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1. Introduction

Understanding the interactome, the complete set of
protein interactions in a cell, is a formidable task that has
become a vital part of the proteomic effort.[1] Not only is the
number of interactions almost incomprehensible but the
networks are dynamic and change in response to various
stimuli.[2] Furthermore, some interactions are transient, and
detecting these short-lived interactions without perturbing
their equilibrium is problematic. An important aspect of
describing a particular interaction is to obtain quantitative
data for binding affinities. This information, when coupled
with cellular concentrations of proteins and ligands, enables
the prediction of the dynamic interactome and provides the
missing link to systems biology.[3] To achieve this reliable
numerical values are required, specifically dissociation con-
stants (KD), which define the strengths of the interactions.
How best to monitor binding events and hence deduce these
KD values for two proteins, or between a protein and its
cognate ligand, is a challenge that has spawned over 20
biophysical techniques.[4]

The biophysical techniques that have been developed to
study dissociation constants can be categorized as either
“separative” or “non-separative” methods. The former rely
on separating and quantifying individual components of an
interaction, using techniques such as liquid chromatography[5]

and capillary electrophoresis.[6] The non-separative
approaches, for example, calorimetric techniques, rely on
their ability to measure a change in a physical property in
response to binding. Measuring heat changes that are
associated with an interaction between two species forms
the basis of isothermal titration calorimetry (ITC). Similarly,
spectroscopic techniques, such as fluorescence anisotropy
(FA), surface plasmon resonance (SPR), and NMR spectros-
copy, are non-separative and yield discrete changes upon
binding. Detecting the increase in mass or size induced by
binding is perhaps the most direct way to measure physical

change without separation. This property is exploited in
solution-based methods, such as analytical ultracentrifugation
(AUC) and dynamic light scattering (DLS).

1.1 Evolution of Mass Spectrometry for Biomolecular Analysis

Mass spectrometry (MS) is a relative newcomer to the
study of protein interactions, primarily because until a few
decades ago, the technique was limited to relatively low-
molecular-mass volatile molecules. Biomolecular MS evolved
from pioneering developments in soft ionization techniques.[7]

Specifically, electrospray ionization (ESI) overcame the
limitations associated with generating gas-phase ions from
involatile species. A nanoflow adaptation of ESI, nanoESI
(nESI), possesses notable advantages for analyzing large
protein assemblies, which include increased sensitivity, better
tolerance to salts, and more efficient desolvation, removing
the requirement for drying gases and heating to evaporate the
solvents.[8] The most notable characteristic associated with
ESI or nESI, which is pertinent to this Review, is the ability to
preserve weak non-covalent interactions between protein
subunits and ligands that exist in solution.[9]

Proteins possess an intimate relationship between their structure and
function, with folded protein structures generating recognition motifs
for the binding of ligands and other proteins. Mass spectrometry (MS)
can provide information on a number of levels of protein structure,
from the primary amino acid sequence to its three-dimensional fold
and quaternary interactions. Given that MS is a gas-phase technique,
with its foundations in analytical chemistry, it is perhaps counter-
intuitive to use it to study the structure and non-covalent interactions of
proteins that form in solution. Herein we show, however, that MS can
go beyond simply preserving protein interactions in the gas phase by
providing new insight into dynamic interaction networks, dissociation
mechanisms, and the cooperativity of ligand binding. We consider
potential pitfalls in data interpretation and place particular emphasis
on recent studies that revealed quantitative information about dynamic
protein interactions, in both soluble and membrane-embedded
assemblies.
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Careful transfer from solution to the gas phase enables
extremely large and intricate assemblies to be projected intact
into the mass spectrometer. Transmission of high m/z ions is
greatly improved by means of increased pressures within the
instrument,[10] which focuses the ions and dissipates their
excess kinetic energy through collisions with residual gas
molecules (collisional focusing).[11] Lowering the radio fre-
quencies of the quadrupole analyzer to 300 kHz extends the
accessible m/z range to 32 400.[10] These modifications have
allowed large biomolecular assemblies, including ribo-
somes,[12] proteasomes,[13] and virus capsids of approximately
18 MDa,[14] to be transmitted intact within the mass spec-
trometer. In theory, mass spectrometry is therefore capable of
providing a platform for monitoring the formation of non-
covalent interactions in a wide range of macromolecular
assemblies, from single ligands and proteins through to
macromolecular assemblies of MDa proportions.[15]

Although the detection of protein assemblies is performed
in the gas phase, the process essentially allows a snapshot of
the binding equilibrium established in solution to be captured
and detected in the mass spectrometer. Two types of experi-
ments are possible: either controlling the concentration of the
binding partners or limiting their interaction time. Binding
affinities are obtained from concentration-controlled experi-
ments wherein the binding partners are incubated in solution
at different ratios, and mass spectra are recorded once an
equilibrium has been established, following a constant incu-
bation time. Kinetic information is derived from time-
dependent studies wherein binding partners are incubated,
aliquots removed, and mass spectra recorded after specified
time intervals. Ideally, the concentrations of the various
protein–ligand systems in both types of experiment should be
close to those that are physiologically relevant. Given the
unevenness in local concentrations within cells however, as
a result of molecular crowding, nanomolar through to
millimolar protein concentrations should be explored to
encapsulate the full range of binding interactions.

