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The study of protein–ligand interactions by mass spectrometry—
a personal view
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Abstract

Mass spectrometry is an evolving technique for the study of protein–ligand interactions, and is unique in its ability to probe desolvated as
well as solvated protein systems. This personal view highlights its potential to answer some fundamental questions on structure and energetics
of protein–ligand interactions.
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. Introduction

Earlier this year, when I was travelling from my home-
own Innsbruck in Austria to Ithaca, NY, with the purpose
f conducting experiments in the laboratory of my collabo-
ator Professor McLafferty at Cornell University, I came to

immigration in Philadelphia. The immigration officer stud
my visa and wanted to know what exactly my research
about. My rather self-conscious answer was “I am intere
in what happens to biomolecules when you remove thei
tive environment, water”. He looked at me and said “W
is that good for?” I told him that “When you remove the w
ter you can learn something about the intrinsic propertie
∗ Fax: +43 512 507 2892.
E-mail address:kbreuker@gmx.net.

biomolecules, such as proteins, without interference from the
native environment, which is an extrinsic factor”. He smiled,
stamped my forms, and said, “That sounds reasonable.” When
1387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2004.09.004
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Fig. 1. The number of publications found in a literature search (SciFinder)
on “mass spectrometry”, “protein”, and “ligand”, for the years 1988–2003.

I started to leave, he suddenly waved me to stop and asked
“So what happens when you remove the water?” I still owe
him the answer.

This is a personal perspective on the study of
protein–ligand interactions by mass spectrometry (MS), and
is meant to make a case for the importance of studying des-
olvated as well as solvated protein systems, despite the occa-
sionally intricate efforts involved. The steeply growing num-
ber of publications (Fig. 1) ever since the introduction of
matrix-assisted laser desorption/ionization (MALDI)[1–3]
and electrospray ionization (ESI)[4] mirrors the increas-
ing importance of MS in the study of protein–ligand sys-
tems[5], a topic which has already been reviewed exten-
sively [6–17]. Among the large variety of protein–ligand in-
teractions are protein–protein, protein–RNA, protein–DNA,
protein–cofactor, and protein–drug interactions, but here I
want to discuss more the general aspects of protein in-
teractions rather than individual systems. Understanding
protein–ligand interactions as they affect biological function
requires knowledge of the protein–ligand complex structures
as well as the energetics (kinetics and thermodynamics) of
binding. While NMR or X-ray structural data can be visual-
ized in graphic representations, it is usually less straightfor-
ward to picture energetics. In particular, the interpretation of
the energetics of protein folding and interactions is nontrivial.
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capabilities will very likely help to answer some fundamen-
tal questions on structure and energetics of protein–ligand
interactions.

In the following discussion of MS based techniques for
the study of conformation and energetics of protein systems,
a distinction is made between “solution experiments with
MS detection” and “MS gas phase experiments”. The latter
refer to experiments in the low-pressure region of the mass
spectrometer, and typically involve fully desolvated species
from ESI. In “solution experiments with MS detection”, the
structural probing reaction involves covalent modifications of
the protein in solution, and MS is merely a way of detecting
the products.

1.1. Structural information from solution experiments
with MS detection

Among the solution-based methods for structural probing
by MS are hydrogen/deuterium (H/D) exchange of protein
backbone amide hydrogens[13,16,20–29], oxidative radi-
cal reactions[30–32], and crosslinking experiments[33,34].
Each of the above reactions results in covalent modifications
at accessible protein sites, and the corresponding changes
in mass are easily determined by mass spectrometry given
a mass spectrometer with sufficiently high mass resolving
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or solution studies, Cooper pointed out that “the meas
ent of the thermodynamics of biomolecular interaction
ow relatively easy. Interpretation of these thermodyna

n simple molecular terms is not”[18]. In like manner, Clark
nd Schreiber state that for protein–ligand binding, “. . .the
nderlying physics and chemistry of these processes a
et completely understood”[19]. Considering the large va
ty of experimental techniques and strategies offered by
pectrometry based approaches, along with its unique a
ages such as speed and sensitivity, the contributions of M
he understanding of protein–ligand interactions are like
ain even more importance in the near future. Above all
ossibility to study completely desolvated yet thermally e

ibrated protein systems in MS instruments with ion trapp
ower[35]. For site-specific structural information with up
ingle-residue resolution, the chemically modified prote
ypically digested and its peptide fragments analyzed by
the bottom-up approach), although top-down strategies
rotein purification and fragmentation inside the mass s

rometer can be a valuable alternative[36–41]. A particularly
romising top-down fragmentation method is electron

ure dissociation[42–47], as it provides extensive seque
overage and, unlike conventional dissociation method
ot based on thermal or collisional ion heating[48] which
an bring about deuterium scrambling[49–51].

