the interaction affinity of the mobile CusS toward 

CusR switches on as soon as CusS’s periplasmic sensor domains bind copper (Figure 

8B), prior to ATP binding at the cytoplasmic kinase domain(s) (Figure 8C) and 

autophosphorylation at the H271 site (Figure 8D). The timing of gaining this affinity 

is likely advantageous for the following reasons. First, ATP binding is known to be 

reversible and facile (Figure 8, step ii) (e.g., ATP unbinding rate is ~100 s−1 for the 

catalytic domain of CheA, a histidine kinase for chemotaxis signal transduction158), 

whereas the subsequent autophosphorylation is much slower (i.e., lower in probability) 

(Figure 8, step iii) (e.g., autophosphorylation is ~10−2 s−1 for DesK, a histidine kinase 

in the DesKR TCS that senses changes in membrane fluidity in Bacillus subtilis, and 

for WalK, a histidine kinase in the WalKR TCS that maintains cell wall homeostasis 

in Streptococcus pneumonia159,160). It would thus be preferable for CusR to be 

recruited to CusS earlier and stay bound, waiting for the less probable 

autophosphorylation to occur while the ATP binds/unbinds reversibly. Second, the 

phosphohistidines of membrane sensors are high-energy species (e.g., phosphoryl 

group transfer is ~101 s−1 for the VanRS TCS that provides vancomycin resistance in 

Enterococci159,161). Here, having CusR already bound to CusS’s kinase domain and 

ready to accept the phosphoryl group (Figure 8, step iv) would help avoid the decay of 

the phosphohistidine (e.g., via hydrolysis) or any cross-transfer to non-cognate 

response regulators. Consistently, transfers of phosphoryl groups from sensors to 

response regulators are known to be faster than sensor autophosphorylations159. Once 

CusR becomes phosphorylated, it can then dissociate from CusS (Figure 8, step v) and 
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may further dimerize before binding chromosomal operator site for gene activation 

(Figure 8, step vi).  

 

 TCSs are ubiquitous in bacteria and regulate a variety of cellular functions. 

The mode and timing of CusS-CusR interactions upon sensing the substrate metal 

should be useful in understanding the mechanisms of other TCSs and helping discover 

strategies to interfere with the respective cell function for antibacterial treatments.  

 

 

Figure 8. Schematic of CusS-to-CusR signal transduction in cells upon sensing 

copper, showing: (A) the two-state equilibrium of CusS in the inner membrane (IM), 

(B) CusS’s mobilization upon binding copper at its periplasmic sensor domain, and the 

recruitment of CusR, (C) ATP binding to CusS’s cytoplasmic kinase domain and its 
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autophosphorylation, (D) phosphoryl group transfer to the bound CusR, and (E) the 

eventual binding of phosphorylated CusR to chromosomal operator site for 

transcription activation. 

 

2.5 MATERIALS AND METHODS 

 
Materials and methods are described in Section 2.8.1. These include bacterial 

strain construction, primer design, strain functionality, immunoblotting for intactness 

of fusion proteins, sample preparation for imaging, SMT and SCQPC procedures, and 

additional results and analyses. Additional raw data and MATLAB codes are 

deposited at Figshare (doi: 10.6084/m9.figshare.11868639). 
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2.8 SUPPLEMENTARY INFORMATION TO CHAPTER 2 

 
2.8.1 Materials and experimental methods 

 

2.8.1.1    Bacterial strain construction  

 

All strains used in this study were derived from the E. coli BW25113 strain 

(CGSC# 7739 Keio Collection, Yale; genotype: F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ−, rph-1, Δ(rhaD-rhaB)568, hsdR514). The cusRmE (i.e., 

CURM32F) strain was created via lambda Red (λ-Red) recombineering, where 

mEos3.2-FLAG (a monomeric, irreversibly photoconvertible fluorescent protein 

mEos3.2162,163 with a C-terminal FLAG tag) was fused to the C-terminus of the 

cytoplasmic protein CusR at its chromosomal locus, as described in our previous 

work138. We chose to use a photoconvertible tag instead of a simple fluorescent 
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protein so that we can perform controlled photoconversion, in which only one (or 

none) copy of tagged protein in the cell is converted to the red fluorescent form at a 

time to achieve single-molecule imaging detection, while the rest of copies of the 

same protein are in the green fluorescent form and can be spectrally blocked. This 

same procedure was used to create the cusSmE (i.e., CUSM32F) strain. While CusS is 

an inner-membrane protein, its C-terminal region (kinase domain) is exposed to the 

cytoplasm. In both cases of tagging CusR and CusS, the cytoplasmic-residing 

mEos3.2 fusion tag is expected to fold and mature properly.  

 

2.8.1.1.1 Tagging the C-termini of CusR and CusS with photoconvertible 

fluorescent protein mEos3.2 and FLAG epitope 

 

Making linear DNA inserts with homology regions. To tag our genes of 

interest (i.e., CusR and CusS), we first needed to make the appropriate linear DNA 

inserts, which are linear fragments of DNA with homology regions designed to target 

specific regions of the genome.  

 

To create the linear DNA insert to tag CusS, primers 40H1CusS-meos2 and 

41H2CusS-cam-frt-sacdown (Supplementary Table 7) were used to amplify the 

mEos3.2-FLAG:cat region from the linearized plasmid pUCmEos3.2FLAG:cat, which 

contains the mEos3.2-FLAG gene as well as the chloramphenicol resistance gene 

cassette, cat138. The resulting linear DNA insert, 40H1CusS-mEos3.2-FLAG:cat-

41H2CusS, is flanked by two homology regions (H1 and H2). The homology region 



 

145 

H1 is the same as the last 40 bp of cusS before the stop codon, while the homology 

region H2 is the next 41 bp directly after the stop codon of cusS. 

 

To create the linear DNA insert to tag CusR, a slightly more complicated set of 

primers were needed to avoid creating an unwanted CusS knockout, as the last 11 bp 

of the cusR gene overlap with the start of cusS. Here, primers 40H1CusR-meos2 and 

41H2CusSCusR-cam-frt-sac (Supplementary Table 7) were created to address this 

gene overlap issue by restoring the first 11 bp of cusS at the end of the mEos3.2-

FLAG:cat tag. The resulting linear DNA insert, 40H1CusR-mEos3.2-FLAG:cat-

41H2CusSCusR, is also flanked by two homology regions: homology region H1 is the 

same as the last 40 bp of cusR before the stop codon, and homology region H2 

contains the last 11 bp of cusR (i.e., the first 11 bp of cusS) as well as the next 41 bp 

directly after the stop codon of cusR. As cusR and cusS are frame-shifted from each 

other, the stop codon of cusR does not translate into a premature stop codon for cusS.  

 

The linear DNA inserts for both cusR and cusS were digested with DpnI to 

eliminate any remaining methylated pUCmEos3.2FLAG:cat plasmids, then gel-

purified using a PCR Clean-up System (Promega). The final concentration for the 

linear DNA inserts should be at least 150 ng/µL in nuclease-free water; for best 

results, >200 ng/µL is ideal.  

 

Electroporating linear DNA inserts into E. coli cells. Electrocompetent cells 

were prepared by first culturing E. coli BW25113 cells (Supplementary Table 8) 
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harboring the temperature-sensitive plasmid pSLTS (Supplementary Table 6) in LB 

(Sigma-Aldrich, cat. #: L3022-6X1KG) with ampicillin (100 µg/mL, USBiological) 

for 18 h in 30 °C with shaking (250 rpm). From this culture, a 1:100 dilution was 

prepared in SOB medium [2% w/v Bacto Tryptone (Sigma-Aldrich, cat. #: T9410), 

0.5% w/v Bacto Yeast Extract (Sigma-Aldrich, cat .#: Y1625), 10 mM NaCl (Macron, 

7581-12), 2.5 mM KCl (Fisher Scientific, P217-500), 10 mM MgCl2 (Mallinckrodt, 

5958-04), and 10 mM MgSO4 (Fisher Scientific, M63-500) all in nanopure sterile 

water] containing ampicillin (100 µg/mL) and 20 mM L-arabinose (Sigma-Aldrich, 

cat. #: A3256). L-arabinose is necessary to induce the expression of the exo, bet, and 

gam (λ-Red) enzymes encoded in pSLTS138. This SOB culture was incubated at 30 °C 

with shaking (250 rpm) until OD600 = 0.6 (~4 h). The cells were centrifuged (4500 

rpm, 4 °C) for 10 min and subsequently washed thrice with cold 10% glycerol 

(Macron, 5092-02) in nanopure sterile water. The cells were diluted to a final volume 

of 25 µL in 10% glycerol in nanopure sterile water.  

 

The linear DNA insert was electroporated (2.5 kV, using MicroPulser 

Electroporator cat. #: 1652100, Bio-Rad) into the electrocompetent BW25113 cells 

expressing the recombinase enzymes (exo, bet, gam) from the L-arabinose–induced 

pSLTS (electroporation cuvette: Bio-Rad 0.2 cm gap, cat. #1652086). The 

electroporated cells were recovered by adding 960 µL SOC medium [SOB medium 

containing 20 mM glucose (Sigma-Aldrich, cat. #: G7528)] to the cells. The cells were 

then incubated at 30 °C with shaking (250 rpm) for 4 h. The cells were subsequently 

plated onto LB-agar plates containing ampicillin (100 µg/mL) and chloramphenicol 
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(10 µg/mL, USBiological) and incubated at 30 °C for 18 h. After incubation, 8 

colonies were selected for screening, and successful integration of the linear DNA 

insert at the desired genomic locus was confirmed via colony PCR screening and 

sequence analysis of PCR fragments amplified from the genome.  

 

To make DCOCURM32F and DCOCUSM32F, which contain the ΔcueO 

knockout (Supplementary Table 8), the linear DNA insert used to make CURM32F or 

CUSM32F, respectively, was electroporated into JW0119-2 (ΔcueO, Supplementary 

Table 8) containing induced pSLTS.  

 

To make the double-knockout strain DCODCUR (ΔcueO, ΔcusR), the linear 

DNA insert was made using primer pair 40H1dCusRup-cam-fp and 40H2dCusR-cam-

rp (Supplementary Table 7) and chloramphenicol gene template from linearized 

plasmid pUCmEos3.2-FLAG:cat, then electroporated into JW0119-2 (ΔcueO) 

containing induced pSLTS. This same approach was used to make the double-

knockout DCODCUS (ΔcueO, ΔcusS), using primer pair 40H1dCusSup-cam-fp and 

40H2dCusS-cam-rp (Supplementary Table 7). 

 

2.8.1.1.2    Introducing point mutations and deletions into the E. coli genome 

 

Another feature of the pSLTS plasmid is its ability to facilitate scarless 

genome editing via I-SceI recombineering 164. This method was utilized to create 
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seamless point mutations in the chromosomal genes of E. coli, as described in our 

previous work138.   

 

Several mutant strains were constructed using this strategy: CUR(D51A)M32F  

(in which the 51st residue of CusR is mutated from aspartic acid to alanine to eliminate 

the phosphorylation site30,165, CUS(H42A)M32F and CUS(H42A)-CURM32F (in 

which the 42nd residue of CusS is mutated from histidine to alanine to abolish the 

interface metal binding site28, CUS(H271A)-CURM32F (in which the 271st residue of 

CusS is mutated from histidine to alanine to eliminate the autophosphorylation site)166, 

CUS(M133IM135I)M32F (in which the 133rd and 135th methionine residues of CusS 

are mutated to isoleucines to abolish the internal metal binding site28, and 

CUS(N386AN414A)-CURM32F (in which the 386th and 414th asparagine sites of 

CusS are mutated to alanine to abolish ATP binding30 (Supplementary Table 8).  

 

To introduce point mutations, linear DNA inserts (i.e., DNA mutation 

cassettes) were obtained using the following primer pairs (Supplementary Table 7): 1) 

strain CUR(D51A)M32F (primers 26H1CusRD51AHR3sm5 and 

27H2CusRD51AHR3sm3); 2) CUS(H42A)M32F and CUS(H42A)-CURM32F 

(45H1CusSH42AHR3sm5 and 26H2CusSH42AHR3sm3); 3) CUS(H271A)-

CURM32F (45H1CusSH271AHR3sm5 and 26H2CusSH271AHR3sm3); 4) 

CUS(M133IM135I)M32F (25H1CusSM133IM135IHR3sm5 and 

26H2CusSM133IM135IHR3sm3); 5) CUS(N386AN414A)-CURM32F (to make 

N386A: 45H1CusSN386AHR3sm5 and 26H2CusSN386AHR3sm3; to make N414A: 
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45H1CusSN414AHR3sm5 and 26H2CusSN414AHR3sm3); and the plasmid pT2SK 

(Supplementary Table 6) containing kanamycin resistance and I-SceI cleavage site 

cassettes as the template. The linear DNA inserts were digested with DpnI to eliminate 

any methylated pT2SK plasmids, then gel-purified.  

 

The resulting linear DNA insert for each of the mutant strains described above 

contains homology regions, a kanamycin resistance cassette for antibiotic selection, 

and an I-SceI cleavage site for scarless genome editing via RecA recombination, as 

illustrated in our previous work138. After PCR clean-up, 2-3 µL of each linear DNA 

insert was electroporated into electrocompetent cells of the appropriate strain 

harboring the temperature-sensitive induced pSLTS plasmid as described in Section 

2.8.1.1.1 above. To make strains CUR(D51A)M32F, CUS(H42A)-CURM32F, 

CUS(H271A)-CURM32F, and CUS(N386AN414A)-CURM32F (Supplementary 

Table 8), the corresponding linear DNA insert was electroporated into 

electrocompetent CURM32F cells. To make strains CUS(H42A)M32F and 

CUS(M133IM135I)M32F (Supplementary Table 8), the corresponding linear DNA 

insert was electroporated into electrocompetent CUSM32F cells. The cells were then 

incubated at 30 °C with shaking (250 rpm) for 4 h. The cells were subsequently plated 

onto LB-agar plates containing ampicillin (100 µg/mL), chloramphenicol (25 µg/mL), 

and kanamycin antibiotics (15 µg/mL, USBiological) and incubated at 30 °C for 18 h. 

After incubation, 8 colonies were selected for screening via colony PCR to probe for 

the successful integration of the kanamycin resistance cassette containing the I-SceI 
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cleavage site. One successful colony was propagated in LB with ampicillin (100 

µg/mL), chloramphenicol (25 µg/mL), and kanamycin (30 µg/mL) for 18 h.  

 

To induce I-SceI cleavage to achieve scarless genome editing (and thus 

producing the final desired construct), a sample of this overnight culture was diluted 

1:50 in 10× PBS buffer, and 200 µL of this diluted culture was plated onto an LB-agar 

plate containing anhydrotetracycline (aTc, Cayman Chemical, 200 ng/mL), ampicillin 

(100 µg/mL), and chloramphenicol (25 µg/mL) and incubated at 30 °C for 18 h.  

 

To confirm that kanamycin was successfully eliminated from the genome, 16 

colonies that grew on the aTc plate were tested for kanamycin sensitivity on an LB-

agar plate containing kanamycin (30 µg/mL). Colonies with kanamycin sensitivity and 

ampicillin/chloramphenicol resistance were chosen for DNA sequencing to confirm 

the presence of the desired mutation.  

 

To make the strains described above with an additional cueO knockout (i.e., 

DCOCUR(D51A)M32F, DCOCUS(H42A)M32F, DCOCUS(H42A)-CURM32F, 

DCOCUS(H271A)-CURM32F, DCOCUS(M133IM135I)M32F, and 

DCOCUS(N386AN414A)-CURM32F) (Supplementary Table 8), a linear DNA insert 

to make ΔcueO was prepared using primer pair H1CueO_fp and H2CueO_rp 

(Supplementary Table 7) and kanamycin gene template from plasmid pT2SK. This 

linear DNA insert was then electroporated into electrocompetent cells of the 
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appropriate mutant strain harboring the pSLTS plasmid according to the procedures 

described above.  

 

The final cell strains can be cultured at 42 °C overnight (18 h) to remove the 

temperature-sensitive pSLTS plasmid after the desired genetic manipulations have 

been achieved138.  

 

2.8.1.1.3  Cloning cusRmE and cusSmE into pBAD24 for Western blot 

detection of fusion protein intactness 

 

To check that the mEos3.2-FLAG–tagged CusR stays intact in the cell after 

expression, the cusR-mEos3.2-FLAG gene was inserted into the L-arabinose–inducible 

pBAD24 plasmid (Supplementary Table 6). Primers EcoRI-CusR-fp and SalI-FLAG-

mEos3.2-rp (Supplementary Table 7) were used to obtain a PCR product containing 

cusR-mEos3.2-FLAG. After PCR cleanup, the linear DNA was digested with EcoRI-

HF (NEB) and SalI-HF (NEB) restriction enzymes, gel-purified, ligated into a 

pBAD24 plasmid also digested with the EcoRI and SalI restriction enzymes. The 

resulting plasmid, termed pCURM32F (Supplementary Table 6), expresses CusR-

mEos3.2-FLAG and was propagated using E. cloni 10G chemically competent cells 

(Lucigen). An overnight culture was prepared of a positive colony (i.e., one which 

showed the successful cusR-linker-mEos3.2-FLAG insertion via colony PCR), and the 

plasmid construct was extracted via DNA miniprep (Qiagen) and sent for DNA 
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sequencing for final verification. This plasmid was then electroporated into the 

CURM32F strain to obtain the strain CURM32F-p (Supplementary Table 8). 

 

This same procedure was used to insert the cusS-mEos3.2-FLAG gene into 

pBAD24, using primers EcoRI-CusS-fp and SalI-FLAG-mEos3.2-rp (Supplementary 

Table 7). The resulting plasmid, pCUSM32F (Supplementary Table 6), was then 

electroporated into the CUSM32F strain to obtain the strain CUSM32F-p 

(Supplementary Table 8). 

 

2.8.1.1.4 Tagging the C-termini of CusR and CusS with mVenus-FLAG and 

PAmCherry1-FLAG, respectively, at their chromosomal loci in the same cell 

 

To image both CusR and CusS in the same cell, mVenus-FLAG (a monomeric 

yellow fluorescent protein with a C-terminal FLAG epitope)167 was fused to the C-

terminus of CusR at its chromosomal locus, and PAmCherry1-FLAG (a dark-to-red 

photoactivatable fluorescent protein with a C-terminal FLAG epitope)168 was fused to 

the C-terminus of CusS at its chromosomal locus. The emission of these two 

fluorescent proteins can be differentiated using separate laser excitations and emission 

filters (details in Section 2.8.5).  

 

To create a monomeric mutant of the protein Venus (i.e., mVenus), site-

directed mutagenesis (A206K) was performed on pISH-Venus (Supplementary Table 

6)167,169. PCR was used to amplify the mVenus gene using the Accuprime Pfx 
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protocol, and the PCR product was doubly digested with NheI (NEB, R0131S) and 

XholI (NEB, R0146S). This digest was agarose gel-purified, then ligated into a 

similarly digested and gel-purified vector backbone pET-21b (Coli Genetic Stock 

Center) using Quick Ligation Kit (NEB). The ligated product was transformed into E. 

coli Nova Blue chemically competent cells (cloning strain, NEB). Cells that survived 

antibiotic selection (100 µg/mL ampicillin) were confirmed to have acquired the 

engineered vector via colony PCR screening and sequencing. To extract the 

propagated plasmid template pET21b-mVenus (Supplementary Table 6), DNA 

miniprep was performed on the host cells using QIAprep Spin Miniprep Kit (Qiagen).  

 

To make the plasmid template pUCmVenusFLAG:cat, the linear DNA insert 

HindIII-linker-mVenus-FLAG-SalI was amplified using primers HindIII-linker-

mVenus-f and SalI-FLAG-mVenus-r (Supplementary Table 7), and pET21b-mVenus 

was used as the template. The PCR product was doubly digested with HindIII-HF 

(NEB, R3104S) and SalI-HF (NEB, R3138S). This digest was agarose gel-purified, 

then ligated into a similarly digested and gel-purified pUCmEos3.2FLAG:cat plasmid 

to replace the mEos3.2-FLAG gene with the mVenus-FLAG gene. The ligated product 

was transformed into E. cloni 10G chemically competent cells (Lucigen). DNA 

miniprep was performed on the host cells to extract the propagated plasmid template 

pUCmVenusFLAG:cat (Supplementary Table 6), and sequencing was performed on 

the purified plasmid.  
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To make the plasmid template pUCmVenusFLAG:kan, the linear DNA insert 

SalI-FRT-kan-FRT-SacI was amplified using primers pKDfp-salI and SacI-pKD13rp 

(Supplementary Table 7), and pKD13 (which contained the desired kanamycin 

resistance cassette, Supplementary Table 6) was used as the template. The PCR 

product was doubly digested with SalI-HF and SacI-HF (NEB, R3156S). This digest 

was agarose gel-purified, then ligated into a similarly digested and gel-purified 

pUCmVenusFLAG:cat plasmid to replace the chloramphenicol resistance cassette 

(cat) with the kanamycin resistance cassette (kanR). The ligated product was 

propagated in E. cloni 10G cells. DNA miniprep was performed on the host cells to 

extract the propagated plasmid template pUCmVenusFLAG:kan (Supplementary 

Figure 19 and Supplementary Table 6), and sequencing was performed on the purified 

plasmid. To prevent plasmid contamination in later procedures, the plasmid template 

was linearized using HindIII and SacI. The linearized DNA template containing the 

mVenus-FLAG:kan cassette was gel-purified using the Wizard PCR Clean-up system.  

 

To make the plasmid template pUCPAmCherry1FLAG:cat, the linear DNA 

insert HindIII-linker-PAmCherry1-FLAG-SalI was amplified using primers HindIII-

linker-PAmCherry1-f and SalI-FLAG-PAmCherry1-r (Supplementary Table 7), and 

pBAD/HisB-PAmCherry1 (Supplementary Table 6)168 was used as the template. The 

PCR product was doubly digested with HindIII-HF and SalI-HF, agarose gel-purified, 

then ligated into a similarly digested and gel-purified pUCmEos3.2FLAG:cat plasmid 

to replace the mEos3.2-FLAG gene with the PAmCherry1-FLAG gene. The ligated 

product was propagated in E. cloni 10G cells. DNA miniprep was performed on the 
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host cells to extract the propagated plasmid template pUCPAmCherry1FLAG:cat 

(Supplementary Figure 19 and Supplementary Table 6), and sequencing was 

performed on the purified plasmid. To prevent plasmid contamination in later 

procedures, the plasmid template was linearized using HindIII and SacI. The 

linearized DNA template containing the PAmCherry1-FLAG:cat cassette was gel-

purified.  

 

To make the cusR-mVenus-FLAG-cusS-PAmCherry1-FLAG strain for two-

color imaging (Section 2.8.1.5), primers 38H1CusS-PAmCherry1-fp and 40H2CusS-

cat-rp (Supplementary Table 7) were used to amplify the PAmCherry1-FLAG:cat 

region from the linearized plasmid pUCPAmCherry1FLAG:cat, and primers 

40H1CusR-mVenus-fp and 41H2CusSCusR-kan-rp (Supplementary Table 7) were 

used to amplify the mVenus-FLAG:kan region from the linearized plasmid 

pUCmVenusFLAG:kan, with the reverse primer designed to account for the 11-bp 

overlap between CusR and CusS. Two linear DNA inserts were obtained: 38H1CusS-

PAmCherry1-FLAG:cat-40H2CusS and 40H1CusR-mVenus-FLAG:kan-

41H2CusSCusR. The first linear DNA insert, 38H1CusS-PAmCherry1-FLAG:cat-

40H2CusS, was electroporated into BW25113 electrocompetent cells harboring 

pSLTS as described in Section 2.8.1.1.1 above. Upon the successful fusion of 

PAmCherry1-FLAG to the 3’ end of the cusS gene, electrocompetent cells of this 

intermediate strain CUSPAMCF-pSLTS (i.e., CusS-PAmCherry1-FLAG with pSLTS 

still present, Supplementary Table 8) were prepared. The linear DNA insert 

40H1CusR-mVenus-FLAG:kan-41H2CusSCusR was electroporated into the 
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electrocompetent CUSPAMCF-pSLTS cells expressing the recombinase enzymes 

(exo, bet, gam) from pSLTS. Screening and sequencing procedures as described in 

Section 2.8.1.1.1 above were used to confirm the fusion of the mVenus-FLAG gene to 

the 3’ end of the cusR gene, resulting in the doubly-tagged cusR-mVenus-FLAG-cusS-

PAmCherry1-FLAG strain (CURMVF-CUSPAMCF, Supplementary Table 8). 

 

2.8.1.1.5   Knocking out cueO in the cusR-mVenus-FLAG-cusS-

PAmCherry1-FLAG strain for functionality growth assays 

 

A ΔcueO version of the cusR-mVenus-FLAG-cusS-PAmCherry1-FLAG strain 

was needed for functionality growth assays to confer higher sensitivity to Cu stress 

(see Section 2.8.2). First, the cat gene drug marker in the cusS-PAmCherry1-FLAG 

strain was removed by Flippase, an enzyme expressed from the pE-FLP plasmid170, 

which cuts at the FRT sites flanking the cat gene. The temperature-sensitive pE-FLP 

was then removed at 37 °C. pSLTS was then added back to the cells for selection 

(ampicillin resistance) and for the next step of homologous recombination. The linear 

DNA insert 40H1CusR-mVenus-FLAG:kan-41H2CusSCusR was electroporated into 

an electrocompetent version of this new cusS-PAmCherry1-FLAG strain harboring 

pSLTS to tag the mVenus-FLAG gene to the 3’ end of the cusR gene, resulting in 

cusR-mVenus-FLAG-cusS-PAmCherry1-FLAG strain with only kanamycin resistance 

in the genome. Finally, using primers H1CueO_fp and H2CueO_rp (Supplementary 

Table 7) and the cat gene (from the genome of cusS-mEos3.2-FLAG) as the template 

(Supplementary Table 8), a linear DNA insert flanking the beginning and the end of 
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the cueO gene was created and electroporated into the above cell strain to knock out 

cueO. As such, the strain ΔcueO cusR-mVenus-FLAG:kan-cusS-PAmCherry1-FLAG, 

was constructed (CURMVF-CUSPAMCF, Supplementary Table 8).  

