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Copper plays a key role in all living organisms by serving as a cofactor for a large variety of 

proteins and enzymes involved in electron transfer, oxidase and oxygenase activities, and 

the detoxification of oxygen radicals. Due to its toxicity, a conserved homeostasis 

mechanism is required. In E. coli, the CusCFBA efflux system is one copper -regulating 

system and is responsible for transferring Cu(I) and Ag(I) out of the periplasm domain into 

the extracellular domain. Two of the components of this efflux system, the CusF 

metallochaperone and the N-terminal domain of CusB, have been thought to have significant 

roles in the function of this efflux system. Resolving the metal ion transport mechanism 

through this efflux system is vital for understanding metal- and multidrug-resistant 

microorganisms. This work explores one aspect of the E.coli resistance mechanism by 

observing the interaction between the N-terminal domain of CusB and the CusF protein, 

using electron paramagnetic resonance (EPR) spectroscopy, circular dichroism (CD), and 

chemical cross-linking. The data summarized here show that M36 and M38 of CusB are 

important residues for both the Cu(I) coordination to the CusB N-terminal domain and the 

interaction with CusF, and K32 is essential for the interaction with CusF. In contrast, K29 

residue is less consequential for the interaction with CusF, whereas M21 is mostly important 

for the proper interaction with CusF. 

Introduction 

Transition metal ion concentrations must be highly regulated 

within all organisms to preserve cellular requirements and to 

avoid toxicity.1-4  Copper is one of the most toxic metal ions; 

therefore, both eukaryotic and prokaryotic systems have 

developed sophisticated mechanisms for controlling copper 

homeostasis.  Because copper is also used as an antibacterial 

agent,1,2,5-7 it is important to understand every detail of the 

bacteria cellular copper resistance mechanism. E. coli regulates 

its copper concentration through two regulating systems. The 

first system is cytoplasmatic and is mainly controlled by the 

Cu(I) metal sensor, CueR.8,9 CueR regulates the expression of 

two genes: copA, which encodes the Cu(I)-translocating P-type 

ATPase, and cueO, which encodes a Cu(I)-oxidizing 

multicopper oxidase. The second system is a periplasmatic four-

component efflux system, CusCFBA.10,11 Three of the proteins 

in the system, CusA, CusB, and CusC, generate a metal efflux 

pump system that transports Cu(I) and Ag(I) from the cytoplasm 

environment to the extracellular domain. The fourth component 

of this system, CusF, is specific to the Cus system and is 

essential for the copper efflux system.11 Analysis of the different 

components of the Cus system showed that all Cus components 

are essential for full copper resistance. 11-13  

The crystal structure of each component of this system has been 

resolved individually. The structure of CusA, CusB and the 

outer membrane factor, CusC, reveals a Cus A:B:C ratio of 

3:6:3 of the monomeric units in the full CusCBA complex (see 

Figure 1A).14,15 The CusB structure of residues 89-385 suggests 

that each CusB monomer can be divided into four different 

domains, three of which are mostly β-strands, and the fourth is 

α-helical.16 The CusB-N terminal domain (CusBNT) region, 

which consists of the first 60 amino acids of the protein, is 

absent from the reported crystal structure. This region includes 

the three conserved Met residues (M21, M36, and M38) 

suggested to be the first metal-binding site of CusB, and may 

function as the entry point of the metal into the efflux 

complex.17 When this metal binding site is disrupted, a loss of 

metal resistance is observed, demonstrating the importance of 
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the N-terminal domain of CusB to the efflux process.18 

Molecular dynamic simulations on the first 50 amino residues 

suggest that CusBNT is largely disordered but adopts some 

structure upon metal binding.19  

CusF, a unique part of the Cus efflux system, is a 102 amino 

acids protein, which folds into a five -strands structure (Figure 

1B).20,21 The exact role that the CusF protein plays in the metal 

resistance system has yet to be fully understood.12 Padailla-

Benavides and co-workers have successfully demonstrated a 

specific interaction between the CopA transporter extracellular 

domain and CusF.22 Moreover, the researchers showed that the 

metal transfer only occurred in one direction, from CopA to 

CusF. In a recent paper, Chacón et al. suggested by X-ray absorption 

spectroscopy, that the CusBNT-CusF interaction functions as a 

switch for the entire Cus efflux system and facilitates the metal 

transfer to the CusA component.23   These findings suggest that in 

the periplasm, copper is transferred from CopA to CusF and 

then to the CusCBA complex through a direct and specific 

interaction (see Figure 1A). The interaction between CusF and 

CusBNT was studied by various physical methods such as 

isothermal titration calorimetry (ITC),24 chemical cross-linking 

experiments,25 and NMR,25 all of which suggested a close and 

specific interaction between CusF and CusBNT upon metal 

coordination. NMR spectra also showed that the interaction 

between CusF and CusB is weak and that only about 38% of 

CusF is involved in a complex with CusB.25 Despite this 

significant progress, the lack of structural data on the CusF-

CusBNT complex has left many unanswered questions about the 

role of CusF and the CusF-CusBNT complex in the Cus efflux 

system. 

