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 Metalloregulators regulate transcription in response to metal ions. MerR-family 

metalloregulators act on suboptimal promoters and operate via a unique DNA distortion 

mechanism, where both apo and holo bind to sequences within promoters, distorting DNA and 

leading to transcription repression or activation, respectively. It remains unclear, however, how 

these metalloregulatorDNA interactions are coupled dynamically to RNA polymerase (RNAP) 

interactions with DNA for repression and activation. How transcription is turned off after 

activation also remains unclear. Using single-molecule FRET, we studied (i) dynamic 

interactions of the copper efflux regulator, CueR (a Cu
+
-responsive MerR-family 

metalloregulator), with DNA, (ii) how CueR modulates RNAP interactions with the suboptimal 

promoter PcopA, and (iii) how RNAP affects CueRPcopA interactions. Besides quantifying 

CueR’s DNA binding and unbinding kinetics, we discovered that CueR spontaneously flips 

binding orientations at the recognition site. CueR also has two different binding modes, 

corresponding to interactions with specific and nonspecific DNA, facilitating recognition 

localization. Most strikingly, a CueR coming from solution can directly substitute a DNA-bound 

CueR or assist the dissociation of the incumbent CueR, both of which are first such examples for 

any DNA-binding protein. The kinetics of direct protein substitution and assisted dissociation 

reactions indicate that these two novel processes can provide efficient pathways to replace a 



 

 

DNA-bound holo-CueR with apo-CueR, thus turning off transcription promptly and facilely.  We 

also found that RNAP forms two non-interconverting complexes at PcopA, a terminal dead-end 

complex and an open complex, constituting a branched mechanistic pathway distinct from the 

prevalent linear pathways for transcription initiation at optimal promoters. Capitalizing on this 

branched pathway, CueR operates via a “biased sampling” instead of a “dynamic equilibrium 

shift” mechanism in regulating transcription initiation. It modulates RNAP’s binding-unbinding 

kinetics, either, in its apo-repressor form, reinforcing the dominance of the terminal dead-end 

complex to repress transcription or, in its holo-activator form, shifting the interactions toward the 

open complex to activate transcription, without allowing interconversion between the dead-end 

and open complexes. RNAP in turn locks CueR-PcopA binding into its specific binding mode, 

likely amplifying DNA structural changes imposed by apo- and holo-CueR, leading to a 

synergistic effect in forming ternary RNAP-PcopA-CueR complexes. 

 

 

 

 

 

 

 

 



iii 

 

 

BIOGRAPHICAL SKETCH 

 Danya J. Martell Smart was born in Saudi Arabia, and spent her childhood playing on 

sand dunes and climbing date trees. She moved to the United States when she was eight years 

old. Eventually she went to college where she met and married the love of her life. During 

college she researched the development of transition metal complexes for the activation of N2 

with Professor Yann Schrodi at California State University Northridge, graduating in 2010 with a 

BS in biochemistry. She then proceeded to Cornell University, where she researched 

metalloregulator-DNA interactions using single-molecule FRET in Professor Peng Chen’s lab, 

and during that time she also grew her family by two dogs and three babies. She and her family 

are ready and excited to see where their next adventure will take them. 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to Alex who has always believed in me, my sons Phoenix and Fintan without whom 

this dissertation would have been completed much earlier but I also would have had a lot less joy 

in my life, and to Winston who is ever in my heart. 

 

 

 

 

 

 

 

 

 

 



v 

 

ACKNOWLEDGMENTS 

 I would like to thank my advisor, Peng Chen, for his guidance, insightful conversations 

and for pushing me to do my best, think critically and become a better scientist during my 

graduate studies. I would also like to thank him for his compassion through a painful personal 

loss and for allowing me the time I needed when my son Phoenix was born; I am immensely 

grateful for his understanding and support.  

 I would like to thank my committee members, Warren Zipfel and Hening Lin, for their 

time and thoughtful discussions. I would also like to thank various members within the Chen 

Lab, whose support, contribution, and discussions were vital to my research progress: Chandra P. 

Joshi for taking the time to train me and his help in designing and carrying out experiments; Ace 

G. Santiago for always lending a listening ear and his contributions to the data analysis; Tai-Yen 

Chen for his help and contribution to the data analysis. I would also like to thank R. Ebright 

(Rutgers University) for providing the plasmid and purification protocol of σ
70

; C. Kinsland 

(Cornell University) for access to the protein production facility and C. He and P. R. Chen 

(University of Chicago) for providing the plasmid and purification protocol of CueR.  

 Last, but not least, I would like to thank my husband, Alex, and sons, Phoenix and Fintan 

for their love and support and for always giving me something to smile about. 

 

 

 

 

 

 



vi 

 

TABLE OF CONTENTS  

CHAPTER 1: INTRODUCTION ......................................................................................................... 1 

CHAPTER 2: DIRECT SUBSTITUTION AND ASSISTED DISSOCIATION PATHWAYS FOR TURNING OFF 

TRANSCRIPTION BY A MERR-FAMILY METALLOREGULATOR .......................................................... 6 

 2.1: Introduction ...................................................................................................................... 6 

 2.2: Experimental Strategy...................................................................................................... 8 

 2.3: Two Protein Binding Orientations on DNA .................................................................... 9 

 2.4: Protein Flipping on DNA ............................................................................................... 12 

 2.5: Single-step Protein Binding Kinetics ............................................................................. 13 

 2.6: Two Different Binding Modes of Protein  ..................................................................... 14 

 2.7: Direct Protein Substitution and Assisted Protein Dissociation  ..................................... 16 

 2.8: Interaction Mechanism and Quantitative Kinetics  ........................................................ 19 

 2.9: Discussion ...................................................................................................................... 24 

 2.10: Materials and Methods................................................................................................. 27 

           2.10.1: Protein mutagenesis, expression, purification, fluorescence labeling, and 

 copper removal ........................................................................................................ 27 

            2.10.2: DNA preparation, purification and fluorescence labeling ............................. 29 

            2.10.3: Single-molecule fluorescence experiments and data analysis  ...................... 30 

                   2.10.4: In vitro run-off transcription assay ................................................................ 32 

            2.10.5: Nanovesicle trapping of protein and DNA  ................................................... 33 



vii 

 

 2.11: Supplementary Information ......................................................................................... 34 

           2.11.1: Experimental strategy .................................................................................... 34 

            2.11.2: Location of fluorescent probes ...................................................................... 35 

            2.11.3: Measurement of nanovesicle diameter by dynamic light scattering  ............. 36 

                   2.11.4: Apo-CueR and DNA interactions .................................................................. 37 

            2.11.5: Dependence of 1
1

 on protein concentration  .............................................. 40 

                   2.11.6: Cy3-DNA interaction with a mixture of holo-CueRCy5-C129 and holo-

 CueRCy5-E96C  ...................................................................................................... 41 

            2.11.7: Protein monomer-dimer equilibrium and surface effects are insignificant ... 42 

                   2.11.8: Comparison of the dwell time distributions from direct immobilization  

 scheme and those from the nanovesicle trapping scheme  ....................................... 45 

                   2.11.9: CueR-DNA dissociation constant from ensemble fluorescence anisotropy 

 titration  .................................................................................................................... 47  

           2.11.10: Derivation of the probability density function f() and 1
 for the dwell 

 time 2 and 1  ........................................................................................................... 50 

                   2.11.11: Derivation of the probability density function f0() and 0
1

 for the dwell 

 time 0 ...................................................................................................................... 59 

            2.11.12: Simplified kinetic mechanism of CueR-DNA interaction ........................... 61 

                   2.11.13: Inter-conversion rate constants (k3 and k3) of apo and holo-CueR-DNA 

 interactions  .............................................................................................................. 63 



viii 

 

                   2.11.14: The equilibrium ratio between protein-bound population and unbound 

 population  ................................................................................................................ 63 

            2.11.15: Additional details about procedure of extracting kinetic parameters  ......... 65 

                   2.11.16: Determination of the corresponding CueR-DNA ensemble dissociation 

 constants using single molecule dissociation constants ........................................... 66 

            2.11.17: Analysis of in vitro transcription run-off assay results ................................ 67 

                   2.11.18: CueR behaves similarly in its interactions with a long, 121 base-pair, DNA 

 containing the complex promoter  ............................................................................ 68 

                   2.11.19: CueR can flip its binding orientation on DNA in the presence of 

                     RNAP  ...................................................................................................................... 71 

            2.11.20: Apo-CueR can directly substitute holo-CueR and vice versa on DNA ....... 72 

CHAPTER 3: METALLOREGULATOR CUER BIASES RNA POLYMERASE’S KINETIC SAMPLING OF 

DEAD-END OR OPEN COMPLEX TO REPRESS OR ACTIVATE TRANSCRIPTION.................................. 75 

 3.1: Introduction .................................................................................................................... 75 

 3.2: RNAP Forms Two, Non-Interconverting, Complexes with the Suboptimal Promoter       

     PcopA ................................................................................................................................ 78 

 3.3: Holo-CueR, the Activator, Shifts RNAP-PcopA Interactions Toward the Original Minor   

Complex ............................................................................................................................ 83 

 3.4: Apo-CueR, the Repressor, Reinforces the Original Major RNAP-PcopA Complex ..... 84 

 3.5: Assignments of Two RNAP-PcopA Complexes: CueR Shifts RNAP-PcopA  Interactions  

between Open and Dead-end Complexes ......................................................................... 85 



ix 

 

 3.6: CueR Changes RNAP Binding and Unbinding Kinetics in Forming Open or Dead-end 

 Complex without Allowing for Interconversion  .................................................................. 87 

 3.7: RNAP Locks CueR-RNAP Interactions into the Specific Binding Mode  .................... 88 

 3.8: Discussion  ..................................................................................................................... 91 

 3.9: Materials, Methods, and Experimental strategy ............................................................ 95 

           3.9.1: DNA design, fluorescent probe location, and preparation .............................. 95 

                   3.9.2: Structural model of RNAP-DNA-CueR complex for selecting locations of 

 fluorescent probes  ................................................................................................... 98 

            3.9.3: σ
70

 mutant expression, purification and fluorescent labeling ........................ 100 

                   3.9.4: CueR expression, purification, fluorescent labeling and copper removal ..... 101 

                   3.9.5: In vitro transcription run-off assay demonstrates that RNAPCy5 is functional 

 and both PcopACy3@˗5 and PcopACy3@˗41 are functional transcription templates .... 102 

                   3.9.6: Single-molecule FRET imaging and data analysis ........................................ 104 

 3.10: Supplementary Information ....................................................................................... 106 

           3.10.1: RNAP-PcopA complex population increases with [RNAP] ........................ 106 

                   3.10.2: RNAP does not form specific complexes with a nonspecific DNA lacking 

 promoter recognition sequence  ............................................................................. 107 

                   3.10.3: The shift of RNAP-PcopA interactions toward the initial minor open complex 

 caused by holo-CueR, is proportional to [holo-CueR]  ......................................... 110 



x 

 

                   3.10.4: In the presence of holo-CueR, ATP further stabilizes the RNAPPcopA open 

 complex; by itself, it has no effect; and in the presence of apo-CueR it exerts no 

 effect on RNAPPcopA interactions either  .......................................................... 111 

                 a.   In the presence of the activator holo-CueR, addition of the initiating 

nucleotide ATP further stabilizes slightly the RNAP-PcopA open complex 

while destabilizing slightly the dead-end complex ....................................... 111 

                        b.   No discernable change is observed in the RNAP-PcopA interactions with the 

addition of ATP only  ................................................................................... 112 

                        c.   Apo-CueR reinforces the dead-end RNAP-PcopA complex, and addition of the 

initiating nucleotide ATP has no additional effect on the formed 

RNAPPcopA complexes  ............................................................................ 113 

            3.10.5: RNAP can bind to apo-CueR-PcopA complex as well  ............................... 114 

                   3.10.6: ECueR-RP peak of the ternary RNAP-(holo-CueR)-PcopA complex increases in 

 population while the ECueR-P peak of the holo-CueR-PcopA complex decreases with 

 increasing [RNAP]  ................................................................................................ 115 

                   3.10.7: In the absence of σ
70

, the core RNAP does not bind to the (holo) CueR- PcopA 

complex .................................................................................................................. 116 

            3.10.8: RNAP locks CueR into the specific binding mode on PcopA. .................... 116 

                 a.   Background: CueR has two binding modes on specific DNA (e.g., PcopA), 

one specific and the other a nonspecific binding mode; and at the specific 

binding mode, CueR can undergo assisted dissociation and direct substitution 

on DNA ......................................................................................................... 116 



xi 

 

                        b.   In the presence of RNAP, the assisted dissociation and/or direct substitution 

processes of CueR on PcopA still occur, indicating that the specific binding 

mode of CueR on PcopA persists. ................................................................. 119 

                        c.   Simulations show that the dominance of the specific binding mode will lead to 

a single-exponential distribution of dwell time distribution, supporting that 

RNPA locks CueR binding to PcopA into its specific binding mode ........... 120 

                   3.10.9: CueR increases the overall affinity of RNAP to PcopA, and RNAP also 

 increases the overall affinity of CueR to PcopA, reflecting their synergistic 

 interactions ............................................................................................................. 122 

                   3.10.10: Thermodynamic equilibrium cycle analysis results in KDs that further 

 support the synergistic effects of RNAP-PcopA-CueR interactions  ..................... 123 

REFERENCES ........................................................................................................................... 129 

 

 

 



1 

 

 

CHAPTER 1  

INTRODUCTION 

 In bacteria, as in all cells, metals are an essential part of many biological processes. 

While some metals are purely toxic, others are necessary for normal cellular functions  (1). 

However, even essential metals, such as zinc, copper and iron, can become fatal above certain 

cellular concentrations (2-4). Therefore, it is vital that cells have ways of regulating and 

maintaining intracellular metal homeostasis (5-13). One of the ways in which bacteria regulate 

intracellular metal concentrations is through metal-responsive transcription regulators called 

metalloregulators. These metalloregulators respond to intracellular metal ions and regulate the 

transcription of metal efflux, uptake, or other metal-resistance genes that protect the bacteria 

from metal-induced stress (9-11, 14). An archetype of bacterial metalloregulators is the MerR-

family of metalloregulators which respond to many metal ions with high selectivity and 

sensitivity (9, 15, 16).  

 All MerR-family metalloregulators are homodimeric proteins. They regulate transcription 

via a DNA distortion mechanism (9, 17-20). Both the apo and holo forms bind tightly to a 

specific dyad symmetric DNA sequence within a suboptimal promoter. These suboptimal 

promoters have elongated spacing, 19-20 base pairs (bp) compared with the optimal 17±1 bp, 

between the 35 and 10 elements (21), causing a misalignment of these elements, which 

impairs proper interactions with the RNA polymerase (RNAP) and where transcription is weakly 

repressed (9, 17-20). 
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Fig. 1. The 
70

-dependent suboptimal promoter of the copA gene regulated by the MerR-family 

metalloregulator CueR. The dyad symmetric recognition sequence is shown by the red arrows. 

 

 The apo metalloregulator acts as a repressor; upon binding to DNA, it bends the 

promoter, where RNAP is able to bind the 35 element while the 10 element remains 

inaccessible, thus prohibiting open complex formation (19, 22). Upon binding metal the 

metalloregulator (i.e., the holo protein), changes its conformation and further unwinds the DNA 

slightly to allow proper RNAP interactions with the ˗ 35 and ˗ 10 sequences; transcription is then 

activated (9, 17-20).    

 The DNA distortion model is so far unique to MerR-family metalloregulators and has 

provided much insight into how metalloregulator-imposed DNA structural changes may affect 

RNAPDNA interactions, especially for transcription activation (9, 17-20). However, little is 

known about how transcription is turned off, which is an important step because cells would not 

want to continue expressing metal resistance genes and thus waste energy after metal stress is 

relieved. Metal dissociation to convert a holo-metalloregulator to its apo form would be the 

simplest way to turn off transcription, but is unlikely, as the metal is bound tightly (often by 

cysteine ligands) and metal-cysteine bond dissociation is slow (23). Another pathway for turning 

off transcription would be for a holo-metalloregulator to be replaced by its apo-protein. Here the 

simplest scenario would be for the holo-protein to unbind from DNA, followed by the binding of 

an apo-protein. What then are the timescales of the protein unbinding and the subsequent 

binding?  Are there any alternative, and more efficient, pathways to turn off transcription? 

AATTTCTTGACCTTCCCCTTGCTGGAAGGTTTAACCTTTATCA

TTAAAGAACTGGAAGGGGAACGACCTTCCAAATTGGAAATAGT

-10-35 19 bp
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  The MerR-family metalloregulator DNA distortion mechanism elucidates much about the 

mechanisms of transcription activation, but the question still remains: how are the 

metalloregulatorDNA interactions coupled dynamically to RNAPDNA interactions for 

transcription initiation? For example, how do the metalloregulator-induced DNA structural 

changes correlate with the formation of the open or closed RNAPpromoter complex? How do 

holo-metalloregulators facilitate the formation of the RNAP-promoter open complex, so as to 

initiate transcription? How do apo-metalloregulators repress transcription initiation? Does RNAP 

affect metalloregulatorDNA interactions, and how? Answering these questions is important, as 

they would provide a more in depth understanding of the kinetic mechanisms of the transcription 

process and provides a more quantitative and complete understanding of metal-responsive gene 

regulation. 

 In order to answer the above questions we used single-molecule FRET (smFRET) (24, 

25) to monitor metalloregulator, DNA and RNAP interactions. In Chapter 2 we focus on CueR-

DNA interactions. CueR is the copper-responsive MerR-family metalloregulator in E. coli which 

regulates the transcription of CopA, an inner membrane copper ATPase, and CueO, a 

periplasmic multicopper oxidase (10, 26); both CopA and CueO play a role in helping to remove 

copper from the cell. By examining CueR-DNA interactions at the single-molecule level, we 

found that apo-CueR could turn off transcription via a direct protein substitution pathway and an 

assisted protein dissociation pathway; both pathways are unprecedented and more efficient than 

the generic unbinding-plus-binding pathway. Moreover, CueR can spontaneously flip while 

staying bound on DNA and it has two different binding modes, both of which are advantageous 

for its regulatory function.  
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Regarding the data presented in Chapter 2, the research was designed by Peng Chen 

while the research was performed by Chandra P. Joshi, Debashis Panda and Danya J. Martell. 

Nesha May Andoy contributed reagents and Tai-Yen Chen contributed analytical tools to the 

research project. Ahmed Gaballa and John D. Helmann also contributed new reagents and 

analytical tools to the research presented in Chapter 2. Peng Chen, Chandra P. Joshi, Debashis 

Panda and Danya J. Martell analyzed the data in Chapter 2 while Peng Chen, Chandra P. Joshi 

and Danya J. Martell wrote the material presented in Chapter 2. The material in Chapter 2 has 

been published in PNAS (27). 

In Chapter 3 we focus on CueR-DNA-RNAP interactions. By examining, at the single 

molecule level, how CueR regulates RNAP-DNA interaction we found that even in the absence 

of CueR RNAP can form two complexes at the suboptimal promoter of the copA gene, one a 

terminal dead-end complex and the other an open complex, constituting a branched mechanistic 

pathway for transcription initiation, distinct from the prevalent linear pathways for RNAP 

interactions with optimal promoters. Capitalizing on this branched pathway, CueR biases 

RNAP’s binding-unbinding kinetics in forming these two complexes, either, in its apo-repressor 

form, reinforcing the dominance of the terminal dead-end complex to repress transcription or, in 

its holo-activator form, shifting the interactions toward the open complex to activate 

transcription. In all cases, no interconversions between the dead-end and open complexes are 

allowed. RNAP in turn locks CueR binding at the promoter into the specific binding mode, likely 

helping amplify the differences between apo- and holo-CueR in imposing DNA structural 

changes, leading to a synergistic effect in forming ternary RNAP-promoter-CueR complexes.  

For the data presented in Chapter 3, Peng Chen and Danya J. Martell designed the 

experiments while Danya J. Martell and Chandra P. Joshi performed the experiments. Ahmed 



5 

 

Gaballa, Ace George Santiago, Tai-Yen, Won Jung and John D. Helmann contributed to the 

experiments in this research project as well as discussions which were essential to the research. 

Peng Chen, Danya J. Martell and Chandra P. Joshi analyzed the data in Chapter 3 while Peng 

Chen and Danya J. Martell wrote the material presented in Chapter 3. The material in Chapter 3 

has been published in PNAS (28). 
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CHAPTER 2  

DIRECT SUBSTITUTION AND ASSISTED DISSOCIATION PATHWAYS FOR TURNING OFF 

TRANSCRIPTION BY A MERR-FAMILY METALLOREGULATOR 

 

2.1 Introduction.  

 Bacteria often dwell in environments with high concentrations of metals.  Some of these 

metals are essential, but many are toxic. Even the essential metals, for example iron and copper, 

can become detrimental above a certain concentration inside cells. Many biological processes are 

thus present to regulate and maintain intracellular metal homeostasis (5-13). One of them is 

through metalloregulators, which respond to metal ions and regulate the transcription of genes 

that protect the bacteria from metal-induced stress (9-11, 14). The MerR-family 

metalloregulators respond to many metal ions with high selectivity and sensitivity, such as Hg
2+

 

and Cu
2+

 (9, 15, 16).  

 All MerR-family metalloregulators are homodimeric proteins. They regulate transcription 

via a DNA distortion mechanism (9, 17-20).  They recognize specific dyad symmetric DNA 

sequences within a promoter, and both their apo and holo forms bind DNA tightly. In the 

absence of metal, the metalloregulator bends the DNA; in this configuration, RNA polymerase 

(RNAP) cannot interact with both ˗35 and ˗10 sequences properly, and transcription is repressed. 

Upon binding metal, the metalloregulator changes its conformation and further unwinds the 

DNA slightly to allow proper RNAP interactions with the ˗ 35 and ˗ 10 sequences; transcription 

is then activated. 
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 Although the mechanisms of transcription activation by MerR-family metalloregulators 

are well studied (9, 17-20), little is yet known about how transcription activation is reversed.  

Turning off transcription promptly is important, however, as the cells would not want to continue 

expressing metal resistance genes and thus waste energy after metal stress is relieved. Metal 

dissociation to convert a holo-metalloregulator to its apo form would be the simplest way to turn 

off transcription, but is unlikely, as the metal is bound tightly (often by cysteine ligands) and 

metal-cysteine bond dissociation is slow (23). For example, CueR, the Cu+-responsive MerR-

family metalloregulator in E. coli, has a Cu+ binding affinity of ~10
21

 M (29). Although thiol 

ligand exchange can possibly facilitate Cu
+
 removal from the binding site as observed for copper 

chaperones (30), no evidence exists that CueR can undergo similarly facile ligand exchange 

reactions. Then a holo-metalloregulator has to be replaced somehow by its apo-protein to turn off 

transcription. Here the simplest scenario would be for the holo-protein to unbind from DNA, 

followed by the binding of an apo-protein. What then are the timescales of the protein unbinding 

and the subsequent binding?  Are there any alternative, and more efficient, pathways to turn off 

transcription? 

 Here we use single-molecule fluorescence-resonance-energy-transfer (smFRET) 

measurements (24, 25) to address the above questions. We focus on CueR, which regulates the 

transcription of CopA, a membrane transporter that pumps Cu+ out of the cytoplasm, and CueO, 

a periplasmic multicopper oxidase that facilitates copper removal from the cell (10, 26). By 

examining CueR-DNA interactions at the single-molecule level, we found that apo-CueR could 

turn off transcription via a direct protein substitution pathway and an assisted protein 

dissociation pathway; both pathways are unprecedented and more efficient than the generic 

unbinding-plus-binding pathway. Moreover, CueR can spontaneously flip while staying bound 
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on DNA and it has two different binding modes, both of which are advantageous for its 

regulatory function. 

 

2.2 Experimental Strategy. 

 We used smFRET to probe CueR interactions with a 25 base-pair double-strand DNA 

(Fig. 8A). One end of this DNA had a FRET donor, Cy3, and the other end on a different strand 

had a biotin for surface immobilization; ensuring that only double-stranded DNA was 

immobilized and fluorescently monitored in the experiments. The homodimeric CueR was 

labeled with a single FRET acceptor, Cy5, and supplied in a flowing solution. Upon CueR 

binding to DNA, FRET occurs, changing the Cy3 and Cy5 fluorescence intensities, which report 

the CueRDNA interactions.  

 We used two types of DNA. One contains the dyad-symmetric sequence recognized by 

CueR and is referred to as the (specific) DNA; this 25 base-pair sequence also spans the entire 

footprint of CueR at the promoter region (31).  The other does not contain the CueR-recognition 

sequence and is referred to as the nonspecific DNA. We made two CueR variants to place the 

Cy5 label at two cysteine residues (Fig. 9A). In one variant, Cy5 is attached to C129 within the 

metal-binding domain of one monomer (i.e., CueRCy5-C129). The other variant has the Cy5 

attached to E96C located at the -helix dimerization domain (i.e., CueRCy5-E96C). In vitro 

transcription assay confirmed that both variants were as active as the wild-type CueR in 

activating transcription controlled by the copA promoter (Fig. 8B, C). 
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2.3 Two Protein Binding Orientations on DNA. 

