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ESCRT-I is required for the sorting of integral membrane proteins
to the lysosome, or vacuole in yeast, for cytokinesis in animal
cells, and for the budding of HIV-1 from human macrophages
and T lymphocytes. ESCRT-I is a heterotetramer of Vps23, Vps28,
Vps37, and Mvb12. The crystal structures of the core complex and
the ubiquitin E2 variant and Vps28 C-terminal domains have been
determined, but internal flexibility has prevented crystallization
of intact ESCRT-I. Here we have characterized the structure of
ESCRT-I in solution by simultaneous structural refinement against
small-angle X-ray scattering and double electron–electron reso-
nance spectroscopy of spin-labeled complexes. An ensemble of at
least six structures, comprising an equally populated mixture of
closed and open conformations, was necessary to fit all of the
data. This structural ensemble was cross-validated against single-
molecule FRET spectroscopy, which suggested the presence of a
continuum of open states. ESCRT-I in solution thus appears to
consist of an approximately 50% population of one or a few
related closed conformations, with the other 50% populating a
continuum of open conformations. These conformations provide
reference points for the structural pathway by which ESCRT-I
induces membrane buds.
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The endosomal sorting complex required for transport
(ESCRT) complexes are required for ubiquitin-dependent

receptor down-regulation, multivesicular body (MVB) biogen-
esis, the budding of HIV-1 and most other enveloped viruses,
and cytokinesis (1, 2). From yeast to humans, ESCRTs evaginate
membrane buds away from the cytosol and cleave narrow necks
from their interior face (3). ESCRT-I directly binds to ubiquitin
through its ubiquitin E2 variant (UEV) domain (4) and functions
with ESCRT-II to bud membranes away from cytosol (5) by an
unknown mechanism. The major pathway for the egress of
HIV-1 from infected cells is via ESCRT-I (6–9). Cytokinesis
requires the recruitment of ESCRT-I to the midbody (10, 11),
which is the final connection between daughter cells. These roles
have made ESCRT-I a target for structural analysis and antiviral
drug development (12, 13).

ESCRT-I consists of one copy each of Vps23, Vps28, Vps37,
and Mvb12 in yeast (Fig. 1A). Its structure has been characterized
on a piecemeal basis. Structures have been solved of the yeast
(Fig. 1B) and human UEV domains bound to ubiquitin (14, 15),
and the human UEV domain bound to peptides from HIV-1 and
ESCRT-0 (13, 16). Yeast ESCRT-I binds to ESCRT-II via the
C-terminal domain (CTD) of Vps28 (17), whose structure has
been determined (18, 19) (Fig. 1C). Vps23, Vps28, and Vps37
assemble via a trimeric subcomplex known as the “headpiece”
(17, 20) (Fig. 1D). Vps23, Vps37, and Mvb12 form an elongated
stalk (21) (Fig. 1D). The stalk and headpiece collectively com-
prise the core. Four other regions are absent from the solved
structures. A 60-residue Pro-rich linker connects the UEV and
stalk portions of Vps23 and includes the midbody localization

sequence (22). A 30-residue flexible linker connects the head-
piece and CTD of Vps28. The N-terminal predicted helix
(NTH; Fig. 1E) of Vps37 is basic, predicted to be mostly helical,
and contributes to membrane binding (21). Flexible hydrophobic
residues at the C terminus of Mvb12 may be a ubiquitin binding
domain (23). Fundamental to understanding the mechanism
of ESCRT-I-mediated membrane budding is a better under-
standing of the arrangement of the functional domains in three
dimensions.

ESCRT-I is representative of a class of signaling, trafficking,
and regulatory proteins in this size range that contain intrinsically
disordered regions. This class presents a fundamental unsolved
challenge to structural biologists. The presence of flexible regions
has precluded crystallization of intact ESCRT-I, whereas the low
molecular weight of the complex (108 kDa) has precluded single
particle EM analysis.

