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Abstract
At the moment, the macromolecular complexes having high molecular
weights, containing intrinsically disordered components, interacting transiently or
having membrane associated parts challenge the state-of-the-art high-resolution
structural biology techniques. At the same time, the variety and coverage of the lowresolution experimental techniques, which can reveal some of the structural features
of these challenging complexes, is increasing and thus boosting the development and
the use of information-driven modeling approaches. Such approaches aim the
translation of sparse low-resolution information into a structural model. One of the
best examples of information-driven modeling approaches is the High Ambiguity
DOCKing (HADDOCK). HADDOCK uses a wide range of experimental data and
was so far successfully applied to the docking of various biomolecular partners.
Recently, two low-resolution methods, EPR and sm-FRET were recognized by the
structural biology community, since the long-range distance information derived from
these methods, can be used to highlight the structural features of the challenging
macromolecular complexes. Here we tested, for the first time, HADDOCK’s ability to
model complexes using the EPR and sm-FRET data, and showed that with the limited
amount of distance restraints acceptable solutions could be generated. Moreover, we
highlighted the critical aspects that need to be taken into account when using the smFRET and EPR restraints in HADDOCKing. The expansion of this study to a larger
number of biomolecular complexes would pave the route for including EPR and smFRET distance restraints in the rich repertoire of data used by HADDOCK.
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General Introduction
Genomics, proteomics and interactomics have revealed and addressed many aspects of
cellular molecular biology. However, adding structural dimension into those “omics” is
necessary, in order to complete our understanding of cellular processes. X-ray crystallography
and Nuclear Magnetic Resonance Spectroscopy (NMR) are the most accurate experimental
methods to give high-resolution information about the structure and the dynamics of the
biomolecules and their complexes. X-ray crystallography can be used for high molecular
weight structures and was successfully applied to gain the high resolution structural models of
large macro-molecular complexes as ribosome1,2,3,4, the transcription complex5,6, RecBCD
helicase7 and plant photosystem II (PSII)8. However, membrane associated, flexible and
transiently interacting complexes often cannot be crystallized or their data analysis suffers
from the averaging effect, which makes the positions of flexible domains and unstructured
regions undeterminable. Furthermore, constraining the biomolecules in a solid-state crystal
might result in experimenting with a non-functional form of the molecule. On the other hand,
high-resolution liquid NMR spectroscopy, can provide the structural and dynamical
information of the macromolecules in solution, thus probing them in more “native-like
conditions”9,10,11. Nevertheless, NMR requires relatively high sample concentration and
suffers from the size limitation (~80kDa)12,13. Currently rapidly improving, high-resolution
magic angle spinning (MAS) solid-state NMR (ss-NMR) techniques can overcome this size
limitation and also can investigate the non-soluble biomolecular assemblies in their native
settings (e.g. membrane bilayer, cellular organelles, bacterial cell wall) to address, for
instance, ligand-protein, or protein-protein interactions14. Also, when combined with
optimized protein production and isotopic labelling schemes ss-NMR can provide the
information on structure and dynamics of the biomolecules in cellular environment15. Another
promising method, cryo-electron microscopy (cryo-EM), is currently at the interface of lowand high-resolution (8-20Å)16,17 and as a major advantage over the mentioned methods, has
no requirements for the crystallization or large sample quantities18-21.
Although the mentioned techniques helped immensely to generate accurate highresolution data for many biomolecular complexes, many of the molecular machines, as well as
flexible, intrinsically disordered, transiently interacting or membrane associated complexes
still remain to be discovered. Currently, large efforts have been made in optimizing the highresolution techniques to structurally address such complexes. However, in the meantime,
different types of biochemical and biophysical experiments can already generate fast and
accurate low-resolution information, even for those challenging biomolecular assemblies16.
Therefore, for the moment, “an efficient approach” would be to focus on to the information
coming from these methods and try to make best use of it to get structural insight on these
challenging systems.

1. Low resolution methods- reliable source of information for structural biology?
The currently available low-resolution methods can provide information on the
existence of the interaction, complex stoichiometry/composition, relative positions and/or
orientations of the complex components, binding interface, proximity of the individual
components in the complex, long range distances and complex‟s shape. The information
content coming from these techniques differs in terms of spatial features, resolution, quality
and quantity22. General overview for each method is given in Table 1.
Table 1: An overview of the techniques available for the detection and characterization of varies features
of the biomolecular interactions

As shown in Table 1, a number of biochemical methods are available for the simple
detection of the presence of, for instance, protein-protein interaction (e.g. yeast-two-hybrid
assay, affinity purification, protein complementation assay, etc.). Even though such
interaction identification is not directly structurally informative, in the case the stoichiometry
of the complex is known, some of these methods can account for the low-resolution spatial
information. For instance, a set of the independent affinity purifications or mass spectrometry
fragmentation experiments can reveal the configurations and interaction profiles, or the
architectures of the large complexes‟ subunits22-26.
Apart from such indirect structural information, some methods can provide direct lowresolution information on the shape of a complex (cryo-electron microscopy (cryo-EM),
Small Angle X-ray Scattering (SAXS), Scanning Transmission Electron Microscopy
(STEM)); long range distances between its components (single-molecule Forster Energy
Resonance Transfer (sm-FRET), Electron Paramagnetic Resonance (EPR), chemical crosslinking/Mass Spectrometry (MS)); positions (Native MS, Cryo EM) or relative orientations of
its components (Residual dipolar couplings (RDCs), Relaxation anisotropy restraints (NMR));
and the binding interfaces among its components (site-directed mutagenesis, radical
footprinting, H/D exchange/MS, H/D exchange/NMR, Chemical Shift Perturbations (CSPs)).