 

Our goal herein is to gain additional structural information 

about the CusBNT-CusF interconnection using electron 

paramagnetic resonance (EPR) spectroscopy, and to identify key 

residues essential to this interaction. EPR has emerged as an 

excellent and highly sensitive tool for resolving protein-protein 

interactions.26,27 EPR is not crystallization dependent, is not 

limited by the protein size, and is sensitive to the molecular 

fluctuations that the protein undergoes upon metal/ligand and 

protein interactions. In addition, EPR can measure distances of 

up to 80 Å both between paramagnetic probes within the protein 

and between proteins.27-32 The most common experiment for 

obtaining nanoscale structure information is the pulsed electron 

double resonance (PELDOR) experiment, also commonly 

known as the double electron-electron resonance experiment 

(DEER).33-35 Pulsed EPR experiments can measure nanometer 

distances between paramagnetic probes, and continuous wave 

(CW) EPR can reveal the dynamics of protein chains. EPR 

spectroscopy measurements of diamagnetic systems are 

performed using the site-directed spin labeling (SDSL) 

method.36-39 For SDSL, a stable nitroxide radical, the 

methanesulfonothioate (MTSSL) spin-label, is attached via a 

disulfide bond to a cysteine residue. MTSSL is highly stable in 

solution, and usually causes minimal perturbations to the 

protein.40,41 

 

 
Figure 1: A. A schematic view presenting the CusCFBA 

periplasmatic E.coli efflux system. B. Interaction between the 

CusB N-terminal (CusBNT) domain and the metallochaperone 

CusF (PDB. 2VB242) The CusBNT C-terminus was attached to 

the methanesulfonothioate (MTSSL) spin-label using the site-

directed spin-labeling (SDSL) method. 

This study employs continuous wave (CW) and pulsed EPR 

spectroscopy along SDSL, chemical cross-linking, circular 

dichroism (CD), and mutagenesis to explore the interaction 

between the CusB N-terminal domain (the first 60 amino acids) 

and the CusF protein and to target key residues of CusBNT that 

participate in the copper transfer between these two domains. 

The role of the Met and Lys residues in both the copper 

coordination and the interaction with CusF are explored. Figure 

1 shows a schematic model of the copper efflux pump system in 

the E.coli periplasm, and the assessed interaction between CusF 

and the spin-labeled CusB N-terminal domain (Figure 1B). 

Materials and Methods 

CusBNT cloning expression and Purification – The CusBNT 

gene was amplified from E. coli genomic DNA by PCR using 

primers containing specific CusBNT sequences and flanking 

regions that correspond to the expression vector sequences of 

pYTB12 (5' primer-

GTTGTACAGAATGCTGGTCATATGGAACCGCCTGCAG
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AAAAAACG and 3' primer- 

GTCACCCGGGCTCGAGGAATTTTCTGAGTCGG 

GTCAATGCG). This amplicon was cloned into the pYTB12 

vector using the free ligation PCR technique.43 This construct, 

which encodes for the fusion protein composed of CusBNT, 

intein and a chitin-binding domain, was transformed into the E. 

coli strain BL21 (DE3). The CusB construct was expressed in 

BL21 cells, which were grown to an optical density of 0.6-0.8 at 

600 nm and were induced with 1 mM isopropyl-β-D-

thiogalactopyranoside (CALBIOCHEM) for 18 h at 18C. The 

cells were then harvested by centrifugation, and the pellets were 

subjected to three freeze-thaw cycles. The pellet was 

resuspended in lysis buffer (25 mM Na2HPO4, 150 mM NaCl, 

and 20 M PMSF; pH 7.5). The cells were sonicated by 6 bursts 

of 1 minute each with a 1 minute cooling period between each 

burst (65% amplitude). After sonication, the cells were 

centrifuged, and the soluble fraction of the lysate was passed 

through a chitin bead column (New England Biolabs), allowing 

the CusB fusion to bind to the resin via its chitin-binding 

domain. The resin was then washed with 30-column volumes of 

lysis buffer. To induce the intein-mediated cleavage, the beads 

were incubated in 50 mM dithiothreitol (DTT), 25 mM 

NaH2PO4, and 150 mM NaCl at pH=8.9, for 40 h at room 

temperature. CusB was then collected in elution fractions and 

analyzed by SDS PAGE (19% tricine) and mass spectroscopy. 