We report here an effort to construct a definitive solution
structure of intact ESCRT-I and to develop an approach to
the structural analysis of midsize protein complexes with regions
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Fig. 1. Structural domains and labeling sites. (A) Domain schematic of the
four subunits of ESCRT-I, colored blue (Vps23), red (Vps28), gray (Vps37), and
orange (Mvb12) showing a speculative model for their orientation relative
to the neck of a membrane bud, adapted from ref. 3. (B) UEV domain of
Vps23. (C) CTD of Vps28. (D) Core assembly. (E) NTH of Vps37. Engineered
Cys residues are shown in a filled sphere model.
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of intrinsic disorder. Small-angle X-ray scattering (SAXS) and so-
lution NMR are a powerful combination (24) because the global
shape information from SAXS complements short-range NMR
constraints. A natural counterpart of this approach for larger
complexes is to combine SAXS with spectroscopic techniques
that yield longer-range constraints by utilizing site-specific or
selective labeling. These techniques include double electron–
electron resonance (DEER) (25) and FRET spectroscopy (26).
SAXS, DEER, and FRET data were collected for ESCRT-I in
solution. A molecular simulation framework was devised for
the joint refinement of protein complex structures against SAXS
and spectroscopic data, leading to an improved model of the
complete ESCRT-I structure. We show that ESCRT-I in solution
is in an equilibrium between roughly equal populations of open
and closed conformations. We describe these populations in
terms of a set of six structures that serve as snapshots of a larger
continuum of states.

Results
SAXS of ESCRT-I. The solution structure of full-length Cys-free
yeast ESCRT-I was analyzed by SAXS. The IðqÞ vs. q curve
showed features to q ¼ 0.5 Å−1 (Fig. 2A). The maximal protein
dimension Dmax was determined to be 225 Å (Fig. 2C). SAXS
data were initially analyzed by ab initio envelope generation
(27). The envelope thus obtained (Fig. 2D) was elongated and
had a large lobe at one end and a smaller lobe at the other. The
envelope allowed us to make a visually satisfactory fit of the
ESCRT-I core by placing the stalk into the elongated center of
the envelope and the headpiece into one lobe (Fig. 2E). However,
the envelope lacked sufficient detail to position the UEV, CTD,
and NTH regions. Indeed, the Kratky plot (Fig. 2B) is character-
istic of a partially unfolded or otherwise noncompact protein
(28). Given the evidence for intrinsic flexibility in the connecting
regions of ESCRT-I, the appropriateness of modeling these
regions into the ab initio envelope in a unique conformation is
not clear a priori.

Ensemble Refinement of ESCRT-I SAXS. To sample physical config-
urations of ESCRT-I, we used a coarse-grained model for protein
binding (29). The core, Vps23-UEV, Vps28-CTD, and Vps37-
NTH were treated as rigid domains. The interactions between
the domains were treated at the residue level with amino acid
dependent pair potentials and Debye–Hückel-type electrostatic
interactions. Flexible linker peptides connecting the four rigid do-
mains are represented as amino acid beads on a polymer with
appropriate stretching, bending, and torsion-angle potentials.
Monte Carlo simulations of ESCRT-I were carried out using a
starting model based on the crystal structures of yeast Vps23
UEV [Protein Data Bank (PDB) ID code 1UZX], yeast Vps28
CTD (PDB ID code 2J9U), the yeast ESCRT-I core (PDB ID
code 2P22), a model of the NTH in a helical conformation, and
linkers generated in sterically allowed but otherwise arbitrary
conformations. The resulting 10,000 conformations were clus-
tered and fit to the experimental IðqÞ curve by using the ensemble
refinement of SAXS (EROS) program (30). An acceptable fit
could be obtained with a minimum of two conformations,
weighted equally (Fig. 2A). However, no single conformation
was adequate to fit the IðqÞ data. One of the two conformations
is more closed (black, Fig. 2E) and the other more open (yellow,
Fig. 2E). In the more closed structure, both the UEV and CTD
domains approach close to the stalk in “cis,” such that they are
both on the same side of the stalk. The UEV and CTD do not
touch one another even in the more closed conformation.

