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Abstract

Structural biology is entering an exciting time where many new high-resolution structures of large complexes
and membrane proteins are determined regularly. These advances have been driven by over fifteen years of
technology advancements, first in macromolecular crystallography, and recently in Cryo-electron microscopy.
These structures are allowing detailed questions about functional mechanisms of the structures, and the
biology enabled by these structures, to be addressed for the first time. At the same time, mass spectrometry
technologies for protein structure analysis, “footprinting” studies, have improved their sensitivity and
resolution dramatically and can provide detailed sub-peptide and residue level information for validating
structures and interactions or understanding the dynamics of structures in the context of ligand binding or
assembly. In this perspective, we review the use of protein footprinting to extend our understanding of
macromolecular systems, particularly for systems challenging for analysis by other techniques, such as
intrinsically disordered proteins, amyloidogenic proteins, and other proteins/complexes so far recalcitrant to
existing methods. We also illustrate how the availability of high-resolution structural information can be a
foundation for a suite of hybrid approaches to divine structure-function relationships beyond what individual
techniques can deliver.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Advances in structural biology and biophysics
applications of macromolecular crystallography,
cryo-EM, and NMR have revolutionized our access
to protein and nucleic acid structural information.
These structural advances, coupled to advances in
genomic sequencing and molecular biology, have
provided rapid identification of drug targets and have
revolutionized rational drug development for both
small molecules and biologics [1]. A major theme
emerging in structural biology is that of combining
different methods through appropriate data integra-
tion. In Fig. 1 we illustrate this cycle of analysis,
which starts with high-resolution structural informa-
tion (or models) from macromolecular crystallogra-
phy, Cryo-EM, or other methods and through the
application of a range of orthogonal approaches

asks questions like, What are the structures of
multicomponent macromolecular complexes in vary-
ing molecular states? How do they structurally
interconvert between these functional states? What
structural features drive the kinetics and thermo-
dynamics of assembly?

The structural genomics revolution provided tem-
plate structures for most soluble domains from
crystallographic and NMR data [2,3], but these
“Lego blocks” representing discrete tertiary struc-
tural elements need additional data to “assemble”
them into their physiological context as components
of complex macromolecular machines. Techniques
like small-angle x-ray scattering (SAXS) and elec-
tron microscopy (EM) are powerful approaches that
provide global shape envelopes (Fig. 1); these can

0022-2836/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http:/

creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Integrated workflow for structure assessment. Reprinted with permission [1].

help to understand the different ways of assembling
these “Lego blocks™ [4,5]. Along with these shape
measures, native mass spectrometry (MS) [6,7] has
been quite valuable in elucidating the composition of
these large assemblies. In this MS approach (also
called “top-down” because an intact protein species
has been introduced to the instrument), macromole-
cular complexes are ionized and introduced to the
gas phase, then subjected to cycles of analysis and
fragmentation to understand subunit stoichiometries,
topology, and binding to ligands.

This top-down approach is complementary to
classical “bottom-up” mass spectrometry, where
proteins are digested by proteases into a set of
constituent peptides (ranging from 6 to 15 residues
each), and the peptides are separated by chromato-
graphy and individually analyzed. In bottom-up
footprinting experiments, the protein complexes are
chemically labeled, then digested to the peptide level
and introduced to the instrument while preserving as
much of the labeling as possible, and the labeling
patterns of the peptides are analyzed to infer
important structural and dynamics information. The
most popular bottom-up approaches are crosslink-
ing, hydrogen-deuterium exchange (HDX), and
irreversible covalent labeling. Crosslinking typically
uses bi-functional chemical reagents with linkers of
defined length (from so-called “zero length” to
longer) that react with side chain groups (e.g., Lys)
linking side chains that can achieve close approach.
This data can be deconvolved to determine the
proteins that are adjacent in the case of a large
complex (inter-protein crosslinks), or it can be used

to understand domain-domain distances for single
proteins, as well (intra-protein crosslinks) [8,9].
Hydrogen-deuterium exchange (HDX) and various
other footprinting (FP) approaches use mono-func-
tional reagents that specifically label the backbone
(in the case of HDX) [10] or side chains (in the case
of FP) [1,11—13]. Changes in the reactivity of these
reagents with respect to the specific sites on the
protein can reveal the peptide (or sub-peptide) level
details of secondary (HDX) or tertiary and quaternary
(HDX and FP) structural changes.

