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Abstract

The current main challenge of Structural Biology is to undertake the struc-
ture determination of increasingly complex systems in the attempt to better
understand their biological function. As systems become more challenging,
however, there is an increasing demand for the parallel use of more than
one independent technique to allow pushing the frontiers of structure deter-
mination and, at the same time, obtaining independent structural validation.
The combination of different Structural Biology methods has been named
hybrid approaches. The aim of this review is to critically discuss the most
recent examples and new developments that have allowed structure deter-
mination or experimentally-based modelling of various molecular com-
plexes selecting them among those that combine the use of nuclear magnetic
resonance and small angle scattering techniques. We provide a selective but
focused account of some of the most exciting recent approaches and dis-
cuss their possible further developments.
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22.1 Introduction
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post-genomic era. The possibility of using more
than one technique has also suggested new
approaches, which may allow one to combine
results and obtain a better and more complete
picture thus moving further the frontiers of struc-
ture determination. In this review, we will focus
on so-called ‘hybrid’ techniques developed for
solution studies. We will first briefly overview
what can by now be considered classical methods
based on nuclear magnetic resonance (NMR)
techniques to then overview hybrid methods
combining NMR with small angle X-ray scatter-
ing (SAXS). This technique has proven well
suited to provide information on the overall shape
of a molecule and on the non-uniform distribu-
tion of the protein atomic density [1]. Because of
their complementarity, NMR being a higher reso-
lution technique but unable to deliver informa-
tion on big assemblies, SAXS being low
resolution but very effective in the reconstruction
of the overall shapes, the two techniques are
often exploited in combination, as detailed in the
next pages.

There are currently three main applications of
hybrid methods based on these two techniques:
the definition of the relative orientation of multi-
domain proteins, structure refinement of proteins
having sparse distance restraints and the recon-
struction of large molecular complexes [2]. We
will review some examples, discuss the limita-
tions encountered and suggest new directions.

22,2 Why NMR Cannot Do
Everything

The time of structural studies of single domain
proteins has rapidly had its sunset. Most of the
forefront current structural biology projects deal
with multi-domain proteins and large molecular
assemblies, which can be as big as or larger than
the ribosome [3, 4]. These changed priorities
have revolutionized our perspective of the tools
needed for structure determination. A well-
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established way, which quickly approaches its
30th birthday, is to use the so-called cut-and-
paste approach that relies on the minimalistic
approach of cutting a protein/complex into iso-
lated domains/components and solving their
structures and their interactions in isolation. Only
after these are studied, we will want to find ways
to determine the relative orientation of the indi-
vidual parts. Both the two main techniques tradi-
tionally used for structure determination, i.e.,
X-ray crystallography and nuclear magnetic res-
onance (NMR) in solution, have strongly benefit-
ted from this concept although for different
reasons.

The cut-and-paste approach is good in crystal-
lography because it allows cutting away, at least
in a first instance, flexible regions, which could
be difficult to crystallize. It is also helpful in
NMR studies: structure determination with clas-
sic NMR methods solely based on nuclear
Overhauser effects (NOEs) can be very challeng-
ing with large proteins, because, due to slower
rotational diffusion, the line widths increase,
resulting in a decrease of the signal-to-noise ratio
and an increase of resonance overlap up to the
disappearance of the signals [5]. The exact limit
is not simply a function of the molecular weight:
proteins with similar molecular weights can be
observed or not according to whether they are
intrinsically unfolded or rigidly globular. The
limit can anyway be extended by uniformly or
selectively deuterating most of the molecule’s
protons, which effectively ‘dilutes’ out the spin
concentration and increases the T, transversal
relaxation with consequent decrease of the line
widths [6]. Selective labeling, perdeteuration and
the use of TROSY pulse sequences in high-field
NMR spectrometers (900 MHz or higher fields)
have dramatically increased the signal-to-noise
ratio [7].