From the structural perspective, some of these techniques are quantitatively and/or
qualitatively more informative than the others. For instance, electron-optical density
distribution derived from the single particle cryo-EM can be used in combination with the
high resolution structures of the individual complex constituents to result in the “quasiatomic“ models of the large assemblies (~250 kDa)19,22. On the other hand, shape information
derived from SAXS experiments is considered to be less informative. Namely, SAXS data can
be translated into a low-resolution shape envelope (with a resolution range of 10-30 Å) by
rotational averaging, which makes it challenging to extract the spatial restraints 16,22.
Considerable efforts have been employed to optimize the usage of SAXS data in structural
biology, as the technique is well suited for probing assemblies having a large mass-range of
50-250 kDa, which is not the case for cryo-EM or NMR spectroscopy16,22,27,28.
As an alternative to those, Electron Paramagnetic Resonance (EPR) and singlemolecule Förster Resonance Energy Transfer (sm-FRET) can provide long-range distance
restraints without the limitations to the size of the assembly (Section 3)29-31. Moreover,
transient or weak interactions of the multi- and/or flexible component complexes of high
molecular weights can be probed with those methods, which is a great challenge for all of the
currently available techniques. Besides, the measurements can be performed in solution,
which allows the manipulation of the experimental conditions by adding, for instance, certain
ligands or varying the concentrations of specific ions to mimic the biologically relevant
environment 32(see Sections 3,4).

2. Computational modeling approaches-Translating low-resolution data into highresolution structural information
Currently there are two approaches used in modeling of the biomolecular complexes,
ab initio and information-driven. The major differences among the information-driven
methods come in the choice of the information which is predominately used in the structure
calculation22. Increase in the variety of the low-resolution experimental techniques revealing
the structural features of biomolecular complexes (Table 1) boosted the development and the
use of information-driven approaches. The information used can come from a single
experimental source (e.g. chemical shift perturbations or NOE distance restraints from NMR,
chemical cross-linking data from MS); or broader repertoire of the experimental and/or
predicted data can be used simultaneously (e.g. epitope mapping, mutagenesis, and sequence
conservation data, combined with the bioinformatics‟ interface predictions109). In this thesis,
special attention is given to the information-driven computational docking, due to the fact that
this approach is particularly well suited for the translation of varies (sparse) low-resolution
information into a structural model16.
Computational docking is the modeling of the three-dimensional structure of a
biomolecular complex, on the basis of the structures of the individual molecules in their
“free” unbound form33. When compared to template based methods its particular advantage is
in its ability to predict the new binding modes22. Moreover, in recent Critical Assessment of
PRedictions of the Interactions (CAPRI)34,35, docking methods show considerable progress
and are currently one of the most promising approaches in modeling of the biomolecular
complexes16.
During a classical docking run, as a first step, an extensive search of the
conformational space is performed, starting from the high-resolution structures of the
complex‟s individual components16,22. This sampling of the conformational space aims at the
maximization of the geometrical and physicochemical complementarities of the complex
constituents 16,36-40. Challenges are encountered when the complex contains larger number
and/or diverse components and/or experiences large conformational changes of the
components upon complexation16. This is due to an increase in the number of the degrees of
freedom in the system, which requires more extensive sampling of the conformational
space16,41,42. The result of a docking run is usually an ensemble of possible conformations and
the biologically relevant ones must be picked among numerous alternative solutions16,43,44.
This step is called scoring that is performed by a scoring function encompassing terms to
address thermo-dynamical and physicochemical properties of the interface16. Thus, the
accuracy of the final solution strongly depends on the accuracy of the scoring function16. Yet,
current, conventional scoring functions have failed to show the direct correlation with binding
free energy and thus none of them can assure consistent correct ranking of the docking
solutions16,45. A prominent way to overcome the challenges encountered during sampling and
scoring is an information-driven docking. In contrast to the ab initio docking, during
sampling, it is directed by the available experimental and/or evolutionary information, in
order to focus to the “relevant part of the conformational space”16,22,33,46,47. Furthermore, the

probability of recognizing the correct solution in the scoring step is increased by filtering
generated solutions based on their discrepancy with the present experimental data16.
One of the best information-driven docking example is the High Ambiguity DOCKing
(HADDOCK)33 approach. HADDOCK‟s docking protocol consists of three stages: rigid body
docking (it0), semi-flexible refinement (it1) and refinement in explicit solvent (it2). Before
the start of the docking, molecules are separated and random rotations are applied, followed
by it0, which docks the molecules as rigid bodies. Before the next stage, scoring of the
solutions is performed and the energetically favourable structures submitted to (it1), where the
interface is optimized via semi-flexible alignment. In the last stage (it2), structures are refined
in explicit solvent, followed by the scoring and clustering of the generated solutions. Each
successfully finished docking run has the docking statistics as a part of the output, allowing
the user to efficiently and critically analyse the docked solutions33,46,47. HADDOCK protocol
has been successfully applied to docking of proteins with various biomolecular partners, e.g.
proteins, nucleic acids, oligosaccharides and small-molecules (Figure 1) and its latest released
version (HADDOCK 2.1) supports nucleic acids, small molecules and can deal with a wide
range of experimental data33. HADDOCK is readily available via web-server with user
friendly interfaces allowing different degrees of control over various docking parameters
depending on the user access level16,33.

Figure 1: Examples of the different biomolecular complexes successfully modelled using HADDOCK data
driven docking and deposited to Protein Data Bank (PDB): Protein-nucleic acid complex (PDB ID:2k7f)84;
Protein-ligand complex (PDB ID:2l6z)83 ; Protein-small molecule (PDB ID:2lfo)87; Protein-peptide
complex (PDB ID:2vda)86; Protein-protein (PDB ID:2bgf)85.

An overview of the experimental data supported by HADDOCK is provided in Table
2 together with the ones that are currently under development (e.g. shape information coming

from cryo-EM). It can be noticed that the majority of the data “under development” comes
from the low resolution methods, which are recently broadly applied to challenging
biomolecular complexes, e.g. cryo-EM whereas, a broad repertoire of data coming from
solution NMR is already successfully incorporated. In our study, we tested HADDOCK‟s
ability to model complexes under the guidance of EPR and sm-FRET data for the first time.
Thus, it was particularly intriguing to see HADDOCK‟s performance with the distance
restraints derived from these techniques, as described in detail in Section 4.
Table 2: Overview of the types of the experimental data currently used or under the development in
HADDOCK.

