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Abstract

Site-directed spin labeling (SDSL) in combination with Electron Paramagnetic Resonance (EPR) 

spectroscopy has become an important tool for measuring distances in proteins on the order of a 

few nm. For this purpose pairs of spin labels, most commonly nitroxides, are site-selectively 

introduced into the protein. Recent efforts to develop new spin labels are focused on tailoring the 

intrinsic properties of the label to either extend the upper limit of measurable distances at 

physiological temperature, or to provide a unique spectral lineshape so that selective pairwise 

distances can be measured in a protein or complex containing multiple spin label species. 

Triarylmethyl (TAM) radicals are the foundation for a new class of spin labels that promise to 

provide both capabilities. Here we report a new methanethiosulfonate derivative of a TAM radical 

that reacts rapidly and selectively with an engineered cysteine residue to generate a TAM 

containing side chain (TAM1) in high yield. With a TAM1 residue and Cu2+ bound to an 

engineered Cu2+ binding site, enhanced T1 relaxation of TAM should enable measurement of 

interspin distances up to 50 Å at physiological temperature. To achieve favorable TAM1-labeled 

protein concentrations without aggregation, proteins are tethered to a solid support either site-
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selectively using an unnatural amino acid or via native lysine residues. The methodology is 

general and readily extendable to complex systems, including membrane proteins.

Graphical abstract
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Distance constraints in proteins provide direct information on structure and structural 

transitions therein. Therefore, methodological development and optimization of distance 

measurements in proteins is an important endeavor in protein science and structural biology. 

Typical distances of interest in proteins are on the order of tens of Angstroms (Å). Among 

the available experimental methods that can measure distances on this scale, site-directed 

spin labeling (SDSL) combined with electron paramagnetic resonance (EPR) spectroscopy 

stands out as a unique and powerful approach, applicable to proteins and protein complexes 

of any degree of complexity or size, and with relatively high sensitivity (μg of proteins 

required).

In the SDSL-EPR strategy, spin label pairs are introduced site-selectively [1,2], and the 

magnetic interactions between the pairs are measured as a metric for the interspin distance. 

Nitroxides are commonly used as spin labels, and the nitroxide side chain R1 [3,4] is the 

most popular (Figure 1). Conformationally constrained nitroxide side chains R1p [5] and RX 

[6] that limit the contribution of side chain flexibility to the determined distances have also 

been developed (Fig. 1).

Magnetic dipolar interactions are directly measured by double electron-electron resonance 

(DEER) [7] and double quantum coherence (DQC) [8]. In either case, the probability 

distribution of interspin distances in the range of 15–70 Å is obtained. However, in most 

cases both DEER and DQC are limited to cryogenic temperatures to slow electron spin 

relaxation rates and rotational tumbling of the entire protein, which would average out the 

orientation-dependent magnetic dipolar interaction [9]. However, it is desirable to measure 

distances at physiological temperatures, where potential complications caused by the 
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freezing process and/or shifts in conformational equilibria due to the presence of 

cryoprotectant are eliminated. Attempts are being made to adapt DEER and DQC for room 

temperature distance measurements in proteins and DNA using the slowly-relaxing TAM 

radical as a spin label and immobilizing the macromolecule on a solid support [9–11]. For 

proteins, the maximum distance so far measured with this strategy is ≈ 30 Å. Room 

temperature DEER measurements have been made using a spirocyclohexyl nitroxyl spin 

label on a protein trapped in trehalose glass [10], but this approach does not eliminate a 

potential structural perturbation in the glassy environment.

Dipolar broadening of continuous wave (CW) lineshapes of interacting nitroxides can be 

employed to measure distances up to 20 Å at room temperature [12,13]. Hyde and 

coworkers recently extended this upper limit to 30 Å using non-adiabatic rapid sweep 

(NARS) EPR at S band [14]. The major barrier preventing the measurement of longer 

distances by CW methods is the difficulty in detecting very marginal spectral broadening.

An alternative approach to measuring distances at room temperature is based on the T1 

relaxation enhancement (RE) of nitroxyl radicals by Cu2+. Using this strategy, Jun et al. 
reported that RE of an R1 nitroxide side chain in a rapidly tumbling peptide (T1 ≈ 2 μs) 

could measure Cu2+-nitroxide distances up to ~25 Å [15]. Yang et al. recently verified the 

theoretical prediction that the maximum range of distance measured by Cu2+-induced RE 

increases with increasing T1 of the nitroxide (Fig. 1) [16]. In that study, increased T1 was 

achieved using nitroxides R1p and RX (T1 ≈ 6–8 μs).

