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Abstract: Structural biology provides essential information for elucidating molecular mechanisms
that underlie biological function. Advances in hardware, sample preparation, experimental meth-
ods, and computational approaches now enable structural analysis of protein complexes with
increasing complexity that more closely represent biologically entities in the cellular environment.
Integrated multidisciplinary approaches are required to overcome limitations of individual methods
and take advantage of complementary aspects provided by different structural biology techniques.
Although X-ray crystallography remains the method of choice for structural analysis of large com-
plexes, crystallization of flexible systems is often difficult and does typically not provide insights
into conformational dynamics present in solution. Nuclear magnetic resonance spectroscopy
(NMR) is well-suited to study dynamics at picosecond to second time scales, and to map binding
interfaces even of large systems at residue resolution but suffers from poor sensitivity with
increasing molecular weight. Small angle scattering (SAS) methods provide low resolution informa-
tion in solution and can characterize dynamics and conformational equilibria complementary to
crystallography and NMR. The combination of NMR, crystallography, and SAS is, thus, very useful
for analysis of the structure and conformational dynamics of (large) protein complexes in solution.
In high molecular weight systems, where NMR data are often sparse, SAS provides additional
structural information and can differentiate between NMR-derived models. Scattering data can
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also validate the solution conformation of a crystal structure and indicate the presence of confor-
mational equilibria. Here, we review current state-of-the-art approaches for combining NMR, crys-
tallography, and SAS data to characterize protein complexes in solution.

Keywords: nuclear magnetic resonance spectroscopy; small angle X-ray scattering; small angle
neutron scattering; structural biology; multidomain proteins; protein complexes

Introduction

Recent technological advances in structural biology,
for example, synchrotron radiation,
improved detectors, ultrahigh-field nuclear magnetic
resonance spectroscopy (NMR) magnets, cryogenic
NMR probes, direct electron detectors, and improved
computational tools have been driven by the chal-
lenges imposed by understanding ever more complex
systems that mediate cellular biological activity. To
understand how these protein complexes fulfill their
critical roles in cellular pathways and their relation
with disease high-resolution structural information
is required. In eukaryotic systems, proteins are often
comprised of several (structurally independent)
domains connected by flexible linkers that ensure
conformational flexibility and adaptability for molec-
ular interactions.! The inherent conformational
dynamics associated with such proteins poses a chal-
lenge for structural analysis using X-ray crystallog-
raphy. Crystallography is powerful in providing
precise structural information for protein assemblies
of stunning complexity, such as the ribosome,?? exo-
some, fatty acid synthase,® RNA polymerase and its
interactions,®® Argonaute proteins,!®'2 the protea-
some'®1® to name a few. However, the pictures
obtained are static snapshots and crystallography
can often not unravel mechanistic features relating
to the intrinsic dynamics of these complexes, which
is intimately linked with their functional activity
(e.g., 7). Structures of large systems, where the pres-
ence of flexible and intrinsically disordered regions
(IDRs) renders crystallization difficult, can be effi-
ciently studied using cryo-electron microscopy (EM).
Recent advances in electron technology, that is,

direct electron detectors, now increase the resolution of
16-19

intense

EM reconstructions to 34 A in favorable cases.
Moreover, large domain or subunit conformational
variability and/or dynamics detected.?®
Nevertheless, flexible and disordered regions and
conformational flexibility at the level of secondary
structure elements and smaller domains escapes EM
detection.

NMR has contributed greatly to understanding
dynamics of large systems®'2® due to recent meth-
odological advances for optimized isotope labeling
and deuteration®2® and NMR methods.?"** With
increasing flexibility and specifically when studying
intrinsically disordered proteins (IDPs), solution
NMR is the only method available to obtain high-
resolution information on transient structures, con-

can be
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formational dynamics at various time scales, and
weak molecular interactions, for example, 34-40,
and see later.

With increasing molecular weight, NMR data
are more and more difficult to obtain. Here, small
angle scattering (SAS) can provide additional
restraints for NMR-based structure calculations or
for the validation of structural models derived from
sparse (NMR) data. The combination of SAS and
NMR is especially fruitful for studying large protein
complexes in solution. In this review, we aim to out-
line and illustrate the power of integrated structural
biology approaches specifically the combination of
NMR spectroscopy and SAS experiments in the
study of complex biological systems.