Data type

Information content

Incorporation in HADDOCK

CSP

Interface residues

Active and passive residues

Cross-saturation

Interface residues

Active and passive residues

H/D exchange

Interface residues

Active and passive residues

RDCs

Orientation restraints

Directly

15N relaxation rate (R1,R2)

Orientation restraints

Directly

NOEs

Distance restraints

CNS restraints

PRE

Distance restraints

CNS restraints

Dihedral angles

Conformational restraints

Directly

Hydrogen bonding

Conformational restraints

Directly

Chemical cross-linking

Distance distributions

CNS restraints

RP-MS

Interface residues

Active and passive residues

H/D exchange

Interface residues

Active and passive residues

Shape

Under development

Shape

Under development

Shape

Under development

EPR

Long range distance restraints

Not tested

Sm-FRET

Long-range distance restraints

Not tested

NMR Spectroscopy:

MS :

ESI-MS:

CCS
SAXS data

EM
-electron crystallography
-cryo EM
-electron tomography

*tested in this study as given in Section 4
Abbreviations used in Table 2: CSP- Chemical Shift Perturbation, RDCs- Residual Dipolar Couplings, NOEsNuclear Overhauser Effects, PRE- Paramagnetic Relaxation Enhancement, PS-Pseudocontact Shifts, RP-MSRadical Probe Mass Spectrometry, ESI-MS- Electro Spray Ionization Mass Spectrometry, CCS-Collision Cross
Section, NOEs-Nuclear Overhauser Effect, EM-Electron Microscopy

3. EPR and sm-FRET techniques-New data sources for biomolecular modeling
In Section 1 we have discussed the information content of low-resolution methods,
concluding that it varies from method to method (Section 1.2). In this respect, EPR and smFRET are of particular interest for structural biology, as the long-range distance information,
derived from these methods, can be used to highlight the structural features of the current
challenging macromolecular complexes, e.g. complexes of high molecular weights, involving
multi- or flexible components or formed by transient and weak interactions. In fact, for some
of these challenging systems, if several long-range restraints are provided, features such as
e.g. domain arrangements, complex formation, structural changes upon ligand binding or
global structure elements can already be revealed49. Furthermore, recent improvements in
both of the techniques and increasing number of their applications make them perfect targets
for exploring their potential in structural modeling.
3.1 Electron-paramagnetic resonance techniques on spin-labelled biomolecules
In order to apply EPR technique to address the structural features of the biomolecular
complexes, biomolecules of interest are “spin-labelled”50 : the paramagnetic centres (spins),
i.e. the unpaired electrons of R1 organic radical side chains, most commonly nitroxide, are
introduced at specific sites (e.g. cysteine residues on protein) by site-directed chemistry. All
EPR methods rely on the magnetic dipole-dipole interaction between the magnetic moments
µA and µB of two electron spins A and B, which is inversely proportional to the cube of the
distance between two spins1,50 (Eq. 1). This allows the calculation of the distance distribution
between the spins50.
E= µA µB/ R3 – 3 (µA R) (µB R)/R5 (Eq. 1)
Eq.1 describes the magnetic dipole-dipole interaction energy E, in classical energy
expression, where µA and µB are the magnetic moments of electron spins A and B,
respectively, and R is the distance separating them. The dipolar Hamiltonian can be derived
by relating the electron spin magnetic moment (µ) to electron spin operator S
µ= -γe ħ S (Eq. 2)
,where γe stands for the gyro-magnetic ratio of the electron spin, and ħ for the reduced
Planck‟s constant. For the nitroxide spin labels the expression for the dipolar Hamiltonian
(Hdip) can be simplified by the following assumptions: 1) the g values of the two spins are
only weakly anisotropic, and thus the electron spins quantization axes are parallel to the
external field (z direction); and 2) the dipolar coupling is small compared to the splitting of
the electron spin states by the Zeeman effect50,51,110 . In this case Hdip is given by
Hdip= [gA gB βe2/ R3] [SAz SBz (1-3 cos2θ)] (Eq. 3)
, where gA, gB are the g values of the two spins (approximated to the isotropic value gA=gB≈
2.006), βe is the Bohr magneton, SAz SBz is product of the electron spin operators (for the z axis
direction), and θ is the angle between the external field axis and the spin-to-spin vector
50,51,110
. Taken together, the dipolar frequency ωdip can be written as

ωdip = [Ddip/ R3] (1-3 cos2θ) (Eq. 4)
, where Ddip is the splitting constant. Importantly, for the inter-spin distances shorter than 10
Å, the exchange interaction J has to be introduced to the Hamiltonian expression in Eq 3.
Different EPR methods have been developed to reveal the dipolar interaction,
depending on the spectral and dynamical properties of the spin labels and the distance
between them51. Here, we discuss two methods relevant for the biological samples in terms of
their basic principles. These are: the continuous wave (CW) used to probe the distances up to
20-25 Å52 , and double electron-electron resonance (DEER), used for the transition to larger
distances, up to ~60-80 Å53,54.
Continuous wave-EPR technique allows direct observation of the dipolar coupling in
the EPR spectra55, when two paramagnetic centres are separated not more than 20 Å and
when the intrinsic line width of at least one of them is smaller than the dipolar splitting. If
these conditions are not met, the result is the line width broadening and deconvolution
methods are needed to extract the dipolar coupling contribution within other spin
interactions56. Despite these difficulties, considering the shorter distance range, continuous
wave experiments can be very useful as they can be conducted at the physiological
temperatures and are usually easily experimentally accessible. However, to address the
structural questions, it is often required to extend the measurable distance (R) between the
paramagnetic centres above the 20 Å limit of CW-EPR. Under such conditions pulsed EPR
methods can be employed. The pulsed EPR method recovers the dipolar coupling by
increasing the spectral resolution by ”cancelling“ the broadening of the line width caused by g
tensor anisotropy and the hyperfine couplings.
Different pulsed EPR strategies have been successfully applied to biomolecular
samples with nitroxide spin labels57. For instance, Hahn-echo-like sequence (Figure 2A) to
refocus all static inhomogeneous line width contributions1, double quantum coherence buildup during the echo58,59or solid echo to refocus all of the spin interactions apart from the
dipolar coupling60. When Hahn-echo-like experiment is used, the dipole-dipole interaction is
essentially also refocused and is reintroduced by an inverse pulse to the second spin50 (Figure
2). Typically, on the biomolecular samples, pulsed electron-electron double resonance
(PELDOR) is performed and double electron-electron resonance (DEER) is the most widely
used experiment (Figure 2B)50.