Besides the molecular weight, another limita-
tion of NMR is encountered when wanting to
determine the relative orientation of multi-
domain proteins. The task is particularly prob-
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lematic when systems do not have a rigid and
extended interface. This is because NOEs are
intrinsically short-range observables [5] (it could
of course be argued that alternative techniques
are not necessarily much better: X-ray crystallog-
raphy can well obtain long-range information but
the suspect can be that the result might be biased
by the very process of crystallization). Residual
dipolar couplings (RDCs) were introduced to
resolve the problem. Internuclear magnetic
dipole couplings contain a great deal of structural
information, but they average to zero in isotropic
solution as a result of rotational diffusion [8].
Tjandra and Bax developed a method in which
alignment of proteins with the magnetic field can
be achieved through the use of weak liquid crys-
talline (LC) media [9]. This induces an anisotro-
pic distribution of orientations that allows
accurately measurement of a wide array of RDCs
[9] which provide a powerful source of orienta-
tional restrains by defining the angles between an
inter-nuclear vector and the axis of an alignment
frame. The alignment frame works as an external
reference and is fixed to the molecular frame of
the molecule. An advantage of this formalism is
that, since RDCs are relative to the molecular
frame, they are independent from the tumbling of
the molecule, hence they pick up motions faster
and slower than rotational tumbling correlation
time of the molecule. This makes RDCs powerful
tools to monitor protein dynamics.

The major disadvantage when using orienta-
tional restrains in the construction of oligomer
models is that for a single set of RDCs and a
structural model exists four combinations of rela-
tive orientation of the subunits in the complex
[10]. This uncertainty can be resolved by collect-
ing a second (or more) data set of RDCs from a
different alignment medium [10]. Not always this
is possible though as not all media are suitable
for all proteins. Another way to get around these
limitations is to combine RDCs with other NMR
observable and builds models from these hybrid
restraints [11-13]. These include not only NOEs,
but also paramagnetic relaxation enhancement
(PRE) and chemical shift perturbation (CSP)
data. SAXS has been used as an alternative or in
combination with these methods.
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22.3 SAXS in Defining Multi-
domain Relative
Orientations

As illustrated by Mertens and Svergun, the analy-
sis of flexible systems by SAXS has received a
great boost by Bernado and collaborators [14]. A
recent study [15] focused on the difficulties asso-
ciated with the interpretation of SAXS curves for
highly flexible proteins. These proteins are at
times identified as rigid from dynamically aver-
aged SAXS profiles unless several indicators are
monitored. The best approach resides in a method
called ensemble optimization method (EOM)
[16] because it provides a reliable measure of the
flexibility of the system under study. In the EOM
approach it is necessary to generate first a large
pool of random configurations and then select
ensembles using a genetic algorithm [16]. When
the Rg distribution of the models in the selected
ensembles is as broad as that in the initial random
pool, the protein is probably flexible, whereas a
narrow Rg peak hints at a rigid system. The com-
bination of SAXS and NMR spectroscopy pro-
vides averages of the entire ensembles of
conformation [17-20]. However, it is very chal-
lenging to identify consistent ensembles, given
the vast number of conformations that can poten-
tially be adopted by flexible proteins. Several
approaches have been developed.

Probably the first examples of using SAXS in
combination with NMR information were pub-
lished back in 1996-1997 in studies aiming at
reconstructing modular proteins from the indi-
vidual domain [21]. Sunnerhagen et al. [21] used
this combination of techniques to study the rela-
tive orientation of Gla and EGF domains in the
coagulation factor X. This is a serine protease
containing three noncatalytic domains: an
N-terminal gamma-carboxyglutamic acid (Gla)
domain followed by two epidermal growth factor
(EGF)-like domains. It was noticed that when
linked to the Gla domain, the Ca** affinity of the
isolated N-terminal EGF domain is increased
tenfold suggesting a cross-talk between the two
domains. Through a study of the NMR solution
structure of the factor X Gla-EGF domain pair
(with Ca** bound to the EGF domain),
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complemented by SAXS data on the Gla-EGF
domain pair (with and without Ca?*), the authors
showed that Ca* binding to the EGF domain
makes the Gla and EGF domains fold toward
each other using the Ca?* site as a hinge.
Presumably, a similar mechanism may be respon-
sible for alterations in the relative orientation of
protein domains in many other extracellular pro-
teins containing EGF domains with the consen-
sus for Ca?* binding. Finally, this study
demonstrated the powerful combination of NMR
and SAXS in the study of modular proteins, since
it combines reliable evaluation of short- (NMR)
and long-range (SAXS) interactions.

Our group used NMR/SAXS shortly after to
build a model of how the multidomain protein
titin is assembled [22, 23]. Titin is a giant muscu-
lar protein and a prototype of a modular protein
containing ca. 300 copies of two all-f sequence
motifs, the fibronectin type 3 and the
immunoglobulin-like modules [23]. An impor-
tant question was (and still to some extent is)
whether titin modules interact with each other or
are loosely connected without intermodule inter-
actions. The question was addressed by assessing
the extent of CSP between modules and measur-
ing by SAXS the maximal distance of constructs
of two- and four-modules. It was concluded that
the linkers connecting the domains in the I-band
are relatively rigid and dictate a total length of the
multi-domain constructs shorter than the one
expected for the sum of the individual domains.

