THE
% PROTEIN
SOCIETY

REVIEW

The emerging role of native mass
spectrometry in characterizing the
structure and dynamics of
macromolecular complexes

Elisabetta Boeri Erba’?%* and Carlo Petosa'>*

Université Grenoble Alpes, Institut de Biologie Structurale (IBS), 71 Avenue des Martyrs, F-38044 Grenoble, France
2Commissariat & 'Energie Atomique et aux Energies Alternatives (CEA), DSV, IBS, F-38044, Grenoble, France
3Centre National de la Recherche Scientifique (CNRS), IBS, F-38044, Grenoble, France

Received 29 December 2014; Accepted 6 February 2015
DOI: 10.1002/pro.2661
Published online 11 February 2015 proteinscience.org

Abstract: Mass spectrometry (MS) is a powerful tool for determining the mass of biomolecules with
high accuracy and sensitivity. MS performed under so-called “native conditions” (native MS) can
be used to determine the mass of biomolecules that associate noncovalently. Here we review the
application of native MS to the study of protein—ligand interactions and its emerging role in eluci-
dating the structure of macromolecular assemblies, including soluble and membrane protein com-
plexes. Moreover, we discuss strategies aimed at determining the stoichiometry and topology of
subunits by inducing partial dissociation of the holo-complex. We also survey recent developments
in "native top-down MS", an approach based on Fourier Transform MS, whereby covalent bonds
are broken without disrupting non-covalent interactions. Given recent progress, native MS is antici-
pated to play an increasingly important role for researchers interested in the structure of macro-

molecular complexes.

Keywords: native mass spectrometry (MS); top-down MS; protein—ligand interactions; stoichiome-

try; 2D interaction map; macromolecular complexes

Introduction

Non-covalent protein interactions play a vital role in
biology.! Through noncovalent electrostatic, van der
Waals, hydrophobic and hydrogen bonding interac-
tions, proteins recognize nearly all their binding
partners: other proteins, nucleic acids, lipids, carbo-
hydrates, and small molecules. Recently, mass spec-
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trometry (MS) has emerged as an important
approach to study such interactions. Using condi-
tions that preserve non-covalent interactions (i.e.,
native MS), one can determine the mass of intact
assemblies, their precise stoichiometry, direct inter-
actions between subunits, the relative position (core
vs. periphery) of subunits within an assembly and
the strength of inter-subunit interactions®® (Fig. 1).
By mixing subunits in a stepwise manner, a hierar-
chy in the assembly pathway can be determined.’
When native MS is coupled with ion mobility
(IM; approaches mentioned in this review are
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Figure 1. Native MS provides diverse information about macromolecular complexes. Primary data concerning the masses of the
holo-complex, subcomplexes, and individual subunits (row B) provide access to a wealth of secondary information, such as bind-
ing interactions and dynamic properties (rows A, C), which in turn allows for higher inferences to be made concerning the organi-
zation of the complex (row D). Rows B-C: The experimental masses of individual subunits of a complex are determined following
chromatographic separation under denaturing conditions.'®” The use of MS conditions optimised for preserving noncovalent inter-
actions (i.e., native MS) allows the mass of the intact complex to be measured. The combined subunit and holo-complex data
reveal the stoichiometry of subunits, which can be further confirmed by a series of tandem MS spectra (i.e., “gas-phase dis-
sociation” to generate stripped complexes®). The use of perturbing conditions or destabilizing agents (“in-solution dissociation”)
allows one to generate overlapping subcomplexes (dimers, trimers, etc.), whose composition reveals direct interactions between
subunits*” and allows interface stability to be assessed.'® Row D: The above data allow one to determine the two dimensional
(2D) interaction network of subunits within a protein complex and, when combined with structural data (EM or SAXS envelopes),
to deduce the 3D architecture of a macromolecular assembly (e.g., Refs. 90 and 91). In addition, individual subunits (or subcom-
plexes) can be mixed in solution and a mass shift can be detected if a (sub-)complex is generated (e.g., Ref. 158), allowing the
assembly pathway of a macromolecular complex to be identified. Row A: Native MS can provide information regarding the
dynamic behavior of complexes. First, it can reveal the presence of different oligomeric states and monitor changes in equilibrium
induced by different solution pH values and concentrations.® Second, the subunit composition of intact complexes can be varied
and monitored as a function of time by incubating light and heavy isoforms of a protein (e.g., labeled with '*C and '°N). The
kinetics of subunit exchange can reveal distinct pathways for wild-type and mutant proteins (e.g., involved in amyloidosis, '*° or
assessing the effect of substrates and products.®”) Third, native MS can relatively quantify the populations of macromolecular
complexes containing different numbers of bound molecules, providing information about allostery.?”
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summarized in Table I), information regarding the
shape of complexes can be obtained.'®!! Combined
with bioinformatics, native MS has also provided
important insights into the evolution of protein
complexes.113

The focus of this review is the emerging role of
native MS in characterizing the structure and
dynamics of macromolecular assemblies, including
protein-ligand interactions and soluble and mem-
brane protein complexes (Table II). We illustrate dif-
ferent approaches used to establish the
stoichiometry and topology of macromolecular com-
plexes, including the partial dissociation of holo-
complexes under controlled conditions in the gas
phase and in solution. Moreover, we review recent
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progress in "native top-down MS," a technique based
on Fourier Transform MS, whereby covalent bonds
are broken and noncovalent interactions are pre-
served. Finally, we present a perspective on the
future of macromolecular complex studies by
native MS.