 

 

 

Supplementary Figure 19. Plasmid templates used to make the linear DNA inserts 

PAmCherry1-FLAG:cat and mVenus-FLAG:kan. (A) The pUCPAmCherry1FLAG:cat 

plasmid contains the PAmCherry1-FLAG gene (red) preceded by an optional linker 

(gray), chloramphenicol resistance gene cassette (cat, orange) flanked by FRT sites 

(blue), ampicillin resistance gene (AmpR, green), and origin of replication (ori, 

purple). Also shown are the restriction sites SacI and HindIII that can be used to 

excise the DNA template: PAmCherry1-FLAG:cat. (B) The pUCmVenusFLAG:kan 

plasmid contains the mVenus-FLAG gene (yellow) preceded by an optional linker 

(gray), kanamycin resistance gene cassette (kan, pink) flanked by FRT sites (blue), 

ampicillin resistance gene (AmpR, green), and origin of replication (ori, purple). Also 

A B 
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shown are the restriction sites SacI and HindIII that can be used to excise the DNA 

template: mVenus-FLAG:kan. 

 

 Supplementary Table 6. Plasmids used or constructed in this study 

Plasmid name 
Relevant characteristic or 

genotype 
Source 

1. pSLTS 
beta, gam, exo recombinase 

enzymes, I-SceI enzyme 

Kim et al.164 (Addgene 

plasmid 59386)  

2. pT2SK 
I-SceI recognition site, kanR 

(kanamycin resistance) 

Kim et al.164 (Addgene 

plasmid 59383) 

3. pBAD24 
bla (ampicillin resistance), L-

arabinose inducible 
Guzman et al.171 

4. pKD13 kanR (kanamycin resistance) Datsenko et al.172 

5. 

pUCmEos3.2FLAG:cat 

mEos3.2-FLAG, cat 

(chloramphenicol resistance), 

bla, pUC19 backbone 

Santiago et al.138 

6. pCURM32F 
pBAD24 backbone, cusR-

mEos3.2-FLAG insert 
This study 

7. pCUSM32F 
pBAD24 backbone, cusS-

mEos3.2-FLAG insert 
This study 

8. pISH-Venus Venus, bla 
Ishii et al.169 (Addgene 

plasmid 15865) 
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9. pET21b-mVenus mVenus (A206K), bla This study  

10. 

pUCmVenusFLAG:cat 

mVenus-FLAG, cat, bla, 

pUC19 backbone 
This study 

11. 

pUCmVenusFLAG:kan 

mVenus-FLAG, kanR, bla, 

pUC19 backbone 
This study 

12. pBAD/HisB-

PAmCherry1 
PAmCherry1, bla 

Subach et al.168 

(Addgene plasmid 

31931) 

13. 

pUCPAmCherry1FLAG:

cat 

PAmCherry1-FLAG, cat, bla, 

pUC19 backbone 
This study 

14. pE-FLP Flippase under promoter pE 

St-Pierre et al.170 

(Addgene plasmid 

45978) 

 

Supplementary Table 7. Primers used in this study§ 

Primer name Sequence (5'-3') 

1. 40H1CusR-meos2 
GCGCGGCGTGGGTTACATGCTTGAGGTGCCG

GATGGTCAGATGAGTGCGATTAAGCCAGA 

2. 41H2CusSCusR-cam-frt-

sac 

AGGTCAGGCGGGTTGCCAGCGAAAACGGGC

GCTGAAATGGCTTACTGACCATCCGGCACCT

CAAGCATGTACGACGGCCAGTGAATTCGA 
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3. 40H1CusS-meos2 
GGATGCGCGGGGGACAAGGTTTGTTATCACA

TTACCCGCTATGAGTGCGATTAAGCCAGA   

4. 41H2CusS-cam-frt-

sacdown 

TATTTTTACACTGGTTATAAAAGTTGCCGTTT

GCTGAAGGACGACGGCCAGTGAATTCGA 

5. CusR-up-sp GGCAGAAGTTTACAAGGAGAC 

6. CusS-up-sp AGTTCTTCCTTCGCCATCAG 

7. CusR-rp TGACCATCCGGCACCTCAAG 

8. CusS-rp GTTGCCGTTTGCTGAAGG  

9. ip-rp-CusS CGAAAGCGCGATGTAGAG 

10. EcoRI-CusR-fp 
AGTCAGGAATTCACCATGAAACTGTTGATTG

TCGAAGATG  

11. EcoRI-CusS-fp 
AGTCAGGAATTCACCATGGTCAGTAAGCCAT

TTCAGC 

12. SalI-FLAG-mEos3.2-rp 
AGTCAGGTCGACTTATTTATCATCATCATCTT

TATAATCAGGACGTCGTCTGGCATTGTC 

13. ip-fp-CusR  CAGTTTCAGGTTGCCGATTTGA 

14. ip-fp-CusS GGTTTGTTGGCGACAAGTGTCA 

15. inside_CusR-fp GCACGCGCATCACTTTGA 

16. inside_CusS-fp GCCCGACGATGATGATG 

17. PstI-mEos3.2-rp 
AGTCAGCTGCAGTTATCGTCTGGCATTGTCA

G 

18. CGGTGATTATGATCTGATAATCCTCGcgATTA
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26H1CusRD51AHR3sm5 TGCTGCCGGACATCTCAAGAGTGGCAGC§ 

19. 

27H2CusRD51AHR3sm3 

CCAGCCGTTCACGTCCGGCAGCATAATcgCGA

GGATTATCAGATTTACGCCCCGCCCTGC 

20. 

45H1CusSH42AHR3sm5 

GCGTTTTTCGCCTTTGCATGGATCATGATCCA

CTCAGTAAAAGTTgcgTTTGCCGAGCAGGATA

TCTCAAGAGTGGCAGC 

21. 

26H2CusSH42AHR3sm3 

AAATCATTAATATCCTGCTCGGCAAAcgcAAC

TTTTACTGAGTGTTACGCCCCGCCCTGC 

22. 

45H1CusSH271AHR3sm5 

GAGGATGTCTTTACCCGCCAGTCCAATTTCTC

AGCGGATATCGCTgcgGAAATTCGCACACCAA

TCTCAAGAGTGGCAGC 

23. 

26H2CusSH271AHR3sm3 

AGATTCGTAATTGGTGTGCGAATTTCcgcAGC

GATATCCGCTGATTACGCCCCGCCCTGC 

24. 

25H1CusSM133IM135IHR

3sm5 

GGTGTATCTCCTTTCCGGCCCGACGattATGattC

CAGGCCACGGTCACATCTCAAGAGTGGCAGC 

25. 

26H2CusSM133IM135IHR

3sm3 

TCCATATGCCCGTGACCGTGGCCTGGaatCATa

atCGTCGGGCCGGAAAGTTACGCCCCGCCCTG

C 

26. 

45H1CusSN386AHR3sm5 

GGCGATCCGCTGATGCTGCGTCGGGCGCTAA

GCAACCTGCTTTCGgcgGCCCTGCGTTATACG

ATCTCAAGAGTGGCAGC 



 

162 

27. 

26H2CusSN386AHR3sm3 

TCTCCGGTTGGCGTATAACGCAGGGCcgcCGA

AAGCAGGTTGCTTTACGCCCCGCCCTGC 

 

28. 

45H1CusSN414AHR3sm5 

GTGCGCTGTCAGACGGTCGATCACCTGGTGC

AAGTTATCGTCGAAgcgCCCGGTACGCCCATT

ATCTCAAGAGTGGCAGC 

29. 

26H2CusSN414AHR3sm3 

TGCTCGGGCGCAATGGGCGTACCGGGcgcTTC

GACGATAACTTGTTACGCCCCGCCCTGC 

30. 28H1dCusRHR3sm5 
AATTGCCCGGGCAACATGCGGAGGAAATAGT

GCTGCCCCGCTCATCTCAAGAGTGGCAGC 

31. 29H2dCusRHR3sm3 
GCGAGGCGATAAGCGAGCGGGGCAGCACTA

TTTCCTCCGCATGTTTACGCCCCGCCCTGC   

32. 40H1dCusRup-cam-fp 
CCGCTACTCTAGAATTGCCCGGGCAACATGC

GGAGGAAATGTGTAGGCTGGAGCTGCTTC 

33. 40H2dCusR-cam-rp 
GAAGGAAGAACTCCAGCAGAGTAAACTCTTT

ACTGGTCAACATATGAATATCCTCCTTAG 

34. 40H1dCusSup-cam-fp 
TCGCTGGCAACCCGCCTGACCTTTTTTATCAG

CCTGGCCAGTGTAGGCTGGAGCTGCTTC 

35. 40H2dCusS-cam-rp 
GACGTTACCGCAACCGTGCCTTTATGCGCGA

CAACAATCGCATATGAATATCCTCCTTAG 

36. HindIII-linker-

PAmCherry1-f 

AGTCAGAAGCTTGCTGGCTCCGCTGCTGGTT

CTGGCGAATTCGTGAGCAAGGGCGAGGAG  
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37. SalI-FLAG-

PAmCherry1-r 

CAGGTCGACTTATTTATCATCATCATCTTTAT

AATCAGGACGCTTGTACAGCTCGTCCAT 

38. 

outside_PAmCherry1/mVen

us  

GCTTCCGGCTCGTATGTTG 

39. inside-PAmCherry1-fp ATGAAATTCGAGGACGGC 

40. inside-PAmCherry1-rp ACGGGCTTCTTGGCCTTGT 

41. HindIII-linker-mVenus-

f 

AGTCAGAAGCTTGCTGGCTCCGCTGCTGGTT

CTGGCGAATTCATGGTGAGCAAGGGCGAG 

42. SalI-FLAG-mVenus-r 
CAGGTCGACTTATTTATCATCATCATCTTTAT

AATCAGGACGCTTGTACAGCTCGTCCAT 

43. inside-mVenus-fp CGCCGAGGTGAAGTTCGAG 

44. inside-mVenus-rp ACGAACTCCAGCAGGACCA 

45. 38H1CusS-

PAmcherry1-fp 

ATGCGCGGGGGACAAGGTTTGTTATCACATT

ACCCGCTGTGAGCAAGGGCGAGGAGGATA 

46. 40H2CusS-cat-rp 
ATTTTTACACTGGTTATAAAAGTTGCCGTTTG

CTGAAGGACATATGAATATCCTCCTTAG 

47. 40H1CusR-mVenus-fp 
GCGCGGCGTGGGTTACATGCTTGAGGTGCCG

GATGGTCAGATGGTGAGCAAGGGCGAG 

48. 41H2CusSCusR-kan-rp 

AGGTCAGGCGGGTTGCCAGCGAAAACGGGC

GCTGAAATGGCTTACTGACCATCCGGCACCT

CAAGCATGTAGGCCAGTGAATTCGAGCTC 
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49. CueO-f ATGCAACGTCGTGATTTC 

50. CueO-r GTAAACCCTAACATCATCCCCG 

51. H1CueO_fp 
TTTGATTTTGTTTCGCCTGCTTAAGAATAAGG

AAATAACT ATCTCAAGAGTGGCAGC 

52. H2CueO_rp 
TGCCCGGAGAGATCCGGGCATATTTCCGAAT

ACGGTCTTT TTACGCCCCGCCCTGC 

53. CueO-up-f CCAGGGGCTTAAAGAAGA 

54. CueO-down-r TGCTCAGATTGCTGACAA 

55. pBAD-fp CTGTTTCTCCATACCCGTT 

56. pBAD-rp CTCATCCGCCAAAACAG 

57. pSLTS-seq-fp GGGTCCGAACTCTAAACTGC 

58. pSLTS-seq-rp CGGAGGAGATAGTGTTCG 

59. pKDfp-salI 
AGTCAGGTCGACGTGTAGGCTGGAGCTGCTT

C 

60. SacI-pKD13rp 
AGTCAGGAGCTCCGACCTGCAGTTCGAAGTT

CCTA 

61. M13/pUC fp CCCAGTCACGACGTTGTAAAACG 

62. M13/pUC rp AGCGGATAACAATTTCACACAGG 

63. ip-fp-cat CGTGCCGATCAACGTCTC 

64. ip-rp-cat TACGCAAGGCGACAAGGT 

65. ip-fp-kan1 CCCTTGTCCAGATAGCCCA 

66. ip-rp-kan1 GACCGCTATCAGGACATA 
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67. ip-fp-kan2 GCCATTCTCACCGGATTC 

68. ip-rp-kan2 CCCATATAAATCAGCATCC 

69. cusS-sc-f      GGTCAGTAAGCCATTTCA 

70. cusS-sc-r     TACGATAAAGACGATCAGG 

71. qPCR-HKG-16srRNA-

fp    
GTTAATACCTTTGCTCATTGA 

72. qPCR-HKG-16srRNA-

rp    
ACCAGGGTATCTAATCCTGTT  

§ Red lowercase fonts indicate the point mutations. 

 

Supplementary Table 8. Strains used or constructed in this study 

Strain 

Relevant characteristics or 

genotype 

Reference or 

source 

1. BW25113 

Base strain, F-, DE(araD-

araB)567, lacZ4787(del)::rrnB-

3, LAM-, rph-1, DE(rhaD-

rhaB)568, hsdR514 

Keio collection 

2. CURM32F cusR-mEos3.2-FLAG, cat This study 

3. CUSM32F cusS-mEos3.2-FLAG, cat This study 

4. DRCUSM32F 
ΔcusR, cusS-mEos3.2-FLAG, 

kanR, cat 
This study 

5. DSCURM32F ΔcusS, cusR-mEos3.2-FLAG, This study 
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cat 

6. CUR(D51A)M32F 
cusR mutant (CusR(D51A)), 

cusR-mEos3.2-FLAG, cat 
This study 

7. CUS(H42A)M32F 
cusS mutant (CusS(H42A)), 

cusS-mEos3.2-FLAG, cat 
This study 

8. CUS(H42A)-CURM32F 
cusS mutant (CusS(H42A)), 

cusR-mEos3.2-FLAG, cat 
This study 

9. CUS(H271A)-CURM32F 
cusS mutant (CusS(H271A)), 

cusR-mEos3.2-FLAG, cat 
This study 

10. CUS(M133IM135I)M32F  

cusS mutant (CusS(M133I, 

M135I)), cusS-mEos3.2-FLAG, 

cat 

This study 

11. CUS(N386AN414A)-

CURM32F 

cusS mutant (CusS(N386A, 

N414A)), cusR-mEos3.2-FLAG, 

cat 

This study 

12. JW0119-2 ΔcueO, kanR Keio collection 

13. DCOCURM32F 
ΔcueO, cusR-mEos3.2-FLAG, 

kanR, cat 
This study 

14. DCOCUSM32F 
ΔcueO, cusS-mEos3.2-FLAG, 

kanR, cat 
This study 

15. DCODCUR ΔcueO, ΔcusR, kanR, cat This study 

16. DCODCUS ΔcueO, ΔcusS, kanR, cat This study 
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17. DCOCUR(D51A)M32F 
ΔcueO, cusR(D51A)-mE-FL, 

kanR, cat 
This study 

18. DCOCUS(H42A)M32F 
ΔcueO, cusS(H42A)-mE-FL, 

kanR, cat 
This study 

19. DCOCUS(H42A)-

CURM32F 

ΔcueO, cusS(H42A), cusR-mE-

FL, kanR, cat 
This study 

20. DCOCUS(H271A)-

CURM32F 

ΔcueO, cusS(H271A), cusR-

mE-FL, kanR, cat 
This study 

21. 

DCOCUS(M133IM135I)M32F 

ΔcueO, cusS(M133I, M135I)-

mE-FL, kanR, cat 
This study 

22. DCOCUS(N386AN414A)-

CURM32F 

ΔcueO, cusS(N386A, N414A), 

cusR-mE-FL, kanR, cat 
This study 

23. CURM32F-p 
cusR-mEos3.2-FLAG, 

pCURM32F 
This study 

24. CUSM32F-p 
cusS-mEos3.2-FLAG, 

pCUSM32F 
This study 

25. CURM32F-pBAD cusR-mEos3.2-FLAG, pBAD24 This study 

26. CUSM32F-pBAD cusS-mEos3.2-FLAG, pBAD24 This study 

27. CUSPAMCF-pSLTS 
cusS-PAmCherry1-FLAG, cat, 

pSLTS 
This study 

28. CURMVF-CUSPAMCF 
cusR-mVenus-FLAG, cusS-

PAmCherry1-FLAG, kanR, cat 
This study 
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29. DCOCURMVF-

CUSPAMCF 

ΔcueO, cusR-mVenus-FLAG, 

cusS-PAmCherry1-FLAG, kanR, 

cat 

This study 

 

2.8.1.2   Preparing Cu-depleted M9 media for experiments 

 

To remove as much copper as possible for the Cu-depleted medium, regular 

M9 medium (1× concentration) was treated through Chelex 100 resin (Bio-rad 

Laboratories, cat. #: 1421253EDU) as described by the manufacturer, then filtered 

using Steriflip-GV membranes (0.22 µm, cat. #: SE1M179M6); we refer to this 

chelexed M9 medium as Cu-depleted medium. The medium was then supplemented 

with essential components needed for cell growth: CaCl2 (0.01% v/v, Mallinckrodt, 

Item code: 4160), MgSO4 (0.2% v/v, Fisher Scientific, M63-500), glycerol (0.4% v/v, 

Macron, 5092-02), MEM amino acids (8% v/v 50× GIBCO, cat. #: 11130051), and 

MEM vitamins (4% v/v 100× GIBCO, cat. #: 11120052)138. We determined the actual 

copper content in various media using inductively coupled plasma mass spectrometry 

(ICP−MS). To prepare the media for ICP−MS analysis, each sample was diluted in 

2% HNO3, and the total metal ions were analyzed by external calibration using a 

Perkin-Elmer ELAN DRC II ICP−MS. Gallium was used as an internal standard. The 

results are summarized in Supplementary Table 9. 

 

Supplementary Table 9. Total Cu concentration quantitation in different media from 

ICP−MS 
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Sample [Cu] (µM) 

LB 0.17 ± 0.02 

Regular M9 0.037 ± 0.01 

Chelexed M9 0.0112 ± 0.005 

Chelexed M9 + supplements 0.0109 ± 0.002 

 

2.8.1.3   Immunoblotting for protein intactness 

 

Sample preparation. Strains CURM32F-p (i.e., a chromosomally-tagged 

cusR-mEos3.2-FLAG strain harboring the plasmid pCURM32F that encodes cusR-

mEos3.2-FLAG) and CUSM32F-p (i.e., a chromosomally-tagged cusS-mEos3.2-FLAG 

strain harboring the plasmid pCUSM32F that encodes cusS-mEos3.2-FLAG), as well 

as negative control strains CURM32F-pBAD (i.e., a chromosomally-tagged cusR-

mEos3.2-FLAG strain harboring an empty pBAD24 vector) and CUSM32F-pBAD 

(i.e., a chromosomally-tagged cusS-mEos3.2-FLAG strain harboring an empty 

pBAD24 vector), were grown overnight (18 h) at 37 °C in LB with the appropriate 

antibiotics. A sample (50 µL) of each overnight culture was added to 5 mL of 

chelexed 1× M9 medium supplemented with 0.01% CaCl2, 0.2% MgSO4, 0.4% 

glucose, 8% MEM amino acids, and 4% MEM vitamins as described above (Section 

2.8.1.2). After incubating these cultures at 37 °C for 4 h with shaking (250 rpm) to 

reach OD600 ~ 0.3, 20 mM of L-arabinose was added to the cultures to induce 

production of the proteins from the pBAD24 vectors for 30 min. 1 mL aliquots of the 

resulting cell cultures were centrifuged (1300 g) for 5 min. The supernatant was 
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removed and replaced with 1 mL of fresh 1× M9 (containing all reagents listed above) 

and incubated at room temperature (22 °C for 20 min) before centrifugation (1300 g) 

for 5 min. The supernatant was again removed, and the resulting cell pellets were 

gently yet thoroughly re-suspended in 95 µL 2× Laemmli Sample Buffer (BIORAD, 

cat. #: 1610737). To this resuspension, 2.5 µL of beta-mercaptoethanol (Sigma-

Aldrich, cat. #: M6250) and 2.5 µL of Protease Inhibitor Cocktail (Promega, cat. #: 

G6521) were added.  

 

Western blot. The samples were heat-denatured at 95 °C for 5-6 min. To the 

SDS-PAGE gel, 10-15 µL of the samples were added, as well as a ladder for reference 

[4 µL of Amersham ECL Plex Fluorescent Rainbow protein molecular weight markers 

(GE Healthcare Life Sciences, Product code: RPN850E)]. The gel was run in 1× MES 

buffer (pH = 7.3) for 130 min at 400 mA, 120 V (Biorad PowerPac Basic, cat. #: 164-

5050). Electrophoretic transfer of proteins from the SDS PAGE gel onto Amersham 

Hybond LFP 0.2 PVDF membrane (GE Healthcare Life Sciences, Product code: 

10600102) was performed for 70-80 min at 400 mA, 100 V (Biorad PowerPac Basic) 

in transfer buffer138. The membrane was blocked with 4% Amersham ECL Prime 

blocking reagent (GE Healthcare Life Sciences, Product code: RPN418) in 1× PBS-T 

wash buffer (0.1% Tween-20, cat. #: P9416, Sigma- Aldrich) at 4 °C with shaking (90 

rpm) overnight (18 h). After blocking, the membrane was washed with 1× PBS-T 

twice for 5 min each time. The membrane was incubated in a 1× PBS-T solution 

containing rabbit-derived anti-FLAG primary antibody (1:10,000 dilution, Rockland 

Immunochemical, cat. #: RL600- 401-383S) for 1.5 h at 22 °C, shaking (100 rpm). 
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The membrane was rinsed 3× with 1× PBS-T, then washed 4 × 5 min in 1× PBS-T. 

Next, the membrane was incubated in a 1× PBS-T solution containing the goat-

derived Horseradish Peroxidase–conjugated Fab fragment anti-rabbit secondary 

antibody (1:20,000 dilution, Rockland Immunochemical, cat. #: RL811-1302) for 1 h 

at 22 °C, shaking (100 rpm). The membrane was rinsed 3× with 1× PBS-T, washed 4 

× 5 min in 1× PBS-T, and rinsed 3× with 1× PBS. After subjecting the membrane to 

Pierce ECL 2 Western Blotting substrate (Fisher Scientific, cat. #: PI80196) as 

described by the manufacturer, the peroxidase activity was detected using a 

fluorescent imager (Bio-Rad ChemiDoc MP Imaging System).  

 

2.8.1.4  Cell sample preparation, single-molecule tracking (SMT) via stroboscopic 

imaging, and single-cell quantification of protein concentration (SCQPC)  

 

To prepare E. coli cells for imaging, an overnight culture was prepared in LB 

with appropriate antibiotics at 37 °C with shaking (250 rpm). A sample (50 µL) of 

each overnight culture was added to 5 mL of chelexed 1× M9 medium supplemented 

with 0.01% CaCl2, 0.2% MgSO4, 0.4% glycerol, 8% MEM amino acids, and 4% 

MEM vitamins as described above (Section 2.8.1.2). The cells were incubated at 37 

°C for 4 h (until OD600 ~ 0.3) with shaking (250 rpm). A 2-mL sample of this culture 

was centrifuged (1600 g) for 5 min. The cell pellets were collected and re-suspended 

in 500 µL of chelexed and supplemented 1× M9, then centrifuged (1600 g) again for 5 

min. The final cell pellet to be used for imaging was re-suspended in 15-20 µL of 

chelexed and supplemented 1× M9. For experiments involving metal stress, CuSO4 
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was added to the M9 at this step to achieve a final concentration of 2 mM. This 

concentration of copper has been reported to activate the cus operon 141,173. The cells 

were allowed to incubate at room temperature (22 °C) as the slide was prepared.  

 

To prepare the slide for imaging, 50 µL of gold nanoparticles (100 nm, Ted 

Pella, Inc., cat. #: 15708-9) in a 1:1 water-ethanol solution was first drop-casted onto a 

clean coverslip and allowed to dry at room temperature (~40 min). These gold 

nanoparticles serve as position markers for drift correction. A 3% (w/v) agarose gel 

pad was then prepared for surface immobilization of E. coli cells. Agarose was first 

dissolved in chelexed 1× M9 medium (supplemented with 0.01% CaCl2, 0.2% 

MgSO4, 0.4% glucose, 8% MEM amino acids, and 4% MEM vitamins) by heating the 

mixture in a microwave oven until the agarose was fully dissolved. For experiments 

performed in 2 mM Cu2+ stress, the final Cu2+ concentration was added to the agarose 

solution before heating. A sample (20 µL) of this solution was drop-casted onto the 

center of a glass slide with Parafilm (Bemis NA) spacers secured along the sides of the 

slide. Another glass slide was immediately pressed against the liquid agarose until it 

solidified at room temperature to become a small gel pad. The Parafilm was removed 

after the gel pad solidified. Double-sided tape was then used as spacer in replacement 

of the Parafilm lining the sides of the glass slide. The cell sample (~1 µL) was then 

added on top of the agarose gel pad, and the coverslip with gold nanoparticles was 

then placed on the gel pad (with the surface having the Au nanoparticles facing 

towards the gel pad), spreading and immobilizing the cells on the agarose gel. The 
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coverslip edges were sealed with epoxy to prevent gel drying and medium 

evaporation.  