 Fig. 2A shows the EFRET trajectory for a surface-immobilized DNA molecule interacting 

with holo-CueRCy5-C129. Three EFRET states are clear at E0 ~ 0.07, E1 ~ 0.25, and E2 ~ 0.92. 

Correspondingly, the histogram of the EFRET trajectories shows three peaks centered at E0, E1, 

and E2 (Fig. 2F); the relative peak areas reflect the relative stabilities of the chemical species 

associated with the respective EFRET states. 

 The E0 state has the lowest EFRET value, which indicates the farthest FRET 

donoracceptor distance; it corresponds to a free DNA without a bound protein (i.e., the 

unbound state); its non-zero EFRET value is mainly due to the leakage of donor fluorescence into 

the acceptor detection channel. Its assignment was verified by a control experiment where no 

protein was present. The dominance of the E0 peak in the EFRET histogram comes from the low 

concentrations of the protein (≤ 10 nM), where the DNA stays mostly at the unbound state.  
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Fig. 2. Dynamic CueRDNA interactions. (A) Single-molecule EFRET trajectory of an 

immobilized Cy3-DNA interacting with holo-CueRCy5-C129 (2 nM). 0, 1 and 2 are the dwell 

times on the E0, E1 and E2 states, respectively. The cartoons on the right show CueRCy5-C129 in two 

binding orientations. The FRET donor (green sphere) and acceptor (red sphere) are drawn on the 

DNA and protein at their approximate locations. The grey line is original data; the red line is after 

the non-linear filtering. (B) Same as A, but with 2 nM holo-CueRCy5-E96C. (C) Same as A, but 

using the nonspecific DNA and 4 nM holo-CueRCy5-C129. 0 here is denoted as off, and 1 and 2 

are denoted together as on. (D) Same as A, but with a mixture of holo-CueRCy5-C129 and holo-
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CueRCy5-E96C of 5 nM each. (E) Same as A, but with a mixture of apo-CueRCy5-C129 and holo-

CueRCy5-E96C of 5 nM each. The blue arrows denote the transitions from the holo-protein bound 

states to the apo-protein bound states, and the black arrows denote the reverse transitions. (F) 

Histogram of EFRET trajectories of holo-CueRCy5-C129DNA interactions at [holo-CueRCy5-C129] = 2 

nM. Compiled from >500 EFRET trajectories. Solid lines are fits of Voigt functions centered at 

~0.07, 0.25, and 0.92, with percentage peak areas of 90.5 ± 0.1%, 4.9 ± 0.3%, and 4.6 ± 0.3%, 

respectively. Bin size: 0.01. (G) Same as F, but with 2 nM holo-CueRCy5-E69C. The three peaks 

center at ~0.07, 0.42, and 0.62, with percentage peak areas of 89.5 ± 0.1%, 5.5 ± 0.3%, and 5.0 ± 

0.3%, respectively. (H) [CueRCy5-C129] dependence of the (E2+E1)/E0 peak area ratios obtained 

from data such as in F. The solid lines are fits with Equations 8 (holo) and 9 (apo) (see also 

Section 2.11.14). 

 

 The E1 and E2 states, whose larger values indicate FRET donor-acceptor proximities, can 

be assigned to the two orientations of holo-CueRCy5-C129 bound to DNA. CueR is a homodimer; 

the Cy5 label at one monomer makes the protein asymmetric. The distance between the Cy5 on 

the protein and the Cy3 on DNA is closer in one binding orientation than in the other, resulting 

in two different EFRET values (i.e., E2 and E1) (Fig. 2A, cartoons on the right). Consistently, the 

E1 and E2 peaks have about the same area in the EFRET histogram (Fig. 2F), as the two protein 

binding orientations are chemically equivalent except for the labels. Moreover, with increasing 

holo-CueRCy5-C129 concentration (i.e., [holo-CueRCy5-C129]), the E1 and E2 peak areas in the EFRET 

histogram increase relative to that of E0 (Fig. 2H), consistent with that increasing protein 

concentration should lead to higher populations of proteinDNA complexes. Similarly, using 

apo-CueRCy5-C129, three EFRET states were observed, corresponding to the unbound state and the 

two protein-bound states with opposite binding orientations (Fig. 11A, B) 
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 To confirm the assignments of the E1 and E2 states, we further studied CueRCy5-E69C (Fig. 

9A). The Cy3Cy5 distance of the E2 binding orientation should be longer than that for CueRCy5-

C129, while the distance of the E1 orientation should be shorter (Fig. 2B, cartoons on the right). 

Indeed, for CueRCy5-E96CDNA interactions, E2 decreased to ~0.62 and E1 increased to ~0.42 

(Fig. 2B, G). 

 When CueRCy5-C129 interacted with the nonspecific DNA, three EFRET states were still 

observed (Fig. 2C). Therefore, CueR can always bind in two orientations regardless of the DNA 

sequence. The E1 and E2 values here are slightly shifted compared with those in interactions with 

the specific DNA (Fig. 2A), likely because the protein can slide more freely along the DNA in 

the absence of the recognition sequence. 

 

2.4 Protein Flipping on DNA. 

  In the EFRET trajectories of both holo- and apo-CueRDNA interactions (Fig. 2A and 

Fig. 11A), the E0  E1 and E0  E2 transitions correspond to the reversible proteinDNA 

binding and unbinding. Interestingly, direct E1  E2 transitions also occur. These E1  E2 

transitions could be due to (1) protein flipping, i.e., the protein flips its binding orientation 

spontaneously without detaching from DNA completely, or (2) protein unbinding followed by a 

rapid rebinding in a different orientation during which the unbound E0 state was not detected 

because of limited experimental time resolution (approximately 50 ms). The second scenario is 

unlikely, however, because these E1  E2 transitions still occur at protein concentrations as low 

as 0.5 nM, where protein rebinding is slow and the unbound state should be readily observed. 
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Therefore, the direct E1  E2 transitions indicate that a DNA-bound CueR can spontaneously 

flip its orientation without complete detachment from DNA. 

 In contrast, no direct E1  E2 transitions were observed for CueRCy5-C129 interacting with 

the nonspecific DNA (Fig. 2C). This contrast indicates that protein flipping occurs only when 

CueR binds to the specific DNA sequence, in which CueR distorts the DNA structure as shown 

by past structural studies on MerR-family regulators (9, 18, 19, 32). 

 

2.5 Single-step Protein Binding Kinetics.  

 In the EFRET trajectories (e.g., Fig. 2A), 0 is the microscopic dwell time on the unbound 

E0 state; its statistical properties, such as its average and distribution, contain the information 

about the protein binding kinetics. Here, 0
1

, where   denotes averaging, represents the 

single-molecule rate of CueR binding to DNA. Expectedly, 0
1

 increases with increasing 

[holo- or apo-CueR] (Fig. 3A). Moreover, the distribution of 0 follows a single-exponential 

decay in the presence of either holo- or apo-CueR (Fig. 3B). This distribution indicates that 

CueR binding to DNA follows simple single-step binding kinetics, i.e., containing only one rate-

limiting step (see later for the derived probability density function of 0, which quantitatively 

describes the distribution of 0). 
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Fig. 3. Single-step protein binding kinetics. (A) [CueR] dependence of 0
1

 for CueRCy5-

C129DNA interactions. Solid lines are fits with Equation 5 (see also Section 2.11.11). (B) 

Distributions of 0 for holo- and apo-CueRCy5-C129 interactions with DNA, both at 0.5 nM protein 

concentration. Data compiled from about 500 (holo) and 600 (apo) EFRET trajectories. Bin size, 2 

s. Both distributions were normalized to the first point for comparison. Solid lines are fits with a 

single exponential function Nγexp(); (holo) = 0.038 ± 0.002  s
1

,  (apo) = 0.031 ± 0.004 s
1

,
 

and N is a scaling parameter.  

 

2.6 Two Different Binding Modes of Protein.  

 1 and 2 are the microscopic dwell times on the E1 and E2 states, the two protein-bound 

states of opposite binding orientations (Fig. 2A and B). They contain the information about the 

kinetics of protein unbinding as well as what is happening kinetically during the protein-bound 

states. Interestingly, the distributions of 1 and 2 for holo-CueRCy5-C129DNA interactions both 

follow a double-exponential decay (Fig. 4A and Fig. 15A). This double-exponential distribution 

indicates that there are two major kinetic species within each protein-binding orientation, i.e., 

holo-CueR has two different binding modes on DNA. The distributions of 1 and 2 are identical 

within experimental error (Fig. 15A), consistent with the E1 and E2 states being equivalent. 

Similar double-exponential distributions of 1 and 2 were also observed for apo-CueRCy5-

C129DNA interactions (Fig. 4A and Fig. 11C). 

 In contrast, when the nonspecific DNA was used, the distribution of the dwell times on 

the protein-bound states follows a single-exponential decay (Fig. 4C), indicating that only one 

major kinetic species is present within each protein-binding orientation. Therefore, the two 
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different binding modes of CueR on DNA are present only when CueR recognizes the specific 

DNA sequence. 

 

Fig. 4. Two different binding modes of CueR on DNA. (A) Distributions of 2 for holo- and apo-

CueRCy5-C129 interactions with specific DNA, both at 2 nM protein concentration. Data compiled 

from about 500 (holo) and 700 (apo) EFRET trajectories. Bin size, 0.15 s. The two distributions 

were normalized to the first data point for comparison. Solid lines are fits with a sum of two 

exponentials:  N[A1exp(1) + (1A) 2exp(2)]. For holo: 1 = 0.55  0.01 s
1

, 2 = 6.4  0.2 

s
1

, and A = 0.68  0.01; for apo: 1 = 0.35  0.02 s
1

, 2 = 1.6  0.06 s
1

, and A = 0.57  0.02. (B) 

Distributions of 20 and 21 at [holo-CueRCy5-C129] = 2 nM. Solid lines are global fits with a sum 

of two exponentials using the same parameters for the holo data in A. Bin size, 0.15 s. (C) 

Distribution of on for holo-CueRCy5-C129 interactions with the nonspecific DNA at [holo-CueRCy5-

C129] = 7 nM. To increase statistics, 1 and 2 from ~225 EFRET trajectories were combined here as 

on. Bin size: 0.05 s. Solid line is a fit with Nexp();   = 12.8  0.6 s
1

. 

 

 Past studies have shown that MerR-family regulators distort DNA structure upon binding 

to the specific dyad-symmetric sequence (9, 18, 32). We can thus attribute one of the two kinetic 

species within each binding orientation to a complex in which CueR distorts the DNA structure. 

For the other kinetic species, we could attribute it to a CueRDNA complex in which the CueR 
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binds DNA in a way as if the DNA is nonspecific; this attribution is reasonable because CueR 

does bind nonspecific DNA and the binding mode here must be different from that of the specific 

DNA binding mode. No structural information is yet available about CueR, or any MerR-family 

regulators, in complex with a nonspecific DNA. Just for illustrative purposes, we drew the 

cartoon of this complex having the DNA structure undistorted (Fig. 2C, right). 

 Moreover, 2 can be divided into two sub-types: 21 and 20, depending on whether an 

E2  E1 or E2  E0 transition concludes a 2 period in the EFRET trajectories. For holo-CueRCy5-

C129DNA interactions, 21 and 20 follow the same double-exponential distribution with 

identical exponents (Fig. 4B), indicating that upon leaving the E2 state, transitions to the E1 or E0 

state must start from the same kinetic species of the two binding modes within the E2 state.  

Similar behaviors and conclusions also apply by analyzing 12 vs. 10 (Fig. 15D), as well as 

for apo-CueRCy5-C129DNA interactions (Fig. 11E and F). 

 

2.7 Direct Protein Substitution and Assisted Protein Dissociation.  

 For the microscopic dwell time 2 (or the equivalent 1, Fig. 12), its average 2 

represents the lifetime of the protein-bound state E2. And, 2
1

 represents the rate of leaving the 

state E2. Surprisingly, 2
1

 is dependent on the protein concentration: it increases linearly with 

increasing [holo- or apo-CueR] (Fig. 5A). This dependence indicates that a protein molecule 

coming from the solution must disrupt the proteinDNA complex, thus shortening its lifetime.  

 Leaving the E2 state can lead to either state E1, the other protein-bound state with the 

opposite protein orientation, or state E0, the unbound state. The former would involve the 
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incoming protein to replace the incumbent protein on DNA and form a new complex with an 

opposite binding orientation (50% probability), namely a direct protein substitution. The latter 

would involve the incoming protein to carry away the incumbent protein, namely an assisted 

protein dissociation. 

 

Fig. 5. Direct protein substitution and assisted dissociation. (A) [CueR] dependence of 2
1

 for 

CueRCy5-C129DNA interactions. Solid lines are fits with Equations 6 (holo) and 7 (apo).  (B)  

[holo-CueR] dependence of on
1

 for holo-CueRCy5-C129 interactions with the nonspecific DNA; 

the 1 and 2 are combined here and denoted as on. Solid line is a fit with a horizontal line at 5.9  

0.1 s
1

. Each data point in A and B is an average of data from ~250 EFRET trajectories.  (C) 

Dependence of N21/N20 on [holo-CueRCy5-C129]. Solid line is a fit with Equation 3. (D) 

Dependence of N21/N20 on [apo-CueRCy5-C129]. Solid line is a fit with Equation 4.  Inset: same 

data but the y-value is the inverse, N20/N21. 
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 To differentiate these two possibilities, we examined the relative transition probabilities 

to the E1 and E0 states after the proteinDNA complex leaves the E2 state. This relative transition 

probabilities can be quantified by the ratio N21/N20, where N21 is the number of E2  E1 

transitions and N20 is that of E2  E0 transitions observed in the EFRET trajectories. If the direct 

protein substitution dominates, N21/N20 would increase with increasing protein concentration 

because more E2  E1 transitions are expected at higher protein concentrations. On the other 

hand, if the assisted protein dissociation dominates, N21/N20 would decrease with increasing 

protein concentration.  

 Strikingly, both behaviors were observed, but it depends on the metalation state of CueR. 

For holo-CueRDNA interactions, N21/N20 increases with increasing protein concentration, 

whereas for apo-CueR, the opposite was observed (Fig. 5C, D). Therefore, both the direct protein 

substitution and the assisted protein dissociation operate when a CueR molecule interacts with a 

CueRDNA complex. To our knowledge, these are the first examples of direct protein 

substitution and assisted protein dissociation known to any DNA-binding proteins.  

 To verify the direct protein substitution process by holo-CueR, we performed an 

experiment using a mixture of holo-CueRCy5-C129 and holo-CueRCy5-E96C. Direct transitions were 

indeed observed in the EFRET trajectories between the states of holo-CueRCy5-C129DNA 

complexes (E1 ~ 0.25, E2 ~ 0.92) and those of holo-CueRCy5-E96CDNA complexes (E1 ~ 0.42, E2 

~ 0.62), reporting the exchange of proteins on DNA (Fig. 2D and Fig. 13). 

 Note that the direct protein substitution can lead to E1  E2 transitions in the EFRET 

trajectories. These protein-substitution-caused E1  E2 transitions do not preclude the presence 



19 

 

of spontaneous protein flipping, however, because the E1  E2 transitions still occur at very low 

protein concentrations, where protein substitution is negligible. 

 As a control, and in contrast, when the nonspecific DNA was used, the lifetime of the 

CueRDNA complex is independent of the protein concentration, indicating no occurrence of 

either the direct protein substitution or the assisted protein dissociation (Fig. 5B). Therefore, 

these two processes only occur to a CueRDNA complex in which CueR recognizes the specific 

sequence and distorts the DNA structure.  

 

2.8 Interaction Mechanism and Quantitative Kinetics.  

 Combining the information determined above, we can formulate a minimal kinetic model 

of CueRDNA interactions that contains the following processes (Fig. 6): (i) CueR binds to 

DNA reversibly (i.e., k1 and k1) with single-step binding kinetics; its two binding orientations 

are distinguishable by asymmetrically labeling the protein; and the DNA that contains the 

recognition sequence can have a distorted structure in the complex (i.e., I1 and I2). (ii) CueR can 

flip its orientation spontaneously on DNA (i.e., k4); this flipping occurs only when CueR 

recognizes the specific sequence, where the DNA structure is distorted. (iii) In each binding 

orientation, CueR interacts with DNA in two different binding modes, which interconvert (i.e., k3 

and k3) and are observed only when CueR recognizes the specific DNA sequence. Besides the 

form in which DNA structure is distorted, we propose that the other form is similar to that when 

CueR binds to a nonspecific DNA (i.e., I1 and I2). (iv) The CueRDNA complex (I1 or I2) can 

undergo direct substitution, where a holo-CueR molecule from the solution replaces a bound 

holo-CueR protein directly (i.e., k2a), or undergo assisted dissociation, where an apo-CueR 
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molecule from the solution helps carry away a bound apo-CueR molecule (i.e., k2b). For the 

direction substitution, the replacing protein has a 50% probability of ending up with the opposite 

orientation to the incumbent one. Either the direct substitution or the assisted dissociation occurs 

only when CueR recognizes the specific DNA sequence. And, all the transitions that depart from 

the E2 (or E1) state start from the same species I2 (or I1). Control experiments using vesicle 

trapping of a CueRDNA pair further showed that the monomer-dimer equilibrium of CueR (if it 

exists) and the quartz surface effect were insignificant in considering the CueRDNA interaction 

kinetics (see also Section 2.11.7). By removing the artificial differentiation of the two 

orientations by the FRET labels, this mechanistic model simplifies to Fig. 19, in which only three 

distinct species exist: the free DNA, and the two CueRDNA complexes of the two different 

binding modes. 

 

Fig. 6. Mechanistic model of CueRDNA interactions. Here, k’s are the kinetic constants and 

described in the text. P denotes protein. 
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 Using the kinetic mechanism in Fig. 6 we can derive the probability density functions, f, 

for the dwell times 0, 1, and 2 (see Section 2.11.10 - 2.11.11); these f’s quantitatively describe 

the normalized distributions of the following dwell times: 

 f0() = k1[P]exp(k1[P]);        Eq. [1] 

 f2() = f1() = D[(M + C)exp{(N  2M)/4} + (M  C)exp{N/4}]/4M;  Eq. [2] 

 Here [P] stands for protein concentration; M, N, C, and D are all functions of [P] and the 

k’s defined in Fig. 6. Here, f0() is a single-exponential distribution function, as observed for the 

distribution of 0 (Fig. 3B), and reflecting the single-step binding kinetics. The equivalent f2() 

and f1() are double-exponential distribution functions, consistent with experimental observations 

(Fig. 4A and Fig. 11D) and reflecting the two kinetic species in both the E2 and E1 states 

associated with CueR’s two different binding modes on DNA. Note that for f2() and f1(), either 

k2a or k2b is close to zero, depending on whether apo-CueR or holo-CueR is concerned. 

Similarly, the probability density functions for 20 and 21 are predicted to also follow 

double-exponential distributions with identical exponents (Equations 16 and 17), as observed in 

Fig. 4B. From them we can derive N21/N20, the ratio between the numbers of E2  E1 and E2 

 E0 transitions in the EFRET trajectories: 

 N21/N20 = (k4 + k2a[P]/2)/k1;  (k2b = 0)     Eq. [3] 

 N21/N20 = k4/(k1+ k2b[P]);   (k2a = 0)     Eq. [4] 

Equation 3 predicts that N21/N20 will increase linearly with increasing [P] when k2b = 0, 

consistent with Fig. 5C and supporting that the direct substitution process dominates for holo-
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CueRDNA interactions (i.e., k2a >> k2b  0). On the other hand, Equation 4 predicts that 

N21/N20 will decrease with increasing [P] when k2a = 0, consistent with Fig. 5D and 

supporting that the assisted protein dissociation dominates for apo-CueRDNA interactions (i.e., 

k2b >> k2a  0).  

 From the probability density functions it follows: 

 0
1

 = k1[P];          Eq. [5] 

 2
1

 = 1
1

 = (k1 + k4 + k2a[P]/2)/(1+K3D);  (k2b = 0);   Eq. [6] 

 2
1

 = 1
1

 = (k1 + k4 + k2b[P])/(1+K3D);   (k2a = 0);   Eq. [7] 

where K3D = k3/k3. Equation 5 gives that 0
1

, which represents the protein binding rate, equals 

k1[P], as expected and observed (Fig. 3A). Regarding 2
1

 and 1
1

, Equation 6 applies to 

holo-CueRDNA interactions, and Equation 7 to apo-CueRDNA interactions; both are linear 

functions of [P], as observed (Fig. 5A and Fig. 12). This kinetic model also gives the ratio of 

peak areas in the EFRET histograms (Fig. 2H; see also Section 2.11.14): 

 (E1 + E2)/E0 peak area ratio = (1+K3D)k1[P]/k1; (k2b = 0);   Eq. [8] 

 (E1 + E2)/E0 peak area ratio = (1+K3D)k1[P]/(k1+k2b[P]); (k2a = 0);   Eq. [9] 

 Using the above equations to fit data, we determined the kinetic parameters for both holo-

CueR and apo-CueR interactions with the specific DNA (Table 1, and Section 2.11.15). 

Strikingly, for holo-CueR, its rate constant for direct protein substitution (k2a ~ 134 × 10
6
 M

1
s
1

) 

is about 15 times larger than its binding rate constant (k1 ~ 9 × 10
6
 M

1
s
1

), while for apo-CueR, 

its rate constant for assisted dissociation (k2b ~ 60 × 10
6 

M
1

s
1

) is 10 times larger than its 

binding rate constant (k1 ~ 6 × 10
6 

M
1

s
1

). These larger rate constants indicate that the presence 
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of a CueR on DNA facilitates another CueR molecule in finding the recognition sequence, 

leading to either direct protein substitution or assisted protein dissociation, both of which have 

functional advantages in transcription regulation (see Section 2.9). 

Table 1. Kinetic Parameters for CueR Interactions with Specific DNA 

Processes Kinetic parameters Holo Apo 

Binding k1 (×10
6
 M

1
s

-1
) 9 ± 4  6 ± 1 

Unbinding k1 (s
1

) 1.1 ± 0.3 0.4 ± 0.1  

Dissociation constant KD (= k1/k1) (nM) 122 ± 63 67 ± 20  

    

Inter-conversion 

k3 (s
1

) 2.0 ± 0.2 0.4 ± 0.1 

k3 (s
1

) 1.4 ± 0.1 0.54 ± 0.07 

K3D  =  k3/k3 1.4 ± 0.2 0.74 ± 0.2 

    

Substitution k2a (×10
6 
M

1
s
1

) 134 ± 20 n/a 

Assisted dissociation k2b (×10
6 
M

1
s
1

) n/a 54 ± 22 

    

Flipping k4 (s
1

) 0.13 ± 0.05 0.21 ± 0.03  

 

 

 

2.9 Discussion  

 Using smFRET we have quantified the dynamic interactions of CueR with both specific 

and nonspecific DNA. We found: (i) Both holo- and apo-CueR can flip their binding orientations 

spontaneously on DNA, a phenomenon that has also been observed for other DNA binding 
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proteins (33); (ii) both holo- and apo-CueR have two different binding modes on DNA: one in 

which they recognize the specific sequence and distort the DNA structure and the other likely 

mimicking their interactions with nonspecific DNA; and (iii) when bound to DNA, holo-CueR 

can undergo direct substitution, while apo-CueR can undergo assisted dissociation, both by 

another protein molecule from the surrounding solution. Similar behaviors were also observed 

when a longer DNA sequence containing the entire promoter region was used (see Section 

2.11.18). To our knowledge, both the direct substitution and the assisted dissociation are first 

such examples known for any transcription factors as well as for DNA-binding proteins in 

general. Moreover, all these processes (i.e., flipping, two different binding modes, direct 

substitution, and assisted dissociation) occur only when CueR is interacting with a DNA that 

contains the recognition sequence. 

 All above features of CueR can provide advantages for its regulatory function. Being able 

to flip spontaneously on DNA indicates that the bound CueR is highly dynamic. This dynamic 

nature, especially for holo-CueR, may facilitate transcription initiation, which involves large 

structural rearrangements of associated proteins and DNA (34). The two different binding 

modes, in which CueR interacts with DNA specifically or nonspecifically, are beneficial for 

CueR in its searching for the recognition sequence in the large bacterial chromosome 

(approximately 4.6 million base pairs for E. coli (35)). Being able to interact with DNA 

nonspecifically would help CueR sliding along the chromosome; and upon locating the 

recognition sequence, the CueRDNA complex can interconvert to the specific binding mode, 

thereby distorting the DNA structure to regulate transcription. This sliding along DNA via 

nonspecific interactions has long been realized to be advantageous for reducing the 

dimensionality of site search for DNA-binding proteins (36). 
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 Both the direct protein substitution and the assisted dissociation can provide efficient 

pathways for CueR to turn off transcription after activation. As Cu
+
 dissociation from holo-CueR 

is unlikely due to its tight binding (29), holo-CueR, which is the activator, needs to be replaced 

by apo-CueR, which is the repressor, to turn off transcription. A generic way would be for holo-

CueR to unbind from DNA first, followed by the binding of an apo-CueR, which would be the 

dominant form of the protein inside a cell after the activation of copper resistance genes. From 

the rate constant k1 (1.1 s
1

, Table 1), holo-CueR unbinding takes about 0.9 s (Fig. 7, step i). 