Backbone amide hydrogens in proteins can be found
o every amino acid except on the N-terminal side of pro
nd the C-terminus. Their solution exchange by deute
rimarily depends on their involvement in hydrogen bon
tructure and exposure to solvent[26], and the influence o
eighboring residues via inductive and steric blocking

ects can be calculated from values for model peptides[52].
epending on experimental conditions, backbone amide
xchange reflects transient protein structures (EX1 regim
quilibrium dynamics (EX2 regime). The kinetics of H/D
hange can be monitored by MS at nearly every inter-res
ite, and data analysis can be automated for high-throu
pplications[53]. Unwanted back-exchange after quench
f the exchange reaction and during sample handling

o MS detection can be a problem, but is minimized by
f columns packed with immobilized pepsin[28], or in the

op-down approach that does not require a digestion st
ll [38]. More stable covalent protein modifications can
ealized with chemical reagents such as acetic anhydri
-hydroxysuccinimidyl acetate[39,54,55], but care has to b
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taken that the reagents do not perturb protein structure, es-
pecially when high concentrations are used. From this stand-
point, H/D exchange is clearly superior because any solvent
can simply be replaced by its deuterated counterpart (e.g.
H2O by D2O, CH3OH by CD3OD, etc.). Another limitation
of aminoacetylation is that only the N-terminus and the lysine
residues react, so that the extent of structural information crit-
ically depends on protein sequence. However, this approach
could prove very useful in cases where extensive purification
is required or protein solubility is an issue, for example with
membrane proteins.

Hydroxyl radical reactions to probe the exposed surfaces
of proteins or protein complexes are usually irreversible and
result in stable oxidation products[30]. Moreover, no poten-
tially interfering solution additives are needed because hy-
droxyl radicals can be generated by interaction of X-rays
from a synchrotron source with H2O, the main constituent
of aqueous protein solutions. So far, twelve different amino
acid residues have been identified as useful probes for the
structural characterization of protein systems via hydroxyl
radical reactions[32]. A unique aspect of radiolysis is that
the hydroxyl radicals can be formed with high efficiency and
on a relatively short time scale from just any H2O molecules
in the protein solution, including those in the first hydra-
tion layer. Thus the speed of chemical labeling via hydroxyl
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Fig. 2. The free energy change,�Gd, versus equilibrium constant,Kd, for
protein–ligand dissociation reactions at 298 K, illustrating the relatively nar-
row energy range of biologically relevant protein–ligand interactions.

the standard state concentration (1 M);Fig. 2 illustrates this
relation for equilibrium constants of up to 10−14 M at 298 K.
The below mass spectrometry based approaches for the de-
termination of protein–ligand binding constants in solution
either monitor changes in protein molecular weight, or use
MS for the quantification of small ligand molecules in the
binding assay.

Besides site-specific structural information, solution H/D
exchange of protein backbone amide hydrogens can also yield
thermodynamic information, i.e. equilibrium constants for
protein–ligand dissociation,Kd, or association,Ka = 1/Kd.
Two such methods have been developed and discussed
recently [61], SUPREX (Stability of Unpurified Proteins
from Rates of H/DEXchange)[62–66] and PLIMSTEX
(Protein–Ligand Interactions in solution byMS, Titration,
and H/DEXchange)[67,68]. Briefly, the SUPREX approach
relies on a difference in backbone amide H/D exchange for
the protein by itself and the protein–ligand complex when
changing the solution conditions from native to denaturing.
For two solutions, one containing only protein and the other
the protein–ligand complex, protein mass increases due to
H/D exchange after specific exchange times are plotted ver-
sus denaturant concentration. The transitions from lower to
higher protein mass values reflect the two-state transitions
from folded to unfolded protein or protein–ligand complex
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adical reactions is not generally limited by diffusion of
eactant through the protein solution, which allows the s
f fast conformational changes[13,30]. As an alternative t
ynchrotron radiation, electrical discharge within an at
pheric pressure ESI source for the generation of hyd
adicals from gaseous O2 and H2O has also been reporte
owever, here the chemical probing reaction appears t
ur at the interface of solution and gas phase[30,56], where
rotein structure may be disturbed[57].

