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Abstract
Electron paramagnetic resonance (EPR) spectroscopy has become a promising structural biology tool to resolve complex and 
dynamic biological mechanisms in-vitro and in-cell. Here, we focus on the advantages of continuous wave (CW) and pulsed 
EPR distance measurements to resolve transcription processes and protein-DNA interaction. The wide range of spin-labeling 
approaches that can be used to follow structural changes in both protein and DNA render EPR a powerful method to study 
protein-DNA interactions and structure–function relationships in other macromolecular complexes. EPR-derived data goes 
well beyond static structural information and thus serves as the method of choice if dynamic insight is needed. Herein, we 
describe the conceptual details of the theory and the methodology and illustrate the use of EPR to study the protein-DNA 
interaction of the copper-sensitive transcription factor, CueR.
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Abbreviations
EPR	� Electron paramagnetic resonance
NMR	� Nuclear magnetic resonance
CW	� Continuous wave
SDSL	� Site-directed spin-labeling
MTSL	� Methanethiosulfonate spin-label
DEER	� Double electron–electron resonance
sm-FRET	� Single-molecule fluorescent resonance energy 

transfer
PAS	� Principal axis system
WT	� Wild type
EMSA	� Electrophoresis mobility shift assay
CD	� Circular dichroism
RT	� Room temperature

Metalloregulator proteins

Metalloregulator proteins regulate the metal concentration in 
bacterial cells by controlling the transcription rate of metal-
responsive genes (Tottey et al. 2005; Wladron et al. 2009; 
Robinson and Winge 2010). On the one hand, metal ions are 
essential in small concentrations for the survival of the cell. 
For example, they serve as cofactors for oxidation–reduc-
tion reactions and as structural centers to stabilize proteins. 
However, an excess of metal ions can lead to cytotoxicity 
and cell death by the catalysis of reactive oxygen species 
(Weekley and He 2017; Fleming and Burrows 2020; Hof-
mann et al. 2021). To maintain proper cytoplasmic metal 
ion concentrations, also known as metal homeostasis, nature 
exploits a range of metal binding proteins, with one example 
being metal ion transcription factors. These proteins have 
extremely high-affinity metal coordination sites with sen-
sitivity to free metal ions in the range of 10−15–10−21 M, 
which corresponds to sensitivity to nearly one ion per cell. 
Upon coordination of the metal ion, downstream remedia-
tion processes, most principally the activation or repression 
of gene transcription, occur to express proteins that mini-
mize metal ion toxicity. The function of these metal tran-
scription factors is dependent on the ability of metal ions 
to drive changes in the structure and/or dynamics of both 
protein and DNA to ultimately regulate metal homeostasis 
within the organism (Tottey et al. 2005).
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As of today, seven major families of metalloregula-
tors have been reported in bacteria: ArsR, MerR, CsoR, 
CopY, Fur, Dtx1, and NikR. These regulate six biologi-
cally essential transition metals, Mn, Fe, Co, Ni, Cu, 
and Zn, in addition to the heavy metal ions, Ag, Au, Cd, 
and Hg (Outten and O'Halloran 2001; Cavet et al. 2002; 
Changla et al. 2003; Giedroc and Arunkumar 2007). Fig-
ure 1 shows the crystal structures of proteins in each of 
the families. Most of the metal-sensitive transcription 
factors adopt the secondary structure of a winged helix 
domain to bind DNA. Others employ an α-helical bundle 
or a ribbon-helix-helix structure to interact with DNA.

These protein families differ not only in structure 
but also in the mode by which the metal regulation is 
controlled. The ArsR, CsoR, and CopY family of metal-
loregulators repress transcription by coordinating with 
the promoter. Upon coordination of the specific metal 
ion, they dissociate from the promoter region and allow 
transcription to occur. The proteins in the Fur, DtxR, and 
NikR family turn off the expression of uptake systems 
in response to metal excess by using the metal ion as a 

co-repressor. The proteins of the MerR family activate 
transcription by allosterically changing the structure of 
the DNA promoter upon metal coordination (Giedroc and 
Arunkumar 2007; Philips et al. 2015).

Therefore, it is apparent that the coordination of the 
metal ions drives conformational changes in proteins to 
impact regulation. Understanding the mechanisms of 
action of these metal-sensitive transcription factors is 
essential to the understanding of how bacteria maintain 
such complex metal homeostasis, as well as to the devel-
opment of novel antibiotics that can selectively cause 
metal dyshomeostasis in bacteria.

Over the last few years, we have successfully studied 
the transcription mechanism of E. coli CueR, a copper 
transcription factor of the MerR family, primarily using 
electron paramagnetic resonance (EPR) spectroscopy. 
Herein, we will describe the EPR methodology and 
benefits of EPR over other biophysical techniques. We 
will then demonstrate how EPR resolved details of the 
CueR transcription mechanism both in conformations 
and dynamics.

Fig. 1   Structures of transcription factors and metal binding domains. 
One representative structure from each metalloregulator family is 
depicted in cartoon representation. (A) ArsR: CzrA (PDB-ID: 1r1v), 
(B) MerR: CueR (PDB-ID: 1q07), (C) CsoR: CsoR (PDB-ID: 2hh7), 
(D) CopY: CopY (model), (E) Fur: Fur (PDB-ID: 4rb1), (F) Dtx1: 
DtxR (PDB-ID: 1f5t), (G) NikR: NikR (PDB-ID: 2HZV). Cartoon 
D does not have highlighted metal binding sites because there is no 

holo-structure available. Nevertheless, metal binding sites in the form 
of cysteine residues are predicted to be found on the C-terminal end. 
DNA binding domains are colored in cyan, metal binding domains 
are colored in pink, and metals are represented as spheres in violet. 
The protein structures were constructed and colored using Pymol 
(Schrödinger 2022)
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EPR methodology

The measurement of the structure of a protein-DNA com-
plex is highly challenging. The Protein Data Bank contains 
only a few thousand structures of proteins complexed with 
DNA for both prokaryotic and eukaryotic systems. Most of 
these structures were measured by X-ray diffraction or solu-
tion nuclear magnetic resonance (NMR) spectroscopy. The 
lack of structural information is a major bottleneck, given 
that in prokaryotic systems alone, there exist about 18,000 
transcription factors.