The mass of the protein was confirmed using a MALDI-TOF 

MS-Autoflex III-TOF/TOF mass spectrometer (Bruker, 

Bermen, Germany) equipped with a 337 nm nitrogen laser. 

 

CusF cloning expression and Purification – The CusF gene was 

amplified from E. coli genomic DNA by PCR using primers 

containing specific CusF sequences and flanking regions 

(underlined) that corresponded to the expression vector 

sequences of pET28a (5' primer 

GTTTAACTTTAAGAAGGAGATATACCATGTTTAGTCTG

TTT ACCGTTATTGGC and 3' primer-

GTCATGCTAGCCATATGCTAG AATCTTACTGGC 

TGACTTTAATATCCT). This amplicon was cloned into a 

pET28a vector using the free ligation PCR technique.43 The 

CusF-pET28a construct was then transformed into E. coli BL21 

cells. The cells were grown to an optical density of 0.6-0.8 at 

600 nm and induced with 1 mM isopropyl-β-D-

thiogalactopyranoside (CALBIOCHEM) for 3 h at 37°C. The 

cells were then harvested by centrifugation, and the pellets were 

subjected to three freeze-thaw cycles. The pellet was 

resuspended in NPI-10 buffer (300 mM NaCl, 50 mM 

NaH2PO42H2O, and 10 mM imidazole; pH=8.0).  The cells 

were sonicated by 6 bursts of 1 minute each with a 1 minute 

cooling period between each burst (65% amplitude). After 

sonication, the cells were centrifuged, and the soluble fraction 

of the CusF lysate was purified on Ni-NTA beads according to 

the manufacturer's protocol (Macherey Nagel). The elution 

fractions were confirmed by tricine SDS-PAGE.44 

CusBNT spin labeling - 0.25 mg of S-(2,2,5,5-tetramethyl-2,5-

dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate 

(MTSSL, TRC) dissolved in 15l dimethyl sulfoxide (DMSO, 

Bio lab) was added to 0.75 ml of 0.2 mM protein solution (100-

fold molar excess of MTSSL). The protein solution was then 

vortexed overnight at 4C. The free spin label was removed by 

several dialysis cycles over 4 days. The mass of the spin-labeled 

protein was confirmed using a mass spectrometer, and the 

concentration was determined by a Lowry assay.45 

 

Addition of the metal ion: Cu(I) (Tetrakis (acetonitrile) copper (I) 

hexafluorophosphate (Aldrich)) was added to the protein solution 

under nitrogen gas to preserve anaerobic conditions. No Cu(II) EPR 

signal was observed at any time.  

Glutaraldehyde cross-linking - Treatment with glutaraldehyde 

was conducted by mixing 50 µg (20 µl) of interacting protein in 

a 20 mM (70 µl) sodium phosphate and 0.15 M NaCl solution at 

pH=8 (PBS X10), which was then reacted with 10 µl of 

glutaraldehyde solution, incubated and shaken for 10 minutes at 

37ºC. The reaction was terminated by the addition of 10 µl of 1 

M Tris-HCl at pH=8. 

Table 1 lists the CusBNT mutants studied in this research. 

 

Table 1: CusBNT mutants studied in this research 

Name Mutation 

CusBNT1 WT-CusBNT 

CusBNT2 CusBNT-C61R1 

CusBNT2_M21I CusBNT2+M21Ile 

CusBNT2_M38I CusBNT2+M38Ile 

CusBNT2_M21I_M38I CusBNT2+M21Ile+M38Ile 

CusBNT2_M36I_M38I CusBNT2+M36Ile+ M38Ile 

CusBNT2_M21I_M36I CusBNT2+M21Ile+M36Ile 

CusBNT2_M21I_M36I_M38I CusBNT2+M21Ile+M36Ile+

M38Ile 

CusBNT2_K29A CusBNT2+K29A 

CusBNT2_K32A CusBNT2+K32A 

CusBNT2_K29A_K32A CusBNT2+K29A+K32A 
1 R1 represents the S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-

yl)methyl methanesulfonothioate (MTSSL) spin-label attached to the 

cysteine residue.  