For time-resolved experiments, the life time of transient
interactions can pose a significant problem for their capture
by most biophysical approaches. Since the complexes that are
formed are short-lived and will only be present at low
concentrations, these transient events can sometimes be
trapped by MS analysis as the time from desolvation/
ionization to recording a spectrum is typically tens or
hundreds of milliseconds. Such a timeframe therefore enables
binding events to be monitored in real time (see Section 3).[16]

Both time-resolved and concentration-dependent MS inves-
tigations will be considered in this Review (Figure 1).

One of the great advantages of MS in the study of
biomolecular interactions is sensitivity. Typically, picomolar
amounts of a protein complex are required. In contrast, ITC
or NMR spectroscopy generally require millimolar amounts
of a protein. Even the most sensitive ITC equipment requires
at least three orders of magnitude more protein complex than
MS. Although SPR and FA compete in terms of sensitivity
they are not capable of measuring interactions between
unmodified protein ligands that exist freely in solution. For
SPR, one of the binding partners must be immobilized onto
a surface. This tethering can in some cases lead to a loss in
activity or avidity effects.[17] The requirement to fluorescently
label one species in FA measurements also raises concerns
about the effects of labelled ligands on the receptor binding
properties.

For most biophysical methods, a wide range of buffers can
be used. A major limitation of the ESI technique, however, is
its intolerance to the non-volatile buffer salts that are used in
molecular-biology protocols. Many samples therefore require
desalting before analysis, and buffers such as ammonium
acetate are preferred as they are easily removed during the
desolvation process. The range of concentrations amenable to
ESI-MS studies will also impose restrictions on the range of
affinities that can be measured using this technique, which is
discussed in more detail in Section 4.

A further consideration is the ability of MS to simulta-
neously detect all species present in a given solution based on
the dynamic range and mass resolution provided by the
technique. These characteristics, as well as the rapid time-
frame on which measurements can be made, make MS highly
valuable for studying interactions that form with ligands to
allow reaction to occur or transient oligomeric states, since
these can be visualized among other, more abundant species.
This is particularly important for the complex interaction
networks that exist in equilibrium as distinct species can be
visualized simultaneously without having to isolate specific
complexes, which would inevitably perturb the equilibrium.
This ability to detect complexes simultaneously is particularly
important for studying the subunit exchange of protein
complexes as multiple products can be resolved/separated
according to their mass. Subunit exchange has been moni-
tored by means of other techniques, such as ion exchange
chromatography and fluorescence resonance energy transfer
(FRET). Although FRET possesses a distinct advantage over
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many techniques by being applicable in vivo, both techniques
require the labelling of protein subunits and hence are prone
to disadvantages similar to those discussed above for SPR and
FA. For MS experiments, the opportunity to use isotopically
labelled (e.g., 15N-labelled) proteins avoids the potentially
deleterious effects of a tag.

A further attribute of the MS method is the additional
information available on the folded state of a protein or
complex upon binding. This information is contained within
the charge state series, a direct relationship between the
surface area available for protonation and the charge states
observed in a mass spectrum.[18] As decreases in the surface
area can be brought about by forming protein interfaces, or by
folding, an indication of conformational change upon binding
can be attained.

In this Review, we present recent highlights that exploit
the ability of MS to detect protein interactions in solution. In
all cases, these applications benefit from the ability to

quantify the affinity of protein interactions at
equilibrium and to study exchange kinetics in
multi-protein assemblies. We also highlight appli-
cations to monitor enzymatic reactions and to
understand the allosteric communication of multi-
ple ligands that interact at separate interfaces of
a protein complex.

2. Snapshots of Protein Complexes at
Equilibrium

The introduction of a protein and its cognate
ligand into the MS allows a “snapshot” of the
interactions formed in solution at a particular point
in time to be captured. Mass spectra recorded for
solutions at equilibrium allow direct access to the
dissociation constants of an interaction by assessing
the intensities of the peak corresponding to the
protein–ligand complex, relative to that corre-
sponding to the apo protein. Knowledge of the
initial concentrations in the individual solutions is
crucial in enabling the calculation of dissociation
constants (KD). Typically, experiments are per-
formed over a range of protein or ligand concen-
trations and analyzed by one of two mathematical
frameworks. The first method calculates the asso-
ciation constant at each concentration and averages
these values.[19] The second fits the data using a non-
linear function.[20] Both approaches have been
applied to study protein interactions with fatty
acids[21] and carbohydrates.[22]

A particularly powerful example of binding
affinity determination was recently reported for
noroviruses, a group of viral pathogens that are
responsible for acute gastroenteritis and recognize
the human histo-blood group antigens (HBGA).[23]

The C-terminal protrusion domain (P) of the major
capsid protein forms the exterior of the capsid and
is responsible for the interaction with the HBGAs.
The affinities of 41 HBGAs for dimers of the

P protein were quantified and found to range from 400 to
3000m�1. These measurements therefore enabled a correlation
to be established between chain type and affinity.[24]