Structural Information Provided from NMR
Spectroscopy and SAS

A comprehensive review of NMR methodology and
SAS techniques is beyond the scope of this review.
Therefore, recent advances will be briefly summar-
ized focusing on the complementarity of the two
methods, while for more detailed overviews on NMR
and SAS we refer to recent reviews.*'™® Advances
in NMR to study large systems have been tremen-
dous in the last decade. The intrinsic low sensitivity
of NMR has several reasons. With increasing molec-
ular weight of a biomacromolecule, its molecular
tumbling in solution slows down. As a result trans-
verse relaxation rates, which are inverse propor-
tional to the NMR line widths increase and, thus,
the signal-to-noise at the maximum signal intensity
is reduced. This sensitivity problem is addressed by
several means. (i) Optimized isotope labeling and
deuteration strategies reduce the amount of protons
and, thus, relaxation pathways thus reducing the
efficiency of relaxation (and thus the signal-to-
noise).2>?8 (ii) Transverse relaxation optimized pulse
sequences reduce relaxation especially for large deu-
terated proteins.2313349 (ijj) The introduction of
residual dipolar couplings (RDCs) to determine
structure and dynamics of proteins, their larger
complexes and IDPs.?°2 (iv) The use of paramag-
netic effects from spin labeling or lanthanide bind-
ing tags (LBTs) to obtain long-range distance
restraints.’®®8 (v) Developments in computational
methods for structure calculation improves reliabil-
ity of structural models of proteins and complexes,
especially if experimental data are sparse.’-?7-59-61
Efficient tools are available for data-driven docking
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of proteins and nucleic acids (e.g., HADDOCK®2),
and for de novo structure calculation of proteins
with sparse NMR data, for example, CS-
ROSETTA.%3¢* In short, biological NMR spectros-
copy has seen dramatic methodological advances
and now also contributes to structural biology of
large complexes.

In the last 2 decades, SAS has become a major
method in structural biology due to great advances
in hardware, methods, and efficient software tools
for data analysis and modeling. Provided monodis-
persity of a sample measured SAS can provide infor-
mation for the overall shape of a macromolecule or
assembly in solution, independent of size, and com-
position. Small angle neutron scattering (SANS)%>-¢6
especially in combination with contrast variation
and perdeuteration of selected components of a com-
plex can reveal the position of each subunit within a
complex as has been demonstrated already 25 years
ago with the ribosome of Escherichia coli.5"®® Allo-
steric conformational changes can be studied in
detail and the complementarity of SAS data to crys-
tallographic structures is well established.** SAS
data acquisition and analysis has been made accessi-
ble to users due to continuous improvement of anal-
ysis software®® and the availability of small angle X-
ray scattering (SAXS) at synchrotron beam lines
and home sources. Technical advances enabled high-
throughput measurements’® and lead to on-line size-
exclusion-chromatography-multiple-angle-laser-light-
scattering-SAXS set-ups at synchrotron beamlines,
for example, at ESRF (Grenoble, France) and EMBL
(Hamburg, Germany). As data processing and inter-
pretation is critical and structural information
derived from SAXS data is highly ambiguous, guide-
lines for the presentation, and validation of SAS
data have been established, similar to what has
been implemented by crystallography and NMR
communities.”™® Furthermore, efforts have been
made to reduce the user-bias during SAXS data
processing and SAXS-based modeling.”*™

Combining NMR and SAS to Study Protein
Complexes

The complementarity of NMR and SAS to study
(large) protein complexes in solution is well-
recognized. Where NMR faces size limitations and
data become sparse with increasing molecular
weight it can still provide high-resolution informa-
tion from paramagnetic and orientational restraints
to define domain and subunit arrangements. SAS
has no such size limitations and yields low resolu-
tion structural information and subunit arrange-
ments (Fig. 1). Observables that are readily
accessible by NMR also for high molecular weight
complexes are chemical shifts for binding interface
mapping, RDCs to define domain/subunit orienta-
tions, and long-range distance restraints from spin
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labels covalently attached to a cysteine (e.g., a
nitroxyl spin label can attenuate NMR signals for
spins up to 20-25 A away from the paramagnetic
center®®) or from paramagnetic cosolutes to identify
binding interfaces shielded from solvent®®7%77
(Fig. 1).