Here we show that a new class of spin labels based on triarylmethyl (TAM) radicals that 

have T1 ≈ 12 μs when attached to a protein can in principle measure distances up to ≈ 50 Å 

at room temperature using RE (Fig. 1). For this purpose, a novel TAM-methanethiosulfonate 

(MTS) reagent that undergoes a selective and high yield reaction with cysteine was prepared. 

The reaction generates a TAM-labeled side chain designated TAM1 (Scheme 1); details of 

the TAM-MTS synthesis and reaction conditions with the protein are included in Supporting 

Information. In an earlier study, a TAM radical for use in DQC was introduced at cysteine 

via reaction of an activated disulfide TAM reagent [9]. That reagent was limited for general 

use by a low reactivity, a problem now solved by the highly reactive MTS function.

The general application of TAM relaxation enhancement by Cu2+ requires site-selective 

introduction of both TAM1 and a high affinity Cu2+ binding site in the protein of interest. 

Recent advances make this possible with the facile introduction of high-affinity Cu2+ 

binding motifs consisting either of a genetically engineered pentapeptide in loops [16] or 

histidine pairs introduced into regular secondary structure [17]. A problem encountered upon 

the introduction of TAM1 is a reduction of the protein solubility [9] at least for some small 

soluble proteins, a problem that is solved by tethering the protein to a solid support prior to 

labeling. In this communication, we demonstrate the combined application of the new 

TAM1 side chain, a high affinity Cu2+ motif and protein tethering to measure the longest 

range distances yet obtained by EPR methods at ambient temperatures.

In the present study, T4 Lysozyme (T4L) mutants containing the high affinity Cu2+ binding 

pentapeptide (GGGHG) inserted in loop sequences and a single cysteine residue for 
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introduction of TAM1 are used to illustrate the overall strategy; the site of peptide insertion 

is indicated with the residue number and the suffix L. Tethering of the mutants to a solid 

support is most simply carried out by direct covalent attachment to commercially available 

CNBr-activated Sepharose via protein lysine residues [18]. This procedure has the potential 

disadvantage for some studies that the protein is attached in random orientation with respect 

to the matrix. Site-selective attachment can be achieved with the use of genetically 

incorporated unnatural amino acids as recently described [19]. Here we employ para-acetyl 

phenylalanine (p-AcPhe) as the unnatural amino acid to which biotin is conjugated via a 

hydroxylamine derivative [20]. The biotinylated protein is quantitatively adsorbed in high 

yield to commercially available streptavidin Sepharose, yielding effective concentrations as 

high as 700 μM without aggregation [20] Tethering by either approach results in compete 

immobilization of the protein on the CW EPR time scale [18,20]. Details of protein labeling 

and tethering are provided in the Supporting Information.

The three Cu2+/TAM1 pairs investigated in this study are shown in Figure 2. Each was 

tethered using CNBr-activated sepharose, and one (23L/131TAM1) was additionally coupled 

site-selectively using p-AcPhe at site 65 for comparison (Fig. 2A). The CW spectra of the 

TAM-MTS reagent alone and attached to T4L at site 76 under the indicated conditions are 

shown in Figure 3. Spectral line-broadening due to the increased correlation time of TAM1 

on the protein is evident, particularly in the tethered sample, where the overall linewidth is 

similar to those observed for TAM radicals in frozen solution [21], which suggests strong 

immobilization of the TAM radical with respect to the protein. The major contribution to the 

linewidth is unresolved anisotropic hyperfine interactions within TAM1 [22]. Similar spectra 

are obtained for TAM1 at site 131.

The spin lattice relaxation times for TAM1 in the tethered T4L mutants in the absence and 

presence of a stoichiometric amount of Cu2+ were measured using long-pulse Saturation 

Recovery (SR) EPR following established protocols [23,24]. Figure 4 shows representative 

SR relaxation curves for T4L 23L/131TAM1 attached site-selectively at residue 65.

