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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.
© 2004 Elsevier B.V. All rights reserved.
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_ immigration in Philadelphia. The immigration officer studied
1. Introduction my visa and wanted to know what exactly my research was
) ) ] about. My rather self-conscious answer was “l am interested
Earlier this year, when | was travelling from my home- i, \yhat happens to biomolecules when you remove their na-
town Innsbruck in Austria to Ithaca, NY, with the purpose e environment, water”. He looked at me and said “What
of conducting experiments in the Iaboratpry qf my collabo- g that good for?” I told him that “When you remove the wa-
rator Professor McLafferty at Cornell University, | came t0 ey you can learn something about the intrinsic properties of
biomolecules, such as proteins, without interference from the
* Fax: +43 512 507 2892. native environment, which is an extrinsic factor”. He smiled,
E-mail addresskbreuker@gmx.net. stamped my forms, and said, “That sounds reasonable.” When
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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.
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Fig. 1. The number of publications found in a literature search (SciFinder) 1-_1- Structural 'information from solution experiments
on “mass spectrometry”, “protein”, and “ligand”, for the years 1988-2003. with MS detection

| started to leave, he suddenly waved me to stop and asked Among the solution-based methods for structural probing
“So what happens when you remove the water?” | still owe by MS are hydrogen/deuterium (H/D) exchange of protein
him the answer. backbone amide hydrogeri$3,16,20-29] oxidative radi-

This is a personal perspective on the study of calreaction§30—32] and crosslinking experimeni33,34]
protein—ligand interactions by mass spectrometry (MS), and Each of the above reactions results in covalent modifications
is meant to make a case for the importance of studying des-at accessible protein sites, and the corresponding changes
olvated as well as solvated protein systems, despite the occain mass are easily determined by mass spectrometry given
sionally intricate efforts involved. The steeply growing num- a mass spectrometer with sufficiently high mass resolving

ber of publications Kig. 1) ever since the introduction of
matrix-assisted laser desorption/ionization (MALD1)-3]
and electrospray ionization (ES[#] mirrors the increas-

power[35]. For site-specific structural information with up to
single-residue resolution, the chemically modified protein is
typically digested and its peptide fragments analyzed by MS

ing importance of MS in the study of protein-ligand sys- (the bottom-up approach), although top-down strategies with
tems|[5], a topic which has already been reviewed exten- protein purification and fragmentation inside the mass spec-
sively [6—17]. Among the large variety of protein—ligand in- trometer can be a valuable alternafi8é6—41] A particularly
teractions are protein—protein, protein—RNA, protein—-DNA, promising top-down fragmentation method is electron cap-
protein—cofactor, and protein—drug interactions, but here | ture dissociatiofj42—47] as it provides extensive sequence
want to discuss more the general aspects of protein in-coverage and, unlike conventional dissociation methods, is
teractions rather than individual systems. Understanding not based on thermal or collisional ion heatid@] which
protein—ligand interactions as they affect biological function can bring about deuterium scramblif#9-51]

requires knowledge of the protein—ligand complex structures ~ Backbone amide hydrogens in proteins can be found next
as well as the energetics (kinetics and thermodynamics) ofto every amino acid except on the N-terminal side of proline
binding. While NMR or X-ray structural data can be visual- and the C-terminus. Their solution exchange by deuterium
ized in graphic representations, it is usually less straightfor- primarily depends on their involvement in hydrogen bonded
ward to picture energetics. In particular, the interpretation of structure and exposure to solvgR6], and the influence of
the energetics of protein folding and interactions is nontrivial. neighboring residues via inductive and steric blocking ef-
For solution studies, Cooper pointed out that “the measure-fects can be calculated from values for model peptjdgg
ment of the thermodynamics of biomolecular interactions is Depending on experimental conditions, backbone amide H/D
now relatively easy. Interpretation of these thermodynamics exchange reflects transient protein structures (EX1 regime) or
in simple molecular terms is nof18]. In like manner, Clarke  equilibrium dynamics (EX2 regime). The kinetics of H/D ex-
and Schreiber state that for protein—ligand binding,the change can be monitored by MS at nearly every inter-residue
underlying physics and chemistry of these processes are nosite, and data analysis can be automated for high-throughput
yet completely understood19]. Considering the large vari-  applicationg53]. Unwanted back-exchange after quenching
ety of experimental techniques and strategies offered by massf the exchange reaction and during sample handling prior
spectrometry based approaches, along with its unique advanto MS detection can be a problem, but is minimized by use
tages such as speed and sensitivity, the contributions of MS toof columns packed with immobilized pepdi28], or in the