Advantages and limitations of native MS

MS-based approaches are useful for gaining impor-
tant insights into the structure and dynamics of
macromolecular complexes. Native MS has several
advantages compared to other techniques. First, it is
widely applicable to samples that vary greatly in
mass, degree of flexibility, symmetry, and polydisper-
sity. Second, multiple oligomeric states can be
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Table I. Summary of MS-Based Approaches Mentioned in the Text

Acronym Technique Description

CID (or CAD) Collision induced dissociation Technique for fragmenting ions in the gas phase, whereby ions
(Collisionally activated are accelerated by an electrical potential and allowed to col-
dissociation) lide with neutral gas molecules such as argon or xenon.

ECD Electron capture dissociation Technique for fragmenting ions in the gas phase by causing

them to interact directly with low-energy free electrons.

ESI Electrospray ionisation Soft ionisation technique whereby ions are produced in the gas
phase by applying a voltage to the sample solution and creat-
ing an aerosol.

ETD Electron transfer dissociation Technique for fragmenting ions in the gas phase by transferring
electrons to them from a radical anion such as anthracene or
azobenzene.

FT MS Fourier Transform based MS Technique for determining the m/z ratio of ions through the fre-
quency signals that the ions generate within the instrument.
The mass spectrum is derived by applying a Fourier trans-
form to the frequency data.

FT-ICR Fourier Transform ion Type of FT-based MS in which mass spectra are derived from

cyclotron resonance the ion cyclotron resonance frequencies produced by ions as
they rotate in a magnetic field.

HCD Higher energy C-trap A CID technique specific to Orbitrap instruments in which the
(or collisional) fragmentation of gas phase ions takes place outside the orbi-
dissociation trap analyzer.

M Ton mobility Technique used to separate molecular ions in the gas phase

based on their mobility in a buffer gas under the influence of
a weak electric field.

ISCID In-source collision induced Type of CID in which ions are fragmented in the source region
dissociation of the mass spectrometer.

IRMPD Infrared multiphoton Technique for fragmenting ions in the gas phase by the absorp-
dissociation tion of multiple infrared photons.

MALDI Matrix-assisted laser Soft ionisation technique whereby macromolecules are embed-
desorption/ionisation ded in a solid organic matrix and subsequently desorbed and

ionised by a pulse of laser light.

MS/MS or MS? Tandem MS Method of analysis involving two stages of MS selection. The
first MS stage separates sample components according to
their m/z. During the second MS stage, the selected ions are
subsequently subjected to fragmentation and mass spectra of
the fragmentation products are obtained.

- Orbitrap A FT-based analyzer composed of an outer barrel-like electrode
and an inner spindle-like electrode. Ions are trapped in an
orbital motion around the spindle and the frequency signals
that arise from the resulting image current are used to calcu-
late the mass spectrum.

NEMS nanoelectromechanical systems A nanoscale device which resonates at high frequency and can
function as a highly sensitive mass sensor. Instead of meas-
uring m/z ratio, NEMS sensors register jumps in frequencies
that are directly proportional to the mass of the adsorbed
species.

Q Quadrupole An analyzer composed of four parallel metal rods to which a
radio frequency voltage and direct current voltage are
applied. For a given ratio of voltages, ions travelling down
the quadrupole having the appropriate m/z ratio will proceed
through the analyzer, while others will have unstable trajec-
tories and collide with the rods.

TOF Time-of-flight An analyzer in which ions are accelerated in an electric field

and then allowed to drift through a field-free region to a
detector; the m /z of the ions is calculated from the time
taken to reach the detector.

analyzed simultaneously, providing specific informa-
tion about each individual species (i.e., without aver-
aging the data over different species). This allows
the dynamics of quaternary structure to be studied
in real time. Third, native MS is highly sensitive. In
several cases successful analyses required only a few
microlitres of sample at relatively low (uM) concen-
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tration. Finally, native MS does not require samples
to be chemically labeled or crosslinked.

However, native MS also has important limita-
tions. MS is performed under vacuum conditions
and the detection of macromolecular complexes
takes place in the gas phase. Consequently, the rela-
tive abundance of detected complexes may deviate

The Emerging Role of Native Mass Spectrometry



Table II. Examples of Soluble and Membrane Protein Complexes Analyzed by Native MS

Prior atomic

Mass structure
Complex (kDa) Outcome of analysis known References
Soluble Complexes
Cascade 405 Two dimensional map N 99
Csy (CRISPR system yersinia) 350 “u N 100
Eukaryotic translation factor eIF3 798 “ud N 46
DNA-Central glycolytic genes 92—-183 Functional insights N 102
Repressor (CggR)
EcoP15I, EcoPI, PstIl 63—311 “u N 162
Bacteriophage HK97 capsid 18,000 Assembly pathway N 34
TrV virions (from Triatoma infestans) 8,300 “u N 105
Norwalk virus-like particles 10,100 “u N 106
Heat Shock Protein 90 chaperone 441-138 “u Y 95
HK97 Prohead-1 particles ~21,400 “u Y 98
Trax—translin endonuclease 206—246 Three dimensional model of Y 90
the full-length complex
DegP oligomers 143-575 Model for the transition between Y 93
the resting and active states
of an enzyme
Protruding (P) domain of the norovirus 72-1,361 Discovery of multiple oligomeric Y 97
capsid protein oligomers states controlled by buffer
conditions (e.g., pH)
Membrane Complexes
E. coli Translocon (ColE9-Im9 complex, 296 Functional insights Y 108
BtuB, OmpF trimer, and TolB)
MscL 78 “« Y 163
ATPase and subcomplexes 690—208 “u N 107
OmpA 69 Low-resolution model for the N 164
full-length dimer
DgkA, pSRII, LacY-GFP 13-78 Reconstitution in detergent, Y 110
amphipols,
bicelles and nanodiscs
PagP and OmpT, Mhpl and GalP 20—-54 Same as above. Y 111
PagP 21 Same as above Y 165
ATP-Binding Cassette transporter 141-147 Ligand binding affinities Y 109
P-glycoprotein (P-gp)
K channel KcsA 192 e Y 36
EmrE, LmrP, MscL, BtuCD, LmrCD, 12—-344 “u Y 40
MacB, MexB, ATP synthase
MscL, AgqpZ and AmtB 85—-126 e Y 166
B subunits of cholera and heat 58—62 “u Y 112
labile toxins
OmpF, AmtB and P-gp 111-141 Stabilization of membrane protein Y 167