For each mutant, copper-free relaxation curves were well-fit with single exponentials, 

whereas mono-exponential fits of copper-bound samples were poor. For immobilized 

proteins containing Cu2+ and TAM1, the apparent T1 of TAM1 depends on the orientation of 

the interspin vector with respect to the external field. If the interacting spins can be assumed 

to have isotropic g values, the orientation-dependent T1 is given by Hirsch et al. [25]:

(Eq. 1)

where T1s and T1s
0 are the spin-lattice relaxation times for TAM in the presence and absence 

of Cu2+, respectively, ωs and ωf are the resonant frequencies of TAM and Cu2+, T1f and T2f 

are the spin relaxation times of Cu2+, and βe and h are the Bohr magneton and the Planck 
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constant, respectively. The TAM radical has an essentially isotropic g-tensor, but Cu2+ 

complexes do not. Nevertheless, it is found that use of gf = 2.1166, the average g for a 

3N1O-bound copper state [26] and gs = 2.0058 for TAM (determined by characterization of 

TAM MTSL; see SI) in Eq. 1 can account well for the experimental data and reasonably 

corresponds to TAM1 modeled in the protein (Figure 2 and SI), when taking T1f = T2f = 3 

ns. The resonant frequency of Cu2+, ωf, was calculated using the isotropic value of gf. 

Averaging of the copper g-tensor may arise from localized fast motion of the Cu2+ complex 

in the protein, as suggested by MD simulations as well as DEER distance distributions 

between nitroxides and Cu2+ in binding loops [16]. The values for Cu2+ relaxation times 

have been reported to be in the range of 1 to 5 ns [27], and a value of 3 ns has been found to 

account for copper-induced relaxation of nitroxides in a number of earlier studies [15,16,28]. 

Calculation of r from relaxation enhancement requires fits of the experimental relaxation 

curves to a weighted sum of exponentials as a function of the angle θ as described in detail 

in the SI. The experimentally-determined copper-free intrinsic T1 values and average 

interspin distances for each mutant studied are given in Table 1.

The method reported herein is only valid if the occupancy of the Cu2+ binding site is close to 

100%. Low affinity sites (Kd in the μM range) can in principle be saturated with high Cu2+ 

concentrations, but in this case Heisenberg exchange with free Cu2+ will shorten T1; the i 
and i+4 bi-histidine helical motif employed by Voss et al. [28] has an affinity too low for the 

present method. Various high affinity Cu2+ peptide binding sites have been reported in the 

literature; for example, studies described in References [16], [17], and [29] all involve Cu2+ 

binding sites with nanomolar Kd values.

As mentioned above, the broad linewidth of the TAM1 in solid support-tethered T4L 

suggests strong immobilization of the spin label. The degree to which this reflects spatial 

localization of TAM1 was investigated by comparing an R1-R1 distance distribution with 

the corresponding R1-TAM1 distribution, both being obtained using DEER at cryogenic 

temperatures. If this comparison is done at sites where the R1-R1 distribution is narrow, a 

difference in the distribution widths can be tentatively assigned to disorder in the TAM1 side 

chain. The sample selected for this purpose was the mutant T4L 68C/109C which has a 

mono-modal distribution of narrow width (<5 Å at half-height) when labeled with R1, as 

seen in Figure 5 [19].

To prepare the T4L R1-TAM hybrid, 25% of cysteines were labeled with R1, followed by 

reaction with excess TAM-MTS. Statistically, this yields 1/16 R1-R1, 9/16 TAM-TAM spin 

pair, and 3/8 R1-TAM spin pair. Consequentially, the R1-R1 spin pairs only contribute 

minimally in the R1-TAM distance distribution. The 4-pulse DEER data are shown in Figure 

5. As shown in the figure inset, the pump (inversion) pulse was adjusted to excite primarily 

TAM spins, and the observe pulse was selected so that primarily R1 spins were observed. 

The resultant distance distribution of the R1-TAM pair shows essentially the same mean 

distance and a slightly broader distance distribution compared to that of the R1-R1 pair. The 

data suggest that the inherent flexibility of the TAM1 side chain is comparable to the R1 side 

chain commonly employed in DEER distance mapping in proteins.
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In summary, the TAM1 side chain has useful advantages over a nitroxide side chain for 

distance mapping using T1 relaxation enhancement. First, the long T1 for TAM1 attached to 

a protein enables significantly longer distances to be measured at ambient temperatures, up 

to ≈ 50 Å (Fig. 1). Although the size of the T4L molecule did not permit sites to be selected 

with interspin distance measurement beyond ≈ 40 Å, the high signal to noise of the SR data 

should make the longer distance measurement feasible. Second, the narrow single central 

resonance line has a ~30 fold higher intensity compared to the same concentration of an 

immobile nitroxide, providing a comparably higher signal-to-noise in a saturation recovery 

experiment. Disadvantages of TAM1 compared to a nitroxide include the much larger steric 

bulk and the instability of the ester linked TAM due to hydrolysis. The half-life of hydrolysis 

for the ester linkage is ~50 hours and does not severely limit is use [30]. In future studies, 

other more stable linkages will be explored, and the degree to which the TAM1 side chain 

destabilizes the protein will be investigated. Regarding the latter point, we note that the 

measured TAM1-Cu2+ distances agree with those modeled in the native structure, so 

apparently the presence of TAM1 at surface sites does not lead to significant unfolding. The 

requirement for tethering the protein to a solid support may be viewed as a disadvantage, but 

in reality we advocate the general use of tethering in protein spin labeling due to the ability 

to provide high concentrations of spin with no perturbation to the protein structure and the 

absence of protein-protein interactions [20].

