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Quantitative Resolution of Monomer-Dimer Populations by
Inversion Modulated DEER EPR Spectroscopy
Thomas Schmidt, Rodolfo Ghirlando, James Baber, and G. Marius Clore*[a]
A simple method, based on inversion modulated double electron–electron resonance electron paramagnetic resonance
(DEER EPR) spectroscopy, is presented for determining populations of monomer and dimer in proteins (as well as any other
biological macromolecules). The method is based on analysis
of modulation depth versus electron double resonance
(ELDOR) pulse flip angle. High accuracy is achieved by complete deuteration, extensive sampling of a large number of
ELDOR pulse flip angle values, and combined analysis of differently labeled spin samples. We demonstrate the method using
two different proteins: an obligate monomer exemplified by
the small immunoglobulin binding B domain of protein A, and
the p66 subunit of HIV-1 reverse transcriptase which exists as
an equilibrium mixture of monomer and dimer species whose
relative populations are affected by glycerol content. This information is crucial for quantitative analysis of distance distributions involving proteins that may exist as mixtures of monomer, dimer and high order multimers under the conditions of
the DEER EPR experiment.

Double electron-electron resonance (DEER; Figure 1 A) is a powerful electron paramagnetic resonance (EPR) method for measuring distances between two unpaired electrons separated by
& 20 to & 80 a.[1] In conjunction with site-directed spin labeling, DEER can provide quantitative insights into structure, conformational transitions and relative populations of conformational states in biological macromolecules.[2] In complex systems involving two or more subunits, quantitative interpretation of DEER data requires prior knowledge of the relative populations of monomeric and multimeric states under the
conditions of the EPR experiment. The latter generally involve
the use of cryo-protectants, such as glycerol, which can potentially perturb monomer–multimer equilibria. The modulation
depth of a DEER echo curve (Figure 1 B) provides a means of
spin counting[3] with applications to both organic radicals and
biomolecules.[4] Previous work attempted quantification of protein dimerization based on one-point measurements of modulation depth for singly spin-labeled mutants, relying on calibration relative to bi- and tri-radicals.[5] Here we show that analysis
of modulation depth as a function of the electron double reso[a] Dr. T. Schmidt, Dr. R. Ghirlando, Dr. J. Baber, Dr. G. M. Clore
Laboratory of Chemical Physics
National Institutes of Diabetes and Digestive and Kidney Diseases
National Institutes of Health, Bethesda, MD 20892-0520 (USA)
E-mail: mariusc@mail.nih.gov
Supporting Information and the ORCID identification number(s) for the
author(s) of this article can be found under http://dx.doi.org/10.1002/
cphc.201600726.

ChemPhysChem 2016, 17, 2987 – 2991

nance (ELDOR) pulse flip angle (Figure 1 A) can be used to accurately quantify monomer/dimer populations in an equilibrium mixture (frozen out at low temperature). We demonstrate
the approach using two examples, an obligate monomer (protein A), and a monomer/dimer mixture comprising the p66
subunit of HIV-1 reverse transcriptase. The key to accurate
analysis lies in high signal-to-noise offered at Q-band, full deuteration of protein and solvent resulting in long spin-label
phase memory relaxation times that allow reliable and accurate baseline subtraction by acquiring DEER data out to relatively long dipolar coupling evolution times,[6] extensive sampling over a wide range of ELDOR flip angles (30 to 1808), and
simultaneous fitting of data from different combinations of
spin labels.
The raw spin echo amplitude, V(t) (Figure 1 B), as a function
of the dipolar coupling evolution time t, in a DEER experiment
is given by the product of two terms: an intramolecular form
factor, Vintra(t) dependent upon the interactions of unpaired
electrons within the molecule of interest; and a background
term, B(t), arising from numerous long-range interactions between unpaired electrons of different molecules.[4a,b] For a homogeneous distribution of spin-labeled molecules in a glassy
frozen solution, B(t) can be described by a single exponential
decay.[7] The difference between the values of V(t = 0) and
B(t = 0) is the modulation depth D (Figure 1 B).
The ratio of modulation depth, D(q), at a given ELDOR pulse
flip angle q, to the maximum modulation depth, Dmax, obtained at q = 1808, is given by Equation (1):[4b]
½DðqÞ=Dmax AN ¼