the understanding of protein—ligand interactions are likely to top-down approach that does not require a digestion step at
gain even more importance in the near future. Above all, the all [38]. More stable covalent protein modifications can be
possibility to study completely desolvated yet thermally equi- realized with chemical reagents such as acetic anhydride or
librated protein systems in MS instruments with ion trapping N-hydroxysuccinimidyl aceta{@9,54,55] but care has to be
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taken that the reagents do not perturb protein structure, es- 80

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.
H>0 by DO, CH3OH by CD;0D, 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 produdt30]. 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 withJ@, 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 the standard state concentration (1 Mig. 2illustrates this
radical reaction$32]. A unique aspect of radiolysis is that relation for equilibrium constants of up to 1% M at 298 K.
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Fig. 2. The free energy chang&Gg, versus equilibrium constarity, for
protein—ligand dissociation reactions at 298 K illustrating the relatively nar-
row energy range of biologically relevant protein—ligand interactions.

the hydroxyl radicals can be formed with high efficiency and
on a relatively short time scale from just any® molecules

in the protein solution, including those in the first hydra-
tion layer. Thus the speed of chemical labeling via hydroxyl
radical reactions is not generally limited by diffusion of the

reactant through the protein solution, which allows the study

of fast conformational chang¢$3,30]. As an alternative to
synchrotron radiation, electrical discharge within an atmo-

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

spheric pressure ESI source for the generation of hydroxyl protein—ligand dissociatioriy, or associationKs= 1/Kq.

radicals from gaseous and HO has also been reported.

Two such methods have been developed and discussed

However, here the chemical probing reaction appears to oc-recently [61], SUPREX &ability of Unpurified Proteins

cur at the interface of solution and gas phg®56], where
protein structure may be disturbgsi’].

from Rates of H/D EXchange)[62—-66] and PLIMSTEX
(Protein-Ligand Interactions in solution byS, Titration,

In summary, both H/D exchange of backbone amide hy- and H/DEXchange]67,68] Briefly, the SUPREX approach
drogens and side-chain modifications provide time-resolved, relies on a difference in backbone amide H/D exchange for
site-specific information on the exposure of individual the protein by itself and the protein—ligand complex when
residues to solvent, which can be used for the identifica- changing the solution conditions from native to denaturing.
tion of ligand binding sites and the determination of changes For two solutions, one containing only protein and the other
in protein conformational flexibility upon ligand binding the protein—ligand complex, protein mass increases due to
[15,16,21,23-25,58—-60However, none of these methods H/D exchange after specific exchange times are plotted ver-
provides direct information on the three-dimensional struc- sus denaturant concentration. The transitions from lower to
ture of protein systems. This is where yet another approachhigher protein mass values reflect the two-state transitions
comes in, chemical crosslinking for the determination of from folded to unfolded protein or protein—ligand complex
through-space distance constraints. MS analysis of chemical(SUPREX requires EX2 exchange), as with increasing de-
crosslinking products in combination with molecular mod- naturant concentration more amide hydrogens become ac-
eling leads to low-resolution three-dimensional structures of cessible for H/D exchange. Indicative of binding-induced
proteins and protein complex¢33,34], which can poten-  stabilization, the denaturant concentration in the transition
tially be refined by H/D exchange data. midpoint is higher for protein—ligand complex than for the
protein by itself. Protein stabilities in the absence and pres-
ence of ligand obtained from transition midpoint values at
various exchange times (between a few minutes and sev-
eral hours) are then used for the calculation of equilibrium
binding constant463,64,66] For the PLIMSTEX analy-
sis, the protein is titrated with ligand, and the increase in
mass due to backbone amide H/D exchange is plotted versus