The timescale of the subsequent apo-CueR binding depends on the intracellular protein 

concentration. Depending on growth conditions, an E. coli cell has about 320  400 copies of 

CueR (37), corresponding to [P]  355  440 nM with a cell volume of ~1.5 fL (29). With the 

rate constant k1 ~ 6  10
6
 M

1
s
1

 (Table 1), apo-CueR binding to DNA takes about 0.4  0.5 s (= 

1/(k1[P]); Fig. 7, step ii). Therefore, this generic pathway takes a total of approximately 1.4 s to 

turn off transcription. 

 

Fig. 7. Pathways for turning off transcription by CueR. The timescales are denoted for relevant 

kinetic steps, including (i) unbinding, (ii) binding, (iii) direct substitution, and (iv) assisted 

dissociation. 
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 Alternatively, the bound holo-CueR can be assisted to dissociate or be directly substituted 

by an apo-CueR (Fig. 7, steps iii and iv). It is reasonable to assume that apo-protein can either 

assist a holo-protein to unbind or substitute a holo-protein, as apo- and holo-proteins do not 

differ significantly in most of their kinetic parameters (Table 1). The direct substitution of holo-

CueR by an apo protein was indeed observed when we used a mixture of apo-CueRCy5-C129 and 

holo-CueRCy5-E96C (Section 2.11.20). Using the rate constant k2b (54 × 10
6
 M

1
s
1

), the assisted 

dissociation takes about 0.05 s (= 1/k2b[P], Fig. 7,  step iv), about 18 times faster than the 

spontaneous unbinding (about 0.9 s, Fig. 7, step i). Taking into account the subsequent apo-

protein binding, the assisted dissociation would accelerate the unbinding-plus-binding pathway 

by approximately two times for turning off transcription. On the other hand, using the rate 

constant k2a (~134 × 10
6
 M

1
s
1

, Table 1), the direct substitution takes about 0.02 s (= 1/k2a[P]) to 

reach the apo-protein bound, transcription-repressed state (Fig. 7,  step iii), which is about 70 

times faster than the unbinding-plus-binding pathway (Fig. 7, step i and ii). Therefore, the direct 

substitution of holo-CueR by apo-CueR would be the most efficient pathway for turning off 

transcription. It is worth noting that cellular conditions are not exactly the same as in our 

experiments and kinetic constants may thus differ; nevertheless, our results show that both the 

direct protein substitution and the assisted protein dissociation are possible pathways for turning 

off transcription. 

 Past studies have shown that for the prototype Hg
2+

-responsive metalloregulator MerR, a 

protein called MerD might mediate the unbinding of holo-MerR from DNA for turning off 

transcription (38). No evidence has yet been found, however, for a MerD homologue for CueR or 

other MerR-family regulators. As all known MerR-family metalloregulators share the DNA 
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distortion mechanism for turning on transcription (9, 18, 32), it is likely that many of them share 

a common mechanism for turning off transcription. The direct substitution pathway and assisted 

dissociation pathway may thus be common mechanisms for MerR-family metalloregulators to 

turn off transcription efficiently after transcription activation.  

 

2.10 Materials and Methods 

2.10.1 Protein mutagenesis, expression, purification, fluorescence labeling, and copper removal  

 To label CueR with the FRET acceptor Cy5 specifically, we used site-directed 

mutagenesis to make two CueR variants that contain a unique cysteine in its monomer, apart 

from the Cu
+
 binding cysteines. Each monomer of the wild-type CueR has four cysteines: two of 

them (C112 and C120) bind Cu
+
 and can be protected from labeling via binding to Cu

+
, and the 

other two (C129 and C130). In one CueR variant (CueR-C130S; referred to as CueRC129 

hereafter), the natural solvent-accessible C129 is used for labeling and it is located at the metal-

binding domain near the C-terminus (Fig. 9A). In the second CueR variant (CueR-

C129S/C130S/E96C; referred to as CueRE96C hereafter), the solvent-accessible E96C is used for 

labeling and it is located in the middle of the dimerization helix of CueR (Fig. 9A).  

 Both CueR variants were cloned in a pET30a vector and the sequence confirmed. The 

proteins were expressed in BL21(DE3) strain and purified as previously described (31, 39). The 

cells were grown until OD600 ~ 0.6 before 1 mM isopropyl-beta-D-thiogalactopyranoside 

(IPTG) was added. After an additional 4 h growth at 37C, cells were harvested by centrifugation 

and then disrupted by French press in lysis buffer (10 mM Tris, 300 mM NaCl, 10 mM beta-

mercaptoethanol (BME), and 10% glycerol at pH 7.3). The protein in the supernatant was 

purified first by precipitating with 45% (NH4)2SO4 and then by gel filtration (HiPrep 26/10, GE 



28 

 

Healthcare). The collected fractions were further purified through a Heparin affinity column 

(16/10 Heparin FF, GE Healthcare), a gel filtration column (HILOAD 26/60 Superdex 200 PR, 

GE Healthcare), and an anion exchange column (Mono Q 5/50 GL, GE Healthcare). Protein 

purity was confirmed by SDS-PAGE, quantified using bicinchoninic acid (BCA) assay (Pierce), 

and stored at 80C in 50 mM pH 7.0 Tris Buffer with ~250 mM NaCl and 30% glycerol. 

Protein identity was confirmed by mass spectrometry (CueRC129: predicted monomer mass, 

15220 Da, observed, 15203 Da; CueRE96C: predicted monomer mass, 15180 Da, observed, 15158 

Da). The purified CueR is in its apo-form (39).  

  The protein was labeled with Cy5 at the targeted cysteine via maleimide chemistry. CueR 

was initially converted to the holo-form by adding CuSO4 solution ([CueR monomer]:[Cu] = 

1:1.5) in the presence of excess TCEP. TCEP reduces Cu
2+

 to Cu
+
 that CueR binds; it also 

reduces potential disulfide bonds. The Cu
+
 binding protects the metal-binding cysteines of CueR 

from dye labeling. Cy5-maleimide (Invitrogen) was added to the holo-CueR solution 

([dye]:[CueR monomer] = 3:1) in 100 mM phosphate buffer solution at pH 7. The reaction 

mixture was kept on shaker at 4C for ~16 hours and then quenched by adding excess BME. 

After incubating for additional 2 hours, the excess dye was removed through gel filtration 

(Superdex peptide 10/300 GL, GE Healthcare). Since CueR is a homodimer, the labeling 

reaction generates a mixture of unlabeled, mono-labeled and bi-labeled species. The mono-

labeled fraction was purified using anion exchange column (Mono Q 5/50 GL) and has a dye: 

protein ratio of ~0.8. The extinction coefficient of 250,000 M
1

cm
1

 at 650 nm was used for 

determining the Cy5 concentration. Similarly, the extinction coefficient of 10,361 M
1

cm
1

 at 

280 nm was used for determining the CueR concentration; this extinction coefficient was 

calibrated using the BCA protein quantification assay. 
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 The labeled holo-CueR could be converted to the apo form by removing the bound 

copper using KCN (at 1000 excess) (29). The KCN-protein solution was incubated for 4 hours 

at room temperature and overnight at 4C, before removing extracted copper and excess KCN 

through a desalting column (HiTrap, GE Healthcare). The dye: protein ratio of the resulting apo 

protein was ~0.9. The copper content of the resulted apo protein was confirmed to be <4% via 

BCA copper quantification assay (40). 

 

2.10.2 DNA preparation, purification and fluorescence labeling 

 The Cy3 and biotin tagged DNA oligomeric strands were purchased from Integrated 

DNA Technologies (Coralville, IA) and dissolved in 10 mM Tris buffer solution with 100 mM 

NaCl at pH 7.3. Two types of 25 base-pair double-strand DNA (dsDNA) constructs were used. 

One construct is from the copA gene promoter and contains the specific dyad sequence 

recognized by CueR: 5′/Cy3/TGACCTTCCCCTTGCTGGAAGGTTT-3′ and the complementary 

5′-/BiotTEG/AAACCTTCCAGCAAGGGGAAGGTCA-3′. Underlined is the specific sequence. 

The other construct is a control DNA that does not contain the CueR-recognition sequence: 5′-

/Cy3/TTGACTCTATAGTAACTAGAGGGTG-3′, and the BioTEG-tagged complementary 

strand. Non-biotinylated dsDNA was used in the nanovesicle trapping experiment. The DNA 

strands were annealed together, purified through Mono Q anion exchange column, and stored in 

50 mM pH 7.35 Tris buffer with ~250 mM NaCl. The purity of dsDNA was confirmed by gel 

electrophoresis.  

 

2.10.3 Single-molecule fluorescence experiments and data analysis 
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 The single-molecule fluorescence experiments were performed as previously described 

(39). Briefly, a prism-type total internal reflection microscope based on an Olympus IX71 

inverted microscope was used. The Cy3 probe on DNA was directly excited by a continuous-

wave circularly polarized 532-nm laser of ~6 mW focused onto an area of ~150  75 m
2
 on the 

sample. The fluorescence of both Cy3 and Cy5 was collected by a 60 NA 1.2 water-immersion 

objective and split by a dichroic mirror into two channels using a Dual-View system (Optical 

Insights). The HQ550LP filter was used to reject the excitation laser light and each channel of 

fluorescence was further filtered (HQ580-60m or HQ660LP) and projected onto one half of the 

imaging area of an EMCCD camera (Andor Ixon) controlled by Andor IQ software. The time 

resolution for all the single-molecule experiments was 50 ms. A custom IDL program was then 

used to extract individual fluorescence trajectories of Cy3 and Cy5 for individual immobilized 

DNA molecules interacting with CueR from the fluorescence movie recorded by the camera. The 

FRET efficiency was computed using the relationship: ICy5/(ICy5+ICy3), where ICy3 and ICy5 are the 

fluorescence intensities. FRETulator, a home-written Visual basic program, was used to obtain 

the FRET histograms and the individual waiting times. A forward-backward nonlinear filter 

implemented in MatLab was used to reduce the noise in the fluorescence trajectories (41-43).  

 The samples were contained in a microfluidic channel, formed by double-sided tape 

sandwiched between a quartz slide and a borosilicate cover slip. Quartz slides were first amine-

functionalized with Vectabond (Vector Laboratories) and then coated with polyethylene glycol 

(PEG) polymers (Nanocs, 100 mg/mL m-PEG-SPA-5000 and 1 mg/mL biotin-PEG-NHS-3400) 

to minimize nonspecific protein and DNA adsorption on quartz surfaces. One percent of the PEG 

polymers contain a biotinylated terminal group to form biotin-neutravidin linkages for 

immobilizing biotinylated DNA molecules (Fig. 8A). The neutravidin (Invitrogen) was 
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introduced as 500 μL of 0.2 mg/mL solution and incubated for 15 min. Any possible remaining 

bare quartz surface patches were further blocked using 3 mL BSA (0.1 mg/ml). ~500 μL of 10 

pM Cy3-labeled biotinylated DNA solution in 50 mM Tris, 2 mM MgCl2 buffer at pH 7.35 was 

flowed through the channel for immobilization. The CueR solution of 0.5 to 10 nM containing an 

oxygen scavenging system (0.1 mg/mL glucose oxidase, 0.025 mg/mL catalase, 4% glucose and 

1 mM Trolox) in the same buffer was flowed in continuously at a rate of 10 μL/min for 

fluorescence imaging.   

 

2.10.4 In vitro run-off transcription assay 

 Following reported procedures (19, 29, 32) we performed an in vitro transcription run-off 

assay to confirm that the two CueR variants, CueRC129 and CueRE96C, are still transcriptionally 

active. A 315-bp DNA fragment (referred as PcopA), spanning the promoter and part of the E. 

coli copA gene, was copied out of the E. coli genome through PCR using the following primers: 

5´-TCTTTACGGACTTTTACCCGCCTGG-3´ and 5´-

CCTTTGGGTGGCTTACAGATGCGTC-3´. This fragment was used as the template for in vitro 

transcription. Run-off transcription reactions were performed by incubating 20 μg/mL PcopA 

DNA template, with 0, 5, 10, 30, 50, 100 or 200 nM concentrations of apo CueR mutants, and 15 

nM E. coli RNA polymerase (Epicenter) in a buffer solution (100 mM potassium Glutamate, 10 

mM pH 8 Tris-base, 1 mM MgCl2, 0.1 mM EDTA, 100 g/mL of acetylated-BSA, 1 mM CaCl2, 

5% glycerol, 2 mM dithiothreitol (DTT), 10 M BCA, and 1 M  [Cu(CH3CN)4]PF6) for 10 

minutes at 37°C in a total volume of 20 μL. 2.5 μL of an NTP mixture containing 500 μM of 

ATP, GTP, CTP and UTP, 0.5 μL of [α-
32

P]UTP and 0.25 μL of RNase inhibitor were added to 
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the reaction mixture and incubated at 37°C for another 20 minutes. Following incubation, a 

mixture of 70 μL of water, 10 μL of 3M NaOAc (pH 5.2, adjusted with acetic acid), and 2 μL of 

0.5 M EDTA was added to the reaction mixture. The RNA product was precipitated overnight at 

20°C after the addition of 2 μL of glycogen blue and 330 μL of ethanol. RNA was re-suspended 

in 10 μL of 80% formamide, 1X TBE buffer, 10 mM EDTA, 0.05% SDS and 0.025% 

bromophenol blue and kept at 100°C for 2 minutes. RNA samples were loaded onto a 6% urea 

polyacrylamide gel and electrophoresed at 1000 V. The results show that both CueR mutants are 

active transcriptional factors and have quantitatively similar activity to the wild type CueR (Fig. 

8B, C). 

 

2.10.5 Nanovesicle trapping of protein and DNA 

  The nanovesicle trapping experiment was performed as described previously (44-46). 

Briefly, a mixture of L-phosphatidylcholine (eggPC) and 2% 1,2-dipalmitoyl sn-glycero3-

phosphoethanolamine- N-(cap biotinyl) (16:0 biotinyl cap PE) (Avanti Lipids) in chloroform was 

dried under nitrogen. Protein-loaded vesicles were prepared by hydrating the lipid film with a 

300 L solution containing 1 M Cy5 labeled CueR, 1 M Cy3 labeled DNA, 1 mM Trolox, and 

5 mM TCEP in 50 mM Tris, 10 mM NaCl, 2mM MgCl2 at pH 7.35. Conditions for non-specific 

DNA were the same as above, except the DNA and protein concentrations were 2 M and 3 M, 

respectively. The solution was then repeatedly extruded through a polycarbonate membrane with 

100 nm pores (Avanti) to form approximately 100-nm diameter unilamellar vesicles 

encapsulating the protein and DNA. The inner diameter of the nanovesicles is 80  20 nm, 

calculated from the outer diameter (90  20 nm) measured by dynamic light scattering (Fig. 10; 
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Malvern Zetasizer Nano-ZS) and a membrane thickness of 5 nm (47) . The corresponding 

effective concentration for a single molecule trapped inside the nanovesicle is 6 ± 5 M. Loaded 

vesicles were used for experiments immediately or within 48 h of preparation. The quartz surface 

inside the flow cell was first coated by biotinylated BSA (1 mL of 2 mg/mL solution flow 

through and 30 min incubation), neutravidin (500 L of 0.2 mg/mL solution flow through and 10 

min incubation), and then 300 L of a 100-200 pM nanovesicle solution was flowed in buffer 

that contains the oxygen scavenging system.  

 

2.11 Supplementary Information 

2.11.1 Experimental strategy  

 Fig. 8A shows our experimental design of using smFRET and surface immobilization to 

probe CueRDNA interactions, as described in the text. One end of the DNA had a FRET donor 

Cy3 attached and the other end on a different strand had a biotin for its surface immobilization 

via a neutravidin-biotin linkage. The homodimeric CueR was labeled with a single FRET 

acceptor Cy5 and supplied in a flowing solution across the immobilized DNA. Upon CueR 

binding to DNA, FRET occurs, causing changes in the fluorescence intensities of Cy3 and Cy5. 

By monitoring the fluorescence intensities of Cy3 and Cy5 simultaneously, we studied single-

pair CueRDNA interactions in real time. 

 We studied two CueR variants, with the Cy5 located at two different locations (see 

Section 2.11.2). Fig. 8B and C show that the two CueR variants are both as active as the wild 

type in activating the transcription controlled by the copA promoter (Section 2.10.4). 



34 

 

 

Fig. 8. (A) Experimental scheme of surface immobilization of DNA; CueR is supplied in a 

continuously flowing solution. Upon CueR binding to DNA, FRET occurs from the donor Cy3 

(green sphere) to the acceptor (red sphere). The Cy5 location indicated here corresponds 

approximately to that in CueRCy5-C129. (B) Gel image of RNA production from the in vitro 

transcription assay in the presence of RNAP only, and in the presence of both RNAP and 

increasing amounts of holo wild-type (wt) CueR, CueRE96C, or CueRC129. (C) Amount of RNA 

produced as a function of holo-CueR concentration from B. Solid lines are the fits with Equation 

52. Error bars are s.d. of five trials in quantifying the RNA amounts from the image in B. 

 

2.11.2 Location of fluorescence probes  

 Fig. 9A shows the locations of the two fluorescent probes Cy5 and Cy3 on a model 

structure of a CueRDNA complex. The model was generated by overlaying in PyMol the holo-

CueR structure (29) on top of the structure of MtaNDNA complex (18, 48), where MtaN is a 

homologue of CueR as well as a MerR-family regulator that responses to organic drugs instead 

of metal ions.  
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 Two CueR constructs were made for the single molecule experiment. In one CueR 

construct, CueRC129, the Cy5 is attached to the surface-exposed C129; this labeling position is 

located within the metal-binding domain of CueR near the C-terminal end (Fig. 9A). In the 

second CueR construct, CueRE96C, the Cy5 is attached to the surface-exposed non-conserved 

E96C; this labeling position is located at the center of the dimerization helix (Fig. 9A).  

 The probe in a singly labeled CueR breaks the symmetry of the CueR homodimer, which 

can thus bind to a terminally-labeled DNA with two different orientations. Based on the model 

structure (Fig. 9A), the Cy3Cy5 anchor-to-anchor distances in a CueRCy5-C129DNA complex 

are about 68 Å and 45 Å for the two binding orientations. The experimentally measured EFRET 

values corresponding to these two binding orientations are 0.25 and 0.92, respectively (Fig. 2F). 

Similarly, the Cy3Cy5 distances in a CueRCy5-E96CDNA complex are about 61 Å and 53 Å for 

the two orientations, respectively. The corresponding experimentally measured EFRET values are 

0.42 and 0.62, respectively (Fig. 2G). The cartoon representations such as that in Fig. 9B are 

used throughout the text to depict CueRDNA complexes. 

 

Fig. 9. (A) The locations of fluorescent probes on a model structure of a CueRDNA complex. 

Cy3 is attached to the 5’-end of one of the DNA strands.  A CueR monomer can be divided into a 
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DNA binding domain, a dimerization helix and a metal binding domain shown in green, blue, and 

red, respectively. The other monomer is shown in grey. The Cy3Cy5 anchor-to-anchor distances 

are denoted.  (B) The cartoon representation of A. Orange color on DNA marks the positions of 

the dyad symmetric sequence recognized by CueR. 

 

2.11.3 Measurement of nanovesicle diameter by dynamic light scattering   

  The 100-nm lipid nanovesicles were made through membrane extrusion (see Section 

2.10.5). We further measured the nanovesicle size distribution using dynamic light scattering 

(DSL, Malvern Zetasizer Nano-ZS) (Fig. 10). The measured hydrodynamic size of the 

nanovesicles is 90 ± 20 nm. Using a membrane thickness of ~5 nm (47), the inner diameter of 

nanovesicles is 80 ± 20 nm. Correspondingly, the effective concentration for a single molecule 

trapped inside is 6 ± 5 M. 

 

Fig. 10. DSL-measured size distribution of the 100-nm lipid nanovesicles prepared via membrane 

extrusion. Error bars are s.d. The solid line is the fit of the size distribution by a Gaussian 

function centered at 90 nm with FWHM of ~20 nm. Refractive index for lipid-bilayer used is 1.47 

and for buffer 1.33. Measured viscosity of buffer is 0.99. 
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2.11.4 Apo-CueR and DNA interactions 

  Fig. 11A presents a representative EFRET trajectory of apo-CueRCy5-C129DNA 

interactions. Fig. 11B presents the EFRET histogram of ~500 such trajectories. Both the trajectory 

and the histogram clearly resolve three EFRET states: E0, E1, and E2, corresponding to the 

unbound state (i.e., free DNA form) and two orientations of the CueRDNA complex, as we 

discussed in the previous sections. The EFRET values (Fig. 11A and B) are similar to those 

obtained in holo-CueRCy5-C129DNA interactions (Fig. 2A and F).  

  Fig. 11C presents the distributions of 2 and 1 in the presence of 2 nM apo-CueRCy5-C129. 

The two distributions are identical within experimental error, consistent with that the E2 and E1 

states are equivalent, corresponding to the two CueR binding orientations. Both distributions 

follow double exponential decay behavior, reflecting the two different binding modes of apo-

CueR on DNA, similar to holo-CueRDNA interactions as discussed in Section 2.6 (Fig. 4A). 

Fig. 11D compares the 1 distributions of apo- and holo-CueRCy5-C129 interacting with DNA, 

parallel to the comparison of 2 distributions in Fig. 3A.  

 Moreover, both 2 and 1 can be divided into two sub-types. For 2: 2


1 and 2


0, 

depending on whether an E2  E1 or E2  E0 transition concludes a 2 period. For 1: 1


2 and 

1


0, depending on whether an E1  E2 or E1  E0 transition concludes a 1 period. For apo-

CueRCy5-C129DNA interactions, 2


1 and 2


0 follow the same double-exponential distribution 

with identical exponents (Fig. 11E), and 1


2 and 1


0 follow the same double-exponential 

distribution with identical exponents (Fig. 11F). This indicates that upon leaving the E2 (or E1) 
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state, transitions to the E1 (or E2) or E0 state must start from the same one kinetic species of the 

two binding modes within the E2 (or E1) state (see Section 2.11.10 for the derivation of the 

probability density functions of 2


1 and 2


0, as well as 1


2 and 1


0). 

 

Fig. 11. (A) An EFRET trajectory of an immobilized Cy3-DNA in interaction with 7 nM apo-

CueRCy5-C129 in solution. (B) Histogram of EFRET trajectories of apo-CueRCy5-C129DNA 

interactions. Data from >500 EFRET trajectories were combined here. The solid lines are the fits of 

the EFRET distribution by Voigt functions centered at ~0.07, 0.25, and 0.92, with percentage peak 

areas of 89.7 ± 0.1%, 5.5 ± 0.3%, and 4.8 ± 0.2%, respectively.  [apo-CueRCy5-C129] = 7 nM. Bin 

size = 0.005. (C) A comparison between the distributions of 2 and 1 at [apo-CueR] = 2 nM. 

These two distributions as well as those in E and F were fitted globally by a sum of two 
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exponentials: N[A1 exp(1) + (1A) 2exp(2)] with 1 = 0.35  0.02 s
1

, 2 = 1.6  0.06 s
1

, 

and A = 0.57  0.02. Data compiled from ~700 EFRET trajectories with ~1100 events for 2 and 

~1300 events for 1; bin size = 0.15 s. (D) Distributions of 1 for holo- and apo-CueRCy5-C129 

interactions with DNA, both at 2 nM protein concentrations. Data were collected from ~500 

(holo) and ~700 (apo) EFRET trajectories. Bin size: 0.15 s. The two distributions were normalized 

to the first time point. Solid lines are the fits of the data with a sum of two exponentials: N[A1 

exp(1) + (1A) 2exp(2)]. For holo: fit parameters are the same as in Fig. 4A; for apo: fit 

parameters are the same as in C. (E, F) Distributions of 2


0 and 2


1, and 1


0 and 1


2 at [apo-

CueRCy5-C129] =2 nM. Solid lines are global fits with a sum of two exponentials for the apo data in 

C, E and F. Bin size: 0.15 s.  

 

2.11.5 Dependence of 1
1

 on protein concentration  

 For the microscopic dwell time 1, 1
1

 represents the rate of leaving the protein-bond 

state E1. 1
1

 was observed to be dependent on the concentration of protein in the solution (Fig. 

12) it increases linearly with increasing concentration of either holo- or apo-CueR. This behavior 

is similar to that of 2
1

 (Fig. 5A), as expected, and it indicates that a protein molecule coming 

from the surrounding solution must interact with the protein molecule in complex with DNA to 

cause it to leave the E1 state, leading to either the state E2 or the state E0.  The former 

corresponds to a direct protein substitution and the latter to a protein-assisted dissociation, as 

discussed in Section 2.7 on the protein concentration dependence of 2
1

 (reference Fig. 5A). 