These limitations that prevent the advancement of struc-
tural studies in such systems can be overcome by EPR spec-
troscopy. This technique has become a promising tool to 
study conformational and dynamical changes in transcrip-
tion factors (Ruthstein et al. 2013; Sameach et al. 2017; 
Tangprasertchai et al. 2017; Warren et al. 2018; Schmidt 
et al. 2018; Sameach et al. 2019). EPR can report on solution 
state structure and dynamics of biomolecules without the 
need for isotopic labeling as required by NMR spectroscopy. 
In addition, the use of EPR spectroscopy does not require 
crystallization and is not limited to the size of biomolecules, 
unlike NMR spectroscopy. However, EPR spectroscopy 
requires the presence of an unpaired electron spin, and thus, 
most biological samples require site-directed spin labeling 
at the site of interest (Meron et al. 2022).

Site‑directed spin labeling

Site-directed spin labeling (SDSL) is a powerful technique 
to introduce a moiety containing an unpaired electron spin 
into biological systems which are typically diamagnetic. In 
this method, a specific site on the biomolecule is targeted 
to incorporate an unpaired electron, thus creating a spin 

label. The most commonly used spin labels are based on 
the nitroxide radical, which has an electron spin of ½ and 
a nuclear spin of the 14 N atom of 1. The most used spin 
label, known as methanothiosulfonate (MTSL), is chemi-
cally attached to thiol groups of cysteine residues (Fig. 2A) 
(Hubbell et al. 1998; Columbus 200). This method usually 
requires mutants which omit all native cysteine residues 
and the introduction of one or several cysteine residues by 
point mutations. Cysteine has also been used as a method to 
attach a linker that contains paramagnetic metal ions such 
as Cu(II), Mn(II), and Gd(III) (Cunningham et al. 2015a; 
Giannoulis et al. 2020; Giannoulis et al. 2021). This metal-
labeling strategy has been found to be most impactful for 
in-cell measurements using Gd(III) labels (Qi et al. 2014; 
Yang et al. 2017; Dalaloyan et al. 2019).

In order to provide an orthogonal handle for protein labe-
ling, Saxena and co-workers have developed a methodol-
ogy for spin labeling with Cu(II) to native side chains on a 
protein (Fig. 2B). In this approach, the Cu(II) ion is coordi-
nated to the protein by a strategically placed double histidine 
(dHis) mutation. The dHis mutations are created at solvent-
exposed sites at positions i and i + 4 for α-helices and i and 
i + 2 for β-sheets (Arnold and Haymore 1991; Todd et al. 
1991; Higaki et al. 1992; Jung et al. 1995; Voss et al. 1995; 
Nicoll et al. 2006; Cunningham et al. 2015b). These place-
ments generate known Cu(II) binding sites. The nonspecific 
binding of Cu(II) elsewhere in the protein is prevented by 
the introduction of the Cu(II) ion as a complex with imi-
nodiacetic acid (IDA) (Cunningham et al. 2015b; Lawless 
et al. 2017a) or nitrilotriacetic acid (NTA) (Cunningham 
et al. 2015b; Ghosh et al. 2018). Labeling a dHis-mutated 
protein with the Cu(II) complex is remarkably easy, only 
requiring the solution to be incubated at ca 4 °C for 30 min 
(Gamble Jarvi et al. 2020a). Since stoichiometric amounts of 

Fig. 2   Site-directed spin-labeling approaches used in this research. (A) MTSL labeling for proteins, (B) dHis-Cu(II)-NTA labeling for proteins, 
(C) Cu(II)-DPA labeling for DNA
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the label are used, there is typically no need for post-labeling 
purification. The method can be implemented in a wide vari-
ety of buffers (Gamble Jarvi et al. 2020a) over a range of pH 
values and appears to be resistant to the presence of other 
metal ions (Wort et al. 2021a, b). In addition, dHis labeling 
does not require the use of thiols for labeling, and therefore, 
there is no need for a Cys-null protein mutant. Other benefits 
of the dHis-Cu(II) motif can be illustrated by EPR distance 
measurements, which will be described in the following sec-
tion. Since the Cu(II) position is significantly restricted by 
bidentate coordination to the protein side chain, the resultant 
distances are remarkably precise, with a distance distribution 
width that is five times narrower than that of a nitroxide spin 
label (Cunningham et al. 2015b; Gamble Jarvi et al. 2021).

The Saxena group has also recently developed a meth-
odology for using Cu(II) ions to label DNA (Lawless et al. 
2017b; Ghosh et al. 2020a). In this method, a 2,2’-dipi-
colylamine (DPA) phosphoramidite is easily incorporated 
into any DNA nucleotide during initial DNA synthesis, and 
a Cu(II) ion chelates to the DPA (Fig. 2C). The opposing 
strand of DNA uses a commercially available abasic sugar-
phosphate site called dSpacer. The label is positioned within 
the DNA duplex for a direct and accurate report on backbone 
helical distance without the need for any additional mod-
eling. It is often beneficial to compare experimental dis-
tance distributions to molecular dynamics (MD) simulations 
to understand the atomistic details of the experimentally 

derived conformations. Therefore, force field parameters for 
molecular dynamics (MD) simulations have been developed 
for both the dHis-Cu(II) spin label and the Cu(II) DNA label, 
and it has been shown that distance distributions generated 
from MD agree well with those from the experiment (Law-
less 2017c; Bogetti et al. 2020; Ghosh et al. 2020b).

EPR distance measurements

EPR spectroscopy is one of the few methods that can pre-
cisely measure distances in the range of 1.5–8.0 nm in bio-
logical systems (Schiemann et al. 2021), although longer 
distance measurements have been achieved by protein deu-
teration (Ward et al. 2010; Schmidt et al. 2016; Endeward 
et al. 2022). The most popular experiment is the four-pulse 
DEER/PELDOR experiment (Fig. 3). In the DEER experi-
ment, the distance-dependent magnetic dipolar interaction 
between two or more unpaired electron spins is probed, and 
the resulting signal modulates with the frequency of the 
dipolar interaction. This analysis of the time domain signal 
leads to the measurement of the full distance distribution in 
the ensemble measurement.