EPR CW-EPR (continuous wave EPR) spectra were recorded 

using an E500 Elexsys Bruker spectrometer operating at 9.0-9.5 

GHz.  The spectra were recorded at room temperature using a 

microwave power of 20.0 mW, modulation amplitude of 1.0 G, 

time constant of 60 ms, and receiver gain of 60.0 dB. The 

samples were measured in 0.8 mm capillary quartz tubes 

(VitroCom).  

A constant-time four-pulse DEER experiment with π/2(νobs)-

τ1-π(νobs)-t’-π(νpump)-(τ1+τ2-t’)-π(νobs)-τ2(νobs)-τ2-echo 

was performed at (80 ± 0.5 K) on a Q-band Elexsys E580 

(equipped with a 2 mm probe head, bandwidth = 220 MHz). A 

two-step phase cycle was employed on the first pulse. The echo 
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was measured as a function of t’, while τ2 was kept constant to 

eliminate relaxation effects. The observer pulse was set 60 MHz 

higher than the pump pulse. The observer π/2 and π pulses had a 

length of 40 ns, as did the π pump pulse; the dwell time was 20 

ns. The observer frequency was 33.82 GHz. The power of the 

40 ns  pulse was 20.0 mW. The samples were measured in 1.6 

mm capillary quartz tubes (Wilmand). The data were analyzed 

using the DeerAnalysis 2013 program and Tikhonov 

regularization.46 The regularization parameter in the L curve 

was optimized by examining the fit of the time-domain data. 

The data presented in this manuscript have undergone 3D 

homogeneous background subtraction. 

CD Circular dichroism (CD) measurements were conducted 

using a Chirascan spectrometer (Applied Photophysics, UK). 

Measurements were performed at room temperature in a 1 mm 

optical path length cell, and the spectra were recorded from 

270–190 nm with a step size and a bandwidth of 0.5 nm. The 

CD signal was averaged for 10 sec every 2 nm. There were 3 

scans. 

Results 

Cu(I) coordination to CusB N-terminal domain (CusBNT) 

CusBNT and CusF lack cysteine residues. To explore the 

molecular structure of CusBNT using EPR and SDSL, we 

inserted a cysteine into the C-terminus of CusBNT and then 

labeled the protein with an MTSSL spin-label. The SDS gel and 

mass spectrometry results of a non-labeled and a labeled 

CusBNT2 protein are presented in Figure 2, indicating 100% 

spin-labeling.  

 
Figure 2: A. SDS-PAGE tricine (19%) gel of CusF and 

CusBNT, confirming purified protein. B. MALDI-mass 

spectrum of CusBNT and spin-labeled CusBNT. C. Native 

tricine gel of CusBNT, confirming the presence of a purified 

monomer of CusBNT.  

Figure 3 shows the CW-EPR spectra of CusBNT2 at various 

concentrations. The CW-EPR spectra recorded at room 

temperature are characteristic of the fast dynamics of the 

nitroxide spin-label, resulting in an isotropic spectrum, and the 

spectra shows characteristic signals of an exchange interaction, 

marked by arrows in Figure 3. The CW-EPR spectra are similar 

for various concentrations, as low as 0.025 mM. This result 

indicates both a close interaction between CusBNT monomers 

and the possible formation of dimers or aggregates. Hence, we 

ran a native gel in the presence of various concentrations of 

CusBNT. The native tricine gel confirmed that the CusBNT 

existed only as monomers and that a non-covalent bond was 

formed (see Figure 2C). Moreover, concentration-dependent 

oligomerization was not observed in the gel. Therefore, we 

believe that CusBNT monomers closely interact with each other 

via hydrogen or electrostatic bonds, without forming a stable 

bound complex.  

 
Figure 3: CW-EPR spectra of CusBNT2 at various 

concentrations. The arrows mark the characteristic signals 

caused by the exchange interaction between two paramagnetic 

centers.  

When exploring the role of the three methionine residues in the 

Cu(I) coordination of CusBNT, we expressed several mutants 

(see Table 1): M21Ile (CusBNT2_M21I), M38Ile 

(CusBNT2_M38I), Met21Ile_Met38Ile 

(CusBNT2_M21I_M38I), Met36Ile_Met38Ile 

(CusBNT2_M36I_M38I), Met21Ile_Met36Ile 

(CusBNT2_M21I_M36I), and Met21Ile_Met36Ile_Met38Ile 

(CusBNT2_M21I_M36I_M38I). We chose to mutate 

methionine to isoleucine to minimize possible structural 

changes in the protein upon mutation. We followed the changes 

in the line shape of the CW-EPR spectra of CusBNT2 and the 

various mutants. Figure 4A shows the CW-EPR spectra of 

CusBNT2 at various Cu(I) concentrations. For CusBNT2, a 

continuous decrease in the hyperfine coupling (aN) upon Cu(I) 

coordination was observed. The change in the hyperfine values 

of CusBNT2 and of the various mutants is plotted in Figure 4B. 