40 

 

 

Fig. 12. [CueR] dependence of 1
1

 for CueRCy5-C129DNA interactions. Solid lines are fits with 

Equations 6 (holo) and 7 (apo). 

 

2.11.6 Cy3-DNA interaction with a mixture of holo-CueRCy5-C129 and holo-CueRCy5-E96C  

 To verify the direct protein substitution process in holo-CueRDNA interactions, we 

performed an experiment using a mixture of holo-CueRCy5-C129 and holo-CueRCy5-E96C, whose 

DNA-bound complexes have distinct EFRET values (Fig. 2A and F vs. Fig. 2B and G). Fig. 13A 

(same as Fig. 2D) presents an EFRET trajectory of Cy3-DNA interaction with a mixture of holo-

CueRCy5-C129 and holo-CueRCy5-E96C. Fig. 13B presents the EFRET histogram of ~500 such 

trajectories. Both the trajectory and the histogram clearly resolve five EFRET states: E0, E1, E1′, 

E2′, and E2, corresponding to the unbound state (i.e., free DNA form), the two binding 

orientations of the holo-CueRCy5-C129DNA complexes (E1 and E2), and the two binding 

orientations of the holo-CueRCy5-E96CDNA complexes (E1´ and E2´), as we discussed in Section 

2.3 (Fig. 2F and G). Most importantly, in the EFRET trajectory (Fig. 13A), there are direct 

transitions between the bound states of holo-CueRCy5-C129DNA complexes (i.e., E1 and E2) and 
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those of holo-CueRCy5-E96CDNA complexes (i.e., E1′ and E2′). These transitions directly show 

the exchange of a holo-CueR on DNA, i.e., direct protein substitution.  

 

Fig. 13. (A) An EFRET trajectory of an immobilized Cy3-DNA in interaction with a mixture of 

holo-CueRCy5-C129 and holo-CueRCy5-E96C of 5 nM each in solution. (B) Histogram of EFRET 

trajectories of holo-CueRCy5-C129 and holo-CueRCy5-E96C interactions with DNA. Data from >500 

EFRET trajectories were combined here. The solid lines are the fit of the EFRET histogram by a sum 

of five Voigt functions centered at ~0.07 (E0), 0.25 (E1), 0.92 (E2), 0.42 (E1′), and 0.62 (E2′) with 

percentage peak areas of 88.0 ± 0.1%, 3.3 ± 0.2%, and 2.8 ± 0.3%, 3.2 ± 0.3%, and 2.7 ± 0.1%,   

respectively. [holo-CueRCy5-C129] = 5 nM and [holo-CueRCy5-E96C] = 5 nM. Bin size = 0.005.  

 

2.11.7 Protein monomer-dimer equilibrium and surface effects are insignificant 

 CueR is a homodimer. The dissociation constant for this dimerization is not known, 

although we expect it to be in the nanomolar regime because the physiological concentration of 

CueR in E. coli is about ~400 nM (see Section 2.9). In our single-molecule experiments we 

flowed in nanomolar concentrations of CueR.  To ensure that a dynamic monomer-dimer 

equilibrium does not play a significant role in the CueRDNA interaction kinetics observed here, 

we further used a vesicle trapping scheme to study holo-CueRCy5-C129DNA interactions, a 

scheme we previously applied to study dynamic proteinprotein interactions (44-46). 
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 In this scheme we trapped a single pair of Cy3-labeled DNA and holo-CueRCy5-C129 inside 

a ~80-nm inner diameter lipid vesicle, which is immobilized on the surface (Fig. 14A, Section 

2.11.7). Because of the confined volume, the effective concentration of a molecule inside is high, 

about a few M, and CueR dissociation into monomers is negligible. Fig. 14B shows a typical 

EFRET trajectory of holo-CueRCy5-C129DNA interactions inside a vesicle. Two states are clear at 

E1 ~ 0.24 and E2 ~ 0.92, corresponding to the two protein-bound states with opposite orientations 

(reference Fig. 2A, cartoons to the right). The state where CueR and DNA are not in complex is 

negligible, as their KD is in the nanomolar regime (Table 1 and Table 2), much smaller than the 

effective concentration inside a vesicle. The transitions between the two states come from direct 

protein flipping or protein unbinding followed by rapid rebinding where the unbound state is not 

detected (the binding rate here is ~50 s
1

 using the binding rate constant (k1 ~ 9 × 10
6
 M

1
s
1

, 

Table 1) and the effective protein concentration (~ 6 M). The direct protein substitution and 

assisted protein dissociation cannot occur here because there is no a second protein molecule 

inside the same vesicle. 

  The distribution of 2 here again follows a double-exponential decay (Fig. 14D, and Fig. 

15B for the distribution of 1), similar to those where direct DNA immobilization scheme is used 

(in Fig. 4A). Within experimental error, the two exponential decay constants here are the same as 

those from the 2 distribution of holo-CueRCy5-C129DNA interactions using the direct 

immobilization scheme at the lowest protein concentration (0.5 nM) where both the direct 

protein substitution and assisted protein dissociation are insignificant (Fig. 15C). Therefore, 

CueRDNA interactions follow similar kinetics using either the vesicle trapping scheme or the 

direct immobilization. This similarity indicates that (1) the monomer-dimer equilibrium, if exists, 

is insignificant in considering their interaction kinetics, and (2) the surface effect is also 
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negligible in the direct immobilization scheme because the vesicle trapping eliminates the 

interactions of the protein and DNA with the quartz surface. 

 

Fig. 14. CueRDNA interactions measured inside ~80-nm inner diameter lipid vesicles. (A)  

Schematic of vesicle trapping of a single CueRDNA pair. (B) EFRET trajectory of a holo-

CueRCy5-C129 molecule interacting with a specific DNA inside a vesicle showing fluctuations 

between two states. (C) Compiled histogram of ~70 EFRET trajectories of holo-CueRCy5-C129DNA 

interactions inside vesicles. Solid lines are Gaussian resolved peaks centered at ~0.92 and 0.24. 

Bin size: 0.02. (D) Distribution of 2 from (B); bin size: 0.15 s. Solid line is a fit with a sum of 

two exponentials: N[A1exp(1) + (1A)2exp(2)]; 1 = 0.60 ± 0.02 s
1

, 2 = 5.0 ± 0.3 s
1

, and 

A = 0.80 ± 0.01. 
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2.11.8 Comparison of the dwell time distributions from the direct immobilization scheme and 

those from the nanovesicle trapping scheme 

 Fig. 15A presents the distributions of 2 and 1 for holo-CueRCy5-C129DNA interactions 

obtained using the direct immobilizations scheme (Fig. 8A). The two distributions both follow 

double exponential decay and are identical to each other within experimental error, consistent 

with that the E2 and the E1 state are the proteinDNA complexes with the two opposite protein 

binding orientations. Fig. 15B presents the similar data, but obtained using the nanovesicle 

trapping scheme (Fig. 14A); again the two distributions are identical, as expected.  

 Fig. 15C compares the 2 distributions of holo-CueRCy5-C129DNA interactions using the 

direct immobilization scheme at the lowest protein concentration (0.5 nM) and using the 

nanovesicle trapping scheme. The two distributions are identical within experimental error. 

Therefore, CueRDNA interactions follow similar kinetics using either the nanovesicle trapping 

or the direct immobilization scheme. This similarity also rules out the possibility that CueR 

monomer-dimer equilibrium plays a significant role in the interaction kinetics, as this 

equilibrium is insignificant in the nanovesicle trapping scheme, and the possibility that 

nonspecific interactions may play a role, as any interactions with the surface is removed in the 

trapping scheme, as discussed in Section 2.11.7 earlier. 
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Fig. 15. (A) The distributions of dwell time 2 and 1 from holo-CueRCy5-C129DNA interactions 

using the direct immobilization scheme as in Fig. 8A at a protein concentration of 2 nM. (B) 

Same as in (A) but using the nanovesicle trapping scheme. (C) The comparison between the 2 

distribution of holo-CueRCy5-C129DNA interactions in the direct immobilization experiment 

(protein concentration ~ 0.5 nM) and that in the nanovesicle experiment. The two distributions 

were normalized to the first data point. (D) Distributions of 1


0 and 1


2 at [holo-CueRCy5-C129] 

=2 nM using the direct immobilization scheme. Solid lines are global fits with a sum of two 

exponentials as for the holo data in A. Bin size: 0.15 s. The two distributions are both double-

exponentials and have identical exponents, indicating that the transitions leaving the E1 state start 

from the same one kinetic species of the two binding modes within the E1 state. The distributions 

in panels of A & D as well as those of panel of Fig. 4B were fitted simultaneously by a sum of 

two exponentials (solid lines): N[A1exp(1) +(1A) 2exp(2)] with fit parameters: 1 = 0.55 

 0.01 s
1

, 2 = 6.4  0.2 s
1

, and A = 0.68  0.01. The distributions in B & C were fitted globally 

using a sum of two exponentials (solid lines): N[A1exp(1) +(1A) 2exp(2)] with 



46 

 

parameters 1 = 0.60 ± 0.02 s
1

, 2 = 5.0 ± 0.3 s
1

, and A = 0.80 ± 0.01. Data were compiled from 

518 EFRET trajectories for A and D, 75 molecules for B, 485 molecules for C. All bin size = 0.15 s. 

 

2.11.9 CueRDNA dissociation constant from ensemble fluorescence anisotropy titration 

 To complement our single-molecule measurements, we also used ensemble fluorescence 

anisotropy titration to determine the CueRDNA binding affinity. In this titration, the Cy3-

labeled DNA was titrated with increasing amounts of holo-CueRCy5-C129 or holo-CueRCy5-E96C, 

while the fluorescence anisotropy of the Cy3-DNA was monitored, following procedures by 

Andoy et al. (39). The titration curve shows a normal saturation behavior (Fig. 16A, B and C).  

 The fluorescence anisotropy (rs) titrations were fitted with  

2

T T D T T D T T

s D PD D

T

[D] [P] ([D] [P] ) 4[D] [P]
( )

2[D]

K K
r r r r

     
   

            Eq. [10] 

where, rD and rPD are the anisotropy values for free and protein-bound DNA, respectively, [D]T 

is the total DNA concentration, [P]T is the total protein concentration, and KD is the dissociation 

constant of protein-DNA complex. Note that the model behind Equation 10 is a simple binding 

equilibrium between CueR and DNA, in which no consideration is given to the existence of 

multiple, different CueRDNA complexes; thus the ensemble KD in Equation 10 is different 

from the single-molecule KD in Table 1, which equals k1/k1, the rate constants defined in Fig. 6. 

Relation between the ensemble KD and the single-molecule KD is derived in Section 2.11.16. 

 Fitting the titration data in Fig. 16A and B give the dissociation constants KD ~ 3.5 ± 0.9 

nM and ~ 2.6 ± 0.5 nM for holo-CueRCy5-C129 and holo-CueRCy5-E96C interactions with the specific 
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DNA, both of which are comparable to the previously reported value of 1.9 ± 0.8 nM obtained 

on wild-type holo-CueR using the same measurements (39). This agreement demonstrates that 

the mutation and the Cy5-labeling result in minimal perturbation on CueR’s DNA binding 

affinity and it is also consistent with that CueRC129 and CueRE96C are as active as the wild-type 

CueR in activating transcription in the presence of Cu 
+
 (Fig. 8B and C). 

 

Fig. 16. (A, B) Fluorescence anisotropy titration of Cy3-labelled specific-DNA with holo-

CueRCy5C129 and holo-CueRCy5E96C. (C) Same as in A but using Cy3-labeled nonspecific-DNA. 

The experiment was performed at 50 nM Cy3-DNA in 50 mM pH 7.35 Tris buffer with 10 mM 

NaCl and 2 mM MgCl2. The solid line is a fit using Equation 10, with KD ~ 3.5 ± 0.9 nM for 

holo-CueRCy5C129, 2.6 ± 0.5 nM for holo-CueRCy5E96C in interactions with the specific DNA, and 

KD ~ 356 ± 34 nM for holo-CueRCy5C129 in interactions with the nonspecific DNA. Note that the 

x-axes of A, B, and C are the total concentration of the homodimeric CueR in solution, not the 

concentration of free CueR. (D) [holo-CueRCy5-C129] dependence of off
1

 for CueRCy5-C129 
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interactions with the nonspecific DNA. Each data point is an average of the dwell times from 

~250 EFRET trajectories. The solid line is linear fit whose slope gives k1, the binding rate constant 

for CueR binding to nonspecific DNA. 

 

 Fig. 16C shows the anisotropy titration of holo-CueRCy5-C129 in interaction with the Cy3-

labeled nonspecific DNA. Fitting the data gives the dissociation constant KD ~ 356 ± 34 nM, 

much weaker that of holo-CueRCy5-C129 interacting with specific DNA, as expected. As the CueR 

binding to nonspecific DNA follows a simple binding-unbinding model without the presence of 

any intermediate, the dissociation constant could also be determined from the inverse of waiting 

times on
1

 (Fig. 5B) and off
1

 (Fig. 16D), which equal k1 and k1[P], respectively. The values 

of rate constants k1 and k1 are 5.9 ± 0.1 s
1

 and 0.016 ±0.001 nM
1

s
1

, giving the dissociation 

constant KD of 369 ± 24 nM, very similar to that (356 ± 34 nM) determined from the ensemble 

fluorescence anisotropy titration measurement in Fig. 16C.  

 Table 2 below summarizes the KD’s measured through different methods for wild-type 

and variant CueR interacting with either specific and nonspecific DNA. Many of them are 

mentioned in the text and later in this SI. 
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Table 2. Dissociation constants for CueRDNA interactions measured at various conditions and 

using different methods.  

  

Experiments Apo-CueR 

(nM) 

Holo-CueR  

(nM) 

Reference 

 

S
p
ec

if
ic

 D
N

A
 

In vitro transcription 

assay 

 5.6  1.1 
a
 

26  9 
b
 

1.0  0.5 
c
 

 

This study (Fig. 8C) 

Single molecule imaging 39  16
 d

 52  36
 d

 This study (Equation 51) 

Ensemble anisotropy 

titration 

 3.5  0.9
 d 

2.6  0.5
 e
 

This study (Fig. 16A) 

This study (Fig. 16B)  

Ensemble anisotropy 

titration 

6  2
 a
 1.9  0.8

 a
 Andoy et al. (39) 

 

Gel-shift assay 17  2
 a
 25  7 

a
 Stoyanov  et al. (49) 

N
o
n

-S
p
ec

if
ic

 D
N

A
 Ensemble anisotropy 

titration 

 356 ± 34
 d
 This study (Fig. 16C) 

Single molecule imaging  369 ± 24
 d
 This study (Section 

2.11.9) 

a 
wt-CueR; 

b 
CueRC129; 

c
 CueRE96C ; 

d
 CueRCy5-C129; 

e 
CueRCy5-E96C   

 

2.11.10 Derivation of the probability density function f() and 1
 for the dwell time 2 and 1  

Fig. 17 below is part of the kinetic mechanism presented in Fig. 6 in Section 2.8. It 

includes all the kinetic processes that occur within the E2 state or depart from the E2 state. These 

processes determine the length of τ2, the dwell time on the E2 state. 
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Fig. 17. The kinetic processes associated with the dwell time 2 on the FRET state E2. k’s are 

corresponding kinetic rate constants. The two binding modes of CueR in complex with the DNA 

in the E2 state are designated as I2 and I2´. The free DNA is designated as D. I1 is the equivalent to 

I2, except that the protein binds in an opposite orientation; and it is kinetically connected from the 

E2 state by direct flipping (k4) and direct substitution (k2a). [P] stands for the protein 

concentration. Note there is a factor of ½ in front of k2a[P] for the direct substitution because the 

incoming protein that replaces the incumbent protein can land in two different orientations and 

only one of them has the other orientation leading to a transition to the E1 state. k2b is the rate 

constant for the protein assisted dissociation. 

 

 The single-molecule rate equations from the kinetic scheme in Fig. 17 are:  
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                  Eq. [11] 
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             Eq. [12] 
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                 Eq. [13] 

 
2

D

1 2 b I

d ( )
= [ ] ( )

d

P
k k P





  P                  Eq. [14] 

where P()’s are the probabilities of finding CueR and DNA either in bound (I2, I2′, I1) or free 

(D) states at time , k’s are the rate constants for the transitions denoted in Fig. 17, and [P] is the 

protein concentration. The initial conditions for solving the above differential equations are:

2I
(0) 1P , 

2I '(0)=0P , 
1I
(0) 0P , and D (0) 0P  (at  = 0, CueR and DNA are in the form of 

I2 because this is the first species to be formed after protein binding, flipping or direct 

substitution). And at any time, 
2 2 1I I ' I D( ) ( ) ( ) ( ) 1   P P P P    . We can then evaluate the 

probability density function of 2, f2(). The probability of finding a particular 2 =  is f2()Δ, 

which is equal to the probability for the species I2 to switch to I1 or D between  and + Δ, i.e., 

1I D( ) ( ) P P 
 
(39, 50, 51). Therefore, 

12 I D( ) ( ) ( ).   f P P    In the limit of infinitesimal 

, f2() is equal to  
1I D

d
( ) ( )

d
P P 


. Solving Equations 11-14 for

2I
( )P  , 

2I '( )P  , 
1I
( )P   and 

D ( )P   using the initial conditions, the probability density function  f2() is: 

 
 

 2

2
( )= + exp exp

4 4 4

N MD N
f M C M C

M

 


    
       

    

               Eq. [15] 
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Here 

   
2

3 1 3 4 2a 2b 3 1 4 2a 2b+22 2 2 2 [ ] 8 2 2 +2 [ ]M k k k k k k k k k k k   
             P P

, 

   3 1 3 4 2a 2b+ ]22 [N M k k k k k k       P
, 

   3 1 3 4 2a 2b2 [+2 ]C k k k k k k 
      P

, and 
   1 4 2a 2b+22 [ ]D k k k k

    P
. And 

2
0

( )d 1f  


 . Note depending on whether holo-CueR or apo-CueR is concerned, either k2b = 0 

(for holo) or k2a = 0 (for apo). 

 Equation 15 is given as Equation 2 in Section 2.8. Equation 15 predicts that the 

distribution of 2 follows a double-exponential decay function, consistent with the experimental 

observation (Fig. 4A). Furthermore, 2 can be divided into two sub-types: 2


0, the dwell time that 

precedes each E2 E0 transition, and 2


1, the dwell time that precedes each E2 E1 transition. 

Similarly, the probability density functions for 2


0 and 2


1 are: 

 
 

 D 1
2 0

2d ( )
( )= = + exp exp

d 2 4 4

N MP k N
f M C M C

M

 







    
       

    
           Eq. [16] 

 
 

 
 1I 4 2a 2b

2 1

d ( ) 2 + + [ ] 2
( )= = + exp exp

d 4 4 4

P k k k N M N
f M C M C

M

  





    
       

    

P
 Eq. [17] 

And      2 0 2 1 2  f f f   . Equations 16 and 17 predict that the distributions of 2


0 and 

2


1 should both follow double-exponential decay functions with the same exponents, consistent 

with the experimental data (Fig. 4B and Fig. 11E).  
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 We can then obtain N2


1/N2


0, the ratio between the numbers of E2  E1 and E2  E0 

transitions, i.e., their relative probabilities, in the EFRET trajectories  

2 1
4 2a

2 1 0

2 0 1 2b

2 0

0

1( )d [ ]
2

[ ]
( )d

f k k
N

N k k
f

 

 









 





 






P

P
                Eq. [18] 

When k2a >> k2b = 0, i.e., the direct protein substitution dominates over assisted protein 

dissociation,  

4 2a
2 1

2 0 1

1
[ ]

2
k k

N

N k



 





P

                  Eq. [19] 

Equation 19 predicts that N2


1/N2


0 will increase linearly with increasing [P], consistent with 

what was observed for holo-CueRCy5-C129DNA interactions (Fig. 5C). When k2b >> k2a = 0, i.e., 

the assisted protein dissociation dominates over direct protein substitution: 

2 1 4

2 0 1 2b[ ]

N k

N k k



 


 P

                  Eq. [20] 

Equation 20 predicts that N2


1/N2


0 will decrease with increasing [P], while its inverse 

N2


0/N2


1 will increase linearly with increasing [P], consistent with what was observed for apo-

CueRCy5-C129DNA interactions (Fig. 5D). Equations 19 and 20 are given as Equations 3 and 4 in 

Section 2.8. 

 As the E1 state is chemically equivalent to the E2 state, the probability density functions 

of 1 are the same as those of 2: 
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 f1() = f2()                   Eq. [21] 

f1


2() = f2


1()                  Eq. [22] 

f1


0() = f2


0()                  Eq. [23] 

 To use the above equations to extract kinetic parameters from our experimental results, 

we did the following. The data such as those Fig. 4A were fitted empirically with a sum of two 

exponentials:  

2 2 1 1 2 2( ) [ exp( ) (1 ) exp( )]    y N A A                     Eq. [24] 

where N2 is a normalization factor. Correlating Equations 24 and 15, we have 

 
2

4


N
γ                    Eq. [25] 

 1

2

4




N M
γ                    Eq. [26] 

 
1

4

( )


M C D
Aγ

M
                  Eq. [27] 

 
2

1
4

( )
( )


 

M C D
A γ

M
                  Eq. [28] 

Solving Equations 25 to 28: 

 

2 1 1 2

1 2

2 1

1

( )[ ( ) ]

[ ( ) ]

  


 

γ γ Aγ A γ
C

Aγ A γ
                Eq. [29] 

 1 22 1[ ( ) ]  D Aγ A γ
                 Eq. [30] 
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  2 12M                      Eq. [31] 

24N 
                   Eq. [32] 

Also,  

 C+D=2(k-3k3)                  Eq. [33] 

 NM+C= 4k3                   Eq. [34] 

Substituting Equations 29-32 to 33-34, we get, 

 

1 2 1 2
3

1 2

1
1 2

2 1

( - ) [ - ( - ) ]
( - )

[ ( - ) ]

 
  

 

γ γ Aγ A γ
k A

Aγ A γ
                Eq. [35] 

 

2 1 2 1 1 2
3

1 2

1

2 2 1

( ) ( )[ ( ) ]

[ ( ) ]


    
   

  

γ γ γ γ Aγ A γ
k

Aγ A γ
               Eq. [36] 

The parameters A, 1, and 2 were determined from fitting the experimental distribution of dwell 

time at all the protein concentrations, at each of which the rate constants, k3 and k3, were 

determined. k3 and k3 are plotted against CueR concentration in Fig. 20for holo and apo CueR. 

The k3 and k3 are independent of CueR concentration, as expected. So, the final values of k3 and 

k3 for apo and holo were determined by averaging the data across the different protein 

concentration in Fig. 20 (Table 1). K3D was then calculated as k3/k3 (Table 1). 

 Additionally, the inverse of the average dwell time is,  

 
 

1 1 2 21 4
2 1 2

3D 3D0

2
1 ( ) [ ]

1 2 1

a bk kk k
f d

K K
    



  


       
  P              Eq. [37] 
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We can consider two limiting conditions: (1) When the direct substitution pathway dominates 

over the assisted dissociation, i.e., k2a >> k2b = 0. Then, Equation 37 reduces to:   

 
 

1 21 4
2

3 3

[ ]
1 2 1

a

D D

kk k

K K
   
   

 
P

                Eq. [38] 

which predicts that 2
1

 increases linearly with increasing [P], as observed for holo-

CueRDNA interactions (Fig. 5A). (2) When the assisted dissociation dominates, i.e., k2b >> k2a 

= 0 Then the Equation 37 reduces to: 

 

1 21 4
2

3 3

[ ]
1 1

b

D D

kk k

K K
   
   

 
P

                 Eq. [39] 

which also predicts that 2
1

 increases linearly with increasing [P], as observed for apo-

CueRDNA interactions (Fig. 5A). 

 Equations 38 and 39 are given as Equations 6 and 7 in Section 2.8. They were used to fit 

the data in Fig. 5A to determine the kinetic parameters k4 and k2a (for holo) and k1 and k2b (for 

apo) (See Section 2.11.15 for more details for obtaining all kinetic parameters). 

 

2.11.11  Derivation of probability density function f0() and 0
˗1 

for the dwell time 0 

 Fig. 18 shows the kinetic processes that are associated with the dwell time τ0. These are 

the ones that depart from the E0 state:  
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Fig. 18. The kinetic processes related to the dwell time 0 on the FRET state E0. Note there is a ½ 

factor in front of k1[P] because for each protein binding, only 50% of time it will bind in one of 

the two orientations. 

 

 The single-molecule rate equations from the above kinetic scheme are: 

 2I 1
D

d ( ) [ ]

d 2

P k
P







P
                 Eq. [40] 

 1I 1
D

d ( ) [ ]

d 2

P k
P







P
                 Eq. [41] 

 D
1 D

d ( )
[ ] 

d

P
k P





  P                     Eq. [42] 

where P()’s are the probabilities of finding CueR and DNA either in bound (I2 and I1) or 

unbound (D) states at time , k1 is the binding rate constant, and [P] is the protein concentration. 
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The initial conditions for solving the above differential equations are:
2I
(0) 0P , 

1I
(0) 0P , 

D (0)=1P , with  = 0 being CueR and DNA in the free state D. And at any time 

2 1I I D( )+ ( )+ ( )=1P P P   . We can then evaluate the probability density function of 0, 0 ( )f  . The 

probability of finding a particular 0 is 
0( )f   , which is equal to the probability for the free 

DNA (D) switching to I2 or I1 between 0 and  + , i.e. 
2 1I IΔ ( )+Δ ( )P P  . Therefore,

2 10 I I( )Δ =Δ ( )+Δ ( ).f P P    In the limit of infinitesimal , 
0 ( )f  is equal to  

2 1I I

d
( )+ ( )

d
P P 


. 