In the more open conformation, the CTD is farther from the
stalk, but still on the cis face, whereas the UEV has swung away
from the stalk to project past the tip of the stalk. In the more open
conformation, there are no direct contacts between either the
UEV or CTD and the core. Without interactions to hold these
domains firmly in position, the open conformation is likely repre-
sentative of an ensemble of structures that fill a similar scattering
volume in solution. This analysis led us to conclude that at least
half the population of ESCRT-I complexes in solution adopts a
dynamic structure in which the UEV and CTD are mobile with
respect to the core.
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Fig. 2. SAXS of ESCRT-I. (A) Fit of the simulated scattering curves [IðqÞ] to the observed scattering of ESCRT-I. (B) Kratky plot of the same experimental data
and simulated scattering shown in A. Experimental IðqÞ data points in A and B represent the mean of 10 consecutive measurements of the same sample, and
the error bars represent the standard error of the mean. (C) Pair distribution function [PðrÞ] for ESCRT-I. (D) An ab initio molecular envelope for ESCRT-I.
(E) Superposition of the two EROS-refined structures of ESCRT-I. (F) Fit of experimental SAXS data of A to values computed from the structures fit to both
SAXS and DEER data.
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DEER EPR Analysis of ESCRT-I. Four sets of unique Cys pairs were
engineered into the Cys-free yeast ESCRT-I construct and la-
beled with the spin probe (1-oxyl-2,2,5,5-tetramethyl-∆3-pyrro-
line-3-methyl) methanethiosulfonate (MTSL). Cys pairs were
selected using the EROS-refined structures to constrain the most
ambiguous interdomain distances. Solvent-exposed residues in
crystallized regions were selected to avoid interference with com-
plex assembly. The pair Vps28 Cys27—Vps37 Cys173 was chosen
within the crystallized headpiece region to serve as a control. The
remaining three pairs were designed to measure the position
of one of the major functional domains relative to the core. Vps23
Cys108—Vps23 Cys256 allowed measurement of the UEV-core
separation. Vps28 Cys65—Vps28 Cys 151 and Vps23 Cys223–
Vps37 Cys12 were used to measure the CTD-core and NTH-core
separations, respectively.

Each labeled ESCRT-I sample yielded interpretable DEER
spectra (Fig. 3). In a Gaussian fit, the control pair Vps28
Cys27—Vps37 Cys173 produced a sharply peaked PðrÞ distribu-
tion centered at 52 Å (Table S1). The positions of the MTSL

labels were modeled onto the structures using the appropriate
distribution of MTSL conformers (31). For the control pair, the
PðrÞ distribution calculated from the modeled MTSL coordinates
is in excellent agreement with experiment (Fig. 3, Top). Thus this
MTSL label faithfully reported a known intracomplex distance in
ESCRT-I. The Vps23 Cys108—Vps23 Cys256 and Vps23 Cys223–
Vps37 Cys12 samples yielded PðrÞ distributions in Gaussian fits
that were about twice as broad as the intracore PðrÞ described
above (Table S1). From the broad PðrÞ distributions for the
UEV-, CTD-, and NTH-core pairs, we conclude that all of these
domains are mobile with respect to the core.

Combined SAXS and DEER Refinement. In order to avoid introducing
regularization-dependent artifacts into the structural refinement,
the structures were refined directly against the measured V ðtÞ
DEER data. The EROS procedure (30) was modified to allow
simultaneous fitting of SAXS and DEER data with a minimal
ensemble of structures. In the ensemble refinement, the structure
weights wk were varied to improve the agreement between
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Fig. 3. DEER of ESCRT-I. (Left) Experimentally observed (solid) modulation of VðtÞ together with points calculated from six structural clusters. (Right)
Histograms of MTSL distances computed from the models. The green curves in the top panels show the results from Gaussian regularization.
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the computed, ensemble-averaged quantities IðqÞ, V ði;jÞðtÞ and the
measured IobsðqÞ,V obs

ði;jÞðtÞ signals. To find a minimum set of
structures that jointly account for both the SAXS and DEER
data, the function G ¼ ∑ði;jÞχ2DEERði;jÞ þ χ2SAXS þ μn was mini-
mized numerically using aMonte Carlo search algorithm in which
the structure weights were varied between wk ¼ 0 and wk ¼ 1 un-
der the constraint∑kwk ¼ 1. In the formula above, the parameter
μ controls the number n of structures with nonzero weights
wk > 0, allowing us to identify a minimal set of representative
structures. For small parameters μ ≪ 1, we obtained very good
fits to the experimental data (χ2 < 1) with many structures in
the refined ensemble (n ≫ 1). For large parameters μ > 1, the
ensemble contained very few structures with nonzero weights,
but the agreement with experimental data was not satisfactory
(χ2 was significantly larger than 1). The balance was struck at
μ ¼ 0.2, when we obtained good fits to all experimental datasets
(χ2 ≈ 1) with only n ¼ 6 structures (Figs. 2F and 3).