Figure 2: A) Hahn-Echo pulse sequence, the basis of the pulsed EPR experiments B) 4-pulse PELDOR
(DEER) sequence. π/2 and π-pulses applied on spin A and B, τ1, τ2 –inter pulse delays, T- a microwave
pulse applied at the frequency resonant with second spin (spin B).

Potentials and limitations of EPR in accurate distance determination
The maximum “extractable” EPR distance primarily depends on the length of the
recorded time trace due to Fourier arguments51. In order to maximize the sensitivity and to
optimize the pulsed EPR experiment in regard to the transverse relaxation time (T2), the
longitudinal relaxation time (T1) and the polarization of the spin transitions, parameters such
as the applied pulse lengths, spin radical concentrations and the experimental temperature,
should be considered50. For the short distance ranges, the CW experiments can be useful,
however, when deconvolution methods are needed, the following should be considered. First,
given only the continuous wave EPR spectrum, it is impossible to distinguish the line width
broadening caused by static dipolar coupling from that of the dipolar relaxation. Second, at
short distances, the exchange J interaction might contribute to splitting, which can lead to
wrong distance interpretation51. Finally, high signal-to-noise ratios are needed in order to
avoid artefacts. Thus, although CW is used from time to time for the quantitative
interpretation of the distances in the 10-20 Å range, it is more commonly applied in a
qualitative fashion, for indicating the proximity of the spin labelled biomolecular sites51.
In contrast to CW methods, pulsed EPR methods have been highly optimized for the
quantitative distance measurements on biomolecules50. However, while applying pulsed EPR
on biomolecular samples, difficulties arise from the high concentration of hydrogen atoms in
sample‟s aqueous or lipid matrix. During echo, the modulation of these matrix protons is
acquired in addition to that of the selected spin-spin dipolar coupling, thus, contributing to the
line width50.No matter how strictly the spectroscopic selection rules are applied during the

pulses, this effect cannot be completely eliminated. In order to maximally suppress it, the
inter-pulse delays are varied (Figure 2) and echoes for the different delays summed50.
In order to facilitate the use of pulsed EPR on biomolecular samples,
DeerAnalysis2011 package61 for the analysis of DEER experiments was created. It allows the
extraction of the distance distributions from constant-time and variable-time four-pulse
DEER62,63. The output of the analysis is distance distribution characterized by mean distance
value <R> and the width (standard deviation σr)64. This analysis tool provides several
different approaches for the extraction of the distance distributions and allows the systematic
error analysis of experimental noise and uncertainties. It is especially useful for defining the
error bars of the data points61.
3.2 Förster resonance energy transfer (FRET) - „a spectroscopic ruler on a nanometer
scale“66,67
During a FRET experiment an energy transfer occurs between two flourophore
molecules, when they are in close proximity, such that the emission spectrum of one
flourophore overlaps with the absorption spectrum of the other flourophore in its near
proximity68. Since its discovery, FRET phenomenon has been applied to biology,
biochemistry, biophysics and, most recently, structural biology. Some examples of the
biomolecular research questions which have been investigated using sm-FRET technique are
given in Figure 3.

Figure 3: Examples of varies applications of sm-FRET in molecular biology, biochemistry and biophysics.
The techniques is used to address important biological processes such as signal transduction or protein
translation as well as to address different molecular properties such as folding of the RNA or interaction of
proteins with nucleic acids (see Section 4.).

Single-molecule FRET (sm-FRET) is a special structural biology application of FRET.
For running sm-FRET experiments, donor and acceptor fluorescent dyes (flourophores) are
attached at the specific sites on the biomolecules by using site-directed chemistry techniques.
The final output of the FRET measurement is FRET efficiency (EFRET), which is used to
calculate the inter-flourophore distance R (Eq1).
EFRET = 1/1+(R/Ro)6 (1)

Ro (Förster radius) in Eq.1 is a donor-acceptor dye pair specific constant, which combines
several important FRET parameters: donor quantum yield (υD), donor-acceptor spectral
overlap (J(λ)) and the relative orientation of the flourophores (κ2) (Eq. 3).
Ro = 0.529 κ2 φD J (λ) / N n4 (2)
Important to note is that κ2 orientation factor can be critical for the correct inter-flourophore
distance calculation, as discussed in the following section.
EFRET itself is not directly measured by FRET experiment. It can be derived by measuring
either donor and acceptor fluorescence intensities, or alternatively donor lifetime in the
presence and absence of the acceptor (Eq. 3)

[

EFRET = 1 + γ (ID/IA)

]-1= 1 – τ

D(A)/ τD(0)

(3)

,where ID, IA and τD(A), τD(0) are donor(D), acceptor(A) fluorescence intensities and
donor flourophore lifetime in the presence(A) and absence(0) of the acceptor, respectively. γ
factor depends on the flourophore properties and the instrumentation. It is another factor that
can critically influence accuracy of FRET derived distances (Eq. 4):

γ = φAηA/ φDηD(4)
,where υA, υD is flourophore quantum yield and ηA, ηD, the detection efficiency of
acceptor (A) and donor (D) flourophores, respectively71.
If multiple sm-FRET experiments are run on differently labelled samples, a network of
sm-FRET distances can be obtained, which is particularly useful when high resolution
structures (or model) of individual, flourophore labelled components are available. In such
cases, using computational approaches, the network of sm-FRET derived distances can be
used to model three-dimensional model of the entire assembly29.
Correct determination of
distances

γ and κ 2 factor influences the accuracy of sm-FRET derived

As introduced in previous section, for accurate conversion of the measured donor and
acceptor intensities into the inter-flourophore distances, correct determination of γ and κ2(and
thus Ro) is critical (Eq. 1,Eq. 3). When using sm-FRET to address a particular structural
question, experimentalist should keep in mind that this determination varies according to the
choice of the experimental methodology49. For instance, to determine γ, three different
approaches can be used, if the system under investigation contains diffusing or immobilized
single molecules49,72,73,74,75. In the case of diffusing single molecules, empirical values for