The error in the evolution of the hyperfine coupling is 0.1 G. 

For CusBNT2, a reduction from 15.1 G at [Cu(I)]=0 to 14.0 G 

at [Cu(I)]/CusBNT2=5 is observed. Below that given copper 

concentration, no reduction in the EPR signal was observed, 

confirming that no protein aggregates formed. The reduction in 

the hyperfine values as a function of copper coordination 

suggests that the spin-label attached to the C-terminus of 

CusBNT points toward a more hydrophobic environment upon 

Cu(I) coordination. The continuous decrease in the hyperfine 

value even at a 5:1 ratio of [Cu(I)]/[CusBNT2] does not indicate 

that there are five copper ions coordinated to one CusBNT 

monomer. Instead, this finding shows that the affinity of the 

metal ion to CusBNT is relatively low; ITC experiments 
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previously suggested that the affinity was in the range of a few 

M.24 Hence, a high concentration of copper is required for all 

proteins to be coordinated to one copper ion. At very high 

copper concentrations > 10 [Cu(I)]/CusBNT, protein 

aggregation began to appear, manifested by a reduction in the 

EPR signal; this finding suggests that at this concentration, more 

than one copper ion is linked to a CusBNT monomer. Mutation 

of Met21Ile almost did not affect the copper coordination to 

CusBNT, and a similar pattern appeared in the CW-EPR line 

shape upon copper coordination. However, the mutations of 

Met36 and Met38, did affect the copper coordination, and the 

change in the hyperfine coupling value as a function of [Cu(I)] 

was smaller, as presented in Figure 4B. Triple mutations of all 

three methionine residues nearly did not change the hyperfine 

coupling upon copper coordination, suggesting that copper 

cannot coordinate CusBNT without the presence of these 

methionine residues. This result also supports the in-cell 

experiments, which indicate that mutations of these methionine 

residues affect copper resistance.18 The differences in the 

hyperfine coupling values for all various mutants suggest that 

M36I and M38I have the largest effect on copper coordination 

to CusBNT, which is least affected by the M21I mutation. 

 
Figure 4: A. CW-EPR spectra of CusBNT2 at various [Cu(I)] 

concentrations. B. The change in the hyperfine value, aN, for 

CusBNT2 and the various CusBNT2 mutants as a function of 

[Cu(I)] concentration. 

The role of the three methionine residues in the interaction with 

CusF 

To further explore the role of the methionine residues involved 

in the interaction with CusF, we fully expressed CusF, and its 

SDS gel is shown in Figure 2A. The incorporation of CusF into 

the CusBNT solution did not change the hyperfine value (aN) 

obtained from the EPR spectra line shape, as presented in Figure 

5A. When adding Cu(I) to the solution, the trend was similar to 

the one observed without the presence of CusF, showing a 

reduction in the hyperfine value (Figure 5B). The EPR spectrum 

was identical whether apo-CusF was added to the Cu(I)-

CusBNT2 solution, or apo-CusBNT was added to the Cu(I)-

CusF solution (Figure 5A). This proposes that the EPR spectrum 

was acquired after a steady state was reached, and that the 

affinity of Cu(I) to CusBNT is higher than its affinity to the 

CusF metallochaperone. The M21I mutation resulted in a 

similar reduction of the hyperfine value as a function of [Cu(I)] 

in the presence of CusF, compared to the hyperfine value in its 

absence (Figure 4B). Double mutations involving M36I or M38I 

strongly affected the copper coordination to CusBNT, and a 

slight reduction in the hyperfine value was observed. Figures 4 

and 5 suggest that the hyperfine value is insensitive to the 

presence of CusF, since the trend in the hyperfine value 

reduction for the various mutants as a function of Cu(I) 

coordination is similar in the presence and absence of CusF, 

within the experimental error (0.1G).  

 
Figure 5: A. CW-EPR spectra of CusBNT2 and CusBNT2 in the 

presence of CusF, and in the presence of Cu(I) and CusF 

(dashed line: CusF was added to a solution of Cu(I)-CusBNT2, 

solid line: CusBNT2 was added to a solution of Cu(I)-CusF). B. 