Consider a pair of two coupled electron spins, A and B. 
DEER is a two-frequency method, where spin A is observed 
at one frequency and spin B is excited at a different fre-
quency. The experiment involves four microwave pulses, 
three at the observer frequency and one at the excitation, 

Fig. 3   Four-pulse DEER sequence, operating at two microwave frequencies (A represents the observer frequency, and B represents the pump 
frequency)
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or pump, frequency. In the absence of the pump pulse, the 
echo sequence would lead to refocusing of all interactions 
that cause inhomogeneous line broadening, including elec-
tron–electron coupling. Only homogeneous broadening, 
due to relaxation processes and nuclear modulations, is not 
refocused. When the pump π pulse is applied at time t and 
inverts the B spin, the local magnetic field at the A spin 
exerted by the B spin changes by the dipolar coupling fre-
quency. This results in a phase change of the refocused echo, 
which is observed as a modulation in the signal. The A spin 
gains an additional phase ϕ=ωeet, where wee is the coupling 
between A and B spins. Accordingly, the echo amplitude is 
modulated with cos(ωeet))Schiemann et al. 2021).

θAB is the angle between the static field, B0, and the inter-
spin distance vector connecting the two spins.

βe is the Bohr magneton, gA and gB are the g-values of the 
A and B spins, rAB is the interspin distance between the A 
and B spins, and m0 is the permeability of free space. When 
A and B are nitroxide spin labels,

The spin echo signal is given by
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where λ is the fraction of B spins excited by the pump pulse, 
often named the geometrical factor.

For an anisotropic disordered system with a homogeneous 
distribution of spins, the dipolar time evolution is averaged 
to a mono-exponential decay, which depends on the spin 
concentration (C), according to the following equation:

In solution, the DEER signal is a combination of the 
homogeneous background signal due to the weakly coupled 
spins and the signal from close interacting spins in the same 
biological macromolecule.

For an ensemble of spins, the general form of the DEER 
signal, V(t), is expressed as (Maryasov et al. 1998)

where P(r) is the DEER distance probability distribution, 
λ is the modulation depth, r is the distance between two 
spins, k is a constant which contains the g-values of the two 
spins, and θ is the angle between the interspin distance vec-
tor and the applied magnetic field. This form of the equation 
includes orientational effects as �(�) , which is known as the 
geometrical factor. This factor is dependent on the relative 
orientations of the two principal axis systems (PAS) of the 
g-tensors of the two spins. It describes the probability of 
exciting θ and is defined as
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where mI is the nuclear quantum number of spin I, kxa is the 
ratio of the resonance frequency of the spins excited by the 
observer pulse to the observer frequency, kxb is the same 
ratio but for the pump pulse and pump frequency, φia and φib 
are the flip angles of the first and second spins, respectively, 
by the ith pulse, and δωi is the inhomogeneous broadening 
of the observer or pump pulses. If all orientations of the 
molecules are properly sampled, the geometrical factor is 
equal to sin(θ).

Cu(II) distance measurements

In the case of nitroxide spin labels, the interplay of the g and 
hyperfine anisotropies and the flexibility of the MTSL side 
chain typically randomizes the relative orientation between 
the spin labels. The effect of the orientation on the DEER 

signal is typically negligible in this instance, and the dis-
tance measurements can be obtained by a single experiment 
with the pump pulse positioned at the field of highest inten-
sity at either X- or Q-band.

On the other, Cu(II) is characterized by a broad absorp-
tion EPR spectrum, and a typical microwave pulse of 
24–40 ns can only excite a small portion of the possible θAB 
angles. Therefore, in principle, both the electron–electron 
dipolar frequency, ωee, and the geometrical factor, λ, depend 
on the position and the orientation of the magnetic field with 
respect to the interspin distance vector.

There has been much work done to rigorously understand 
these effects for the Cu(II) labels by using a combination 
of force field development, MD simulations, and quantum 
mechanical calculations (Bogetti et al. 2020; Gamble Jarvi 
et al. 2020b). For dHis, the Cu(II) position is highly localized; 
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however, the coordination of Cu(II) to the imidazole-nitrogen 
in the Histidine side-chain is fairly elastic. Therefore, there is 
a variation in the length and angles of the bonds that chelate 
Cu(II) to the dHis motif. This variation leads to large distri-
bution in the direction of the g-tensor (and more specifically, 
g||). This orientation variation is remarkably important in mit-
igating the effects of orientational selectivity, and such effects 
are minimal at X-band (Bogetti et al. 2020; Gamble Jarvi 
et al. 2021). On the other hand, orientational effects are pos-
sible at Q-band for rigid proteins and have been exploited to 
measure the relative orientations between secondary structure 
elements (Gamble Jarvi et al. 2019). More recently (Bogetti 
et al. 2022), a careful examination of excitation has produced 
a protocol for DEER measurements at Q-band wherein data 
acquisition at only three fields is sufficient for accurately 
measuring the distance distribution, even for modest pulse 
considerations. More improvements are anticipated by the 
use of arbitrary waveform generators.

For the case of Cu(II)-DPA DNA label, the moiety con-
taining Cu(II) is attached to the DNA backbone using two 
rotatable bonds. The resulting fluctuations of the bonds are 
effective at washing out orientational effects, and distances 
can be measured by data acquisition at one field at either 
X- or Q-band (Bogetti et al. 2022).

Although DEER is the most used technique to measure 
distances using Cu(II) labels, other methods such as double 
quantum coherence (DQC) and relaxation-induced dipolar 
modulation enhancement (RIDME) spectroscopies have also 
been implemented on Cu(II) (Ruthstein et al. 2013; Ji et al. 
2014; Ruthstein et al. 2015; Giannoulis et al. 2018; Rus-
sell et al. 2021). In particular, the use of dHis-Cu(II) and 
RIDME is an attractive methodology to measure distances 
at ca. 100 nM protein constants (Ackermann et al. 2022) as 
well as equilibrium constants.