Binding interface mapping based on chemical
shift perturbations (CSPs) exploits the dependence
of NMR resonance frequencies on the local electronic
environment of the nuclear spins. Chemical shifts
are obtained from simple and sensitive NMR experi-
ments, such as heteronuclear 'H,'®N or 'H,**C cor-
experiments. An 'H,®N
experiment, for example, correlates the proton and
nitrogen Larmor frequencies for all amide groups
along a polypeptide chain and, thus, represents an
NMR fingerprint of a protein. When a binding inter-
face interacts with a ligand or another protein, its
environment changes and the amide signals of resi-
dues located in this region will experience changes
in their NMR frequencies, that is, CSPs. In case of
allosteric conformational changes, residues remote
from the binding site can also exhibit CSPs. Such
indirect affects have to be considered, when analyz-
ing CSP data, but they are, conversely, an excellent
indicator for the presence of allosteric effects and
conformational changes associated with ligand bind-
ing. Analyzing CSPs is very sensitive and even with
large complexes binding interface mapping can be
readily performed. For high molecular weight sys-
tems, however, proteins need to be deuterated and
methyl groups are monitored as they provide greater
sensitivity. CSPs can provide structural models that
can be further probed by mutational analysis.”®
Especially for larger complexes, SAS data can pro-
vide information about the overall shape and the rel-
ative positioning of subunits within the overall
shape. Here, SANS using subunit-selectively deuter-
ated samples in combination with contrast matching
yields valuable structural information®® (Fig. 2). Let
us assume a ternary protein—protein-RNA complex
of rather large size (e.g., protein A 50 kDa, protein
B, 100 kDa, and a small 20 nucleotide single-
stranded RNA). SAXS data yields the overall shape
of the complex. SANS data of a sample, where pro-
tein A is perdeuterated, protein B and RNA proto-
nated yields information about the positioning of
protein A, and RNA within the complex when
recorded in 42% D50 solution, and of proteins within
the complex at 70% D>0O. This is due to the fact that
the (average) scattering density of a protonated pro-
tein matches the scattering density of the buffer at
42% D50, while the scattering density of RNA
matches the buffer at 70% D50. At 70% D>0O, proto-
nated protein A has a positive contrast, whereas
protein B has a negative contrast. The measure-
ments should be repeated with a sample with per-
deuterated protein B and protonated protein A. The

relation correlation
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Figure 1. Complementarity of NMR and SAS illustrated with a multiprotein RNA complex. (A) The example shown assumes a
complex comprised of five macromolecules, namely monomeric proteins (green, pink, and brown), a protein with two domains
connected by a flexible linker (blue), and one RNA molecule (red). (B) Crystallization of the complex may yield a high resolution
structure, which, however, may represent a non-native conformation stabilized in the crystal (indicated by the lack of domain
motion in the blue protein). NMR together with SAXS and SANS data can provide the conformation and domain arrangements
in solution structure by combining high-resolution information available for individual domains with NMR and SAS data. (C)
NMR CSPs and cross saturation experiments map binding interface between components, solvent PRE (sPRE) data identify
binding interfaces shielded from solvent in the complex, RDCs help to define the relative orientation of subunit and domains,
PREs provide long-range distance information >20A. NMR relaxation data provide information about internal motion, for exam-
ple, linker flexibility and domain dynamics in the blue protein. (D) SAXS experiments yield a low resolution envelope of the entire
complex, while contrast matching with SANS provides information about placement (center-of-mass distances between subu-
nits) and shapes of subunits within the overall complex). The combination of NMR and SAS data with available high-resolution
structural data for subunits and domains defines the native solution structure of the complex.