complexes by charge reduction

from that in solution because of the distinct ioniza-
tion, transmission and detection probabilities of dif-
ferent complexes.® Moreover, in the gas phase
hydrophobic and electrostatic interactions become
weaker and stronger, respectively, than in solution.
This may render the detection of certain assemblies
impossible without prior crosslinking.'* Neverthe-
less, computational and experimental evidence indi-
cates that the transition from solution to the gas
phase does not drastically alter biomolecules.'® For
instance, lysozyme and trypsin retain their catalytic
activity after their ionization, mass selection, and
soft-landing onto surfaces.'® Also, when solution con-
ditions such as pH and concentration change, the
gas-phase spectra change accordingly® (Fig. 2).
Even so, the above limitations should be borne in
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mind when interpreting the results of a native MS
experiment.

Preserving noncovalent complexes in the gas
phase

Native MS requires gentle ionization of the macro-
molecular complex being analyzed. Of the two soft
ionization methods generally used in biological MS,
electrospray ionization (ESI), and matrix-assisted
laser desorption/ionization (MALDI),'” ESI is the
preferred method for native MS because noncovalent
interactions are preserved. The principles underly-
ing ESI have been described previously,®2!
although how protein ions are produced and sub-
jected to gas-phase transition remains poorly under-
stood.2%23 Noncovalent interactions are primarily
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Figure 2. Solution conditions influence the species detected by native MS in the gas phase. The solution pH and sample con-
centration affect the relative abundance of dimers and tetramers of the protein concanavalin A. Spectra of intact concanavalin
A are shown at the following concentrations and pH values (clockwise from top left): 18.3 uM and pH 3.4; 16.9 uM and pH 8.4;
2.0 M and pH 8.4; and 2.1 pM and pH 3.4. Two spheres indicate the dimeric ions and four spheres indicate tetrameric ions.
These spectra were reproduced with permission from Ref. 5, ©(2011) ACS publications.

studied by nano-electrospray ionization (nano-ESI),
which involves a spray orifice diameter (1-10 pm)
smaller than that used for conventional ESI (~100
um).24%® The small opening allows the use of
reduced sample volumes (2—5 plL) at micromolar
concentrations and at low flow rates (20—200 nL/
min).2® ESI-MS analysis can be influenced by the
nature of the intermolecular interactions, by the
composition, ionic strength and pH of the sample
buffer, and by the voltages and pressures within the
mass spectrometer. Native MS is typically carried
out using volatile buffers such as ammonium ace-
tate? or ethylenediammonium diacetate®” and hence
usually necessitates exchanging the sample buffer
prior to analysis. In some cases the biochemical
steps involved in sample preparation may need to be
optimized so that the native state of the complex is
preserved during buffer exchange. Unlike other
types of ESI-MS analysis, neither acidic conditions
nor organic solvents are used.

Nano-ESI Q-TOF-based native MS

The study of noncovalent interactions requires the
use of mass spectrometers specifically modified to
transmit and detect large, fragile assemblies. In the
early 1990s, a few groups demonstrated that rela-
tively small-sized noncovalent assemblies could be
analyzed by nano-ESI-MS using conventional spec-
28-31 (see Fig. 3 for timeline). However, the
analysis of larger complexes required customising

trometers
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the mass spectrometers, because protein complexes
with molecular masses above 60 kDa typically form
ions with mass-to-charge (m/z) ratios greater than
4000, which is above the detection limit of standard
instruments. Major hardware modifications enabled
the detection of larger complexes, leading to tandem
MS experiments being performed on nano-ESI-
quadrupole-time-of-flight (Q-TOF) mass spectrome-
ters.>>®® The use of modified instruments has
enabled the investigation of very large protein com-
plexes (e.g., an intact 18 MDa viral capsid®) and of
interactions involving membrane proteins,* 4!
described further below.

Dissociation of macromolecular complexes in
the gas phase and in solution

Tandem MS (also called MS? or MS/MS) is based on
several MS steps whereby selected ions are broken
down in the gas phase and the product ions are ana-
lyzed.*? In particular, when protein complexes are
studied, an ion population (characterized by a spe-
cific charge state, z) is selected according to its m/z
ratio in the first mass analyzer (e.g., a quadrupole)
and then accelerated toward a collision cell filled
with a gas such as argon or xenon, where it under-
goes collision induced dissociation (CID). Afterwards,
the dissociation products are further analyzed (e.g.,
in a TOF region). With a few exceptions,*>** mono-
mers are ejected from macromolecular complexes
one after the other. Moreover, the charge is

The Emerging Role of Native Mass Spectrometry
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Figure 3. Timeline of MS-based analyses of macromolecular complexes. The advent of ESI'>"'®° and of nano-ESI'®" laid the
groundwork for native MS. In 1991 the first examples of the analysis of macromolecular complexes were published and in 1998
electron capture dissociation (ECD) was developed.”* In 2002 John Bennett Fenn was awarded a share of the Nobel Prize in
Chemistry for his contribution to the development of electrospray ionization. In the same year noncovalent complexes were
fragmented by ECD”® and tandem MS (i.e., MS?) experiments of protein complexes were performed.3 In 2006 ECD fragmenta-
tion of a ligand—protein complex was first reported.®® Subsequently, intact protein complexes were fragmented by ECD'?! and

in 2013 subunits ejected from intact protein complexes were broken down using MS® experiments.

distributed across the dissociated ions in a highly
asymmetric manner. For example, a tetramer will
generate highly charged monomers and lowly
charged “stripped” trimers that can further dissoci-
ate into monomers and dimers. The ejection of
monomers allows the assessment of stoichiometry
with high accuracy. Tandem MS can also provide an
insight into the location (core vs. periphery) of subu-
nits within the complex,*® as peripheral subunits
are expelled at lower energy compared to the core
subunits.® In certain cases, tandem MS can provide
structural information on subunit interactions and
their relative spatial arrangements.*?