Bertini et al. [19] developed an algorithm to
determine the maximum occurrence (MO) of a
given conformation, or the maximum percent of
time a system spends in a given conformation.
The program, publicly available using the grid
computing infrastructure (https://www.wenmr.
eu/), initially generates a pool of about 10° con-
formations using RANCH [20]. Theoretical
NMR and SAXS data are generated for each con-
formation, using FANTASIAN [24] and
CALCALL [19] to estimate respectively pseudo-
contact shifts (PCS) and residual dipolar cou-
plings (RDC) and using CRYSOL [25] to
calculate SAXS intensities. At this point, a con-
formation (A) is selected and assigned a weight
lower than 100 %. A group of other conformations
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(randomly selected from the initial pool) is added
to this conformation with a weight that is adjusted
to obtain the best fit between experimental and
theoretical data. The program varies not only the
weight of the different conformations, but also
discards and substitutes other conformations
from the pool, with the selection driven by a sim-
ulated annealing protocol. The procedure stops
when the target function (TF) reaches a minimum
value and the MO for A is determined (Fig. 22.1a,
b). This methodology was applied to calmodulin
(CaM), a classic model of a flexible two-domain
protein [reviewed in 26]. The MO of the Ca*
bound (PDB ID: 1CLN, 1CLL, 1PRW) [27-29]
and of the closed peptide-bound forms (PDB ID:
ICDL, 1CDM, 11QS5, INIW, 1YRS, 2BCX,
2XO0G) was evaluated [30-35]. It was concluded
that dumbbell-shape extended conformations as
well as compact conformations have very low
occupancy (MOs in the order of 5-15 %). More
expanded (or, implicitly, more flexible) confor-
mations have MO as high as 35 %, strongly sug-
gesting that these conformations are most
abundant in solution. These results mainly con-
firmed decades of previous studies that had
already established the absence of extended con-
formations of calmodulin in solution [36-38].

A more sophisticated and interesting approach
was implemented by Huang et al. [39] using a
combination of PRE, RDC and SAXS data to
study U2AF65. This protein is essential for spli-
ceosome assembly [40] and is composed by three
RNA Recognition Motif (RRM) domains con-
nected by flexible linkers. PRE studies revealed a
dynamic equilibrium between a predominant
compact “closed” conformation and a less abun-
dant “open” RNA-bound-like conformation [40].
This is a key feature in the recognition of a range
of polypyrimidine (Py) tracts found in human
pre-mRNA introns [40]. However, structures of
the open and closed conformations do not com-
pletely fit SAXS data, indicating that the range of
conformations sampled by U2AF65 in solution is
much wider. To study these large-scale dynamic
modes that are known to play key roles in a mul-
titude of molecular recognition and signaling
processes, the authors used the software
ASTEROIDS [41, 42]. The software maps the
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Fig. 22.1 Orientation tensors centered in the center-of-
mass of the C-terminal domain of CaM are color-coded
with respect to the MO of the corresponding conforma-
tion, from blue (<5 %) to red (>40 %). Two different ori-
entations (panels a, b) of the tensors are chosen to show

conformational space adopted by the protein in
an unbiased way using a sequence-dependent
stochastic sampling algorithm. Experimental
data are used to select from this pool ensembles
of conformations. Instead of optimizing the
weight of a conformer in the ensemble, the soft-
ware uses the genetic algorithm to increase the
number of copies of a specific conformer in the
ensemble in order to obtain a better fitting of the
experimental data.

This is conceptually different from the pro-
cedure adopted by Bertini et al. [19]. The dif-
ference in parameterization allows ASTEROIDS
to perform a robust noise-based Monte Carlo
error analysis, independently from the quality
of the experimental data. The authors used this
approach to map the conformational energy
surface of the first two RRM domains of
U2AF65, inputting RDC, PRE and SAXS data
directly into ASTEROIDS. They concluded
that the two domains are mainly in an extended
conformation while the previously reported
“closed” and “open” forms [40] are adopted
only by one-quarter of conformers (mostly in
the “closed” form). The authors rationalize
their results by suggesting that, even if the
structures of the “open” and “closed” forms dif-

that MO depends on both the relative domain orientation
and the position. A high- (a) and a low-MO orientation (b)
are chosen (Reprinted with permission from Bertini et al.
[19]. Copyright 2010 American Chemical Society)

fer appreciably, they lie within a continuous
ensemble envelope and this could represent a
possible “pathway” of available states that can
flow between the two forms without major
expensive energetic jumps.