 

Single-molecule tracking (SMT) via stroboscopic imaging and single-cell 

quantification of protein concentration (SCQPC) were performed on an inverted 

fluorescence microscope (Olympus IX71) as previously described138.  For SMT, the 

cells were first illuminated with a 405 nm laser (1–10 W/cm2) for 20 ms to 

photoconvert a single mEos3.2 molecule (or none) from its green fluorescent form to 

its red fluorescent form. A series of 30 pulses of a 561 nm laser (21.7 kW/cm2) in epi-

illumination mode with pulse duration tint = 4 ms and time lag Ttl = 60 ms were then 

used to excite the red mEos3.2. The resulting red mEos3.2 fluorescence was imaged 

by an EMCCD camera with 250 EM gain (Andor Technology, DU-897E-CSO-#BV), 

which was synchronized with the 561 nm laser pulses. This imaging scheme was 

repeated for 500 cycles for each field of view.  

 

After the SMT step, SCQPC was performed on the same cells, in which the 

cells were illuminated with the 405 nm laser (1–10 W/cm2) for 1 min to photoconvert 

all remaining mEos3.2 molecules, followed by 561 nm laser illumination for 2000 

frames with the same laser power density and exposure time as in the SMT step to 

quantify the number of remaining mEos3.2 molecules, whereas EM gain was changed 

to 100 to avoid camera saturation (this EM gain difference was taken into account in 

calculating the protein copy numbers). This 405-illumination and 561-excitation 

sequence was repeated once more to ensure all mEos3.2 molecules had been 
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photoconverted and imaged. The total protein copy number in each cell was estimated 

by taking into account the photoconversion efficiency of mEos3.2 (42%)174, 

oligomeric state of the protein, and the copy numbers obtained from both SMT and 

SCQPC steps, as described previously135. All CusR and CusS concentrations cited in 

the study correspond to those of the monomeric CusR and CusS proteins, respectively.  

 

We performed the same imaging procedure on a control strain: a wild-type 

BW25113 strain that does not contain any chromosomal fluorescent protein tag or any 

plasmid. It was found that some false positive “single-molecule” signals appeared 

during SMT, and a slight increase of fluorescence appeared during SCQPC, both of 

which will contribute to the total protein concentration, even though this false 

contribution is very small (Supplementary Figure 20). To correct for this, we 

subtracted this small number from the protein concentration data for each of our 

tagged strains. As shown in Supplementary Figure 20, the average false-detection 

protein copy number obtained from SMT is 7.7; the mean false-detection protein copy 

number obtained from SCQPC is 12.0. 
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Supplementary Figure 20. False detection of protein copy numbers from SMT 

(green) and SCQPC (red) in each cell obtained from the control strain BW25113 that 

contains no fluorescent protein tags.  

 

2.8.1.5  Two-color imaging to monitor the protein concentration of CusR and CusS 

simultaneously 

 

To understand the protein concentration correlation between CusS and CusR, 

the doubly-tagged strain cusR-mVenus-FLAG-cusS-PAmCherry1-FLAG (CURMVF-

CUSPAMCF, Supplementary Table 8) was imaged. Samples were prepared as 

described above (Section 2.8.1.4). The sample was first excited by 514 nm laser to 

image CusRmV (i.e., CusR-mVenus) until all mVenus fluorescence bleached with time. 

The bleaching curve of the whole cell fluorescence intensity was fitted with a double-

exponential function, with one component corresponding to the cell autofluorescence 
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and the other of mVenus fluorescence. The component corresponding to mVenus 

whole-cell fluorescence was further normalized by the 514 nm laser beam shape to 

correct for the non-uniform illumination and then used as a measure of CusRmV copy 

number (in arbitrary units). 

 

After all CusRmV were bleached, the cells were excited by 561 nm laser (after 

photoactivation with 405 nm laser) and the copy number of CusSPAmC (i.e., CusS-

PAmCherry1) in each cell was obtained as described above (Section 2.8.1.4), taking 

into account the photoconversion efficiency of PAmCherry1 being 45%174. The 

correlation between the CusRmV whole-cell fluorescence intensity and CusSPAmC copy 

number under Cu-depleted conditions is shown in Supplementary Figure 37. 

 

2.8.1.6   Confocal fluorescence imaging of CusSmE in live E. coli cells confirms 

membrane localization  

 

For confocal fluorescence microscopy, the slide was prepared as described in 

Section 2.8.1.4, using cell strain CUSM32F-p (Supplementary Table 8), in which 

CusSmE was overexpressed from a L-arabinose–inducible pBAD plasmid to increase 

cellular level of the CusS protein for detection. The cells were imaged using a Zeiss 

LSM880 confocal microscope equipped with a Plan-Apochromat 40x/1.4 Oil DIC 

M27 objective. Fluorescence was excited using a 488 nm laser, with fluorescence 

emission collected between 491 and 597 nm (the green fluorescence of the mEos3.2; 

pinhole = 20 µm; pixel dwell = 1.52 µs). Image acquisition was performed using plane 
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scanning mode. The confocal images obtained are z-sectioned fluorescence images 

through every cell. These images of the mE-tagged CusS proteins clearly show that 

CusSmE is localized in the membrane, i.e., at the cell contour. (Supplementary Figure 

21 and Figure 5A of the main text).  

 

 

Supplementary Figure 21. Confocal microscopy images (overlaid on the 

corresponding transmission images) of overexpressed CusSmE in live E. coli cells, 

showing their membrane localizations. Each of the green observable “clusters” are 

likely larger scale aggregates of CusS proteins, due to the overexpression from a 

plasmid. 

 

2.8.1.7  RT (Reverse Transcription)-PCR shows a significant transcriptional 

contribution in CusS accumulation  

 

RT-PCR assay was performed to measure the mRNA levels of cusS gene under 

Cu-depleted and Cu-stress conditions. The chromosomal CusRmE strain (CURM32F, 
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Supplementary Table 8) was grown overnight (18 hrs) in 6 mL LB with appropriate 

antibiotics. 50 µL of the sample was further grown to OD600 of 0.4 in 5 mL M9 

imaging media, and for Cu-stress condition the samples were stressed with 2 mM 

CuSO4 for 30 min. Cells were washed and collected by centrifugation. Total RNA was 

purified using PureLink® RNA Mini Kit (Life Technologies, cat. #: 12183018A) and 

quantified by NanoDrop spectrophotometer (Thermal Scientific) for normalization. 

Purified RNAs were converted to the cDNA using SuperScript® III First-Strand 

Synthesis SuperMix kit (Life Technologies, cat. #: 18080-400) with random hexamer 

primers. The primers used to detect the target genes were: cusS-sc-f and cusS-sc-r for  

cusS, and qPCR-HKG-16srRNA-fp and qPCR-HKG-16srRNA-rp for the 

housekeeping genes (HKG) (Supplementary Table 7)175. The amount of mRNA 

transcript for each target gene was assessed relative to the mRNA level of the 

housekeeping genes, HKG (16S rRNA) as an internal control. The samples were 

measured in triplicate in an optical 96-well plate (Life Technologies) in a reaction 

mixture with the SYBR Green reagent (Life Technologies, cat. #: 4309155) and 

imaged using Applied Biosystems (Thermo Fisher) Viia7 Sequence Detection System. 

Fluorescence was detected at the annealing phase in RT-PCR. The threshold cycles 

(CT) were calculated using Viia7 software. The relative expressions of cusS were 

plotted in Supplementary Figure 22 using the comparative CT method176, which clearly 

showed transcriptional activation upon Cu stress.  

 

It is worth noting that it is unclear whether CusS accumulation upon copper 

stress is wholly transcriptional or has some post-transcriptional activation. As 
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observed, the mRNA level of CusS increases by a factor of ~2.2 upon Cu stress, while 

CusS protein level (i.e., [CusSmE]) increased by a factor of ~2 (Figure 6A), suggesting 

that there is no significant post-translational activation in CusS accumulation. 

 

                                                  

Supplementary Figure 22. RT-PCR assay on the cusS gene showing transcriptional 

activation of the gene upon Cu stress. Strain used: chromosomal CusRmE (CURM32F, 

Supplementary Table 8). 

 

2.8.2 Cell growth assays under copper stress show that mEos3.2-tagged CusR and 

CusS strains are functional and demonstrate the effect of mutations on 

protein function. 

 

The functionalities of mEos3.2-tagged CusR and CusS were tested via copper 

resistance cell growth assays. A ΔcueO base strain was used for all growth assay 

experiments to increase cells’ sensitivity to copper stress177. Cells were first grown in 

6 mL LB with appropriate antibiotics for 18 h at 37 oC with shaking (250 rpm). From 
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each culture, a 1:1000 dilution was used to inoculate a new culture in LB containing 

varying concentrations of CuSO4 and no antibiotics and grown for 22 h at 37 oC with 

shaking (250 rpm) before measuring their final OD600 (optical density at λ = 600 nm). 

 

The copper resistance of the chromosomally-tagged strain (e.g., ΔcueO, 

cusRmE; DCOCURM32F, Supplementary Table 8) was compared with those of the 

untagged strain (ΔcueO; JW0119-2, Supplementary Table 8) and the corresponding 

deletion strain (e.g., ΔcueO, ΔcusR; DCODCUR, Supplementary Table 8).  

 

Supplementary Figure 23A shows the tagged cusRmE strain (red) grows 

similarly to the untagged strain (black) and has a significant higher resistance to 

copper than the ΔcusR deletion strain (blue). This same growth behavior is observed 

in Supplementary Figure 23B for the tagged, untagged, and deletion strains of CusS. 

These data demonstrate that tagging CusR and CusS with mEos3.2 at their C-termini 

does not significantly perturb these proteins’ functions. It is worth noting that we 

performed these assays on chromosomally-tagged strains to maintain the physiological 

expression levels of the tagged proteins, as for all the single-molecule imaging 

experiments. 

 

We also tested the functionalities of five mutant strains: cusR(D51A)mE, which 

eliminates CusR’s phosphorylation site [DCOCUR(D51A)M32F]; cusRmE + 

cusS(H271A), which eliminates CusS’s autophosphorylation site [DCOCUS(H271A)-

CURM32F]; cusRmE + cusS(N386A/N414A), which eliminates CusS’s ATP binding30 
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[DCOCUS(N386AN414A)-CURM32F];  cusS(H42A)mE, which removes CusS’s 

copper binding at interfacial sites [DCOCUS(H42A)M32F]; and 

cusS(M133I/M135I)mE, which presumably eliminates CusS’s copper binding at 

internal sites [DCOCUS(M133IM135I)M32F, Supplementary Table 8]. 

 

In Supplementary Figure 23A, each of the three mutant strains on top of a 

cusRmE-tagged strain shows similar growth behavior to the deletion strain ΔcusR 

(gold, green, and pink dashed lines compared with the blue solid line). These results 

indicate that the D51A mutation on CusR significantly perturbs the function of CusR, 

while the H271A and N386A/N414A mutations on CusS significantly affect CusS 

function. In Supplementary Figure 23B, the effects of two mutant strains on top of a 

cusSmE-tagged strain were explored. The cusS(H42A)mE strain (gold dashed line) 

shows similar growth behavior to the deletion strain ΔcusS (blue solid line) at high 

copper concentrations (i.e., [CuSO4] ≥ 2 mM), while the cusS(M133I/M135I)mE (green 

dashed line) behaves nearly identically to the cusSmE strain (red solid line). Therefore, 

the H42A mutation on CusS compromises the function of CusS, while the 

M133I/M135I mutations on CusS has no significant effect on CusS functionality, both 

consistent with previous reports28.  

 

The double-tagged cusR-mVenus-FLAG-cusS-PAmCherry1-FLAG strain was 

found to be not functional, as its growth is similar to the deletion strain as shown in 

Supplementary Figure 23B.  
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Supplementary Figure 23. Copper resistance cell growth assays indicate that CusRmE 

and CusSmE are functional and the selected mutations in them compromise their 

functions (or not) expectedly. (A-B) OD600 of the growth culture after 22 h growth at 

37oC as a function of [CuSO4] in the growth medium for various strains harboring 

either tagged cusR, tagged cusS, and/or mutations in the cusR or cusS gene in the 

chromosome, in comparison with ΔcusR or ΔcusS strain. All are on top of a ΔcueO 

base strain. Data were collected in triplicate. Note in Supplementary Figure 23B 

(pink), the double-tagged cusR-mVenus-FLAG-cusS-PAmCherry1-FLAG strain is not 

functional, as it does not grow similarly to the wild-type (ΔcueO) base strain. Error 

bars are s.d. 

 

2.8.3 Western blot shows that CusSmE and CusRmE are intact in the cell. 

 

 Western blot reveals that even under over-expression from a plasmid, FLAG-

tagged CusSmE (i.e., CusS-mEos3.2-FLAG) and FLAG-tagged CusRmE (i.e., CusR-

mEos3.2-FLAG) are predominantly intact inside the cell (~90% intact) 
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(Supplementary Figure 24). The FLAG-tagged CusSmE fusion protein is observed at 

its expected size of 80 kDa, with ~11% cleaved mE-FLAG tag at 27 kDa (column 2 in 

Supplementary Figure 24A). The FLAG-tagged CusRmE fusion protein is observed at 

its expected size of 52 kDa, with ~9% cleaved mE-FLAG tag at 27 kDa 

(Supplementary Figure 24B). It is important to note that these Western blots were 

performed on cell strains having the tagged protein of interest expressed from an L-

arabinose-induced plasmid (pBAD24) to enhance detectability. As such, each of these 

reported cleavages is an upper limit for the strains we used for single-molecule 

imaging and functionality assays, which only encode the tagged protein from the 

chromosomal loci to have physiological expression; therefore, the extent of tag 

cleavage at the chromosomal level is expected to be much smaller. Moreover, for 

these small fractions of cleaved proteins, it is unlikely they can restore full 

functionality of the entire pool of proteins observed and the functionality should be 

dominantly contributed by the tagged CusS and CusR. 

 

Regarding protein turnover, there is no quantitative information available. Our 

Western blot results show that under plasmid-encoded expression, ~89% of the 

CusSmE fusion protein is intact, which suggests that under physiological expression 

from the chromosome when the protein level is significantly lower, more than 89% of 

CusSmE fusion protein should be intact. We also know that the maturation time for the 

mEos3.2 is 20-30 min. Therefore, the lifetime of CusSmE in the cell must be 

significantly longer than the tag maturation time, which is consistent with that 

bacterial proteins in the cell typically have a lifetime of ~20 hours142-145.  
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Supplementary Figure 24. Western blot reveals FLAG-tagged CusSmE (i.e., CusS-

mEos3.2-FLAG) and FLAG-tagged CusRmE (i.e., CusR-mEos3.2-FLAG) are 

predominantly intact inside the cell (~90% intact). (A) Western blot of CusSmE 

expressed from a pBAD24 plasmid under 30-min induction with L-arabinose (column 

2). The negative control is a strain that contains an empty pBAD24 plasmid (i.e., 

without the CusSmE insert, columns 3, 4). The strains in columns 2-4 also contain 

CusSmE in the chromosome, which is under the control of the native promoter of the 

cus operon. The FLAG-tagged CusSmE fusion protein is observed at its expected size 

of 80 kDa, with ~11% cleaved mE-FLAG tag at 27 kDa (column 2). The cleavage 

percentage was determined by line-profiling the gel image vertically and quantifying 

the relative band intensities in the line profile. (B) Western blot of CusRmE expressed 

from a pBAD24 plasmid under 30-min induction with L-arabinose (column 2). The 
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negative control is a strain that contains an empty pBAD24 plasmid (i.e., without the 

CusRmE insert, columns 4, 5). The strains in columns 2, 4, and 5 also contain CusRmE 

in the chromosome. The FLAG-tagged CusRmE fusion protein is observed at its 

expected size of 52 kDa, with ~9% cleaved mE-FLAG tag at 27 kDa. Please note that 

these Western blots were performed on cell strains having the tagged protein of 

interest expressed from an L-arabinose-induced plasmid (pBAD24) to enhance 

detectability. As such, each of these reported cleavages is an upper limit for the strains 

we used for single-molecule imaging and functionality assays, which only encode the 

tagged protein from the chromosomal loci to have physiological expression; therefore, 

the extent of tag cleavage at the chromosomal level is expected to be much smaller. 

 

2.8.4 Application of inverse transformation of confined displacement distribution 

(ITCDD) and determination of the minimal number of diffusion states from 

PDF(r)’s across a range of cellular concentrations of mE-tagged proteins in 

the cell  

 

2.8.4.1   ITCDD to deconvolute the PDF(r)  

 

The minimal number of diffusion states of CusSmE and CusRmE was 

determined from ITCDD-corrected probability distribution function (PDF) of 

displacement length r to deconvolute the confinement issue that distorts the shape of 

the PDF, as described in our previous research137,138, where we extend this method 

first developed by Peterman and coworkers136. Briefly, the first displacement length r 
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of each single-molecule tracking trajectory was collected for each cell to avoid biased 

sampling toward long trajectories146. The resulting confined-space PDF (PDFCS) of r is 

distorted (e.g., Supplementary Figure 25A-C and Supplementary Figure 26A-C) from 

projecting the membrane protein diffusion in a curved three-dimensional boundary-

less plane onto a two-dimensional plane confined by the cell boundary (i.e., for 

CusSmE) or projecting the cytosolic diffusion that is confined by the cell envelope (i.e., 

for CusRmE) 137. Fitting this distorted PDF will not give reliable diffusion constants or 

fractional populations and sometimes will even generate an extra artificial state138. To 

reliably extract the number of diffusion states and their corresponding diffusion 

constants and fractional populations, we performed an inverse transformation of 

confined displacement distribution (ITCDD) to deconvolute out the confinement 

effect137. Specifically, by simulating a range of displacements on the surface or inside 

of a cell of certain geometry and projecting them to 2-D, we can establish a 2-D matrix 

([CTM]) relating the original, actual displacement length distribution and the 

projected, distorted displacement length distribution, and by applying the inverse of 

[CTM] to the distorted raw data, we can obtain the actual, unconfined displacement 

distribution. The [CTM] was generated as described before137,138. Here the raw PDF(r) 

in the confined space (e.g., Supplementary Figure 25A-C and Supplementary Figure 

26A-C) were multiplied by the inverse of the confinement transformation matrix 

([CTM]-1), which defines the relation, for any given displacement length on the cell 

membrane, of the resulting distorted displacement length distribution after projection. 

The PDF of r in free space (PDFFS), where the confinement effect is deconvoluted out, 
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can then be obtained through Supplementary Equation [26] (e.g., Supplementary 

Figure 25D-F and Supplementary Figure 26D-F):
  

 

 PDF!" = [CTM]!! ∙ PDF!" S[26] 

                

 

Supplementary Figure 25. PDF(r) of first displacement lengths from the CusSmE 

strain under Cu-depleted conditions, for protein concentration range 0-70 nM (A, D), 

70 – 110 nM (B, E) and 110 – 200 nM (C, F), before (A-C) and after (D-F) ITCDD 

correction. Dashed yellow line in (A): threshold at 166 nm, covering 99% of the quasi-

stationary state displacements in the original PDF(r). Each ITCDD-corrected PDF 

(gray bars, D-F) can be sufficiently fitted with two Brownian diffusion states (Section 

2.8.4.3, Supplementary Equation [27]): a mobile state (green line) and an quasi-

stationary state (red line). The black line denotes the overall fit. The corresponding 
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fractional populations (Am, As) are denoted. The y-axis is not the actual counts of 

displacement; it only represents the relative probabilities of different displacement 

lengths due to inverse transformation. 

 

Supplementary Figure 26. PDF(r) of first displacement lengths from the CusRmE 

strain under Cu-depleted condition, for protein concentration range 0-75 nM (A, D), 75 

– 125 nM (B, E) and above 125 nM (C, F), before (A-C) and after (D-F) ITCDD 

correction. Dashed yellow line in (A): threshold at 172 nm, covering 99% of the quasi-

stationary state displacements in the original PDF. Each ITCDD-corrected PDF (gray 

bars, D-F) can be sufficiently fitted with three Brownian diffusion states (Section 

2.8.4.3, Supplementary Equation [27]): a free diffusion state (blue line), non-specific 

binding to DNA state (green), and tight-binding to DNA state (red line). The black line 

denotes the overall fit. The corresponding fractional populations (AFD, AIN, ATB) are 

denoted. 
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We have previously shown the robustness of the ITCDD approach in 

extracting the correct diffusion constant of the transformed PDF(r)137, as compared 

with analyzing the original PDF(r) that is distorted by the confinement effect. 

Supplementary Figure 27 again shows the comparison between the diffusion constants 

extracted from fitting the ITCDD-corrected PDF(r) (i.e., the true diffusion constant) 

vs. fitting the distorted PDF(r) (i.e., which was skewed from the cell confinement 

effect and 2-D projection onto the xy plane). The true diffusion constant was the input 

value of a simulation of 1-state diffusion on a cell membrane. Fitting the ITCDD-

corrected PDFFS can truthfully recover input diffusion (D) values within 5% error 

(Supplementary Figure 27A), while fitting the cell-confinement distorted PDFCS gave 

significantly underestimated D values (Supplementary Figure 27B, true values are ~ 

1.7-fold larger).  

 

 

Supplementary Figure 27. (A) Fitted diffusion constant (D) values from ITCDD-

corrected PDF(r) of simulated diffusion displacements versus input D values. After 
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ITCDD, the fitted results can faithfully recover the input values. (B) Fitted D values 

from ITCDD-corrected PDF(r) versus fitted D values from the original distorted 

PDF(r). Without deconvoluting the confinement effect via ITCDD, the obtained D 

values are underestimated, and the intrinsic D values are approximately 1.7-fold 

larger. Dashed lines: diagonal lines. Error bars are s.d. of 4 replicated simulations. 

 

 We would also like to mention that fitting the original experimental 

distributions of displacement lengths do give the same trends and scientific 

conclusions as those from analyzing the ITCDD-corrected PDFs. For example, for 

CusSmE, the trends for fractional population analysis as a function of cellular protein 

concentration and the diffusion coefficients, before and after ITCDD, stay the same, 

other than the additional fast state (which is an artifact; its apparent diffusion constant 

is too high (4.2 ± 0.1 µm2/s) to be realistic for a membrane protein as we have 

explained in the main text). The other two states have D values of 0.36 ± 0.01 µm2/s 

(D2) and 0.03 ± 0.01 µm2/s (D3), respectively, which are expected to be lower than the 

values presented in the main text due to confinement effect. By renormalizing the A 

values of these two states (A2 and A3), we observe the same trend as after ITCDD 

correction (Supplementary Figure 28). 
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Supplementary Figure 28. For CusSmE strain: (A) Fractional population from 

renormalization of the two slower states A values for 3-states fitting before ITCDD. 

(B) Fractional population of Am after ITCDD, as shown in main text Figure 6B.  

 

For CusRmE, the trends of fractional populations as a function of [CusR] stay 

the same before and after ITCDD correction (Supplementary Figure 29, A vs. B). The 

extracted diffusion constants for the two faster states are smaller before ITCDD 

correction, which is expected because faster diffusions are more affected/distorted by 

the cell confinement effect. DIN, the diffusion constant of the intermediate state, shows 

the same trend before and after ITCDD (Supplementary Figure 29, C vs. D), i.e., 

larger in value at lower [CusR] under Cu stress. 
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Supplementary Figure 29. (A, B) Fractional populations of the three diffusion states 

and (C, D) diffusion constants of the intermediate (IN) state vs. [CusRmE] in WT cells 

under copper-depleted (solid symbols) and copper-stress conditions (open symbols). 

Blue, green, and red: FD, IN, and TB states, respectively. (A, C) before and (B, D) 

after ITCDD correction. B and D are the same as Figure 7C and E in the main text. 

 

2.8.4.2    Determination of r cutoff threshold for ITCDD-corrected PDF 

 

We observed that the numerically calculated, ITCDD-corrected PDF(r) always 

contains significant noise at the large-displacement regime (e.g., at >1 µm in 

Supplementary Figure 30A). Furthermore, for membrane-located CusS, displacements 
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exceeding 1 µm most likely correspond to a cleaved mEos3.2 population (~11% based 

on Western blot; Supplementary Figure 24), which should not be included in 

determining CusSmE dynamic states. Therefore, we filter out these unreasonable 

displacements larger than a threshold (cutoff value) before fitting the data with the 

Brownian diffusion model. To determine the value for the cutoff, we calculated the 

theoretical limit of r in the PDF(r) as a function of D values where 95% of 

displacements are covered (Supplementary Figure 31). By cutting at r = 1.0 µm, D of 

up to 1.5 µm2/s still retain at least 95% of displacements and can be faithfully fitted. 

The largest D from our analysis of CusS results is only about 1 µm2/s, justifying that a 

1.0 µm cutoff can sufficiently include all practically possible displacement values 

while filtering out the noise in the ITCDD-corrected PDF at large displacement values. 