In addition to gas-phase dissociation, macromo-
lecular complexes can also be dissociated in solution.
“Destabilising agents” [e.g., dimethyl sulfoxide
(DMSO) or methanol] are used to selectively break
some interactions within the complex before intro-
ducing the sample into the mass spectrometer. One
study exploited this “in-solution dissociation”
approach to elucidate the assembly and disassembly
pathways of certain homo-complexes, revealing these
pathways to reflect the evolutionary pathways
whereby different quaternary structures arise.'® In
the case of hetero-complexes, in-solution dissociation
allows one to establish the direct interactions
between subunits by generating subcomplexes. In
the case of the 13-subunit human eukaryotic trans-
lation factor eIF3, simply increasing the ionic
strength of the ammonium acetate buffer was suffi-
cient to perturb ionic and polar interactions at subu-
nit interfaces, generating almost thirty different
subcomplexes.?® The addition of DMSO or methanol
was also used to partially disrupt the 10-subunit
yeast exosome.?” The analysis of more than a dozen
subcomplexes led to a 2D interaction map that was
subsequently combined with a low-resolution elec-
tron microscopy (EM) envelope to deduce a 3D start-
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ing model of the yeast exosome. To summarise, the
ability to dissociate assemblies either in the gas
phase or in solution is of key importance for confirm-
ing stoichiometry and determining direct interac-
tions between subunits.?

Protein-ligand interactions studied

by native Q-TOF based MS

The use of native MS to analyze noncovalent inter-
actions between proteins and small-molecule ligands
has been reviewed previously.?*%° Here we focus on
examples that illustrate the application of native
MS and Q-TOF instruments to address diverse ques-
tions regarding protein—ligand interactions in the
context of structural studies.

A study concerning the pore-forming leucotoxins
secreted by S. aureus illustrates the use of native
MS to evaluate the binding affinity of pro-
tein—ligand interactions.®® The leukotoxins studied
were of two types, class S (LukS-PV, HIgA, and
HlgC with a mass between 31 and 32 kDa) and class
F (LukF-PV and HlgB; 34-35 kDa). Native MS and
surface plasmon resonance were used to study the
inhibition of these toxins by p-sulfonato-calix[n]ar-
enes (SCns, including SC4, SC6, and SC8) and con-
firmed that the SCns only bind class S, not class F,
leucotoxins.’! MS experiments determined the SCn-
leucotoxin stoichiometry, ranked the affinity of the
different SCns for the class S toxins (SC8>SC6>
SC4) and ranked the leukotoxins according to
their relative affinity for SCn (HIlgA>HIlgC>
LukS-PV).

Native MS experiments characterized the bind-
ing of a recombinant protein to an unknown ligand
that was present in the expression medium.’? The
squid nerve protein ReP1-NCXSQ (Regulatory pro-
tein of the squid nerve sodium calcium exchanger)
was studied by MS and X-ray crystallography.®? In
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Figure 4. Native mass spectra of Staphylococcus aureus (Sa) cobalt and nickel transporter (Cnt) A protein. CntA is an extracy-
toplasmic nickel-binding subunit of an ABC-importer. A: Apo form of SaCntA analyzed at high collision energy (i.e., E: 140
Vs).%6 The 300-500 and 3500-5000 m/z ranges are shown. B: SaCntA, incubated with culture supernatant, was studied at the
collision energy of 140 Vs. C: Expanded views of the 380-395 and 4050-4200 m/z ranges. The left view illustrates the isotopic
pattern of the nickel-binding ligand. The right view shows the presence of two peaks corresponding to the apo and liganded
SaCntA. Empty circles, apo SaCntA,; filled circles, liganded SaCntA; asterisk, Ni(ll)-containing ligand.

native conditions, MS detected the presence of
unknown ligands bound to ReP1-NCXSQ, subse-
quently identified by liquid chromatography and
high-resolution MS as fatty acids. When the binding
of palmitoleic, palmitic, and oleic acids to ReP1-
NCXSQ was specifically evaluated, native MS
revealed that the occupancy of the bound fatty acid
was greatly reduced upon mutating a key residue
within the phospholipid binding site.

Native MS was used to establish the stoichiome-
try of protein—ligand interactions in a study of the
Kelch-like ECH-associated protein 1 (Keapl).??
Keapl represses the activation of Nrf2, a transcrip-
tion factor which mediates protective anti-oxidant
and anti-inflammatory responses. The authors used
chemical screening to identify compounds that block
the interaction between Nrf2 and the C-terminal
domain of Keapl (Kelch-DC) and determined co-
crystal structures for Kelch-DC in complex with two
such inhibitors. Interestingly, these structures
exhibited a difference in inhibitor:protein binding
stoichiometry. The authors used native MS to con-
firm the 2:1 binding stoichiometry for one of these
compounds and to rule out a crystal packing arte-
fact. By contrast, native MS was used to demon-
strate that crystal packing environment alters the
relative binding affinity of aldose reductase for two
different inhibitors.>* Native MS has also been suc-
cessfully used to investigate the effect of inhibitors
on a protein:RNA complex.?® Another study that
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combined native MS with X-ray crystallography con-
cerned two nickel import proteins of Staphylococcus
aureus.’® One of these was successfully crystallized
bound to a Ni-(L-His)y ligand. The second protein
could not be crystallized, but native MS indicated
that it binds Ni(II) ions via a His-dependent chelator
different from Ni-(L-His), (Fig. 4).