In order to better understand the strengths and
weaknesses of these evolving approaches, and
determine the right integrative approach for a
particular problem, we have prepared a summary
of the salient features of major structural biology
techniques familiar to most modern research labora-
tories. Table 1 lays out the major techniques,
provides a graphic illustrating the method or results,
lists the number of structures associated with that
technique currently in the Protein Data Bank (https:/
www.rcsh.org/stats/summary), states limitations of
molecular size or amounts of material associated
with typical studies, and adds additional commentary
on significance. The vast number of deposited
structures, exceeding 160,000 (as of 2/2020), are
dominated x-ray crystallography, due to the high-
throughput nature of modern synchrotron data
collection and structure solution. Other methods
also make very important contributions, with NMR
exceeding 12,000 structures and single particle
analysis by Cryo-EM increasing quite rapidly with
now over 4000 structures deposited. Structures
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Table 1. Comparison of major structural biology techniques in terms of resolution, limitations, and other relevant figures of

merit. Tomography figure courtesy of Chiu lab.

Technique (PDB Size (Sample state) Resolution Amounts Notes
deposits) Limits
)
NMR (12835) z @ it <100 kDa (solution) ~3—4 A pumoles/milligrams Requires isotopically labeled
<> recombinant
- protein, disordered regions can
be observed but may not be
assigned
X-ray ﬁ . Limited by crystal <1-3A umoles/milligrams Mutant constructs necessary for
Crystallography ?w:"’g' e quality many
(141165) " membrane proteins, disordered
regions
invisible. Gold standard for
. structural water
Cryo-EM: Single >100 kDa (vitrified Mostly >3 A nanomoles/pgrams Resolution and size limits

particle (4092) ice)

Cryo-EM: Cells or tissues 30-40 A
Tomography
SAXS >10 kDa (solution)  >20 A

Footprinting: HRF- HRF-MS: No limit

MS [and HDX- ![;_‘[ :. [<100KDa for HDX] single-
MX] SEESTEE (solution) residue
(single

base for NA)

Peptide to picomoles/nanograms

improving,
best samples have symmetry,
disordered regions invisible

thin sections/individual Resolution improving; captures
cells large-scale spatial organization in
cells

nanomoles/pgrams Native material can usually be

used, (similar to FP samples)

Native material can usually be
used (both), absolute surface area
can be estimated (HRF) disordered
regions visible (HRF). Studies in
cells/tissue possible (HRF)

based on integrative or hybrid methods, including
low-resolution EM, cross-linking, footprinting, and
SAXS, are also emerging, and several dozen
structures have been deposited in a separate
database, called PDB-Dev (https:/pdb-dev.wwpdb.
org/), designed specifically for these integrative
approaches.

NMR is a valuable solution-based technique, most
effective on proteins <100 kDa. Milligrams of
material and micromolar concentrations of a sample
are typical; some experiments require expensive
isotope labeling and/or expensive expression sys-
tems for some proteins. Data collection times can be
hours or days. X-ray crystallography, conducted at
synchrotrons, is very high throughput, as hundreds
of crystals can be analyzed in a single day. It has a
very high-potential resolution and is currently essen-
tial for reliably identifying sites of water or metal ion
occupancy. Protein stability issues and limitations of
crystallization are challenges for membrane proteins
and larger complexes [14,15]. Cryo-EM has pro-
vided a breakthrough for solving medium to high-
resolution structures of large complexes and for
membrane proteins, and sample amounts are

considerably reduced, from the milligrams required
for crystallography and NMR to micrograms for the
Cryo-EM vitrification sample preparation process.
An additional complexity is that molecules at the air/
water interface can be denatured as a result of the
vitrification and data collection times may also be
hours/days. Another current limitation of Cryo-EM is
that >90% of the structures do not exceed 3 A
resolution, and samples that lack symmetry or are
under 100 kDa suffer relatively rapid radiation
damage limiting data collection and or resolution
[16,17]. Thus, NMR and Cryo-EM have completely
orthogonal optimums for protein size. Similar to
Cryo-EM, Cryo-electron tomography also has the
potential to elucidate the molecular envelopes of
large macromolecular complexes while operating in
situ, albeit currently at resolutions of 20—30 A
[18,19]. Small-angle x-ray scattering can be applied
in solution, even for relatively large complexes and
provides shape information at ~20 A resolution [20].
With the strengths and weaknesses of each of these
techniques in mind, structural mass spectrometry
can be quite useful to fill in gaps in both approach
and information. Some advantages of MS include:


https://pdb-dev.wwpdb.org/
https://pdb-dev.wwpdb.org/
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only nanograms of material are needed (three orders
of magnitude less than cryo-EM and six orders less
than crystallography/NMR); samples generally do
not need to be engineered/re-engineered or labeled
(e.g., can be native); samples are assessed in
solution or other convenient matrices; samples can
be of almost any size or complexity (with the caveat
that HDX is less effective for systems >100 kDa due
to back exchange); and MS experiments can provide
high-resolution assessments of secondary, tertiary,
and quaternary structure [1].

Fig. 1 illustrates the workflow we have adopted to
answer key questions in structure assessment. The
workflow's foundation includes high-resolution struc-
tural information from crystallography, NMR or cryo-
EM, and relevant homology modeling, and then
envisioning experiments that assess the temporal
and spatial features of the assembly and dynamics
of the molecular systems under study, particularly
those that represent a perturbation of the “canoni-
cal” structure. It is often the case that crystal-
lographic or Cryo-EM information is available only
for one form of a complex of interest, e.g., with a
ligand while the “apo” structure without a ligand may
not be known. In these cases, techniques sensitive
to local structural information (HDX and FP) can be
used to infer the ligand-binding site and sites of
potential allosteric change while global measures,
such as native-MS, EM and SAXS can determine
ligand dependent shape changes for the overall
protein/complex. Repeated test and validation
cycles where structural models are evaluated by
mutagenesis or other orthogonal biophysics experi-
ments are essential for establishing rigor of results.

A number of interesting and challenging problems
in structural biology can now be solved by this
enabling suite of approaches; some of these are
outlined in Table 2. In this perspective, we illustrate
novel integrations of SAXS, FP, and molecular
docking to overcome these challenges to provide
structure. In terms of potential applications, struc-
tures of macromolecular complexes, for example,
antibody/antigen complexes and checkpoint interac-
tions in immune cells, are of high priority for analysis,
but some systems, due to disorder or size, are not
amenable to standard approaches. In addition, the
study of membrane proteins enabled by crystal-

Table 2. Major opportunity areas for structural footprinting.

e Protein complexes/ligand interactions not amenable to crystal-
lography or Cryo-EM

e Membrane proteins in native-like states

e Intrinsically disordered proteins

e Amyloidogenic proteins

e Structural kinetics and intermediates of protein machines

e Structure of molecules in cells/tissue

lography and cryo-EM can be followed up with MS
approaches. In particular, FP has the potential to
provide protein interaction and dynamic data for
membrane proteins [21,22] as it is challenging to
obtain models/structures of all the productive com-
plexes involved in cellular signaling and function. For
example, HDX and FP have recently leveraged high-
resolution structural information to address the
dynamics of signaling and the mechanisms of
GPCR-G-protein complex assembly [23]. In this
study, the details of the dynamics of interconver-
sions between known states, including temporal and
mechanistic details of interactions, were revealed,
providing a new window into biological function.
Specifically, an intermediate in the reaction to form
the GPCR-G-protein complex was observed on the
hundreds of milliseconds timescale, well before the
actual cellular signaling events.

Key in integrative structural studies of challenging
systems is the provision of a flexible, capable
analytical toolbox to integrate disparate types of
structural data; this has the potential to provide high-
resolution structural information even in the absence
of success via conventional methods. A further
challenge is assessing native structures in at least
solution-based, if not their physiological, cellular,
and/or tissue context. Successful completion of such
integrative, “in (cellular) context” studies will require
integration of multiple-types of experimental data
using varying computational strategies, including the
integration of high-resolution structural information
spanning both local and global scales. An additional
set of unmet challenges is to obtain a readout of
protein dynamics to both expand and validate these
models while attaining the readouts at time resolu-
tions sufficient to capture signatures of intermediate
states of signaling and dynamics. Mass spectro-
metry plays a major role in sampling dynamics of
structural proteomes for both in vitro systems and on
cellular scales [24].