In summary, both H/D exchange of backbone amide
rogens and side-chain modifications provide time-reso
ite-specific information on the exposure of individ
esidues to solvent, which can be used for the identi
ion of ligand binding sites and the determination of chan
n protein conformational flexibility upon ligand bindin
15,16,21,23–25,58–60]. However, none of these metho
rovides direct information on the three-dimensional st

ure of protein systems. This is where yet another appr
omes in, chemical crosslinking for the determination
hrough-space distance constraints. MS analysis of che
rosslinking products in combination with molecular m
ling leads to low-resolution three-dimensional structure
roteins and protein complexes[33,34], which can poten

ially be refined by H/D exchange data.

.2. Energetic information from solution experiments
ith MS detection

For a bimolecular protein–ligand complex, the Gibbs
nergy of dissociation,�Gd, is related to the equilibrium di
ociation constant,Kd, by�Gd =−RTln(Kd/c0), wherec0 is
SUPREX requires EX2 exchange), as with increasing
aturant concentration more amide hydrogens becom
essible for H/D exchange. Indicative of binding-indu
tabilization, the denaturant concentration in the trans
idpoint is higher for protein–ligand complex than for
rotein by itself. Protein stabilities in the absence and p
nce of ligand obtained from transition midpoint value
arious exchange times (between a few minutes and
ral hours) are then used for the calculation of equilibr
inding constants[63,64,66]. For the PLIMSTEX analy
is, the protein is titrated with ligand, and the increas
ass due to backbone amide H/D exchange is plotted v
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ligand concentration[67]. Typically, the increase in protein
mass is largest in the absence of ligand, and gradually de-
creases with increasing ligand concentration as a result of
an increased protection of backbone amide protons on form-
ing the protein–ligand complex. Equilibrium binding con-
stants are obtained from fitting the H/D exchange data with
the newly developed “1:n protein:ligand sequential binding
model”[68]. Both SUPREX and PLIMSTEX have been suc-
cessfully used for the determination of solution binding con-
stants in protein systems of various stoichiometry, and the
partially deuterated proteins can in principle be subjected to
further analysis as outlined above.

For very large or membrane-bound proteins, the measure-
ment of H/D exchange by MS may be difficult or even im-
possible. In such cases, a “competitive MS binding assay”
that is similar to competitive radioligand binding assays but
uses native markers and MS for quantification[69] may be
more useful. Briefly, the competitive binding of the ligand un-
der study to a specific protein-binding site releases a marker
molecule (that binds with high affinity and selectivity at this
site) from the protein–marker complex. The free marker is
separated from the assay and quantified by MS using a cal-
ibration curve from another experiment without protein.Kd
values are ultimately calculated from the change in equilib-
rium concentrations of free marker with competing ligand
c
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tures as a result of Coulombic repulsion (corresponding to
decreased pH in solution), yet within a given conformer fam-
ily this actually decreases gas phase H/D exchange because
unlike in solution, protonated basic residues are not exposed
to solvent but solvated intramolecularly instead[49,89]. ECD
gives site-specific information on whether or not individual
residues are involved in tertiary bonding, and can be used to
monitor the site-specific unfolding and refolding of gaseous
protein ions[89,96,97]. IRPDS is the gas phase variant of
classical infrared spectroscopy and provides information on
the noncovalent bonding of functional groups such as OH
and N H [89,98,99]. Although proposed gas phase protein
structures are beginning to appear in the literature, it is also
evident that the field is still in its infancy.

At present, even less is known about the structure of
gaseous protein–ligand systems. Many spectra with signals
corresponding to protein–ligand masses have been published
during the last decade, and these are often referred to as the
“intact complex” signals. The term is misleading, because it
implies that the solution structure of the complex is retained in
the gas phase if only the complex partners are not separated
during transfer into the gas phase and an “intact complex”
signal is observed. However, such reasoning ignores possi-
ble conformational rearrangements during transfer into the
gas phase that can substantially alter the complex structure,
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.3. Structural information from MS gas phase
xperiments

Structural information on desolvated protein ions co
rom ion mobility measurements and related techniq
70–82], gas phase H/D exchange[49,83–89], gas phas
roton transfer reactions[90–95], electron capture dissoc

ion[89,96,97], and, very recently, infrared photodissociat
pectroscopy (IRPDS)[89,98,99]. Ion mobility and relate
xperiments provide only a single parameter, the colli
ross section, but this can be followed for individual p
ein charge states at different temperatures, pressures,
on kinetic energies, and in the presence of proton tra
eagents[74]. Moreover, structural transitions can be m
tored on time scales ranging from∼1 ms to 30 s in hybri
nstruments with ion trapping capabilities[81,82]. The col-
ision cross sections depend directly on conformation
an be correlated with theoretical values for calculated s
ures[76,100,101]. H/D exchange in the gas phase is c
istent with a “relay” mechanism[83,86] and can resolve
ultitude of coexisting stable gaseous protein conform