Another important consideration for Cu(II) distance 
measurements is that the phase memory relaxation time of 
Cu(II), which is typically 3–4 μs, along with limited spec-
tral excitation, lead to challenges for distance measurement 
beyond ca. 4.4 nm. Recent work has shown that with the 
introduction of deuterated solvents and cryoprotectants, the 
phase memory time can be significantly lengthened due to 
the reduction in the electron-nuclear dipolar interactions 
(Casto et al. 2021). Such solvent deuteration provides a 
reliable method to measure Cu(II)-Cu(II) distances up to 
ca 7 nm. If the protein molecule itself is also deuterated, 
measurable distances can reach up to 9 nm. Deuteration is 
a straightforward technique to increase the sensitivity and 
surpass the previous limitations of Cu(II).

Analysis of distance EPR measurements

There are several programs that can analyze orientation-
independent data to extract the distance distribution. 

Examples are DeerLab (Fabregas Ibanez et al. 2020), DEER-
Net (Worswick et al. 2018), and DeerAnalysis (Jeschke 
2007). The DEER time domain can be converted into a dis-
tance distribution using a variety of models, such as gauss-
ian model distribution and Tikhonov regularization. Each 
model requires the subtraction of the contribution of the 
background signal, which can introduce user bias. Therefore, 
the community is increasingly moving to the use of a single-
step method which accounts both for the distance distribu-
tion and the background signal (Stein et al. 2015; Worswick 
et al. 2018; Fabregas Ibanez et al. 2020). There are also 
programs available to extract the distance distribution for 
cases of orientational selectivity (Yang et al. 2010a, b).

CW‑EPR to measure protein dynamics

Continuous wave (CW)-EPR detects the electron Zeeman 
interaction between the unpaired electron and an applied 
magnetic field and hyperfine interactions between the elec-
tron spin and the nuclear spin. Room temperature (RT) 
CW-EPR experiments can measure the dynamics of the 
paramagnetic site. Resolving the backbone dynamics is 
useful because the small-scale site-specific flexibility of the 
backbone may play a larger role in molecular processes like 
protein-DNA interactions or ligand binding. The character-
istics of the EPR spectra that are examined for spin-labeled 
systems are the line shape, linewidth, hyperfine values, and 
g-values, which each depend on the strength of the interac-
tion of the spin label with its environment.

At X-band frequency (~ 9.5 GHz), we hierarchically dif-
ferentiate between three types of motion (Fig. 4): (a) fast 
motion, (b) slow motion, and (c) rigid limit. In the fast 
motion region (less than ns timescale), CW-EPR spectra are 
characterized by the number of peaks and the intensity of 
the peaks. The rigid limit type spectrum is obtained when 
the motion of the spin label is restricted and the timescale 
of motion is greater than µs. At the rigid limit, CW-EPR 
can provide information about the coordination geometry 
of the unpaired electron. The most interesting region is the 
slow-motion region which involves motions with timescales 
between ns and µs. In this region, the line shape of the EPR 
spectrum is influenced by slight changes in the dynamics of 
the spin label, and a chemical or biological reaction can be 
followed in situ. The theory for the slow-tumbling region 
was described by Freed et al. (Budil et al. 1996).

CW‑EPR of nitroxide spin labels

The nitroxide CW-EPR spectrum is characterized by the 
electron spin of ½ and the hyperfine splitting due to the 
interaction with the 14N nuclear spin of 1. For a highly 
dynamic system, the three allowed electron spin energy level 
transitions result in three peaks in the nitroxide spectrum 
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(Fig. 4). The position of the peaks and spacing between each 
peak are characteristic of the dynamics of the system.

To quantitatively understand the backbone dynamics of a 
system, parameters such as rotational correlation times (τc) 
and ordering potentials can be compared between spectra. 
For nitroxide labels, the correlation time can be estimated 
from the height of the peaks and the linewidth of the central 
peak according to the following equation (Morrisett 1976):

where ΔH0 is the peak-to-peak line width of the MI = 0 com-
ponent (the central peak) in Gauss, and h(− 1), h(0), and 
h(1) are the peak-to-peak heights of the MI = 1, 0, − 1 lines, 
respectively.

The CW-EPR spectra of nitroxide-labeled biomolecules are 
also sensitive to the polarity of the environment of the spin label, 
where the isotropic hyperfine value, Aiso, is proportional to the 
spin density on the nitrogen of the nitroxide group. When the 
solvent polarity is high, the spin density on the nitrogen is high as 
well, resulting in a higher Aiso value. However, when the polarity 
of the solvent is low, the hydrogen bonds with the nitroxide are 
weaker, which results in lower spin density on the nitrogen and a 
smaller Aiso value (Ruthstein et al. 2003; Chen et al. 2008).
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Simulations of slow‑motion region spectra of nitroxide spin 
labels

The partial averaging of EPR spectra by molecular motion or 
spin dynamics can produce overly complicated and irregular 
line shapes that require detailed spectral simulation to extract 
the desired information. The simulation theory developed by 
Freed et al. (Budil et al. 1996) is implemented in the nonlin-
ear-least-squares (NLSL) slow motion program, as well as in 
EasySpin, using “chili” analysis (Stoll and Schweiger 2006).

The typical approach to generate simulations of slow-
motion EPR spectra is to first determine the magnetic param-
eters from the rigid-limit spectrum by acquiring CW-EPR 
measurement at temperatures below 120 K. These param-
eters, which include the Euler angles described below, are 
fixed in the subsequent simulations. After the magnetic 
parameters are determined, the dynamics and ordering 
parameters are varied in the fitting procedure. The parameters 
of the simulations for nitroxide labels are described below.

Magnetic and structural parameters: The programs model 
the reorientation of one electron in a single nucleus system 
(typically a nitroxide) that is described by (a) the electron 
Zeeman interaction, including an orientation-dependent 
g-factor, (b) the electron-nuclear hyperfine interaction ten-
sor, A, and (c) the isotropic nuclear Zeeman interaction.