22.4 Hidden Interdomain
Information: Direct Structure
Refinement

While reducing spin diffusion, perdeuteration
also reduces the number of the resonances in the
spectrum, including the majority of the reso-
nances necessary for evaluating NOE effects
between interdomain side-chains. In the attempt
to obtaining experimental information that could
compensate for this loss of information, Bax and
co-workers [43] implemented SAXS data in
NMR structure refinement. As in other SAXS
applications, y? statistics were used to evaluate
back-calculated scattering curves during the
molecular dynamic/energy minimization steps.
The cycles of structure refinement were stopped
when convergence, i.e., the minimum of 2, was
reached. To make this procedure “slimmer” from
a time and computational point of view, the
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authors used a “globic approximation”, i.e., they
represented the protein structure by small frag-
ments of 3-9 heavy atoms (previously applied for
X-ray crystallography [44] and SAXS [45, 46]
structure determination) and the SAXS curve by
a limited number of data points. The SAXS data-
fitting module was implemented into the CNS
structure refinement package [47]. Since the first
publication, several structures have been solved
following this approach (PDB ID: 2A5M, 2JQX,
2K4C, 2KX9, 2XDF, 2L5H) [43, 48-51]. Bax
and co-workers tested this approach on
vS-Crystalline [43], malate synthase G (MSG)
[48] and on tRNAY [49].

yS-Crystalline is a two-domain protein of 177
residues. The NMR structure of the protein is
very similar to that of other homologs (each
domain consists of two four-strand f-sheets
arranged in Greek key motifs) solved by X-ray
crystallography. However, the orientation of the
two domains in the NMR structure differs signifi-
cantly due to lack of interdomain NOE restrains.
Refinement including SAXS data allows a better
agreement with the structures of other orthologs.
The two domains pack closer to each other with a
better backbone rmsd as compared to the yB- and
yD-crystalline [52, 53] crystal structure (respec-
tively without and with SAXS data 1.96-1.31 A
and 1.07-0.87 A). No major translations are
detected and only 5.5° rotation of the C-terminal
domain is present when N-terminal domain is
used for structure alignment (Fig. 22.2).

Malate synthase G (MSG) [48] is a challeng-
ing example, since it is an 82 kDa protein and cur-
rently the largest single chain protein solved by
solution NMR. MSG catalyzes the chemical reac-
tion between acetyl-CoA and glyoxylate to form
malate and CoA. The structure of the enzyme was
solved both by X-ray crystallography (PDB ID:
1D8C, INS8I) [54, 55] and NMR (PDB ID: 1Y8B)
[56]. The basic fold of the enzyme is that of a $8/
o8 (TIM) barrel with an N-terminal a-helical
domain flanking one side and a C-terminal
a-helical domain forming a plug which caps the
active site and a o/pp domain with unknown func-
tion. Similarly to the yS-crystalline structure, the
inclusion of SAXS data improved the structure
refinement and allowed an overall improvement
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of the backbone root mean square deviation
(rmsd) compared to the crystal structure (PDB ID:
1D8C) from 4.92 to 1.39 A. A translation of ~4°—
5° for o/ domain and ~3°-4° for the C-terminal
domain between the NMR-only and NMR/SAXS-
refined structures was observed (Fig. 22.3).
Globular domains like the p8/a8 TIM barrel ben-
efit the most from the introduction of SAXS data
to counterbalance the reduction of information
consequent to perdeuteration.

Clore and co-workers [57] used a combination
of NMR and SAXS data for the study of the full
length HIV-1 capsid protein, a challenging sys-
tem that had given a hard time to several struc-
tural biologists. The HIV-1 capsid is a key
component in viral infection. It is composed of
N- and C- terminal domains connected by a flex-
ible linker (Fig. 22.4a) with the N-terminal
domain forming hexameric and pentameric rings
(Fig. 22.4b) and the C-terminal domain forming
homodimers that connect adjacent N-terminal
domain rings [58-62] (Fig. 22.4c). The main
problem encountered was caused by the back-
bone resonances of the linker residues and of
residues at the dimer interface of full length
HIV-1 capsid protein, which are broad because of
monomer/dimer exchange. Similarly to the other
two methodologies described above, the authors
proceeded with mapping the conformational
space sampled by the N-terminal domain relative
to the C-terminal domain using a RDC and
SAXS/WAXS-driven simulated annealing [50,
63]. It was noticed that the relative orientation of
the N- and C-terminal domains does not overlap
between the monomeric and dimeric forms and
hence the authors postulated that oligomerization
acts as a modulator of orientation equilibrium.
Interestingly, intra-subunit interactions were
detected in the monomeric form. These interac-
tions were driven by the accessible hydrophobic
dimerization helix (residues 179-192) of the
C-terminal domain that makes contact with resi-
dues of the N-terminal domain (Glu29 and
Ala31) and the linker region (highlighted by a
circle in Fig. 22.4¢). On the other hand, the HIV-1
capsid protein dimer is characterized by a single
orientation of the C-terminal domain that is in
agreement with the previously solved NMR
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Fig.22.2 Plot of the correlation between SAXS y and back-
bone rmsd to 1AMM (residues 685 and 94-175). These
results show that calculation of a family of structures with the