Footprinting for Structural Biology

Footprinting, as a structural tool, is a chemistry-
based approach, wherein small molecules are
designed to covalently modify macromolecules at
sites of structural interest [1,25]. Hydroxyl radical
footprinting (HRF) is the most popular approach for
macromolecule modification or cleavage, although
its utility can be reduced by the presence of
scavenging elements in solution, including buffering
agents or stabilizers needed to poise the macro-
molecule or cell in the biochemical state of interest.
These scavengers soak up the dose of OH radicals,
requiring chemical approaches to increase OH
radical concentrations or timescales to accumulate
sufficient dose to efficiently detect products. This is
undesirable as it increases the potential for
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secondary radical generation, complicating the
analysis of primary radical reactions with the macro-
molecules, leading to significant challenges in
acquiring reproducible or accurate data [26]. Due
to these limiting factors, high-flux sources of hydroxyl
radicals, using photolysis of peroxide [27—29] or
radiolysis of water [1,11,13], have long been popular
as ways to achieve sufficient [OH] radical concen-
trations to optimize labeling for successful
footprinting.

Synchrotron resources have long been used as
sources of OH radicals for footprinting, the high dose
(HD) of radicals available has particular advantages
including higher coverage of modifications in chal-
lenging samples, improved labeling of membrane
proteins or prions, while HD applications are
essential for enhanced prospects for footprinting in
organelles or cells. Finally, HD applications enable
time-resolved applications in conjunction with rapid
mixing or other fast reaction initiation schemes.
Recently, the Center for Synchrotron Biosciences
CSB completed the construction and commissioning
of a new state-of-the-art beamline for synchrotron
footprinting at the National Synchrotron Light
Source-ll, the 17-BM X-ray Footprinting of Biomater-
ials (XFP) beamline [30], which delivers world-
Ieading flux densities and photon dose capabilities
(>10"° photons/s, and up to 500 W/mm absorbed
dose achievable). This new beamline (Fig. 2) is also
adjacent to other cutting-edge NSLS-Il structural
biology beamlines for crystallography, small-angle

White
Beam
Slits

Toroidal
Focusing
Mirror

High-Dose
Endstation
(1 =1 fot_:qs) i

S <

scattering, and biological X-ray imaging, providing
an integrated “Structural Biology Village” environ-
ment. This modern resource for synchrotron foot-
printing provides the ideal opportunity to rectify some
of the limitations of present sample handling devices
and develop an integrated platform for footprinting,
which when coupled to new data analysis tools, can
drive adoption of the technique by the broader
structural biology community and the adoption of
radiolytic HRF at other synchrotron beamlines both
in the United States and internationally [30—36].

Integrating Footprinting and Stopped-
Flow Kinetics

With the availability of footprinting beamlines
capable of delivering sufficient flux densities to
label proteins within microseconds in the context of
flow-based exposure cells, studying single residue
dynamics at the protein interface during the forma-
tion of a complex is clearly enabled on such
timescales if the samples can be appropriately
poised. This includes examining the structural
transitions that govern the formation of a productive
protein-protein binding interface or the protein
dynamics that govern the interactions of a protein
with its ligand partner. This approach provides a
much-needed temporal window into the structures
provided by X-ray crystallography and cryo-EM
structural studies, which by their very nature, can

i

| Exchangeable

i beampipe
I

Throughput |
Endstation |

Fig. 2. XFP beamline at NSLS-II. Synchrotron white light (pale pink cylinder) is produced from a 3-pole wiggler (3PW)
source at NSLS-II. White light passes through a set of beam-defining white-beam slits and then intercepts a toroidal mirror
that focuses the X-ray light and rejects high-energy X-rays (>16 keV), producing “pink” beam (pink cylinder). The pink
beam passes through the shield wall into the experimental hutch, where it intercepts beam defining pink beam slits and
then achieves 1:1 focus at the high-dose footprinting endstation before diverging to a larger beam at the downstream high-
throughput endstation. (right) photo of the XFP experimental hutch in the high-throughput X-ray footprinting configuration.
The 3PW, white-beam slits, and toroidal focusing mirror are located upstream behind the shield wall and are not visible in
this photo. The first element in the hutch is the pink-beam slits in a photon delivery chamber, followed by transport pipe to
the high-dose and high-throughput endstations. Changes between the two endstations are accomplished by the removal