49,89]. However, data interpretation is more complex t
or H/D exchange in solution because the gas phase exc
echanism has higher structural requirements involvin

imultaneous formation of two hydrogen bonds with D2O
86]. The elevated structural demands of the H/D exch
eaction in the gas phase may also obscure the contrib
f the exposed surface area[102]. For example, increase
rotonation is generally associated with more open s
ven without separation of the complex partners. Put an
ay, structural rearrangements do not necessarily res
issociation of the complex. Evidence for considerable

ormational rearrangements as a result of desolvation c
rom native electron capture dissociation (NECD)[103,104],
on mobility studies[81,82], and molecular modeling ca
ulations[105]. The “gentle” desolvation and ion trans
onditions typically used for MS of protein complexes m
mize energetic activation, but cannot prevent changes i
tability of higher-order interactions as a result of solv
emoval. Dehydration eliminates the competition of w
or hydrogen bonds within and between complex partn
hose strength can increase in the gas phase up to a
here a hydrogen-bonded structure is thermally more s

han its covalent bonds[106]. On the other hand, remov
f water drastically weakens hydrophobic interactions
ay account for the most stable regions in a native stru

103,104], and can disrupt a stabilizing network of hydrog
onds[107]. Moreover, electrostatic interactions in prot
ystems cannot remain unchanged when the surroundin
er with its rather high dielectric constant (εr ∼ 80) is replace
y vacuum. Given the altered stability of higher order inte

ions in a gaseous environment, it can be expected that
onds are broken on transfer into the gas phase, while
nes may be formed. Thus it is rather unlikely that the orig
olution structure is preserved in the gas phase, and thi

ust as well affect the binding interface of a protein–lig
ystem[108,109].

In cases where the intermolecular bonds present in
ion are broken upon desolvation and no new ones forme
rotein–ligand complex will dissociate. Studies on the e
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of inert gas pressure in the ion desolvation region found that
the relative abundance of gaseous protein complex versus its
dissociation products can actually increase with increasing
pressure[110,111]. This is consistent with the rapid forma-
tion of new intermolecular bonds in the presence of multiple
collisions, which locally transfer momentum and can thereby
aid the complex in swiftly exploring the conformational space
to adopt more stable gas phase structures. Support for this hy-
pothesis of collisionally assisted structural rearrangements of
gaseous protein systems comes from gas phase H/D exchange
experiments which identify new stable gaseous protein con-
formers after exposure to collision gas[49] and ion mobility
data[112]. In the absence of collisions, the timescale for pro-
tein conformational reorganization may be too long to prevent
complex dissociation[96,97]. New noncovalent bond forma-
tion during ESI can also lead to the formation of unspecific
protein–ligand association products, i.e. complexes that were
not originally present in solution, whose kinetic stability in
the gas phase can even exceed that of specific complexes
[109,113]. Because unspecific complexes can form during
ESI, and specific complexes may not be stable in the gas
phase, caution is advised with approaches that infer solution
characteristics from relative ion abundances in a mass spec-
trum [113–117]. For example, consider a solution contain-
ing 10�M protein and 10�M ligand. Given a 1:1 complex
s nt of
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1.4. Energetic information from MS gas phase
experiments

Most energetic data on desolvated protein–ligand com-
plexes come from blackbody infrared radiative dissociation
(BIRD) experiments in Fourier transform mass spectrometers
(FTMS)[131–133]. In a typical BIRD experiment, ions from
ESI are transferred into the low-pressure region (<10−9 mbar)
of the FTMS instrument and trapped in its ion cell for ex-
tended periods of time. Energy exchange between the ensem-
ble of protein–ligand complex ions and the ion cell, which
is held at a defined temperature between typically 20 and
200◦C, occurs via blackbody infrared radiation[132]; spe-
cially designed ion cells which can be operated at tempera-
tures as low as−196◦C can be useful for the study of very
weak interactions[134,135]. Arrhenius parameters for the
dissociation of protein–ligand complexes are obtained from a
fit of dissociation rate constants at different temperatures with
the Arrhenius equation,kd(T) =Aexp(−Ea/RT). Because of
their large number of degrees of freedom, most biologically
relevant protein systems can safely be assumed to fall into
the rapid exchange limit where the measured activation en-
ergy equals the activation energy in the high-pressure limit
[132,133,136]. BIRD can be used to study the kinetics of
protein–ligand complex dissociation in the gas phase, but the
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toichiometry and a protein–ligand dissociation consta
0 nM, the solution concentrations of protein, ligand,
rotein–ligand complex are 311, 311 nM, and 9.689�M, re-
pectively. If only 10% of the protein–ligand complex d
ociates upon transfer into the gas phase, the mass spe
ould indicate protein, ligand, and protein–ligand concen