Qualitatively, the ensemble of six structures (Fig. 4) resembles
the open and closed conformations used to fit the SAXS data
and fills the same overall region of space. The most closed of the
six SAXS-EPR conformations resembles the closed SAXS con-
formation (Fig. 2E). Another structure has the UEV, CTD, and
NTH displaced from the core in a highly extended state. The
remaining four have one or two of the domains in more closed
states. The UEV folds back against the cis side of the stalk. In
each of the three structures with a closed UEV conformation,
the UEV fills a similar region of space, but different surfaces of
the UEV interact with slightly different portions of the core. In
one of the structures, the ubiquitin binding site (14) is occluded.
The NTH folds back along the stalk such that similar regions of
space are filled. Again, in each case the precise angle between the
NTH and the stalk varies, as do the details of molecular contacts.
Two of the three closed states of the CTD involve packing against
the distal tip of the headpiece, which is formed by the N-terminal
half of the Vps28 subunit. These closed conformers fill the same
region of space and contact the same part of the headpiece, but
the CTD four helix bundle is rotated 120° apart in the two states.
In the third state, the CTD also contacts the N-terminal half of
Vps28, but in this case a slightly different region of space is filled,
and the CTD points back toward the cis side of the core. The
precise closed state conformations of each of the three domains
vary enough that reliable conclusions about the detailed nature
of the closed state, or even whether there is a single closed
conformation, cannot be drawn. Notably, even in the most open
conformations, the space on the “trans” side of the stalk is
avoided. Thus even in the context of a highly flexible and dynamic

structure, there are distinct preferences for domains to occupy
some regions of space over others.

Bulk FRET Measurements. We sought to cross-validate the refined
ESCRT-I structure with independent data excluded from the
refinement. Bulk FRET lifetime data were obtained on a sample
labeled with Atto488 and Atto594 on Cys137 and Cys223 of
Vps23, which are on the UEV domain and stalk, respectively.
This pair provides an independent check on the UEV-core
separation, distinct from the MTSL-labeled Cys108-Cys256 pair
used in refinement. The donor lifetime was found to be
τD ¼ 3.7 ns, which was reduced in the presence of the acceptor
to τDA ¼ 3.4 ns (Fig. S1). The FRET efficiency calculated from
the structures (see SI Methods) was E ¼ 0.11, which is in good
agreement with the mean efficiency E ¼ 0.09 measured in the
bulk FRET experiment.

Single-Molecule FRET. To provide an independent check on the
Vps28 Cys65–Cys151 pair, the pair was labeled with Alexa488
and Alexa594. Fig. 5 A and B compares the measured FRET
efficiency histograms (light brown wide bars) with the histogram
predicted from the model structures (black narrow bars). To
verify the assembly of ESCRT-I at the 40-pM concentration used
for these experiments, FRET was also measured between the
intersubunit pair Vps28 Cys27—Vps37 Cys173 (Fig. S2). The
experimental FRET efficiencies, hEappi ¼ nA∕ðnA þ nDÞ, calcu-
lated from 2-ms bins containing more than 50 photons (Fig. 5A)
or more than 110 photons (Fig. 5B), were converted to the true
FRET efficiencies, hEi, after correcting for background and
donor leakage into the acceptor channel, by using a γ-factor to
correct for differences in the detection efficiencies of the donor
and acceptor channels and differences in the quantum yields of
the donor and acceptor dyes as hEi ¼ nA∕ðnA þ γnDÞ, with γ ¼ 2
determined from donor lifetime measurements (32).

Model Validation Against FRET Measurements. FRET efficiencies
were calculated for the Vps28 Cys65/Cys151 double mutant
and are in good overall agreement with experiment (Fig. 5 A
and B). The low efficiency tail of the measured distribution is not
observed in the predicted histogram. More importantly, the
predicted histogram contains two distinct peaks at E ∼ 0.60 and
E ∼ 0.85 that are enveloped by the single broad peak of the
experimental histogram. This difference is more pronounced in
the distribution obtained from the bins with a higher photon
threshold ðnTÞ of 110 photons where the shot noise width is
narrower (Fig. 5B). Possible origins of this difference in the mea-
sured and predicted histograms are (i) interconversion among the
clusters of conformations during the 2-ms bin time that result in
bins with FRET efficiencies intermediate between the closed
and open conformations, (ii) orientational motion of the dyes is
comparable to or slower than the bin time due to dyes sticking
to the protein to produce a range of values for the orientation
factor κ2, and (iii) the predicted structures do not include confor-
mations with intermediate FRET efficiencies.