For the similar rationale, the CusR ITCDD-corrected PDF is filtered at r = 2.5 µm to 

fit D values up to 12 µm2/s, which is consistent with our results, where DFD is never 

larger than 12 µm2/s. 
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Supplementary Figure 30. Typical ITCDD-corrected PDF(r) for CusS (A) and CusR 

(B), showing noise at large r due to the numerical transformation of the ITCDD 

procedure and possible contribution from the cleaved mEos3.2 populations at large r. 

The fitted curves shown are thresholded at r = 1.0 µm (A) and r = 2.5 µm (B), 

respectively.  

 

 

Supplementary Figure 31. Theoretical cutoff value that covers 95% displacements at 

different diffusion constants D values. Dashed lines indicate the cutoff threshold used 

for CusS data, r = 1.0 µm (A) and CusR data, r = 2.5 µm (B), respectively.   
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2.8.4.3   Fitting the ITCDD-corrected PDF(r) using a linear combination of 

Brownian diffusion states 

 

For CusS, after deconvoluting out the confinement effect using ITCDD and 

filtering out the large displacement noise as described above, the resulting PDF(r) per 

time lapse (Ttl) of each tracked CusSmE molecule now merely resolves two diffusion 

states, one mobile (m) and the other quasi-stationary (s), each following the Brownian 

diffusion model with diffusion constants shared across the strains (Supplementary 

Figure 25D-F, Supplementary Equation [27], where D represents the diffusion 

constants, A represents the corresponding fractional populations, and Am + As = 1; see 

Section 2.8.4.4 on individual vs. global fitting across different cellular protein 

concentrations).  

 

 PDF! !"#"$ =
𝐴!𝑟
2𝐷!𝑇!"

exp −
𝑟!

4𝐷!𝑇!"
+

𝐴!𝑟
2𝐷!𝑇!"

exp −
𝑟!

4𝐷!𝑇!"
 S[27]  

 

The diffusion constants for the two states are Dm = 0.97 ± 0.13 and Ds = 0.05 ± 

0.01 µm2/s, respectively, both agreeing well with literature-reported values for 

membrane proteins as we discussed in the main text. The slower state is designated as 

“quasi-stationary” because our single-molecule localization uncertainty is ~ 40 nm, 

which translates to an effective diffusion constant ~ 0.013 µm2/s considering 60 ms 

time lapse used in SMT, based on Supplementary Equation [28]:  
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 2𝐷𝑡 = 2𝐷×0.06 = 40 𝑛𝑚     →      𝐷 = 0.013 µ𝑚!/𝑠 S[28] 

 

For CusR, three states are needed to obtain satisfactory fitting after ITCDD 

correction (Supplementary Figure 26D-E); they are assigned to a freely diffusing state, 

an intermediate state that can contain non-specific binding to DNA and interactions 

with mobile CusS, and a tight-binding to DNA state, respectively, as described in the 

main text.  

 

2.8.4.4   Individual fitting vs. global fitting, and error determination 

 

By sorting cells into groups of similar cellular protein concentrations, we first 

analyzed the data from each group individually to obtain the A and D values. The 

diffusion constants of the mobile and quasi-stationary states of CusS do not vary with 

any significant trends across different concentration groups (Supplementary Figure 

32A). Similarly, the diffusion constants of the freely-diffusing and the tightly-bound 

states of CusR do not vary with significant trends either across different concentration 

groups (Supplementary Figure 32B, red and blue symbols), except for the D of the 

intermediate diffusion state that shows a consistent decreasing trend with increasing 

cellular CusR concentration (Supplementary Figure 32B, green symbols). Same cases 

apply for all CusS and CusR strains and therefore, for all the data shown in the main 

text, we globally shared the Dm and Ds across different concentration groups of all 



 

197 

CusS strains and DFD and DTB across all CusR strains to minimize the degree of 

freedom in data fitting and maximize fitting robustness for extracting A and D values.  

 

 

Supplementary Figure 32. D values of CusS (A) or CusR (B) proteins from 

individually fitting the groups of protein concentrations. Solid symbols: copper-

depleted; open symbols: 2 mM Cu. (A) Dm (green) and Ds (red) of CusSmE do not 

change much (within 20%) across different concentrations. (B) DFD (blue) and DTB 

(red) of CusRmE does not change much (within 30%) across different concentrations, 

while DIN (green) decreases consistently with increasing cellular protein concentration 

by more than 70%.  

 

The standard deviations for the D values were calculated from the multiple D 

values obtained from individually fitting the different concentration groups 

(Supplementary Figure 25 and Supplementary Figure 26). These values were used as 

the standard deviations of the D values obtained from the globally-shared fittings. The 
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standard deviations for the A values were obtained through a bootstrapping method as 

described below. Here, a certain percentage of displacements was randomly picked, 

and the process was repeated until all data in that dataset was exhausted. There was no 

overlapping among each subset of data. For each picked subset, A values were 

obtained in the same way as before, and the standard deviation was calculated. The 

more data each subset includes (i.e., more displacements), the fewer number of subsets 

there could be, as expected. The calculated standard deviation decreases as the number 

of displacements in each subset increases, not surprisingly, as better statistics would 

result in a smaller standard deviation. The standard deviation of A vs. the number of 

displacements can be fitted to a stretched exponential function (Supplementary Figure 

33), serving as a calibration curve for calculating the standard deviation of 

experimental data. Using this calibration curve, the standard deviation of each A value 

was obtained based on the number of displacements in that dataset.  

 

 

Supplementary Figure 33. An exemplary calibration curve for calculating standard 

deviations of the fractional population A values in global fitting. Data from the first 
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concentration group of CusSH42A was chosen to calculate the calibration curve because 

it was the most statistically-saturated dataset. 

 

2.8.5 Pairwise distance distribution (PWDD) 

 

The assignment of CusS’s quasi-stationary state was supported by analyzing 

the pairwise distance distribution of single CusSmE molecules. The pairwise distance is 

the Euclidean distance between individual localizations of CusSmE proteins. If the 

CusS proteins cluster together in the cell as the quasi-stationary state, their pairwise 

distance distribution (PWDD) would be shorter. To determine the PWDD from the 

experimental data, the first locations of single-molecule tracking trajectories from 

individual cells were collected to generate the pairwise distance distribution for each 

cell. All PWDDs from more than 1000 cells were combined and normalized to give 

the normalized PWDD for each cell strain. As stated in the main text (Figure 5C, black 

line), we observed a small peak at ~70 nm, which suggests CusS clustering in the 

membrane. 

 

To further investigate the ~70 nm peak, we separated the localizations into two 

types based on the magnitude of the first displacement: quasi-stationary (Figure 5C, 

red curve), for which the first displacement is smaller than a threshold r0; and mobile 

(Figure 5C, green curve), for which the first displacement is larger than r0, where r0 is 

calculated as:  
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 𝐶𝐷𝐹 𝑟, 𝑡 = 1− exp −
𝑟!!

4𝐷𝑡 = 0.99 S[29] 

where D is the diffusion constant of the “quasi-stationary” state in the original, 

distorted PDF, and t is the time lapse (60 ms). This D is obtained through the 

calibration curve of D values before and after ITCDD correction as shown in 

Supplementary Figure 27B. Our quasi-stationary state D after ITCDD is ~0.05 µm2/s, 

and it corresponds to ~ 0.025 µm2/s before ITCDD, which corresponds to an r0 = 166 

nm according to Supplementary Equation [29] (vertical yellow dashed line in 

Supplementary Figure 25A). This threshold encompasses 99% of quasi-stationary state 

displacements. As shown in Figure 5C and Supplementary Figure 34, quasi-stationary 

molecules contribute significantly to the ~70 nm peak in the PWDD while mobile 

molecules do not. This further supports the assignment of quasi-stationary molecules 

to “clustered CusS.”  

 

As a comparison, randomly-positioned locations were simulated on the surface 

of a cell membrane of the same geometry as the average of the experimentally-

measured cells; the corresponding PWDD is shown by the blue line (Figure 5C and 

Supplementary Figure 34). The number of simulated locations equals the protein copy 

number for that cell (monomeric copy number). Since CusS is a homodimer, each 

CusS dimer is tracked twice but at different time points; moreover, for quasi-stationary 

molecules, this dimeric nature is expected to contribute to small pairwise distances. To 

see whether the peak at ~70 nm results solely from the dimeric nature of CusS, we 

also simulated randomly-positioned dimers within which the monomers are artificially 
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positioned at distances 70 nm apart from each other (Figure 5C and Supplementary 

Figure 34, magenta line). Note that this is an extreme limit of the quasi-stationary 

population: in real data, measured monomer inter-distances within dimers will not all 

be 70 nm because: 1) the two monomers are only a few nanometers apart within a 

dimer, and 2) molecules are only quasi-stationary, i.e., they do move; as a result, the 

same cluster can move to a slightly different position next time it is localized during 

imaging, and this motion is stochastic/Brownian. As shown in Figure 5C and 

Supplementary Figure 34, the PWDD of randomly-distributed molecules (blue line) 

does not show a peak at ~70 nm. While the PWDD of randomly simulated dimers 

(pink line) does show a small peak at ~ 70 nm, its amplitude is much less significant 

than that of the quasi-stationary molecules in experimental data (red line), providing 

further support that the red peak at ~70 nm indeed originates from molecules clustered 

together, instead of stemming mainly from CusS being a dimer. PWDD data for other 

CusS strains are also shown in Supplementary Figure 34, all consistent with this 

conclusion.  

 

Additionally, simulated data with different numbers of molecules per cell did 

not show any difference in their PWDD. Therefore, for the PWDD analysis performed 

here, it was not necessary to sort the cells by their protein concentrations.  
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Supplementary Figure 34. PWDD of all CusSmE strains (blue lines: simulated 

randomly distributed molecules on cell surface; magenta lines: simulated randomly 

distributed dimers in which the two monomers are set at 70 nm apart; black lines: all 

molecules in experimental data; red lines: quasi-stationary molecules; green lines: 

mobile molecules).  

 

2.8.6 Analysis of interconversion kinetics between the two diffusion states of CusS 

proteins 

 

To determine whether and how fast the mobile (free) and stationary (clustered) 

CusS states interconvert with each other, we examined the interconversion kinetics 

between the two states. Here we analyzed the displacement-length-vs.-time trajectories 

(Supplementary Figure 35A) of single CusSmE in the cell, obtainable from the tracking 

trajectories as in Figure 5B inset. Thresholding these displacement trajectories with an 
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upper displacement limit r0 (Supplementary Figure 35A), as determined in Section 

2.8.5 (2nd paragraph), selects out those small displacements and provides the estimate 

of the individual residence times τ of a single CusSmE dimer within the clusters. 

 

 

Supplementary Figure 35. (A) Exemplary displacement lengths vs. time trajectory of 

a single CusSmE molecule, thresholded by r0. Two residence times are indicated as 𝝉𝟏 

and 𝝉𝟐. (B) The declustering rate constant kd of CusS is extracted by fitting the 

residence time distribution with a single exponential decay constant of 𝒌𝒃𝒍
𝑻𝒊𝒏𝒕
𝑻𝒕𝒍

+ 𝒌𝒅. 

The photoblinking/bleaching rate constant kbl of mE is determined by fitting the 

distribution of fluorescence on-times in the fluorescence intensity trajectories of 

individual CusSmE molecules, as described in our previous work135. (C) 

Approximation that the dynamics follows a simple two-state model at quasi-
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equilibrium. (D-F) Interconversion rate constants between the stationary and mobile 

states of CusSmE (D), CusSH42A
mE  (E) and CusSM133I/M135I

mE  (F).  kd: declustering rates 

from the stationary state, blue; kc: clustering rates from the mobile state, red. Solid: 0 

mM Cu2+; dashed: 2 mM Cu2+ stress. Panel D is the same as Figure 6E in the main 

text. 

 

The distribution of τ was fitted with a single exponential function 

(Supplementary Equation [30], Supplementary Figure 35B), where the kbl is the 

photobleaching/blinking rate constant of mEos3.2, kd is the declustering rate constant, 

and N is a scaling parameter. kbl was independently determined from analyzing the 

distribution of the fluorescence on-times in the tracking trajectories, as described in 

our previous work135.  

 𝑦 = 𝑁𝑒𝑥𝑝[− 𝑘!"
𝑇!"#
𝑇!"

+ 𝑘! 𝜏] S[30] 

Once kd was determined, together with fractional populations of the free (Am) and 

clustered state (As) states, we further estimated the apparent 1st-order clustering rate 

constant kc of CusS, by assuming a simple two-state model (Supplementary Figure 

35C) using Supplementary Equation [31]:  

 

 
𝑘! = 𝑘!×

𝐴!
𝐴!

 

 

S[31] 
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For CusSmE, kd and kc are on the order of 100 to 101 s−1 (Supplementary Figure 

35D, Figure 6E), corresponding to an interconversion timescale of 10−1 to 100 s 

between the mobile free CusSmE and the quasi-stationary clusters. This interconversion 

timescale is also 1000 faster than the typical protein lifetime of ~1200 min in 

bacteria142-145, indicating that these two states are in dynamic exchange. Compared 

with the protein lifetime, the much faster interconversion kinetics also validates the 

quasi-equilibrium model used in Supplementary Figure 35C. With increasing protein 

concentration, kd also increases, which is consistent with an increasing Am. For 

CusSH42A
mE   and CusSM133I/M135I

mE  strains, the interconversion rates are in the same range 

as CusSmE (Supplementary Figure 35E-F), again indicating the dynamic exchange 

between the two states.  

 

We also performed parallel analysis using vbSPT (variational Bayes Single 

Particle Tracking), a software package for hidden Markov model analysis178. During 

the analysis, we limited the number of states to 2. For the CusSmE strain, vbSPT 

resolves a fast state of D ~ 2.5 µm2/s and a slow state of D ~ 0.05 µm2/s 

(Supplementary Figure 36A). The fractional populations vs. protein concentration in 

the cell show a trend similar to those presented in the main text (Figure 6B), as shown 

below, using CusSmE as an example (Supplementary Figure 36B): 
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Supplementary Figure 36. vbSPT analysis of CusSmE. (A) Diffusion constants. (B) 

Fractional populations. Green: mobile state; red: stationary state. (C) Declustering 

rates (kd, blue) and clustering rates (kc, red). For all figures, solid symbols: 0 mM Cu; 

open symbols: 2 mM Cu.  

 

 Consistently, vbSPT analysis also gave interconversion rate constants on the 

order of ~10−1 to 100 s-1, Supplementary Figure 36C). Furthermore, we also observe a 

significant increase of the declustering rate constant as a function of protein 

concentration. Overall, vbSPT analysis agrees with the results and conclusions we 

presented in the main text.  

 

2.8.7 Possible reasons for the decrease in the diffusion constant DIN of the 

intermediate state with increasing [CusRmE] 

 

In Figure 7E (open triangles), the copper-stress−induced increase in DIN of 

CusRmE diminishes with increasing cellular [CusRmE], suggesting that at higher 

[CusRmE], this intermediate state becomes dominated by nonspecific interactions with 
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the chromosome rather than with mobile CusS. One possible scenario for the decrease 

in DIN value with increasing [CusRmE] under copper stress is an accompanying 

shortage of CusS proteins in the cell, which would make the nonspecific interactions 

of CusR with DNA dominant. However, this scenario is unlikely because an increase 

in both [CusRmE] and [CusSmE] was observed under copper stress (albeit in separately 

tagged strains) (Figures 6A and 7A), suggesting their cellular concentrations should be 

correlated.  

 

To simultaneously determine CusR and CusS concentrations in each cell, we 

tagged CusR with a yellow fluorescent protein mVenus167 and CusS with a red 

photoactivatable protein PAmCherry1163 at their respective chromosomal loci in the 

same strain. Unfortunately, this doubly tagged strain does not possess expected 

resistance to copper stress, indicating that doubly tagging CusR and CusS 

compromises their sensing and/or regulatory function (Section 2.8.2 earlier, 

Supplementary Figure 23B). Nevertheless, 2-color fluorescence imaging did suggest 

that the basal expression levels of CusRmVenus and CusSPAmCherry1 are indeed correlated 

under copper-depleted growth conditions (Supplementary Figure 37). Another 

possible scenario for the decrease in DIN value is that more CusR proteins become 

phosphorylated under copper stress, leading to formation of phosphorylated-

unphosphorylated CusR heterodimers that interact mainly with DNA nonspecifically 

and whose fractional populations increase with cellular CusR concentrations; past 

studies have shown that such heterodimers of response regulators can form readily179. 
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Supplementary Figure 37. Protein copy number of CusS and CusR are positively 

correlated under Cu-depleted conditions in the double-tagged strain, CusR-mVenus-

FLAG-CusS-PAmCherry1-FLAG (Section 2.8.1.5). Pearson’s correlation coefficient 

= 0.43±0.12. The CusR copy number is represented by the whole-cell fluorescence 

intensity of mVenus, which is chromosomally fused C-terminus of cusR; CusS copy 

number is obtained as described in Sections 2.8.1.4. and 2.8.1.5.  

 

2.8.8 Collision frequency calculation 

 

To exclude the possibility that mobile CusS is useful for signal transduction 

because it increases collision frequency with CusR compared with quasi-stationary 

CusS, we estimated the collision frequency of two objects based on gas-phase 

collision frequency theory.  
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 𝒁𝐀𝐁 = 𝑵𝐀𝑵𝐁(𝒓𝐀 + 𝒓𝐁)𝟐
𝟖𝝅𝒌𝐁𝑻
𝝁𝐀𝐁

 S[32] 

 𝜇!" =
𝑚!𝑚!

𝑚! +𝑚!
 S[33] 

 

where ZAB is the collision frequency of molecule A and B; NA and NB are the numbers 

of A and B; rA and rB are the molecule radii; kB is the Boltzmann constant; T is 

temperature; µAB is the reduced mass; and mA and mB are the molar masses of 

molecules A and B. 

 𝜇!"# =
3𝑅𝑇
𝑚!

 S[34] 

where µrms is the root mean square speed, and mx is the molar mass of molecule x.  

 

By substituting Supplementary Equation [33] into S[32]: 

 

 𝑍!" = 𝑁!𝑁!(𝑟! + 𝑟!)! 8𝜋𝑘!𝑇
1
𝑚!

+
1
𝑚!

 S[35] 

 

By substituting Supplementary Equation [34] into S[35]:  

 

 𝑍!" = 𝑁!𝑁!(𝑟! + 𝑟!)!
8𝜋𝑘!
3𝑅 (𝜇!"#,!! + 𝜇!"#,!!) S[36] 

  



 

210 

Moreover, 

 

  𝜇!"#𝑡 = 𝑞𝐷𝑡 

 𝜇!"# =
𝑞𝐷
𝑡  

S[37] 

where q is dimensionality of diffusion, D is diffusion constant, and t is time interval. 

 

By substituting Supplementary Equation [37] into [36] and assuming t = 1:  

 

 𝑍!" = 𝑁!𝑁!(𝑟! + 𝑟!)!
8𝜋𝑘!
3𝑅 𝑞(𝐷!+𝐷!) S[38] 

 

Supplementary Equation [38] indicates that the collision frequency is mainly 

controlled by the diffusion of the faster-moving interacting partner rather than by the 

slower-moving one. As the diffusion constant of free CusR is ~8 times larger than that 

of free CusS, CusR-CusS collision frequency is mainly determined by CusR motions, 

and therefore, collision frequency increase is not a plausible reason for CusR to prefer 

to interact with mobile CusS.  

 

2.8.9 Possible mechanisms for CusS mobilization from increase of [CusS] 

 

We consider a simple clustering model with clustering equilibrium constant K 

to calculate the equilibrium between the two states of CusS.  
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 𝑆 + 𝑆 
!
𝑆! S[39] 

 

 𝑆 + 𝑆!  
!
𝑆! S[40] 

 

 𝑛𝑆 
!!!!

𝑆! S[41] 

 𝐾 =  
[𝑆!]
[𝑆]!

!!!
=

[stationary]
𝑛

[mobile]!
!!!

=
1− 𝐴! [CusS]

2𝑛
𝐴! CusS

2
!

!!!

 S[42] 

 

where S represents free mobile CusS, Sn represents CusS clusters with cluster size of 

n, K is the equilibrium constant, [stationary] is the concentration of quasi-stationary 

CusS dimers, [mobile] is the concentration of mobile CusS dimers, [CusS] is the total 

CusS protein concentration (in terms of monomer) obtained in imaging experiments as 

described in Section 2.8.1.4, and Am is fractional population of mobile CusS.  

 

Assuming a certain K and n, we can calculate the fractional population of 

mobile CusS (Am) as a function of [CusS]. As shown in Supplementary Figure 38A, at 

a fixed n (e.g., n = 5), Am always decreases as a function of [CusS] regardless of K, but 

the decrease becomes less steep when K becomes smaller. Same trend holds when n is 

fixed at different values (not shown here). Therefore, if the cluster size stays the same, 

in order to have larger Am (i.e., mobilization), K must decrease, i.e., clustering affinity 

must weaken (the black arrow in Supplementary Figure 38A). This is possible for 
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CusS mobilization, which is observed upon copper stress that increases [CusS] in the 

cell; here copper binding to CusS could potentially change its conformation and a 

concurrent weakening of clustering affinity. 

 

Alternatively, as shown in Supplementary Figure 38B, at a fixed K (e.g., K = 

2×10! M-1), Am also always decreases as a function of [CusS] regardless of n. But the 

steepness of this decrease is less sensitive to the value of n. For the specific case in 

Supplementary Figure 38B with a fixed value of K, within the range of [CusS] up to 

~300 nM, in order to increase Am, cluster size must enlarge (solid black arrow in 

Supplementary Figure 38B); above 300 nM (turning point), in order to increase Am, 

cluster size needs to decrease (dashed black arrow in Supplementary Figure 38B).  

 

 

Supplementary Figure 38. (A) Assuming cluster size n = 5 and clustering 

equilibrium constant K is kept constant, the fractional population of mobile CusS (Am) 

decreases with increasing total [CusS]. Green to blue lines: K = 5, 2, 1, 0.5, 0.2 ×107 

M−1. The black arrow indicates decreasing K. (B) Assuming K = 2 ×107 M−1, Am 
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decreases with total [CusS] increasing. To the left of the turning point, from bottom to 

top, the lines correspond to cluster size n = 3, 5, 10, 15, 20, 25. The solid black arrow 

indicates increasing n, and the dashed black arrow indicates decreasing n. 

 

2.8.10 Additional results 

 

 

Supplementary Figure 39. Absolute [CusSmE] in quasi-stationary (red) or mobile 

state (green) calculated from total [CusSmE] and their fractional populations (A 

values). The absolute [CusSmE] always increase with increasing total [CusSmE] for 

both mobile state (green) and quasi-stationary state (red). Solid symbols: under 

copper-depleted conditions; open symbols: under 2 mM Cu stress.  
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Supplementary Figure 40. Concentration of CusSmE proteins in the cell as a function 

of time under Cu-depleted (top) and Cu stress (bottom) conditions. t = 0 represents the 

start of imaging experiments, i.e., 25-30 mins after adding the final incubation buffer 

solution for respective imaging solution conditions (see Section 2.8.1.4 for details). 

 

 

Supplementary Figure 41. Time evolution of protein concentration of CusSmE in the 

mobile and stationary states. X-axis represents the time after imposing 2 mM copper 

stress in the cell culture.  

0 100 200 300
Time (min)

40

80

120
2mM Cu mobile
2mM Cu stationary

[C
us

Sm
E
] (

nM
)



 

215 

 

 

Supplementary Figure 42. Fractional populations of mobile (green) and quasi-

stationary states of CusSmE in the ΔcusR deletion strain. Solid symbols: under copper-

depleted conditions; open symbols: under 2 mM Cu stress.  
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Supplementary Figure 43.  Fractional populations of the three diffusion states of 

CusR vs [CusRmE] in (A) ΔcusS, (B) CusRD51A, (C) CusSH271A, (D) CusSN386A/N414A, 

and (E) CusSH42A strains under copper-depleted (solid symbols) and 2 mM copper-

stressed conditions (open symbols). Blue, green, and red symbols represent FD, IN, 

and TB states of CusRmE, respectively. 

 

 

       

Supplementary Figure 44. Diffusion constants of the intermediate (IN) state of CusR 

vs [CusRmE] in (A) ΔcusS, (B) CusRD51A, (C) CusSH271A, (D) CusSN386A/N414A, and (E) 

CusSH42A strains under copper-depleted (solid symbols) and 2 mM copper-stressed 

conditions (open symbols).  
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Supplementary Table 10. ITCDD-corrected globally fitted fractional populations and 

intermediate diffusion coefficients of CusRmE variants in live E. coli cells; DFD= 7.9 ± 

0.6 µm2 s−1 ; DTB= 0.02 ± 0.01 µm2 s−1 

Strain Cu 

conc. 