SAXS data produces an improvement in the structural accu-
racy [43] (Reprinted with permission from Grishaev et al.
[43] Copyright 2005 American Chemical Society)

Fig.22.3 Structural superposition of malate synthase G obtained by the joint fit of SAXS and NMR data (red, PDB ID:
2JQX) [48] and the NMR-only model (blue, PDB ID: 1Y8B) [56]

structure [64] and in contrasts with the crystal
structure [65, 66]. Dimerization of the HIV-1
capsid protein prevents the formation of intra-
subunit interactions. This information is impor-
tant for HIV treatment. Hydrophobic capsid
assembly inhibitors [67, 68] stabilize, through

hydrophobic interactions, the interaction of the
N-terminal domain with the C-terminal one shift-
ing the monomer-dimer equilibrium in favor of
the monomer preventing interaction between
pentameric or hexameric assemblies and block-
ing capsid formation.
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Fig. 22.4 The example of the HIV-1 capsid protein. (a)
Ribbon representation of the full-length monomer
(B-strands, o helices and loops are indicated in cyan,
orange and grey respectively) (PDB ID: 2M8N) [57]. The
N- and the C-terminal domains and the flexible linker
region are highlighted. (b) Surface representation of the
pentamer (the N-terminal and C-terminal domains are
indicated in red and blue respectively) (PDB ID: 3POS)
[60]. (c) Ribbon representation of the full length dimeric
protein (p-strands, o helixes and loops are indicated in
cyan, orange and grey respectively in Chain A and in pale

green, salmon and grey in chain B) (PDB ID: 2MS8L) [57].
The contact between the N-terminal domain of chain A
and the C-terminal domain of chain B is highlighted. (d)
Structural ensembles calculated for the full-length mono-
meric HIV-1 capsid protein. The overall distribution of the
N-terminal domain relative to the C-terminal domain
(light and dark gray ribbons) is displayed as a reweighted
atomic probability plotted at 50 % (blue) and 10 % (trans-
parent red) of the maximum value [57] (Panel d was
reprinted with permission from Deshmukh et al. [57].
Copyright 2013 American Chemical Society)
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Worth mentioning are two other similar
approaches which use a combination of NMR and
SAXS data. Sattler and co-workers [69] imple-
mented in the CNS package an algorithm which
performs a topology refinement of a complex using
previously solved structures which are refined
against SAXS and NMR RDC data. This approach
is based on a first step where the radius of gyration
of the complex is used to refine inter-domain dis-
tances and a second step in which SAXS data at
higher angles are used to define domain positions.
This procedure was tested on the barnase/barstar
complex [69]. The authors developed further this
approach, allowing a combination of SAXS data
with any type of NMR restraints in a standard
structure calculation set-up [70].

The DADIMODO software was initially born
to optimize multidomain homology models using
RDC and SAXS data [71]. The algorithm was
enhanced and extended to allow refinement of
proteins and molecular complexes using NMR
derived distance and orientational restraints [72].
This program introduces “mutations” (y and @
backbone torsion angles are modified by a ran-
dom amount), and performs an energy minimiza-
tion to amend backbone distortions. It then
selects the conformations that converge in an
energy minimum. Survivors of this first step are
fitted versus experimental data, selected and used
again in the mutation step. The number of cycles
is determined by the user. DADIMODO was
tested on the human spire protein (a two WH2
domains protein) and a two-domain fragment of
the ribosomal S1 protein.