more subunits are present in a complex, the more
samples need to be prepared to obtain SANS data
for all possible combinations. Note, that deuteration
is also required for NMR measurements and, thus,
protein complexes comprising subunits with NMR
isotope labeling (*°N,'3C) and deuteration can be
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directly used as well for SANS measurements. As
neutron scattering does not damage the protein sam-
ples, they can be subsequently reused for additional
NMR measurements. From SAS data alone, an ab
initio bead model of the complex can be calculated,
where the positions of the individual subunits
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Figure 2. Utility of subunit-selective deuteration of protein complexes with SANS measurements. (A) A ternary complex, con-
sisting of protein A (blue), B (orange), and RNA (red) is assumed. (B) In 0% D,O solution without any deuteration SANS does
provide information about the overall shape of the complex, comparable to SAXS (but with lower sensitivity). (C) In 42% D,O
solution, deuterated protein components have a positive contrast, while the protonated components match the contrast of the
buffer and are “invisible.” Under these conditions the shape and center-of-mass distances between the deuterated component
and the RNA can be determined. (D) In 70% D,0O solution, the contrast of RNA is matched by the buffer, and the shape and
center-of-mass distances between the deuterated components (positive contrast), and protonated components (negative con-

trast) can be determined.

within the overall shape are provided. However, the
orientation of the subunits and their binding interfa-
ces remain elusive. Here, NMR derived CSPs can
provide such information (Fig. 1). Contrast matching
in SAXS is usually difficult due to the small differ-
ences in contrast, although a study has been pub-
lished recently were this possibility was exploited by
incorporating heavy-atom labels in 65% aqueous
sucrose buffer into the protein and SAXS data was
combined with RDCs.”™

More precise information can be obtained if
CSPs and SAS data are complemented with RDC
data, which provide orientational restraints, for
example, about relative domain orientations (Fig. 1).
RDC data are obtained from weakly aligning a pro-
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tein in dilute anisotropic phase (e.g. phages,
micelles, polyethyleneglycol (PEG) mixtures®:52:80-
82) which themselves align in the static magnetic
field of the NMR magnet. RDCs are measured as an
additional contribution that adds or subtracts to the
splitting of NMR signals due to scalar J-couplings in
the weakly aligned state. The RDCs yield informa-
tion about the orientation of a bond vector which
reports on the RDC (e.g., H'—N) relative to the
principal axes of an alignment tensor, which is
obtained and fitted from the experimental RDC
data. As all subunits in a rigid complex will have
the same alignment tensor, the orientation of the
(HN—N) bond vectors in the individual subunits or
domains define their relative orientation. Typically
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Figure 3. Utility of spin labeling to map interdomain distan-
ces from PREs. (A) If protein A is spin labeled (i.e., with a
nitroxyl group), PREs lead to an attenuation of NMR signals
in the paramagnetic state, which can be detected for the iso-
tope ("°N and/or "3C)-labeled protein B for distances up to
20-23 A. Inverting spin labeling and isotope labeling yields
complementary information (right). (B) Placement of the spin
label is critical. It is important to place the spin label close to
the interface to maximize the number of interdomain PRE
effects. However, if the spin label is placed within interface it
may interfere with complex formation. Spin labeling at sites
remote from the interface will not yield many interdomain
PREs, but information from this spin label will still provide
useful information as “repelling” restraints, as the lack of any
observable PRE indicates that any spin in protein B must be
>20 A away from the paramagnetic center in protein A.

at least 20 RDCs are required per domain/subunit to
reliably define the relative domain arrangements.
Note, however, that this approach assumes the
absence of significant domain motion (see later).
RDC data from more than one alignment medium
are desirable to reduce ambiguities and increase the
precision of orientation information. Thus, RDCs are
extremely useful and complementary to SAS data.
Long-range distance restraints can be derived
from paramagnetic relaxation enhancements
(PREs, 32787 Fig. 1).5357:588889 The gide chain thiol
group of cysteines can be used to chemically attach
a so-called spin label (i.e., paramagnetic compounds
with a stabilized electron radical such as a nitroxyl
group). The spin label should be switchable between
a paramagnetic and a diamagnetic state. In the par-
amagnetic state, all signals of residues being up to,
for example, 20 A away from the paramagnetic cen-
ter are attenuated depending on the distance (for a
nitroxyl spin label®®). Obtaining PRE data from mul-
tiple spin labeled samples, where spin labels are
attached at different sites are important to obtain
reliable structural information. PREs provide a net-
work of long-range distance restraints that allow to
define relative domain arrangements [Fig. 3(A)]. For
site-specific spin-labeling single-cysteine variants of
the protein studied are necessary, where native cys-
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teines are replaced by alanine or serine, while single
cysteines are introduced at the surface of the protein
to avoid any effects on the structural integrity of the
protein. The site of attachment for the spin label is
critical, as it should neither be placed too close to an
(expected) binding interface, as it can interfere with
complex formation, nor should it be too far away, in
which case no interdomain distances are obtained
[Fig. 3(B)]. Preliminary models obtained, for exam-
ple, from combining CSPs with HADDOCK modeling
may minimize these risks and support a rational
design of spin labels possible. Especially, the use of
methyl TROSY experiments®1%° allows the measure-
ment of PRE data even for large complexes.