Fig. 4   CW-EPR simulations of 
nitroxide with different dynam-
ics: fast motion (10−10 s), slow 
motion (10−8 s), and rigid limit 
(10−.6 s)
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To account for all orientation effects, several different coor-
dinate systems are employed: (a) the magnetic tensor frame 
(Xmag, Ymag, Zmag) fixed on the molecule (by convention, the 
z-axis is along the p-orbital (or N–O p orbital for nitroxides), 
and the x-axis is along the N–O bond); (b) the rotational diffu-
sion tensor frame (Xdiff, Ydiff, Zdiff), which is fixed on the back-
bone of the molecule where the nitroxide ring is connected; (c) 
the director frame (Xdir, Ydir, Zdir), which is taken to be along 
the symmetry of the restoring potential when an ordered mate-
rial is concerned; (d) the laboratory frame (Xlab, Ylab, Zlab), 
which is determined by the external magnetic field along Z.

The relationships among these coordinate systems are 
specified by different sets of Euler angles. For nitroxide radi-
cals, when neglecting the small deviation from axial sym-
metry of the hyperfine tensor and the small g-anisotropy, the 
transformation from the tensor frame to the diffusion frame 
can be described by a single angle β, which is referred to 
as the diffusion tilt angle. When the restoring potential has 
axial symmetry, only one angle θ is needed for the transfor-
mation from the diffusion frame to the director frame and 
one angle ψ from the director frame to the laboratory frame. 
This is summarized as follows:

Dynamics parameters: The spectral calculation incorpo-
rates several different models for rotational diffusion, includ-
ing (a) Brownian rotational diffusion; (b) non-Brownian 
diffusion, including different types of jump-diffusion mod-
els; (c) anisotropic viscosity for motion in oriented fluids; 
and (d) discrete jump motion for hopping among a set of 
symmetry-related sites. For nitroxide spin-labeled soluble 
proteins, the Brownian diffusion model with axial symmet-
ric rotational diffusion tensor, R, is adopted most often and 
defines two rotational diffusion rate constants, RII and R⊥.

Orientational potential: The tendency of the spin label to 
order is modeled by a restoring potential that is defined rela-
tive to the director axes. In general, it is written as a series 
of spherical harmonics of DL

KM
(Ω).

�L
KM

 are dimensionless coefficients. In the case of axial 
orientational potential, U(θ) becomes

Practically, the orientational potential is reflected by an 
order parameter:

where P(θ) is the orientational distribution function:

Tmag
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→ Tdif f
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00
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00
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(θ)⟩ = ∫ P(�)
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KB is the Boltzmann constant, and T is the temperature.

CW‑EPR of Cu(II) spin labels

The line shape of Cu(II) is characterized by an axial symme-
try of the g-tensor (electron spin ½) with hyperfine splitting 
from the nuclear spin of 3/2. Since Cu(II) is an axially sym-
metric system, the g�i

 and A�i
 values are defined as

where g∥, g⟂,A∥,A⟂
 are the parallel and perpendicular com-

ponents of the g- and hyperfine tensors.
The rigid limit spectrum of Cu(II) can report on protein 

labeling (Gamble Jarvi et al. 2020a; Gamble Jarvi et al. 
2021). The chelation of Cu(II) to dHis leads to distinct 
changes in the A|| which are clear markers of chelation (Gam-
ble Jarvi et al. 2020a; Gamble Jarvi et al. 2021). In addition, 
there have also been recent developments in the use of dHis-
Cu(II) to measure site-specific dynamics in proteins (Singe-
wald et al. 2020; Singewald et al. 2022). These works have 
shown that Cu(II) CW-EPR can resolve dynamical changes 
of both α-helices and β-sheet structures. These developments 
are important because nitroxide CW-EPR line shapes of 
nitroxides are difficult to interpret in terms of β-sheet back-
bone dynamics due to the inherent flexibility of the nitroxide 
spin label and the influence of neighboring sidechains on the 
label. In addition, Cu(II) labeling appears to be sensitive to 
even small changes in dynamics due to the large anisotropy 
of the g-tensor of Cu(II) compared to nitroxides.

The use of EPR spectroscopy in resolving 
the transcription mechanism of E. coli CueR

Both pulsed EPR distance measurements and RT CW-EPR 
experiments are needed to obtain an overall picture of a bio-
logical system. In our work, we used EPR methods to study 
the E. coli CueR protein, which belongs to the MerR family 
of metal-sensing transcription regulators (Outten et al. 2000; 
Stoyanov et al. 2001; Martell et al. 2015). MerR family pro-
teins exist in most bacterial species, and the metalloproteins 
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have similar overall structure and sequence among species 
(Outten et al. 2000; Stoyanov et al. 2001; Newberry and 
Brennan 2004; Tottey et al. 2005). Hence, understanding 
a specific mechanism of one protein in this family allows 
for the deduction of a mechanism that can be applied to the 
majority of the metalloregulators of the entire MerR family 
(O'Halloran et al. 1989; Hobman 2007).

Figure 5 shows the crystal structure of CueR. CueR is a 
homodimer, and each monomer has an ααααββαα secondary 
structure (Changla et al. 2003). The first four helices, labeled 
α1 to α4 in Fig. 5, comprise the N-terminal DNA binding 
domain, and α5 and α6 comprise the C-terminal domain. 
The turn between the two sets of α5 and α6 helices forms 
the native metal binding site by a linear dithiol bridge with 
C112 and C120 residues.