Another remarkable example used native MS to
investigate the allosteric mechanism of ATP binding
to the chaperonin GroEL, a 14-mer formed by two
heptameric subunit rings.2” Allosteric models were
considered in which subunits exist in either a low-
affinity (T) or high-affinity (R) state. The MS data
allowed determination of the relative coexisting pop-
ulations of GroEL with different numbers of bound
ligand, thereby yielding individual binding affinities
for all 14 ATP molecules. These data confirmed posi-
tive cooperativity within each heptameric ring and
negative cooperativity between the two rings. Specif-
ically, when three ATP molecules were bound to the
first heptamer, this ring shifted from a low- to high-
affinity condition (T to R state transition), whereas
five ligands were required to shift the second ring to
the high-affinity state.

Finally, native MS was used to investigate the
dynamics of dimer formation in a study of E. coli
glucosamine-6-phosphate synthase (GlmS).>” X-ray
crystallography had previously localized the sub-
strate binding site within the dimer interface. The
kinetics of GImS subunit exchange were examined

The Emerging Role of Native Mass Spectrometry



by mixing N and '°N labeled proteins in the pres-
ence of various substrates and products and the
resulting dimers were analyzed by native MS in a
time-resolved manner. The rate constants of subunit
exchange determined from these experiments
revealed that certain ligands accelerated, while
others prevented, subunit exchange.

The above examples illustrate that native MS
carried out with nano-ESI-Q-TOF instruments rep-
resents a versatile approach for studying pro-
tein—ligand interactions.

Protein—ligand interactions studied by Fourier
transform based MS and electron-based
dissociation

nano-ESI-Q-TOF  instruments,
transform (F'T) based mass spectrometers have also
successfully been used to investigate non-—covalent
interactions. These studies exploit the high accuracy
and resolution of two types of mass analyzer, the FT
ion cyclotron resonance (ICR)*® and Orbitrap®® 2
spectrometers. For example, in early studies the
high resolution offered by FT-ICR enabled the detec-
tion of toxin-oligosaccharide complexes and the esti-
mation of their association constants,®® and was
exploited to analyze the competitive binding of
inhibitors to bovine carbonic anhydrase II.5* Orbi-
trap instruments, introduced in the year 2000,%° are
comparable in resolution and accuracy to FT-ICR
mass spectrometers without the need for a supercon-
ducting magnet.’°%2 Several reviews illustrate the
features and general applications of FT based
MS.586568 Here we focus on the study of pro-
tein—ligand interactions by native ESI coupled with
FT instruments.

A key feature of FT-based MS is the fragmenta-
tion induced by electrons, namely, electron capture
dissociation (ECD)®*~"! and electron transfer dissoci-
ation (ETD).”>" In ECD, first described in 1998,
trapped multiply protonated molecules in the gas
phase capture low energy electrons, resulting in the
formation and subsequent fragmentation of odd-
electron ions.®®™ This process is highly bond spe-
cific; for instance, the breaking of disulfide interac-
tions and N-Ca bonds is favored by ECD. Like ECD,
ETD is a fragmentation method based on the trans-
fer of electrons originating from radical anions.”®
Both ECD and ETD allow the preservation of non-
covalent bonds and of PTMs,”®"® whereas covalent
interactions such as peptide bonds are broken.

One of the first examples of noncovalent binding
maintained intact by ECD was described in 2002.7%
Haselmann et al. investigated the interactions medi-
ating homodimer formation for a series of peptides
as well as those mediating the binding of two glyco-
peptide antibiotics (vancomycin and eremomycin) to
their bacterial tripeptide target.”® In this study, only
strong covalent bonds were broken by ECD, while

Besides Fourier
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weak bonding within a noncovalent complex was
preserved, allowing the gas-phase structure of the
noncovalent complexes, position of the binding site
and primary sequence information to be determined.
ECD was also used to investigate the direct interac-
tions of a neuropeptide, Substance P, with divalent
metals,”” to identify the copper binding site of the
chloroplastic protein CP127® and to map the primary
binding sites of the anticancer drugs cisplatin, trans-
platin, and oxaliplatin on ubiquitin.”®

An FT-ICR mass spectrometer was utilised to
study the noncovalent complex formed by the small
disordered protein a-synuclein and the polycationic
amine spermine, allowing the spermine binding site
to be mapped to a C-terminal fragment of «-synu-
clein.®% CID and ECD were used to investigate the
interaction between chicken adenylate kinase and
ATP, allowing localization of the ATP-binding
pocket.®! Similarly, the combination of these two
fragmentation techniques was used to map the zinc
binding site on bovine carbonic anhydrase II and the
ATP binding site on chicken muscle adenylate
kinase.®? CID and ECD were also used to character-
ize nanoscale bilayers (nanodiscs) formed by the
binding of phospholipids to a scaffold protein.®? Both
gas-phase dissociative approaches were utilized to
study metallodrug-peptide complexes and character-
ize the amino acid binding sites.?*%® CID, ETD, and
higher-energy C-trap dissociation (HCD) were also
applied to study a metallodrug-protein complex (i.e.,
the oxaliplatin-ubiquitin assembly).®® Among the
three approaches, ETD was the most useful for iden-
tifying the metal binding sites. Another interesting
example compared ETD with ECD to study the
interactions between basic and acidic peptides, con-
cluding that the two approaches yielded a similar
abundance and type of intramolecular fragments.®’
In summary, FT-based MS combined with electron-
based dissociation is a powerful method for investi-
gating protein—ligand interactions and characteriz-
ing binding sites.