Another strategy to obtain long-range distance
restraints is by LBTs, which provide not only PRE
effects but also additional orientational restraints,
from RDCs and pseudocontact shifts.?®°? The most
straightforward approach is for metal-binding pro-
teins, where the native metal ion can be exchanged
with the lanthanide.? It is, however, more challeng-
ing for nonmetal binding proteins, where different
strategies to introduce an LBT have been proposed
and successfully tested (e.g., artificial metal binding
motifs in native protein scaffolds,®® coexpressed
tags,? engineering encodable tags into loop regions
of proteins,”® or using CLaNP chelators®®).

Structural information for protein complex
derived from paramagnetic spin labeling or LBTs for
one binding partner of the complex are calibrated
and validated by analyzing intradomain effects, that
is, monitoring PREs induced by the spin label to the
NMR signals in the same domain or subunit which
is spin labeled. Also, considering that the spin label
is often not rigidly attached and the cysteine side
chain where it is attached to may exhibit conforma-
tional dynamics, the paramagnetic effects and
restraints derived thereof are considered as averages
of a conformational ensemble. To derive distance
restraints from PRE data the internal correlation
time of the electron-nuclear spin vectors needs to be
known, while the internal flexibility of the spin label
should be taken into account in structure calcula-
tions by using ensemble-averaged restraints.®® Note,
that the use of PREs to define domain arrangements
assumes the presence of a rigid and compact struc-
ture, that is, the absence of substantial domain
motions, which may modulate the PREs. The pres-
ence or absence of such motions can be detected
from NMR relaxation measurements, using covalent
attachment of paramagnetic tags to one of the
domains or subunits and/or from SAS data.

Solvent PREs, that is, PREs induced by screen-
ing of a protein surface by a chemically inert, solu-
ble spin label provide additional ways to identify
binding interfaces in molecular complexes.?®’® The
surface of an isolated subunit of a complex will be
screened in solution by the paramagnetic cosolute,
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resulting in PRE effects for residues at or close to
the surface. When this subunit is bound to its inter-
action partner, residues located in the binding inter-
face are no longer accessible to the spin label and
thus reduced PREs are observed. The solvent PRE
can also be interpreted quantitatively to provide
restraints in structure calculations, as has been
implemented in an Aria/CNS structure calculation
protocol.?®

Cross-saturation effects also provide information
about binding interfaces.®” Here, the effect of spin
diffusion is exploited. Saturation of proton magnet-
ization of an unlabeled component is transferred to
protons of the labeled component of the complex by
dipolar cross relaxation. As these interactions are
strictly mediated through space and fall off with
increasing distance between the spins involved only
direct effects are observed for residues in the bind-
ing interface. Thus, indirect effects due to allosteric
conformational changes which, for example, influ-
ence CSPs are avoided, rendering cross-saturation
experiments as useful complements to CSP analysis.

For structure calculations SAS data can be com-
bined with NMR data in three different ways, (i)
models derived from NMR data can be scored
against the SAS data, (ii) a grid search of conforma-
tional space against a target function that includes
NMR and SAS energy terms, and (iii) direct refine-
ment against experimental SAS data implemented
in simulated annealing protocols already used for
NMR data alone.