CueR can be found in many gram-negative bacteria (Hof-
mann et al. 2021) with sequence identity between 40 and 
60% among species, suggesting that homologs hold a similar 
structure. However, CueR is responsible for the transcrip-
tion of different proteins in different bacterial species. There 
is a direct correlation between the degree of pathogenicity 
and the number of proteins that CueR regulates in bacteria. 
For example, in the antibiotic-resistant Pseudomonas aer-
uginosa, CueR regulates at least five proteins, whereas in the 
less pathogenic E. coli, CueR regulates two proteins, CopA 
and CueO (Outten et al. 2000; Changla et al. 2003). CopA 
(Stoyanov et al. 2001) is known to scavenge Cu(I) from the 
cytosol and exports the ion to the periplasm, while CueO, 
a cytoplasmic protein, oxidizes Cu(I) to a less toxic Cu(II) 
form (Grass and Rensing 2001). There is a need for a greater 

Fig. 5   Holo-CueR bound to DNA (PDB-ID: 4wlw). The protein 
is represented as a cartoon and colored in white. Spin-labeled sites 
G11C, M101C, and L60H_G64H are colored in blue, pink, and vio-
let, respectively. G11’C, M101’C, and L60’H; G64’H represent the 

dimeric sites on the protein. Copper is colored orange according to 
the elemental color. (A) The complex from top view, (B) front per-
spective, and (C) side view including numbering of α helices
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understanding of how both high-sequence homology and 
distinct regulation mechanisms can exist in the same family 
of proteins.

Previously, structural measurements suggested that CueR 
coordinates to specific promoter regions as a function of 
Cu(I) concentrations, which leads to a specific conformation 
of both CueR and DNA, which eventually leads to transcrip-
tion (Outten et al. 2000; Andoy et al. 2009). However, the 
crystal structures of the active (CueR-Ag(I)-DNA complex) 
and repressed states of CueR (CueR-DNA complex) were 
found to be similar (Philips et al. 2015), where the main 
structural difference between these complexes was located 

within the DNA conformation. Using single-molecule fluo-
rescent resonance energy transfer (smFRET) measurements, 
Chen’s group has shown that CueR can exist in four different 
states in solution: apo-CueR, holo-CueR, apo-CueR bound to 
DNA, and holo-CueR bound to DNA (Joshi et al. 2012). This 
work also proposed that either changes in structure or struc-
tural fluctuations of CueR and DNA assist in the transcription 
process. However, the smFRET experiments were performed 
on only one labeled position in the DNA and the CueR pro-
tein and thus could not offer a clear model of the overall 
structural changes that underlie transcriptional regulation. In 
addition, the work relied on existing structural knowledge to 

Fig. 6   DEER time domain 
signals and corresponding 
distance distribution functions 
for a CueR G11C mutant in the 
presence and absence of DNA 
and under different concentra-
tions of Cu(I). The data reveal 
clear differences between the 
various conformational states 
of the protein: apo-CueR 
(black curves), holo-CueR 
(CueR + Cu(I), green curves), 
repressed state (CueR + DNA, 
gray curves), and active states 
(CueR + DNA + Cu(I), blue 
curves). Reproduced from 
(Sameach et al. 2017) with 
permission from Elsevier
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translate information on kinetics into a mechanistic picture. 
Intriguingly, smFRET measurements also suggested that two 
complexes of Cu(I)-CueR-DNA-RNAp can be formed, where 
only one initiates transcription and the other does not and was 
termed the “dead-end” complex (Martell et al. 2015).

To resolve the CueR transcription mechanism and the 
role of Cu(I) in initiating transcription, the system must be 
measured in solution instead of as a static structure, and the 
role of concentration of both Cu(I) as well as protein must 
be systematically examined. In the next sections, both DEER 
distance measurements and CW-EPR were performed on 
the CueR-DNA-Cu(I) system to monitor the conformational 
flexibility and dynamics of the protein and DNA in solution 
upon coordinating Cu(I).

Conformational changes of E. coli CueR at various 
states during transcription

We utilized the benefits of pulsed EPR spectroscopy to 
reveal the conformational changes that CueR assumes upon 

DNA and Cu(I) binding (Sameach et al. 2017). Using the 
nitroxide labeling strategy, we generated several mutations: 
G11C which is between a1 and α2, G57C which is between 
α3 and α4, and M101C which is on α5. We then site-direct-
edly spin labeled the various mutants with MTSL. Circular 
dichroism (CD) spectra confirmed that these point muta-
tions did not alter the secondary structure of the protein. 
Electrophoresis mobility shift assays (EMSA) and pull-down 
experiments confirmed that both the wild-type (WT) CueR 
and the spin-labeled mutants bind the promoter.

We performed DEER experiments on spin-labeled CueR 
in the presence and absence of Cu(I) and DNA. For all 
mutants, changes in the distance distribution were detected 
between the apo-CueR state and the active CueR state (in the 
presence of Cu(I) and DNA), indicating that CueR under-
goes conformational changes upon Cu(I) and DNA bind-
ing. The largest change was detected for the G11C mutant 
located in the DNA binding domain (see Fig. 6).

To understand the independent effects of Cu(I) on the 
CueR structure, we acquired DEER signals for the G11C 

Fig. 7   DEER time domain signals and corresponding distance 
distribution functions for a CueR L60H/G64H mutant, in the 
presence and absence of DNA and under different concentra-
tions of Cu(I). A1 and A2 represent the two active states of the 

protein (CueR + DNA + Cu(I). R represents the repressed state 
(CueR + DNA). Reproduced from (Sameach et al. 2019) with permis-
sion from Wiley
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mutant in the absence of DNA at increasing Cu(I) con-
centrations. For apo-CueR, the distance distribution was 
2.1 ± 0.3 nm (mean ± s.d). Upon addition of Cu(I), from one 
or three equivalents of Cu(I) per CueR monomer did not 
lead to much change in the distance distribution. However, 
the addition of DNA alone to the CueR solution resulted in 
a broad distance distribution of 2.0–3.5 nm. The broad dis-
tribution may be due to either increased flexibility of CueR 
upon DNA binding or the presence of two species, free 
CueR and CueR bound to DNA. We then explored the effect 
of Cu(I) concentration on CueR structure in the presence of 
DNA. The addition of one equivalent of Cu(I) to the CueR-
DNA complex preserved the conformational states observed 
in the apo-CueR-DNA complex. However, in the presence of 
three equivalents of Cu(I), an additional conformational state 
emerged, with a most probable distance of 3.8 ± 0.5 nm. In 
the presence of four equivalents of Cu(I), the population of 
the 3.8 nm distance increased.