or installation of an exchangeable beampipe, as required.
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only reveal static snapshots of energetic intermedi- limited in their temporal resolution, essentially
ates/endpoints that may not fully represent or  providing snapshots limited by the exchange rate
recapitulate aspects of the physiological transition. of the label, the speed of OH radical generation
Furthermore, as HRF techniques can utilize native using synchrotron radiation opens up new temporal
protein, HRF results have the potential to deliver a vistas, enabling us to observe microsecond to
more physiologically relevant understanding of  millisecond (as well as longer) timescale events.

protein-protein and protein-ligand complex kinetic We recently employed the HRF technique in
parameters in the absence of the conditions, combination with stopped-flow kinetics to probe the
mutations, crystal contacts, and constructs often  structural and dynamic transitions involved in the
required to stabilize proteins for structural studies. formation of the B2-Adrenergic receptor (B2-AR) —
While competing techniques, such as HDX, are  Gs signaling complex (Fig. 3) after mixing the
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Fig. 3. Time-Resolved Analysis of GPCR-Gs Complex Formation by HRF-MS. Utilizing synchrotron-based HRF
technologies in combination with hydrogen-deuterium mass spectrometry data, it is possible to both probe the formation of
a protein complex, as well as the amino acid/peptide resolution changes that underlie the formation of a protein complex
over timescales ranging from 10s of milliseconds to minutes. In this study, the changes in protein dynamics and solvent
accessibility that underlie the formation of the 2-AR — Gs signaling complex were studied, yielding temporal data on the
small scale changes that enable the GPCR to specifically recognize its cognate G protein and initiate allosteric/structural
changes that enable the process of nucleotide exchange required for downstream signaling. (A) X-ray generated radiolytic
oxidative modification profiles of selected peptides or residues from the B,-AR or Gas. Oxidative modification changes of
Gas upon incubation with the B>-AR were analyzed. The modified peptides or residues are indicated as colored regions or
sticks on the X-ray crystal structure of the ,-AR — Gs complex (PDB: 3SN6). (B) The surrounding environment of M386. In
the GDP-bound Gs structure, M386 is located within a pocket formed by four amino acids (green spheres) with limited
solvent exposure. (C) Rearrangement of interactions with M221 and F376 of Gas following the formation of the nucleotide-
free Bo-AR — Gs complex. In the GDP-bound Gs structure, M221 and F376 form interactions with residues within f2-f3
strands and a1 helix (left), which are lost in the B,-AR-bound nucleotide-free structure (PDB: 3SNB) (right). In the B,-AR-
bound nucleotide-free structure (PDB: 3SN6), F376 forms new interactions with F139 of the f»-AR and amino acids in the
aN/B1 hinge and B2/B3 loop (right). Adapted with permission [23].
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individual species of G-protein and receptor. The
structural detail of the formation of this complex is of
great scientific interest as it elucidates aspects of
heart rate and blood pressure signaling, is a target of
a number of commonly prescribed blood pressure
mediations, while also serving as a prototypical
receptor for the understanding of G protein-coupled
receptor signaling in general. This customized
beamline front end of 17-BM allowed us to label
(and thus observe) components of the 2-AR — Gs
signaling complex at time points ranging from to
milliseconds after mixing out to 10 min, providing a
kinetic trace with amino acid resolution for several
component regions of the receptor and G protein as
they interact to form the signal initiating complex.
This experimental methodology provides the first
look into the residue level changes in B2-AR/Gs
dynamics during complex formation, as well as
providing a mechanistic understanding of Gas
subunit recognition by an activated receptor.