Change in the hyperfine value, aN, of CusBNT2 and the various 

CusBNT2 mutants, in the presence of CusF, and as a function of 

[Cu(I)] concentration. 
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The hyperfine value was not the only parameter affected by the 

Cu(I) coordination. A close examination of the CW-EPR spectra 

also revealed a reduction of the exchange interaction in the 

presence of Cu(I) for CusBNT2 (see Figure 6A), where a 

mutation of the methionine residues also reduced the interaction 

between CusBNT monomers. Figure 6A shows the CW-EPR 

spectra of CusBNT2, CusBNT2_M21I, and 

CusBNT2_M21I_M36I_M38I. In these spectra, the line shapes 

corresponding to exchange interactions appear for CusBNT2; 

these characteristics are not observed in 

CusBNT2_M21I_M36I_M38I. We followed the change in the 

I2/I1 ratio for the various mutants as a function of Cu(I) 

coordination (Figure 6B). For both CusBNT2 and 

CusBNT2_M21I, a reduction in the exchange interaction 

appeared (reduction in the I2/I1 value), suggesting that the 

presence of Cu(I) separates the CusBNT monomers and 

decreases the interaction between them. However, double 

mutations involving M36I or M38I can already separate the 

CusBNT monomers even in the absence of copper ions. This 

finding suggests that the methionine residues play a role in the 

interaction between the CusBNT monomers. At higher Cu(I) 

concentrations, a smaller increase in the exchange interaction 

appears for CusBNT2_M38I and CusBNT2_M36I_M38I, this 

might be due to some increase in CusBNT aggregation due to 

the high copper concentration. The addition of CusF to 

CusBNT2 reduced the exchange interaction, observed in Figure 

6C, indicating that CusF itself can separate CusBNT monomers. 

However, the presence of Cu(I) facilitated the separation 

between the CusBNT2 monomers. The addition of CusF to a 

CusBNT2_M21I solution revealed a larger reduction in the 

exchange interaction when compared the one for CusBNT2. 

This result suggests that the M21 residue might participate in 

the interaction between CusBNT and CusF. 

The CW-EPR spectra indicate that the methionine residues are 

important not only for copper coordination, but also for 

preserving the proper folding structure of CusBNT, allowing it 

to interact in a specific manner with both companion CusBNT 

monomer, and the CusF protein. These results show that M36 

and M38 residues are significant for both the Cu(I) coordination 

and the CusBNT-CusF interaction. 

To further explore the conformational changes that CusBNT2 

and CusF experience upon interaction, double electron-electron 

resonance (DEER) experiments were conducted. We performed 

DEER experiments on CusBNT2 alone and on CusBNT2 in the 

presence of Cu(I) and CusF (1:1:3 CusBNT2:CusF:Cu(I),) 

respectively). The DEER signals are presented in Figure 7. The 

presence of a dipolar interaction between spin-labels confirms 

that the two CusBNT2 monomers are in close proximity. The 

distance distribution (inset in Figure 7) shows a distribution of 

2.5  0.6 nm between the two spin labels attached to the C-

terminus of CusBNT. The addition of CusF and Cu(I) removed 

the dipolar interaction between the spin labels, and the DEER 

signal was characterized just by a homogeneous exponential 

decay. The DEER signal confirmed that in the presence of CusF 

and Cu(I), CusBNT2 monomers are not in close proximity to 

each other. This finding is consistent with the CW-EPR data, 

where a reduction in the I2/I1 value was observed. 

 
Figure 6: A. CW-EPR spectra of CusBNT2, CusBNT2_M21I, 

and CusBNT2_M21I_M36I_M38I. Change in the extent of the 

exchange interaction value, I2/I1, of the various CusBNT2 

mutants (B) as a function of [Cu(I)] concentration, and (C) in 

the presence of CusF and [Cu(I)].  

 

We also performed chemical cross-linking experiments on 

CusBNT in the presence of CusF and Cu(I). Figure 8A 

presents the SDS gels. It is clear that without the cross-linker, 

no complexes are formed between CusBNT2 monomers and 
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CusF-CusBNT2 even in the presence of Cu(I). In the presence 

