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Abstract

For a number of years, soft ionization mass spectrometry has been used for studying noncovalently bound complexes. An
intriguing question in this context is whether MS experiments can be used to measure the interaction strength. A number of
recent studies have addressed this question. The results of these studies, as well as the methods employed are reviewed here.
We distinguish between liquid-phase methods such as mass spectrometrically detected melting curves, titration experiments,
or competition experiments, and gas-phase methods such as cone voltage-driven dissociation, collision-induced dissociation,
blackbody infrared radiative dissociation, or thermal dissociation of gas-phase complex ions. With a few exceptions, no
agreement exists between solution-phase and gas-phase binding energies. The main reason is that electrostatic and dipolar
noncovalent interactions are strengthened in the absence of solvent shielding, while other noncovalent interactions, in par-
ticular hydrophobic interactions, become less important in the absence of solvent. The possibility to quantitatively measure
solution-phase as well as gas-phase noncovalent interaction strengths by mass spectrometry opens fascinating perspectives
for very high sensitivity screening assays as well as for improved fundamental understanding of the nature of noncovalent
interactions. (Int J Mass Spectrom 216 (2002) 1–27) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A number of established analytical methods are
being used for the quantitative study of noncovalent
macromolecular interactions. These all work in the
solution phase and include optical spectroscopy (e.g.,
UV absorption, circular dichroism (CD), and fluo-
rescence), nuclear magnetic resonance (NMR), light
scattering, differential scanning calorimetry, and iso-
thermal titration calorimetry [1]. Mass spectrometry
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is a novel tool for studying biomolecular structures
and noncovalent interactions; it can provide data on
the functional properties of biomacromolecules com-
plementary to that obtained from more traditional
techniques. Smith and coworkers have discussed the
advantages and disadvantages of mass spectrometry
compared to other biophysical methods for investi-
gating noncovalent interactions [2,3]. For example,
mass spectrometry has undisputed advantages over
NMR for studying proteins with poor solubility and
high molecular weight. NMR is limited to studies of
proteins with a molecular weight less than 30,000 Da,

1387-3806/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII S1387-3806(02)00585-7



2 J.M. Daniel et al. / International Journal of Mass Spectrometry 216 (2002) 1–27

while mass spectrometry has been used to study pro-
teins and protein complexes with molecular masses
approaching 1,000,000 Da [4–7]. Unlike NMR or
CD, techniques that measure average of properties of
biomacromolecules, soft ionization mass spectrom-
etry in connection with H–D exchange can provide
detailed and quantitative information about the kinet-
ics of protein folding [8].

McLafferty has often referred to the three “S” ad-
vantages of mass spectrometry: specificity, sensitivity,
and speed [9]. Most importantly, the sensitivity of
MS-based methods (picomole to femtomole range)
allows the investigation of very small quantities of ma-
terial, which renders MS a very useful method in cases
where only a microgram or less of a valuable pro-
tein may be available for study. In addition, accuracy
(±0.01%) and mass range of modern soft ionization
MS methods are very useful. A fourth “S” advantage in
the context of noncovalent interactions should include
stoichiometry [10]: the number of ligands that form
a unique and biologically relevant complex is an im-
portant issue in many such systems, a quantity that is
easily obtained from mass spectrometry. Another great
advantage of mass spectrometry as an analytical tool,
especially applicable to the identification of unknown
molecules, is the possibility to carry out tandem mass
spectrometry experiments or even MS, leading to an
exponential increase in data and information [11].

Fig. 1. A typical electrospray ion source; (1) the spray capillary, (2) a heated transfer capillary leading to the first stage of differential
pumping. In some configurations, the transfer capillary 2 consists of two segments for thermal dissociation of gas-phase complexes, (3) and
(4) the differential pumping stages, (5) an octopole ion guide inside pumping stage 3. Thereafter, the ions are guided to the mass analyzer.

2. MS techniques for detecting noncovalent
complexes

Soft ionization mass spectrometry, in particular
matrix-assisted laser desorption/ionization (MALDI)
and electrospray ionization (ESI), has led to a rev-
olution in the application of MS methods to high
molecular weight biomolecules, to synthetic poly-
mers, and to many other classes of compounds that
were previously not accessible to mass spectromet-
ric investigation. Protein and peptide detection and
sequencing, DNA sequencing, protein folding, assess-
ing the contribution of individual amino acid residues
to a protein’s function, in vitro drug analysis, and
drug discovery are among the areas to which MALDI
and ESI have been applied with great success (for a
review, see [12]). In MALDI, the sample is cocrystal-
lized at fairly high dilution with a chemical matrix.
Upon exposure to pulsed laser radiation, the matrix
sublimates and carries the analyte molecules into
the gas phase [13–15]. During this process, ions are
formed or liberated in a variety of mechanisms [16].
In ESI (Fig. 1), the sample is sprayed directly from
solution by a strong electric field gradient [17,18].
An ESI mass spectrum typically shows a distribu-
tion of multiply charged ions. An intrinsic property
of all mass analyzers is that they separate ions ac-
cording to their mass-to-charge (m/z) ratio, not mass.
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Hence, an advantage of multiple charging is that a
mass analyzer with a relatively smallm/z range (e.g.,
quadrupole instruments) can be used to observe very
large molecules.