1 @ ½1 @ lmax ð1 @ cosqÞ=2AN@1
1 @ ð1 @ lmax ÞN@1

ð1Þ

where lmax is the inversion efficiency at q = 1808, and N the
number of nitroxide spin labels. For a doubly nitroxide spin-labeled sample, N = 2 for a monomer, 4 for a dimer, 6 for
a trimer, and so on. lmax for different 1808 ELDOR pulse lengths
is easily determined from an echo-detected spin nutation experiment (see Supporting Information Figure S1). The observed
normalized modulation depth (D/Dmax)obs is given by a population-weighted average of the different species present in the
EPR sample. Thus for a mixture of monomer and dimer with
100 % double nitroxide spin labeling, (D/Dmax)obs is given by
Equation (2):[4b]
ðD=Dmax Þobs ¼ pm ðD=Dmax ÞN¼2 þ ð1 @ pm ÞðD=Dmax ÞN¼4

ð2Þ

where pm is the monomer population. The formulation presented in Equations (1) and (2), in contrast to one that only
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Figure 1. Inversion modulated DEER spectroscopy. A) The four-pulse DEER experiment.[1d] Data are recorded for a large number (30 to 50) of ELDOR pulse flip
angles spanning a range from 30 to 1808. B) Schematic of raw (orange) and background corrected (red) DEER echo curves. The modulation depth, D, is the
difference in intensity between the DEER echo curve at t = 0, and the value of the background term B(t) at t = 0. C) Theoretical plots of normalized modulation
depth, D(q)/Dmax, versus ELDOR pulse flip angles (q) for a system with 2 to 8 spins (where Dmax is the maximum modulation depth obtained at q = 1808.

looks at absolute modulation depth,[3] does not require calibration with model compounds containing a known number of
spins.[4b] If spin-labeling is incomplete, both two- and threespin dimeric species have to be taken into account, and Equation (2) needs to be expanded to include terms for these species, as well as the labeling efficiency (Figure S2), which can
easily be ascertained by mass spectrometry.
Because the ELDOR pulse length and power attenuation settings on our EPR spectrometer can only be altered in increments of 2 ns and 1 dB, respectively, we acquired data using
three ELDOR pulse lengths (6, 8 and 10 ns) with attenuation
settings ranging from 13–15 dB out to 28 dB (corresponding to
ELDOR 1808 pulse lengths spanning a range of 6 to & 40 ns),
under conditions where the experimental lmax value is + 0.8
(Figure S3). This approach permits extensive sampling of
ELDOR pulse flip angles over the range q = 30–1808 to generate D/Dmax curves comprising typically between 37 and 45 different flip angle values. Examples of DEER echo amplitude
curves are shown in the supporting information (Figure S4).
We first consider data obtained with the immunoglobulinbinding B domain of protein A, a small monomeric protein,[8]
with 1-oxyl-2,2,5,5-tetramethyl-D3-pyrroline-3-methyl) methChemPhysChem 2016, 17, 2987 – 2991
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anethiosulfonate (MTSL) nitroxide labels placed close to the Nand C-termini (Figure 2 A, top). The P(r) distance distribution
derived from analysis of the DEER data is bimodal, a shorter
distance at 33 a and a longer one at 39 a with occupancies of
about 70 and 30 %, respectively (Figure 2 B).[6b] The bimodal
P(r) distribution is due to the presence of several frozen rotamer populations for the spin labels.[6b] However, an alternative
explanation might postulate the existence of a dimer (Figure 2 A, bottom). These two possibilities are easily resolved by
direct comparison of the experimental plot of (D/Dmax)obs
versus ELDOR pulse flip angle with the theoretical monomer
and dimer curves, which indicate unambiguously that
protein A is a monomer under the conditions of the EPR experiment (i.e. a temperature of 50 K and a solvent containing
30 % d8-glycerol).
Next we consider the p66 subunit of HIV-1 reverse transcriptase.[9] The immature reverse transcriptase comprises an equilibrium mixture of p66 monomer and homodimer[10] (Figure 3 A) prior to cleavage of one subunit by HIV-1 protease to
generate the mature p51/p66 heterodimer.[11] At room temperature in the absence of glycerol, a 50 mm solution of deuterated ( & 97 %) p66 comprises 34 % monomer and 66 % dimer, as
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Figure 2. Is Protein A monomeric or dimeric under conditions of the DEER experiment? A) Ribbon diagram of protein A (PDB 1BDD)[12] showing the positions
of the nitroxide labels in the monomer (red spheres) and postulated dimer (red and orange spheres). In the dimer the backbone and nitroxide labels of one
subunit are shown in dark blue and red, respectively, and in the other subunit in cyan and orange, respectively. The positions of the nitroxide labels were calculated by first optimizing side chain positions using the program SCWRL4.0,[13] and then adding MTSL and calculating their distributions using the program
MMMv2013.2.[14] B) Experimentally derived distance distribution from DEER. The DEER data were analyzed using the program GLADD[15] with two
Gaussians; similar results are obtained by Tikhonov regularization using the program DEERAnalysis 2013.[16] C) Comparison of the experimental curve of
D/Dmax versus ELDOR pulse flip angle (blue circles) with the corresponding theoretical curves [cf. Eq. (1)] for a monomer (dark blue line) and a dimer (cyan
line). Experimental DEER data were acquired at Q-band on a sample of deuterated ( & 97 %), 100 % MTSL-labeled protein A in 30 %(v/v) d8-glycerol and D2O at
50 K (see Supporting Information for full experimental details, including examples of raw and baseline-corrected DEER curves shown in Figure S4; extent of
MTSL-labeling and deuteration was determined by liquid chromatography-positive ion electron spray mass spectrometry).