 Supplementary Material
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Highlights

• A new cysteine-reactive triarylmethyl spin label for proteins is 

reported.

• Relaxation enhancement of the spin label (TAM1) by Cu2+ is distance 

dependent.

• Interspin distances up to ~50 Å are measurable at physiological 

temperature.
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Figure 1. 
Maximum measurable spin label-to-Cu2+ distance measured by relaxometry as a function of 

spin label T1. The maximum distances were estimated by taking the minimum measurable 

drop in T1 due to the presence of Cu2+ to be 0.5 μs with a signal-to-noise ratio >50:1, typical 

of the data acquired (cf. ref. 16). The arrows indicate the T1 values for the indicated 

nitroxide side chains (cf. ref. 16) and for TAM1 attached to an immobile protein, reported 

here to be ≈ 12 μs.

Yang et al. Page 10

J Magn Reson. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Models of the TAM1-Cu2+ pairs investigated. The 23L/131TAM1 mutant was tethered to 

Sepharose randomly at native Lys residues by reaction with CNBr-activated Sepharose, or 

site-selectively using the unnatural amino acid p-AcPhe introduced at site 65, indicated by 

the magenta sphere in (A) (see text). The TAM1 spin label and Cu2+ in the binding loop 

were modeled as described in the Supporting Information.

Yang et al. Page 11

J Magn Reson. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Normalized CW EPR spectra for TAM-MTS in solution and for the T4 Lysozyme mutant 

76TAM1 in various conditions. Spectral line broadening is apparent in the labeled protein 

samples due to the reduced rotational correlation time of the TAM1 side chain. The 

spectrum for the Sepharose-immobilized protein via the CNBr method is also shown with 

the vertical axis scaled up by 50 times (gray). The 13C-satellite lines are clearly evident in 

the TAM-MTS spectrum (cf. ref. 26).
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Figure 4. 
Representative relaxation enhancement data. The saturation recovery traces obtained for the 

23L/65p-AcPhe/131TAM1 sample in the absence (black) and presence (red) of Cu2+ at a 

microwave observe power of 50 μW. A clear “enhancement” in the relaxation rate can be 

seen upon the addition of Cu2+. SR curves, best fits, and residual traces for the four mutants 

studied in all conditions are given the SI (Figures S1–S4).
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Figure 5. 
DEER data reveal the spatial localization of the TAM1 spin label. (A) The time domain 

signal of the 68C/109C mutant labeled with R1 (black trace) and with a R1-to-TAM1 ratio 

of 1:3 (red trace). (B) The distance distributions obtained from analysis of the DEER data in 

(A) for the R1-R1 (black) and R1-TAM1 (red) labeled mutants. The inset in (B) shows the 

field-swept electron spin echo spectra (200 G wide) at Q-band for the R1-R1 (black) and 

R1-TAM1 (red) labeled 68C/109C mutant. The arrows marked “p” and “o” indicate field 

positions of pump and observe pulses, respectively, for each experiment (see text).
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Scheme 1. 
Preparation of TAM-MTS reagent and TAM-labeling of protein

Yang et al. Page 15

J Magn Reson. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yang et al. Page 16

Table 1

Intrinsic copper-free T1 values and interspin distances measured for four TAM1-spin labeled mutants of T4 

Lysozyme, and modeled interspin distances (See Figure 2).

T4 Lysozyme Mutanta
Intrinsic T1,  (μs)b

Interspin Distance, r (Å) Modeled Distance (Å)

23L/131TAM1 12.0 37.9 39.5

23L/131TAM1 (p-AcPhe at 65) 12.5 37.7 39.5

37L/76TAM1 12.1 32.6 35.1

135L/76TAM1 12.1 32.8 36.1

a
All proteins immobilized via random attachment to CNBr-activated Sepharose solid support, except for the sample labeled ‘p-AcPhe at 65’, which 

was site-specifically attached via biotin linkage.

b
Reported intrinsic T1 values obtained by measuring copper-free T1 values at various observe powers with extrapolation to zero power; complete 

data in Supporting Information.
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