The role of native MS in the structure
elucidation of soluble protein complexes
Numerous reports illustrate the power of native MS
using nano-ESI-Q-TOF instruments and CID to
advance structural studies of soluble protein assem-
blies (reviewed in®48-10:45:88.89) Mhe examples below
are grouped to illustrate how native MS (i) can be
combined with other structural approaches, (ii) pro-
vides useful information in the absence of high-
resolution structural data, and (iii) sheds light on
the assembly pathway of macromolecular complexes.
(i) Native MS provides complementary informa-
tion to other structural methods. For example, MS
was instrumental in elucidating the structure of the
Trax-Translin endonuclease complex involved in the
RNA interference pathway.”® Whereas the crystal
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structure of the truncated proteins indicated the for-
mation of a hexameric assembly, native MS revealed
that the full-length proteins assembled as ~240 kDa
octamers.”® Combining data from crystallography,
EM and MS yielded a three dimensional model of
the full-length octameric complex. Most recently, a
computational method was developed for combining
native MS data with other MS-based information
(IM-MS and chemical crosslinking) to generate
pseudo-atomic models of protein complexes.?1:%2

Native MS was also used to study the E. coli
protease-chaperone DegP, which exists in different
oligomeric states.®® Structures of the DegP hexame-
ric resting state and the 12meric and 24meric active
states had previously been observed by X-ray crys-
tallography.®* Native MS experiments suggested the
mechanism whereby substrate-mimicking peptides
induce the transition from the resting to the active
state. Similarly, native MS was utilized to study the
dynamics of Hsp90-containing complexes formed in
the presence of co-chaperones.®® In this case, the
assembly of ten different complexes was monitored
in real time, Kp values were calculated and a kinetic
model for the Hsp90 assemblies was proposed to
illustrate the most favorable reaction pathways.®

Several viruses have been successfully analyzed
by native MS (reviewed in Refs. 88, 96). The major
structural capsid protein of noroviruses is VP1,
whose protruding (P) domain forms antigenic assem-
blies that might be useful for vaccine development.
In addition to the P assemblies (dimer, 12mer, and
24mer) previously identified by structural studies,
native and IM-MS identified additional P particles
(18mer and 36mer), whose abundance depended on
the buffer conditions (pH and DTT concentration)
used.”” In a separate example involving the bacterio-
phage HK97, single-particle cryo-EM, X-ray crystal-
lography, label-free quantitative proteomics and
native and hydrogen/deuterium exchange MS were
combined to better understand the role of the HK97
protease in maturation of the bacteriophage cap-
sid.?® In particular, native MS allowed the mass
determination of protease-free and protease-
containing procapsids and of the mature capsid
(17.9, 214, and 12.9 MDa, respectively). These
results allowed the number of protease molecules in
the procapsid to be estimated and the efficiency of
procapsid cleavage to be assessed, shedding light on
the capsid assembly mechanism.

(i1) Native MS provides useful structural infor-
mation when no high-resolution structure is avail-
able. For example, native MS was used to
investigate Cascade, a 405 kDa ribonucleoprotein
(RNP) complex required for CRISPR-mediated
immunity in E. coli.?® Native MS provided a 2D
interaction map of Cascade, complementing the low-
resolution structures obtained by negative-stain EM
and small-angle X-ray scattering (SAXS). The com-
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bined data led to a structural model for how double-
stranded DNA targets are recognized by Cascade.
Another CRISPR-associated RNP studied by native
MS is the Csy complex (350 kDa) from P. aerugi-
nosa.'®® This approach provided the stoichiometry of
the complex and revealed the peripheral location of
certain subunits, complementing EM and SAXS data
which revealed the overall shape of the Csy complex.
The Type III-A CRISPR-Cas Csm complex (427 kDa)
from T. thermophilus was also studied by proteo-
mics, native MS and EM.'%?

An additional example is a study of the human
translation initiation factor eIF3, a 13-subunit com-
plex of 798 kDa.*® Its stoichiometry, overall subunit
architecture and the existence of three submodules
were established by native MS. These results, in
combination with EM data, allowed the identifica-
tion of subunits located near the decoding center of
the ribosomal 40S subunit.

Native MS was also combined with SAXS and
fluorescence cross-correlation spectroscopy to study
the Central glycolytic genes Repressor (CggR), a
transcription factor that regulates carbohydrate
metabolic pathways in B. subtilis.'°? Crystal struc-
tures of the CggR effector-binding domain indicated
structural changes upon the binding of glycolytic
intermediates,'®® but the DNA-bound structure of
CggR was unknown. Native MS was used to analyze
CggR bound to a full-length operator DNA or to a
half-site DNA sequence in the presence and absence
of the inducer metabolite, fructose 1,6-bisphosphate
(FBP). These experiments revealed that CggR forms
a compact tetramer upon binding either DNA
sequences and that FBP causes the tetramer to dis-
sociate into two physically independent dimers. Fur-
ther support for these conclusions was obtained
using IM-MS.1%4

(iii) Native MS allows the investigation of
assembly pathways. An example is the characteriza-
tion of Prohead-1, an icosahedral intermediate in
the assembly of the bacteriophage HK97 with a
mass of 18 MDa and formed by 420 identical subu-
nits.?* In another case, MS was combined with
atomic force microscopy (AFM) to study virion
assembly and viral genome release (uncoating) of
the picorna-like Triatoma virus.!® Native MS
revealed the composition of a labile intermediate in
the uncoating pathway, providing key information
unattainable by AFM. Both native MS and AFM
were also used to assess the influence of solution
pH, ionic strength and subunit concentration on the
assembly pathway of Norwalk virus-like particles.%®

Investigation of membrane protein complexes

In the last decade, interactions involving membrane
proteins have been studied by MS, including
protein-drug interactions,®® protein—lipid com-
plexes,®® and multiprotein assemblies.>”*® More
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Figure 5. Native mass spectrum of the ColE9 translocon.
The inserts represent the observed species: orange hexagon,
intact complex bound to a lipopolysaccharide; red circle,
translocon lacking BtuB and the lipopolysaccharide; blue
square, BtuB. See text for further details. This spectrum was
reproduced with permission from Ref. 108 © (2013) AAAS.

recently, heteromeric membrane protein complexes
containing both soluble and transmembrane subu-
nits were successfully analyzed by native MS3%-40:107
(Table II). A few of the most recent such studies are
described below.