On the yet few studies reported on large sys-
tems the first method is the most common, perhaps
as it is the easiest to implement in practice. For
example, SANS data have been successfully used to
validate an NMR-based model of K-turn U4 RNA.%
Here, scattering data confirmed that unbound RNA
does not form the sharply kinked conformation,
which is present in the protein bound form. More
recently, an impressive example for the combination
of NMR and SAS data has been reported with the
structural analysis of the box C/D enzyme involved
in ribosomal RNA methylation.®® The authors have
combined PRE-derived distance restraints and
chemical shift analysis to obtain NMR-derived struc-
tural models. These models where then scored and
selected against SAXS and extensive SANS data to
determine the overall assembly of the 390 kDa mul-
tidomain protein-RNA complex. We recently
explored whether the structure of a ternary protein—
protein-RNA complex can be defined solely based on
CSP data.!® Structural model obtained using HAD-
DOCK and CSP data were clustered and scored
against SAXS and SANS data.!°® Although SANS
and SAXS data were able to discriminate between
different models, the best model which fitted best all
experimental data shows still substantial differences
to a crystal structure of the complex, indicating that
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CSP data alone even when combined with SAS data
are not sufficient to obtain reliable structural mod-
els. When a more comprehensive set of NMR
restraints is combined with SAS data reliable struc-
tural models can be obtained, as exemplified with
the DH-PH module in complex with nucleotide-free
RhoA, where cross-saturation and RDCs have
improved structural models.'%?

Grid-search procedures for combining NMR and
SAS data have been developed and used to combine
the structures of two single domains to model the
structure of the native tandem domain system.!®3
While the orientation derived from RDCs of both
domains toward each other is kept constant, they
can be translationally moved within a grid in all
three-dimensions. Resulting models are fitted
against the experimental restraints. This combina-
tion has been extended to model the structure of a
102 nucleotide long RNA.1%*

The third approach, where NMR and SAS data
are used in joint refinement has been introduced by
Grishaev et al.,'®® where individual domains of yS
crystallin have been successfully modeled using
RDCs and SAXS data simultaneously. The spherical
symmetric shape and similar size of both domains
make it difficult if SAXS data are used without sup-
plying RDCs, and significant improvements were
obtained on combining RDCs and SAXS data. The
utility of this approach has been shown for large sin-
gle chain proteins, for example, the 82 kDa protein
malate synthase G'° or in the structural analysis of
the 128 kDa enzyme I dimer.!07-108

An alternative approach for direct refinement
that is computationally more efficient has been pro-
posed by Gabel et al. Here, individual domains of a
complex structure or multidomain protein are
treated as rigid-bodies and the complex is refined by
using orientational restraints derived from RDC
data and shape information from a polynomial fit of
the SAXS curve. In the case of a two domain system,
a restraint for the distance between the center-of-
mass of the two domains can be derived from the
radius of gyration.'%%~
fixed orientation and distance is then determined
from higher angles of the scattering curve. This pro-
tocol has also been incorporated into the CNS
system.110

When studying high molecular weight com-
plexes and high-resolution crystal structures of the
complex or subcomplexes are available, it is impor-
tant to validate the crystallographic structures by
solution experiments, such as SAS, NMR, or fluores-
cence measurements to confirm that the crystal
structure reflects indeed the solution conformation.
In case of differences, NMR can help to identify
their origin and provide a solution structure by
combing the crystallographic structure with solution
data, 40112

Hl The domain positions with
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Thus, Crystallography, NMR, and SAS can be
efficiently combined in the study of large complexes.
For example, if only parts of the complex can be
crystallized due to weaker binding to other compo-
nents, NMR and SAS can be used to obtain a com-
plete picture of the complex in solution. A beautiful
example is a structural investigation of the comple-
ment factor H of C3b on self surfaces, where X-ray,
SAS, and NMR data has been combined to validate
the complex in solution and to confirm protein inter-
faces by CSPs.!1?