Variations to time-resolved and concentration-dependent
experiments have expanded the application of MS to
increasingly complex systems in which ligands are difficult
to resolve. As large assemblies typically undergo less efficient
desolvation within the mass spectrometer, resulting in broad
peak widths,[12] the binding of low-molecular-weight ligands is
often concealed. By including a proxy protein (Pproxy) of low
molecular mass that interacts specifically with the ligand of
interest, it is possible to measure quantitatively the extent of
ligand binding to large assemblies. This approach was applied
to determine the interactions between a range of oligosac-
charides and the homotrimeric tailspike protein of the
bacteriophage P22.[25] A 27 kDa single-chain antibody acted
as Pproxy binding to ligands with predetermined affinities. The
fraction of the Pproxy/ligand complex responds in real time to

Figure 1. An overview of the experimental approaches discussed within this Review
and the information that can be extracted. A time-resolved experiment (upper
panel) in which the formation of the bound complex (red) is monitored over time,
enabling association rates to be calculated. Measurements performed at equilibri-
um (lower panel) where the concentration of one component, in this case the
ligand, is increased systematically. The populations of different species are then
plotted as a function of ligand concentration to allow interaction affinities to be
determined.
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changes in the ligand concentration and therefore can be used
to report on the fraction of ligand bound to the tailspike
protein. The affinity measurements obtained by MS corrobo-
rated Ka values determined previously by means of a fluores-
cence-quenching assay.

An alternative strategy to address the problem of
unresolved ligand binding in larger complexes is termed
“catch and release”. As its name suggests, the approach
involves releasing ligands from protein complexes and is
carried out in the gas phase using collision-induced dissoci-
ation (CID). The mass of the ligand released in this step can
be determined and subjected to further fragmentation to
confirm its identity. A recent study investigated the potential
of this technique by incubating target proteins, either a single-
chain antibody, an antigen-binding fragment, or a fragment of
a bacterial toxin, with a library of potential carbohydrate
binding partners.[26] A library of over 200 carbohydrates was
screened with multiple protein targets to identify ligands that
bind with affinities in the range of 103 to 106

m
�1.

An interesting development of this catch-and-release
approach was its combination with ion mobility (IM)
spectrometry, a gas-phase electrophoretic technique that
enables separation based on drift velocity through a buffer
gas and is therefore dependent on charge, size, and shape.[27]

By combining these two methods structural isomers of
carbohydrate ligands that were released from monoclonal
antibody fragments were identified.[28] Libraries of carbohy-
drates have also been subjected to screening using the catch-
and-release method to identify interactions with the norovirus
particle of VA387.[22a] Interactions were detected with all
human histo-blood group antigens (HBGAs) that had pre-
viously been shown to be norovirus receptors, together with
a number of new interactions with oligosaccharides present in
the cell wall of mycobacteria and human milk.

3. Monitoring the Formation of Protein Assemblies
in Real Time

As a network of interactions forms and dissipates, it is
possible to monitor this dynamic process in real time.
Experimentally, this requires determination of the population
of the bound protein, relative to that of the unbound protein,
as a function of time. Data is then analyzed by optimizing the
on/off rates to achieve the best fit with the experimental data,
which has been described in detail elsewhere.[29] For reactions
where time points are taken at intervals of minutes or more,
this is achieved by incubating proteins and ligands off-line and
by recording spectra at predetermined time points. For rapid
reactions, where second/millisecond reaction times are of
interest, protein and ligand can be infused from separate
syringes and mixed using a T-piece at short timeframes prior
to electrospray ionization. When applied to protein folding
experiments, the structural information that is obtained from
the charge state signatures or extracted by IM–MS allows
conformational transitions to be probed. Early applications
include the real-time monitoring of the folding of cytochro-
me c,[30] as well as the unfolding of myoglobin.[31] Unlike the
unfolding of apo-myoglobin, which is non-cooperative, holo-

myoglobin moves between defined conformational states in
a cooperative unfolding pathway. Using this MS approach,
a novel intermediate was observed, with an unperturbed
chromophore within the heme binding pocket. This inter-
mediate had, however, undergone partial unfolding, which
was revealed by shifts in the charge state distribution and
interestingly had not been detected previously by optical
spectroscopy, highlighting the sensitivity of this MS method.

Using similar real-time unfolding experiments, the heme
binding states of hemoglobin were monitored by denaturation
in solution followed by dialysis into refolding buffer.[32]

Aliquots were taken at specified refolding time points and
analyzed by MS. On refolding, the alpha and beta subunits
were able to reinstate intermolecular interactions between
the protein subunits as well as with the heme. The assembly
pathway that was determined involved heme-bound mono-
mers that proceeded to heterodimers; ultimately, heterodi-
mer association resulted in native tetrameric hemoglobin.

Analogous experiments added detail to the catalytic
mechanism of the enzyme 3-deoxy-d-manno-2-octulosonate-
8-phosphate synthase (KDO8PS), which is responsible for the
biosynthesis of lipopolysaccharides.[33] A new reaction inter-
mediate that was bound to the enzyme was identified. This
intermediate had not been observed previously owing to its
dynamic nature. The continuous-flow approach, which is
capable of sampling on the millisecond time range, has
recently been coupled with desorption electrospray ionization
(DESI) to allow reaction monitoring with a time resolution of
as low as a 300 ms.[34]