Native MS was instrumental for deciphering the
structure of the E. coli translocon complex that
mediates the translocation of colicin E9 (ColE9)
across the bacterial outer membrane.!®® This com-
plex is composed of two membrane proteins (the tri-
meric porin OmpF and the vitamin B12 receptor
BtuB) and three soluble proteins (ColE9, the immu-
nity protein Im9 and the periplasmic protein TolB).
By native MS the heptameric complex was detected,
its mass determined and the presence of an addi-
tional lipopolysaccharide bound to BtuB was
assessed (Fig. 5). Native MS also identified a stable
subcomplex obtained by limited proteolysis, corre-
sponding to the intact OmpF trimer, TolB and a
ColE9 fragment. In addition, native MS and electro-
physiological measurements in which OmpF was
exposed to increasing concentrations of ColE9 pep-
tides suggested a novel model for the sequential
binding of ColE9 to OmpF. These MS results were
combined with a negative-stain EM envelope and
previous crystal structures to deduce a 3D model of
the translocon.

Native MS was also used to study the ATP-
Binding Cassette transporter P-glycoprotein (P-gp)
and its binding to lipids, nucleotides, and drugs in
real time.'®® Lipid binding rates and apparent Ky
values were determined, indicating that P-gp prefer-
entially binds anionic (versus zwitterionic) phospho-
lipids and short-chain (versus long-chain)
cardiolipins. The interaction between P-gp and cyclo-
sporin A (CsA), a P-gp inhibitor, was also assessed
and was shown to increase the subsequent interac-
tion of P-gp with cardiolipin. IM-MS indicated that

Boeri Erba and Petosa

open and closed P-gp conformations (revealed by
crystallography) were readily interconverted by
ligand binding.

The above MS studies employed detergents such
as B-octylglucoside and dodecylmaltoside to main-
tain membrane protein complexes in their native oli-
gomeric state in the gas phase. Efforts to develop
detergent-free alternatives revealed that the native
state of proteins and macromolecular complexes can
also be preserved when certain lipid bicelles, amphi-
pols, or nanodiscs are used.!'®! Nanodiscs were
also exploited in a native MS study of the interac-
tion between glycosphingolipids (GSL) and the B
subunit homopentamers of cholera toxin and heat
labile toxin.!'? By screening different nanodisc-
incorporated glycosphingolipids against the proteins,
specific protein—ligand interactions could be identi-
fied and their relative affinities ranked.

Analysis of soluble protein complexes by native
top-down MS
The introduction of ECD as a technique for frag-
menting biomolecules enabled the study of intact
proteins by so-called “top-down MS”.1!3 In top-down
MS, samples are not proteolytically digested as in
“bottom-up” proteomics,'* but are directly analyzed
as intact proteins and fragmented inside FT-based
mass spectrometers.''® Top-down MS has allowed
for the characterization of different proteoforms,®
protein conformations, PTMs and protein-ligand
binding site locations.!!""12°

The mass and complexity of samples that can be
analyzed by top-down MS are steadily increasing. In
early studies, small noncovalent complexes’™ and a
protein—ligand complex®® were analyzed by “native
top-down MS” using ECD fragmentation (as detailed
above). The approach has more recently been
extended to large noncovalent assemblies.?%'2! Nota-
bly, in 2010 Gross et al. analyzed the tetrameric
yeast alcohol dehydrogenase (ADH, 147 kDa) using
an ECD-enabled ESI-FT-ICR instrument.!?! They
reported the fragmentation of ADH subunits (break-
ing covalent bonds within monomers) without dis-
rupting noncovalent interactions, thus
demonstrating for the first time the ability to obtain
information on both the primary and quaternary
structures in the same analysis. The same group
later extended their analyses to include concanava-
lin A (103 kDa) and the Fenna-Matthews-Olson
antenna protein complex (140 kDa).'2? They used
different types of dissociative approaches to extract
primary sequence information from highly flexible
terminal regions and less flexible internal regions.
The unfolding of ADH subunits was monitored by
combining “in-source dissociation” (ISCID), CID and
ECD, revealing that gas-phase protein unfolding ini-
tiated at the N-terminus and then moved towards
the complex core.'?? Interestingly, the extent of
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fragmentation observed by MS correlated well with
the atomic displacement factor determined by crys-
tallography (the B-factor, which reflects the relative
degree of motion of protein atoms), suggesting that
the ECD fragmentation pattern may be a useful
indicator of protein flexibility. Moreover, the ADH
from horse liver and from yeast were further studied
by FT-ICR MS, infrared multiphoton dissociation
(IRMPD), ISCID, CID and ECD to characterize the
binding sites of zinc atoms and NAD/NADH ligand
and to quantify different proteoforms.'?® These
examples highlight the ability of FT-ICR MS to pro-
vide information not only on inter-subunit interac-
tions within protein assemblies, but also on subunit
primary sequence and structural flexibility in the
gas phase.

ECD and ETD are mainly used in FT instru-
ments, but can also be incorporated in ion traps’®
and Q-TOF spectrometers.”>12* Recently, ETD was
utilized to sequence fragments of a noncovalent pro-
tein complex (ADH) using a Q-TOF instrument.'2®

In 2012, Heck et al. first demonstrated the use
of an Orbitrap mass spectrometer (Exactive Plus™
Thermo Fisher Scientific) for the analysis of intact
protein complexes ranging from 150 kDa to 800
kDa.1267129 They subsequently extended this range
to include virus-like nanoparticles with a mass up to
4.5 MDa'®° (Fig. 6). To carry out these analyses, an
Orbitrap instrument was modified to extend its m/z
range to 40000 and to transmit “heavy ions”.%%126
This modified mass spectrometer reached a very
high sensitivity, enabling the analysis of IgG at
1 nM concentration, and a remarkable resolution at
high m/z, allowing for the characterization of differ-
ent glycosylation forms of IgG.'2” The high resolu-
tion of this instrument also made it possible to
determine the type (ADP or ATP) and number of
nucleotides bound to such a large assembly as
GroEL (800 kDa).