Combining NMR and SAS to Study Complexes
or Multidomain Proteins with Flexible Linkers
X-ray crystallography often fails with systems,
which have flexible linkers or other intrinsically
unstructured regions. In some cases, these regions
may become structured and rigid on complex forma-
tion and may still be crystallizable. However, in
many cases, the presence of such IDRs prevents
crystallization. Nevertheless, the flexible linkers
connecting individual structural domains often play
essential roles for the kinetics of complex formation
and the regulation of molecular interactions of mul-
tidomain proteins. This has only been realized in
recent years as solution techniques such as NMR
and SAS have provided this kind of information that
often was not visible from available crystal struc-
tures of truncated proteins, where flexible linkers
have been removed. Deletion of flexible linkers will
alter the available conformational space and, thus,
the domain arrangements during -crystallization.
Also, crystal packing forces may trap a non-native
conformation in the crystal lattice, when the
domain—domain interactions involved are weak. One
recent example is the structure of the splicing factor
U2AF65, where it has been shown that the domain
orientation in solution is different from the initially
proposed crystal structure. %114

Analysis and interpretation of SAS data is also
complicated with increasing number of flexible resi-
dues and regions. If structural domains of a protein
or complex have no fixed arrangement toward each
other, a single structural model will not fit the scat-
tering curve and a structural ensemble has to be
used to approximate the scattering curve.88115-116
Conversely, this information can be very useful as
NMR and SAS data can provide information about
spatial limitations in movements for two or more
domains. To this end, SAS data have been success-
fully combined with RDCs'%® or pseudocontact
shifts.'*” Computational tools are available to gener-
ate or fit an ensemble based on the combination of
SAS and NMR.!16:118119 NMR relaxation data, which
can be measured to obtain rotational correlation
times and residue-wise dynamics have been com-
bined with SAXS to obtain a structural ensemble of
a tandem domain protein.!>120-122 Algo, RDCs give
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insight into the dynamic state of regions or residues
within a polypeptide chain, where negative RDCs
indicate random coil and positive RDCs structured
regions, 123124

Understanding the structure and dynamics of
multidomain proteins becomes increasingly relevant
in biomedical research as they play key roles in
physiological processes and malfunction often leads
to disease. Structural information is very scarce and
are often based on a divide and conquer approach
with no information about the domain arrangement.
For example, different domains in a multidomain
protein may be involved in binding distinct ligands
or recruiting a substrate to an enzymatic domain
located on the same polypeptide chain. In absence of
ligands and/or substrate, the domains might behave
like pearls on a string with no fixed relative orienta-
tion toward each other. However, on ligand or sub-
strate binding, the individual domains may
cooperate and form a specific rigid complex with a
specific assembly of all domains.

SANS in combination with segmental labeling
and NMR can provide interesting insight into the
arrangement of domains in multidomain proteins
and their interactions. Segmental deuteration and
isotope labeling of multidomain proteins will be use-
ful for such investigations. There are several ways
to segmentally label a protein. Native chemical liga-
tion,'?® intein-mediated (in vivo and in vitro),'?® and
sortase-mediated!2”12° ligation. The latter has sev-
eral advantages, in that it needs less optimization,
provides higher yields, and has no leakage of label-
ing. However, due to the nature of the enzymatic
reaction, which ligates a recognition sequence in the
C-terminus of one domain to an N-terminal glycine
residue in the other domain, only one continuous
part of the polypeptide chain can be segmentally
labeled. A combination of both methods can over-
come this problem. Another potential problem is the
mutation of linkers from the native sequence into
residues which are necessary for the ligation reac-
tion. However, as long as the linker length stays
native this should not perturb its structure and
function, especially if the linker does not adopt any
structure on complex formation. Nevertheless, the
functional activity of the ligated protein should be
validated experimentally. Now suppose this method
is used to determine the overall structure of a multi-
domain protein. The divide and conquer approach
can provide high-resolution structures of the individ-
ual, isolated domains by NMR or crystallography.
Segmental labeling can be used to obtain NMR data,
for example, intermolecular nuclear overhauser
effects between domains'®® while segmental deutera-
tion of domains and subunits will be useful to reduce
spectral complexity for analysis of the NMR spectra.
SANS data can be recorded on the same samples,
comprising deuterated domains or subunits and
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Figure 4. Utility of combining SANS and SAXS data with
segmental and subunit-selective deuteration. (A) The
approach is exemplified with a multidomain protein compris-
ing domains A, B, and C, which are connected by flexible
linkers, assuming that in absence of binding partners the
domains have no fixed relative arrangement toward each
other. Thus, the SAXS curve will not fit a single structural
model but an ensemble of many structures and the radius of
gyration and shape of the ensemble would be larger com-
pared to the presence of a single rigid assembly. (B) When a
binding partner is added (e.g., substrate X) the domains may
rearrange and form a compact, rigid quaternary structure. (C)
The envelope of this assembly represents a unique shape
which will be reflected by the SAXS data (left). (D) When
using subunit-selective and segmental perdeuteration of the
proteins involved the individual subunits and domains of the
protein complexes can be located within this shape.