22,5 Multi-subunit Complexes

The combined use of SAXS and NMR was
adopted by Parson et al. [73] for the study of
TolR. This protein is part of the Pal/Tol system,
which forms a five-member, membrane-spanning,
multi-protein complex that is involved in several
cellular processes (e.g., bacterial outer membrane
integrity [74], cell division [75]) and is a poten-
tial target for treatment against antibiotic-
resistant bacteria. In this study the authors solved
the NMR structure of periplasmatic domain of
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TolR from Haemophilus influenzae using con-
ventional NOE restrains. According to gel filtra-
tion and light scattering, TolR is a dimer. The
protein has a secondary structure pppapa with f4
pairing up with the other protomer in an antipar-
allel manner and forming an eight-stranded
B-sheet (Fig. 22.5a). The o-helices lie on the
same side of the P-sheet, with a2 from each
monomer oriented in an antiparallel fashion. The
two f-sheet planes of the monomers are twisted
by about 74° respect to each other. The authors
used only RDC and SAXS data to reconstitute
the monomers’ orientation in the dimer. Since
only a single set of resonances is present in the
BN-'H HSQC, the authors concluded that the
TolR dimer must have C, symmetry. There are
only three possible combinations due to the
restriction imposed by this symmetry [76]. If one
monomer (A) is fixed at the origin of the RDC
alignment tensor frame, the orientation of the
other protomer (B) must correspond to the orien-
tation of A rotated by 180° around either of the x,
y or z axes of the external frame (Fig. 22.5b). B
was then translated along each of these orienta-
tions on a 50 A radius sphere, using a Fibonacci
number-based vector grid, generating rings of
spherical distribution of B. Arrangements that
resulted having a backbone rmsd below 0.25 A
[77] were selected, generating 800 possible
dimers. At this point, B was translated towards A
generating dimers with a 2.8 A minimal distance
between the two protomers. Further selection
was obtained by fitting every dot in panel B using
CRYSOL 2.6 [78] against experimental SAXS
data (Fig. 22.5¢c, d). The best resulting model,
with a y>=1.127, has a rmsd of 0.8 A compared
to the TolR dimer solved with conventional NMR
methods. This proved that the methodology suc-
cessfully identified the correct orientation of the
two monomers, even if they have a slight transla-
tional shift between the two domains. The authors
ascribed the success of their studies as compared
to previous attempts using SAXS data alone on
yS-Crystalline [43] to the better signal-to noise of
the SAXS data and to having a C, symmetry.
Similarly, the Wang’s group developed an
algorithm named GASR (Global Architecture
derived from SAXS and RDC) that uses RDC
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Fig. 22.5 (a) Ribbon representation of TolR (PDB ID:  The centers of mass coordinates of domain B are shown as
2JWL) [73]. p-strands, o helixes and loops are indicated  solid dots: blue dots correspond to the case in which Dx is
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pale green, salmon and grey in chain B. (b) Representation  spond to the cases in which the C, axis is along the Dy and
of the possible solutions obtained assuming C, symmetry. Dz axes, respectively [73]. (¢) Plot of the y values from
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and SAXS data to orient subunits and define the
global shape of complexes [2]. They bench-
marked the software using five different case
studies, which included the HIV protease
(homodimeric protein), L11 and yD-Crystallin
(two two-domain proteins, in which the two
domains were treated as two independent inter-
acting proteins), GB1 (weak affinity homodi-
mer), and the ILK ankyrin repeat domain bound
to the PINCH LIM1 domain (high affinity dimer).
GASR uses a rigid body grid search, conceptu-
ally similar to the protocol used by Parson et al.
[73] (Fig. 22.5e). Differently from the approach
described before, GASR runs two grid searches,
the second being a fine search on selected struc-
tures. The selection is based on R,, Dy, and
D..in, Which are, respectively, the radius of gyra-
tion, the maximum and the minimum linear
dimensions between heavy atoms within the two
subunits. R, and D, are easily estimated from
experimental SAXS data. D, is set to 1.5 A for
covalently (two domains proteins) linked pro-
teins or to 3.0 A for transiently interacting pro-
teins, similarly to Parson et al. [73] that used 2.8
A. Models generated during the second step are
analyzed using a probability distribution.

A genuine de novo model generated with
GASR was recently published by Hirano et al.
[14]. In their NMR study of the conformational
dynamics of Lys48-linked di-ubiquitin, the
authors used GASR to determine the relative ori-
entation and position of the two ubiquitin sub-
units in a cyclic Lys48-linked di-ubiquitin. The
best model generated by the program revealed
that the solution structure of cyclic Lys48-linked
di-ubiquitin bears a close resemblance to previ-
ously reported crystal structures of the non-cyclic
counterpart.