(mM) 

[P] 

(nM) 

AFD 

(%) 

AIN 

(%) 

ATB 

(%) 

DIN   

 (µm2 

s−1) 

No. of 

displacements 

 

 

CusRmE 

 

0 

67.3 ± 

34.7 

28 ± 

4.1 

24 ± 

2.4 

48 ± 

3.9 

0.28 ± 

0.02 

5542 

163.8 ± 

28.5 

34 ± 

4.1 

20 ± 

2.3 

46 ± 

3.8 

0.24 ± 

0.01 

5764 

311.9 ± 

90.4 

35 ± 

4 

21 ± 

2.4 

44 ± 

3.9 

0.22 ± 

0.02 

5223 

 

2 

64.0 ± 

29.0 

19 ± 

4 

19 ± 

2.2  

62 ± 

3.9 

0.79 ± 

0.03 

4751 

157.8 ± 

35.7 

23 ± 

4.1 

21 ± 

2.4 

56 ± 

3.9 

0.56 ± 

0.02 

4424 

383.3 ± 

88.1 

32 ± 

4.2 

27 ± 

2.3 

41 ± 

3.8 

0.38 ± 

0.02 

4581 

873.8 ± 

224 

44 ± 

4.1 

36 ± 

2.4 

20 ± 

3.9 

0.10 ± 

0.02 

4714 

 

 

 

0 

56.2 ± 

35.0 

29 ± 

4.0 

22 ± 

2.4 

49 ± 

4.0 

0.31 ± 

0.03 

4332 
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CusRmE, 

ΔcusS 

168.1 ± 

28.1 

34 ± 

4.1 

23 ± 

2.3 

43 ± 

3.9 

0.24 ± 

0.02 

4238 

349.3 ± 

121 

36 ± 

4.0 

23 ± 

2.2 

41 ± 

4.0 

0.15 ± 

0.02 

4259 

 

 

2 

64.5 ± 

48.8 

25 ± 

4.1 

21 ± 

2.4 

54 ± 

3.9 

0.36 ± 

0.02 

5170 

240.5 ± 

42.3 

30 ± 

4.1 

23 ± 

2.4 

47 ± 

3.9 

0.32 ± 

0.01 

5306 

430.9 ± 

73.8 

36 ± 

4.0 

26 ± 

2.4 

38 ± 

3.8 

0.39 ± 

0.01 

6102 

692.8 ± 

92.8 

43 ± 

4.1 

27 ± 

2.3 

30 ± 

3.9 

0.39 ± 

0.02 

5162 

1157.1 ± 

278 

50 ± 

4.1 

29 ± 

2.2 

21 ± 

3.8 

0.26 ± 

0.02 

4873 

 

 

 

CusRD51A
mE  

 

0 

49.5 ± 

29.2 

27 ± 

4.0  

21 ± 

2.4 

52 ± 

3.8 

0.38 ± 

0.03 

4318 

163.6 ± 

24.7 

33 ± 

4.1 

24 ± 

2.4 

43 ± 

3.9 

0.37 ± 

0.02 

4216 

316.9 ± 

102 

34 ± 

4.0 

23 ± 

2.3 

43 ± 

4.0 

0.32 ± 

0.02 

4347 

 

 

67.6 ± 

34.7 

27 ± 

4.1 

23 ± 

2.4 

50 ± 

4.0 

0.29 ± 

0.03 

3477 
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2 235.2 ± 

43.1 

32 ± 

4.1 

24 ± 

2.4 

44 ± 

3.8 

0.26 ± 

0.02 

4364 

380.5 ± 

60.5 

40 ± 

4.0 

24 ± 

2.3 

36 ± 

3.6 

0.25 ± 

0.01 

4233 

651.7 ± 

103 

42 ± 

4.1 

33 ± 

2.4 

25 ± 

3.9 

0.27 ± 

0.02 

4726 

1279.7 ± 

329 

53 ± 

4.1 

32 ± 

2.4 

15 ± 

3.8 

0.23 ± 

0.02 

4433 

 

 

CusRmE, 

CusSH42

A 

 

0 

68.3 ± 

34.5 

23 ± 

4.0 

27 ± 

2.3 

50 ± 

3.9 

0.41 ± 

0.03 

3807 

197.4 ± 

48.1 

28 ± 

4.0 

29 ± 

2.4 

43 ± 

3.6 

0.29 ± 

0.02 

3844 

450.7 ± 

157 

33 ± 

4.2 

28 ± 

2.4 

39 ± 

4.1 

0.28 ± 

0.03 

3606 

 

 

2 

111.4 ± 

69.5 

25 ± 

4.1 

22 ± 

2.3 

53 ± 

4.1 

0.44 ± 

0.03 

3271 

370 ± 83.8 

28 ± 

4.1 

31 ± 

2.4 

41 ± 

3.9 

0.37 ± 

0.03 

4474 

463.6 ± 

105 

37 ± 

4.1 

31 ± 

2.4 

32 ± 

3.9 

0.27 ± 

0.02 

4368 

1253.3 ± 

291 

44 ± 

4.0 

34 ± 

2.3 

22 ± 

4.0 

0.15 ± 

0.02 

5105 
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CusRmE, 

CusSH27

1A 

 

0 

51.9 ± 

27.6 

30 ± 

4.1 

22 ± 

2.4 

48 ± 

3.9 

0.32 ± 

0.03 

3548 

133.1 ± 

25.7 

35 ± 

4.1 

23 ± 

2.2 

42 ± 

3.8 

0.24 ± 

0.03 

3822 

311.2 ± 

116 

39 ± 

4.0 

22 ± 

2.4 

39 ± 

3.7 

0.28 ± 

0.02 

3375 

 

 

2 

70 ± 46.7 

24 ± 

4.2 

24 ± 

2.4 

52 ± 

4.1 

0.72 ± 

0.03 

3791 

245 ± 49.3 

30 ± 

4.1 

28 ± 

2.3 

42 ± 

3.9 

0.47 ± 

0.03 

4703 

459.8 ± 

81.9 

35 ± 

4.0 

28 ± 

2.4 

37 ± 

0.03 

0.34 ± 

0.02 

6046 

747.6 ± 

92.4 

38 ± 

4.0 

35 ± 

2.3 

27 ± 

3.6 

0.24 ± 

0.03 

3749 

1300 ± 

264 

41 ± 

4.1 

37 ± 

2.4 

22 ± 

3.9 

0.13 ± 

0.03 

4918 

 

 

 

CusRmE, 

CusSN38

6A /N414A 

 

 

0 

56.2 ± 

30.9 

27 ± 

4.1 

24 ± 

2.4 

49 ± 

3.8 

0.33 ± 

0.03 

4027 

156.4 ± 30 

29 ± 

4.0 

25 ± 

2.3 

46 ± 

3.7 

0.34 ± 

0.02 

4859 

317.4 ± 

111 

32 ± 

4.1 

26 ± 

2.4 

42 ± 

3.7 

0.31 ± 

0.02 

5223 
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2 

106.9 ± 

48.1 

28 ± 

4.8 

20 ± 

2.5 

52 ± 

4.7 

0.75 ± 

0.06 

3953 

334.1 ± 84 

32 ± 

4.1 

24 ± 

2.4 

44 ± 

3.5 

0.49 ± 

0.02 

5817 

592.4 ± 

65.2 

31 ± 

4.1 

31 ± 

2.3 

38 ± 

3.4 

0.28 ± 

0.02 

5630 

876.2 ± 

103 

28 ± 

4.1 

38 ± 

2.4 

34 ± 

3.4 

0.20 ± 

0.02 

7371 

1361.9 ± 

211 

30 ± 

4.0 

46 ± 

2.3 

24 ± 

3.3 

0.14 ± 

0.02 

8881 

        

 

Supplementary Table 11. ITCDD-corrected globally fitted fractional populations of 

CusSmE variants in live E. coli cells; Dm= 0.97 ± 0.13 µm2 s−1 ; Ds= 0.05 ± 0.01 µm2 

s−1 

Strain Cu conc. 

(mM) 

[P] 

(nM) 

Am 

(%) 

As 

(%) 

No. of 

displacements 

 

 

CusSmE 

 

0 

54.5±34.1 30.5±4.2 69.5±4.2 4604 

154.0±31.9 33.2±4.2 66.8±4.2 4290 

287.9±62.5 35.1±4.1 64.9±4.1 4960 

 

2 

90.1±50.3 36.5±4.1 63.5±4.1 6556 

253.8±43.6 46.3±4.1 53.7±4.1 6398 
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420.4±61.8 54.1±4.1 45.9±4.1 7619 

651.6±66.0 66.5±4.1 33.5±4.1 6060 

925.1±104.0 60.1±4.1 39.9±4.1 4157 

 

 

 

CusSmE, 

ΔcusR 

 

0 

64.5±38.6 26.6±4.1 73.4±4.1 6467 

185.3±37.5 31.9±4.1 68.1±4.1 7281 

336.0±77.7 32.4±4.1 67.6±4.1 7270 

 

 

2 

164.0±105.2 40.6±4.1 59.4±4.1 4888 

470.9±62.0 64.7±4.2 35.3±4.2 3983 

671.0±50.9 70.8±4.2 29.2±4.2 3793 

815.1±36.4 73.7±4.2 26.3±4.2 3718 

977.5±59.9 75.5±4.1 24.5±4.1 6651 

1265.6±122.2 83.3±4.1 16.7±4.1 6649 

1769.9±214.8 72.7±4.1 27.3±4.1 4133 

 

 

 

CusSH42A
mE  

 

0 

59.9±39.9 30.2±4.2 69.8±4.2 4605 

182.1±36.1 34.6±4.2 65.4±4.2 4251 

337.9±74.7 36.9±4.2 63.1±4.2 4031 

 

 

2 

121.3±73.2 35.5±4.1 64.5±4.1 11730 

386.4±63.8 54.2±4.1 45.8±4.1 11349 

607.1±73.5 63.1±4.1 36.9±4.1 11688 

835.7±64.2 74.9±4.1 25.1±4.1 10975 

1064.1±70.4 74.1±4.1 25.9±4.1 11039 

1339.2±98.2 69.3±4.1 30.7±4.1 10636 
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1800.3±198.6 69.9±4.1 30.1±4.1 9288 

 

 

CusSmE, 

CusSM133I/M135I 

 

0 

64.5±38.7 26.3±4.2 73.7±4.2 4564 

185.4±51.2 33.3±4.2 66.7±4.2 4612 

449.8±234.6 41.3±4.2 58.7±4.2 4391 

 

 

2 

109.9±78.9 30.4±4.1 69.6±4.1 6553 

430.2±88.9 46.4±4.1 53.6±4.1 5288 

716.5±72.1 53.2±4.1 46.8±4.1 4694 

1046.6±135.6 45.8±4.2 54.2±4.2 4652 

1640.1±279.4 43.1±4.1 56.9±4.1 4399 
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APPENDIX 1 

 

BOTTOM-UP ZINC MICROBIOME: TOWARD THE UNDERSTANDING OF 

MICROBIAL COMMUNITY AND CELL-CELL INTERACTIONS IN 

BACTERIAL METAL HOMEOSTASIS 

 

1.1 INTRODUCTION 

   

  In their native environments, bacterial cells typically live as members of 

complex multispecies communities. As such, bacteria are surrounded not only by a 

diverse array of microbial neighbors but also by the metabolites that these microbes 

secrete180,181. These secreted metabolic signals are primary drivers of microbial 

community interactions180,182. One such example is quorum sensing183, in which 

bacterial cells communicate chemically with each other by releasing, sensing, and 

responding to small diffusible signaling molecules that are autoinducers of gene 

expression; this sensing allows groups of bacteria to alter their behaviors concertedly 

in response to changes in the population density and species composition of the 

community184. The ability of bacteria to communicate within and between species and 

behave as a group (much like a social multicellular organism) is advantageous for 

bacteria to defend themselves against competitors185, achieve host colonization186, 

form biofilms187, and adapt to changing environments183,184. 

 

  Metal ions such as zinc (Zn2+) can also be inducers of gene expression in 

bacteria (e.g., via metalloregulators Zur and ZntR in E. coli). Zinc is an essential 



 

225 

micronutrient that can encourage the proper growth and colony expansion of bacterial 

cells or even enhance their virulence. Under high exposure, zinc can be toxic to the 

cell, thus resulting in suppressed cell growth or even cell death188-191. Maintaining 

homeostasis of metal ions in the cell is thus a key biological process for bacteria, for 

example via controlled uptake or efflux regulated by metalloregulators that respond to 

metal ion environments.  

 

  Despite the growing evidence that bacterial cells form intricate social networks 

within their resident microbial communities, very little is known about how the 

behavior of individual cells within a community can interact, communicate, and affect 

each other’s physiology. Moreover, it remains unknown whether a bacterial cell can 

communicate its metal homeostasis status to its neighbors for better survival or 

enhanced virulence. Insights here would not only advance our current understanding 

of the microbial community but could also lead to new strategies to compromise 

bacterial metal homeostasis for antimicrobial treatments. 

 

  The objective of project is to understand: 1) how individual E. coli cells can 

communicate with one another in the context of zinc uptake and efflux and 2) how this 

communication can be regulated in a cell community under changing zinc 

environments. We chose E. coli’s zinc homeostasis as a model system because E. coli 

is part of the human digestive tract microbiome, and zinc deficiency is known to have 

a significant effect on human gut microbial population, diversity, and function192. By 

studying this system, we aim to gain insight into how an individual cell’s capability of 
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effluxing or uptaking zinc correlates spatially and temporally to its surrounding cells’ 

such capabilities in community, and whether a cell’s efflux/update capability is altered 

in a community of cells that are either enhanced or compromised in zinc efflux or 

uptake.  

 

1.2 EXPERIMENTAL OVERVIEW 

 

  In an effort to elucidate metal homeostasis dynamics of individual bacterial 

cells within the greater microbial community, we will be employing a reductionist, 

“bottom-up microbiome” approach (Figure 9). Our plan is to grow E. coli cells into a 

monolayer of various cell densities, in which each cell can be imaged and is spatially 

definable. We will study cells that belong to the same strain (i.e., having identical 

genotype), or from a mixture of strain variants that differ in genotype and are tagged 

(e.g., via a fluorescent protein marker) in a way that we can identify the strain type via 

microscopy. These cells would form a defined bacterial cell community, i.e., bottom-

up microbial community.  
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Figure 9. Schematic of our bottom-up microbiome approach, in which a monolayer of 

randomly-dispersed E. coli cells form a colony. The various intensities of each color 

represent various protein copy numbers in each cell, whose genotype is known at the 

single cell level. Pink: one cell strain; green: a different cell strain. Gray dots: Zn2+ 

ions. Double-ended arrows: inter-relations spanning between the centroids of a pair of 

cells separated by a quantifiable distance. 

 

  Upon achieving a genetically and spatially defined cell community, we plan to 

examine the correlations between individual cells regarding their capabilities in 

mediating zinc efflux or uptake as a function of their interdistances (i.e., spatially, 

Figure 9) and time (i.e., temporally). To quantify the cell’s capability in zinc efflux 

and uptake, we will measure the protein copy numbers of zinc efflux pump ZntA (an 

inner-membrane protein) and zinc uptake complex ZnuABC (specifically, by tagging 

the inner-membrane protein ZnuB) (Figure 10). Two different-colored fluorescent 

proteins will be used to differentiate ZntA from ZnuB; moreover, these different-
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colored tags can also be used to identify the strain type of each cell; details of tagging 

in Appendix Section 1.3.1.1).  

 

 

Figure 10. Simplified schemes for roles of metalloregulators Zur and ZntR for zinc 

homeostasis in an E. coli cell. ZnuABC is a zinc uptake complex (left-hand side of 

cell), while ZntA is a zinc efflux pump (right-hand side of cell). Gray vertical dashed 

line: delineation between zinc-deficient and zinc-excess conditions within the bacterial 

cell.  

 

  We will culture/grow the cells to varying densities on the surface of a glass 

petri dish and follow the cells over many division generations (i.e., trace cell lineage 

over a time period of several hours). The growth medium will include zinc replete, 

deplete, or excess conditions. The growth environment will also be switched between 

such conditions to induce physiologcal transitions between zinc deplete or excess 

conditions, while we will follow the protein expression levels of individual cells. 
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  We will also manipulate the cells genetically by making them compromised or 

enhanced in the capability of zinc efflux/uptake (e.g., by overexpressing the 

efflux/uptake pumps from a plasmid, or deleting these genes). We can examine cell 

communities with single genotypes or a mixture of two strains (e.g., mixing a wild-

type strain with a strain whose efflux pump ZntA is compromised). To further probe 

how cells could communicate, we will also genetically manipulate the zinc-sensing 

genes (i.e., by knocking out zur or zntR, Figure 10) and examine the effects. 

 

  Upon completing the proposed studies, we expect to have achieved a 

quantitative understanding, at the single-cell level, of how a community of bacterial 

cells coordinate with each other spatially and temporally in reguating and maintaining 

their zinc homeostasis under varying growth environments. 

 

My responsibilities for this project were to design and help construct the 

necessary immediate bacterial cell strains and determine the intactness and membrane 

localization of the tagged ZntA and ZnuB strains. All corresponding experimental 

details are described in Appendix Sections 1.3 - 1.7. As a note, my collaborators 

(Wenyao Zhang and Dr. Bing Fu) had previously verified the functionalities of the 

individually-tagged ZntA and ZnuB strains via functionality growth assays; these 

details are not reported here. The only remaining molecular biology experiment for 

this immediate set of strains is the functionality growth assay for the double-tagged 

strain (i.e., ZNUBMVF-ZNTAPAMCF) (Table 3). 
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1.3 MATERIALS AND EXPERIMENTAL METHODS  

 

1.3.1 Bacterial strain construction  

 

All strains used in this study were derived from the E. coli BW25113 strain 

(CGSC# 7739 Keio Collection, Yale; genotype: F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ−, rph-1, Δ(rhaD-rhaB)568, hsdR514). The zntAmV (i.e., 

ZNTAMVF) and znuBmV (i.e., ZNUBMVF) strains (Table 3) were created via lambda 

Red (λ-Red) recombineering, where mVenus-FLAG (a monomeric yellow fluorescent 

protein with a C-terminal FLAG epitope)167 was fused to the C-terminus of each 

respective protein at its chromosomal locus, as described in our previous work193. 

Using this same method, PAmCherry1-FLAG (a dark-to-red photoactivatable 

fluorescent protein with a C-terminal FLAG epitope)168 was used to create the zntAPA 

(i.e., ZNTAPAMCF) and znuBPA (i.e., ZNUBPAMCF) strains (Table 3). While ZntA 

and ZnuB are inner-membrane proteins, their C-terminal regions are exposed to the 

cytoplasm. In both cases of tagging ZntA and ZnuB, the cytoplasmic-residing fusion 

tags (i.e., mVenus and PAmCherry1) are expected to fold and mature properly.  

 

1.3.1.1  Tagging the C-termini of ZntA and ZnuB with fluorescent proteins 

(mVenus and PAmCherry1) and FLAG epitope 

 

Making linear DNA inserts with homology regions. To tag our genes of 

interest (i.e., zntA and znuB) (Figure 11), we first needed to make the appropriate 
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linear DNA inserts, which are linear fragments of DNA with homology regions 

designed to target specific regions of the genome.  

 

 

 

Figure 11. Schematic of the zntA regulatory unit and znu operon. (A) The gene zntA 

(2199 bp) is controlled by the zntA promoter (zntAp)194, which is dependent on the σ70 

family of sigma factors. (B) In the znu gene cluster, the transcription of znuA is 

divergent from that of znuC and znuB195. The gene znuA (933 bp) is controlled by the 

znuA promoter (znuAp), which is dependent on the σS (i.e., σ38) family of sigma 

factors35. The genes znuC (756 bp) and znuB (786 bp) have an overlap of 3 base-pairs 

and are controlled by the znuC promoter (znuCp), which is dependent on the σ70 

family of sigma factors196. 

 

To create the linear DNA insert to tag ZntA with mVenus, primers 40H1ZntA-

mVenus-fp and 41H2ZntA-kan-rp (Table 2) were used to amplify the mVenus-

FLAG:kan region from the linearized plasmid pUCmVenusFLAG:kan (Table 1), 

which contains the mVenus-FLAG gene as well as the kanamycin resistance gene 
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cassette, kan2. The resulting linear DNA insert, 40H1ZntA-mVenus-FLAG:kan-

41H2ZntA, is flanked by two homology regions (H1 and H2). The homology region 

H1 is the same as the last 40 bp of zntA before the stop codon, while the homology 

region H2 is the next 41 bp directly after the stop codon of zntA. 

 

To create the linear DNA insert to tag ZnuB with mVenus, primers 

40H1ZnuB-mVenus-fp and 41H2ZnuB-kan-rp (Table 2) were used to amplify the 

mVenus-FLAG:kan region from the linearized plasmid pUCmVenusFLAG:kan. The 

resulting linear DNA insert, 40H1ZnuB-mVenus-FLAG:kan-41H2ZnuB, is flanked by 

two homology regions (H1 and H2). The homology region H1 is the same as the last 

40 bp of znuB before the stop codon, while the homology region H2 is the next 41 bp 

directly after the stop codon of znuB. 

 

To create the linear DNA insert to tag ZntA with PAmCherry1, primers 

38H1ZntA-PAmCherry1-fp and 25H2ZntA-cat-rp (Table 2) were used to amplify the 

PAmCherry1-FLAG:cat region from the linearized plasmid 

pUCPAmCherry1FLAG:cat (Table 1), which contains the PAmCherry1-FLAG gene 

as well as the chloramphenicol resistance gene cassette, cat2. The resulting linear 

DNA insert, 38H1ZntA-PAmCherry1-FLAG:cat-25H2ZntA, is flanked by two 

homology regions (H1 and H2). The homology region H1 is the same as the last 38 bp 

of zntA before the stop codon, while the homology region H2 is the next 25 bp directly 

after the stop codon of zntA. 
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To create the linear DNA insert to tag ZnuB with PAmCherry1, primers 

38H1ZnuB-PAmCherry1-fp and 40H2ZnuB-cat-rp (Table 2) were used to amplify the 

PAmCherry1-FLAG:cat region from the linearized plasmid 

pUCPAmCherry1FLAG:cat. The resulting linear DNA insert, 38H1ZnuB-

PAmCherry1-FLAG:cat-40H2ZnuB, is flanked by two homology regions (H1 and 

H2). The homology region H1 is the same as the last 38 bp of znuB before the stop 

codon, while the homology region H2 is the next 25 bp directly after the stop codon of 

znuB. 

 

The linear DNA inserts for both zntA and znuB were each digested with DpnI 

to eliminate any remaining methylated pUCmVenusFLAG:kan  or 

pUCPAmCherry1FLAG:cat plasmids, then gel-purified using a PCR Clean-up System 

(Promega). The final concentration for the linear DNA inserts should be at least 150 

ng/µL in nuclease-free water; for best results, >200 ng/µL is ideal.  

 

Electroporating linear DNA inserts into E. coli cells. Electrocompetent cells 

were prepared by first culturing E. coli BW25113 cells (Table 3) harboring the 

temperature-sensitive plasmid pSLTS or pKD46 (Table 1) in LB (Sigma-Aldrich, cat. 

#: L3022-6X1KG) with ampicillin (100 µg/mL, USBiological) for 18 h in 30 °C with 

shaking (250 rpm). Both pSLTS and pKD46 can achieve homologous recombination; 

therefore, the choice behind which of the two plasmids to use was based on which 

plasmid yielded the higher recombination efficiency (we have found pKD46 generally 

yielded a greater number of positive hits than pSLTS) and/or which plasmid (if either) 
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was present in the original base strains. Generally, the main reason to use pSLTS is if 

one wants to perform point mutation in the genome; pKD46 alone cannot achieve 

chromosomal point mutagenesis as rapidly as the pSLTS strategy. From this culture, a 

1:100 dilution was prepared in SOB medium [2% w/v Bacto Tryptone (Sigma-

Aldrich, cat. #: T9410), 0.5% w/v Bacto Yeast Extract (Sigma-Aldrich, cat .#: Y1625), 

10 mM NaCl (Macron, 7581-12), 2.5 mM KCl (Fisher Scientific, P217-500), 10 mM 

MgCl2 (Mallinckrodt, 5958-04), and 10 mM MgSO4 (Fisher Scientific, M63-500) all 

in nanopure sterile water] containing ampicillin (100 µg/mL) and 20 mM L-arabinose 

(Sigma-Aldrich, cat. #: A3256). L-arabinose is necessary to induce the expression of 

the exo, bet, and gam (λ-Red) enzymes encoded in pSLTS or pKD46193,197. This SOB 

culture was incubated at 30 °C with shaking (250 rpm) until OD600 = 0.6 (~4 h). The 

cells were centrifuged (4500 rpm, 4 °C) for 10 min and subsequently washed thrice 

with cold 10% glycerol (Macron, 5092-02) in nanopure sterile water. The cells were 

diluted to a final volume of 25 µL in 10% glycerol in nanopure sterile water.  

 

The linear DNA insert was electroporated (2.5 kV, using MicroPulser 

Electroporator cat. #: 1652100, Bio-Rad) into the electrocompetent BW25113 cells 

expressing the recombination enzymes (exo, bet, gam) from the L-arabinose–induced 

pSLTS or pKD46 (electroporation cuvette: Bio-Rad 0.2 cm gap, cat. #1652086). The 

electroporated cells were recovered by adding 960 µL SOC medium [SOB medium 

containing 20 mM glucose (Sigma-Aldrich, cat. #: G7528)] to the cells. The cells were 

then incubated at 30 °C with shaking (250 rpm) for 4 h. The cells were subsequently 

plated onto LB-agar plates containing ampicillin (100 µg/mL) and all other 
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appropriate antibiotics (with concentrations as described in our previous work193) and 

incubated at 30 °C for 18 h. After incubation, 8 colonies were selected for screening, 

and successful integration of the linear DNA insert at the desired genomic locus was 

confirmed via colony PCR screening and sequence analysis of PCR fragments 

amplified from the genome. 