υ

and η (Eq.4) are used49,73,74. For the immobilized single molecules it is better to determine γ
from the donor and acceptor intensities in a photo bleaching experiment72. Finally, γ can also
be determined from the difference in the FRET efficiency calculated using ID,IA or τD(A),τD(0)

(Eq.3), however, in this case, specialized instrumentation for measuring all of these
parameters must be available75.
The accurate calculation of κ2 is not trivial, as it cannot be directly measured and
requires information about the flourophores' dynamics with the respect to attached molecule.
In this respect, several studies have addressed the potential methods to accurately determine
κ2 29,76,77,78,79,80. From the aspects of structural modeling the assumption of the “freely rotating
flourophores” can be readily accepted. Namely, if the flourophores reorient isotropically in a
time much shorter than the lifetime of the donor's excited state, κ2 can be approximated to the
value of 2/3 29,76,77. The error of the sm-FRET derived distances, introduced by this
approximation, is within ~10-20% of the distance value and thus smaller than the error
boundaries used, for instance, in docking calculations78,81.
Potentials and limitations of sm-FRET in accurate distance determination
Sm-FRET technique has recently experienced major technical improvements in terms
of instrumentation, sample preparation and data analysis, which has led to its successful
applications in structural modeling29. However, the technique, as every other, suffers from
some inherent limitations and in order to extract the maximum out of the sm-FRET
measurement, certain considerations should be taken during the experimental set-up, data
analysis and data interpretation.
When it comes to the experimental set-up, the most important to consider is:
1) The efficiency of the site-directed labelling.
2) The sensitivity range of FRET, which is 0.5 Ro-to-2 Ro 29. Distances lower than 0.5 Ro or
higher than 2 Ro are experimentally difficult to measure.
3) The photo stability of the fluorescent dyes. Both donor and acceptor fluorescent dyes
should be sufficiently photo stable to account for adequate signal-to-noise ratio and
collection of enough data points before the photobleaching70.
Furthermore, in the data analysis step the experimentalist should account for:
1) The correction of the raw fluorescent intensity data (ID and I A) 29,70.
2) Correct determination of γ and κ2 factor (see previous section).

Finally, for the structural modeller, the data interpretation step is the most important. When
interpreting the data following should be considered:
1) The definition of the distance error boundaries in respect to the experimental strategy
used for the estimation of the orientation factor κ2.

As discussed in previous section, κ2 value can be approximated to 2/3. In this respect,
the error boundaries to the given mean sm-FRET distance (<R>) should be at least
10-20% of the corresponding distance value78.
2) The uncertainty of the flourophore positions due to the long and flexible linkers. It is
important to keep in mind that sm-FRET derived distances are not the distances
between the flourophore dyes‟ attachment points, but rather between the average
dyes‟ positions.
3) The environmental influences on the fluorescence properties of the flourophores (Ro
factor) and the EFRET .These influences are difficult to consider, especially for the
structural modellers, who make use of the processed data. However, awareness of the
environmental influences should provoke critical interpretation of the “absolute
distance” information coming from sm-FRET experiments66. In fact, particular
molecules can show more influence on the flourophore dyes than the others. For
instance, sm-FRET study performed on the tethered double-stranded DNA (ds-DNA)
has demonstrated the dependency of FRET efficiencies on the additional factor apart
from the increasing flourophores‟ separation, which was presumably coming from the
stacking interactions between the flourophores and the DNA bases94. Thus, especially
in case of the double-stranded nucleic acids, modeller should critically assess the smFRET study to make sure that the control experiments and considerations of
environmental influences have been taken.

4. Challenging HADDOCK with sm-FRET and EPR data
4.1 Modeling of the Syt1 C2A and C2B domain complex by using EPR data in
HADDOCK
Number of studies, in which EPR distances are used to model biomolecular
complexes, is increasing. However, to our knowledge, only for one31 both experimental
measurements and high-resolution structural information of the complex95 are available.
Therefore, this study is a perfect candidate for a proof-of-the-concept study, in which
HADDOCK‟s potential to deal with EPR distances can be tested.
In the study of Lai et al.31, the interaction of the soluble fragments of Synaptotagmin 1
(Syt1) (C2A and C2B domains) and the neuronal core soluble N-ethylmaleimide-sensitive
factor attachment receptor (SNARE) was probed using the combination of the site-directed
spin labelling with CW-EPR techniques (see Section 3). The distances between the two C2
domains in the presence of Ca2+ ions and the absence or the presence of SNARE, were
obtained using double electron-electron resonance (DEER) experiment31. We used the
distances from the experiment with the C2A-C2B domains in the absence of SNARE as
unambiguous restraints to dock the two domains in HADDOCK, as discussed below. The
crystal structure of the domains (PDB ID: 2R83)95 were available, which allowed the
comparison and validation of the generated models.
Docking Protocol
We performed the docking using Guru-web interface of HADDOCK 2.233 for all test
cases. Our approach is schematically shown in Figure 4 and described in more detail in the
steps bellow:

Figure 4: Overview of the approach used to introduce the EPR derived distance information into
HADDOCK docking protocol.

1) Preparation of the input structures for docking
In study of Lai et al.1 single cysteine mutants were introduced to C2A and C2B
domains to allow for the incorporation of the nitroxide spin-labels using site-directed
spin labelling (SDSL) techniques31. We have introduced the cysteine side chains to the
relevant sites in C2A-C2B structure files95 (PDB ID: 2R83) following their study.
Afterwards, mutant C2A and C2B domains were separated at the linker connecting
them (residues 266-269).
2) Generation of the distance restraints files
We have prepared two distance restraint files. The first file contained “perfect data”,
namely the distances measured on the available crystal structure between the Cβ atoms,
of the indicated side chains31,95 (Table 3). Second file contained the “real data”,
namely, the experimentally determined EPR distances31,61. These distances were
defined as the pair-wise distances between the Sγ atoms (introduced to the structure
files with the cysteine side chains, see step 1) (Table 3).
In the case of perfect data, 0.5 Å was used as the upper and lower distance boundary.
For the restraints derived from EPR experiment, the distance error boundaries
obtained by DEER experiment analysis31 were used (Table 3).
Table 3: Distances and distance boundaries derived from the DEER experiment analysis for the pairs
of the mutated residues in C2A-C2B domains of Syt1.