Wang et al. [15] applied a procedure similar to
that implemented in GASR for the oligomeriza-

<

tion study of CCLS5. This protein is a pro-
inflammatory chemokine, which has a propensity
for aggregation and is essential for migration in
vivo, T cell activation and apoptosis, and HIV
entry into cells. Previous structural studies had
not explored the quaternary conformation of
CCLS5 higher order oligomers. Initial analysis of
NMR, SAXS and DLS data suggested that CCL5
is mainly a tetramer in solution, with the pres-
ence of hexamer species. The model generated in
this work was obtained through a simple grid
search restrained by the symmetry and shape of
the tetramer, using a procedure similar to that
described by Wang et al. [2]. Model were selected
using SAXS data and a favorable binding surface
using a residue-pairing score [16]. Due to the
presence of tetramer-hexamer equilibrium, the
hexamer model was produced by adding an addi-
tional dimer unit to the tetramer, duplicating the
initial dimer-dimer interface. The tetramer-
hexamer ratio was adjusted using OLIGOMER
[79] to find the best fit to the SAXS data. The best
model fitted the SAXS data with a y*=1.13 when
using 40 % tetramer and 60 % hexamer. This
model forms a tetramer interface which pairs p2
of a protomer in dimer A with the a helix of a
protomer in dimer B. NMR cross saturation
experiments were used to confirm the inter-dimer
interface defined in the grid search.

The study by NMR of RNA-RNA complexes
presents several difficulties mainly attributable to
their elongated structures. The number of hydro-
gen atoms in RNA is small as compared to pro-
teins leading to a considerably reduced proton
spin density. NOE experiments are in general
rather insensitive and lack of signal dispersion
complicates resonance assignment. Although dif-
ferent RDC datasets should always be recorded
using different alignment methods, different
media give rise to similar alignment tensors for

Fig. 22.5 (continued) experimental SAXS data versus the
rotation angle. The positions of the three best fitting
geometries are shown in magenta, cyan, and green [73].
(d) Fit of the three dimer geometries to the experimental
scattering data (black dots) with the color scheme match-
ing panel ¢ [73]. (e) Illustration of spatial search used in
the GASR program for a two-subunit protein in a spheri-
cal polar axis system. Shown here are the two subunits of

the HIV-1 protease. Subunit A in red is fixed at the axis
origin, while subunit B has three discrete possible orienta-
tions, depicted in magenta, green and blue “translated”
around subunit A without “change in orientation relative
to subunit A” [96] (Panels a—c were reprinted with per-
mission from Parsons et al. [73]. Copyright 2008
American Chemical Society)
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RNA and do not resolve orientation degeneracy
[80]. SAXS-aided procedures thus play a major
role in the study of RNA-RNA complexes. GASR
was tested on a 30 kDa homodimeric tetraloop-
receptor RNA complex [81], which is a com-
monly occurring RNA tertiary structural motif
involved in helical packing [82]. This complex
structure was previously solved (PDB ID: 2JYJ)
using conventional NMR spectroscopy [83, 84].
The rmsd between the best SAXS-defined dimer
and the PDB file 2JYJ was found to be 0.4 A indi-
cating a clear consistency between the two struc-
tures. The interaction interfaces were also almost
identical including hydrogen bonds and base
stacking. The authors stressed the importance of
using SAXS data for structural refinement and
the substantial difference of the final SAXS-
refined model from the model generated without
SAXS information, which is much shorter with
an rmsd between the two models of 3.2 A.