4. Implications of the Phase Transition

The use of MS to quantify the affinity/kinetics of protein
interactions is built upon the premise that spectra are able to
provide an accurate representation of the degree of binding in
solution. In order to extract affinity data, as described in
Sections 2 and 3, the ratio between peaks that result from
bound and unbound protein is monitored as a function of
concentration or time. Concerns arise from effects that may
perturb this ratio. Of particular concern has been the
desolvation process that could result in radical concentration
changes within the ES droplets, which could distort the
equilibria. This concern is partially alleviated for the smaller
droplets generated in nESI as desolvation is much faster than
the kinetic rate of forming new interactions, which could
perturb the equilibrium. This is especially true for large
ligands, particularly proteins, with correspondingly lower
diffusion coefficients than smaller ligands.[35] For small
ligands, any unbound material should be ejected from the
droplets before complete desolvation, as small molecules are
expected to be ionized according to the ion evaporation
model.[36] Strong experimental evidence for the retention of
the status of a dynamic equilibrium was gleaned from an MS
study of small heat shock proteins, which exist in a range of
interconverting oligomeric states. A direct comparison of the
oligomeric distribution observed by MS and size-exclusion
chromatography multi-angle light scattering (SEC–MALS)
revealed excellent agreement between the solution- and gas-
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phase measurements (Figure 2a) and supports the idea that
the equilibria are not perturbed during the phase transition, at
least for large protein assemblies.[37]

Related to these concerns is the possibility that two
species that were originally not associated in the bulk solution
become encapsulated in the same final droplet (or final
solvation shell) prior to ionization. In such a circumstance, the
two species become associated following the removal of the
last remaining water molecules. The contribution of this effect
is strongly related to the concentration of the species in
solution and can be mitigated by working at low protein/
ligand concentrations (low mm range). Moreover, non-specific
interactions that form during the rapid desolvation process
are not expected to form in the correct orientation in the
correct binding pocket. The interactions formed on the
surface of a protein will lead to a complex that is notably
weaker than the specific interactions formed at equilibrium

and could potentially readily dissociate following desolva-
tion.[35] When studying low-affinity interactions, which neces-
sitate high concentrations of proteins and ligands, statistical
treatments can be applied to account for non-specific
interactions that arise during the ESI process.[38] Arguably
the most promising method for determining the presence of
non-specific interactions is to include a reference protein that
does not interact with the ligand under investigation.[39] Non-
specific binding with the reference protein, as well as with the
target protein, can therefore be taken into account in the
calculation of the binding affinities.

Differences in the ionization efficiency, transmission, and
detector response of bound and unbound counterparts should
also be considered as factors that could influence results. It
was recently demonstrated that the presence of virus capsids
in the same solution reduced the extent of binding observed
between a single-chain variable fragment (scFv) of a mono-
clonal antibody and an octasaccharide ligand.[40] It was
proposed that the observed effect was due to a reduction in
the amount of available surface in the electrospray droplet.
The protein and the protein–ligand complex must therefore
compete with each other for surface accessibility, which is
reduced owing to the presence of the virus capsid. In this case,
the free protein, which is more hydrophobic, outcompetes the
more hydrophilic P–L complex for available surface sites.
These different surface properties were proposed to explain
the change in ionization efficiency (and therefore, the ratio
observed).

As a general rule it has been suggested that ligand binding
that results in < 10% increase in mass relative to the protein
alone does not cause significant differences in ionization
efficiency, transmission, and detection.[19] Recent applications
to protein–protein complexes, such as ubiquitin–ubiquitin
binding domain interactions[41] and the HSP90 reaction
cycle,[29] in which significant changes in mass accompany the
binding event, demonstrate that this < 10% rule is not
universally applicable.

The dissociation of a protein complex after nESI, but
prior to detection is perhaps the most fundamental concern
for MS studies of protein complexes. If dissociation occurs, it
will lead to an overestimation of the KD value. This was
initially a fundamental concern for protein–ligand interac-
tions that rely heavily on hydrophobic interactions, which are
discussed in Section 5.[42] Methods that minimize the charge
acquired by complexes during ionization can reduce
unwanted dissociation by decreasing the kinetic energy and
thereby minimizing the energy gained from subsequent
collisions. The use of imidazole,[43] the addition of basic
solvents to protein-containing solutions, and the introduction
of solvent vapors to the source housing[44] have all enhanced
the preservation of weak intermolecular interactions. Signifi-
cant charge reduction allows the preservation of weak
intermolecular interactions, such as those between di-ubi-
quitin and ubiquitin binding domains (Figure 2b), and reveals
the specificity that exists between these different lysine
linkages (K48 or K63 linked di-ubiquitin).[41]

Figure 2. a) The distribution of oligomers observed using MS (gray
bars) closely reflects the distribution present in solution, which was
characterized using SEC–MALS (blue trace). b) ESI–MS conditions
optimized using charge reduction to allow the preservation of weak di-
ubiquitin–UBA2 interactions. The higher degree of binding in the
upper spectrum illustrates the higher specificity of Lys-48 linked
ubiquitin for this domain relative to the Lys-63 topology in the lower
spectrum. Figure adapted from Ref. [37] and [41].
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5. Survival of Hydrophobic Interactions in
a Dehydrated Environment