C2A/C2B mutated
residues

DistancesDEER
experiment
(Å)

Inter-atomic
distances
(Cβ-Cβ, Å)95

Upper(+)/Lower(-)
distance boundaryDEER experiment
(Å)

M173R1/V304R1

39

42.9

± 9

M173R1/K332R1

45

38.9

± 10

R199R1/V304R1

37

43.5

± 16

R199R1/K332R1

46

39.5

±9

K244R1/K327R1

41

40.5

± 11

K189R1/K327R1

43

29.0

± 12

K213R1/V283R1

60

40.8

± 18

3) The docking
Two consecutive “bound” docking runs were prepared. In the first one perfect data
were used to drive docking, whereas in the second one real data were applied. For
both, distance restraint files were supplied as unambiguous distance restraints and the
number of structures for it0, it1, and water were increased to 10000, 400, and 400,
respectively. Furthermore, the residues between which the pairwise distances were

defined were set to be fully flexible. Also, to maintain the connectivity between
starting structures, a distance restraint of 10 Å was imposed during it0 and it1,
whereas during the water, this distance was reduced to real peptide bond distance. The
resulting solutions were clustered with a 7.5 Å RMSD threshold. The clustered
conformations were evaluated on the basis of the interface root mean square deviation
(i-RMSD) in comparison to the crystal structure and HADDOCK score95. A cluster
was considered to be acceptable if the i-RMSD of one it‟s top 4 members is below 4Å.

Evaluation of the docking models
Figure 5 and Tables 4 and 5 provide a comprehensive overview of the results
generated for the perfect-case and real-case docking runs. The results revealed that in the case
of perfect data, HADDOCK could generate a top ranking acceptable cluster (with i-RMSD
1.8±0.7Å, Figure 3). However for the real-case run, the best model was at the border of
acceptable, with i-RMSD= 4.6±0.2Å (Figure 5) and ranked at the 5th position.
Table 4: Evaluation of the models generated in HADDOCK docking, using the distances measured on the
crystal structure95.

Cluster ID
Cluster3
Cluster1
Cluster2

i-RMSD
(Å, mean±std)
1.8±0.7
6.3±0.2
12.4±0.2

Cluster Rank
1
2
3

HADDOCK score
(avg. ± s.d.)
-111.4 +/- 5.6
-49.4 +/- 6.0
-28.5 +/- 5.3

Table 5: Evaluation of the models generated in HADDOCK docking using EPR derived distances 31.
Shown is the comparison of the i-RMSD with HADDOCK rank

Cluster ID
Cluster6
Cluster2
Cluster8
Cluster1
Cluster4
Cluster9
Cluster3
Cluster7
Cluster5

i-RMSD
(Å, mean±std)
4.6±0.2
6.9±0.2
7.3±0.4
7.3±0.7
8.3±0.2
9.0±0.4
10.2±0.2
10.6±0.4
10.8±0.4

Cluster Rank
5
2
9
3
6
8
1
7
4

HADDOCK score
(avg. ± s.d.)
-31.0 +/- 14.6
-51.9 +/- 9.5
-19.8 +/- 14.3
-50.0 +/- 5.9
-28.2 +/- 7.3
-21.9 +/- 10.8
-71.8 +/- 10.4
-22.1 +/- 7.2
-43.4 +/- 16.2

A

B

Figure 5: Overlay of theC2A-C2B Syt1 crystal structure95 (PDB ID:2R83) (in blue) with the models
generated in the docking in HADDOCK (in magenta) using A) “perfect data”:7 inter-atomic distances
measured on crystal structure; B) “real data”: 7 DEER experiment derived distances and distance
boundaries31. Models are given in the secondary structure representation.

4.2 Modeling of HIV1 RT-ds DNA complex by using sm-FRET data in HADDOCK
Due to the rapid development and the previously mentioned advantages (see
Introduction and Section 3), sm-FRET has been used in an increasing number of studies to
model high-resolution biomolecular structures 29,30,79,81,96-102. Very recently, sm-FRET data
has been also used as restraints to drive the rigid-body-docking29,81,100. A prominent example
of such protocol was introduced by Kalinin et al. and presented as a “comprehensive toolkit
and pipeline for FRET-restrained high precision structural modeling”30. In this work, they
performed a benchmark study on the complex of a human immunodeficiency virus type 1
(HIV-1) reverse transcriptase (RT) with a DNA primer-template30. Even though this is not the
first study to demonstrate the successful application of sm-FRET derived distance information
in structural modeling, it is performed on a complex for which independent high-resolution
structural data was available, thus allowing for the quantitative evaluation of their docking
performance. Motivated by the high accuracy of the modeling demonstrated in this study
(0.5Å RMSD from the crystal structure, calculated for all dsDNA atoms)30 , as well as the
previous successful applications of HADDOCK on protein-DNA complexes103, we decided to
use this case to assess the performance of HADDOCK with sm-FRET data.
Docking Protocol
Like in the case of EPR-driven docking, we have performed the docking using Guru-web
interface of HADDOCK 2.133 for all test cases. In this case, however, we tried consecutive
docking runs with varying amount of the data points (distance restraints). The approach is
summarized schematically in Figure 6 and described in more detail below:

Figure 6: Overview of the approach used to introduce the sm-FRET derived distance information into
HADDOCK docking protocol.