determined by analytical ultracentrifugation (see Supporting
Information). p66 already contains one surface exposed cysteine at position 280, and an additional surface exposed cysteine was engineered at two alternative positions, W24C and
T240C (Figure 3 A). Data were therefore acquired on two
doubly MTSL spin-labeled samples: C280/W24C and C280/
T240C. (The MTSL spin labels appear to be highly mobile as
judged by continuous-wave EPR spectroscopy. Also, the secondary structure, and by implication the tertiary structure, of the
MTSL-labeled p66 samples is the same as that of wild type p66
as judged by circular dichroism; see Figures S5 and S6,
respectively).
The theoretical curves of D/Dmax versus ELDOR pulse flip
angle for various monomer/dimer populations is shown in Figure 3 B. Combined fits of the experimental (D/Dmax)obs versus
ELDOR pulse flip angle for the two samples are shown in
Figure 4. In 30 % (v/v) glycerol the populations of monomer
and dimer are 54 : 2 and 46 : 2 %, respectively (Figure 4, top);
in 50 % (v/v) glycerol the fraction of monomer is increased still
further to 65 : 2 % with 35 : 2 % dimer (Figure 4, bottom);
ChemPhysChem 2016, 17, 2987 – 2991
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these values correspond to equilibrium dissociation constants
of 22 mm in 30 % glycerol versus 45 mm in 50 % glycerol. Thus,
the presence of glycerol, which is essential for obtaining
glassy, homogeneously frozen samples for EPR, has a profound
effect on the monomer/dimer equilibrium of p66, and can be
directly ascertained under the conditions of the EPR experiment. Subsequent analytical ultracentrifugation/sedimentation
velocity experiments using these glycerol concentrations at
room temperature (see Supporting Information Figure S7 and
Table S1) are consistent with DEER EPR findings. (It should be
noted that analytical ultracentrifugation at high glycerol concentrations is technically very challenging and far from routine
for the reasons discussed in the Supporting Information.)
The accuracy with which the monomer/dimer populations
are determined is high (: 2 %). High signal-to-noise afforded
by near-complete deuteration (which increases the spin-label
phase memory relaxation time) and data acquisition at Q-band
permit good accuracy for the measurement of D/Dmax in a reasonable measurement time. However, two other factors are absolutely critical for achieving high accuracy in the estimation of
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Figure 3. Monomer–dimer equilibrium for HIV-1 reverse transcriptase. A) Ribbon diagram of the p66 monomer and homodimer with the sites of MTSL labeling indicated. One subunit is shown in blue with the positions of the nitroxide labels in red, the other in cyan with the nitroxide labels in orange. Two doubly
MTSL-labeled samples were prepared: W24C/C280 and T240C/C280. The coordinates of p66 are taken from the X-ray structure of the p66/p51 heterodimer
with p66 in the open conformation (PDB 1DLO[17]). Note that the structure of the p66 dimer is unknown and the two subunits have been placed in the orientation observed in the p66/p51 heterodimer. B) Theoretical plots of normalized modulation depth (D/Dmax) versus ELDOR pulse flip angle for different fractions of monomer and dimer.