Kelleher’s group further modified an Exactive
Orbitrap mass spectrometer to perform MS? experi-
ments on intact protein complexes.'®! This means
that protein assemblies were dissociated (in MS?
experiments) and then the ejected monomers were
further fragmented in the HCD cell (in MS? experi-
ments). Finally, the fragment ions were transferred
into the C-trap and Orbitrap to record spectra at
high resolution and accuracy. The MS? step allowed
the stoichiometry of the protein complex to be con-
firmed while the MS? step allowed the primary
sequence of the ejected subunits to be characterized.

Concluding Remarks and Outlook

Twenty years ago there was great excitement about
the emerging role of MS in biology, especially in the
field of proteomics.!327134 At that time, MALDI- and
ESI-MS had already exhibited excellent sensitivity,
accuracy of mass measurement and speed of data
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Figure 6. Native mass spectra of bacterial and viral nanopar-
ticles. A: The native spectra of encapsulin, adenovirus dodec-
ahedron (Dd9), adeno-associated virus serotype 1 (AAV1) and
cowpea chlorotic mottle virus (CCMV) were acquired using a
modified Orbitrap instrument. Even though the macromolecu-
lar complexes were larger than 2 MDa, the exceptional mass
resolving power of the mass spectrometer allowed the deter-
mination of the particle masses with high accuracy. B: Native
spectrum of the AAV1 capsid. The remarkable resolution of
the spectra allowed Heck and colleagues to determine the
stoichiometry of three different proteoforms (VP1, VP2, VP3)
of the AAV1 capsid viral protein. C: Simulated spectra of
AAV1 capsids showing different VP1:VP2:VP3 ratios. These
spectra were reproduced with permission from Ref. 130 ©
(2014) American Chemical Society.

acquisition.'13¢ Without doubt, MS has more than
met the expectations and predictions of two decades
ago. Currently, MS-based proteomics allows one to
quantify the intracellular changes in protein abun-
dance in a few hours'®” as well as to profile PTMs
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and protein interactions on a large scale.'®® Not sur-
prisingly, MS-based proteomics was recently ranked
among the 10 methods with the highest impact on
biological investigations.'3®

Although the first MS studies of non-covalent
interactions also date from over two decades
ago,283! native MS has had less of an impact than
MS-based proteomics. Nevertheless, it is clearly
gaining momentum in opening new scenarios in
structural biology. Native MS has already proved
itself to be a valuable technique in hybrid structural
studies,'*® especially because of its sensitivity, wide
applicability, speed of analysis and selectivity (i.e.,
several species with different masses can be simulta-
neously analyzed and separated). This latter feature
(mass selectivity) was recently exploited to separate
the apo and holo forms of ferritin, a 24-meric com-
plex, for subsequent visualization by negative-stain
EM.'*! The recorded images confirmed the preserva-
tion of the soft-landed complexes, showing specific
features such as the large central cavity and iron
core characteristic of apoferritin and holoferritin,
respectively. This study epitomizes the use of MS-
based separation to selectively purify heterogeneous
protein complexes prior to structural investigation.

A key advantage of native MS is its ability to
determine the composition and relative abundance
of different macromolecular complexes in real time.
Consequently, native MS is destined to play an
increasingly important role in deciphering the func-
tional regulation of PTMs, cofactors, and transient
complexes assembled in a cellular milieu. In years to
come, the routine analysis of intact macromolecular
assemblies may be possible directly from cells with-
out the need for recombinant over-expression.
Indeed, the literature already contains a few exam-
ples of endogenous particles studied by native
MS. 47142143 For instance, the comparison between
an endogenous human and recombinant form of the
small nuclear ribonucleoprotein Ul, a component of
the spliceosome, revealed the effect of specific PTMs
on the stability of Ul sub-complexes.!*® However,
the broader application of native MS to endogenous
complexes will require technical advances that
increase the yield of such complexes purified from
cells at their natural expression level.1*41% We will
also need instrumentation with increased sensitivity,
resolution, and ionization efficiency. Orbitrap instru-
ments already represent an improvement for their
sensitivity and resolution.!2%12%129 Novel ionization
approaches could increase the sample fraction intro-
duced in mass spectrometers.'*671%1 Moreover, new
detectors will have a positive impact on the applic-
ability of native MS. For instance, nanoelectrome-
chanical systems (NEMS) can detect very high
masses with unprecedented sensitivity,!>? requiring
only a few hundred single-molecule adsorption
events to detect megadalton molecules. Another
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example is charge detection mass spectrometry
(CDMS), whereby the m/z and z are simultaneously
measured for each ion.'®®> CDMS combined with
cryo-EM was recently utilized to characterize the oli-
gomeric states of large intermediates (>3.5 MDa) in
the assembly of the hepatitis B virus capsid.®*

Another area where there is room for improve-
ment is in data analysis. Currently, a few MS soft-
ware packages are available for the characterization
of macromolecular complexes (e.g., Refs.155,156),
but manual evaluation remains unavoidable. To
carry out high-throughput studies of macromolecu-
lar complexes, software as effective as that available
for bottom-up proteomics will need to be developed.

In conclusion, given the growing trend towards
the use of multiple, complementary techniques for
elucidating the structure of macromolecular com-
plexes, native MS will clearly play an increasingly
important role in addressing biological problems of
ever greater complexity.
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