of a cross-linker, no dimers are formed between two CusBNT 

monomers, suggesting that the lysine residues of two different 

CusBNT2 monomers are not close enough to each other to 

form a stable complex. However, in the presence of CusF, 

with no dependency on Cu(I), stable complexes do form, as 

indicated in the gel; this result suggests a close interaction 

between CusF and CusBNT2 through the lysine residues, as 

was previously proposed.25 This experiment also shows that 

the interaction between CusBNT and CusF can occur even in 

the absence of the Cu(I) ion. Mutation of either of the 

methionine residues significantly affects the crosslinking, as 

observed in Figure 8B, and no cross-links are formed between 

CusBNT and CusF. This finding indicates that the methionine 

segments are important for preserving a specific folding 

structure of CusBNT. To support these data, CD 

measurements were performed on both CusBNT2 and 

CusBNT2_M21I_M36I_M38I (see Figure 9). The CD 

structure of CusBNT2, characterized by negative peaks at 200 

nm and 235 nm, suggests that the secondary structure is a mix 

of α-helices, -sheets and disordered segments. Conversely, 

the CD of CusBNT2_M21I_M36I_M38I was characterized by 

a negative peak at 215 nm, suggesting a larger contribution of 

-sheets to the secondary structure. 

Figure 7:  Q-band DEER signals, measured at 80K, of 

CusBNT2, and CusBNT2+CusF+3Cu(I). The inset shows the 

distance distribution obtained from the CusBNT2 DEER signal. 

The role of lysine residues in the CusBNT-CusF interaction 

K29 and K32 were previously suggested to play a role in the 

interaction with CusF.25 Hence, we observed the changes in the 

CW-EPR spectra of CusBNT2_K29A, CusBNT2_K32A, and 

CusBNT2_K29A_K32A (see Table 1) as a function of copper 

coordination and the interaction with CusF. Figure 10A shows 

the CW-EPR spectra of CusBNT2, CusBNT2_K29A, 

CusBNT2_K32A, and CusBNT2_K29A_K32A. It is clear that 

mutations of the lysine residues removed the exchange 

interaction observed for CusBNT2, suggesting that CusBNT 

folds differently in the presence of these mutations and that they 

spread two CusBNT monomers apart. Observing the change in 

the I2/I1 ratio for these mutants (Figure 10B) showed that there 

is nearly no change in this ratio as a function of copper and 

CusF coordination. We also observed the change in the 

hyperfine interaction (Figure 10C), which showed that although 

a strong reduction in the hyperfine value is noted for CusBNT2 

in the presence of CusF and copper, only a minor reduction of 

approximately 0.3-0.4 G from [Cu(I)]=0 up to 

[Cu(I)]/(CusBNT+CusF)=4 for CusBNT2_K29A, 

CusBNT2_K32A, and CusBNT2_K29A_K32A is noted in the 

hyperfine value. The K32A mutation has the greatest effect on 

the copper coordination. Since lysine residues are not directly 

coordinated with the copper ion, the EPR spectra suggest that 

mutations of lysine residue might affect the structure of 

CusBNT, and by this interfere with the Cu(I) coordination to 

CusBNT. A CD spectrum of CusBNT2_K29A_32A is presented 

in Figure 9, showing some differences in the secondary structure 

of these mutants, confirming our observation. 

Chemical cross-linking experiments on CusBNT2_K29A, 

CusBNT2_K32A, and CusBNT2_K29A_K32A are presented in 

Figure 8C.  The K29A (CusBNT2_K29A) mutation did not 

interfere with the formation of the CusBNT-CusF complex. 

However, the K32A (single K32A or double mutation of K29A 

and K32A) disrupted the formation of a complex between 

CusBNT and CusF, indicating that K32 is an important residue 

for the interaction between CusF and CusBNT. 

 

 
Figure 8: Chemical cross-linking SDS-PAGE tricine (19%) gel, 

showing the following: A. interactions between CusBNT2 and 

CusF, (*) marks CusBNT2+CusF and (**) marks 

CusBNT2+CusF+Cu(I) B. CusBNT2 methionine mutations in 

the presence of CusF (*), and in the presence of CusF+Cu(I) 

(**), and C. CusBNT lysine mutations.  
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Figure 9: CD spectra of apo-CusBNT2, apo-

CusBNT2_M21I_M36I_M38I, and apo-

CusBNT2_K29A_K32A. 