ions of 1.280, 1.280, and 8.720�M, respectively, and an e
oneous dissociation constant of 188 nM. However, for la
rotein systems, it appears that complex stoichiometry is
lly retained in the gas phase[6,10,12,15,17,118,119], pos-
ibly because of a sufficiently large binding interface. It
stimated that a binding interface area of about 1500Å2 that
omprises about ten hydrogen bonds is sufficient to en
issociation constants as low as 10−14 M for protein com-
lexes in solution[120]. Although a corresponding estima

or protein complexes in the gas phase is difficult to make
easonable to assume that larger binding interfaces gen
ncrease stability in the gas phase as well.

More detailed information on the gas phase struct
f protein–ligand complexes is currently only available
maller systems, for which several experimental strate
ave been applied, among them ion mobility[121,122], ECD

123], and gas phase ligand-exchange reactions[124]. With
he perpetual refinement of mass spectrometry instrum
ion and the development of new gas phase probing met
t is only a question of time until site-specific structural d
n larger gaseous protein–ligand systems will appear i

iterature. These will then go a long way towards the un
tanding of the intrinsic factors of protein complex stabi
s well as the role of hydration in forming a native struc

74,125–130].
everse reaction is not generally possible. However, com
ormation from monomers of opposite charge is a promi
ew experimental strategy for the study of protein–lig
ssociation reactions in the gas phase[137,138].

As discussed above, the structure of a protein–ligand
lex in the gas phase may differ from that in solution
hich case BIRD probes the dissociation energetics o

earranged gaseous complex. If desolvation did not res
ignificant structural rearrangements, BIRD probes the
ociation energetics of the original complex, but with its
ered strengths of interactions in the gas phase. This is co
ent with the observation that the kinetic stabilities of pro
omplexes in the gas phase do not generally correlate
olution values[14,139,140]. Differences in energetic stab

ty of protein–ligand complexes in solution and in the
hase can, however, be used to evaluate enthalpy chang
ociated with complex desolvation: In a recent study base
unctional group replacement and BIRD, the effect of prot
arbohydrate complex desolvation on binding enthalpy
uantified for individual interactions in the complex bind

nterface[141].
It was shown recently that kinetic data from a large n

er of BIRD experiments on different protein–ligand syst
ive strongly correlated Arrhenius activation energies,Ea,
nd preexponential factors,A, with Ea∼ lnA [142]. A simi-

ar phenomenon for biomolecular interactions in solutio
he thermodynamic entropy–enthalpy compensation, w
H∼ �S. Although both�H and �S vary strongly with

emperature, the changes in free energy,�G=�H−T�S,
re relatively small and a plot of�H versus�Sis nearly lin-
ar[143,144]. The strong temperature dependence of�Hand
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�Shas been attributed to large changes in heat capacity,�Cp,
associated with biomolecular interactions[143]. In solution,
large changes in heat capacity are the result of changes in sol-
vation and conformational flexibility. The observed correla-
tion ofEa andA for gas phase dissociation reactions initiates a
number of questions. How large is the heat capacity change on
protein–ligand dissociation in the gas phase, and how strong
is the variation ofEa andAwith temperature? What is known
about the conformational flexibility of protein systems in the
gas phase, and can gas phase H/D experiments teach us more?
Many proteins have regions of high flexibility that become
structured only when bound to ligand, but is this determined
by protein sequence or hydration, or both? What is the role
of water in protein dynamics and equilibrium fluctuations
[145,146]? Do individual water molecules increase[147] or
decrease[148] protein flexibility? Or, in general, what is the
contribution of hydration to the thermodynamics and kinet-
ics of protein interactions? Experimental approaches in so-
lution replace water by poly(vinyl alcohol), ice, trehalose,
sucrose solutions (92%), glycerol/water mixtures[146], wa-
ter/ethanol mixtures[149], or confine water in porous ma-
terials [150]. However, changing the solution composition
adds complexity to the protein system instead of reducing
it. In contrast, mass spectrometry offers the unique possibil-
ity to completely eliminate any solvent and study dehydrated
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sociation in the gas phase, this means that dissociation must
proceed via considerably different transition states depend-
ing on the energy deposited, in conflict with a data analysis
based on transition state theory.