  

To make uptake-compromised strain DZNUA-ZNUBPAMCF (i.e., ΔznuA, 

znuB-PAmCherry1-FLAG, Table 3), the linear DNA insert used to make 

ZNUBPAMCF was electroporated into JW5831-1 (ΔznuA, Table 3) containing 

induced pSLTS. To make uptake-compromised strain DZNUA-ZNTAPAMCF 

(ΔznuA, zntA-PAmCherry1-FLAG), the linear DNA insert used to make 

ZNTAPAMCF was electroporated into JW5831-1 (ΔznuA, Table 3) containing 

induced pSLTS. 

 

To make efflux-compromised strain DZNTA-ZNUBPAMCF (i.e., ΔzntA, 

znuB-PAmCherry1-FLAG, Table 3), the linear DNA insert used to make 

ZNUBPAMCF was electroporated into JW3434-1 (ΔzntA, Table 3) containing 

induced pSLTS. 

 

The final cell strains can be cultured at 42 °C overnight (18 h) to remove the 

temperature-sensitive pSLTS or pKD46 plasmid after the desired genetic 

manipulations have been achieved193,197. 
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1.3.1.2  Introducing deletions into the E. coli genome to create sensor-compromised 

strains 

 

We desired to create several sensor-compromised imaging strains (i.e., where 

zur or zntR were deleted from the chromosome).  

 

To make the strain DZUR-ZNUBMVF (i.e., Δzur, znuB-mVenus-FLAG, Table 

3), a linear DNA insert to make Δzur was prepared using primer pair 40H1dZur-cam-

fp and 40H2dZur-cam-rp (Table 2) and chloramphenicol gene template from 

linearized plasmid pUCmEos3.2FLAG:cat (Table 1). This linear DNA insert was then 

electroporated into electrocompetent cells of ZNUBMVF harboring the pSLTS 

plasmid according to the procedures described above.  

 

To make the strain DZUR-ZNUBPAMCF (i.e., Δzur, znuB-PAmCherry1-

FLAG, Table 3), a linear DNA insert to make Δzur was prepared using primer pair 

40H1dZur-kan-fp and 40H2dZur-kan-rp (Table 2) and kanamycin gene template from 

digested plasmid pT2SK (Table 1). This linear DNA insert was then electroporated 

into electrocompetent cells of ZNUBPAMCF harboring the pKD46 plasmid according 

to the procedures described above. 

 

To make the strain DZNTR-ZNTAMVF (i.e., ΔzntR, zntA-mVenus-FLAG, 

Table 3), a linear DNA insert to make ΔzntR was prepared using primer pair 
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40H1dZntR-cam-fp and 40H2dZntR-cam-rp (Table 2) and chloramphenicol gene 

template from linearized plasmid pUCmEos3.2FLAG:cat (Table 1). This linear DNA 

insert was then electroporated into electrocompetent cells of ZNTAMVF harboring the 

pSLTS plasmid according to the procedures described above.  

 

The final cell strains can be cultured at 42 °C overnight (18 h) to remove the 

temperature-sensitive pSLTS or pKD46 plasmid after the desired genetic 

manipulations have been achieved193,197. 

 

1.3.1.3  Cloning zntAmV and znuBmV into pBAD24 for Western blot detection of 

fusion protein intactness 

 

To check that the C-terminally–tagged ZntA stays intact in the cell after 

expression, the zntA-mVenus-FLAG gene was inserted into the L-arabinose–inducible 

pBAD24 plasmid (Table 1). Primers EcoRI-ZntA-fp-gibson and SalI-mV-FL-rp-

gibson (Table 2) were used to obtain a PCR product containing zntA-mVenus-FLAG. 

The linear DNA was gel-purified and subject to PCR clean-up, then inserted via 

Gibson assembly into a pBAD24 plasmid digested with the EcoRI and SalI restriction 

enzymes. A Gibson assembly calculator 

(https://barricklab.org/twiki/bin/view/Lab/ProtocolsGibsonCloning; 

Bens_Gibson_Assembly.xlsx) was used to determine the volumes of the zntA-

mVenus-FLAG insert, digested EcoRI-pBAD24-SalI plasmid, and nanopure sterile 

water to add to the Gibson Assembly Master Mix (NEB, cat no. E2611S). After 



 

238 

incubating the mixture at 50 °C for 1 h, 2 µL of the resulting plasmid [termed 

pZNTAMVF (Table 1), which expresses ZntA-mVenus-FLAG] was transformed into 

E. cloni 10G chemically competent cells (Lucigen) and incubated at 37 °C for 1 h with 

shaking (250 rpm) before plating onto LB-agar plates containing ampicillin (100 

µg/mL). An overnight culture was prepared of a positive colony (i.e., one which 

showed the successful zntA-mVenus-FLAG insertion via colony PCR), and the plasmid 

construct was extracted via DNA miniprep (Qiagen) and sent for DNA sequencing for 

final verification. This plasmid was then electroporated into the chromosomally-

tagged ZntA strain (ZNTAMVF) to obtain the strain ZNTAMVF-p (Table 3). 

 

This same procedure was used to insert the znuB-mVenus-FLAG gene into 

pBAD24, using primers EcoRI-ZnuB-fp-gibson and SalI-mV-FL-rp-gibson (Table 2). 

The resulting plasmid, pZNUBMVF (Table 1), was then electroporated into the 

chromosomally-tagged ZnuB strain (ZNUBMVF) to obtain the strain ZNUBMVF-p 

(Table 3). 

 

Since the tagging procedures for both mVenus and PAmCherry1 fusions were 

executed in the same manner (i.e., tagging at the C-terminal ends of ZntA and ZnuB), 

we can assume that both tags will behave similarly (e.g., where the amount of mVenus 

cleavage is similar to that of PAmCherry1 cleavage). Thus, only the mVenus-fusions 

of zntA and znuB were subject to Western blotting. 
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1.3.1.4 Tagging the C-termini of ZnuB and ZntA with mVenus-FLAG and 

PAmCherry1-FLAG, respectively, at their chromosomal loci in the same cell 

 

To image both ZnuB and ZntA in the same cell, mVenus-FLAG was fused to 

the C-terminus of ZnuB at its chromosomal locus, and PAmCherry1-FLAG was fused 

to the C-terminus of ZntA at its chromosomal locus. The emission of these two 

fluorescent proteins can be differentiated using separate laser excitations and emission 

filters2. 

 

To make the znuB-mVenus-FLAG-zntA-PAmCherry1-FLAG strain for two-

color imaging, primers 40H1ZnuB-mVenus-fp and 41H2ZnuB-kan-rp (Table 2) were 

used to amplify the mVenus-FLAG:kan region from the linearized plasmid 

pUCmVenusFLAG:kan, and primers 38H1ZntA-PAmCherry1-fp and 25H2ZntA-cat-

rp (Table 2) were used to amplify the PAmCherry1-FLAG:cat region from the 

linearized plasmid pUCPAmCherry1FLAG:cat. Two linear DNA inserts were 

obtained: 40H1ZnuB-mVenus-FLAG:kan-41H2ZnuB and 38H1ZntA-PAmCherry1-

FLAG:cat-25H2ZntA. The linear DNA insert 38H1ZntA-PAmCherry1-FLAG:cat-

25H2ZntA was electroporated into BW25113 electrocompetent cells harboring pKD46 

as described in Appendix Section 1.3.1.1 above. Upon the successful fusion of 

PAmCherry1-FLAG to the 3’ end of the zntA gene, electrocompetent cells of this 

intermediate strain ZNTAPAMCF-pKD46 (i.e., zntA-PAmCherry1-FLAG with 

pKD46 still present, Table 3) were prepared. The linear DNA insert 40H1ZnuB-

mVenus-FLAG:kan-41H2ZnuB was electroporated into the electrocompetent 

ZNTAPAMCF-pKD46 cells expressing the recombination enzymes (exo, bet, gam) 

from pKD46. Screening and sequencing procedures as described in Appendix Section 
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1.3.1.1 above were used to confirm the fusion of the mVenus-FLAG gene to the 3’ end 

of the znuB gene, resulting in the doubly-tagged znuB-mVenus-FLAG-zntA-

PAmCherry1-FLAG strain (ZNUBMVF-ZNTAPAMCF, Table 3). 

 

1.3.1.5  Knocking out zur or zntR in the znuB-mVenus-FLAG-zntA-PAmCherry1-

FLAG strain for sensor-compromised studies 

 

A Δzur version of the znuB-mVenus-FLAG-zntA-PAmCherry1-FLAG strain, as 

well as a ΔzntR version of the znuB-mVenus-FLAG-zntA-PAmCherry1-FLAG strain, 

was needed to study the double-tagged system under sensor-compromised conditions. 

First, the chloramphenicol resistance gene cassette in the zntA-PAmCherry1-FLAG 

strain was removed by Flippase, an enzyme expressed from the pE-FLP plasmid198 

(Table 1), which cuts at the FRT sites flanking the cat gene. The temperature-sensitive 

pE-FLP was then removed by culturing the cells at 37 °C. pKD46 was then added 

back to the cells for selection (ampicillin resistance) and for the next step of 

homologous recombination. The linear DNA insert 40H1ZnuB-mVenus-FLAG:kan-

41H2ZnuB was electroporated into an electrocompetent version of this new zntA-

PAmCherry1-FLAG strain harboring pKD46 to tag the mVenus-FLAG:kan gene to the 

3’ end of the znuB gene, resulting in the znuB-mVenus-FLAG-zntA-PAmCherry1-

FLAG strain with only kanamycin resistance in the genome.  

 

To create the Δzur version of the znuB-mVenus-FLAG-zntA-PAmCherry1-

FLAG strain, primers 40H1dZur-cam-fp and 40H2dZur-cam-rp (Table 2) were used to 

amplify the cat gene (from the linearized plasmid pUCmEos3.2FLAG:cat) template 
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(Table 1). The resulting linear DNA insert (flanking the beginning and the end of the 

zur gene) was electroporated into the znuB-mVenus-FLAG-zntA-PAmCherry1-FLAG 

cell strain harboring pKD46 to knock out zur. As such, the strain Δzur znuB-mVenus-

FLAG-zntA-PAmCherry1-FLAG, was constructed (DZUR-ZNUBMVF-

ZNTAPAMCF, Table 3). 

 

To create the ΔzntR version of the znuB-mVenus-FLAG-zntA-PAmCherry1-

FLAG strain, primers 40H1dZntR-cam-fp and 40H2dZntR-cam-rp (Table 2) were 

used to amplify the cat gene (from the linearized plasmid pUCmEos3.2FLAG:cat) 

template (Table 1). The resulting linear DNA insert (flanking the beginning and the 

end of the zntR gene) was electroporated into the znuB-mVenus-FLAG-zntA-

PAmCherry1-FLAG cell strain harboring pKD46 to knock out zntR. As such, the strain 

ΔzntR znuB-mVenus-FLAG-zntA-PAmCherry1-FLAG, was constructed (DZNTR-

ZNUBMVF-ZNTAPAMCF, Table 3). 

 

 Table 1. Plasmids used or constructed in this study 

Plasmid name 
Relevant characteristic or 

genotype 
Sourcea 

1. pSLTS 

beta, gam, exo recombination 

enzymes, I-SceI enzyme, bla 

(ampicillin resistance) 

Kim et al.199 (Addgene 

plasmid 59386)  

2. pKD46 
beta, gam, exo recombination 

enzymes, bla 

Keio collection 

(Datsenko et al.200) 

3. pT2SK I-SceI recognition site, kanR Kim et al.199 (Addgene 
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(kanamycin resistance) plasmid 59383) 

4. pBAD24 bla, L-arabinose inducible 

Guzman et al.201 (Coli 

Genetic Stock Center 

#12523) 

5. 

pUCmEos3.2FLAG:cat 

mEos3.2-FLAG, cat 

(chloramphenicol resistance), 

bla, pUC19 backbone 

Santiago et al.193 

6. 

pUCmVenusFLAG:kan 

mVenus-FLAG, kan, bla, 

pUC19 backbone 
Fu et al.2 

7. 

pUCPAmCherry1FLAG:

cat 

PAmCherry1-FLAG, cat, bla, 

pUC19 backbone 
Fu et al.2 

8. pZNTAMVF 
pBAD24 backbone, zntA-

mVenus-FLAG insert 
This study (LG) 

9. pZNUBMVF 
pBAD24 backbone, znuB-

mVenus-FLAG insert 
This study (LG) 

10. pE-FLP Flippase under promoter pE 

St-Pierre et al.198 

(Addgene plasmid 

45978) 

a LG: Lauren Genova 
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Table 2. Primers used in this study 

Primer name Sequence (5'-3') 

1. 40H1ZntA-mVenus-

fp 

GCTGGTGACAGCGAATGCGTTAAGATTGTTGCGC

AGGAGAATGGTGAGCAAGGGCGAG 

2. 41H2ZntA-kan-rp 
GCGAGGGGACCGATCGCGCTCAATGTTGCGATCG

GTTTGCCGGCCAGTGAATTCGAGCTC 

3. 40H1ZnuB-mVenus-

fp 

ACTGTTATTTATTCTCAGTATGATGAAAAAGCAG

GCCAGCATGGTGAGCAAGGGCGAG 

4. 41H2ZnuB-kan-rp 
AGGCGCTCGCGCCGCATCCGACAAATGTGTTCAG

CGATAGAGGCCAGTGAATTCGAGCTC 

5. 38H1ZntA-

PAmCherry1-fp 

TGGTGACAGCGAATGCGTTAAGATTGTTGCGCAG

GAGAGTGAGCAAGGGCGAGGAGGATA 

6. 25H2ZntA-cat-rp 
CGCTCAATGTTGCGATCGGTTTGCCCATATGAAT

ATCCTCCTTAG 

7. 38H1ZnuB-

PAmCherry1-fp 

TGTTATTTATTCTCAGTATGATGAAAAAGCAGGC

CAGCGTGAGCAAGGGCGAGGAGGATA 

8. 40H2ZnuB-cat-rp 
GGCGCTCGCGCCGCATCCGACAAATGTGTTCAGC

GATAGACATATGAATATCCTCCTTAG 

9. ZnuB-up-fp GTGACTGGCGGTTTAAC 

10. ZnuB-downstream-

rp 
GCAGCCATTGGCGAAGA 

11. ZntA-up-fp GGCCTGGTGCAAATGATT 
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12. ip-fp-kan-pT2SK AGTCGGAATCGCAGACC 

13. ip-fp-kan CCCTTGTCCAGATAGCCCA 

14. ip-rp-kan GACCGCTATCAGGACATA 

15. ip-fp-cat CGTGCCGATCAACGTCTC 

16. ip-rp-cat TACGCAAGGCGACAAGGT 

17. before-ZntA-up CTCCAGAGTGTATCCTT 

18. ZntA-down-rp CAATGTTGCGATCGGTT 

19. ZnuA-up-fp AGTCTTGCAGTAGTCAT 

20. ZnuA-down-rp GGCTATCTGTTGCACGTA 

21. 40H1dZur-kan-fp  
TAAAGTAAGGACATTCTTAACCCCCACTTTGAGG

TGCCCGATCTCAAGAGTGGCAGC 

22. 40H2dZur-kan-rp 
TAATCCCTCCTGCCCGACGTGTACAAGGATGTAC

GCCCTCTTACGCCCCGCCCTGC 

23. 40H1dZur-cam-fp 
TAAAGTAAGGACATTCTTAACCCCCACTTTGAGG

TGCCCGGTGTAGGCTGGAGCTGCTTC  

24. 40H2dZur-cam-rp 
TAATCCCTCCTGCCCGACGTGTACAAGGATGTAC

GCCCTCCATATGAATATCCTCCTTAG  

25. 40H1dZntR-kan-fp 
AAGTTGTTGGACAAAATCAACGATAACTAGTGGA

GTATGTATCTCAAGAGTGGCAGC 

26. 40H2dZntR-kan-rp 
TTATTTAACGGCGCGAGTGTAATCCTGCCAGTGC

AAAAAATTACGCCCCGCCCTGC 

27. 40H1dZntR-cam-fp AAGTTGTTGGACAAAATCAACGATAACTAGTGGA



 

245 

GTATGT GTGTAGGCTGGAGCTGCTTC 

28. 40H2dZntR-cam-rp 
TTATTTAACGGCGCGAGTGTAATCCTGCCAGTGC

AAAAAA CATATGAATATCCTCCTTAG 

29. Zur-up-fp CGTGTTGATAATGGTACG 

30. Zur-down-rp TAAACGTGATCAACTGGTC 

31. ZntR-up-fp GGAATTGAAGCTGCGACAAG 

32. ZntR-down-rp TTCTCTACGCGCTGTCGGA 

33. EcoRI-ZntA-fp-

gibson 

TTGGGCTAGCAGGAGGAATTCACCATGTCGACTC

CTGACAATCA 

34. EcoRI-ZnuB-fp-

gibson 

TTGGGCTAGCAGGAGGAATTCACCATGATTGAAT

TATTATTTCCCGGTTG 

35. SalI-mV-FL-rp-

gibson 

CTTGCATGCCTGCAGGTCGATTATTTATCATCATC

ATCTTTATAATCAGG 

36. pBAD-fp ATGCCATAGCATTTTTATCC 

37. pBAD-rp CCGCCAGGCAAATTCTG 

38. ZnuB-ip-600-fp AATGACGATAAGCCCGGAT 

39. mVenus-ip-fp TACCCCGACCACATGAAG 

40. ZntA-ip-600-fp ATCATCCGTTCGGGCAACT 

41. ZntA-ip-1200-fp ATCGACCGTTTCAGCCGTAT 

42. ZntA-ip-1800-fp GCAAACGGTAGTGCTGGTA 

43. ZntA-mV-ip-fp AGGAGAATGGTGAGCAAGG 

44. pSLTS-seq-fp GGGTCCGAACTCTAAACTGC 
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45. pSLTS-seq-rp CGGAGGAGATAGTGTTCG 

46. pKD46-seq-fp GACGGCTACATCATTCAC 

47. pKD46-seq-rp GTGGCGTTGCAAATGATCG 

 

Table 3. Strains used or constructed in this study 

Strain 
Relevant characteristics 

or genotype 

Reference or 

sourcea 
Purpose 

1. BW25113 

Base strain, F-, DE(araD-

araB)567, 

lacZ4787(del)::rrnB-3, 

LAM-, rph-1, DE(rhaD-

rhaB)568, hsdR514 

Keio 

collection 

Base strain, 

functionality assay 

2. ZNUBMVF znuB-mVenus-FLAG, kanR 
This study 

(WZ) 

Imaging, 

functionality assay 

3. 

ZNUBPAMCF 

znuB-PAmCherry1-FLAG, 

cat 

This study 

(WZ) 

Imaging 

4. ZNTAMVF zntA-mVenus-FLAG, kanR 
This study 

(WZ) 

Imaging, 

functionality assay 

5. 

ZNTAPAMCF 

zntA-PAmCherry1-FLAG, 

cat 

This study 

(LG) 

Imaging 

6. 

ZNTAPAMCF-

zntA-PAmCherry1-FLAG, 

cat, pKD46 

This study 

(LG) 

Base strain 
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pKD46 

7. ZNUBMVF-

ZNTAPAMCF 

znuB-mVenus-FLAG, zntA-

PAmCherry1-FLAG, kanR, 

cat 

This study 

(LG) 

Imaging, 

functionality assay 

8. DZUR-

ZNUBMVF 

Δzur, znuB-mVenus-FLAG, 

kanR, cat 

This study 

(LG) 

Imaging 

9. DZUR-

ZNUBPAMCF 

Δzur, znuB- PAmCherry1-

FLAG, kanR, cat 

This study 

(LG) 

Imaging 

10. DZNTA-

ZNUBPAMCF 

ΔzntA, znuB- 

PAmCherry1-FLAG, kanR, 

cat 

This study 

(WZ) 

Imaging 

11. DZNUA-

ZNUBPAMCF 

ΔznuA, znuB-PAmCherry1-

FLAG, kanR, cat 

This study 

(WZ) 

Imaging 

12. DZNTR-

ZNTAMVF 

ΔzntR, zntA-mVenus-

FLAG, kanR, cat 

This study 

(LG) 

Imaging 

13. DZNUA-

ZNTAPAMCF 

ΔznuA, zntA-PAmCherry1-

FLAG, kanR, cat 

This study 

(LG) 

Imaging 

14. DZUR-

ZNUBMVF-

ZNTAPAMCF  

Δzur, znuB-mVenus-FLAG, 

zntA-PAmCherry1-FLAG, 

kanR, cat 

This study 

(LG) 

Imaging 

15. DZNTR-

ZNUBMVF-

ΔzntR, znuB-mVenus-

FLAG, zntA-PAmCherry1-

This study 

(LG) 

Imaging 
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ZNTAPAMCF FLAG, kanR, cat 

16. DZUR Δzur, cat 
This study 

(LG) 

Base strain 

17. JW3254-5 ΔzntR, kanR 
Keio 

collection 

Base strain 

18. JW3434-1 ΔzntA, kanR 
Keio 

collection 

Base strain, 

functionality assay 

19. JW5831-1 ΔznuA, kanR 
Keio 

collection 

Base strain 

20. JW1848 ΔznuB, kanR 
Keio 

collection 

Base strain, 

functionality assay 

21. JW1847 ΔznuC, kanR 
Keio 

collection 

Base strain 

22. JW3008 ΔzupT, kanR 
Keio 

collection 

Base strain 

23. JW1956 ΔzinT, kanR 
Keio 

collection 

Base strain 

24. JW0735 ΔzitB, kanR 
Keio 

collection 

Base strain 

25. JW3886 ΔfieF, kanR 
Keio 

collection 

Base strain 

26. JW1336 ΔydaN, kanR Keio Base strain 
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collection 

27. JW2161 ΔyeiR, kanR 
Keio 

collection 

Base strain 

28. 

ZNTAMVF-p 

zntA-mVenus-FLAG, 

pZNTAMVF 

This study 

(LG) 

Western blot, 

membrane 

localization 

29. 

ZNUBMVF-p 

znuB-mVenus-FLAG, 

pZNUBMVF 

This study 

(LG) 

Western blot, 

membrane 

localization 

30. 

ZNTAMVF-

pBAD 

zntA-mVenus-FLAG, 

pBAD24 

This study 

(LG) 

Western blot 

31. 

ZNUBMVF-

pBAD 

znuB-mVenus-FLAG, 

pBAD24 

This study 

(LG) 

Western blot 

a WZ:Wenyao Zhang; LG: Lauren Genova 

 

1.3.2 Immunoblotting for protein intactness 

 

Sample preparation. Strains ZNTAMVF-p (i.e., a chromosomally-tagged 

zntA-mVenus-FLAG strain harboring the plasmid pZNTAMVF that encodes zntA-

mVenus-FLAG) and ZNUBMVF-p (i.e., a chromosomally-tagged znuB-mVenus-FLAG 

strain harboring the plasmid pZNUBMVF that encodes znuB-mVenus-FLAG), as well 
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as negative control strains ZNTAMVF-pBAD (i.e., a chromosomally-tagged zntA-

mVenus-FLAG strain harboring an empty pBAD24 vector) and ZNUBMVF-pBAD 

(i.e., a chromosomally-tagged znuB-mVenus-FLAG strain harboring an empty 

pBAD24 vector) (Table 3), were grown overnight (18 h) at 37 °C in LB with the 

appropriate antibiotics. A sample (50 µL) of each overnight culture was added to 5 mL 

of 1× M9 medium supplemented with 0.01% CaCl2, 0.2% MgSO4, 0.4% glucose, 8% 

MEM amino acids, and 4% MEM vitamins. After incubating these cultures at 37 °C 

for 4 h with shaking (250 rpm) to reach OD600 ~ 0.3, 20 mM of L-arabinose was added 

to the cultures to induce production of the proteins from the pBAD24 vectors for 30 

min at 37 °C with shaking (250 rpm). 1 mL aliquots of the resulting cell cultures were 

centrifuged (1300 g) for 5 min. The supernatant was removed and replaced with 1 mL 

of fresh 1× M9 (containing all reagents listed above) and incubated at room 

temperature (22 °C for 20 min) before centrifugation (1300 g) for 5 min. The 

supernatant was again removed, and the resulting cell pellets were gently yet 

thoroughly re-suspended in 95 µL 2× Laemmli Sample Buffer (BIORAD, cat. #: 

1610737). To this resuspension, 2.5 µL of beta-mercaptoethanol (Sigma-Aldrich, cat. 

#: M6250) and 2.5 µL of Protease Inhibitor Cocktail (Promega, cat. #: G6521) were 

added.  