Integrations of Footprinting and SAXS

Advanced FP approaches can measure the
relative or absolute solvent accessibility of side-
chain residues in A® via a protection factor (PF)
analysis, and thus can provide a quantitative input to
modeling exercises, where the predicted solvent
accessibility from a model can be compared to
experimentally derived solvent accessibility data
from footprinting for scoring purposes [37,38]. FP,
however, as it reports only local structural informa-
tion, is not sufficient to understand the full context
and scope of all relevant structural interactions. The
synergism of FP with other complementary techni-
ques such as SAXS, which provides overall protein
shape information, can overcome the limitations of
the individual techniques providing a more complete
and comprehensive picture of a given system of
interest.

Consistent with the data integration philosophy
articulated in Fig. 1, the iSPOT (integration of
Scattering, footPrinting, and dOcking simulaTion)
software [20] has been developed to integrate
crystallographic or other high-resolution structural
models of macromolecules with SAXS and FP data
to resolve macromolecular structures (Fig. 4). iISPOT
combines multiple sources of structural data, and it
builds on approaches pioneered by others, such as
IMP, HADDOCK, and CNS [39—43]. CNS uses
information from X-ray crystallography or NMR, and
can also integrate data from EM, while HADDOCK
can integrate NMR, SAXS and EM data. The IMP
approach developed in the Sali group was initially
focused on modeling using low-resolution EM
data but has the capability to incorporate many
different types of data (such as cryo-EM, X-ray
crystallography and chemical cross-linking) for

enabling the modeling of very large molecular
complexes, such as the nuclear pore [43]. In contrast
to these three methods, a key focus of iISPOT is the
orthogonality and complementarity of FP and SAXS:
the latter sensitive to protein shape and overall
arrangement and the former sensitive to residue-
specific solvent exposure. iSPOT fills a gap in
modeling as it can address protein-protein com-
plexes that are too large for NMR, too dynamic for
crystallization, and/or too small/dynamic for cryo-
EM. While iSPOT is the first approach to include FP
data for structural modeling, the addition of HRF data
has been shown to improve the overall performance
of the Rosetta modeling for protein structure predic-
tion as well [44].

Computational docking is central to iISPOT model-
ing by providing a basis-set of conformations to fit
the SAXS and FP data simultaneously. One such
method is straightforward rigid-body docking, where
the known structures of individual components are
treated as two rigid particles and fed into many
available software packages, such as ClustPro [45].
The binding of two interacting proteins, however,
often induces conformational changes. Under this
circumstance, flexible docking is required to account
for binding-induced structural changes. In fact, when
such flexibility occurs at the amino acid level, the
side chains at the interface can be optimized during
the docking process, as implemented in HADDOCK
[39]. In other scenarios, the conformational flexibility
can go beyond the local side-chain changes, e.g.,
involving the tightening of secondary structure and
packing at the interface due to the binding. As such,
these induced-fit changes need to be considered
and can be addressed. For iSPOT, coarse-grained
molecular dynamics simulations are implemented to
allow large-scale induced-fit structural changes
[20,42]. Even larger-scale conformational changes,
such as allosteric dynamics that travel beyond the
protein interface, are quite challenging to accom-
modate; this has been one limiting factor of current
integrative modeling approaches. Nonetheless, as
computing power increases, integrative modeling is
on the path to accurately and reliably characterize
both rigid-body and flexible induced-fit protein-
protein docking approaches.

Our success in integrating SAXS and FP datasets
to model protein-protein interacting complexes
[20,42] includes the determination of the multi-
domain structure of the human estrogen receptor
(Fig. 5a) [46]. Although the individual structures of
the DNA and ligand-binding domains were known at
high resolution, all previous attempts to solve the
structure of the complex at high resolution were
unsuccessful [47]. To understand the structure of the
complex, we first measured its experimental protec-
tion factors (PF), which are rates of hydroxyl radical
reactivity measured by experiment and then normal-
ized by intrinsic reactivity of the individual amino acid
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Fig. 4. The iSPOT workflow. It consists of four components: (a) computational protein-protein docking, (b)
experimental SAXS and footprinting data acquisition, (c) scoring and selection, and (d) structural model optimization.
Reprinted with permission [42].
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side chains, for twenty independent side-chain sites
in the complex. We then plotted the solvent-
accessible surface area for the individual DNA and
ligand-binding domains from crystallography vs. the
PF for the 20 residues. Fourteen of these 20 sites
obeyed the expected linear relationship of PF and
solvent accessible surface area, indicating that the
PF values accurately reflected the crystal
structure’s orientations for these residues. The
other six did not obey the known relationship, all
were much more protected (Higher PF) than
expected, and were thus identified as potential
interfacial residues. Instructively, three of the resi-
dues formed a tight patch on the DNA-binding
domain and the other three formed a tight patch on
the ligand-binding domain. Thus, an important
interaction point between the two domains was
clearly identified; this assumption was used to drive
a molecular docking strategy (Fig. 4) that generated
thousands of potential conformations that main-
tained this interface point. Scoring schemes were
then employed to compare experimental FP and
SAXS data to define a subset of the simulations that
were self-consistent with all the data (Fig. 4). The
novel 3-D arrangement of the ligand and DNA
binding domains revealed a previously unknown
interface at high resolution (~3—4 A) and can be
used to drive the development of small molecules to
interact with and modulate estrogen receptor
function.