The effects on protein structure of transferring protein
complexes from solution to the desolvated environment of
a mass spectrometer have been debated since the first
applications of this technique to biomolecules. Fundamental
interactions that are responsible for the protein structure are
heavily influenced by the shielding effects of water. Gener-
ally, these interactions include hydrogen bonds, electrostatic
interactions, and van der Waals forces, all of which are
increased in the absence of water. A re-occurring concern has
been the fate of hydrophobic interactions. However, van der
Waals/dispersion forces between hydrophobic contacts must
be sufficient to preserve such complexes within the mass
spectrometer given the numerous reports of hydrophobic
membrane–protein complexes that survive in vacuum.[45]

Considering the associations that are preserved in the gas
phase and rely almost exclusively on hydrophobic interac-
tions,[46] a series of studies that focus on the interactions
between bovine b-lactoglobulin and a range of fatty acids are
particularly impressive.[47] The interaction strengths of these
complexes were interrogated using time-resolved blackbody
infrared radiative dissociation (BIRD) in the gas phase. The
fatty acids feature carboxylic acid groups, which form hydro-
gen bonds to the protein chain. Interestingly, however, the
activation energy required for gas-phase dissociation of the
ligand was sensitive to the alkyl chain length, demonstrating
that these hydrophobic interactions are preserved in vac-
uum.[47a] In a similar vein, a series of synthetic supramolecular
complexes, which interact with b-cyclodextrins solely through
hydrophobic forces, were investigated using a range of ESI
variants, including nano-ESI, cold-spray ionization, and
electrosonic spray ionization, for their ability to preserve
these interactions within the mass spectrometer.[48] As no
other interactions were possible in these complexes, the study
provided unambiguous evidence that hydrophobic interac-
tions can be preserved in the gas phase.

Having established that hydrophobic interactions
between small proteins can survive the electrospray process
and gas-phase transmission within the instrument, the affinity
and specificity of different poly-Ub chains, which interact
through hydrophobic forces, were investigated with a range of
ubiquitin-binding domains (UBD).[41] Charge reduction was
employed to negate gas-phase dissociation effects (Fig-
ure 2b), and the approach was validated using previously
characterized Ub–UBD complexes. Interactions with UBDs
act to control the fate of the poly-ubiquitin-linked proteins.
The Ub-associated domain 2 (UBA2) of HR23a, which
mediates the delivery of substrates to the proteasome,
displays increased affinity towards K48-linked chains, as
corroborated by MS (Figure 2b). The binding affinities for
unknown UBD–Ub interactions were also determined, and
the detection of a ternary complex, formed between Ub and
two different UBDs, suggests the possibility of cross-talk
between separate Ub signaling pathways. Interestingly, it was
possible to determine KD values of up to 200 mm for the
weakest of the UBD–Ub complexes studied at a near
physiological concentration (4 mm of UBD).

A critical point to make before closing this discussion on
hydrophobic interactions is that the timeframe of MS
measurements, that is, the time that protein complexes exist
in a desolvated state before detection, is of the order of a few
milliseconds. Consequently, although desolvated protein
complexes are unlikely to exist in a conformation that is at
an energy minimum, the measurements are performed on
a faster timescale than the kinetics of structural rearrange-
ments, implying that metastability is an important factor in
their survival.[49]

6. Probing Allostery in Protein Complexes

Allostery refers to an effect whereby the binding of
a modulator to a protein induces a response in the complex.
This response is transmitted throughout the protein structure
to activate the complex towards a subsequent binding
event.[50] This can be viewed simplistically as a molecular
switch, and such interactions are common regulatory controls
within the cell. Unravelling the cooperativity of metal-ion
binding to various proteins[51] and deciphering interactions of
cofactors binding to glyceraldehyde-3-phosphate dehydro-
genase[52] represent allosteric binding mechanisms that were
observed using MS. Recently, the homotetrameric enzyme
fructose 1,6-bisphosphatase (FBPase), a potential target for
diabetes treatment, was studied in combination with a range
of inhibitors.[53] A clear enhancement of successive inhibitor
binding implies that the four sites act with positive cooper-
ativity.

An impressive study of allosteric binding was demon-
strated for GroEL,[54] an 800 kDa molecular chaperonin,
which consists of two stacked homoheptameric rings provid-
ing 14 ATP binding sites. Folding of the target proteins takes
place through ATP-driven allosteric movements of the
molecular machine.[55] Given that the mass of ATP amounts
to only approximately 0.06% of the mass of GroEL, a key
factor of the experimental design was to increase the differ-
ence in m/z for each ATP binding event. This was achieved by
charge reduction using a range of volatile MS-compatible
buffers (Figure 3a). Ammonium acetate was avoided as NH4

+

can substitute for K+ in promoting ATP hydrolysis by GroEL,
leading to heterogeneous spectra. Ethylenediammonium
diacetate (EDDA) prevented ATP hydrolysis, and the
accompanying charge reduction increased the separation
between successive ATP binding events, allowing their
abundance to be measured as a function of ATP concen-
tration (Figure 3b,c). Hill coefficients were calculated for
different degrees of saturation of the binding sites and
allowed the KD values of subsequent binding events to be
calculated. The data provide compelling evidence for the
allosteric communication transmitted following successive
binding events.
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7. Unravelling Heterogeneity and Dynamics in
Assembly Cycles