Much less known but perhaps even more interest-
ing is the fact that soft ionization methods allow, un-
der certain conditions, the transfer of noncovalently
bound complexes into the gas phase, and therefore the
mass spectrometric determination of their stoichiom-
etry and sometimes mode and energy of interaction.
Ganem et al. [19] were the first to describe the use of
a soft ionization method, ion spray mass spectrome-
try, for the identification of noncovalent host–guest in-
teractions, more precisely, the noncovalent binding of
macrolide immunosuppressors to a cytoplasmic recep-
tor. Ion spray has since been replaced by ESI, which
is the predominant method used for mass spectromet-
ric investigation of noncovalent complexes; MALDI
mass spectrometry is applied much less frequently.

A third method introduced recently, called
laser-induced liquid beam ionization/desorption (LIL-
BID) [20], has also shown promise for the detection
of high mass biomolecules, their clusters, as well
as specific noncovalent complexes [21–23]. In this
method, a laser beam desorbs species directly from
a liquid jet of solution sprayed into a specially de-
signed ion source. LILBID requires custom designed
instruments and is, until now, in use only in the lab-
oratory of its inventors. Before ESI and MALDI be-
came established techniques, fast atom bombardment
(FAB) was occasionally used for the determination
of solution-phase stability constants of noncovalent
complexes [24–26]. These early FAB studies were
limited to crown ether–alkali metal systems and to
solvents that represent typical FAB matrices, mostly
glycerol, or sometimes glycerol/water mixtures. Other
limitations of FAB include the relatively low upper
mass limit of a few 1000 Da only, and a notable
degree of fragmentation. Electrohydrodynamic mass
spectrometry (EHMS), another precursor to ESI,
has also been used to study complexation equilibria
quantitatively. Man et al. [27] measured the relative
stability constants of 18-crown-6 with various metal
cations in glycerol by EHMS.

Review articles by Smith and Zhang [2], Przybylski
and Glocker [28], Winston and Fitzgerald [8], Smith
et al. [29], Loo [10], Pramanik et al. [30] on ESI–MS
and by Hillenkamp [31] on MALDI–MS as applied
to noncovalent complexes have been published. It is
normally a greater challenge to apply MALDI–MS
to noncovalent complexes, because the weak inter-
action forces have to survive both the sample crys-
tallization as well as the laser desorption/ionization
event. MALDI is therefore believed to be somewhat
less “soft” than ESI.

Noncovalent interactions can come in many differ-
ent flavors. Table 1 gives a summary of the types of
noncovalent interactions that occur between particles
that are either charged, carry a dipole moment, or are
polarizable [32].

The equations given in Table 1 give the free ener-
gies of interaction. Coulomb interactions between two
charges are long-range and strong, and can be attrac-
tive or repulsive, dependent on the sign of the charges
involved. Dipole–dipole interactions can also be at-
tractive or repulsive, dependent on the relative angular
orientation of the interacting dipoles. All other inter-
actions are attractive because permanent or induced
dipoles can orient to accommodate the forces acting
on them. Even particles without any charge or dipole
moment can attract themselves, by virtue of their
polarizability (London dispersion force). A rough
classification can be made according to the distance
dependence of noncovalent interactions, which varies
between a 1/r distance dependence for the Coulomb
energy to the well known 1/r6 distance dependence
for all van der Waals free energies. Another important
fact to note is that all interaction energies contain
a 1/ε term, i.e., in the presence of a medium with
high dielectric constant such as water, the interaction
energy drops by an appropriate factor. This is an im-
portant consideration when comparing solution-phase
with gas-phase interaction energies, where the sol-
vent medium is absent. Interaction energies based
on charges, dipoles, and polarizability are thus ex-
pected to increase when going from solution into the
gas phase. A notable exception is the hydrophobic
interaction, which is an unusually strong attraction
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Table 1
Types of noncovalent interactions

Type of noncovalent interaction Formula Name

Charge–charge
Q1Q2

4πεε0r
Coulomb energy

Charge–dipole (fixed dipole) −Qucosθ

4πεε0r2

Charge–dipole (freely rotating dipole) − Q2u2

6(4πεε0)2kTr4

Dipole–dipole (fixed dipole) − u1u2

4πεε0r3
(2 cosθ1 cosθ2 − sinθ1 cosφ sinθ2)

Dipole–dipole (freely rotating dipole) − u2
1u

2
2

3(4πεε0)2kTr6
Keesom energy (van der Waals
energy∝ 1/r6)

Charge–nonpolar − Q2α

2(4πεε0)2r4

Dipole–nonpolar (fixed dipole) −u
2α(1+ 3 cos2 θ)

2(4πεε0)2r6

Dipole–nonpolar (freely rotating dipole) − u2α

(4πεε0)2r6
Debye energy (van der Waals
energy∝ 1/r6)