1.2. Energetic information from solution experiments
with MS detection

For a bimolecular protein—ligand complex, the Gibbs free
energy of dissociatiom) Gy, is related to the equilibrium dis-
sociation constanky, by AGq = —RTIn(Kg/co), wherecy is
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ligand concentratiofi67]. Typically, the increase in protein  tures as a result of Coulombic repulsion (corresponding to
mass is largest in the absence of ligand, and gradually de-decreased pH in solution), yet within a given conformer fam-
creases with increasing ligand concentration as a result ofily this actually decreases gas phase H/D exchange because
an increased protection of backbone amide protons on form-unlike in solution, protonated basic residues are not exposed
ing the protein—ligand complex. Equilibrium binding con- to solvent but solvated intramolecularly inst¢4é,89] ECD
stants are obtained from fitting the H/D exchange data with gives site-specific information on whether or not individual
the newly developed “1:protein:ligand sequential binding residues are involved in tertiary bonding, and can be used to
model’[68]. Both SUPREX and PLIMSTEX have been suc- monitor the site-specific unfolding and refolding of gaseous
cessfully used for the determination of solution binding con- protein ions[89,96,97] IRPDS is the gas phase variant of
stants in protein systems of various stoichiometry, and the classical infrared spectroscopy and provides information on
partially deuterated proteins can in principle be subjected to the noncovalent bonding of functional groups such a$lO
further analysis as outlined above. and N-H [89,98,99] Although proposed gas phase protein
For very large or membrane-bound proteins, the measure-structures are beginning to appear in the literature, it is also
ment of H/D exchange by MS may be difficult or even im- evident that the field is still in its infancy.
possible. In such cases, a “competitive MS binding assay” At present, even less is known about the structure of
that is similar to competitive radioligand binding assays but gaseous protein—ligand systems. Many spectra with signals
uses native markers and MS for quantificatj6@] may be corresponding to protein-ligand masses have been published
more useful. Briefly, the competitive binding of the ligand un- during the last decade, and these are often referred to as the
der study to a specific protein-binding site releases a marker“intact complex” signals. The term is misleading, because it
molecule (that binds with high affinity and selectivity at this implies thatthe solution structure of the complexisretainedin
site) from the protein—marker complex. The free marker is the gas phase if only the complex partners are not separated
separated from the assay and quantified by MS using a cal-during transfer into the gas phase and an “intact complex”
ibration curve from another experiment without protedy. signal is observed. However, such reasoning ignores possi-
values are ultimately calculated from the change in equilib- ble conformational rearrangements during transfer into the
rium concentrations of free marker with competing ligand gas phase that can substantially alter the complex structure,

concentration. even without separation of the complex partners. Put another
way, structural rearrangements do not necessarily result in

1.3. Structural information from MS gas phase dissociation of the complex. Evidence for considerable con-

experiments formational rearrangements as a result of desolvation comes

from native electron capture dissociation (NEGD)3,104]