Currently, a major limitation of gas phase experiments for
the study of noncovalent protein–ligand complexes is that a
true equilibrium situation cannot be readily established for
most systems. This is because for a charged protein and a
neutral ligand, the ligand may be absorbed by the vacuum
chamber walls or pumped away after protein–ligand disso-
ciation, and can only be replenished if sufficiently volatile.
For protein and ligand of the same charge polarity, dissocia-
tion is accelerated and association decelerated as a result of
Coulombic repulsion between protein and ligand, strongly
shifting the equilibrium towards separated products. For pro-
tein and ligand of opposite charge, both dissociation and as-
sociation reactions in ion trap mass spectrometers are possi-
ble [137,138], but a dissociation–association equilibrium at
uniform temperature has not yet been reported. Thus all cur-
rent energetic data on larger protein–ligand systems in the gas
phase are kinetic data of complex dissociation, which are typ-
ically analyzed in terms of transition state theory. However,
the application of transition state theory to protein folding
in solution has been questioned[159–161], and it is equally
questionable if transition state theory is sufficient to describe
p road
e nter-
m in
w e se-
l ucts
a use
o may
p ental
q

2

ent
p ass
s gy to
s -
t is-
c ether
p natu-
r are
t ent
f ally,
I sys-
t ates.
I ndis-
t ns,
w sing
t MS
b

rotein systems in gas phase experiments, which can be
lemented with molecular dynamics simulations[151,152].
oreover, individual conformers with distinct charge sta

corresponding to pH in solution) can be experimentally
ected and isolated based on theirm/z values and reactivit
r collision cross section[153,154], allowing a much mor
etailed analysis than is possible in bulk solution.

An intriguing phenomenon observed with the collisi
nduced or thermal dissociation of gaseous protein multi
as termed “disparate charge separation” or “asymm
harge partitioning”[155–158]. Although this unusual be
avior has been documented for noncovalent protein
lexes comprising as many as 33 proteins and two RNA

118], it is perhaps best illustrated with noncovalent pro
omodimer complexes[155,157,158]. Here, the two protei
onomers from energetic activation of a positively cha
aseous homodimer complex carry off not half of its ch
ach, but instead the complex charge is distributed une
mong the two dissociation products, with asymmetrie
igh as 11:4[158]. This charge asymmetry is in fact su
ient to initiate intermolecular electron transfer in gase
ytochromecdimer ions, from which detailed tertiary stru

ural information can be obtained[103]. A thorough stud
n the effect of protein conformational flexibility revea

hat asymmetric charge partitioning is caused by the (pa
nfolding of one of the protein monomers prior to dimer
ociation, thereby increasing its basicity[158]. Moreover, it
as found that the extent of charge asymmetry increases

ncreasing energy available for dissociation, with symm
issociation being the lowest energy process[158]. Assum-

ng a two-state process for homodimer protein complex
rotein–ligand dissociation as this may involve a rather b
nsemble of transition state conformations, or even i
ediate structures[105,162]. Gas phase MS experiments
hich discrete conformers of a single charge state ar

ected and isolated prior to dissociation, and the prod
nalyzed with respect to conformation, for example by
f H/D exchange reactions or spectroscopic methods,
rovide invaluable insights in addressing these fundam
uestions.

. Conclusions

In his brilliant 1997 review on the study of noncoval
rotein complexes by ESI, Joseph Loo remarks that “m
pectrometrists tend to extend an MS-based methodolo
olve virtually every scientific problem”[6]. I love this en
husiasm, which, in my view, comes from the truly interd
iplinary nature of MS-based research that brings tog
hysicists, chemists, pharmacologists, biologists, and
al scientists in general. However, one of the things we
ruly good at is that we surely know how to remove solv
rom a biomolecular system (any solvent, that is). Person
do not consider it an unfortunate situation that protein
ems can lose biological function in their desolvated st
nstead, I think of a desolvated protein system as an u
urbed model for investigating protein–ligand interactio
hich offers a great opportunity for detailed studies u

he wide variety of already established as well as future
ased methods.
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