1) Preparation of the input structures for docking
In the study of Kalinin et al.30, fluorescent labels were attached to Cβ atoms of the
specific residues on HIV-1 RT and to C5 atoms on deoxiribonucleotides,
respectively30 (Table 6). In the case of the nucleobases dp (1), phosphorous atom (P)
of the DNA backbone was used as the dye attachment point.
Starting structure for the HIV-1 RT was extracted from the available complex crystal
structure104 (PDB ID: 1R0A). To generate the input structure for the double strandedDNA (ds-DNA), a canonical B-DNA was created by running 3D DART106 web-server
on the basis of 19 base-pair long ds-DNA sequence used in the study of Kalinin et al.30
(see Discussion).
2) Generation of the distance restraints files
Three sets of distance restraint files were prepared containing 5, 12 and 20 pairwise
distances. In the “perfect scenario”, crystal distances (measured on PDB ID:1R0A)104
were imposed, whereas in the “real-case scenario” distances determined by the smFRET measurements30 * were applied. The specifications of the inter-atomic distances
used in both scenarios can be found in Table 6. For the “perfect” case, 0.5 Å was used
as the upper and lower distance boundary. For the real data cases, lower boundary was
defined by the sum of the lengths of the corresponding flexible dye-linkers attached to
particular acceptor/donor atom pairs (Figure 7). Upper distance boundary was defined
to be as 15 Å (see Discussion).

30

* Mean inter-fluorophore distances <RDA>E(Å) as determined by Kalinin et al.

Figure 7: Schematic representation of the flourophore dyes displacements from their attachment points on
biomolecules, the difficulty for accurate distance derivation in sm-FRET techniques. Four possibilities of the dye
positions are given. It should be noted that the dyes can take any of the positions in between the depicted ones.
Table 6: Overview of the distances measured between the fluorescently labelled sites on HIV-1 RT and ds-DNA
in the sm-FRET experiment30 and the distances measured on the complex crystal structure104 (PDB ID: 1R0A).

Dye position pairs

Mean inter-fluorophore
distances <RDA>E(Å) as
determined by Kalinin et al.30

Inter-atomic distances
(measured on PDB ID:
1R0A) (Å)

RT (p66Q6C):dp(19)/dt
RT(p66T27C):dp(19)/dt
RT(p66K287C):dp(19)/dt
RT(p51Q6C):dp(19)/dt
RT(p51K173C):dp(19)/dt
RT(p66E194C):dp(19)/dt

46
30
44
71
60
41

37.1
34.8
21.8
57.2
72.9
37.9

RT(p51E194C):dp(19)/dt
RT(p51K281C):dp(10)/dt
RT(p66Q6C):dp(10)/dt

70.6
81
46

72.1
41.8
48.1

RT(p66E194C):dp(10)/dt

44

59.3

RT(p51K173C):dp(10)/dt
RT(p66E194C):dp(10)/dt
RT (p66Q6C):dp(1)/dt
RT (p66T27C):dp(1)/dt
RT(p66E194C):dp(1)/dt
RT(p66K287C):dp(1)/dt
RT(p51Q6C):dp(1)/dt
RT(p51K281C):dp(1)/dt
RT(p51K173C):dp(1)/dt
RT(p51E194C):dp(1)/dt

62
68
73
73
83
45
65
35
67
55

58.7
56.5
71.3
80.2
86.8
48.8
61.1
20.2
60
57.6

5 distance restraints
+
 13 distance restraints
+
+
 20 distance restraints

3) The docking
For all cases, distance restraint files were supplied as unambiguous distance restraints
and the number of structures for it0, it1, and water were increased to 10000, 400, and
400, respectively. Furthermore, the residues between which the pairwise distances
were defined were set to be fully flexible. The resulting solutions were clustered with a
20 Å RMSD threshold to allow for the sampling of the larger conformational space.
Epsilon constant for the electrostatic energy term was set to 78 (standard used for the
protein-DNA docking)103 and additional changes in the advanced sampling parameters
were given based on the protein-DNA docking protocol described in the study of van
Dijk et al.103. The clustered conformations were evaluated on the basis of the i-RMSD
in comparison to the crystal structure and HADDOCK score95. A cluster was
considered to be acceptable if the i-RMSD of one it‟s top 4 members is below 4Å35.
Evaluation of the docking models
Figure 8 and Tables 7 and 8 provide a comprehensive overview of the selected results
generated for the perfect-case and real-case docking runs. The results showed that, when
provided with perfect 12 distances, HADDOCK could generate a single, top ranking,
acceptable cluster (with a mean i-RMSD of 1.1 Å, Figure 8). In the real-case runs with five or
13 distances, HADDOCK could not generate an acceptable solution. However, it should be
noted that 13 distances were sufficient to reproduce the binding mode (Figure 8). Finally,
when supplied with 20 real case distances, the best cluster, ranked at the top was an
acceptable one, with a mean i-RMSD of 3.9.
Table 7: Evaluation of the models generated in the “proof-of-the-principle” test, using 12 crystal structure
distances (PDB code: 1R0A). Compared is i-RMSD, HADDOCK rank and average score

Cluster ID

i-RMSD(Å, mean±std)

Rank

Cluster1

1.1±0.1

1

HADDOCK score
(avg. ± s.d.)
-287.0 +/- 17.9

Table 8: Evaluation of the models generated using 20 sm-FRET derived distances. Compared is i-RMSD,
HADDOCK rank and average score

Cluster ID

i-RMSD(Å, mean±std)

Rank

Cluster1
Cluster2

3.9±0.2
6.8±0.1

1
2

HADDOCK score
(avg. ± s.d.)
-89.3 +/- 28.1
-37.1 +/- 8.5

A

B

C

D

Figure 8: Models of the HIV-1 RT:dsDNA complex generated in HADDOCKing with sm-FRET derived
distance restraints. A) 5 real-case distances B) 13 real-case distances C) 20 real-case distances D) Close up view
of the interface of the model in C). Structures are given in cartoon (A,B,C), and surface representation (D) for
HIV-1 RT (PDB ID:1r0a)104. In cyan (A,B,C) and magenta (D) the canonical B-DNA created by running 3D
DART. In dark and light gray HIV-1 RT from crystal structure of the complex (PDB ID:1r0a)104, and docked by
HADDOCK, respectively. The HADDOCK models correspond to the top ranked clusters (A,C,D); and the
second ranked cluster (B) (for the details, see Section 4.2).