The first possibility was evaluated using a simple kinetic model
of reversible conformational changes between two states, with
each of the three clusters within either the open or closed set
of conformations considered as one state. This model was com-
pared to FRET efficiency histograms constructed with varying
bin times as described in SI Analysis, from which we conclude that
dynamics are most probably not responsible for broadening the
experimental histogram. The second possibility was addressed
by measuring the polarization anisotropy values for the donor
and acceptor dyes. The anisotropy value of the donor (ra) is high-
er than expected from the donor lifetime (τD) and the reorienta-
tional correlation time (τc) of approximately 0.74 ns for freely
reorienting dyes determined from time-resolved anisotropy mea-
surements (33) (see Table S2). The reorientational correlation

Fig. 4. Solution structure of ESCRT-I. Structures are shown with their relative
weights obtained from fitting, indicated as percentages. Subunits are colored
as in Fig. 1.
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time of the dyes (τc) calculated from ra ¼ 3 cos2 θ−1
5ð1þτD∕τcÞx and θ ¼ 0

(the angle between the absorption and emission dipoles) is
1–2 ns, indicating that the dye dynamics do not add width to
the FRETefficiency histogram in excess of the shot noise contri-
bution (SI Analysis), but could, because κ2 ≠ 2∕3, produce a small
shift in the FRETefficiency peaks compared to those correspond-
ing to freely reorienting dyes. The conclusion from the above
analysis is that the single broad peak of the measured histogram
probably reflects the presence of additional conformations not
yet accounted for in the modeling.

Discussion
Here we have applied a combination of techniques—SAXS,
DEER, and FRET—that probe overall shape along with dis-
tances between specific residue pairs within ESCRT-I.

The observations here support the expectation that each com-
plementary technique adds to the overall information content
and defines the solution structure more sharply. A set of three
RH values for ESCRT-I constructs could previously be interpreted
in terms of a single open structure (21). The SAXS data could be
fit by a minimum of two structures, one open and one closed. The
SAXS and DEER data together could be fit by a minimum of
six, spanning a spectrum of more open and closed conformations
of the UEV, CTD, and NTH relative to the core. In the earlier
hydrodynamic model, ESCRT-I was entirely in an open state. In-
deed, the information content of the previous hydrodynamic
study, with only three data points, was insufficient to define more
than a single state for the three domains. The major insight to
emerge from the present analysis is the unanticipated existence
of a roughly 50% population of closed conformations.

One of the most unexpected aspects of the analysis was the
constraint imposed by the distribution information in the DEER
spectra. For the three domain-core pairs, these spectra each led
to a broad PðrÞ distribution in Gaussian fits. Although these
distributions were not used in the refinement, the broad collec-
tion of six structures emerging from the refinement reflects the
same underlying conformational heterogeneity. Single-molecule
FRET histograms provide a direct measurement of the confor-
mational space sampled. The core-CTD label pair showed a
single very broad peak in the histogram that had excellent overlap
with the calculated histogram, giving us confidence in the model
derived from SAXS and DEER. The broad and relatively feature-
less character of the FRET efficiencies highlights the likely
presence of intermediate conformations in between the six struc-
tures used to fit the SAXS and DEER data. It is important to note
that there is no evidence that there are precisely six (or some

other particular number) discrete conformations. We view these
six structures as snapshots that span and represent the larger
conformational space sampled by ESCRT-I (Fig. 5C), a concept
supported by the FRET histograms and the broad PðrÞ distribu-
tions from the DEER.

In the current model of ESCRT-driven membrane budding,
multiple copies of ESCRT-I and -II assemble to form a ring at
the bud neck (3). ESCRT-I localization to bud necks in vitro
has been directly observed (5), but the nature and structure of
the putative membrane-bound ESCRT-I-II assembly is unknown.
In yeast, the intralumenal vesicles (ILVs) in MVBs are 22–26 nm
in diameter (34). Assuming the bud neck is of similar dimensions
to the bud itself implies a bud neck circumference of approxi-
mately 75 nm. With a maximum dimension of 22 nm seen here,
at least four ESCRT-I complexes aligned end to end would be
needed to span the bud neck. The internal flexibility observed
for approximately 50% of ESCRT-I complexes in solution
(Fig. 5C, Top) would allow the complex to adjust its structure
along the pathway of bud biogenesis. Once incorporated with
ESCRT-II into a membrane-bound assembly, a single conforma-
tion is predicted, possibly one corresponding to the closed state
seen in the other approximately 50% of the solution population
(Fig. 5C, Bottom). The solution structure will be useful as a
reference point for the structural pathway of ESCRT-I-II assem-
bly responsible for bud neck induction. Although SAXS is not
feasible in the membrane setting due to scattering from lipo-
somes, the DEER and FRET techniques can be carried over.
Thus a comparison of the spectra in solution and in membrane-
bound settings could provide a first step to understanding con-
formational changes involved in forming the bud neck assembly.
The role of conformational changes in ESCRT-I-mediated HIV-1
budding is an even more urgent question. These spectroscopic
techniques should also be portable to the HIV-1 setting, once
the HIV budding reaction can be reconstituted in vitro.