22,6 A Case Study:Frataxin
and the Iron-Sulfur Cluster
Machinery

One of the main ongoing projects in our group is
the study of Friedreich’s ataxia, a relentless and
currently incurable neurodegenerative disease
[85]. This disease is caused by a reduced expres-
sion level of frataxin, an essential iron-binding
protein highly conserved from bacteria to humans.
Using the bacterial frataxin ortholog, CyaY, we
showed that CyaY participates in iron-sulfur (Fe-
S) cluster assembly as an iron-dependent inhibitor
of cluster formation, through binding to the desul-
furase IscS [86]. We proposed that frataxins are
iron sensors that act as regulators of Fe-S cluster
formation to fine-tune the quantity of Fe-S cluster
formed to the concentration of the available
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acceptors [86]. This is a highly conserved
machine, which ensures the formation of these
essential prosthetic groups and their transfer to
the final acceptors. Central to the machine are the
two components IscS and IscU (using the bacte-
rial name or Nfs1 and Isu in eukaryotes). IscS is a
PLP-dependent cysteine desulfurase, which deliv-
ers sulfur for Fe-S cluster synthesis to IscU, a
Fe-S scaffold protein on which the Fe-S cluster is
assembled [87, 88]. To support our enzymology
studies with structural evidence, we resolved to
model the IscS-IscU complex bound to frataxin
using the bacterial proteins. To obtain a molecular
description of the IscS-IscU-CyaY complex
(where CyaY is the bacterial ortholog of frataxin),
we first tried to crystallize the binary complexes
obtaining good quality crystals under several dif-
ferent conditions. Unfortunately, they contained
only IscS [89]. We thus used an alternative
approach based on NMR restrained molecular
docking simulations validated by experimental
SAXS data. CSP data were used to identify the
CyaY and IscU surfaces of interaction with IscS
using 2H, "N double-labeled CyaY (or IscU) and
titrating these proteins with IscS (Figs. 22.6a, b).
The interaction surface of IscS was defined by
titrating 2H, N double-labelled CyaY (or IscU)
with carefully designed IscS mutants, chosen to
target residues that could potentially affect the
interaction. The docking software HADDOCK
[90], which allows the use of “protein interfaces
in ambiguous interaction restraints” (AIRs) to
drive the docking process, was used to model the
ternary complex. Models were then scored and
experimentally verified using SAXS data (Fig.
22.6c). Publication of the first high-resolution
structure of the IscS-IscU complex gave us confi-
dence in our procedure [91].

Our model also clarified whether frataxin
interacts with IscS or with IscU. The question

»

Fig. 22.6 (continued) (PDB ID: 1SOY) [96]. Helical and
f-sheet regions are indicated in orange and cyan respec-
tively. The side chains of the residues involved in IscS
binding are explicitly shown in blue. (¢) Comparison of
the SAXS densities superposed to the crystal structures of
IscS (PDB ID: 1P3W) [97] for IscS alone, IscS/IscU,
CyaY/IscS and CyaY/IscS/IscU. Regions with additional

density in the binary and ternary complexes are high-
lighted in red or yellow ovals. (d) Final ternary model of
the IscS, IscU and CyaY complex. CyaY is shown as a red
ribbon while the two subunits of IscS homodimer and
IscU are shown respectively as violet, pink and cyan
molecular surfaces. The side chain of the conserved Trp61
of CyaY is shown in blue



22 Application of Nuclear Magnetic Resonance and Hybrid Methods to Structure... 363

105
110

-k
—_
W

125
130
135

BN (p.p.m.)
3

IscS-IscU

Fig. 22.6 Modeling the ternary complex of IcsS/IscU/
CyaY. (a) Comparison of the NMR HSQC spectra of "N
labeled CyaY recorded at 25 °C and 800 MHz in the absence

(red) and in the presence (black) of unlabeled IscS (at a pro-
tein ratio of 1:0.8). Residues affected by the titration are
marked. (b) Ribbon representation of the CyaY structure
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was raised because while a direct interaction
between human frataxin and the eukaryotic
ortholog of IscU had been previously reported
[92], experiments on the bacterial proteins had
proved negative. We showed experimentally that
CyaY packs mainly against IscS while limited
interactions with IscU are possible but only in the
context of the ternary complex [93] (Fig. 22.6d).
Interestingly, the contact surface between CyaY
and IscU involves Trp61 of Cyay, a highly con-
served residue that is known to be indispensable
for the binding of human frataxin with Isu [92].
Our model also indicates that formation of the
IscS-IscU-CyaY complex does not require the
presence of iron, in contrast to previously pub-
lished data on the yeast frataxin [94]. On the
opposite, the surface of interaction involves
direct recognition of a highly negatively charged
region of CyaY by a positively charged patch on
IscS, thus strongly suggesting that an active role
of iron in complex formation is unlikely.

More recently, we applied the same procedure
to the study of the Fe-S cluster core machinery
(IscS-IscU) in the presence of ferredoxin show-
ing that this protein competes with the same
binding site previously determined to accommo-
date CyaY [95].

22.7 Conclusions

It is clear that the future of Structural Biology
relies on the combination of different techniques
rather than the development of one unique meth-
odology with the hope that this could solve the
incredible complexity of Biology. Hybrid meth-
odologies seem to provide a flexible and
adaptable answer, which is worth expanding and
potentiating. We thus hope that this review con-
tributes to spreading the information and encour-
ages always new groups to develop novel and
more powerful approaches to the study of com-
plex systems by NMR.
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