Solving Equations 40-42 for 
2I
( )P  , 

1I
( )P   and 

D ( )P  by using above initial conditions, the 

probability density function of 
0 ( )f  is: 

 
0 1 1( )= [ ] exp( [ ] )f k k P P                  Eq. [43] 

Equation 43 predicts the distribution f0() to be a single exponential, consistent with the 

experimental observation (Fig. 3B). Equation 43 is presented as Equation 1 in Section 2.8. Then, 

the inverse of average dwell time,  

 

1

0 0 1

0

1 ( ) [ ]f d k   


    P

                 Eq. [44] 

Equation 44 predicts a linear relationship between 0
1

 and [P], as observed experimentally 

(Fig. 3A). Equation 44 is presented as Equation 5 in Section 2.8. Note that the experimental 

0
1

 do not go through zero exactly when extrapolated to [P] = 0 (Fig. 3A); this is likely 

because that the longest 0 (which corresponds to the smallest 0
1

) we could ever measure is 

the average observation time (typically tens of seconds to about 2 min) before the FRET probes 

bleach, which results in a finite 0
1

 even at the lowest [P]. To partially address this issue, a (0, 
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0) point was added in both the holo and apo data of 0
1

 versus [P] results, and the data were 

fitted with a straight line with a non-zero y-intercept (Fig. 3A); the slope obtained from the 

fitting was used for the value of k1 as in Equation 44. 

 

2.11.12 Simplified kinetic mechanism of CueRDNA interaction   

The chemical species involved in the kinetic mechanism in Fig. 6 take into account the 

fluorescent labels on CueR and DNA, which differentiate the two orientations of CueR upon 

binding DNA. Removing the fluorescent labels, the two orientations become identical, (i.e., I2 = 

I1  I and I2´ = I1´  I´), the E2 and E1 states merge, and the kinetic mechanism in Fig. 6 

simplifies to that in Fig. 19 below. This simplified mechanism only involves three different 

chemical species: the free DNA (D), the CueRDNA complex in which the CueR recognizes the 

targeting sequence and distorts the DNA structure (I), and the complex in which the CueRDNA 

interaction mimics the case for interacting with a nonspecific DNA (I´). Moreover, because the 

two protein binding orientations are now un-differentiated, the ½ factor in front of k1[P] and 

k2a[P] in Fig. 6 vanishes in Fig. 19. 
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Fig. 19. Simplified kinetic mechanism of CueR interacting with a specific DNA, where the 

fluorescent probes on CueR and DNA are removed. As such, the two protein binding orientations 

are identical (i.e., I2 = I1  I, I2´= I1´  I´; reference Fig. 6 in Section 2.8). 

 

 

2.11.13 Inter-conversion rate constants (k3 and k3) of apo and holo-CueRDNA interaction 

  Fig. 20 plots the rate constants k3 and k3 determined at various protein concentrations for 

holo-CueR and apo-CueR interactions with DNA, using Equations 35 and 36. Both k3 and k3 are 

independent of CueR concentration, as expected. The variations of their values at different 

protein concentrations reflect experimental uncertainties. Therefore, their final values were taken 
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as the averages of those determined at various protein concentrations and their final values were 

also used to calculate K3D (= k3/k3, Table 1). 

 

Fig. 20. The numerical values of k3 and k3 determined at various protein concentrations for (A) 

holo-CueR and (B) apo-CueR interactions with DNA. The solid lines are fits with horizontal 

lines. The error bars are s.d. 

 

2.11.14 The equilibrium ratio between protein-bound population and unbound population   

The equilibrium ratio between the protein-bound DNA population and the unbound free 

DNA population can be determined from the area ratio of the resolved peaks in the EFRET 

histogram (e.g., Fig. 2F): 

1 2 I I'

0 D

Combined area of  and  peaks Population of all complexes

area of  peak Population of free DNA

E E N N

E N


              Eq. [45] 

The population of all complexes includes the population of species I (NI) and that of species I’ 

(NI’) (reference Fig. 19). The population of free DNA denoted as ND. With the kinetic 

mechanism in Fig. 19, we can write: 
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                  Eq. [47] 

Combining Equations 45 to 47, we have:  

 

 1 2 1
3D

0 1 2b

  +  peak area [ ]
(1 )

  peak area [ ]

 


E E k
K

E k k

P

P
              Eq. [48] 

This equation is linear in [P] when [P] is very small and will saturate at higher [P] (Fig. 2H, apo). 

For holo-CueRDNA interaction, the assisted protein dissociation is negligible (i.e., k2b = 0), and 

Equation 48 reduces to:   

 

 1 2 1
3D

0 1

  +  peak area [ ]
(1 )

  peak area 

 
E E k

K
E k

P
               Eq. [49] 

This equation is linear in [P], as observed experimentally (Fig. 2H, holo). Equations 48 and 49 

are presented as Equations 9 and 8, respectively, in Section 2.8. Note that the experimental 

(E1+E2)/E0 area ratio for holo-CueR in Fig. 2H does not go through zero exactly when 

extrapolated to [P] = 0. This is likely because we only analyzed EFRET trajectories that had at 

least 2 transitions from the E0 to E1 or E2 states, as the trajectories without transitions are difficult 

to differentiate from nonspecifically adsorbed dye molecules. This would result in a finite 

(E1+E2)/E0 area ratio even at lowest possible [P]. To partially address this issue, we added a y-

offset in fitting Fig. 2H with a linear function. 
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2.11.15 Additional details about procedure of extracting kinetic parameters   

  For holo-CueR: the protein binding rate constant k1 was determined by fitting the data in 

Fig. 3A with Equation 5 (i.e., Equation 44; see more details in Section 2.11.11). Then, the inter-

conversion rate constants k3 and k3, and thus K3D, were determined as described in Section 

2.11.13 (and Fig. 20). This then allowed for the determination of k1 by fitting the data in Fig. 2H 

to Equation 8 (i.e., Equation 49. Finally, k2a and k4 rates were determined by fitting the data in 

Fig. 5A to Equation 6 (i.e. Equation 38).  

  For apo-CueR: the values of k1, k3, k3, and K3D were determined with the same procedure 

as that used for holo-CueR. Then, the ratio between Equations 9 (i.e., Equation 48) and Equation 

4 (i.e., Equation 20) was calculated to determine the value of k4, which is: 

  

 1 2 0 3D 1

2 1 2 0 4

 +  peak area   peak area (1 ) [ ]

 




E E E K k

N N k

P
             Eq. [50] 

The histogram peak area ratio and the N2


1/N2


0 are presented in Fig. 2H and Fig. 5D. The ratio 

of these two data is plotted in Fig. 21. Then, the value of k4 rate was determined by fitting the 

data of Fig. 21 to Equation 50. Finally, k2b and k1 rates were determined by fitting the data in 

Fig. 5A to Equation 7 (i.e., Equation 39). The determined values of all kinetic parameters are 

presented in Table 1. 
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Fig. 21. Protein concentration dependence of ratio of histogram area ratio to N2


1/N2


0 (i.e., 

“Branching ratio” in the plot) for apo-CueRCy5-C129DNA interactions. Solid line is a fit with 

Equation 50. 

 

2.11.16 Determination of the corresponding CueRDNA ensemble dissociation constants using 

single-molecule dissociation constants 

 From the KD and K3D determined from the single-molecule measurements (Table 1), we 

can obtain the corresponding ensemble dissociation constant KD′, which does not take into 

account the presence of multiple proteinDNA complexes. Using the kinetic scheme in Fig. 6, 

we have: 
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. The calculated ensemble dissociation 

constant KD′ for holo-CueRCy5-C129–DNA interaction by using the values of KD and K3D (Table 1) 

is 52  36 nM. Similarly, the calculated ensemble dissociation constant KD′ for apo-CueRCy5-

0 4 8 12
0

0.2

0.4

0.6

 A
re

a
 r

a
ti

o
/B

ra
n

c
h

in
g

 r
a

ti
o

 

 

[apo-CueR] (nM)



65 

 

C129–DNA interaction is 4.6  2.9 nM. All these values are comparable to previously reported 

ensemble dissociation constants (Table 2). 

 

2.11.17 Analysis of in vitro transcription run-off assay results   

   To model the in vitro transcriptional assay data quantitatively (Fig. 8B and C), we 

assumed that the amount of mRNA transcript generated is linearly proportional to the 

concentration of holo-CueRPcopA complex in the presence of RNAP and that CueR-PcopA 

interactions follow simple binding equilibrium. The measured amount of mRNA transcript as a 

function of CueR concentration (Fig. 8C) would then follow: 

 

0

0

[holo-CueR]
Amount of mRNA=

[holo-CueR]

copA

copA

D

C P
C P Y

K

  
                  Eq. [52] 

where C is a proportionality constant, [PcopA]0 is the total PcopA concentration, Y is the fraction of 

PcopA that has a holo-CueR bound, [holo-CueR] is the free holo-CueR concentration (taken 

approximately as the total holo-CueR concentration when PcopA concentration is small), and KD is 

the dissociation constant of the CueR-PcopA complex. The Equation 52 was used to fit the data of 

Fig. 8C. The dissociation constants obtained from the fits are 5.6  1.1 nM for wild type CueR, 

26  9 nM for CueRC129 and 1.0  0.5 nM for CueRE96C.  Although these values are comparable 

to reported values (Table 2), note the fitting of the in vitro transcription data here are crude and 

the values here should not be taken literally. 
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2.11.18 CueR behaves similarly in its interactions with a long, 121 base-pair, DNA containing 

the complete promoter 

 We have used a 25 base-pair DNA that contains the specific dyad symmetric sequence 

recognized by CueR (Fig. 8). This 25 base-pair sequence covers approximately the entire CueR 

footprint on DNA (Fig. 22A), determined by Outten et al (31), and provides a sufficiently tight 

binding by CueR (KD ~ nM, Table 2), comparable to CueR binding to longer DNA that contains 

the complete 10 and 35 sequences (KD ~ nM, from gel-shift assay by Stoyanov et al (49), 

Table 2). 

 To probe if a complete promoter region that contains the 10 and 35 sequences would 

make a difference to CueRDNA interactions, we further studied holo-CueRCy5-C129 interaction 

with a 121 base-pair DNA that contains the complete promoter region of the copA gene regulated 

by CueR (Fig. 22A). This DNA spans from the 60 to +61 position around the promoter, 

including the 10 and 35 sequences and the CueR-specific dyad symmetric sequence. The Cy3 

is labeled to an amine modified T at position 41 (Fig. 22A). This 121 base-pair DNA was made 

via PCR off purified E. coli chromosome using Cy3 and biotin-TEG labeled primers. 

 From the EFRET trajectories, holo-CueRCy5-C129 can still undergo flipping on this 121 base-

pair DNA, reflected by the direct E1  E2 transitions (Fig. 22B, C). Holo-CueRCy5-C129 still has 

two different binding modes in each of its binding orientations on this DNA, reflected by the 

double-exponential distribution of 2 (Fig. 22D). The decay time constants of the two exponents 

are slightly different from those of the 25 base-pair DNA (Fig. 22D), likely because CueR can 

slide along on the longer DNA. Moreover, holo-CueRCy5-C129 can still undergo the direct 
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substitution process on the 121 base-pair DNA, reflected by the linear dependence of 2
1

 on 

the protein concentration (Fig. 22E).  

 Therefore, holo-CueR behaves similarly in its interactions with this long DNA containing 

the complete promoter to the 25 base-pair DNA containing just the dyad symmetric sequence.  

 

Fig. 22. Holo-CueRCy5-C129 interactions with the 121 base-pair DNA. (A) The section of 121 base-

pair DNA around the promoter region of the copA gene spanning from 60 to +61. The 35 and 

10 sequences are shown as boxes. The dyad symmetric sequence that CueR recognizes is shown 

in pink. The Cy5 dye is attached at 41 position (red vertical arrow) via an amine modified T. 

The Biotin-TEG is attached to the 5’-end of +61 position for immobilizing the DNA. The 

experimentally determined CueR footprint (31) is shaded in grey. The 25 base-pair specific DNA 

used in this paper is underlined, and it overlaps almost entirely with the CueR footprint. (B) An 
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EFRET trajectory at 2 nM holo-CueRCy5-C129. Buffer: 50 mM pH 7.35 Tris, 100 mM Potassium 

Glutamate, 0.1 mg/mL BSA, 2 mM MgCl2, 1 mM CaCl2, 2 mM DTT, 0.1 mM EDTA, 5% 

glycerol, and 1 mM Trolox. (C) Histogram of the EFRET trajectories. Data from 85 EFRET 

trajectories were combined here. The solid lines are the fits of the EFRET histogram by Voigt 

functions centered at ~0.07, 0.23, and 0.81, with percentage peak areas of 81.4 ± 0.3%, 9.9 ± 

0.2%, and 8.7 ± 0.3%, respectively. [holo-CueRCy5-C129] = 2 nM. Bin size = 0.002. (D) 

Distribution of 2, at 2 nM protein concentration, in comparison with that for 25 base-pair DNA 

from Fig. 4A. Data compiled from ~1300 EFRET trajectories. Bin size: 0.15 s. The two 

distributions were normalized to the first data point for comparison. Solid lines are fits with a sum 

of two exponentials:  N[ 1exp(1) + (1A)2exp(2)]. For 25 base-pair: 1 = 0.55  0.01 s
1

, 

2 = 6.4  0.2 s
1

, A = 0.68  0.01; for 121 base-pair: 1 = 0.92 0.09 s
1

, 2 = 8.9  0.8 s
1

, A = 

0.40 0.02. (E) [holo-CueRCy5-C129] dependence of 2
1

 in comparison with that for the 25 base-

pair DNA from Fig. 5A. Solid lines are fits with Equation 6 as in Fig. 5A. 

 

2.11.19 CueR can still flip its binding orientation on DNA in the presence of RNAP 

 To probe if RNAP would alter the behavior of CueRDNA interactions, we performed 

preliminary experiments on holo-CueRCy5-C129 interactions with the 121 base-pair DNA in the 

presence of RNAP. This 121 base-pair DNA contains the 10 and 35 sequences for interaction 

with RNAP (Fig. 22A). Moreover, on the basis of the RNAP footprints on the MerR and ZntR 

specific promoters (19, 32) (ZntR is also a MerR-family metalloregulator), the Cy3-labeling at 

position 41 on the DNA should not interfere significantly with RNAP binding. 

 The EFRET trajectories show direct E1  E2 transitions (Fig. 23A). Therefore, holo-CueR 

can still flip its binding orientations on DNA in the presence of RNAP. Moreover, the E1 and E2 
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values in the presence of RNAP are slightly shifted from those in the absence of RNAP (Fig. 

23B and C); this shift confirms that RNAP does bind to the CueRDNA complex using the 121 

base-pair DNA with the Cy3 labeled at position 41. 

 

Fig. 23. (A) An EFRET trajectory of an immobilized 121 base-pair Cy3-DNA in interaction with 2 

nM holo-CueRCy5-C129 in the presence of 5 nM RNAP in solution. (B) Histogram of the EFRET 

trajectories of holo-CueRCy5-C129 interactions as in A. Data from 80 EFRET trajectories were 

combined here. The solid lines are the fits of the EFRET histogram by Voigt functions centered at 

~0.07, 0.18, and 0.77, with percentage peak areas of 77.4 ± 0.5%, 12.4 ± 0.3%, and 10.2 ± 0.4%, 

respectively. Bin size = 0.002.  (C) Histogram of EFRET trajectories of holo-CueRCy5-C129DNA 

interactions in the absence and presence of 5 nM RNAP. The histogram in the absence of RNAP 

is from Fig. 22C. The arrows indicate the E1 and E2 peaks. Buffer: 50 mM pH 7.35 Tris, 100 mM 

Potassium Glutamate, 0.1 mg/mL BSA, 2 mM MgCl2, 1 mM CaCl2, 2 mM DTT, 0.1 mM EDTA, 

5% glycerol and 1 mM Trolox. 
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2.11.20 Apo-CueR can directly substitute holo-CueR and vice versa on DNA 

 Our results presented so far were all from experiments using either all holo- or all apo-

proteins, from which we could extract quantitative kinetic parameters. To probe if apo-CueR can 

directly substitute holo-CueR on DNA, we performed another experiment using a mixture of 

apo-CueRCy5-C129 and holo-CueRCy5-E96C in interaction with the 25 base-pair specific DNA. This 

experiment is based on the assumption that there is no facile Cu
+
 exchange between apo- and 

holo-CueR within the time frame of our single-molecule imaging experiments (~30 min), so that 

the separately prepared apo-CueRCy5-C129 and holo-CueRCy5-E96C maintain their respective 

metalation states after mixing them. This assumption is likely valid considering the following: 

(1) CueR binds Cu
+
 tightly with an affinity of ~10

21
 M (29). (2) Cu

+
 removal from holo-CueR 

by CN

 chelation takes many hours’ incubation (see Section 2.10.1), which suggests that the 

kinetics of Cu
+
 removal is slow. 

 Fig. 24A shows an EFRET trajectory using a mixture of apo-CueRCy5-C129 and holo-

CueRCy5-E96C. There are direct transitions from the holo-CueRCy5-E96C bound states (E1´ ~0.42 and 

E2´ ~0.62) to the apo-CueRCy5-C129 bound states (E1 ~0.25 and E2 ~0.92), and vice versa. These 

transitions indicate that an apo-protein can directly substitute a DNA-bound holo-protein and 

vice versa, supporting our hypothesis that the direct protein substitution is a possible pathway for 

turning off transcription after transcription activation. 
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Fig. 24. (A) An EFRET trajectory of an immobilized 25 base-pair Cy3-DNA in interaction with a 

mixture of apo-CueRCy5-C129 and holo-CueRCy5-E96C of about 5 nM each in solution. The blue 

arrows denote the transitions from the holo-protein bound states to the apo-protein bound states, 

and the black arrows denote the reverse transitions; these transitions report the direct substitution 

of a DNA-bound holo-protein by an apo-protein or the reverse. This figure is the same as Fig. 2E 

in Section 2.3. (B) Histogram of the EFRET trajectories of apo-CueRCy5-C129 and holo-CueRCy5-E96C 

interactions with the specific DNA. Data from ~90 EFRET trajectories were combined here. The 

solid lines are the fit of the EFRET histogram by a sum of five Voigt functions centered at ~0.07 

(E0), 0.25 (E1), 0.92 (E2), 0.42 (E1′), and 0.62 (E2′) with percentage peak areas of 79.0 ± 0.2%, 5.5 

± 0.8%, and 3.8 ± 0.6%, 6.4 ± 0.5%, and 5.3 ± 0.6%, respectively. [apo-CueRCy5-C129]  5 nM and 

[holo-CueRCy5-E96C]  5 nM. Bin size = 0.005.  
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CHAPTER 3  

METALLOREGULATOR CUER BIASES RNA POLYMERASE’S KINETIC SAMPLING OF DEAD-END OR 

OPEN COMPLEX TO REPRESS OR ACTIVATE TRANSCRIPTION 

 

3.1 Introduction 

Maintaining cellular metal homeostasis is essential for bacteria, which often dwell in 

environments with high concentrations of metals. Some of these metals are purely toxic to 

bacteria, such as Cd and Hg. Many others are required for cellular function, such as Zn and Cu, 

but can be toxic in excess. Cells have thus developed many ways to regulate intracellular metal 

concentrations (7, 8, 10, 11, 14, 52-55). Metal-responsive transcriptional regulation is one of 

them, where metalloregulators respond to intracellular metal ions and regulate transcription of 

metal efflux, uptake, or other metal-homeostasis genes (10, 11, 14, 53-55).   

In Gram-negative bacteria, MerR-family metalloregulators act on 
70

-dependent suboptimal 

promoters to repress or activate transcription of metal resistance genes (53, 54). These 

suboptimal promoters have elongated spacing, 19-20 base pairs (bp) (Fig. 25) compared with the 

optimal 17±1 bp, between the 35 and 10 elements. This elongated spacing causes a 

misalignment of these two recognition elements, impairing proper interactions with the RNA 

polymerase (RNAP) and leading to a weak basal level of transcription. Functioning as stable 

homodimers, MerR-family metalloregulators bind tightly to specific dyad-symmetric sequences 

within the spacer region in both unmetallated apo and metallated holo forms. The apo-protein 

acts as a repressor; its binding to DNA bends and distorts the promoter region, further impairing 

the ability of RNAP to productively engage with the 35 and 10 elements as required for open 
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complex formation. The holo-protein has a different conformation and its binding distorts the 

DNA by bending and unwinding the binding site. This distortion shortens the distance between 

the 35 and 10 elements and better aligns them for RNAP binding, thereby facilitating open 

complex formation and activating transcription. This DNA distortion mechanism for repressing 

and activating transcription (17, 19, 20, 53, 56, 57), so far unique to MerR-family 

metalloregulators, is confirmed by the protein crystal structures in complex with DNA (18, 57-

59), which show the bending and unwinding of the DNA in the repressed and activated states.  

 

Fig. 25. The 
70

-dependent suboptimal promoter of the E. coli copA gene regulated by the MerR-

family metalloregulator CueR. Red arrows: the dyad-symmetric sequence recognized by CueR; 

grey shades: CueR footprint (31). The RNAP footprint spans from about 55 to +29 (17) (Section 

3.9.1 Fig. 31A, B). Our DNA construct PcopACy3@5 spans from position 69 to +41; 

PcopACy3@41 spans from position 69 to +61. 

 

The DNA distortion model has provided much insight into how metalloregulator-imposed 

DNA structural changes may affect RNAPDNA interactions, especially for transcription 

activation. Little is known, however, on how metalloregulatorDNA interactions are coupled 

dynamically to RNAPDNA interactions for transcription initiation. For example, how do the 

holo-metalloregulators facilitate the formation of the RNAP-promoter open complex, so as to 

activate transcription? How do the apo-metalloregulators repress transcription initiation? Does 



74 

 

RNAP affect metalloregulatorDNA interactions, and if so, how? Answering these questions 

will help elucidate the unique regulation mechanism of MerR-family regulators and contribute 

fundamental knowledge to our understanding of transcription initiation, the most regulated phase 

of transcription (60). 

Single-molecule fluorescence resonance energy transfer (smFRET) has proven to be 

powerful for dissecting the mechanisms of transcription initiation and elongation by RNAP at 

optimal promoters (61, 62). Here we report a smFRET study of how CueR — a Cu
+
-responsive 

MerR-family metalloregulator — modulates RNAP interactions with CueR’s cognate suboptimal 

promoter and how RNAP in turn affects CueR-promoter interactions for transcription regulation. 

In E. coli CueR regulates the transcription of copper-resistance genes including CopA, an inner 

membrane copper ATPase, and CueO, a periplasmic multicopper oxidase (26, 31), which both 

help to remove copper from the cell. We find that even in the absence of nucleotides RNAP can 

form two complexes at the suboptimal promoter of the copA gene: a dead-end closed-like 

complex and an open complex, constituting a branched mechanistic pathway for transcription 

initiation, unlike the linear pathway prevalent for RNAP interactions with optimal promoters. 

Capitalizing on this branched pathway, CueR biases RNAP’s binding-unbinding kinetics in 

forming these two complexes: in its apo-repressor form, CueR reinforces the dominance of the 

dead-end complex to repress transcription; in its holo-activator form, it shifts the interactions 

toward the open complex to activate transcription. In either case, no interconversions between 

the dead-end and open complexes are observed. RNAP in turn locks CueR binding at the 

promoter into the specific binding mode, likely helping amplify the differences between apo- and 

holo-CueR in imposing DNA structural changes. Therefore, RNAP and CueR work 

synergistically at the promoter in regulating transcription. 
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3.2 RNAP Forms Two, Non-Interconverting, Complexes with the Suboptimal Promoter 

PcopA  

 We used smFRET to study RNAP interactions with a surface-immobilized 100 (or 120) 

bp double-strand DNA that spans the entire footprint of RNAP at the suboptimal promoter of the 

copA gene, containing the 10 and 35 elements as well as the dyad-symmetric sequence 

recognized by CueR (Fig. 26A left; Section 3.9.1, Fig. 31A, B). We refer to this DNA as PcopA. 

We labeled E. coli RNAP holoenzyme with the FRET acceptor Cy5 at R596C of the 
70

 factor 

(i.e., RNAPCy5), which was shown to not interfere with RNAP function (63, 64). We labeled 

PcopA with the FRET donor Cy3 at its 5 T base on the template strand (i.e., PcopACy3@5). 