Structural information on desolvated protein ions comes ion mobility studies[81,82] and molecular modeling cal-
from ion mobility measurements and related techniques culations[105]. The “gentle” desolvation and ion transfer
[70-82] gas phase H/D exchand49,83-89] gas phase conditions typically used for MS of protein complexes min-
proton transfer reactiof90-95] electron capture dissocia- imize energetic activation, but cannot prevent changes in the
tion[89,96,97] and, very recently, infrared photodissociation stability of higher-order interactions as a result of solvent
spectroscopy (IRPDY89,98,99] lon mobility and related  removal. Dehydration eliminates the competition of water
experiments provide only a single parameter, the collision for hydrogen bonds within and between complex partners,
cross section, but this can be followed for individual pro- whose strength can increase in the gas phase up to a point
tein charge states at different temperatures, pressures, initialvhere a hydrogen-bonded structure is thermally more stable
ion kinetic energies, and in the presence of proton transferthan its covalent bondd06]. On the other hand, removal
reagentg74]. Moreover, structural transitions can be mon- of water drastically weakens hydrophobic interactions that
itored on time scales ranging from1l ms to 30s in hybrid may account for the most stable regions in a native structure
instruments with ion trapping capabiliti¢81,82] The col- [103,104] and can disrupt a stabilizing network of hydrogen
lision cross sections depend directly on conformation and bonds[107]. Moreover, electrostatic interactions in protein
can be correlated with theoretical values for calculated struc- systems cannot remain unchanged when the surrounding wa-
tures[76,100,101] H/D exchange in the gas phase is con- terwithits rather high dielectric constant ¢ 80) is replaced
sistent with a “relay” mechanisii83,86] and can resolve a by vacuum. Given the altered stability of higher order interac-
multitude of coexisting stable gaseous protein conformers tions in a gaseous environment, it can be expected that some
[49,89] However, data interpretation is more complex than bonds are broken on transfer into the gas phase, while new
for H/D exchange in solution because the gas phase exchangenes may be formed. Thusitis rather unlikely that the original
mechanism has higher structural requirements involving the solution structure is preserved in the gas phase, and this may
simultaneous formation of two hydrogen bonds with@ just as well affect the binding interface of a protein-ligand
[86]. The elevated structural demands of the H/D exchange system[108,109]
reaction in the gas phase may also obscure the contribution In cases where the intermolecular bonds present in solu-
of the exposed surface ar§H02]. For example, increased tion are broken upon desolvation and no new ones formed, the
protonation is generally associated with more open struc- protein—ligand complex will dissociate. Studies on the effect
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of inert gas pressure in the ion desolvation region found that 1.4. Energetic information from MS gas phase
the relative abundance of gaseous protein complex versus itexperiments
dissociation products can actually increase with increasing
pressurg110,111] This is consistent with the rapid forma- Most energetic data on desolvated protein—ligand com-
tion of new intermolecular bonds in the presence of multiple plexes come from blackbody infrared radiative dissociation
collisions, which locally transfer momentum and can thereby (BIRD) experimentsin Fourier transform mass spectrometers
aid the complex in swiftly exploring the conformational space (FTMS)[131-133] In atypical BIRD experiment, ions from
to adopt more stable gas phase structures. Support for this hyES| are transferred into the low-pressure region (L1@bar)
pothesis of collisionally assisted structural rearrangements ofof the FTMS instrument and trapped in its ion cell for ex-