The successes and limitations of this analysis suggest lessons
for the integration of global and site-specific structural data
on partially flexible complexes. EROS analysis of the SAXS data
revealed an ensemble of structures capable of fitting the data,
but lacked information about the distinct behavior of individual
domains. Site-specific labeling provided powerful complementary
information. Site-specific spin labeling and DEER spectroscopy
provided direct evidence that each individual domain was con-
formationally heterogeneous relative to the core, a conclusion
that we could not have drawn from the SAXS analysis alone. We
used another site-specific structural probe, FRET spectroscopy,
to validate conclusions drawn from the two other techniques
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Fig. 5. Single-molecule FRET. Comparison of experimental (light brown wide bars) and calculated (black narrow bars) FRET efficiency histograms, using the
interdye distances for the model structures, for a threshold number of photons (nT ) of (A) 50 and (B) 110 with a bin time (Tbin) of 2 ms. In the experimental
histogram, the FRET efficiency of each bin was γ-corrected after subtraction of the average background photons (donor: 0.6 ms−1; acceptor: 1.1 ms−1) and the
correction for leak of donor fluorescence into the acceptor channel (6%). The fluorescence bursts from the donor-only-labeled molecules (E < 0.18) were
excluded and the data were prefiltered to remove bursts of photons in which either blinking or bleaching occurred. (C) Inferred model for an open state
of ESCRT-I (Top) consisting of a continuum of conformations, in equilibrium with a closed state (Bottom) consisting of one or a few related conformations.
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and to reveal the presence of conformational intermediates that
were not detected by the other techniques. Multisubunit com-
plexes represent a major challenge in structural biology, and
the integration of restraints from multiple methods is likely to
be critical in developing a molecular understanding of function.

Materials and Methods
In the ensemble refinement, the number N and weight wk of structures k in
the ensemble were obtained by simultaneous fits to SAXS and DEER data.
The scattering intensity IkðqÞ of structure k was calculated as in ref. 30
and averaged over the ensemble,

IðqÞ ¼ ∑
N

k¼1

wkIkðqÞ:

Deviations from the measured SAXS intensity IobsðqÞ were quantified by

χ2SAXS ¼ N−1
q ∑

Nq

m¼1

½cIðqmÞ − IobsðqmÞ�2∕σ2I ðqmÞ;

summed over the Nq q points in the intensity curve, with c a constant deter-
mined by the condition ∂χ2SAXS∕∂c ¼ 0. To refine the DEER data, possible
conformations of the six MTSL labels on ESCRT-I domains were generated
by the multiscale modeling of macromolecular system Matlab module
(31). By appropriate translation and rotation of the MTSL coordinates, the
rotamers were positioned on the rigid domains of all the ESCRT-I structures
in the ensemble. For each MTSL label pair ði;jÞ and configuration k of the
ESCRT-I complex in the ensemble, the dipolar evolution function

Vk;ði;jÞðtÞ ¼
�Z

1

0

dx cos½2πð1 − 3x2ÞDdipt∕r3αβ�
�

was calculated with Ddip ¼ 52.04 MHznm3. The average is over all MTSL
label conformations, with rαβ the distance between the spin labels α and β

attached to residues i and j, respectively. To validate the DEER model, MTSL
labels were attached to residues 27 and 173 on the same rigid domain. The
computed dipolar evolution function V ð27;173ÞðtÞ is thus the same for each
structure k and is found to be in good agreement with the measured DEER
signal (see Fig. 3, Top). For the other three label pairs, ði;jÞ ¼ ð108;256Þ,
(12, 223), and (65, 151), the dipolar evolution function was averaged over
the ensemble,

V ði;jÞðtÞ ¼ ∑
N

k¼1

wkVk;ði;jÞðtÞ:

Deviations from the measured DEER signals Vobs
ði;jÞðtÞ were quantified by

χ2DEERði;jÞ ¼ N−1
t ∑

Nt

m¼1

½1 − λþ λV ði;jÞðtmÞ − V obs
ði;jÞðtmÞ�2∕σ2ði;jÞðtmÞ;

which is summed over the Nt points in the Vobs
ði;jÞðtmÞ curve, with the modula-

tion depth λ obtained from ∂χ2DEERði;jÞ∕∂λ ¼ 0. The statistical error σ2ði;jÞ was
estimated from the noise level in the experimental data.
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