Based on an RNAPDNA complex structure (Section 3.9.1, Fig. 31C) (65), this label position is 

~6 nm from the acceptor on RNAPCy5; it is also within the transcription bubble region, so the 

FRET should be sensitive to RNAP-promoter open complex formation. In vitro transcription 

assay further showed that both RNAPCy5 and PcopACy3@5 are functional (Section 3.9.1, Fig. 

31E, F). 

 Analysis of the FRET efficiency (EFRET) vs. time trajectory for a single immobilized 

PcopACy3@5 interacting with 2 nM RNAPCy5 in solution reveals three distinct EFRET states at E0 ~ 

0.07, E1 ~ 0.58, and E2 ~ 0.87 (Fig. 26B, C). The E0 state corresponds to free PcopACy3@5 DNA, 

as verified by control experiments in the absence of RNAPCy5. The observation of two additional 

states at higher EFRET indicates that RNAP can form two distinct complexes with PcopA in the 

absence of nucleotides. These two complexes differ in stability, reflected by the ~3.6:1 ratio of 

their peak areas in the EFRET histogram with the E1 complex being the major complex (Fig. 26C).  
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 To confirm that the E1 and E2 states are not just from different label orientations in its 

microenvironment, we moved the Cy3 label on PcopA to 41 (i.e., PcopACy3@41; Fig. 25 and 

Fig. 26A right), which is also a functional transcription template (Section 3.9.1, Fig. 31F). Again, 

besides the free PcopA state at E0 ~ 0.07, two distinct higher EFRET states were observed at ~0.78 

and ~0.95 (Fig. 26D). The relative stabilities of the two states are ~3.5:1, within error to that 

when using PcopACy3@5, corroborating that these two states indeed reflect two RNAPPcopA 

complexes with different structural configurations. Moreover, with increasing RNAPCy5 

concentration, their populations expectedly increase relative to the free PcopA (Section 3.10.1, 

Fig. 32B). The extracted dissociation constant for the major RNAPPcopA complex E1 is K1D ~ 

30  3 nM, and that for the minor complex E2 is K2D ~ 105  26 nM (Section 3.10.10, Table 4). 

 As controls, we studied a Cy3-labeled DNA that does not contain the promoter sequence. 

Expectedly, only nonspecific complexes with RNAPCy5 were observed; they exhibit a broad 

distribution of EFRET and have an overall dissociation constant of 1.1 ± 0.4 M (Section 3.10.2, 

Fig. 33), consistent with reported RNAP interactions with nonspecific DNA (KD ~ 10
3 

to 10
6

 

M, depending on the salt concentrations (66)). Moreover, with Cy5-labeled 
70

-factor and 

without the RNAP core enzyme, no complex was observed with PcopA, consistent with 
70

 not 

binding to DNA alone (67). 



77 

 

 

Fig. 26. SmFRET of RNAPCy5PcopACy3 interactions. (A) Scheme for surface immobilization 

and labeling of PcopACy3@5 (left) or PcopACy3@41 (right) for interacting with 
70

-containing 

RNAPCy5 holoenzyme (and CueR) in solution. Scheme generated based on a structure model 

(3.9.1, Fig. 31C, D). (B) Single-molecule EFRET trajectory of an immobilized PcopACy3@5 

interacting with RNAPCy5 (2 nM). The dwell times on the E0, E1 and E2 states are 0, 1 and 2, 

respectively. Grey line, original data; red line, after non-linear filtering. (C) Histogram of EFRET 

trajectories of RNAPCy5PcopACy3@5 interactions at 2 nM RNAPCy5. Red lines are resolved peaks 

centered at EFRET ~0.07, ~0.58, and ~0.87, with percentage areas of 92.1 ± 2.4%, 6.2 ± 0.6%, and 

1.7 ± 0.5%, respectively. (D) Same as C, but with PcopACy3@41. Three peaks centered at EFRET 

~0.07, ~0.78, and ~0.95, with percentage areas of 92.4 ± 1.9%, 5.9 ± 1.4%, and 1.7 ± 0.2%, 

respectively. 

 

 In the EFRET-vs-time trajectories (Fig. 26B), frequent E0  E1 and E0  E2 state 

transitions were observed, indicating that RNAP can bind and unbind reversibly to PcopA to 

form either of the two complexes. Surprisingly, almost no direct E1  E2 transitions were 

observed (i.e., merely one over ~100 min during which 1481 E0  E1 and E0  E2 transitions 
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occurred), indicating that the two RNAP-PcopA complexes, once formed, essentially do not 

interconvert (rate is ~10
4

 s
1

). 

 The distributions of the microscopic dwell time on the three states 0, 1, and 2 all follow 

single-exponential decays, indicating that the reversible binding-unbinding of RNAP to PcopA 

all follow single-step kinetics and each of the three states contains just one dominant species 

(Fig. 27B-D). Analyzing these distributions gives the rate constants of the associated kinetic 

steps in a minimal three-state kinetic mechanism (Fig. 27A), with the binding rate constants on 

the order of 10
6
 M

1
s
1

 and unbinding rate constants on the order of 10
0
 s
1

 (Table 3). The higher 

stability of the major E1 complex results from both its larger binding rate constant (k1) and its 

smaller unbinding rate constant (k1), as compared with those (i.e., k2 and k2) of the minor E2 

complex. 

 

Fig. 27. RNAPPcopA interaction kinetics and mechanism. (A) Minimal kinetic mechanism. 

RNAP (R) binds reversibly to PcopA (P, E0 state) to form the dead-end (RPDE, E1 state) and open 

(RPO, E2 state) complexes that do not interconvert. k’s: kinetic constants; [R]: RNAP 

concentration. (B) Distribution of 0 for RNAPCy5PcopACy3@5 interactions at 2 nM [RNAPCy5]. 
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Solid line is a fit with Nexp();   = (k1 + k2)[R]; N is a scaling factor. Fitted parameters are in 

Table 3. k1/k2 = (ratio of observed E0  E1 and E0  E2 transitions).  (C) Same as B but for 1. 

Solid line is a fit with Nk1exp(k1). (D) Same as B but for 2. Solid line is a fit with 

Nk2exp(k2). 

 

Table 3. Kinetic and thermodynamic parameters for RNAPPcopA interactions in the absence or 

presence of 200 nM apo-CueR or holo-CueR 
a
 

Processes 
Kinetic 

parameters 
RNAP 

RNAP + 

holo-CueR 

RNAP + 

apo-CueR 

Dead-end complex (RPDE, E1) 

    

    Binding k
1
 (×10

6 
M

1
s
1

) 34.9 ± 4.7  29.3 ± 3.1  42.4 ± 6.1  

    Unbinding k
˗1

 (s
1

) 1.23 ± 0.03  2.03 ± 0.15  1.04 ± 0.04  

    Dissociation const. K
1D

 (nM) 35 ± 5  69 ± 9  24 ± 4  

Open complex (RPO, E2) 

    

    Binding k
2
 (×10

6 
M

1
s
1

) 17.5 ± 2.3 44.9 ± 4.8 23.2 ± 3.4 

    Unbinding k
˗2

 (s
1

) 2.21 ± 0.06 1.80 ± 0.05 2.47 ± 0.12 

    Dissociation const. K
2D

  (nM) 126 ± 17 40 ± 4 106 ± 16 

a
 k’s and K’s in the presence holo- or apo-CueR are apparent rate constants and dissociation 

constants of the respective RNAP-PcopA complexes. 
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3.3 Holo-CueR, the Activator, Shifts RNAPPcopA Interactions Toward the Original Minor 

Complex 

 We next examined how holo-CueR, the transcription activator, would affect 

RNAPCy5PcopACy3@5 interactions. In the presence of 200 nM holo-CueR, a concentration 

significantly higher than the KD (~120 nM) for CueR binding to PcopA (27), the same three 

EFRET states are present at E0 ~ 0.07, E1 ~ 0.58, and E2 ~ 0.87 (Fig. 28A), corresponding to the 

free PcopA and the two RNAPPcopA complexes. However, the relative populations of the two 

complexes have shifted significantly: the E1:E2 state population ratio is now ~0.57:1 (Fig. 28A), 

compared with ~3.6:1 in the absence of holo-CueR (Fig. 26C). And this shift comes more from 

the stabilization of the E2 complex and less from the destabilization of the E1 complex, as 

reflected by their populations relative to the free PcopA and their apparent dissociation constants 

(Table 3). Therefore, the original minor RNAPCy5-PcopACy3@5 complex at E2 ~ 0.87 becomes 

the dominant complex upon interaction with the activator holo-CueR. The same shift toward the 

minor complex induced by holo-CueR is also observed for the alternatively labeled RNAPCy5-

PcopACy3@41 interactions, and this shift is proportional to the concentration of holo-CueR 

(Section 3.10.3, Fig. 34). 

 In addition to holo-CueR, we further added 1 mM ATP, the initiating nucleotide, which 

was shown to stabilize open complex formation at millimolar concentrations (68, 69). For both 

RNAPCy5PcopACy3@5 and RNAPCy5PcopACy3@41 interactions, a further (although slight) shift 

toward the E2 complex is clear: the E1:E2 complex population ratio drops to ~0.4:1 (Fig. 28A 

inset). Further addition of the next nucleotide, GTP, did not cause any discernible changes 

(Section 3.10.4a, Fig. 35C). As a control, we added ATP in the absence of holo-CueR; no 

discernible change was observed in the RNAPPcopA interactions (3.10.4b, Fig. 36). 
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Fig. 28. RNAPCy5PcopACy3@5 interactions in the presence of CueR. (A) EFRET histogram with 2 

nM [RNAPCy5] in the presence of 200 nM unlabeled holo-CueR. Red lines are resolved peaks at 

EFRET~0.07, ~0.58, and ~0.87, with percentage areas of 92.0 ± 2.8%, 2.9 ± 0.3%, and 5.1 ± 0.6%, 

respectively. Inset: the corresponding E1/E2 area ratio and that with further adding 1 mM ATP. 

(B) Same as A, but in the presence of 200 nM unlabeled apo-CueR. The three peaks at EFRET 

~0.07, ~0.58, and ~0.87 have percentage areas of 90.8 ± 4.6%, 7.4 ± 0.7%, and 1.8 ± 0.8%, 

respectively. Inset: the corresponding E1/E2 area ratio and that with further adding 1 mM ATP.  

 

3.4 Apo-CueR, the Repressor, Reinforces the Original Major RNAPPcopA Complex 

 In the presence of 200 nM apo-CueR, the transcription repressor, the same three EFRET 

states are present in RNAPCy5PcopACy3@5 interactions: the free PcopA (E0) and the two 

complexes (E1 and E2) (Fig. 28B). The dominance of the E1 complex is slightly reinforced (E1:E2 

population ratio is ~4.1:1 as compared with the original ~3.6:1), in contrast with the ability of 

holo-CueR to flip their relative stabilities. The same reinforcement by apo-CueR is observed for 

the alternatively labeled RNAPCy5PcopACy3@41 interactions (Section 3.10.4c, Fig. 37B). This 

reinforcement results from the further stabilization of the E1 complex, while the stability of the 

E2 complex is only increased slightly, as reflected by their populations relative to the free PcopA 
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(Section 3.10.4c, Fig. 37D, E). Adding the initiating nucleotide ATP did not cause any further 

changes (Fig. 28B inset). 

 

3.5 Assignments of Two RNAP-PcopA Complexes: CueR Shifts RNAP-PcopA Interactions 

between Open and Dead-end Complexes 

 We can assign the major RNAP-PcopA complex (E1) in the absence of CueR as a dead-

end closed-like complex (i.e., RPDE) and the minor complex (E2) as an open complex (i.e., RPO). 

The major complex should be a dead-end as it cannot convert to the open complex. As such, 

holo-CueR activates transcription by shifting the RNAP-PcopA interactions toward the open 

complex, whereas apo-CueR represses transcription by reinforcing this dead-end closed-like 

complex. These assignments are based on the following rationales: (1) PcopA is a suboptimal, 

weakly repressed promoter. Therefore, in the absence of a regulator, the formed complexes 

should be dominated by an inactive closed-like complex, but should still contain some fraction 

that is capable of progressing to the open complex, allowing for leakage transcription detectable 

by in vitro transcription assay (Section 3.9.1, Fig. 31E) (19, 27). (2) Holo-CueR, the activator, is 

expected to enhance those active complexes that can successfully transition to productive open 

complexes during transcription initiation. Consistently, holo-CueR shifts the RNAP-PcopA 

interactions toward the original minor complex (which is on the active transcription initiation 

pathway), rendering it dominant (Fig. 28A). (3) Apo-CueR, the repressor, is expected to secure 

the inactive closed-like complex for transcription repression. Consistently, apo-CueR reinforces 

the original major RNAP-PcopA complex (Fig. 28B). Previous studies of MerR-family 

metalloregulators also showed the apo-repressor-DNA complex to be dominated by the closed 

complex (19, 20). (4) ATP, the initiating nucleotide, is expected to stabilize the open complex 
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while not affecting much the closed-like complex. Consistently, ATP further shifts RNAP-PcopA 

interactions toward the original minor complex in the presence of the activator holo-CueR (Fig. 

28A inset), while causing no discernible changes in the presence of the repressor apo-CueR (Fig. 

28B inset).  

 Several evidences further support that the DNA strands are likely to be separated in the 

open complex E2. (1) Past DNA foot-printing showed that in the presence of holo-activator, the 

transcription bubble is clearly formed at these suboptimal promoters (17, 19). (2) For 

PcopACy3@5, the FRET donor Cy3 is located on the template strand within the region for 

forming the transcription bubble. The formation of the transcription bubble is expected to bring 

Cy3 closer to the Cy5 acceptor on RNAP based on the structure of an open RNAP-DNA 

complex (Section 3.9.1, Fig. 31C) (65, 70), leading to a higher EFRET value for the open complex 

than that of the inactive closed-like complex, which is consistent with our assignment  for 

RNAPCy3PcopACy3@5 interactions, the open complex E2  0.87, higher than the dead-end 

complex E1  0.58 (Fig. 26C). (3) The initiating nucleotide ATP, besides further stabilizing the 

open complex, does not change the EFRET value of the open complex (Section 3.10.4a, Fig. 35A), 

supporting that the bubble is already present and no further strand separation is needed for ATP 

binding. 

 It is worth noting that for RNAPCy5-PcopACy3@41 interactions, the open complex (E2 ~ 

0.95) has a higher EFRET value than the dead-end complex (E1 ~ 0.78), indicating that the 

formation of the open complex moves the upstream DNA segment (i.e., around position 41) 

closer toward RNAP. Therefore, the DNA structural changes associated with open complex 
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formation at PcopA involve not only those at the transcription bubble but also those at upstream 

locations, which may be related to the upstream DNA wrapping around RNAP (19, 65, 71, 72).  

 

3.6 CueR Changes RNAP Binding and Unbinding Kinetics in Forming Open or Dead-end 

Complex without Allowing for Interconversion 

To determine the kinetic basis of the population shifts between the open and dead-end 

RNAP-PcopA complexes caused by holo- and apo-CueR, we extracted kinetic rate constants 

from the distributions of the microscopic dwell times 0, 1, and 2 using the minimal model in 

Fig. 27A (Table 3). Regarding the dead-end complex, holo-CueR does not change RNAP’s 

binding rate constant (k1) significantly but increases its unbinding (k1) by ~65%, resulting in its 

weakening. Regarding the open complex, holo-CueR significantly increases RNAP’s binding 

rate constant (k2) by ~157%, while slightly decreasing its unbinding (k2) by ~19%, leading to its 

strengthening. Overall, holo-CueR modulates RNAPPcopA interactions by accelerating 

RNAP’s unbinding from the dead-end complex and more significantly by increasing RNAP’s 

binding to form the open complex, leading to transcription activation. 

In contrast, apo-CueR slightly increases the binding rate constant (k1) of the dead-end 

complex by ~21% and slightly decreases the unbinding (k1) by ~15%, leading to a strengthening 

of the dead-end complex. For the open complex, apo-CueR increases slightly both its binding 

(k2) and its unbinding (k2) rate constants by ~33% and ~12%, respectively, resulting in its slight 

strengthening. Overall, apo-CueR modulates RNAP-PcopA binding-unbinding kinetics, leading 

to a net reinforcement of the dead-end complex and thus transcription repression. 
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 Regardless of whether holo- or apo-CueR was present, essentially no interconversion 

between the dead-end and open complexes of RNAP-PcopA was observed (i.e., two 

interconversions in ~240 min during which 5180 binding-unbinding events occurred, 

corresponding to a rate of ~10
5

 s
1

). Therefore, holo-CueR and apo-CueR bias RNAP’s kinetic 

sampling of the dead-end or open complexes, giving rise to transcription repression or activation.  

 

3.7 RNAP Locks CueRPcopA Interactions into the Specific Binding Mode 

 To probe how RNAP would affect CueRDNA interactions, we used smFRET to 

examine CueRCy5PcopACy3@41 in the presence of unlabeled RNAP. We have previously shown 

that singly-labeled CueR (at C129, Section 3.9.2) is functional, and we characterized CueR 

interactions with the PcopA operator site (27). We found that CueR, in both its apo and holo 

forms, can bind to the operator site with two different binding modes: one in which CueR 

recognizes the specific sequence and distorts the DNA structure and the other in which CueR 

likely interacts with the DNA in a nonspecific fashion (Section 3.10.8a, Fig. 41). Furthermore, 

once forming the specific binding mode at the recognition site, both apo- and holo-CueR can 

undergo an assisted dissociation or direct substitution process, where a CueR molecule from the 

surrounding solution helps carry away or replaces the incumbent CueR on DNA, respectively. 

 Fig. 29A shows the single-molecule EFRET histogram of holo-CueRCy5PcopACy3@41 

interactions. The peak at E0 ~0.07 is the free PcopA state. The peak at ECueR-P ~ 0.81 is a holo-

CueRCy5-PcopACy3@41 complex, in which the homodimeric CueR binds in an orientation such 

that its Cy5 label on one monomer is closer to the Cy3 label on PcopA than in the other 

orientation, whose EFRET value is small (~0.18; Section 3.10.8b, Fig. 42A) and the corresponding 
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peak is buried by the large E0 peak. The two different binding orientations of CueRCy5 on 

PcopACy3@41 results from that the single Cy5 label on one monomer breaks the symmetry of the 

homodimeric CueR, as we showed (27). The presence of the two different CueR binding modes 

in each orientation cannot be resolved by their EFRET, and instead, is reflected by the distribution 

of the dwell time bound on the CueR-bound ECueR-P state: it is a double-exponential distribution 

(Fig. 29C) (27). The assisted dissociation or direct substitution process of CueR on PcopA is 

reflected by that bound
1

, the apparent single-molecule rate for CueRPcopA complex 

dissociation, increases with the CueR concentration in the solution; and these two processes only 

occur in the specific CueRPcopA binding mode, as we showed (27). 

 

Fig. 29. CueRCy5PcopACy3@41 interactions in the absence and presence of RNAP. (A) EFRET 

histogram of holo-CueRCy5PcopACy3@41 interactions at 2 nM [holo-CueRCy5]. Two resolved 

peaks centered at E0 ~0.07 and ECueR-P ~0.81. (B) Same as A, but in the presence of 100 nM 

unlabeled RNAP. Three resolved peaks centered at E0 ~0.07, ECueR-RP ~0.68, and ECueR-P ~0.81. 

(C) Distribution of bound for holo-CueRCy5PcopACy3@41 interactions at 2 nM holo-CueRCy5. 

Solid line is a fit with a sum of two exponentials. (D) Distribution of bound for holo-
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CueRCy5PcopACy3@41 at 2 nM holo-CueRCy5 and in the presence of 100 nM unlabeled RNAP. 

Solid line is a single exponential fit. 

 

 With the addition of 100 nM RNAP (a concentration comparable to the KD’s
 
for RNAP 

binding to PcopA; Table 3), a new FRET state, ECueR-RP, appears in the EFRET histogram at ~0.68, 

while the ECueR-P state of the holo-CueRCy5PcopACy3@41 complex diminishes (Fig. 29B). The 

same behavior was observed for apo-CueRCy5 interactions with PcopACy3@41 in the presence of 

RNAP (Section 3.10.5, Fig. 38). Furthermore, the increase in the ECueR-RP peak area and the 

decrease in the ECueR-P peak area both scale with increasing RNAP concentration (Section 3.10.6, 

Fig. 39). In contrast, core RNAP (i.e., without the 
70

 factor), which can only interact with DNA 

nonspecifically (KD ~ 10
˗4

 to 10
˗6

 M, depending on the salt concentrations (66, 73)), did not 

cause any discernible perturbation (Section 3.10.7, Fig. 40), suggesting that core RNAP does not 

bind significantly to the CueRPcopA complex. Altogether, these results show that RNAP can 

directly interact with the CueRPcopA complex at the promoter region, forming a ternary 

complex, in which the CueR-PcopA interaction structure is perturbed compared with that in the 

absence of RNAP. The observation of the ternary complex here is consistent with previous 

studies of RNAP-DNA-MerR interactions (17, 74, 75). 

 Interestingly, with the addition of RNAP, the distribution of the dwell-time bound on the 

holo-CueR bound state now follows a single-exponential decay (Fig. 29D), suggesting that one 

of the two CueR binding modes vanished. However, bound
1

 still increases with increasing 

[holo-CueR] (Section 3.10.8b, Fig. 42B), indicating that the assisted dissociation or direct 

substitution process still occur to CueR bound on PcopA while interacting with RNAP. Because 
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the assisted dissociation and direct substitution only occur to a CueRDNA complex in the 

specific binding mode wherein CueR recognizes the specific sequence and distorts DNA 

structure, the remaining binding mode of CueR on PcopA must be the specific binding mode. 

Assuming various rate constants for CueRDNA interactions and using the previously 

determined CueRDNA interaction mechanism (27), we simulated the distributions of bound. 

These simulations further support the notion that the distribution of bound converts from a 

double-exponential decay into a single-exponential decay because only the specific binding 

mode remains (Section 3.10.8c, Fig. 43). Altogether, these results show that RNAP locks 

CueRPcopA interactions into the specific binding mode at the recognition site.  

 

3.8 Discussion 

 Using smFRET measurements we have quantified the dynamic interactions among E. coli 

RNAP, the suboptimal promoter PcopA, and the MerR-family metalloregulator CueR. Without 

CueR, RNAP can bind to PcopA reversibly to form two distinct, non-interconverting 

RNAPPcopA complexes (Fig. 30). The major RNAPPcopA complex can be assigned as a 

dead-end closed-like complex (RPDE); its dominance can account for the weakly repressed nature 

of the promoter PcopA. The minor complex can be assigned as an open complex (RPO); its 

presence can account for the leakage transcription observable at this promoter. And for both 

complexes, their formation and dissociation kinetics follow effective single-step kinetics without 

detectable kinetic intermediates within our time resolution (30 ms). 

 The observed dead-end complex RPDE is a terminally unproductive complex (i.e., off 

pathway toward active transcription) (Fig. 30), since it cannot convert to the open complex. On 
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the pathway toward the open complex (RPO), during which the transcription bubble forms, there 

should be an earlier closed complex (RPC) upon initial RNAP binding to PcopA (Fig. 30). RPC 

here should be transient within our time resolution, as there is no detectable kinetic intermediate 

in forming the open complex RPO. The formation of the dead-end complex (RPDE) should not go 

through this RPC, which would otherwise provide an interconversion pathway to the open 

complex that is inconsistent with our observations. 

 Holo-CueR, the transcription activator, predominantly accelerates RNAP’s unbinding 

from RPDE and even more significantly accelerates its binding to form RPO, thus shifting the 

RNAPPcopA interactions toward RPO and leading to transcription activation (Fig. 30). In 

contrast, apo-CueR, the transcription repressor, slightly increases both the binding and unbinding 

for forming RPO, but more significantly, it increases RNAP’s binding and decreases its 

unbinding for forming RPDE, overall reinforcing the dominance of RPDE and leading to 

transcription repression (Fig. 30). Moreover, neither holo- nor apo-CueR enables 

interconversions between RPDE and RPO. Therefore, CueR regulates transcription via a “biased 

sampling” mechanism, in which the RNAP’s binding and unbinding kinetics to the promoter are 

tuned in forming the dead-end or open complex, depending on CueR’s metallation state, rather 

than a “dynamic equilibrium shift” mechanism, in which the interconversion rates between the 

dead-end and open complexes are altered to shift the equilibrium toward one or the other. 
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Fig. 30. The “biased sampling” mechanism for CueR modulating RNAP-PcopA interactions for 

transcription regulation. P is the free promoter. RPC is a transient closed complex upon initial 

RNAP binding to PcopA. RPDE is the dead-end complex. RPO is the open complex. The pointed 

and flat-end arrows (green and blue) respectively denote the enhancing and inhibiting kinetic 

effects of holo-CueR and apo-CueR on RNAP binding-unbinding on PcopA; the widths and 

lengths of these arrows both represent the strength of enhancement or inhibition effects.  