The heat shock proteins are up-regulated under condi-
tions of cellular stress, HSP90 being one of the most abundant
(1–2% of the total cellular protein mass).[56] The functional
activity of this complex is the result of a highly dynamic and
cooperative assembly, which incorporates a variety of co-
chaperones. The resulting heterogeneous nature of the
complexes formed is challenging for other biophysical
techniques mentioned earlier, but has recently been studied
using MS.[29] The spectra recorded were difficult to interpret
using conventional software, owing to numerous interactions
occurring simultaneously leading to many overlapping com-
plexes that had to be deconvoluted using software designed
in-house (Figure 4a).[57] Real-time assembly experiments
allowed the formation and dissociation of numerous com-
plexes to be monitored simultaneously (Figure 4b). From
multiple mass spectra it was possible to calculate 14 KD values
for the equilibria observed by MS. The data also unraveled
the specificity of the complex formation, which is summarized

along with the KD values in Figure 4c.
Combining KD values with the cellular
concentrations of the individual com-
ponents allowed the complexes that
form within the cell to be defined.

7.1. Quaternary Exchange Dynamics in
Protein Assemblies

At equilibrium, some protein com-
plexes exist as polydisperse assemblies,
populating a range of oligomeric
states, which are often influenced by
changes in their environment and
represent challenging systems for
study by conventional structural biol-
ogy approaches. The evolution of such
dynamic assemblies can only be under-
stood by determining how this behav-
ior promotes their function. Tradi-
tional techniques, where data is repre-
sentative of an average behavior in
solution, are not suitable for studying
the behavior of a particular oligomeric
state. As demonstrated in Section 7
already, a real-time approach can be
applied to monitor the quaternary
dynamics of polydisperse systems at
equilibrium under defined environ-
mental conditions. Subunit exchange
experiments rely on the differences in
mass between subunits to monitor
their incorporation into an assembly.
The incorporation of a truncated ver-
sion of the protein, for example, into
an assembly highlights the effect of
specific residues on quaternary

dynamics. Alternatively, homo-oligomeric assemblies can be
studied by monitoring the incorporation of subunits that have
been labelled with heavy elements (13C and/or 15N). These
methods have been used to characterize the subunit dynamics
of IgG antibodies,[58] HBV capsids,[59] and protein cages.[60]

Small heat shock proteins (sHSPs) exist in a range of
interconverting oligomeric states,[61] and their primary role is
to interact with misfolded proteins to prevent aggregation.[62]

Dysfunctions of these proteins are implicated in numerous
diseases.[63] Of particular interest are the a-crystallins, mam-
malian sHSPs that are found in exceptionally high abundance
in the eye lens.[64] They populate a range of interconverting
oligomeric states with molecular masses ranging from
approximately 300 kDa to over 1 MDa. Early subunit-
exchange experiments on aA-crystallin explored the contri-
butions of five C-terminal residues by truncating the protein
and comparing its behavior with that of the wild-type
protein.[65] The truncation reduces the size of the oligomers
adopted by the assembly. aB-crystallin, also a component of
the a-crystallin assemblies in the eye, was studied in the
presence of aA-crystallin. Unlike other sHSPs, the mamma-

Figure 3. a) Charge-reduced spectra of the GroEL complex for the resolution/separation of the
binding of multiple ATP molecules in (b). c) Monitoring the population of each binding event as
a function of concentration provides a measure of the affinity, which, in this case, reveals the
allosteric communication within the complex. Figure republished with permission from Ref. [54].
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lian complexes were shown to exchange monomeric subunits,
indicating that the polydispersity of aB-crystallin can be
understood by studying the interactions between monomers
within the dimeric building blocks of the assembly.[16b] To
increase the throughput of these subunit exchange experi-
ments, two sHSPs from Arabidopsis thaliana were studied
using an automated chip-based nESI source.[66] Subunit

exchange experiments revealed that the intradimeric building
blocks were interchanged between the oligomers, hence the
most prominent oligomers observed were composed of an
even number of subunits (Figure 5). The rate constants
observed for these complexes were also in agreement to
those obtained for other plant sHSPs, which were obtained
using an MS approach.[67]

Capturing dynamic regions is often the most challenging
task of structural biology but interestingly, these are often
readily accessible by MS. In the case of the ribosome, the stalk
complexes, which are the flexible, five-protein protuberances
on the ribosome, are frequently absent in high-resolution X-
ray structures but are readily observed by MS.[68] These stalk
complexes play a key role in function as they are responsible
for the interactions formed with translation factors during
protein biosynthesis.[69] The stalk complex of E. coli ribo-
somes consists of one copy of the L10 protein and four copies
of the L7/L12 proteins. The exchange kinetics of the stalk
complex were investigated in a real-time reaction monitoring
experiment using isotopically labelled L7/L12, while the stalk
was still associated with the intact ribosome.[70] The MS data
revealed the independent nature of the L7–L12 dimers, which
appeared to associate and dissociate as readily as the
individual monomers. In ribosome EF-G complexes, where
the ribosome is trapped in a post-translational state, it was
demonstrated that one of the L7–L12 dimers became trapped
on the ribosome. This results in a 27% lower rate of monomer
disassembly and a 47% reduction in dimer exchange, clearly
demonstrating a preference for interactions of the L7–L12
dimers with elongation factors.