gaseous protein systems comes from gas phase H/D exchangended periods of time. Energy exchange between the ensem-
experiments which identify new stable gaseous protein con- ble of protein—ligand complex ions and the ion cell, which
formers after exposure to collision gi@®] and ion mobility is held at a defined temperature between typically 20 and
data[112]. In the absence of collisions, the timescale for pro- 200°C, occurs via blackbody infrared radiatipt32]; spe-
tein conformational reorganization may be too long to prevent cially designed ion cells which can be operated at tempera-
complex dissociatiof06,97] New noncovalent bond forma-  tures as low as-196°C can be useful for the study of very
tion during ESI can also lead to the formation of unspecific weak interactiong134,135] Arrhenius parameters for the
protein—ligand association products, i.e. complexes that weredissociation of protein—ligand complexes are obtained from a
not originally present in solution, whose kinetic stability in fit of dissociation rate constants at differenttemperatures with
the gas phase can even exceed that of specific complexeshe Arrhenius equatiorky(T) = Aexp(—Eaz/RT). Because of
[109,113] Because unspecific complexes can form during their large number of degrees of freedom, most biologically
ESI, and specific complexes may not be stable in the gasrelevant protein systems can safely be assumed to fall into
phase, caution is advised with approaches that infer solutionthe rapid exchange limit where the measured activation en-
characteristics from relative ion abundances in a mass specergy equals the activation energy in the high-pressure limit
trum [113-117] For example, consider a solution contain- [132,133,136] BIRD can be used to study the kinetics of
ing 10,M protein and 1QuM ligand. Given a 1:1 complex  protein—ligand complex dissociation in the gas phase, but the
stoichiometry and a protein—ligand dissociation constant of reverse reaction is not generally possible. However, complex
10nM, the solution concentrations of protein, ligand, and formation from monomers of opposite charge is a promising
protein—ligand complex are 311, 311 nM, and 9.688, re- new experimental strategy for the study of protein—ligand
spectively. If only 10% of the protein—ligand complex dis- association reactions in the gas phHs®y,138]
sociates upon transfer into the gas phase, the mass spectrum As discussed above, the structure of a protein—ligand com-
would indicate protein, ligand, and protein—ligand concentra- plex in the gas phase may differ from that in solution, in
tions of 1.280, 1.280, and 8.72M, respectively, and an er-  which case BIRD probes the dissociation energetics of the
roneous dissociation constant of 188 nM. However, for larger rearranged gaseous complex. If desolvation did not result in
protein systems, it appears that complex stoichiometry is usu-significant structural rearrangements, BIRD probes the dis-
ally retained in the gas pha$®10,12,15,17,118,119pos- sociation energetics of the original complex, but with its al-
sibly because of a sufficiently large binding interface. It was tered strengths of interactions in the gas phase. This is consis-
estimated that a binding interface area of about ¥%®that tent with the observation that the kinetic stabilities of protein
comprises about ten hydrogen bonds is sufficient to ensurecomplexes in the gas phase do not generally correlate with
dissociation constants as low as #0M for protein com- solution value$14,139,140] Differences in energetic stabil-
plexes in solutioj120]. Although a corresponding estimate ity of protein—ligand complexes in solution and in the gas
for protein complexes in the gas phase is difficult to make, itis phase can, however, be used to evaluate enthalpy changes as-
reasonable to assume that larger binding interfaces generallysociated with complex desolvation: In arecent study based on
increase stability in the gas phase as well. functional group replacementand BIRD, the effect of protein-
More detailed information on the gas phase structures carhohydrate complex desolvation on binding enthalpy was