 

Western blot. The samples were sonicated at room temperature (22 °C) for 15 

min. To the SDS-PAGE gel, 12 µL of the samples were added, as well as a ladder for 

reference [4 µL of Amersham ECL Plex Fluorescent Rainbow protein molecular 

weight markers (GE Healthcare Life Sciences, Product code: RPN850E)]. The gel was 
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run in 1× MES buffer (pH = 7.3) for 130 min at 120 V, 400 mA (Biorad PowerPac 

Basic, cat. #: 164-5050). Electrophoretic transfer of proteins from the SDS PAGE gel 

onto Amersham Hybond LFP 0.2 PVDF membrane (GE Healthcare Life Sciences, 

Product code: 10600102) was performed for 70-80 min at 100 V, 400 mA (Biorad 

PowerPac Basic) in transfer buffer193. The membrane was blocked with 4% 

Amersham ECL Prime blocking reagent (GE Healthcare Life Sciences, Product code: 

RPN418) in 1× PBS-T wash buffer (0.1% Tween-20, cat. #: P9416, Sigma- Aldrich) 

at 4 °C with shaking (100 rpm) overnight (18 h). After blocking, the membrane was 

washed with 1× PBS-T twice for 5 min each time. The membrane was incubated in a 

1× PBS-T solution containing rabbit-derived anti-FLAG primary antibody (1:10,000 

dilution, Rockland Immunochemical, cat. #: RL600- 401-383S) for 1.5 h at 22 °C, 

shaking (100 rpm). The membrane was rinsed 3× with 1× PBS-T, then washed 4 × 5 

min in 1× PBS-T. Next, the membrane was incubated in a 1× PBS-T solution 

containing the goat-derived Horseradish Peroxidase–conjugated Fab fragment anti-

rabbit secondary antibody (1:20,000 dilution, Rockland Immunochemical, cat. #: 

RL811-1302) for 1 h at 22 °C, shaking (100 rpm). The membrane was rinsed 3× with 

1× PBS-T, washed 4 × 5 min in 1× PBS-T, and rinsed 3× with 1× PBS. After 

subjecting the membrane to Pierce ECL 2 Western Blotting substrate (Fisher 

Scientific, cat. #: PI80196) as described by the manufacturer, the peroxidase activity 

was detected using a fluorescent imager (Bio-Rad ChemiDoc MP Imaging System).  
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1.4 WESTERN BLOT SHOWS THAT ZNTAMV AND ZNUBMV ARE INTACT 

IN THE CELL. 

 

The 30-min induction of ZntA-mVenus-FLAG with L-arabinose shows a 

dominant band at ~100 kDa (expected size is 104 kDa), with ~32% cleavage product 

observed at ~90 kDa (lane 2, Figure 12A). Note that it is common for membrane 

proteins to migrate on SDS-PAGE to a location that does not precisely match that of 

its formula weight202. The negative control lanes 3 and 4 [strain ZNTAMVF (Table 3) 

carrying pBAD24 without any insert] show faint bands at ~50 kDa and ~28 kDa. 

These bands are also present in the sample lane 2; therefore, these bands are likely 

nonspecific and not considered as cleaved products of ZntA-mVenus-FLAG. No band 

is observed at the expected size of 27 kDa for mV-FLAG. 

 

The 30-min induction of ZnuB-mVenus-FLAG with L-arabinose shows a 

dominant band at ~50 kDa (expected size is 55 kDa), with ~14% cleavage observed at 

~40 kDa (lane 2, Figure 12B). We currently attribute the broad band at ~100-200 kDa 

of lane 2 as putative aggregates of ZnuB-mV-FLAG. To support this hypothesis, we 

will repeat this experiment by lowering the amount of protein loaded and/or preparing 

the samples under conditions of heat denaturation (besides or instead of sonication) to 

eliminate aggregates and perhaps with more thorough reduction of possible disulfide 

linkages. The negative control lanes 3 and 4 [strain ZNUBMVF (Table 3) carrying 

pBAD24 without any insert] shows bands at ~28 kDa. This band is also present in the 

sample lane 2; therefore, this band is likely nonspecific and not considered as a 
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cleaved product of ZnuB-mVenus-FLAG. No band is observed at the expected size of 

27 kDa for mV-FLAG. 

 

 

Figure 12. Western blot reveals FLAG-tagged ZntAmV (i.e., ZntA-mVenus-FLAG) 

and FLAG-tagged ZnuBmV (i.e., ZnuB-mVenus-FLAG) are majorly intact inside the 

cell. (A) Western blot of ZntAmV expressed from a pBAD24 plasmid under 30-min 

induction with L-arabinose (column 2). The negative control is a strain that contains 

an empty pBAD24 plasmid (i.e., without the ZntAmV insert, columns 3, 4). The strains 

in columns 2-4 also contain ZntAmV in the chromosome, which is under the control of 

the native promoter of the zntA gene. The FLAG-tagged ZntAmV fusion protein is 

observed at ~100 kDa (around its expected size), with ~32% cleavage observed at ~90 

kDa (column 2). The cleavage percentage was determined by line-profiling the gel 
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image vertically and quantifying the relative band intensities in the line profile. (B) 

Western blot of ZnuBmV expressed from a pBAD24 plasmid under 30-min induction 

with L-arabinose (column 2). The negative control is a strain that contains an empty 

pBAD24 plasmid (i.e., without the ZnuBmV insert, columns 3, 4). The strains in 

columns 2-4 also contain ZnuBmV in the chromosome, which is under control of the 

native promoter of the znu operon. The FLAG-tagged ZnuBmV fusion protein is 

observed at ~50 kDa (around its expected size), with ~14% cleavage observed at ~40 

kDa.  

 

1.5 CONFOCAL FLUORESCENCE IMAGING OF ZNTAMV AND ZNUBMV IN 

LIVE E. COLI CELLS CONFIRMS MEMBRANE LOCALIZATION. 

 

To prepare E. coli cells for confocal imaging, overnight cultures of 

ZNTAMVF-p (i.e., a chromosomally-tagged zntA-mVenus-FLAG strain harboring the 

plasmid pZNTAMVF that encodes zntA-mVenus-FLAG) and ZNUBMVF-p (i.e., a 

chromosomally-tagged znuB-mVenus-FLAG strain harboring the plasmid 

pZNUBMVF that encodes znuB-mVenus-FLAG) (Table 3) were prepared in LB with 

appropriate antibiotics at 37 °C with shaking (250 rpm). A sample (50 µL) of each 

overnight culture was added to 5 mL of 1× M9 medium supplemented with 0.01% 

CaCl2, 0.2% MgSO4, 0.4% glycerol, 8% MEM amino acids, and 4% MEM vitamins. 

After incubating these cultures at 37 °C for 4 h with shaking (250 rpm) to reach OD600 

~ 0.3, 20 mM of L-arabinose was added to the cultures to induce production of the 

proteins from the pBAD24 vectors for 2 h at 37 °C with shaking (250 rpm). This step 
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was aimed at overexpressing the tagged ZntA and ZnuB proteins from their respective 

L-arabinose–inducible pBAD plasmids to increase the cellular level of these proteins 

for easier detection. Two 1-mL aliquots of each resulting cell culture were centrifuged 

(1300 g) for 5 min. The supernatants were removed, and 1 mL of fresh supplemented 

1× M9 (containing all reagents listed above) was added to one of the cell pellets to 

thoroughly resuspend the cells before adding to the other pellet from the same culture. 

The cells were centrifuged (1300 g) for 5 min and washed with 1 mL of fresh 

supplemented 1× M9 twice more, then incubated at 37 °C with shaking (250 rpm) for 

1 h for protein refolding/maturation. After 1 h, the cells were again centrifuged (1300 

g) for 5 min to yield the final cell pellet to be used for imaging, which was re-

suspended in 15-20 µL of supplemented 1× M9. The cells were allowed to incubate at 

room temperature (22 °C) as the slide was prepared.  

 

To prepare the slide for imaging, a 3% (w/v) agarose gel pad was prepared for 

surface immobilization of E. coli cells. Agarose (Type 1, low EEO, cat. #: A6013, 

Sigma Aldrich) was first dissolved in 1× M9 medium (supplemented with 0.01% 

CaCl2, 0.2% MgSO4, 0.4% glucose, 8% MEM amino acids, and 4% MEM vitamins, 

as described above) by heating the mixture in a microwave oven until the agarose was 

fully dissolved. A sample (50 µL) of this solution was drop-casted onto the center of a 

glass slide with Parafilm (Bemis NA) spacers secured along the sides of the slide. 

Another glass slide was immediately pressed against the liquid agarose until it 

solidified at room temperature to become a small gel pad. The Parafilm was removed 

after the gel pad solidified. Double-sided tape was then used as spacer in replacement 
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of the Parafilm lining the sides of the glass slide. The cell sample (~1 µL) was then 

added on top of the agarose gel pad, and a clean coverslip was placed on top of the gel 

pad, spreading and immobilizing the cells on the agarose gel. The coverslip edges 

were sealed with epoxy to prevent gel drying and medium evaporation. 

 

For confocal fluorescence microscopy, the cells were imaged using a Zeiss 

LSM880 confocal microscope equipped with a Plan-Apochromat 63x/1.4 Oil DIC 

M27 objective. Fluorescence was excited using a 488 nm laser, with fluorescence 

emission collected between 499 and 597 nm (the yellow fluorescence of the mVenus; 

pinhole = 32 µm; pixel time = 1.54 µs). Image acquisition was performed using line 

scanning average mode (average of 8 times). The confocal images obtained are z-

sectioned fluorescence images through every cell. These images of the mV-tagged 

ZntA and ZnuB proteins clearly show that ZntAmV and ZnuBmV are localized to the 

cell contour, i.e., at the inner membrane presumably (Figure 13). 
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Figure 13. Confocal fluorescence microscopy images of overexpressed (A) ZntAmV 

(strain ZNTAMVF-p, Table 3) and (B) ZnuBmV (strain ZNUBMVF-p, Table 3) in live 

E. coli cells, showing their membrane localizations. Some cells show green observable 

“clusters” of ~ 0.4-0.8 µm in size, which are likely larger scale aggregates of the 

corresponding proteins, due to the overexpression from a plasmid. This experiment 

was done in collaboration with Dr. Bing Fu. 
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APPENDIX 2 

 

TOWARD THE ELUCIDATION OF THE ASSEMBLY MECHANISM OF THE 

DRUG EFFLUX COMPLEX EMRAB-TOLC 

 

2.1 INTRODUCTION 

 

Tripartite efflux pumps (TEPs), such as the major-facilitator superfamily 

(MFS) efflux pumps, are important drug targets in Gram-negative bacteria. These 

pumps are composed of an inner-membrane active pump, a periplasmic adaptor 

protein, and an outer membrane channel protein42,48,203-205. They serve as major efflux 

systems in Gram-negative bacteria for expelling diverse toxic compounds, including 

clinically relevant antibiotics, from their cytosol and/or periplasm to the extracellular 

space, thus contributing significantly to the worldwide emerging threat of untreatable 

infections21,23,25,27,206-209. Understanding the mechanism of these TEPs and exploring 

novel methods to compromise their efflux functions are thus crucial for developing 

new and effective antibacterial treatments.  

 

In the Gram-negative bacterium E. coli, the MFS proton antiporter EmrB, 

encoded by the emrAB locus (Figure 14)205, protects the cell from ionophores and 

antibiotics44,51-53.  
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Figure 14. Schematic of the emr operon. emrR (530 bp) is a negative regulator of this 

operon210. The genes emrA (1173 bp) and emrB (1539 bp) are separated by 16 base-

pairs. The genes emrR, emrA, and emrB are all controlled by the emrR promoter 

(emrRp), which is dependent on the σ70 family of sigma factors. Note: emrR is 

synonymous with mprA52. 

 

Located in the inner membrane, EmrB forms a TEP with periplasmic adaptor 

protein EmrA43,44 and promiscuous outer-membrane protein TolC45-47 to provide a 

continuous extrusion pathway across the cell envelope, resulting in the EmrAxBy-

TolC3 complex (where the subscripts correspond to each subunit’s oligomeric state) 

(Figure 15). The stoichiometry of EmrA and EmrB are not yet known 

(https://biocyc.org/ECOLI/NEW-IMAGE?type=ENZYME&object=CPLX0-2121); 

however, TolC is known to exist as a stable trimer48-50. Homologues of EmrA and 

EmrB have been found in human pathogenic bacteria such as Vibrio cholera209, 

Neisseria gonorrhoeae211, Strenotrophomonas maltophilia212, and Campylobacter 

jejuni213. 
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Figure 15. The EmrAxBy-TolC3 complex in fully assembled form (left) spans the 

periplasm of E. coli and is able to eject various drugs from the cytosol or periplasm to 

the extracellular space. The disassembled form (right) could be a mixture of species: 

e.g., for EmrB, it could be EmrBy, EmrAxBy, etc. In this model, EmrAxBy-TolC3 is in 

dynamic equilibrium between the fully assembled and disassembled forms, and in the 

presence of specific substrates (such as the drug CCCP), the equilibrium is 

hypothesized to shift to the assembled form for drug efflux. OM, outer membrane; PG, 

peptidoglycan; IM, inner membrane.  

 

The adaptor protein EmrA is anchored to the inner membrane by a single N-

terminal helix, with its N- terminal on the cytoplasmic side43. Its interaction with the 

outer-membrane channel TolC is known to be highly dynamic from in vitro 

reconstitution experiments214, suggesting that the entire EmrAB-TolC complex is 

dynamic. But how this tripartite complex assembles dynamically in the cell is 
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unknown. Moreover, in vitro experiments show that the adaptor protein EmrA can 

bind efflux substrates, such as carbonyl cyanide m-chlorophenylhydrazone (CCCP), 

carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), 2,4-dinitrophenol 

(DNP), and nalidixic acid, with micromolar affinity43, likely via its β-sheet subdomain 

that sits proximal to the membrane surface adjacent to the pump EmrB; this substrate 

binding could induce a change of EmrA’s conformation, triggering further interactions 

with the outer-membrane channel TolC. All of this information raises the possibility 

that EmrA may play a significant role in mediating a dynamic assembly of the 

EmrAB-TolC complex in response to cellular demands for efflux, but how this could 

happen in a cell remains unknown.  

 

Based on our previous findings of an adaptor-protein−mediated dynamic pump 

assembly of RND-family TEP CusCBA193, we hypothesize that dynamic assembly is 

broadly applicable to TEPs of diverse families and is a general mechanism for bacteria 

to balance between efflux function and periplasmic plasticity, and that the adaptor-

protein as the substrate-sensor is broadly applicable as well to respond to cellular 

demands for efflux. This hypothesis is based on the rationale that many adaptor 

proteins, such as EmrA in the MFS-superfamily EmrAB-TolC complex43, can bind 

their substrates with high affinity (Table 4), making it possible for them to mediate the 

substrate-responsive dynamic assembly of their efflux complexes. To test this 

hypothesis, we plan to study the dynamic assembly of the EmrAB-TolC complex, as 

well as its substrate-responsive element, as described in the following sections.  
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 Table 4. Superfamilies of tripartite efflux pumps 

Superfamily Example  

Efflux 

function 

Adaptor protein  

binds substrate? 

Resistance-

nodulation division 

(RND) 

CusCBA215,216 Cu+, Ag+ CusB: Yes 

AcrAB-TolC217 multidrug AcrA: No 

ATP-binding cassette 

(ABC) 
MacAB-TolC218,219 macrolide MacA: Yes 

Major facilitator 

superfamily (MFS) 
EmrAB-TolC43,205 multidrug EmrA: Yes 

 

2.2 EXPERIMENTAL OVERVIEW  

 

The objective of this project is to identify the assembly mechanism of EmrAB-

TolC of the MFS superfamily and define the role of the adaptor protein EmrA in 

sensing substrates to trigger complex assembly in live E. coli cells. The rationale for 

this research is that the identified mechanism will provide the knowledge to devise 

biochemical strategies to alter TEP assembly so as to impair bacterial multidrug 

resistance for preventing and curing bacterial infections.  

 

The mechanistic model for the EmrAB-TolC efflux process will be elucidated 

using single-molecule tracking and population analysis of the diffusion states of 

proteins EmrB and EmrA in live E. coli cells in the absence and presence of substrates 
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(e.g., CCCP). By tagging EmrB with mEos3.2 and tagging EmrA with PAmCherry1 

(each at their C-termini; details in Appendix Sections 2.3.1.1 and 2.7.1, respectively), 

we plan to track the diffusive motions of both EmrBmE and EmrAPA in the absence and 

presence of substrates (e.g., CCCP) and quantify the number of diffusion states for 

each protein, as well as their effective diffusion constants and fractional populations. 

We expect to resolve the assembled and disassembled states of EmrBmE and EmrAPA, 

observe a substrate-induced population shift toward more assembled state, and 

quantify the underlying kinetics.  

 

Upon completing the proposed studies, we expect to have: 1) Quantified the 

number of (resolvable) assembly states of inner-membrane pump EmrB and 

periplasmic adaptor EmrA and elucidated the dynamic shift of their assembly-

disassembly equilibria toward their assembled EmrAB-TolC complexes of the MFS 

superfamily, respectively, in response to environmental increase of their efflux 

substrates. 2) Identified if the adaptor protein mediates the substrate-responsive 

assembly of the ErmAB-TolC complex.  

 

My responsibilities for this project were to design and construct the necessary 

immediate bacterial cell strains and determine the functionalities, intactness, and 

membrane localization of the tagged EmrBmE and EmrAPA proteins. All molecular 

biology has been completed for EmrBmE, with EmrAPA experiments still in progress; 

all experimental details are described in Appendix Sections 2.3 - 2.7. 
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2.3 MATERIALS AND EXPERIMENTAL METHODS 

 

2.3.1 Bacterial strain construction  

 

All strains used in this study were derived from the E. coli BW25113 strain 

(CGSC# 7739 Keio Collection, Yale; genotype: F-, Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ−, rph-1, Δ(rhaD-rhaB)568, hsdR514). The emrBmE (i.e., 

EMRBM32F, Table 7) strain was created via lambda Red (λ-Red) recombineering, 

where mEos3.2-FLAG (a monomeric, irreversibly photoconvertible fluorescent 

protein mEos3.2162,220 with a C-terminal FLAG epitope) was fused to the C-terminus 

of EmrB at its chromosomal locus, as described in our previous work193. While EmrB 

is an inner-membrane protein, its C-terminal region is exposed to the cytoplasm. The 

mEos3.2 fusion tag is thus expected to fold and mature properly.  

 

2.3.1.1  Tagging the C-terminus of EmrB with photoconvertible fluorescent protein 

mEos3.2 and FLAG epitope 

 

Making linear DNA inserts with homology regions. To tag our gene of 

interest (i.e., emrB), we first needed to make the appropriate linear DNA insert, which 

is a linear fragment of DNA with homology regions designed to target specific regions 

of the genome.  

 



 

265 

To create the linear DNA insert to tag EmrB, primers 40H1EmrB-mE-fp and 

41H2EmrB-cam-frt-sacdown-rp (Table 6) were used to amplify the mEos3.2-

FLAG:cat region from the linearized plasmid pUCmEos3.2FLAG:cat (Table 5), which 

contains the mEos3.2-FLAG gene as well as the chloramphenicol resistance gene 

cassette, cat193. The resulting linear DNA insert, 40H1EmrB-mEos3.2-FLAG:cat-

41H2EmrB, is flanked by two homology regions (H1 and H2). The homology region 

H1 is the same as the last 40 bp of emrB before the stop codon, while the homology 

region H2 is the next 41 bp directly after the stop codon of emrB. 

 

The linear DNA insert for emrB was digested with DpnI to eliminate any 

remaining methylated pUCmEos3.2FLAG:cat plasmid, then gel-purified using a PCR 

Clean-up System (Promega). The final concentration for the linear DNA insert should 

be at least 150 ng/µL in nuclease-free water; for best results, >200 ng/µL is ideal. 

 

Electroporating linear DNA inserts into E. coli cells. Electrocompetent cells 

were prepared by first culturing E. coli BW25113 cells (Table 7) harboring the 

temperature-sensitive plasmid pSLTS or pKD46 (Table 5) in LB (Sigma-Aldrich, cat. 

#: L3022-6X1KG) with ampicillin (100 µg/mL, USBiological) for 18 h in 30 °C with 

shaking (250 rpm). Both pSLTS and pKD46 can achieve homologous recombination; 

therefore, the choice behind which of the two plasmids to use was based on which 

plasmid yielded the higher recombination efficiency (we have found pKD46 generally 

yielded a greater number of positive hits than pSLTS) and/or which plasmid (if either) 

was present in the original base strains. Generally, the main reason to use pSLTS is if 



 

266 

one wants to perform point mutation in the genome; pKD46 alone cannot achieve 

chromosomal point mutagenesis as rapidly as the pSLTS strategy. From this culture, a 

1:100 dilution was prepared in SOB medium [2% w/v Bacto Tryptone (Sigma-

Aldrich, cat. #: T9410), 0.5% w/v Bacto Yeast Extract (Sigma-Aldrich, cat .#: Y1625), 

10 mM NaCl (Macron, 7581-12), 2.5 mM KCl (Fisher Scientific, P217-500), 10 mM 

MgCl2 (Mallinckrodt, 5958-04), and 10 mM MgSO4 (Fisher Scientific, M63-500) all 

in nanopure sterile water] containing ampicillin (100 µg/mL) and 20 mM L-arabinose 

(Sigma-Aldrich, cat. #: A3256). L-arabinose is necessary to induce the expression of 

the exo, bet, and gam (λ-Red) enzymes encoded in pSLTS or pKD46193. This SOB 

culture was incubated at 30 °C with shaking (250 rpm) until OD600 = 0.6 (~4 h). The 

cells were centrifuged (4500 rpm, 4 °C) for 10 min and subsequently washed thrice 

with cold 10% glycerol (Macron, 5092-02) in nanopure sterile water. The cells were 

diluted to a final volume of 25 µL in 10% glycerol in nanopure sterile water.  

 

The linear DNA insert was electroporated (2.5 kV, using MicroPulser 

Electroporator cat. #: 1652100, Bio-Rad) into the electrocompetent BW25113 cells 

expressing the recombination enzymes (exo, bet, gam) from the L-arabinose–induced 

pSLTS or pKD46 (electroporation cuvette: Bio-Rad 0.2 cm gap, cat. #1652086). The 

electroporated cells were recovered by adding 960 µL SOC medium [SOB medium 

containing 20 mM glucose (Sigma-Aldrich, cat. #: G7528)] to the cells. The cells were 

then incubated at 30 °C with shaking (250 rpm) for 4 h. The cells were subsequently 

plated onto LB-agar plates containing ampicillin (100 µg/mL) and all other 

appropriate antibiotics (with concentrations as described in our previous work193) and 
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incubated at 30 °C for 18 h. After incubation, 8 colonies were selected for screening, 

and successful integration of the linear DNA insert at the desired genomic locus was 

confirmed via colony PCR screening and sequence analysis of PCR fragments 

amplified from the genome.  

 

The final cell strains can be cultured at 42 °C overnight (18 h) to remove the 

temperature-sensitive pSLTS or pKD46 plasmid after the desired genetic 

manipulations have been achieved193,197. 

 

2.3.1.2  Introduction of deletions into the E. coli genome  

 

To make the strain DEMRA-EMRBM32F (i.e., ΔemrA, emrB-mEos3.2-

FLAG), a linear DNA insert to make ΔemrA was prepared using primer pair 

43H1dEmrA-kan-fp and 43H2dEmrA-kan-rp (Table 6) and kanamycin gene template 

from digested plasmid pT2SK (Table 5). This linear DNA insert was then 

electroporated into electrocompetent cells of EMRBM32F harboring the pKD46 

plasmid according to the procedures described above.  

 

To make the strain DACRA-EMRBM32F (i.e., ΔacrA, emrB-mEos3.2-FLAG), 

a linear DNA insert to make ΔacrA was prepared using primer pair 43H1dAcrA-kan-

sm5-fp and 43H2dAcrA-kan-sm3-rp (Table 6) and kanamycin gene template from 

digested plasmid pT2SK (Table 5). This linear DNA insert was then electroporated 
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into electrocompetent cells of EMRBM32F harboring the pKD46 plasmid according 

to the procedures described above. 

 

To make the strain DACRA-DEMRB (i.e., ΔacrA, ΔemrB), a linear DNA 

insert to make ΔemrB was prepared using primer pair 43H1dEmrB-kan-fp and 

43H2dEmrB-kan-rp (Table 6) and kanamycin gene template from digested plasmid 

pT2SK (Table 5). This linear DNA insert was then electroporated into 

electrocompetent cells of BW25113 harboring the pKD46 plasmid according to the 

procedures described above. Upon the successful deletion of the emrB gene, 

electrocompetent cells of this intermediate strain DEMRB-pKD46 (i.e., ΔemrB with 

pKD46 still present, Table 7) were prepared. Next, a linear DNA insert to make ΔacrA 

was prepared using primer pair 40H1dacrA-cam-fp and 40H2dacrA-cam-rp (Table 6) 

and chloramphenicol gene template from linearized plasmid pUCmEos3.2FLAG:cat 

(Table 5). This linear DNA insert was electroporated into the electrocompetent 

DEMRB-pKD46 cells expressing the recombination enzymes (exo, bet, gam) from 

pKD46. Screening and sequencing procedures as described in Appendix Section 

2.3.1.1 above were used to confirm the deletion of the acrA gene, resulting in the 

double-knockout strain ΔacrA, ΔemrB (DACRA-DEMRB, Table 7). 

 

The final cell strains can be cultured at 42 °C overnight (18 h) to remove the 

temperature-sensitive pKD46 plasmid after the desired genetic manipulations have 

been achieved193,197. 
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2.3.1.3  Cloning emrBmE into pBAD24 for Western blot detection of fusion protein 

intactness 

 

To check that the mEos3.2-FLAG–tagged EmrB stays intact in the cell after 

expression, the emrB-mEos3.2-FLAG gene was inserted into the L-arabinose–

inducible pBAD24 plasmid (Table 5). Primers EcoRI-EmrB-fp-gibson and SalI-mE-

FL-rp-gibson (Table 6) were used to obtain a PCR product containing emrB-mEos3.2-

FLAG. The linear DNA was gel-purified and subject to PCR clean-up, then inserted 

via Gibson assembly into a pBAD24 plasmid digested with the EcoRI and SalI 

restriction enzymes. A Gibson assembly calculator 

(https://barricklab.org/twiki/bin/view/Lab/ProtocolsGibsonCloning; 

Bens_Gibson_Assembly.xlsx) was used to determine the volumes of the emrB-

mEos3.2-FLAG insert, digested EcoRI-pBAD24-SalI plasmid, and nanopure sterile 

water to add to the Gibson Assembly Master Mix (NEB, cat no. E2611S). After 

incubating the mixture at 50 °C for 1 h, 2 µL of the resulting plasmid [termed 

pEMRBM32F (Table 5), which expresses EmrB-mEos3.2-FLAG] was transformed 

into E. cloni 10G chemically competent cells (Lucigen) and incubated at 37 °C for 1 h 

with shaking (250 rpm) before plating onto LB-agar plates containing ampicillin (100 

µg/mL). An overnight culture was prepared of a positive colony (i.e., one which 

showed the successful emrB-mEos3.2-FLAG insertion via colony PCR), and the 

plasmid construct was extracted via DNA miniprep (Qiagen) and sent for DNA 

sequencing for final verification. This plasmid was then electroporated into the 
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chromosomally-tagged EmrB strain (EMRBM32F) to obtain the strain EMRBM32F-p 

(Table 7). 