These DEER results suggest that there are distinct confor-
mations of apo- and active-CueR states. However, the broad 
distance distributions of the active-CueR states indicate that 
there are multiple conformational states which could not be 
resolved with nitroxide spin-labeling due to the flexibility 
of the side chain.

To advance our understanding of the different active-
state conformations, we used the dHis-Cu(II) labeling 

approach (Fig. 2B). Compared to MTSL, a 4–5 times nar-
rower distance distribution is typically obtained with the 
dHis-Cu(II) methodology, increasing the resolution of 
different and narrow conformational states. We generated 
an L60H/G64H double histidine mutant in CueR, which 
is located on the α4 helix and connects the Cu(I) binding 
domain to the DNA binding domain (Sameach et al. 2019). 
Figure 7 shows the DEER signals and corresponding dis-
tance distributions of the CueR L60H/L64H mutant as a 
function of Cu(I) and DNA binding. The experiments were 
carried out at fixed observer and pump frequencies for a 
precise comparison at the g⊥ region. At this region with 
Q-band DEER measurements, a range of 500 G around g⊥ 
does not show orientational dependency which is likely due 
to the conformational flexibility of the CueR loop region. 
The data was analyzed with Tikhonov regularization, where 
the x-axis in the distance distribution was corrected based 
on Cu(II) g-values.

In the apo-state, the distance distribution detected was 
2.7 ± 0.1 nm (mean ± s.d). The addition of Cu(I) to the solu-
tion changed the distribution to 2.4 ± 0.2 nm. The addition of 
DNA to apo-CueR (repressed state) resulted in a distribution 
centered at 2.0 nm with a standard deviation ± 0.2 nm. Add-
ing one equivalent of Cu(I) to a CueR-DNA solution resulted 
in a bimodal distance distribution with distances centered at 
2.0 ± 0.1 nm, which is similar to the repressed state, and at 

Fig. 8   Elastic network models (ENM) – computed structural models 
for A1 (green) and A2 (pink) active states and apo-state, considering 
both MTSL and dHis-Cu(II)-NTA DEER constraints: (A) apo-CueR, 

(B) A1 holo-CueR, (C) A2 holo-CueR, and (D) structural alignment 
of A1 and A2
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2.5 ± 0.1 nm. When adding more Cu(I) to the solution, the 
population of the 2.5 nm distance increased, and an addi-
tional distance of 2.8 ± 0.1 nm appeared. We assigned the 
2.5 nm and 2.8 nm distribution to two different active con-
formational states and named them A1 and A2, respectively.

The DEER data from both MTSL and dHis-Cu(II) 
labeling allowed the deduction of the conformations of 
apo-CueR and the two active states of CueR. To model 
these conformational states, we used the elastic network 
model (ENM) implemented in the Multiscale Modelling of 

Fig. 9   (A) The copA promoter 
DNA sequence with Cu(II)-
DPA labeled sites separated by 
12 base pairs (bp). The gray 
regions of the sequence repre-
sent sites that directly interact 
with CueR. (B) DEER time 
domain signals and correspond-
ing distance distribution func-
tions for copA DNA labeled 
with Cu(II)-DPA without Cu(I) 
bound and (C) with Cu(I) 
bound. Reproduced from (Casto 
et al. 2022)
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Macromolecular Systems (MMM) software (Jeschke 2018). 
The crystal structure of Cu(I)-CueR (PDB 1q05) was used 
as input for the modeling. Figure 8 shows the obtained 
structures for the three different states of CueR. The mod-
els indicate that in the active states, the two DNA binding 
domains of CueR dimer are getting closer to each other, 
which supports the idea that the promoter region bends 
upon CueR binding. Notably, the DNA binding domain of 
the A1 active state is a bit more compressed than the A2 
state.

Conformational changes of the promoter at various 
states during transcription

To better understand the interaction between CueR and the 
promoter region, we performed DEER measurements on 
spin-labeled DNA as a function of CueR and Cu(I) bind-
ing (Casto et al. 2022). Figure 9A shows the copA DNA 
sequence used for the EPR measurements. The nucleotides 

that are involved in the interaction with the CueR pro-
tein are highlighted in gray. Each DNA strand included a 
2,2-dipicolylamine (DPA) phosphoramidite moiety capa-
ble of chelating Cu(II), and these were separated by 12 
base pairs (bp). The DEER measurements were performed 
in the g⊥ region. For this label, orientational selectivity 
effects are negligible even at Q-band (Ghosh et al. 2020a, 
b). The data were analyzed with ComparativeDeerAnalyzer 
consensus distance distributions utilizing DEERNet and 
automated Tikhonov regularization fitting. DEER meas-
urements on the DNA produced a distance distribution 
centered at 4.2 nm (see Fig. 9) which was anticipated for 
a 12 bp separation of typical B-DNA. When adding CueR 
into the solution, an interesting phenomenon occurred. In 
the presence of 2:1 CueR:DNA, the most probable distance 
obtained is 4.0 nm, which is similar to that observed in free 
DNA. However, in the presence of excess CueR (at a ratio 
of 6:1 CueR:DNA), the most probable distance decreased 
to 3.6 nm, suggesting a bending of the DNA. This indicates 

Fig. 10   (A) RT CW-EPR spectra (solid gray lines) for CueR M101C 
mutant in the presence of DNA as a function of different Cu(I) con-
centrations. Dashed black lines represent the fitted spectra. The blue 
dashed line indicates the broadening that corresponds to the immo-
bile component at 3490 G. The red arrows mark signals originating 
from an increase in the order parameter for the immobile component. 
(B) RT CW-EPR spectra for four different Cu(I) concentrations in the 

range of 0–0.7 vs. CueR monomer concentration. (C) RT CW-EPR 
spectra for 1:1:0.7 and 1:1:1 Cu(I):CueR:DNA ratio. (D) RT CW-
EPR spectra for Cu(I) concentrations in the range of 2–5 vs. CueR 
monomer concentration. (E) Plots of the order parameter as a func-
tion of Cu(I) concentration in the absence and (F) presence of DNA. 
Reproduced from (Yakobov et al. 2022)
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that a high concentration of CueR promotes the bending of 
the DNA, even in the absence of Cu(I) ions. This observa-
tion was unexpected from prior structural measurements 
and highlights the importance of solution EPR methodol-
ogy. In the presence of Cu(I) ions, there were negligible 
differences in the DEER distance distributions between the 
2:1 CueR:DNA and 6:1 CueR:DNA samples. Importantly, 
the presence of Cu(I) ions facilitated the bending of the 
DNA, supported by the 3.6 nm distance, without the need 
for high CueR concentrations.