Relating quaternary dynamics to disease states is illus-
trated in studies of tetrameric transthyretin, an amyloidogenic
protein, mutations of which are implicated in the develop-
ment of familial amyloidotic polyneuropathy.[71] One of the
most common amyloidogenic mutations identified is L55P.[71c]

Subunit exchange in a tetrameric L55P variant was compared
to that in the wild-type (WT) protein.[72] Although the WT
protein was shown to exchange via both monomers and
dimers, the disease mutant primarily interchanges by dimeric
subunits. The two dissociation events were combined to
provide overall rate constants of 0.017 min�1 and 0.0011 min�1

for the L55P variant and the wild-type protein, respectively.
Most interestingly, the rate of dissociation in WT trans-
thyretin is increased in the presence of L55P. As the
tetrameric complex does not proceed to form fibrils, it was
concluded that the interaction between the WT and the
mutant could promote the formation of insoluble aggregates
by increasing the amount of dissociation products of the WT
form. This has implications for heterozygotes expressing both
proteins; interactions between tetramers during their lifetime
in plasma (half-life 8–18 h) could help explain the amyloido-
genicity of the L55P variant.

In analogous experiments targeting b2-microglobulin
(b2m), which has been identified as the major component of
amyloid fibrils associated with dialysis-related amyloido-
sis,[16a] real-time ESI–IM–MS measurements were used to
monitor the subunit exchange of 14N- and 15N-labelled pre-
fibrillar oligomers of b2m. These early oligomers were shown
to be dynamic, with the rate of subunit exchange decreasing

Figure 4. The deconvolution of multiple coexisting species is achieved
using in-house software (Massign).[57] a) The mass spectrum (red)
represents the sum of the simulations of the individual mass spectra
of all component complexes, which aids the assignment of experimen-
tal data (black). The intensities of each component are adjusted to
simulate the raw data. b) Time course data for the population of ten
complexes formed en route to equilibrium in solution. KD values were
calculated, and a network of all possible complexes formed was
constructed. c) Overview of the interactions observed between HSP90
(gray), FKBP52 (purple), Hop (orange), and HSP70 (blue). Complexes
highlighted in red are those that are likely to form at cellular
concentrations. KD values are given next to the reaction arrows. Figure
adapted from Ref. [29].
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with increasing oligomeric size. By monitoring the dynamics
of these early oligomers, as well as obtaining structural
information from IM measurements, the authors were able to
construct a model of the early oligomer assembly of this
protein.

8. First Applications to Membrane Proteins

The ability to study intact membrane proteins in the gas
phase is a recent achievement that expands the application of
the technique to some of the most challenging complexes in
structural biology.[73] Based on their low expression levels and
solubility issues, a growing but relatively limited number of
structures have been solved at atomic resolution. The MS
approach involves introducing membrane proteins encapsu-
lated in detergent micelles from charged droplets, and
subsequently releasing naked protein assemblies by applying
collisional activation.[73c] The ability to preserve protein–
protein interactions, including those between transmembrane
subunits, was established, but whether interactions with small
ligands could be preserved was less clear at that time. This was
particularly challenging given the presence of the detergent
micelle, which has to be removed while small molecule ligand
binding needs to be retained.

The integral membrane protein P-glycoprotein (P-gp)[74] is
an ATP-binding cassette (ABC) transporter that is respon-
sible for pumping a variety of substrates across the membrane
and has been subjected to X-ray analysis.[75] Because of its
ability to pump substrates, P-gp is implicated in multidrug

resistance, acting as an efflux pump that ejects
chemotherapeutics from target cancer cells.[76]

P-gp contains two transmembrane regions, each
containing six transmembrane helices.[75, 77] These
helices form a hydrophobic binding cavity, within
which the substrate resides. An ATP-driven
conformational rearrangement is proposed to
eject the substrate to the opposing side of the
membrane (Figure 6a).[78] Time-resolved meas-
urements were used to monitor the intensity of
various species with lipid bound species, enabling
the calculation of KD values (Figure 6c).[74]

Results revealed that up to six negatively charged
lipids are able to bind simultaneously to P-gp,
more favorably than zwitterionic lipids (Fig-
ure 6b). Ion mobility measurements illustrate
that the protein exists in a delicate equilibrium
between two conformations, which were assigned
to inward- and outward-facing forms. The addi-
tion of ligands and lipids appears to stabilize the
smaller, outward-facing conformer, which is
required for efflux (Figure 6d). Previous studies
performed on P-gp, which were designed to
monitor conformational dynamics, included
FRET[78] and EPR experiments.[79] In contrast,
these MS studies were performed using unlabeled
protein/ligands and were able to monitor simul-
taneously the conformational changes induced by
multiple binding partners. Unexpectedly, the

binding of cyclosporine A (CsA) was found to enhance the
binding of cardiolipin, leading to the proposal that CsA
stabilizes an open conformation and subsequently improves
access of cardiolipin to the internal binding cavity.