 

 At the molecular level, CueR likely achieves the biasing by distorting the DNA structure 

at the promoter. The bending and unwinding of DNA imposed by the holo-CueR (17-20, 57-59) 

are likely the structural basis for it to bias RNAP’s kinetic sampling toward the open complex 

that we discovered here. Apo-CueR mainly bends the DNA at the recognition site and the 

structural changes differ from that imposed by holo-CueR(57); this different structural distortion 

could be the basis for apo-CueR’s biasing RNAP toward sampling further more of the dead-end 

complex.  
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 From the perspective of CueRPcopA interactions, we found that RNAP can lock CueR 

into its specific binding mode at the recognition site, suppressing its nonspecific binding mode, 

which likely reflects a synergistic effect in forming the ternary RNAPPcopACueR open or 

dead-end complex. Consistently, RNAP’s overall affinity to PcopA is increased in the presence 

of holo- or apo-CueR, while CueR’s overall affinity to PcopA is also increased in the presence of 

RNAP (Section 3.10.9, Fig. 44).  

 The presence of the dead-end, off-pathway complex RPDE here constitutes a distinct 

“branched” RNAPPcopA interaction pathway, as compared with the linear pathway prevalent 

for RNAP interactions with optimal promoters. For optimal promoters, RNAP binding generally 

results in an initial closed complex, which then quickly isomerizes to the open complex which is 

competent for transcription initiation (60, 69, 72). This branch pathway of RNAP-PcopA 

interactions is also distinct from the earlier branched pathway for transcription initiation at 

λPRAL and T7A1 promoters, where the branching occurs after forming the closed complex (76, 

77). Exploiting this branched interaction pathway, CueR biases the kinetic sampling of RNAP 

between the off-pathway RPDE and the RPO, leading to transcription repression or activation. 

This biased sampling also builds on the unique feature that the apo-repressor and holo-activator 

forms of MerR-family metalloregulators both bind to the recognition sequences tightly. Their 

tight bindings allow them to exert DNA structural distortions, which may differ depending on 

CueR’s metallation state, thus leading to different biasing. As MerR-family regulators 

encompass not only many metal-sensing regulators but also drug- and redox-sensing ones (52), 

the operation mechanism of CueR elucidated here should contribute a broad understanding to 

this mechanistically unique, but functionally diverse family of transcription regulators, and may 
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help the development of antibiotics that target this regulation process to compromise bacteria’s 

defense.  

 

3.9 Materials, Methods, and Experimental Strategy 

3.9.1 DNA design, fluorescent probe location, and preparation 

Two different DNA labeling schemes were used to examine RNAPPcopA interactions (Fig. 

31). In both schemes, the DNA strands contain the complete promoter region of the copA gene 

regulated by CueR, including the dyad symmetric sequence recognized by CueR, the 35 and 

10 RNAP recognition elements, as well as the entire DNA footprint region of CueR determined 

by Outten et al (31). Both DNAs also include the entire expected RNAP footprint region, 

determined by aligning the RNAP footprint at the promoter region of merTPAD operon that 

MerR regulates (17). 

In one scheme, the DNA, referred to as PcopACy3@41, is 120 base-pairs long and spans from 

position 59 to +61 around the promoter. It is labeled with Cy3 at an amine modified T at 

position 41 of the nontemplate strand through NHS ester labeling (Lumiprobe, cat# 11320) 

(Fig. 31A). Biotin-TEG is attached to the 5 end of the template strand; this labeling scheme 

ensures that only double-strand DNA was immobilized and fluorescently imaged in the 

experiments. The DNA was made via PCR using Cy3 and biotin-TEG labeled primers with 

AccuprimerPfx DNA Polymerase (Life Technologies, cat# 12344024). The primers, 5′-

CCCGCCTGGTTTATTAAT/iAmMC6T/TCTTGACC-3′ and 5′-

/5BioTEG/TCCAGGGTCAGGTCGATAGTTTGTGAC-3′, were purchased from Integrated 
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DNA Technologies (IDT; Coralville, IA). The PCR product was purified using Wizard SV Gel 

and PCR Clean-Up System (Promega, cat# A9281). All DNAs were confirmed by gel 

electrophoresis, and stored in nuclease free water.  

In the other scheme, the DNA, referred to as PcopACy3@˗5, is 100 base-pairs long and spans 

from position 59 to +41 around the promoter. It is labeled with Cy3 at an amine modified T at 

position 5 of the template strand through NHS ester linkage. Biotin-TEG is attached to the 3 

end of the nontemplate strand (Fig. 31B). Both strands of PcopACy3@5 were purchased from 

IDT, labeled with Cy3 (for the template strand), and annealed together.  
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Fig. 31. DNA sequences and structure model of RNAP-DNA-CueR complex. (A) Sequence of 

the PcopACy3@41 DNA. The 35 and 10 elements are underlined. The RNAP footprint at a 

MerR-regulated promoter is overlaid here (17), shown by the boxed region. The dyad symmetric 

sequence that CueR recognizes is shown in red. The CueR footprint (31) is shaded grey. The Cy5 

dye is attached at the 41 position (green vertical arrow) via an amine modified T (denoted in 

green). The Biotin-TEG is attached to the 5’-end of the +61 position (shown in blue) for 

immobilizing the DNA. (B) Same as A but for the PcopACy3@5 DNA. (C) A structural model of a 

RNAPDNACueR complex, where CueR is shown in magenta, RNAP core enzyme is shown in 

purple, and σ
70

 factor is shown in green. The position of the 41 or 5 Cy3 label is indicated by 

an arrow and shown as a green sphere on the DNA strand.  The transcription start site (+1) is also 
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noted on the DNA. The position of the Cy5 label on CueR is indicated by an arrow (labeled 

C129) and shown as a red sphere on CueR. The orange color on the DNA marks the positions of 

the dyad symmetric sequence recognized by CueR. The position of the Cy5 label on RNAP is 

indicated by an arrow (labeled C596) and shown as a red sphere on σ
70

. The Cy3Cy5 anchor-to-

anchor distances for RNAP-PcopA smFRET are denoted. (D) A cartoon representation of the 

structural model in C. For simplification, σ
70

 is not separately drawn out in the cartoon 

representation of holo RNAP. (E) Gel image of RNA production from the in vitro transcription 

run-off assay with the 315-bp DNA fragment in the presence of wild type RNAP only, or in the 

presence of wild type RNAP and 200 nM holo-CueR, or in the presence of RNAPCy5 and 200 nM 

holo-CueR, demonstrating RNAPCy5 is functional. (F) Gel image of RNA production from the in 

vitro transcription run-off assay using PcopACy3@41 or PcopACy3@5 as templates in the presence of 

wild type RNAP and 200 nM holo-CueR, demonstrating that both these two labeled DNA can act 

as transcription templates. Due to the smaller transcript lengths here than those in E, the gel here 

was run for a shorter time, resulting less separated bands. 

 

3.9.2 Structural model of RNAP-DNA-CueR complex for selecting locations of fluorescent 

probes 

The locations of the donor, Cy3, and acceptor, Cy5, fluorescent probes are shown on a 

structural model of an RNAPDNACueR complex in Fig. 31C. The model was generated by 

overlaying the DNA-bound E. coli RNAP holoenzyme structure (65) and the holo-CueR 

structure (29) on top of the structure of the MtaNDNA complex (18, 78). MtaN is a homologue 

of CueR; it responds to organic drugs instead of metal ions. The original RNAP-DNA structure 

consists of the RNAP holoenzyme, the catabolite activator protein (CAP), a CAP-dependent 

promoter DNA fragment containing positions 78 to 20, and a premelted transcription bubble 
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(65). CAP was removed from our model and so was the DNA upstream of position 59. The 

structure of MtaNDNA complex was used to determine the approximate location of CueR in 

the RNAP-DNA complex. The cartoon representation in Fig. 31D is the basis of the cartoons 

used throughout the text to depict the RNAPDNACueR complexes.  

For the RNAP construct, RNAPR596C, the Cy5 was incorporated at the residue R596C of 

σ
70

 located in region 4, as previously described (79-82). Based on the structural model (Fig. 

31C), the Cy3Cy5 anchor-to-anchor distance in the RNAPCy5PcopACy3@41 is about 17 Å, and 

the Cy5 on PcopACy5@41 is pointed away from RNAP and thus should not affect RNAP binding. 

It is also close to the 40 position, which was labeled by Mukhopadhyay et al. and Kapanidis et 

al. in studying RNAP interactions with optimal promoters and was shown to be non-disruptive 

there (64, 83). The Cy3Cy5 anchor-to-anchor distance in the RNAPCy5PcopACy3@5 complex is 

about 59 Å, and the Cy5 at 5 position on PcopA should also not affect RNAP binding based on 

the structural model. Moreover, this 5 position is close to the 3 position, which was previously 

labeled by Robb et al. and shown to be functionally non-disruptive for RNAP interactions with 

optimal promoters (62). As the 5 location is within the transcription bubble region, its FRET 

with Cy5 on RNAP should thus be sensitive to open complex formation. Both the 41 and 5 

position are outside the region where CueR binds, and thus should not affect CueR binding.  

 For CueRCy5, Cy5 is attached to the surface-exposed C129 of one monomer of the 

dimeric CueR, as we previously reported (27); this labeling position is located near the C-

terminal within the metal-binding domain of CueR (Fig. 31C). This labeling scheme makes a 

singly-labeled CueR homodimer asymmetric, giving rise to two different binding orientations on 

DNA. Based on the structural model (Fig. 31C), the Cy3Cy5 anchor-to-anchor distances in a 
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CueRCy5PcopACy3@41 complex are about 69 Å and 42 Å for the two binding orientations. One 

of the two binding orientations could be readily resolved in the EFRET histogram at EFRET ~ 0.81 

(Fig. 29A), corresponding to the shorter-distanced orientation; the orientation with longer 

anchor-to-anchor distance is buried by the free DNA state in the EFRET histogram (Fig. 29A), but 

can be seen in the EFRET vs. time trajectories (EFRET ~ 0.18; Fig. 42A).  

 

3.9.3 70
 mutant, expression, purification, and fluorescence labeling  

The pGEMD(-Cys) derivative plasmid, containing the σ
70

 mutant with a single Cys residue at 

position 596 (i.e., R596C), was provided by R. Ebright (Rutgers University). The transcriptional 

activity of this 
70

 mutant was confirmed by Ebright and coworkers to be indistinguishable from 

unlabeled E. coli RNAP (64). It was expressed, purified, and labeled as previously described 

(64). Briefly, the pGEMD(-Cys) vector was transformed into and expressed in BL21(DE3). Cells 

were harvested by centrifugation and lysed by sonication. Cell lysate was centrifuged and 

precipitate was washed with lysis buffer containing 0.2 mg/ml lysozyme and 0.5% Triton X-100 

and then 0.5% Triton X-100 and 1 mM DTT lysis buffer. The washed precipitate was solubilized 

in a buffer containing 6 M guanidine-HCL, 50 mM Tris-HCl (pH 7.9), 10 mM MgCl2, 10 µM 

ZnCl2, 1 mM EDTA, 10 mM DTT, and 10% glycerol and then dialyzed against a buffer 

containing 20 mM Tris-HCl (pH 7.9), 0.1 mM EDTA, 0.1 mM DTT, and 5% glycerol at 4°C for 

20 hours. The sample was then purified through Mono Q anion exchange column and fractions 

containing the σ
70

 mutant were identified by SDS-PAGE. The purified σ
70

 mutant was then 

labeled with Cy5-maleimide (Invitrogen) at the targeted cysteine. The Cy5 was added to purified 

σ
70

 ([dye]:[σ
70

] = 3:1) in 100 mM phosphate buffer solution at pH 7. The reaction mixture was 

kept on shaker at 4C for ~16 hours. Labeled σ
70

 was then purified by a gel filtration column 
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(HILOAD 26/60 Superdex 200 PR, GE Healthcare), and by an anion exchange column (Mono Q 

5/50 GL, GE Healthcare). The dye: protein ratio of the labeled σ
70 

was determined to be ~0.9. 

The extinction coefficient of 250,000 M
1

cm
1

 at 650 nm was used for determining the Cy5 

concentration. Similarly, the calculated extinction coefficient of 41,370 M
1

cm
1

 at 280 nm 

(determined from the sequence using Lasergene, DNASTAR) was used for determining the σ
70

 

concentration. The labeled σ
70 

was stored at 80C in 20 mM Tris-HCl (pH 7.9), 100 mM NaCl, 

0.1 mM EDTA, 0.1 mM DTT, and 50% glycerol. 

To form the labeled holo RNAP (i.e., RNAPCy5), wild type (WT) E. coli RNA polymerase 

core enzyme (Epicenter) was mixed with a 3 molar excess of σ
70

Cy5@R596C and incubated at 

25°C for 20 minutes. The unlabeled holo RNAP was purchased commercially (Epicenter, cat# 

S90050). 

 

3.9.4 CueR expression, purification, fluorescence labeling, and copper removal  

The CueR variant, CueRC129, was created, expressed and purified to be labeled with a FRET 

acceptor, Cy5, at the specific cysteine at position 129, as we reported previously (27).  The 

variant is functionally active as we previously showed (27). Briefly, CueRC129 was cloned in a 

pET30a vector and expressed in BL21(DE3) strain. The cell lysate was purified by precipitation 

and then HiPrep gel filtration. The collected fractions were further purified through a Heparin 

affinity column followed by a Superdex gel filtration column, and lastly an anion exchange 

MonoQ column. CueR was metallated by adding CuSO4 solution in the presence of excess 

TCEP. The Cu
+
 binding protects the metal-binding cysteines of CueR from dye labeling. The 

protein was then labeled. CueR is encoded as a monomer but it is purified as a stable 
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homodimer, thus the labeling reaction generates a mixture of unlabeled, mono-labeled and bi-

labeled species. The labeled protein was purified using an anion exchange column (Mono Q 5/50 

GL) to obtain the mono-labeled fraction. The dye: protein ratio of the resulting holo-CueR 

protein of ~0.8. The labeled holo-CueR could be converted to the apo form by removing the 

bound copper using KCN (at 1000 excess) (29). Extracted copper and excess KCN were then 

removed by a desalting column (HiTrap, GE Healthcare). The dye: protein ratio of the resulting 

apo-protein was ~0.9. The copper content of the apo-protein was confirmed to be <4% via BCA 

copper quantification assay (40).  The labeled holo and apo proteins were stored at 80C in 50 

mM pH 7.0 Tris Buffer with ~250 mM NaCl and 30% glycerol. 

 

3.9.5 In vitro transcription run-off assay demonstrate that RNAPCy5 is functional and both 

PcopACy3@5 and PcopACy3@41 are functional transcription templates. 

 An in vitro transcription run-off assay was performed by following previously reported 

procedures (17, 19, 29) in order to confirm that the labeled RNAP variant, RNAPCy5, is 

transcriptionally active. Using the primers 5´-TCTTTACGGACTTTTACCCGCCTGG-3´ and 

5´-CCTTTGGGTGGCTTACAGATGCGTC-3´ with PCR, a 315-bp DNA fragment was copied 

out of the E. coli genome that spans the promoter and part of the E. coli copA gene. This 

fragment was used as the template for in vitro transcription. RNAPCy5 is prepared by mixing wild 

type (WT) E. coli RNA polymerase core enzyme (Epicenter) with a 3 molar excess of 

σ
70

Cy5@R596C and incubating the mixture at 25°C for 20 minutes. Transcription reactions were 

performed by incubating either 50 nM of E. coli RNA polymerase holoenzyme (Epicenter) or 50 

nM of E. coli RNAPCy5 with 20 μg/mL of the 315-bp DNA template, and 200 nM of apo 
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CueRC129 in a buffer solution (100 mM potassium glutamate, 10 mM pH 8 Tris-base, 1 mM 

MgCl2, 0.1 mM EDTA, 100 μg/mL of acetylated-BSA, 1 mM CaCl2, 5% glycerol, 2 mM 

dithiothreitol, 10 μM BCA) and 1 μM  [Cu(CH3CN)4]PF6) for 10 minutes at 37°C in a total 

volume of 20 μL. Heparin, at a concentration of 100 g/mL, was then added to the reaction 

followed by the addition of 2.5 μL of an NTP mixture (containing 500 μM of ATP, GTP, CTP, 

UTP, and 0.5 μL of [α-
32

P]UTP) and 0.25 μL of RNase inhibitor. The reaction mixture was then 

incubated at 37°C for another 20 minutes. Following incubation, a mixture of 70 μL of water, 10 

μL of 3M NaOAc (pH 5.2, adjusted with acetic acid), and 2 μL of 0.5 M EDTA was added to the 

reaction mixture. The RNA product was precipitated overnight at 20°C after the addition of 2 

μL of glycogen blue and 330 μL of ethanol. RNA was re-suspended in 10 μL of 80% formamide, 

1X TBE buffer, 10 mM EDTA, 0.05% SDS and 0.025% bromophenol blue and kept at 100°C 

for 2 minutes. RNA samples were loaded onto a 6% urea polyacrylamide gel and 

electrophoresed at 1000 V.  

 Fig. 31E shows the results of in vitro transcription assay. With WT RNAP but without 

CueR, some RNA product was detected (Fig. 31E, left), consistent with the well-known leakage 

transcription from the weakly repressed PcopA promoter. In the presence of WT RNAP and holo 

CueR, much more RNA product was detected, reflecting the transcription activation (Fig. 31E, 

middle). In the presence of our labeled RNAPCy5 and holo-CueR, a comparable amount of RNA 

was detected (i.e., about ~73 ± 5%, which is in agreement with previously reported activity of 

σ
70

R596C at the merTPAD operon in the presence of holo-MerR (63)) to that using WT RNAP 

(Fig. 31E, right). Therefore, our labeled RNAPCy5, where Cy5 s attached to 
70

R596C, is 

transcriptionally active, although slightly less active than the wild type RNAP. 



101 

 

 In order to confirm that transcription could still occur on both of our labeled PcopA 

strands, PcopACy3@41 and PcopACy3@5, the same transcription run-off assay was performed as 

described above using these two as templates with WT RNAP and holo-CueR. RNA products 

were detected in both cases, indicating that our two Cy3-labeled PcopA templates are both 

functional templates (Fig. 31F). 

 

3.9.6 Single-molecule FRET imaging and data analysis 

The single-molecule FRET imaging experiments were performed using a prism-type total 

internal reflection microscope, based on an Olympus IX71 inverted microscope, and the data 

were analyzed as previously described (27, 84). Briefly, immobilized Cy3-labeled DNA was 

excited directly by a continuous-wave circularly polarized 532-nm laser at ~4 mW over an area 

of ~150  75 m
2
. The Cy3 and Cy5 fluorescence was collected, split into two channels, 

projected onto two halves of an EMCCD camera, operated continuously at 30 ms time 

resolution. Individual Cy3 and Cy5 fluorescence intensity trajectories for proteins interacting 

with single immobilized DNA molecules were extracted from the recorded fluorescence movies 

using a custom IDL program. The EFRET was approximated as ICy5/(ICy5+ICy3), where ICy3 and ICy5 

are the fluorescence intensities. A forward-backward nonlinear filter was used to reduce the 

noise in the fluorescence trajectories (85-87). The EFRET histograms were compiled from 

hundreds of trajectories at each condition. The E0 peaks were fit with a Voigt distribution while 

the EFRET peaks from the various DNA-protein complexes were fit with Gaussian distributions. 

This was done in order to achieve the best fit.  
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 A microfluidic channel formed by a quartz slide and a borosilicate cover slip fixed 

together using double-sided tape was used to contain the samples. Quartz slides were amine-

functionalized with (3-Aminopropyl) triethoxysilane (Sigma-Aldrich) (88), followed by PEG 

coating (polyethylene glycol polymers) (Nanocs, 100 mg/mL m-PEG-SPA-5000 and 1 mg/mL 

biotin-PEG-NHS-3400) in order to minimize nonspecific protein/DNA adsorption on the quartz 

surface. A biotinylated terminal group, to form biotin-neutravidin linkages for immobilizing 

biotinylated DNA molecules, comprised one percent of the PEG polymers. A 500 µL solution of 

0.2 mg/mL neutravidin (Invitrogen) was introduced to the microfluidic channel and incubated for 

15 minutes. Any remaining non-functionalized quartz and borosilicate surfaces were blocked 

using 3 mL BSA (0.1 mg/ml). A 500 µL solution of 10 pM Cy3-labeled biotinylated PcopA 

DNA in 50 mM Tris, 2 mM MgCl2 buffer at pH 7.35 was flowed through the channel for 

immobilization. In imaging protein-DNA interactions, the labeled RNAP solutions of 2 to 5 nM 

or labeled CueR solutions of 0.5 to 10 nM were flowed continuously at a rate of 10 µL/min in a 

buffer containing 50 mM Tris (pH 7.35), 100 mM Potassium Glutamate, 1 mg/ml BSA, 2 mM 

MgCl2, 1 mM CaCl2, 2 mM DTT, 0.1 mM EDTA, 5% glycerol (17, 64, 89) and an oxygen 

scavenging system (1mM Trolox, 2.5 mM PCA, 50 nM PCD) (90). Depending on the 

experimental conditions, varying concentrations of unlabeled RNAP or unlabeled CueR were 

added accordingly. 

 

3.10 Supplementary Information 

3.10.1 RNAP-PcopA complex population increases with [RNAP] 

In EFRET histogram of RNAPCy5PcopACy3@41 interactions, the three EFRET states (E0 ~ 0.07, 

E1 ~ 0.78, and E2 ~ 0.95) correspond to the free PcopA (E0) and two RNAP-PcopA complexes 
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(E1, dead-end complex; and E2, open complex) (Fig. 32A), as described in the Section 3.2 (see 

Fig. 26D). Increasing RNAPCy5 concentration results in an increase of the relative populations of 

the two complexes relative to that of the free PcopA state (Fig. 32B). On the other hand, the 

relative stabilities of the two complexes are independence of RNAP concentration, as expected 

as well (Fig. 32C).  

The equilibrium constants for forming the RNAP-PcopA complexes can be determined 

from the area ratios of the resolved peaks in the EFRET histograms, as described by Equation 55 

and Equation 56 in Section 3.10.10 later. From the RNAPCy5-PcopACy3@41 data in Fig. 32A-B, 

the obtained dissociation constants are K1D = 40 ± 3 nM and K2D = 147 ± 11 nM, which are 

consistent with K1D = 35 ± 5 nM and K2D = 126 ± 17 nM, calculated from the rate constants 

(Table 3 in Section 3.2) or K1D = 30 ± 3 nM and K2D = 105 ± 26 nM obtained from EFRET 

histogram analysis (Table 4) for RNAPCy5-PcopACy3@5 interactions.  

 The overall formation constant KA of RNAP-PcopA complexes is: 

DE O
A

[RP ] [RP ]

[P][R]
K


   DE O 1 2

A

0

[RP ] [RP ] ( + ) peak area
[R]

[P]  peak area

E E
K

E


             Eq. [53] 

Fitting the RNAPCy5-PcopACy3@41 data in Fig. 32B gives an overall formation constant KA ~ (32 

± 2) × 10
6
 M

˗1
, corresponding to an overall dissociation constant of KD = 31 ± 2 nM.  
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Fig. 32.  RNAPPcopA interactions in the absence of CueR. (A) EFRET histogram of 

RNAPCy5PcopACy3@41 interactions at 5 nM [RNAP]. Red lines are resolved peaks centered at 

EFRET ~0.07, ~0.78, and ~0.95, with percentage areas of 85.0 ± 3.1%, 11.7 ± 1.8%, and 3.3 ± 

0.3%, respectively. (B) [RNAPCy5] dependence of the (E2+E1)/E0, E1/E0 and E2/E0 peak area ratios 

obtained from the EFRET histograms as in A of RNAPCy5PcopACy3@41 or RNAPCy5PcopACy3@5 

interactions. The solid lines are a linear fits with Equation 55 and Equation 56 from Section 

3.10.10, and Equation 53, respectively. Note that the data here have non-zero y-intercept, most 

likely an artifact of the EFRET trajectory selection, because only trajectories that had 2 or more 

transitions between the FRET states were analyzed (trajectories without transitions are difficult to 

differentiate from nonspecifically adsorbed dye molecules), resulting in an apparent complex 

formation even at [RNAP]  0. We thus added a y-offset when fitting the data. (C) E1 and E2 

peak area ratios from EFRET histograms with increasing [RNAP]. Solid line is a horizontal line at 

~3.6.   

 

3.10.2 RNAP does not form specific complexes with a nonspecific DNA lacking promoter recognition 

sequence. 

As a control, we examined RNAPCy5 interactions with a Cy3-labeled 100 bp nonspecific 

DNA, which does not contain the promoter sequence. This nonspecific DNA was copied out 

from the copA gene, spanning from position +161 to +251, and was labeled with biotin-TEG at 

the 5 end of the template strand and labeled with Cy3 19 bp in from the 5 end of the 

nontemplate strand (same distance from the 5’ end as in PcopACy3@41) (Fig. 33A). 

Fig. 33B shows a single-molecule EFRET trajectory of this nonspecific DNA interacting 

with RNAPCy5 at 2 nM in solution. RNAP binding to this nonspecific DNA was observed, 
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reflected by the EFRET states higher than the free DNA state at EFRET ~ 0.07. This binding is 

expected, as RNAP is known to interact with nonspecific DNA as well and with weak affinity. 