Discussion 

This study aimed to provide molecular structural insight into 

two individual important components of the E.coli Cus efflux 

system: the N-terminal domain of the CusB (CusBNT) protein 

and the metallochaperone CusF. Earlier studies indicated the 

importance of these two domains to the functionality of the Cus 

efflux system. The EPR data show that CusBNT monomers 

prefer to be in close proximity to each other, the addition of 

CusF separates CusBNT monomers, and the addition of Cu(I) 

facilitates this separation. This finding explains the NMR and 

ITC results, which only successfully resolved the interaction 

between CusF and CusBNT in the presence of Cu(I).18,25 EPR is 

much more sensitive than NMR, and can thus resolve even 

weak interaction between proteins, with only about 20% of the 

dissolved proteins in a complex.47,48 In the presence of a metal 

ion, the amount of interacting proteins is higher, and can be 

resolved by less sensitive techniques. A close interaction 

between CusF and CusB was also observed in the chemical 

cross-linking experiments with and without Cu(I). The CW-EPR 

spectra indicate that the methionine residues are important not 

only for copper coordination but also for preserving the proper 

folding structure of CusBNT, allowing it to interact in a specific 

manner with both the companion CusBNT monomer and the 

CusF protein. This role has been confirmed by the CD spectra, 

which showed that mutation of all three methionine residues 

unfolds the protein, resulting in a disordered CusBNT structure. 

Chemical cross-linking showed that in the presence of any of 

the methionine mutants, no cross-linking between CusBNT and 

CusF occurred. Moreover, M36 and M38 were important for 

copper coordination and the interaction with CusF. M21, 

however, may not be essential to copper coordination but may 

be significant for the CusF-CusBNT interaction and for the 

metal transfer mechanism. X-ray absorption spectroscopy 

studies showed that all three methionine residues are required 

for Cu(I) coordination.18 The group of Franz et al. suggested 

that three methionine residues are required to form a high 

affinity Cu(I) binding site, however, lower affinity Cu(I) 

binding site can be formed with only two methionine 

residues.49,50 As previously noted, the EPR measurements are 

preformed after a steady state is reached, thus we believe that 

Cu(I) can still coordinate to CusBNT_M21I through a 

coordination site containing only two methionine residues. The 

affinity to this site might be lower; however, EPR cannot detect 

it and report on the affinity of Cu(I).  This is also consistent with 

the previous ITC results. ITC was used to determine the ability 

of the CusB mutants, M21I, M36I, and M38I, to bind Ag(I) in-

vitro.18 The M21I mutant of CusB showed a 10-fold reduction 

in binding affinity for Ag(I) compared with that for wild-type 

CusB, with a dissociation constant of 0.2 M. The M36I and 

M38I mutants of CusB showed no specific binding to Ag(I). 

Considering Ag(I) and Cu(I) have a similar charge and nature, 

these results also demonstrate the importance of M36 and M38 

for metal coordination, and the lesser significance of M21 to the 

coordination of the metal. Cell experiments have shown that 

cells with the M21I, M36I, and M38I mutants of CusB did not 

grow.18 This result suggests that even if M21I has no significant 

role in metal coordination, it still might be essential for metal 

transfer and thus essential for the resistance of the cell to copper 

ions, as was also observed in the EPR experiments of this study. 

Herein, we have also shown using both EPR measurements and 

chemical cross-linking that the K32A (CusBNT2_K32A, 

CusBNT2_K29A_K32A) mutant disrupted the formation of a 

complex between CusBNT and CusF, indicating that K32 is a 

key residue in the interaction between CusF and CusBNT. It is 

interesting that both mutations of hydrophobic residues, such as 

methionine residues, and hydrophilic residues (lysine) affect the 

structure of CusBNT and by this remove the interaction between 

two CusBNT monomers and the interaction between CusBNT 

and CusF.  

Conclusions 

A combination of EPR spectroscopy, CD, and chemical cross-

linking experiments has successfully shed some light on the 

interaction between the CusF metallochaperone and the N-

terminal domain of the CusB protein. M36 and M38 of CusBNT 

were found to be essential residues both for Cu(I) coordination 

and for the interaction with the CusF, and K32 were found to be 

important for CusF-CusBNT interaction. In contrast, K29 is less 

consequential for the interaction with CusF protein, while M21 

is mostly important for the CusF-CusBNT interaction. This 

research provides useful information on the interconnection 

between CusBNT and CusF, and on the key residues that are 

controlling the Cu(I) regulation in the E.coli periplasm.  
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Figure 10: A. CW-EPR spectra of CusBNT2, CusBNT2_K29A, 

CuBNT10, and CusBNT2_K29A_K32A. B. Change in the 

extent of the exchange interaction value, I2/I1, of the various 

CusBNT2 Lys mutants as a function of [Cu(I)] concentration, 

and in the presence of CusF and [Cu(I)]. C. Change in the 

hyperfine value, aN, of the various CusBNT2 mutants in the 

presence of CusF and as a function of [Cu(I)] concentration. 

 

 

 

 

 

 

 

 

Graphical abstract 

 

Methionine and Lysine residues are important for preserving the 

structure of CusB N-terminal domain and for the interaction 

with CusF. 
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