Protein complexes that consist of soluble proteins and
multiple membrane-embedded subcomplexes are a particular
challenge for all structural techniques. This architecture is
exemplified by the complexes formed by the colicins,
cytotoxic proteins expressed and released by E. coli, which
kill other closely related bacteria during interbacterial com-
petition. Colicin E9 (ColE9) initially anchors to the vitamin
B12 receptor BtuB, before recruiting the trimeric membrane
porin OmpF through the intrinsically disordered N-terminus
ColE9. This intrinsically disordered domain of ColE9 passes
through one of the three porins of OmpF and captures the
periplasmic protein TolB on the other side of the membrane
(Figure 7a, inset). A disulfide trap between ColE9 and TolB
allowed the extraction and purification of the full heptameric
protein assembly using a detergent to protect transmembrane
protein subunits in two different membrane-embedded loca-
tions. This assembly is therefore likely extracted in two
detergent micelles; however, by carefully controlled accel-
eration to remove the detergent, the intact complex of
approximately 300 kDa was liberated in the gas phase
confirming the stoichiometry of the assembly (Figure 7a).
The release of this complex from two micelles is in line with
recent proposals of a protective role of detergent evaporation
in maintaining membrane protein complexes in the gas
phase.[80]

Figure 5. The subunit exchange between HSP17.6 (red) and HSP18.1 (blue) from
Arabidopsis thaliana. a) Mass spectra of the two proteins illustrate the ability to
resolve the two complexes by mass. With time, these discrete peaks are replaced by
new species that form with a range of stoichiometries consistent with the exchange
of dimers between the two assemblies (lower panel). b) Exponential decay of the
homododecamers at 30 8C (white circles) and at 24 8C (black circles). The relative
abundances of heterododecamers 10:2 (purple triangles), 8:4 (blue diamonds), and
6:6 (green squares) illustrate that exchange proceeds via dimers (lower panel).
Figure adapted from Ref. [66].
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A proteolyzed fragment of the full translocon, which still
retains an active OmpF trimer, allowed the determination of
the interaction of the OmpF binding epitope of colicin
(Figure 7b). A KD value of 1.4 mm was determined through
concentration-controlled addition of a peptide that replicates
the OmpF binding epitope of ColE9. This KD value is in good
agreement with a subsequent ITC measurement performed in
the same buffer (KD = 1 mm ; Figure 7b–d). This MS study
therefore revealed that reliable KD measurements can be
made for membrane complexes and moreover showed from
the stoichiometry of the peptide binding that only one of the
OmpF porins was accessible for peptide binding in the
presence of ColE9. A confirmation of this hypothesis, which
was provided by electron microscopy (EM) and electrical
conductivity measurements, allowed a new signaling mecha-
nism to be proposed, whereby the colicin enters the periplasm
and threads back through a vacant porin. Anchoring this
intrinsically disordered domain by two pores is thought to
lower the entropic penalty for the epitope exposed at the
periplasm side to bind to its TolB target.

9. Summary and
Outlook

In this Review, we have
highlighted some of the
unique insights provided
when using MS approaches
to study interactions within
protein complexes. The
power of the approach
derives from its ability to
follow and simultaneously
observe complex interac-
tion cascades that take
place in solution. This alle-
viates the need to study
interactions in isolation
and enables their study
within a homogeneous
preparation, as illustrated
for the HSP90 reaction
cycle. The time scale of the
MS approach also enables
studies in real time. Where
complexes are present as
polydisperse oligomeric
assemblies, MS presents an
exclusive opportunity to
study the effects of subunit
dynamics on the structure,
which in turn can be related
to their function.

Extracting quantitative
affinity data for membrane
complexes, which was high-

lighted for the colicin translocon and PgP complexes,
represents some of the first examples where KD measure-
ments have been made for membrane protein complexes and
paves the way for many follow-up studies. New approaches
have recently been developed for studying membrane pro-
teins from lipid-bilayer environments.[81] A particularly novel
application of solubilized bilayers, in the context of this
Review, is the ability to monitor the interactions between
soluble proteins and nanodiscs containing specific glycosphin-
golipids (GSL).[82] Together, these developments highlight
opportunities for quantifying native-like binding interactions
between proteins and lipids that have been attained to date
for complexes released from detergent micelles.

In this Review, we have shown how MS has progressed to
obtain numerical values for reaction rates and binding
constants, overcoming many of the initial challenges, includ-
ing non-specific binding, preservation of hydrophobic inter-
actions, and unwanted dissociation. Often acceptance of
quantitative data deduced by MS requires validation with
other approaches carried out in parallel. Although a multi-
faceted approach is always desirable, and to this end, closely
linking MS with ITC, EM, and X-ray analysis is of paramount
importance, affinities can now be deduced ab initio by means
of MS. As we move into a new era for MS of membrane

Figure 6. a) PgP undergoes conformational transitions to accomplish transport across the membrane. b) The
preference towards negatively charged lipids is demonstrated by observing additional peaks that correspond to
binding of up to six POPA lipids, compared to the binding of a maximum of three 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) when added to P-gp in detergent micelles. c) The IM–MS data reveal two conforma-
tional states, which were assigned to the open and closed states of the protein, the equilibrium of which is
affected by drug, detergent, and ATP binding. d) The kinetics of lipid binding can be monitored by recording
spectra at specific time points, and fitting the data allows the association rates to be determined.
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proteins, megadalton viruses, nanodiscs, and dynamic reaction
cycles, it is interesting to consider the likely impact of new
developments in instrumentation. In this regard, the ability to
increase mass resolution using new Orbitrap modifications,[83]

to map non-covalent binding sites with electron-capture
dissociation,[84] to enhance separation in ion mobility meas-
urements,[85] and to link MS more closely with EM[86] looks set
to augment this burgeoning research area for many years to
come.
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