provide additional structural information about rela-
tive domain arrangements. Assume that, in the
absence of any binding partner some domains of a
complex are flexible [Fig. 4(A)] and that on binding
to another protein the complex adopts a specific and
rigid arrangement [Fig. 4(B)]. SAXS data will then
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provide the overall shape of the complex [Fig. 4(C)].
With segmental and subunit-selective deuteration
and contrast variation in SANS measurements, each
component of the complex can be located within the
overall shape of the complex [Fig. 4(D)]. As men-
tioned earlier, this is also possible for protein-RNA
complexes, where the scattering density of RNA can
be matched at 70% D,0O. Bead models for the overall
shape and the location of subunits and domains can
be obtained using available software (MONSA!31).
Rigid-body modeling can be used to fit available
high-resolution structure and define their position
and orientation in the complex by combining NMR
(PREs, RDC) and SAS data to derive a detailed pic-
ture of the entire multidomain protein complex with
high-resolution information.

Combining NMR and SAS to Study IDPs
One of the current challenges in structural biology
is understanding the structure, dynamics, and func-
tion of IDPs. Being rich in charged residues and
depleted of hydrophobic residues'®? IDPs do not
form a tangible tertiary structure but nevertheless
make up 30-50% of the genome and are more com-
mon in eukaryotes.!33713% The problems for struc-
tural Dbiology are similar to those posed by
multidomain proteins with flexible linkers. Crystalli-
zation is not possible and secondary/tertiary struc-
ture absent or only transiently formed.'?¢~'*® NMR
data (PREs and/or relaxation analyses) have been
used to identify the transient formation of structural
elements. SAS data can contribute information
about the overall spatial dimensions occupied by the
structural ensemble formed by IDPs.'2%7142 Although
IDPs are found to be unstructured in a laboratory in
vitro environment, it is not known whether they are
so in the crowded environment of the cell. In this
respect, SANS has been recently used to observe a
deuterated IDP (N of bacteriophage A) in a simu-
lated cell environment using high concentrations of
bovine pancreatic trypsin inhibitor (BPTI).!*3 The
scattering profiles changed significantly from sam-
ples with and without BPTI, where expectantly the
conformational space occupied by the IDP was more
compact in the presence of BPTI and less prone to
aggregation. Similar approaches are under develop-
ment using in cell NMR#41%° to gain further under-
standing of IDPs in their native environment. In the
study of denatured proteins NMR and SAS were
recently combined to characterize the interaction of
denatured ubiquitin with the denaturant, revealing
that urea binds mainly to the backbone of the pro-
tein.’® NMR and SAS were also combined to
explore how disulphide bonds influence the unfolded
state of proteins.'®?

IDRs in the context of larger structured regions
were also investigated by a combination of NMR and
SAS in case of p53 and its IDR, the N-terminal
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transactivation domain,'?® or the domain of the

vesicular stomatitis virus N, where a flexible region
has been shown to remain flexible in the complex,
suggesting a mechanism for viral RNA synthesis!®?~
154 and the IDR at the C-terminal domain of the
measles virus nucleocapsid essential for replication
of the viral RNA.%5

Outlook

In recent years, numerous studies have combined
NMR and SAS data together or complementary to
crystallographic information and thereby provided
unique structural insight into the structure and
dynamics of biologically important proteins and com-
plexes, ranging from large protein complexes to
IDPs. Given the on-going improvements of both
experimental and computational approaches in
structural biology it can be expected that multidisci-
plinary integrated structural biology will greatly
advance our understanding of molecular mecha-
nisms involving the structure and dynamics of pro-
teins and protein complexes. Especially, when
considering biologically important weak and tran-
sient interactions of multidomain proteins and pro-
tein complexes with their inherent flexibility, the
combination of NMR and SAS has begun to write a
new chapter in structural biology. As a “dynamic
duo” NMR and SAS will increase our understanding
of complex dynamic biological systems.
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