 

Table 5. Plasmids used or constructed in this study 

Plasmid name 
Relevant characteristic or 

genotype 
Sourcea 

1. pSLTS 

beta, gam, exo recombination 

enzymes, I-SceI enzyme, bla 

(ampicillin resistance) 

Kim et al.199 

(Addgene plasmid 

59386)  

2. pKD46 
beta, gam, exo recombination 

enzymes, bla 

Keio collection 

(Datsenko et al.200) 

3. pT2SK 
I-SceI recognition site, kanR 

(kanamycin resistance) 

Kim et al.199 

(Addgene plasmid 

59383) 

4. pBAD24 bla, L-arabinose inducible 

Guzman et al.201 

(Coli Genetic Stock 

Center #12523) 

5. pUCmEos3.2FLAG:cat 

mEos3.2-FLAG, cat 

(chloramphenicol resistance), 

bla, pUC19 backbone 

Santiago et al.193 

6. 

pUCPAmCherry1FLAG:cat 

PAmCherry1-FLAG, cat, bla, 

pUC19 backbone 
Fu et al.2 
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7. pEMRBM32F 
pBAD24 backbone, emrB-

mEos3.2-FLAG insert 
This study (LG) 

8. pEMRAPAMCF 
pBAD24 backbone, emrA-

PAmCherry1-FLAG insert 

This study; to be 

made 

a LG: Lauren Genova 

 

Table 6. Primers used in this study 

Primer name Sequence (5'-3') 

1. 40H1EmrB-mE-fp 
ACCGCCATTTGGCGCAGGTGGCGGCGGAGGC

GGTGCGCACATGAGTGCGATTAAGCCAGA   

2. 41H2EmrB-cam-frt-

sacdown-rp 

AATTGAAAAAAGCCAGTTCAAATGAACTGGC

TTAGTTGTACCGACGGCCAGTGAATTCGA 

3. 38H1EmrA-PA-fp 
ATAAACTGATCGACGATATCGTAAAAGCTAA

CGCTGGCGTGAGCAAGGGCGAGGAGGATA  

4. 40H2EmrA-cat-rp 
TTCCAGCGGTTTTTGCTGTTGCATCACACGCA

CCTCTGGACATATGAATATCCTCCTTAG 

5. EmrB-ip-fp GCGAGTCGATGCACCAT 

6. EmrB-ip-600-fp CTGCTGGTTATTGGTATC 

7. EmrB-upstream-fp TACCACTAACCGTGACG 

8. EmrB-downstream-rp GTCTACCAGTGTGGCA 

9. EmrA-ip-fp GAGCAATATCCGCTGCGTA 

10. EmrA-ip-600-fp CAATACAATGCCAATCAGG 
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11. EmrA-upstream-fp GTGGTTCTCGAAGCGATGA 

12. EmrA-downstream-rp AGCGATGAGCCCAGATTC 

13. 43H1dEmrB-kan-fp  
GATATCGTAAAAGCTAACGCTGGCTAATCCA

GAGGTGCGTGTGATCTCAAGAGTGGCAGC 

14. 43H2dEmrB-kan-rp  
TTAATTGAAAAAAGCCAGTTCAAATGAACTG

GCTTAGTTGTACTTACGCCCCGCCCTGC 

15. 43H1dEmrA-kan-fp  
AGGTCGGCTCAGCCGATGAGTTAAGAAGATC

GTGGAGAACAATATCTCAAGAGTGGCAGC 

16. 43H2dEmrA-kan-rp 
GCCTTCCAGCGGTTTTTGCTGTTGCATCACAC

GCACCTCTGGATTACGCCCCGCCCTGC 

17. ip-fp-cat CGTGCCGATCAACGTCTC 

18. ip-rp-cat TACGCAAGGCGACAAGGT 

19. ip-fp-kan CCCTTGTCCAGATAGCCCA 

20. ip-fp-kan-pT2SK AGTCGGAATCGCAGACC 

21. ip-rp-kan GACCGCTATCAGGACATA 

22. 43H1dAcrA-kan-sm5-

fp 

TTGACCATTGACCAATTTGAAATCGGACACT

CGAGGTTTACATATCTCAAGAGTGGCAGC 

23. 43H2dAcrA-kan-sm3-

rp 

ATCGATAAAGAAATTAGGCATGTCTTAACGG

CTCCTGTTTAAG TTACGCCCCGCCCTGC 

24. 40H1dAcrA-cam-fp 
ACCATTGACCAATTTGAAATCGGACACTCGA

GGTTTACATGTGTAGGCTGGAGCTGCTTC 

25. 40H2dAcrA-cam-rp GATAAAGAAATTAGGCATGTCTTAACGGCTC
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CTGTTTAAG CATATGAATATCCTCCTTAG 

26. acrA-upstream-fp ATAAACGCAGCAATGGGT 

27. acrA-downstream-rp CGGCAGTTTGAGGATCG 

28. EcoRI-EmrB-fp-gibson 
TTGGGCTAGCAGGAGGAATTCACCATGCAAC

AGCAAAAACCG  

29. SalI-mE-FL-rp-gibson 
CTTGCATGCCTGCAGGTCGATTATTTATCATC

ATCATCTTTATAATCAGG 

30. pBAD-fp ATGCCATAGCATTTTTATCC 

31. pBAD-rp CCGCCAGGCAAATTCTG 

32. pKD46-seq-fp GACGGCTACATCATTCAC 

33. pKD46-seq-rp GTGGCGTTGCAAATGATCG 

 

Table 7. Strains used or constructed in this study 

Strain 
Relevant characteristics or 

genotype 

Reference or 

sourcea 
Purpose 

1. BW25113 

Base strain, F-, DE(araD-

araB)567, 

lacZ4787(del)::rrnB-3, LAM-

, rph-1, DE(rhaD-rhaB)568, 

hsdR514 

Keio 

collection 
Base strain 

2. EMRBM32F emrB-mEos3.2-FLAG, cat 
This study 

(LG) 
Imaging 
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3. DEMRA-

EMRBM32F 

ΔemrA, emrB-mEos3.2-

FLAG, kanR, cat 

This study 

(LG) 
Imaging 

4. DEMRB ΔemrB, kanR 
This study 

(LG) 
Base strain 

5. DEMRB-pKD46 ΔemrB, kanR, pKD46 
This study 

(LG) 
Base strain 

6. DEMRA ΔemrA, kanR 
This study 

(LG) 
Base strain 

7. DACRA-KAN ΔacrA, kanR 
This study 

(LG) 

Functionality 

assay 

8. DACRA-CAM ΔacrA, cat 
This study 

(LG) 
Base strain 

9. DACRA-CAM-

pKD46 
ΔacrA, cat, pKD46 

This study 

(LG) 
Base strain 

10. DACRA-

EMRBM32F 

ΔacrA, emrB-mEos3.2-

FLAG, kanR, cat 

This study 

(LG) 

Functionality 

assay 

11. DACRA-

DEMRB 
ΔacrA, ΔemrB, kanR, cat 

This study 

(LG) 

Functionality 

assay 

12. DACRA-

DEMRA 
ΔacrA, ΔemrA, kanR, cat 

This study 

(LG) 

Functionality 

assay 

13. EMRBM32F-p 
emrB-mEos3.2-FLAG, 

pEMRBM32F 

This study 

(LG) 

Western 

blot, 
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membrane 

localization 

14. EMRBM32F-

pBAD 

emrB-mEos3.2-FLAG, 

pBAD24 

This study 

(LG) 
Western blot 

15. EMRAPAMCF 
emrA-PAmCherry1-FLAG, 

cat 

This study; in 

progress  
Imaging 

16. DEMRB-

EMRAPAMCF 

ΔemrB, emrA-PAmCherry1-

FLAG, kanR, cat 

This study; to 

be made 
Imaging 

17. DACRA-

EMRAPAMCF 

ΔacrA, emrA-PAmCherry1-

FLAG, kanR, cat 

This study; to 

be made 

Functionality 

assay 

18. 

EMRAPAMCF-p 

emrA-PAmCherry1-FLAG, 

pEMRAPAMCF 

This study; to 

be made 

Western 

blot, 

membrane 

localization 

19. 

EMRAPAMCF-

pBAD 

emrA-PAmCherry1-FLAG, 

pBAD24 

This study; to 

be made 
Western blot 

a LG: Lauren Genova 

 

2.3.2 Immunoblotting for protein intactness 

 

Sample preparation. Strains EMRBM32F-p (i.e., a chromosomally-tagged 

emrB-mEos3.2-FLAG strain harboring the plasmid pEMRBM32F that encodes emrB-
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mEos3.2-FLAG), as well as the negative control EMRBM32F-pBAD (i.e., a 

chromosomally-tagged emrB-mEos3.2-FLAG strain harboring an empty pBAD24 

vector) (Table 7), were grown overnight (18 h) at 37 °C in LB with the appropriate 

antibiotics. A sample (50 µL) of each overnight culture was added to 5 mL of 1× M9 

medium supplemented with 0.01% CaCl2, 0.2% MgSO4, 0.4% glucose, 8% MEM 

amino acids, and 4% MEM vitamins. After incubating these cultures at 37 °C for 4 h 

with shaking (250 rpm) to reach OD600 ~ 0.3, 20 mM of L-arabinose was added to the 

cultures to induce production of the proteins from the pBAD24 vectors for 30 min at 

37 °C with shaking (250 rpm). 1 mL aliquots of the resulting cell cultures were 

centrifuged (1300 g) for 5 min. The supernatant was removed and replaced with 1 mL 

of fresh 1× M9 (containing all reagents listed above) and incubated at room 

temperature (22 °C for 20 min) before centrifugation (1300 g) for 5 min. The 

supernatant was again removed, and the resulting cell pellets were gently yet 

thoroughly re-suspended in 95 µL 2× Laemmli Sample Buffer (BIORAD, cat. #: 

1610737). To this resuspension, 2.5 µL of beta-mercaptoethanol (Sigma-Aldrich, cat. 

#: M6250) and 2.5 µL of Protease Inhibitor Cocktail (Promega, cat. #: G6521) were 

added.  

 

Western blot. The samples were sonicated at room temperature (22 °C) for 15 

min. To the SDS-PAGE gel, 12 µL of the samples were added, as well as a ladder for 

reference [4 µL of Amersham ECL Plex Fluorescent Rainbow protein molecular 

weight markers (GE Healthcare Life Sciences, Product code: RPN850E)]. The gel was 

run in 1× MES buffer (pH = 7.3) for 130 min at 120 V, 400 mA (Biorad PowerPac 
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Basic, cat. #: 164-5050). Electrophoretic transfer of proteins from the SDS PAGE gel 

onto Amersham Hybond LFP 0.2 PVDF membrane (GE Healthcare Life Sciences, 

Product code: 10600102) was performed for 70-80 min at 100 V, 400 mA (Biorad 

PowerPac Basic) in transfer buffer193. The membrane was blocked with 4% 

Amersham ECL Prime blocking reagent (GE Healthcare Life Sciences, Product code: 

RPN418) in 1× PBS-T wash buffer (0.1% Tween-20, cat. #: P9416, Sigma- Aldrich) 

at 4 °C with shaking (100 rpm) overnight (18 h). After blocking, the membrane was 

washed with 1× PBS-T twice for 5 min each time. The membrane was incubated in a 

1× PBS-T solution containing rabbit-derived anti-FLAG primary antibody (1:10,000 

dilution, Rockland Immunochemical, cat. #: RL600- 401-383S) for 1.5 h at 22 °C, 

shaking (100 rpm). The membrane was rinsed 3× with 1× PBS-T, then washed 4 × 5 

min in 1× PBS-T. Next, the membrane was incubated in a 1× PBS-T solution 

containing the goat-derived Horseradish Peroxidase–conjugated Fab fragment anti-

rabbit secondary antibody (1:20,000 dilution, Rockland Immunochemical, cat. #: 

RL811-1302) for 1 h at 22 °C, shaking (100 rpm). The membrane was rinsed 3× with 

1× PBS-T, washed 4 × 5 min in 1× PBS-T, and rinsed 3× with 1× PBS. After 

subjecting the membrane to Pierce ECL 2 Western Blotting substrate (Fisher 

Scientific, cat. #: PI80196) as described by the manufacturer, the peroxidase activity 

was detected using a fluorescent imager (Bio-Rad ChemiDoc MP Imaging System). 

  

2.4 CELL GROWTH ASSAYS UNDER CCCP STRESS SHOW THAT 

MEOS3.2-TAGGED EMRB IS FUNCTIONAL. 
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The functionality of mEos3.2-tagged EmrB was tested via CCCP resistance 

cell growth assays. A ΔacrA base strain was used for all growth assay experiments to 

increase cells’ sensitivity to CCCP, which is a drug specific to EmrAB-TolC 

efflux43,221. Cells were first grown in 6 mL LB with appropriate antibiotics for 18 h at 

37 oC with shaking (250 rpm). From each culture, a 1:1000 dilution was used to 

inoculate a new culture in LB containing varying concentrations of CCCP and no 

antibiotics and grown for 22 h at 37 oC with shaking (250 rpm) before measuring their 

final OD600 (optical density at λ = 600 nm). 

 

The CCCP resistance of the chromosomally-tagged strain (e.g., ΔacrA, 

emrBmE; DACRA-EMRBM32F, Table 7) was compared with those of the untagged 

strain (ΔacrA; DACRA-KAN, Table 7) and the corresponding deletion strain (e.g., 

ΔacrA, ΔemrB; DACRA-DEMRB, Table 7). 

 

Figure 16 shows the tagged emrBmE strain (red) grows nearly identically to the 

untagged strain (black) and has a significant higher resistance to CCCP than the 

ΔemrB deletion strain (blue). These data demonstrate that tagging EmrB with mEos3.2 

at its C-terminus does not significantly perturb this protein’s function.  
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Figure 16. CCCP resistance cell growth assay indicates that mEos3.2-tagged EmrB, 

EmrBmE, is functional. Using a ΔacrA base strain to increase sensitivity to CCCP 

stress, the strain containing the mEos3.2-tagged EmrB at its chromosomal locus (i.e., 

ΔacrA, emrBmE) has significantly higher tolerance than the ΔacrAΔemrB strain. 

Therefore, tagging EmrB with mEos3.2 at its C-terminus maintains its function in 

conferring CCCP resistance to the cell. Method: Cells were grown in LB solution 

containing varying concentrations of CCCP. The cells were incubated for 22 h at 37oC 

before measuring their OD600. Data were collected in triplicate. Error bars are s.d. 

 

 
2.5 WESTERN BLOT SHOWS THAT EMRBME IS INTACT IN THE CELL. 

 

The 30-min induction of EmrB-mEos3.2-FLAG with L-arabinose shows a 

dominant band at MW ~75 kDa (expected MW is 82 kDa), with ~15% cleavage band 

observed at ~33 kDa (lane 2, Figure 17). Note that it is common for membrane 
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proteins to migrate on SDS-PAGE to a location that does not precisely match that of 

its formula weight202. We currently attribute the band at ~150 kDa of lane 2 as 

putative aggregates of EmrB-mEos3.2-FLAG222. To support this hypothesis, we will 

repeat this experiment by lowering the amount of protein loaded and/or preparing the 

samples under conditions of heat denaturation (besides or instead of sonication) to 

eliminate aggregates and more thorough reduction to eliminate possible disulfide 

linkages. The negative control lanes 3 and 4 [strain EMRBM32F (Table 7) carrying 

pBAD24 without any insert] show bands at ~80 kDa. This band is also present in the 

sample in lane 2; therefore, this band is likely nonspecific and was not considered in 

the quantitation of EmrBmE. Lanes 3 and 4 do not show bands at ~33 kDa; therefore, 

the band at 33 kDa in lane 2 is likely a cleaved product of EmrB-mEos3.2-FLAG 

(Figure 17). No band is observed at the expected size of 26 kDa for mE-FLAG. 
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Figure 17. Western blot reveals FLAG-tagged EmrBmE (i.e., EmrB-mEos3.2-FLAG) 

is predominantly intact inside the cell (~85% intact). Western blot of EmrBmE 

expressed from a pBAD24 plasmid under 30-min induction with L-arabinose (column 

2). The negative control is a strain that contains an empty pBAD24 plasmid (i.e., 

without the EmrBmE insert, columns 3, 4). The strains in columns 2-4 also contain 

EmrBmE in the chromosome, which is under the control of the native promoter of the 

emr operon. The FLAG-tagged EmrBmE fusion protein is observed at ~75 kDa (around 

its expected size), with ~15% cleavage observed at ~33 kDa (column 2). The cleavage 

percentage was determined by line-profiling the gel image vertically and quantifying 

the relative band intensities in the line profile. 

 

2.6 IMAGING OF EMRBME IN LIVE E. COLI CELLS CONFIRMS 

MEMBRANE LOCALIZATION.  

 

To prepare E. coli cells for imaging, an overnight culture of EMRBM32F-p 

(i.e., a chromosomally-tagged emrB-mEos3.2-FLAG strain harboring the plasmid 

pEMRBM32F that encodes emrB-mEos3.2-FLAG) (Table 7) was prepared in LB with 

appropriate antibiotics at 37 °C with shaking (250 rpm). A sample (50 µL) of this 

overnight culture was added to 5 mL of 1× M9 medium supplemented with 0.01% 

CaCl2, 0.2% MgSO4, 0.4% glycerol, 8% MEM amino acids, and 4% MEM vitamins. 

After incubating this culture at 37 °C for 4 h with shaking (250 rpm) to reach OD600 ~ 

0.3, 20 mM of L-arabinose was added to the culture to induce production of EmrBmE 

from the pBAD24 vector for 30 min at 37 °C with shaking (250 rpm). This step is 
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needed to overexpress the tagged EmrB proteins from the L-arabinose–inducible 

pBAD plasmid to increase the cellular level of these proteins for detection.  Two 1-mL 

aliquots of the resulting cell culture were centrifuged (1300 g) for 5 min. The 

supernatants were removed, and 1 mL of fresh supplemented 1× M9 (containing all 

reagents listed above) was added to one of the cell pellets to thoroughly resuspend the 

cells before adding to the other pellet from the same culture. The cells were 

centrifuged (1300 g) for 5 min and washed with 1 mL of fresh supplemented 1× M9 

twice more, then incubated at 37 °C with shaking (250 rpm) for 1 h for protein 

refolding/maturation. After 1 h, the cells were again centrifuged (1300 g) for 5 min to 

yield the final cell pellet to be used for imaging, which was re-suspended in 15-20 µL 

of supplemented 1× M9. The cells were allowed to incubate at room temperature (22 

°C) as the slide was prepared.  

 

To prepare the slide for imaging, a 3% (w/v) agarose gel pad was prepared for 

surface immobilization of E. coli cells. Agarose (Type 1, low EEO, cat. #: A6013, 

Sigma Aldrich) was first dissolved in 1× M9 medium (supplemented with 0.01% 

CaCl2, 0.2% MgSO4, 0.4% glucose, 8% MEM amino acids, and 4% MEM vitamins) 

by heating the mixture in a microwave oven until the agarose was fully dissolved. A 

sample (50 µL) of this solution was drop-casted onto the center of a glass slide with 

Parafilm (Bemis NA) spacers secured along the sides of the slide. Another glass slide 

was immediately pressed against the liquid agarose until it solidified at room 

temperature to become a small gel pad. The Parafilm was removed after the gel pad 

solidified. Double-sided tape was then used as spacer in replacement of the Parafilm 
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lining the sides of the glass slide. The cell sample (~1 µL) was then added on top of 

the agarose gel pad, and a clean coverslip was placed on top of the gel pad, spreading 

and immobilizing the cells on the agarose gel. The coverslip edges were sealed with 

epoxy to prevent gel drying and medium evaporation. 

 

For fluorescence imaging, the cells were imaged using an Olympus IX71 

inverted microscope equipped with transmission optics and an electron-multiplying 

CCD camera (Andor Technology, DU-897E-CSO-#BV) as we previously 

described197. The imaging protocol consisted of 3 min of 405 nm laser activation at a 

lower power density of  ≤10 W/cm2, followed by excitation with 200 rounds of 561 

nm laser at a power density of 21.7 kW/cm2 in epi-illumination mode while detecting 

the red-fluorescence of the mEos3.2-tagged EmrB molecules with the EMCCD 

camera (EM gain: 100, exposure time: 4 ms). The “halo” patterns evident in these 

fluorescence images (averaged over 200 frames) show that EmrBmE molecules reside 

predominantly in the membrane, i.e., at the cell contour (Figure 18).  
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Figure 18. Membrane localization of overexpressed EmrBmE in live E. coli cells 

(strain EMRBM32F-p, Table 7). The “halo” patterns evident in these images show 

that EmrBmE proteins are localized predominantly in the membrane (presumably inner 

membrane) of the cell. This experiment was performed in collaboration with Dr. Bing 

Fu. 

 

2.7 CURRENT AND FUTURE WORK FOR PARALLEL EMRAPA STUDIES  

 

The emrAPA (i.e., EMRAPAMCF, Table 7) strain will be created via lambda 

Red (λ-Red) recombineering, where PAmCherry1-FLAG (a dark-to-red 

photoactivatable fluorescent protein with a C-terminal FLAG epitope)168 will be fused 

to the C-terminus of EmrA at its chromosomal locus, as described in our previous 

work193. While EmrA is a periplasmic protein, mCherry is reported to be successfully 

expressed in oxidizing environments223; thus, we expect PAmCherry1 to be 

compatible (i.e., fold and mature properly) in the bacterial periplasm.  

 

2.7.1 Tagging the C-terminus of EmrA with photoactivatable fluorescent protein 

PAmCherry1 and FLAG epitope 

 

Making linear DNA inserts with homology regions. To tag our gene of 

interest (i.e., emrA), we first needed to make the appropriate linear DNA insert, which 
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is a linear fragment of DNA with homology regions designed to target specific regions 

of the genome.  

 

To create the linear DNA insert to tag EmrA, primers 38H1EmrA-PA-fp and 

40H2EmrA-cam-rp (Table 6) were used to amplify the PAmCherry1-FLAG:cat region 

from the linearized plasmid pUCPAmCherry1FLAG:cat (Table 5), which contains the 

PAmCherry1-FLAG gene as well as the chloramphenicol resistance gene cassette, 

cat193. The resulting linear DNA insert, 38H1EmrA-PAmCherry1-FLAG:cat-

40H2EmrA, is flanked by two homology regions (H1 and H2). The homology region 

H1 is the same as the last 38 bp of emrA before the stop codon, while the homology 

region H2 is the next 40 bp directly after the stop codon of emrA. 

The linear DNA insert for emrA was digested with DpnI to eliminate any 

remaining methylated pUCPAmCherry1FLAG:cat plasmid, then gel-purified using a 

PCR Clean-up System (Promega). This insert will be electroporated into 

electrocompetent cells of BW25113 harboring the pKD46 plasmid according to the 

procedures described above.  

Once EmrA is tagged, the appropriate strains (Table 7) can be made to perform 

functionality growth assays, Western blot, and membrane localization experiments, 

following procedures parallel to those for EmrB.  

 

2.7.2 Introduction of deletions into the E. coli genome  
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To make the strain DACRA-DEMRA (i.e., ΔacrA, ΔemrA), a linear DNA 

insert to make ΔacrA was prepared using primer pair 40H1dacrA-cam-fp and 

40H2dacrA-cam-rp (Table 6) and chloramphenicol gene template from linearized 

plasmid pUCmEos3.2FLAG:cat (Table 5). This linear DNA insert was then 

electroporated into electrocompetent cells of BW25113 harboring the pKD46 plasmid 

according to the procedures described above. Upon the successful deletion of the acrA 

gene, electrocompetent cells of this intermediate strain DACRA-CAM-pKD46 (i.e., 

ΔacrA with pKD46 still present, Table 7) were prepared. Next, a linear DNA insert to 

make ΔemrA was prepared using primer pair 43H1dEmrA-kan-fp and 43H2dEmrA-

kan-rp (Table 6) and kanamycin gene template from digested plasmid pT2SK (Table 

5). This linear DNA insert was then electroporated into the electrocompetent DACRA-

CAM-pKD46 cells expressing the recombination enzymes (exo, bet, gam) from 

pKD46. Screening and sequencing procedures as described in Appendix Section 

2.3.1.1 above were used to confirm the deletion of the emrA gene, resulting in the 

double-knockout strain ΔacrA, ΔemrA (DACRA-DEMRA, Table 7). 

 

The final cell strains can be cultured at 42 °C overnight (18 h) to remove the 

temperature-sensitive pKD46 plasmid after the desired genetic manipulations have 

been achieved193,197. 
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