The overall DEER data suggest that Cu(I) has a signifi-
cant role both in the conformational changes of CueR as well 
as in the DNA bending.

Dynamical changes of E. coli CueR at various states 
during transcription

To further explore the role of Cu(I) in CueR transcription 
initiation, we performed RT CW-EPR experiments on vari-
ous spin-labeled CueR mutants. Each of the three mutants 
was measured as a function of different Cu(I) ion concentra-
tions in both the absence and presence of DNA (Yakobov 
et al. 2022). The three mutants were M101C, located in the 
α5 helix next to the Cu(I) binding site, G57C, located on a 
loop between α3 and α4 helices, and A16C, located in the 
α2 helix at the DNA binding site. The spectra suggest only 
minor changes in DNA binding (Yakobov et al. 2022).

Fig. 11   Allostery-driven changes in dynamics of CueR. Qualitative 
changes in dynamics of CueR upon DNA or Cu(I) binding. CueR is 
shown in cartoon representation and colored according to the dynam-
ics of the DNA and Cu(I) binding domains. Low dynamics are rep-

resented as violet, and high dynamics are represented as cyan. Four 
different states were assessed: apo-CueR and free DNA, apo-CueR 
bound to DNA (repressed state), holo-CueR and free DNA, holo-
CueR bound to DNA (active state)

1155Biophysical Reviews (2022) 14:1141–1159



1 3

However, when Cu(I) is added to the M101C and 
A16C mutants in the absence and presence of DNA, clear 
changes in the line shapes were detected. The spectra 
were simulated using two components, one highly mobile 
and the other less mobile (Fig. 10). The most interesting 
effect was detected for the CueR_M101C mutant, near 
the Cu(I) binding site. Simulations of the spectra using 
slow motional theory (Budil et al. 1996) as implemented 
in EasySpin suggests that near the Cu(I) binding site and 
in the absence of DNA, an increase in the order param-
eter is detected as a function of Cu(I) concentration. At 
higher copper concentrations, a slight decrease in order 
parameters and thus an increase in dynamics were meas-
ured. In the presence of DNA, we also observed a Cu(I) 
concentration-dependent change in the order parameter. 
In a ratio of 0–1 equivalents of Cu(I):CueR, changes in 
the CW-EPR spectra were negligible. However, in a ratio 
of 1–2 equivalents of Cu(I):CueR, a higher order param-
eter was detected near the Cu(I) binding site (Fig. 10), 
indicative of slower dynamics. At higher copper con-
centrations, a slight increase in order parameters was 
observed.

For the CueR_A16C mutant, near the DNA binding site, 
an overall increase in dynamics measured as a change in τc 
was observed as a function of Cu(I) coordination in both 
the absence and presence of DNA. Overall, the CW-EPR 
measurements and simulations support changes in dynam-
ics at both Cu(I) and DNA binding sites as a function of 
copper concentrations, shedding light on the transcription 
mechanism.

The use of CW-EPR to follow dynamical changes led 
to an understanding that one of the active states is less 
dynamic and has a more rigid structure. This state is 
detected when 1–2 Cu(I) ions are bound to a CueR mono-
mer, suggesting that this is the active state that ultimately 
leads to transcription initiation. The addition of more 
Cu(I) to the solution increases the dynamics of CueR 
slightly, leading to a weaker interaction between the 
CueR and the DNA. Figure 11 shows the overall mecha-
nism of Cu(I) coordination and DNA binding to CueR. 
The four different states are (1) free DNA and apo-CueR, 
(2) DNA interacting with apo-CueR (repressed state), 
(3) free DNA and holo-CueR, and (4) DNA interacting 
with holo-CueR (active state). These different states 
are in equilibrium and thus simultaneously present in 
solution. The EPR data allowed for a qualitative anal-
ysis of changes in dynamics between these different 
states (Yakobov et al. 2022). Differences in dynamics 
are colored from violet to cyan, where violet represents 
lower dynamics and cyan represents higher dynamics. It 
became apparent that the dynamics of the DNA binding 
domain are heavily influenced by copper binding nearly 
3 nm away. However, the binding of DNA resulted in a 

minor decrease in dynamics within the copper-binding 
site. These findings indicate that the influence of the 
copper-binding domain on the DNA binding domain is 
stronger than vice versa, revealing a unidirectional allos-
terically driven transcription mechanism of CueR.

Summary and outlook

Here, we demonstrated that EPR spectroscopy provides 
important information of unprecedented resolution on the 
mechanism of action of transcription factors and can report 
on different conformations and dynamical changes during 
the transcription process. EPR spectroscopy is advantageous 
as a biophysical tool because these measurements are.

•	 performed in solution,
•	 independent of protein or system size,
•	 applicable to macromolecular complexes of protein, 

DNA, and RNA,
•	 sensitive to minuscule conformational changes,
•	 sensitive to differences in dynamics of a specific state, 

and
•	 capable of monitoring structural and dynamic informa-

tion simultaneously.

We present here a case study on E. coli CueR, a bacterial 
metalloregulator. Using DEER constraints, we were able to 
distinguish between the apo-state and two conformations 
of the active states. Moreover, we shed light on allosteric 
changes in two domains of the transcription regulator. 
Dynamic data obtained from EPR measurements provided 
the necessary information to complement the static struc-
tures provided by RCSB PDB. Finally, the conformational 
and dynamic information provide additional restraints for 
computational modeling, allowing the creation of accurate 
models of complex processes present in any living organism. 
Thus, the described here methodology fills the gap between 
static models and the dynamic behavior of complex machin-
eries required for cell survival.
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