5. Discussion
At the moment, state-of-the-art high-resolution structural biology techniques are
streaming to overcome the challenges due to high-molecular weight, flexible, inherently
disordered, transient or membrane associated complexes12. Meanwhile, the number of
accurate low-resolution methods are rapidly increasing and information on even the most
challenging macromolecular complexes is accumulating16. In order to obtain high-resolution
insight on such complexes, one of the prominent ways is to translate low-resolution data by
data-driven modeling approaches into structural information. Among those approaches,
HADDOCK is particularly prominent, which can make use of wide range of available
experimental data simultaneously to drive the prediction of the complex structure33.
Recently, the interest in using data coming from EPR and sm-FRET techniques for
structural modeling has been increasing29-31,51.Both methods have experienced major technical
improvements, allow the measurements in solution, support the variation of the experimental
conditions and can complement high resolution techniques by providing long range distances
for the challenging biomolecular complexes29,51.Considering the successful application of
HADDOCK data-driven docking approach to a variety of biomolecular
complexes33,34,103,106,107 and its abbility to drive the docking based on the long range distance
restraints (e.g. those from MS-crosslinking experiments), we were particularly interested in
testing its performance on EPR and sm-FRET data. Our choice of the sm-FRET and EPR
studies was based on the modeling of biomolecular complexes for which high-resolution
structural information was available30,31,95,104.
In the case of EPR-driven docking, when crystal distances were applied, an acceptable
top ranking cluster was generated. However, when provided with the real distances from
DEER experiment on Syt1 C2A-C2B domains, the best solution generated by HADDOCK
was on the edge of the acceptability and ranked 5th (i-RMSD of 4.6±0.2, Figure 5). This
quality and rank difference can be due to the distance error bounds obtained in DEER
experiment analysis (9-18 Å). In the original study, the authors concluded that there is a
considerable flexibility and conformational variation of the two domains in solution31. So,
applied distance distributions might not be restrictive enough to pull the two domains to a
binding mode depicted by the crystal structure95.
In the modeling of HIV-1 RT:ds DNA primer/template complex, an important
observation was the increase in the accuracy of the docking as a function of the increase in the
number of the distance restraints, both for the perfect and the real data sets (Figure 8 A,B,C).
Importantly, when provided with the set of 13 real-case distances, HADDOCK could
reproduce the binding mode, whereas 20 real distances generated a top ranking, acceptable
solution (i-RMSD 3.9±0.2, Figure 8 C,D). In case of the perfect data sets, 5 distances were
already enough to reproduce the correct binding mode (data not shown), whereas 12 distances
resulted in a single, top ranking, acceptable solution (i-RMSD 1.1±0.1) in HADDOCK.

Furthermore, we have found that the definition of the error bounds and the mean smFRET distances (<R>)30 are critical determinants. Regular HADDOCK protocol does not deal
with flexible linkers attached to the atoms and/or pseudo atoms introduction as to account for
the effect of the dyes and their flexible linkers. Therefore, in order to impose the sm-FRET
inter-dye distances as the inter-atomic distances between flexible dyes attachment points we
defined the distance boundaries considering the maximal possible effect of the dyes‟
dispositions, as illustrated in Figure 6. Defining the lower distance boundary as the sum of the
lengths of the flexible dyes linkers, and the upper distance as 15 Å, was restrictive enough to
drive the docking of the ds DNA and HIV-1 RT to the correct binding mode. It should be
noted that 15 Å upper distance boundary is strongly case dependant and was defined by
considering the inter-atomic distances measured on the crystal structure (PDB ID: 1R0A) to
ensure the correct distance values for all the restraints. In the study of Kalinin et al.30, which
has introduced the “toolkit” for the sm-FRET restrained docking, the correct calculation of the
dye position distributions (“explicit modelling of dye behaviour”)30 was defined crucial to
account for use of sm-FRET distances in a quantitative manner. We determined that, for the
use of these distances in HADDOCKing, the displacements of the dyes from their attachment
points due to the maximal extensions of the flexible linkers must be taken into account.
Finally, the study of Kalinin et al.30 reported the improvement in the agreement of the
model with the crystal structure (PDB ID:1R0A) upon the relaxation of the docked B-DNA
by MD simulations30. Namely, as the rigid body docking of “straight” B-DNA cannot account
for the DNA bending, this B-DNA structure does not fit perfectly with the sm-FRET
distances30. Thus, for sm-FRET restraints, the improvement in HADDOCK performance can
be expected if the optimal “bent” ds-DNA is used as an input DNA structure for docking.
6. Conclusions and perspectives
According to the current literature and as supported by our current study, inter-atomic
distances derived from sm-FRET and pulsed EPR techniques can be used in restrained
docking of biomolecular complexes29-32,49. Assuming that the experimental data have been
correctly processed and the data quality is adequatly high, the important considerations for a
modeler should be the confidence intervals of the measured distances that account for the
uncertainties introduced by the dye-linkers or spin-labels, for sm-FRET or EPR, respectively.
Our study demonstrates the performance of HADDOCK on the distance restraints
derived from sm-FRET and EPR data, for the first time. Considering the number, the range
and the confidence of the distance restraints provided, as well as the fact that the HADDOCK
protocol has not been individually optimized for EPR or sm-FRET data, the demonstrated
performance can be qualified as highly promising. Importantly, there is a room for future
improvement. For instance, the optimizations of the sampling parameters in the protocol and
the adjustments of the data-weight (w), could improve both the sampling and the scoring of
the solutions in HADDOCK. Furthermore, in case of sm-FRET restrained docking, the direct
improvement in the accuracy of the solutions could be achieved by docking the optimal
“bent” form of ds DNA (see Discussion). Finally, the expansion of HADDOCKing to a

number of new biomolecular complexes, for which both the high-resolution information and
sm-FRET and EPR data will be available, is needed. These could be generated, for instance,
through the collaboration of the experimentalist and the modellers, allowing for the
simultaneous refinement of both of the approaches. Such study could pave the way for
including the EPR and sm-FRET distance restraints to the rich repertoire of the experimental
data already driving HADDOCKing and could, thus, allow the HADDOCK to highlight some
of the “dark parts” of the interactome.
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