However, as this DNA does not contain the 10 and 35 elements, RNAP’s binding can occur 

anywhere along the DNA length. This nonspecific binding is reflected in the EFRET histogram: 

aside from the dominant peal at ~0.07 from the free DNA state, the higher EFRET values are 

spread over the range of ~0.4 to 1 without a distinct peak (Fig. 33C), in contrast to 

RNAPCy5@R596CPcopACy3@41 interactions for which distinct higher EFRET states are clear (Fig. 

33C).  

Using the population of ratio of bound vs. unbound states, we estimated the dissociation 

constant KD here to be about 1.1 ± 0.4 M, consistent with the reported dissociation constants of 

RNAP interacting with non-promoter DNA (KD ~ 10
3 

M to 10
6

 M, depending on the solution 

salt concentrations) (66). Therefore, holo RNAP can interact with nonspecific DNA with weak 

affinity, but does not form specific complexes. 

 

Fig. 33. RNAP interactions with nonspecific DNA. (A) Sequence of the nonspecific Cy3 labeled 

DNA, copied from the copA gene spanning from +161 to +251 position. The Cy3 dye is attached 
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at +169 position (green vertical arrow) via an amine modified T (denoted in green). The Biotin-

TEG is attached to the 5’-end of the template strand (shown in blue) for immobilization. (B) 

Single-molecule EFRET trajectory of immobilized nonspecific Cy3 labeled DNA interacting with 2 

nM RNAPCy5.  The grey line is original data; the red line is after non-linear filtering. (C) 

Normalized ERRET histogram of RNAPCy5 interactions with the nonspecific Cy3 labeled DNA 

(red); [RNAPCy5] = 2 nM. Superimposed is the normalized EFRET histogram of 

RNAPCy5PcopACy3@41 interactions (grey, from Fig. 26D in Section 3.2).   

 

3.10.3 The shift of RNAP-PcopA interactions toward the initial minor open complex, caused by 

holo-CueR, is proportional to [holo-CueR]  

 

Fig. 34. The shift of RNAP-PcopA interactions toward the initial minor open complex, caused by 

holo-CueR, is proportional to the [holo-CueR]. (A) EFRET histograms of PcopACy3@41 interacting 

with 2 nM RNAPCy5 in the absence or presence of varying concentration of unlabeled holo-CueR. 

The maximum concentration (200 nM) of holo-CueR used here is well above the previously 

determined KD (~ 122 ± 63 nM) for holo-CueR binding to PcopA (27). (B) E2/E1 area ratio vs. 

[holo-CueR] from A, showing the population shift toward the E2 complex (i.e., open complex) is 
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proportional to [holo-CueR]. (C) Absolute area percent of E1, E2 and E1 + E2 vs. [holo-CueR] 

from A, showing that this population shift results from the continuous stabilization of the open 

complex (E2) and the destabilization of the dead-end closed-like complex (E1), and the overall 

RNAP-PcopA complexes (E1 + E2) is stabilized slightly. 

 

3.10.4 In the presence of holo-CueR, ATP further stabilizes the RNAPPcopA open complex; by 

itself, it has no effect; and in the presence of apo-CueR it exerts no effect on 

RNAPPcopA interactions either. 

a. In the presence of the activator holo-CueR, addition of the initiating nucleotide ATP 

further stabilizes slightly the RNAP-PcopA open complex while destabilizing slightly the 

dead-end complex 
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Fig. 35.  In the presence of the activator holo-CueR, addition of the initiating nucleotide ATP 

further stabilizes slightly the RNAP-PcopA open complex while destabilizing slightly the dead-

end complex. (A) EFRET histograms of RNAPCy5PcopACy3@5 interactions at 2 nM [RNAP] in the 

presence of 200 nM holo-CueR (top panel, same as Fig. 28A in Section 3.3) or of 200 nM holo-

CueR and 1 mM ATP (bottom panel). In each panel, the resolved peaks center at EFRET ~0.07, 

~0.58, and ~0.87. (B) EFRET histograms of RNAPCy5PcopACy3@41 interactions at 2 nM [RNAP] 

in the presence of 200 nM holo-CueR (top panel), or of 200 nM holo-CueR and 1 mM ATP 

(middle panel), or of 200 nM holo-CueR, 1 mM ATP and 1 mM GTP (bottom). In each panel, the 

resolved three peaks center at EFRET ~0.07, 0.78, and ~0.95. (C-E) E1/E2 (C), E2/E0 (D), and E1/E0 

(E) area ratios from A-B. These area ratios show that the addition of the initiating nucleotide ATP 

further shifts the RNAP-PcopA interaction complexes toward the E2 open complex (C), and this 

shift is from both further stabilization of the E2 open complex (D) and further destabilization of 
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the E1 dead-end complex (E) relative to the E0 free PcopA form. Further addition of the next 

nucleotide, GTP, does not cause any discernable changes (C-E). 

 

b. No discernable change is observed in the RNAP-PcopA interactions with the addition of 

ATP only 

 

Fig. 36. No discernable change is observed in the RNAP-PcopA interactions with the addition of 

ATP only. (A) EFRET histogram of RNAPCy5PcopA-5Cy3 interactions at 2 nM [RNAP] (top panel, 

same as Fig. 26C in Section 3.2) and in the presence of 1 mM ATP (bottom panel). Resolved 

peaks center at EFRET ~0.07, ~0.58, and ~0.87. (B) Area percent of E1 and E2  from A. Inset: E1/E2 

area ratio from A. These data show no discernable change in the relative stabilities of the two 

RNAP-PcopA complexes, as reported by the relative peak areas. 
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c. Apo-CueR reinforces the dead-end RNAP-PcopA complex, and addition of the initiating 

nucleotide ATP has no additional effect on the formed RNAPPcopA complexes 

 

Fig. 37. Apo-CueR reinforces the dead-end RNAP-PcopA complex, and addition of the initiating 

nucleotide ATP has no additional effect on the formed RNAPPcopA complexes. (A) EFRET 

histograms of RNAPCy5PcopACy3@˗5 interactions at 2 nM [RNAPCy5] only (duplicate of Fig. 

26C), or further in the presence of 200 nM apo-CueR (duplicate of Fig. 28B) or of 200 nM apo-

CueR and 1 mM ATP. Resolved peaks center at EFRET ~0.07, ~0.58, and ~0.87. (B) Same as A, 

but with PcopACy3@˗41. Resolved peaks center at ~0.07, ~0.78, and ~0.95. (C-E) Area ratio of 

E1/E2, E2/E0, and E1/E0 obtained from the EFRET histograms in (A) and (B). These area ratios show 

that the apo-CueR reinforces RNAP-PcopA interactions toward the E1 dead-end complex (C); the 



111 

 

reinforcement comes from the slight stabilization of the E1 dead-end complex relative to the E0 

free PcopA state (E), while the stability of the E2 open complex remains essentially unchanged. 

Further addition of ATP does not cause significant changes (C-E).  

 

3.10.5 RNAP can bind to apo-CueR-PcopA complex as well 

 

Fig. 38. RNAP can bind to apo-CueRPcopA complex. (A) EFRET histogram of apo-CueRCy5 

PcopACy3@-41 interactions at 10 nM [apo-CueRCy5]. Resolved peaks center at E0 ~0.07 and  ECueR-

P ~0.81, with percentage peak areas of 93.8 ± 6.1% and 6.2 ± 2.6%, respectively. (B) Same as A, 

but with 5 nM unlabeled RNAP. Resolved peaks center at E0 ~0.07, ECueR-RP ~0.68, and ECueR-

P~0.81, with percentage peak areas of 92.7 ± 1.8%, 5.3 ± 0.9%, and 2.0 ± 0.6%, respectively. The 

peak ECueR-RP ~0.68 is from a ternary RNAP-(apo-CueR)-PcopA complex, similar to the case of 

RNAP binding to holo-CueR-PcopA complex in Fig. 29 in Section 3.7. 
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3.10.6 ECueR-RP peak of the ternary RNAP-(holo-CueR)-PcopA complex increases in population 

while the ECueR-P peak of the holo-CueR-PcopA complex decreases with increasing 

[RNAP]  

 

Fig. 39. RNAP can bind to effect on holo-CueRCy5@C129PcopACy3@41 interactions. (A) EFRET 

histograms of PcopACy3@˗41 interactions with 2 nM holo-CueRCy3@ in the absence and presence of 

unlabeled RNAP at  2, 20, 60, and 100 nM. Resolved peaks center at EFRET ~0.07 (E0 state),  

~0.68 (ECueR-RP state), and ~0.81 (ECueR-P state).  The 0 nM and 100 nM [RNAP] panels are 

duplicated from Fig. 29A and B. (B) Area percent of ECueR-P and ECueR-RP states from A. These 

data show that the ECueR-RP state increases in population while the ECueR-P state decreases in 

population with increasing [RNAP], as well as that RNAP can bind to the holo-CueR-DNA 

complex to form a ternary complex comprised of RNAP, PcopA and CueR. 
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3.10.7 In the absence of σ
70

, the core RNAP does not bind to the (holo) CueR-PcopA complex. 

 

Fig. 40. The core RNAP does not bind to the (holo) CueR-PcopA complex. EFRET histograms of 

PcopACy3@˗41 interactions with 2 nM holo-CueRCy5 in the absence (bottom panel, reproduced from 

Fig. 29A) or presence of 20 nM holo RNAP (top, reproduced from Fig. 39A) or 20 nM core 

RNAP (middle). The ternary RNAP-CueR-PcopA complex at ECueR-RP ~0.68 does not appear with 

the core RNAP only and without 
70

.  

 

3.10.8 RNAP locks CueR into the specific binding mode on PcopA. 

a. Background: CueR has two binding modes on specific DNA (e.g., PcopA), one 

specific and the other nonspecific binding mode; and at the specific binding mode, 

CueR can undergo assisted dissociation and direct substitution on DNA. 

 Our previous smFRET studies of CueRCy5-DNACy3 interactions showed that CueR, in 

both holo and apo forms, can bind to a specific DNA with two different binding modes: one in 

which CueR recognizes its specific dyad symmetric sequence and distorts the DNA structure (I 

in Fig. 41)  and the other in which CueR likely interacts with the DNA in a nonspecific fashion 
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(I’ in Fig. 41) (27). These two different binding modes do not have resolvable differences in their 

EFRET values, and their presence is experimentally manifested by the distribution of dwell time 

(bound) of CueR at the bound state: this distribution follows a double-exponential decay behavior 

(e.g., Fig. 29C in Section 3.7 for the dwell-time distribution of the holo-CueRCy5PcopACy3@41 

complex), instead of a single exponential distribution typically seen for a protein-DNA complex 

with a single binding mode. 

 At the specific binding mode, both holo- and apo-CueR can undergo assisted dissociation 

and direct substitution processes (Fig. 41). In the assisted dissociation process, an incoming 

CueR from solution helps carry away the incumbent CueR bound on DNA; in the direct 

substitution reaction, the incoming protein directly replaces the incumbent one on DNA. A 

characteristic experimental signature of these two processes is the dependence on CueR 

concentration of the average dwell time bound on the bound CueR-DNA state. With increasing 

[CueR], bound
1

 increases linearly, because both the assisted dissociation and direct substitution 

disrupt the existing CueR-DNA complex, making the dwell time of the incumbent protein on 

DNA shorter.  
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Fig. 41. The kinetic mechanism of CueR interacting with a specific DNA from (27), where the 

free DNA is designated as D and [P] stands for the protein concentration. CueR binds to DNA 

reversibly, where k1 and k˗1 correspond to the binding and unbinding kinetic rate constants, 

respectively. CueR has two different binding modes on DNA: one in which CueR recognizes the 

promoter sequence and distorts the DNA structure (designated as I, the specific binding mode) 

and the other where CueR interacts with DNA in a nonspecific fashion (designated as I´), and 

they can interconvert (k3 and k˗3). CueR can undergo flipping (k4) on DNA at the specific binding 

mode, where the protein flips its binding orientation spontaneously without detaching from DNA 

completely. CueR can also undergo direct substitution (k2a), where an incoming protein replaces 

the incumbent CueR on DNA to form a new CueR-DNA complex, or assisted dissociation (k2b), 

where an incoming protein carries away the incumbent CueR, leading to free DNA. 
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b. In the presence of RNAP, the assisted dissociation and/or direct substitution 

processes of CueR on PcopA still occur, indicating that the specific binding mode of 

CueR on PcopA persists. 

 Here we also examined the [CueR] dependence of CueR’s dwell time on PcopA in the 

presence of RNAP by studying holo-CueRCy5PcopACy3@41 interactions. In the presence of 

RNAP, the EFRET histogram can be resolved to have two bound CueR-DNA state, ECueR-P and 

ECueR-RP, where the ECueR-RP state is a ternary RNAP-CueR-PcopA complex, as we discussed in 

Section 3.7 (Fig. 29B). In the EFRET vs time trajectory, the dwell time on the ECueR-P and ECueR-RP 

states are difficult to separate (Fig. 42A). We thus combine them together, referring to the 

residence time as bound. Fig. 42B shows that in the presence of RNAP, bound
1

 still shows a 

linear dependence on [holo-CueRCy5]. Therefore, in the presence of RNAP, the assisted 

dissociation and direct substitution processes still occur to CueR bound on PcopA.  

 

Fig. 42. Dependence of CueR’s dwell time on PcopA on [CueR] in the presence of RNAP. (A) 

Single-molecule EFRET trajectory of immobilized PcopACy3@˗41 interacting with 2 nM holo-

CueRCy5 in the presence of 20 nM RNAP. The grey line is original data; the red line is after non-

linear filtering. bound designates the dwell times on the ECueR-P or ECueR-RP state. The Eburied = 0.18 

state is the other CueR binding orientation on PcopA, where the acceptor on one of the CueR 

monomers is further away from the donor on PcopA. This Eburied state is not resolved in the 
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EFRET histogram in Fig. 29A and B in Section 3.7. (B)  Dependence of bound
1 

on [CueR] for 

holo-CueRCy5PcopACy3@41 interactions in the presence of 5 nM [RNAP]. Solid line is a linear fit.  

 

c. Simulations show that the dominance of the specific binding mode will lead to a 

single-exponential distribution of dwell time distribution, supporting that RNPA locks 

CueR binding to PcopA into its specific binding mode.  

 In the absence of RNAP, the distribution of dwell time bound for holo-

CueRCy5PcopACy3@41 interactions shows a double-exponential decay behavior (Fig. 29C in 

Section 3.7), reflecting the two binding modes of CueR on PcopA, as we showed previously (27). 

With the addition of RNAP, the distribution of bound follows a single-exponential decay (Fig. 

29D), suggesting that the CueR-bound state is now dominated by one binding mode, while the 

other binding mode becomes insignificant. On the other hand, in the presence of RNAP, the 

assisted dissociation and/or direct substitution processes of CueR still exist on PcopA (Fig. 42, 

and Section 3.10.8b above). As these two processes only occur to CueR’s specific binding mode, 

we conclude that the remaining dominant binding mode is the specific mode; in other words, 

RNAP interactions locks CueR into its specific binding mode on PcopA. 

 To support that the dominance of the specific binding mode is indeed associated with the 

conversion of the double-exponential distribution of dwell time into a single-exponential 

distribution, we performed simulations of the dwell time distribution from the kinetic mechanism 

in Fig. 41. In this mechanism, the distribution of the dwell time on each of its binding orientation 

follows: 
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Here    
2

3 1 3 4 2a 3 1 4 2a2 2 2 2 [CueR] 8 2 2 [CueR]M k k k k k k k k k           , 

 3 1 3 4 2a2 [CueR]N M k k k k k       ,  3 1 3 4 2a2 [CueR]C k k k k k 
       , and

 1 4 2a2 [CueR]D k k k
     , as we previously derived (27); [CueR] is CueR concentration. 

This distribution is a double exponential decay function, as shown in Fig. 43A using kinetic rate 

constants determined from our previous studies (27). To make the specific binding mode (I in 

Fig. 41) dominate the bound state, we performed the following: 

 

(1) Make the rate constants k3 and k3 both zero, thus effectively eliminating the 

nonspecific binding mode (I’ in Fig. 41). 

(2) Make k3 << k3, thus biasing the equilibrium toward the specific binding mode, 

making it dominant. 

 

In both cases, the simulated dwell time distributions converts to a single-exponential decay 

behavior (Fig. 43A for case (1) and B for case (2)), thus supporting that this distribution is 

consistent with that RNAP locks CueR’s interactions with PcopA into its specific binding mode. 



119 

 

 

Fig. 43. (A) Red: normalized distribution of bound for holo-CueRCy5DNACy3 at 2 nM holo-CueR 

using Equation 54 and k1 = 1.1 s
˗1

, k2a = 134 x 10
6 
M

1
 s
1

, k4 = 0.13 s
˗1

, k3 = 2.0 s
˗1

 and k3 = 1.4 

s
˗1

 from our previous studies of CueR (27). Green: same as red, but with k3 = 0 s
˗1

 and k3 = 0 s
˗1

. 

(B) Red, same as the red curve in A. Green: same as red but with k3 = 1 s
˗1

 and k3 = 1000 s
˗1

. 

 

3.10.9 CueR increases the overall affinity of RNAP to PcopA, and RNAP also increases the 

overall affinity of CueR to PcopA, reflecting their synergistic interactions 

 

Fig. 44. RNAP and CueR increase each other’s overall affinity to PcopA. (A) Area ratio of 

(E1+E2)/E0 obtained from the EFRET histograms in Fig. 34A for holo-CueR data and Fig. 37B for 

apo-CueR data. The data here show that the overall RNAP-PcopA affinity, represented by the 
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combined populations of the E1 and E2 complexes relative to the free PcopA state E0, increases in 

the presence of holo-CueR or apo-CueR, by up to ~15% at up to 200 nM CueR.  (B) Area ratio of 

(ECueR-P+ECueR-RP)/E0 obtained from the EFRET histograms in Fig. 39A for holo-CueR. Inset: Area 

ratio of (ECueR-P+ECueR-RP)/E0 obtained from the EFRET histograms in Fig. 38A and B for apo-CueR. 

Note: the area of the buried ECueR-P and ECueR-RP peaks have been subtracted from the E0 peak area 

and added to the unburied ECueR-P and ECueR-RP peak areas to account for both orientations of 

labeled CueR on PcopA. The data here show that the overall holo- or apo-CueR-PcopA affinity 

increases in the presence of RNAP, by up to ~70% at up to 100 nM RNAP.   

 

3.10.10 Thermodynamic equilibrium cycle analysis results in KDs that further support the 

synergistic effects of RNAP-PcopA-CueR interactions. 

 Fig. 45 shows a simplified equilibrium cycle of interactions between CueR, RNAP (i.e., 

R), and PcopA (i.e., P). The cycle includes CueR-PcopA interactions, RNAP-PcopA interactions 

forming the open or dead-end complex, and ternary CueR-RNAP-PcopA complexes that stabilize 

the open or the dead-end complex. For simplification, this cycle omits that CueR can bind to 

PcopA in two different binding modes (i.e., the specific and nonspecific binding modes) and that 

CueR can undertake assisted dissociation and direct substation processes on PcopA.  
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Fig. 45. The schematic diagram of a simplified overall CueR-RNAP-PcopA interactions. The red 

boxes outline the species observed in smFRET measurements using Cy5-labeled RNAP, where 

E2 is the EFRET value for the open RNAP-PcopA complex without CueR bound (designated RPO) 

and with CueR bound (designated CueR-RPO), E1 is for the dead-end RNAP-PcopA complex 

without CueR bound (designated RPDE) and with CueR bound (designated CueR-RPDE), and E0 is 

for PcopA without a bound RNAP (designated as P and CueR-P). The blue boxes outline the 

species observed in the smFRET measurements using Cy5-labeled CueR, where the E0 represents 

the DNA species without a bound CueR (designated as P, RPO and RPDE), ECueR-RP represents the 

CueR-RNAP-PcopA complexes that could be an open or dead-end complex (designated as CueR-

RPO and CueR-RPDE), and ECueR-P represents the CueR-PcopA complex (designated as CueR-P). 
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 This simplified equilibrium cycle allows for thermodynamic analysis of the population 

ratios of different species from the resolved EFRET histograms of RNAPCy5PcopACy3 interactions 

and CueRCy5PcopACy3 interactions in the presence and absence of the other protein. The 

associated formation (KA) and dissociation (KD) equilibrium constants are defined as: 

K1A and K1D: RNAP binding to PcopA to form the dead-end closed-like complex 

 DE

1A

1D

[RP ]1

[P][R]
K

K
                      Eq. [55] 

K2A and K2D: RNAP binding to PcopA to form the open complex 

 O

2A

2

[RP ]1

[P][R]
D

K
K

                     Eq. [56] 

K3A and K3D: CueR binding to the dead-end RNAP-PcopA complex 

 DE

3A

3D DE

[CueR-RP ]1

[RP ][CueR]
K

K
                    Eq. [57] 

K4A and K4D: CueR binding to the open RNAP-PcopA complex 

 O

4A

4D O

[CueR-RP ]1

[RP ][CueR]
K

K
                    Eq. [58] 

K5A and K5D: RNAP binding to the CueR-DNA complex to form a ternary open complex 

 O

5A

5D

[CueR-RP ]1

[CueR-P][R]
K

K
                    Eq. [59] 

K6A and K6D: RNAP binding to the CueR-DNA complex to form a ternary dead-end complex 

 DE

6A

6D

[CueR-RP1

[CueR-P][R]

]
K

K
                    Eq. [60] 
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K7A and K7D: CueR binding to PcopA 

 
7A

7D

1 [CueR-P]

[P][CueR]
K

K
                     Eq. [61] 

 In the EFRET histograms from RNAPCy5PcopACy3 interactions in the absence or presence 

of unlabeled CueR: 
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             Eq. [62] 

Equation 62 can be used for solving for K4A (and subsequently K4D) when K2A and K7A are 

known. 
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            Eq. [63] 

Equation 63 can be used for solving for K3A (and subsequently K3D) when K1A and K7A are 

known. 
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             Eq. [64] 

Equation 64 can be used for solving for K5A (and subsequently K5D) when K1A, K2A, K6A, and K7A 

are known. 

In the EFRET histogram of CueRCy5-PcopACy3 interactions in the absence or presence of unlabeled 

RNAP: 
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             Eq. [65] 

Equation 65 can be used for solving for K6A (and subsequently K6D) when K5A is known. 

 Combining the above equations and earlier analysis, we could deduce all the 

thermodynamic equilibrium constants (i.e., dissociation constants), as summarized in Table 4. 

Note that the values of K7D for both holo- and apo-CueR are in agreement with our previously 

determined dissociation constants for CueR binding to a specific DNA (27).  

 More important, these dissociation constants directly demonstrate the synergistic effects 

of RNAP and CueR binding to RNAP, i.e., one protein’s binding to PcopA increases the binding 

affinity of the other protein o RNAP. For example, the dissociation constants for RNAP-PcopA 

dead-end and open complexes are K1D (RPC) ~ 30 nM and K2D (RPO) ~ 105 nM, respectively. 

When holo-CueR is bound at PcopA, RNAP binding to holo-CueR-PcopA complex to form the 

dead-end and open complexes have smaller dissociation constants, at K5D (CueR-RPC) ~ 29 nM 

and K6D (Cue-RPO) ~ 34 nM, demonstrating that the bound holo-CueR enhances the affinity of 

the subsequent RNAP binding. Similar enhancement of by apo-CueR to RNAP binding to PcopA 

is also observed.  

 When RNAP is bound at PcopA, it also enhances the subsequent CueR binding to the 

RNAP-PcopA complexes. For example, the dissociation constant for holo-CueR binding to 

PcopA is K7D (CueR-P) ~ 52 nM, and holo-CueR binding to the RPO complex has a smaller 

dissociation constant of  K4D (CueR-RPO) ~ 15 nM, indicating the enhanced holo-CueR binding 

to PcopA by RNAP. Similar enhancement by RNAP to apo-CueR binding to PcopA is also 

observed. 
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Table 4. Thermodynamic equilibrium constants for interactions between PcopA, RNAP, and (holo 

or apo) CueR as outlined in Fig. 45 from analyzing the population ratios determined from EFRET 

histograms 

Dissociation 

constants (nM) 

RNAP-PcopA interactions 

K1D (RPDE) 30 ± 3
a
 

K2D (RPO) 105 ± 26
a
 

 CueR interactions with RNAP-PcopA complex 

 Holo-CueR Apo-CueR 

K3D (CueR-RPDE) 155 ± 32 111 ± 31 

K4D (CueR-RPO) 15 ± 5 141 ± 79 

 RNAP interactions with CueR-PcopA complex 

 Holo-CueR Apo-CueR 

K5D (CueR-RPDE) 29 ± 16 28 ± 26 

K6D (CueR-RPO) 34 ± 20 16 ± 9 

 CueR-PcopA interactions 

 Holo-CueR Apo-CueR 

K7D (CueR-P) 52 ± 10 152 ± 66 

a
Note that the values of K1D and K2D from population analysis here are within error bar of those in 

Table 3 in Section 3.2, which are determined from the kinetic rate constants. 
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