In the above case, high-resolution structures of
DNA- and ligand-binding domains were available
and were essentially correctly docked by the
application of SAXS, FP, and computation. How-

(@)

ever, this combination of techniques mediated by
iSPOT can also be quite valuable even when
virtually no structural information is available or
when the macromolecules are present in an ensem-
ble of distributed structures. For example, we have
recently combined SAXS and FP data to describe
the ensemble-structures of the estrogen receptor's
N-terminal transactivation domain (NTD) [51], which
is an intrinsically disordered protein (IDP) (Fig. 5b).
In this latter case, FP protection factors, which are
highly correlated with solvent accessible surface
area (SA), were calculated for multiple residues in
the NTD; these data reflected the average SA for all
members of the ensemble [37,38,48]. Coupling
these constraints with analysis of SAXS data
[20,49—51], we determined that this IDP has a
novel structured element of long-range contact,
whose release is likely relevant to receptor function.
Overall, we anticipate that the proposed multitechni-
que integrative modeling approach is well suited for
studies of IDPs.

Challenges

One of the key challenges in these integrative
studies is to coordinate experimental data acquisi-
tion of individual datasets, i.e., from HRF and SAXS
separately. For example, one of our recent samples
is very prone to protein aggregation as the protein
itself degrades within several hours after size-
exclusion chromatography (SEC). For tackling this
issue, we have performed SEC purification on-site,
enabling identical, fresh protein samples to be

(b)

Fig. 5. Example of data integration via iSPOT. (a) Multidomain architecture of human estrogen receptor (ER)
homodimer (ligand-binding domain or LBD in green and DNA-binding domain or DBD in blue). Neither SAXS or FP alone
has been able to unambiguously depict a meaningful picture of the LDB-DBD complex, although the combination of
structural information from FP (on a set of 20 residues, six of which are solvent-protected at the domain interface) and
SAXS (shape and spatial distribution) is shown to successfully determine the ensemble-structures that are subsequently
validated, structurally and functionally. Modified with permission [46]. (b) Ensemble-structures of the intrinsically
disordered region of ER's N-terminal transactivation domain or NTD, where the FP probes a set of 16 residues along the
protein amino acid sequence, joining forces with SAXS data and molecular dynamics simulations for the structural-
ensemble characterization of the NTD as an IDP. Modified with permission [51].
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employed for both HRF and SAXS data acquisition
simultaneously, in which SAXS was performed at the
NSLS-II LiX (16-ID) beamline, adjacent to the XFP
(17-BM) beamline. This physical proximity is a key
advantage to our data acquisition strategy and will
be implemented with dedicated analytical coordina-
tion prior to our follow-up iISPOT-based structure
determinations. Overall the NSLS-II's “Biology Vil-
lage” project can be leveraged to promote novel
integrated structural assessments of interesting
biological systems, providing a one-stop-shop for
the streamlining of multimodal structural analysis.

Conclusions

Structural biology has entered a new era, enabling
us to answer complex questions of dynamics and
multiprotein complex assembly. Integrated structural
biology and continuing technology development will,
going forward, enable the most challenging systems
to be tackled. The extension of these studies to the
physiological environment, to better understand the
structural basis of critical functions in the cell is the
next frontier.
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