the relative monomer and dimer populations: first, the sampling of a large number of ELDOR pulse flip angle values (cf.
Figure 2 C and Figure 4), and second the combined analysis of
data from two differently spin-labeled samples (Figure 4). In
this instance, when data for only a single doubly spin-labeled
sample of p66 are employed, the uncertainty in the estimation
of monomer/dimer populations is increased to 10–15 %. In addition, it is important to establish the extent of labelling independently by liquid chromatography-mass spectrometry. In the
examples presented here, 100 % MTSL-labeling was obtained.
When labelling is less than 100 %, the fractional labeling and
the presence of two and three-spin dimeric species have to be
taken into account when fitting the dependence of D/Dmax on
ELDOR pulse flip angle, as described in the Supporting Information [Figure S2 and Eq. (S1)].
ChemPhysChem 2016, 17, 2987 – 2991
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It should also be noted that under the DEER experimental
conditions employed (tmax & 7–9 ms) the contribution of spin
pairs separated by > 80 a to the dipolar evolution curve will
be subsumed into the baseline B(t), and will therefore not contribute to D(q)/Dmax. Care should therefore be taken when selecting positions to spin label that this condition holds. In the
case of p66 the maximum distance is & 60 a (Figure S8).
In conclusion, we have demonstrated that accurate quantification of monomer/dimer populations can be obtained by inversion modulated DEER EPR spectroscopy under the same
conditions used for distance analysis by DEER spectroscopy.
Such information is critical for the quantitative analysis of
DEER data involving monomeric, dimeric and higher-order
multimeric species.
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Figure 4. Populations of monomer and dimer for deuterated HIV-1 reverse
transcriptase determined by inversion modulated DEER. DEER data were recorded in 30 % (top) and 50 % (bottom) d8-glycerol. The experimental data
for the W24C/C280 and T240C/C280 doubly MTSL-labeled samples are
shown as blue and red circles, respectively. The samples were 100 %-MTSL
labeled and & 97 % deuterated as determined by liquid chromatographypositive ion electron spray mass spectrometry (see Supporting Information).
The best-fit curves obtained by simultaneously fitting the data for the
W24C/C280 and T240C/C280 p66 samples using Equations (1) and (2) is
shown as a black line, and the pure monomer and dimer theoretical curves
are shown as grey and light blue lines, respectively. The experimental data
were acquired at Q-band on a 50 mm sample (in subunits) of deuterated
( & 97 %) p66 in either 30 or 50 % (v/v) d8-glycerol and D2O at 50 K. The
buffer contained 25 mm Tris-HCl, pH 8, and 400 mm NaCl. For the W24C/
C280 sample, 45 and 37 ELDOR flip pulse angles were used for the 30 and
50 % (v/v) d8-glycerol samples, respectively; for the T240/C280 sample, the
corresponding number of flip angles was 43 and 44, respectively. The total
measurement time for each complete ELDOR pulse flip angle series was
about 30 hrs. Full experimental details of sample preparation and data acquisition, including examples of raw and baseline corrected DEER curves are
provided in the Supporting Information text and Figure S4.
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