of protein-ligand complexes is currently only available for quantified for individual interactions in the complex binding
smaller systems, for which several experimental strategiesimerface[141]_

have been applied, among them ion mob{itg1,122] ECD It was shown recently that kinetic data from a large num-
[123], and gas phase ligand-exchange reactja@d]. With ber of BIRD experiments on different protein—ligand systems

the perpetual refinement of mass spectrometry instrumenta-ive strongly correlated Arrhenius activation energigs,

tion and the development of new gas phase probing methodsand preexponential factors, with Ex~ In A [142]. A simi-

itis only a question of time until site-specific structural data |ar phenomenon for biomolecular interactions in solution is
on larger gaseous protein—ligand systems will appear in thethe thermodynamic entropy—enthalpy compensation, where
literature. These will then go a long way towards the under- AH~ AS, Although bothAH and AS vary strongly with
standing of the intrinsic factors of protein complex stability, temperature, the changes in free enety=AH — TAS,

as well as the role of hydration in forming a native structure are re|ative|y small and a p|ot &fH versusASis near|y lin-
[74,125-130] earn143,144] The strong temperature dependenca Hfand
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AShas been attributed to large changes in heat capadity, sociation in the gas phase, this means that dissociation must
associated with biomolecular interactidiag3]. In solution, proceed via considerably different transition states depend-
large changes in heat capacity are the result of changes in soling on the energy deposited, in conflict with a data analysis
vation and conformational flexibility. The observed correla- based on transition state theory.
tion of EandAfor gas phase dissociation reactionsinitiatesa  Currently, a major limitation of gas phase experiments for
number of questions. How large is the heat capacity change orthe study of noncovalent protein-ligand complexes is that a
protein—ligand dissociation in the gas phase, and how strongtrue equilibrium situation cannot be readily established for
is the variation o, andA with temperature? What is known most systems. This is because for a charged protein and a
about the conformational flexibility of protein systems in the neutral ligand, the ligand may be absorbed by the vacuum
gas phase, and can gas phase H/D experiments teach us moreghamber walls or pumped away after protein—ligand disso-
Many proteins have regions of high flexibility that become ciation, and can only be replenished if sufficiently volatile.
structured only when bound to ligand, but is this determined For protein and ligand of the same charge polarity, dissocia-
by protein sequence or hydration, or both? What is the role tion is accelerated and association decelerated as a result of
of water in protein dynamics and equilibrium fluctuations Coulombic repulsion between protein and ligand, strongly
[145,146P Do individual water molecules increade 7] or shifting the equilibrium towards separated products. For pro-
decreas§148] protein flexibility? Or, in general, what is the  tein and ligand of opposite charge, both dissociation and as-
contribution of hydration to the thermodynamics and kinet- sociation reactions in ion trap mass spectrometers are possi-
ics of protein interactions? Experimental approaches in so-ble [137,138] but a dissociation—association equilibrium at
lution replace water by poly(vinyl alcohol), ice, trehalose, uniform temperature has not yet been reported. Thus all cur-
sucrose solutions (92%), glycerol/water mixtufe46], wa- rent energetic data on larger protein—ligand systemsinthe gas
ter/ethanol mixture$149], or confine water in porous ma- phase are kinetic data of complex dissociation, which are typ-
terials [150]. However, changing the solution composition ically analyzed in terms of transition state theory. However,
adds complexity to the protein system instead of reducing the application of transition state theory to protein folding
it. In contrast, mass spectrometry offers the unique possibil- in solution has been questiongidb9-161] and it is equally
ity to completely eliminate any solvent and study dehydrated questionable if transition state theory is sufficient to describe
protein systems in gas phase experiments, which can be comprotein-ligand dissociation as this may involve a rather broad
plemented with molecular dynamics simulatighs1,152] ensemble of transition state conformations, or even inter-
Moreover, individual conformers with distinct charge states mediate structured 05,162] Gas phase MS experiments in
(corresponding to pH in solution) can be experimentally se- which discrete conformers of a single charge state are se-
lected and isolated based on theiiz values and reactivity  lected and isolated prior to dissociation, and the products
or collision cross sectiofi.53,154] allowing a much more  analyzed with respect to conformation, for example by use
detailed analysis than is possible in bulk solution. of H/D exchange reactions or spectroscopic methods, may
An intriguing phenomenon observed with the collision- provide invaluable insights in addressing these fundamental
induced or thermal dissociation of gaseous protein multimers questions.
was termed “disparate charge separation” or “asymmetric
charge partitioning'7155-158] Although this unusual be-
havior has been documented for noncovalent protein com-
plexes comprising as many as 33 proteins and two RNA units 2. Conclusions
[118], it is perhaps best illustrated with noncovalent protein
homodimer complexgd 55,157,158]Here, the two protein In his brilliant 1997 review on the study of noncovalent
monomers from energetic activation of a positively charged protein complexes by ESI, Joseph Loo remarks that “mass
gaseous homodimer complex carry off not half of its charge spectrometrists tend to extend an MS-based methodology to
each, but instead the complex charge is distributed unevenlysolve virtually every scientific problen{6]. | love this en-
among the two dissociation products, with asymmetries asthusiasm, which, in my view, comes from the truly interdis-
high as 11:4158]. This charge asymmetry is in fact suffi- ciplinary nature of MS-based research that brings together
cient to initiate intermolecular electron transfer in gaseous physicists, chemists, pharmacologists, biologists, and natu-
Cytochromec dimer ions, from which detailed tertiary struc-  ral scientists in general. However, one of the things we are
tural information can be obtaindd03]. A thorough study truly good at is that we surely know how to remove solvent
on the effect of protein conformational flexibility revealed from a biomolecular system (any solvent, that is). Personally,
that asymmetric charge partitioning is caused by the (partial) | do not consider it an unfortunate situation that protein sys-
unfolding of one of the protein monomers prior to dimer dis- tems can lose biological function in their desolvated states.
sociation, thereby increasing its basiditys8]. Moreover, it Instead, | think of a desolvated protein system as an undis-
was found that the extent of charge asymmetry increases withturbed model for investigating protein—ligand interactions,
increasing energy available for dissociation, with symmetric which offers a great opportunity for detailed studies using
dissociation being the lowest energy procg$8]. Assum- the wide variety of already established as well as future MS
ing a two-state process for homodimer protein complex dis- based methods.
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