Nonpolar–nonpolar −3

2

α01α02

(4πεε0)2r6

I1I2

I1 + I2 London dispersion energy
(van der Waals energy∝ 1/r6)

Hydrogen bond Special, directed interaction
Hydrophilic interaction Special interaction
Hydrophobic interaction Special interaction

Adapted from Israelachvili [32].Q = charge,u = dipole, r = distance,α = polarizability, ε = dielectric constant,I = first ionization
potential,θ = angle between dipole and vector connecting the interacting particles,φ = polar angle of second dipole.

between two hydrophobic binding partners in water.
Conversely, in the absence of solvent, a hydrophobic
interaction is substantially weaker. Like hydrophobic
interactions, hydrophilic interactions and hydrogen
bond interactions are not readily described by a
simple formula. Hydrogen bonds are directed in-
teractions of primarily electrostatic nature, worth
about 10–40 kJ mol−1. Both hydrophobic interactions
and hydrogen bonds are of great importance for the
three-dimensional structure of biomacromolecules, as
well as for the formation of noncovalent complexes.

2.1. Is it possible to determine noncovalent
interaction energies by mass spectrometry?

As we have already seen, the detection of non-
covalently bound assemblies by mass spectrometry
is fairly well established. A recurring question con-
cerns the applicability of MS methods to measuring

noncovalent interaction strengths. This review aims
to answer this question, by clarifying what exactly
is being determined by various MS-based methods,
and by presenting a number of examples. We are
concentrating on noncovalent interactions involving
biomolecules and biopolymers – peptides, proteins,
enzymes, oligonucleotides, oligosaccharides, etc., and
their interactions with other large or small molec-
ular species, e.g., enzyme inhibitors. We have thus
virtually excluded the topic of metal ion binding to
small organic ligands. For the most part, such com-
plexes pose no particular problems to study by mass
spectrometry. Modern soft ionization methods are
not required; rather, the challenge lies in determin-
ing metal ion–ligand binding interactions more and
more precisely. Metal ion–ligand complexes have
been studied extensively using mass spectrometry
methods, and excellent reviews are available (e.g., see
[33]).
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2.2. Specificity of noncovalent interactions

A peak at the mass of an alleged complex is not
a sufficient criterion to prove its specificity, it might
in fact be a false positive [34]. Key to determining
the specificity of noncovalent interactions are suitable
controls. Controllable factors need to directly influ-
ence the outcome of the MS data, otherwise the mass
spectrum does not reflect the investigated system prop-
erly [35]. There are number of ways to test the speci-
ficity of noncovalent complexes [29], the two most
important being chemical and experimental strategies.

Chemical strategies most often involve judicious
modification in the sequence of biopolymers that
weaken or disable noncovalent interactions, e.g., base
mismatch in oligonucleotides, covalent modification
of amino acid residues in peptides, or the use of mu-
tant proteins. The corresponding signals in the mass
spectrum must decrease or disappear completely.
Selective covalent modification reactions exist for a
variety of amino acids: lysine residues can be con-
verted to homo-arginine [36], cysteine thiols can be
trimethylamino-ethylated to thialamine [37], compa-
rable routines exist for histidine [38] and more general
methods such as methylation or acetylation have been
applied as well [39]. Disulfide bonds generally survive
enzymatic digests, thus disulfide-bonded fragments
and their reduced-free forms allow verification of the
cysteine locations [40]. Recently, an elegant way for
masking the amino terminus has been presented [41].
A simple alternative to covalent modification is the
use of commercial mutants to scan various sequences
for their specific interactions [42]. Amide protons next
to reactive amino acid residues may sometimes partic-
ipate in complex formation that involves the protein
backbone, thus the use of proline at such a position
is a useful strategy to disrupt backbone interactions
[43]. An interesting example has been presented by
Rostom et al. [44]: they characterized peptide bind-
ing properties of a periplasmic peptide receptor by
using different amino acids, stereochemical features,
different side-chain properties, and acetylation of the
amino terminus of the peptides. Binding to the re-
ceptor was found to be insensitive to these chemical

modifications, showing that the suspected binding site
could not be confirmed. The authors concluded that
the bound peptides were encapsulated by the receptor
in a solvent-filled cavity and supported this interpre-
tation with further evidence from mass spectral peak
widths and from the charge state distribution in the
ESI mass spectra.

Experimental strategies include different sample
preparation techniques [45] or denaturation as a
tool to induce conformational changes [46]. Com-
parative experimental strategies such as change in
temperature or different buffer systems have been
described early on by Smith and Light-Wahl [47].
Using this strategy, the specificity of zinc finger
peptide–oligodeoxynucleotide complexes was demon-
strated [48], whereas only unspecified binding be-
tween cyclodextrins and a variety of compounds that
could potentially form inclusion complexes was found
in a MALDI mass spectrometry study [49]. Recently,
the comparison of MALDI and ESI data of identical
systems has been found to be attractive in this respect,
too [50–53]. Clearly, if the mass spectral data should
reflect solution conditions, the degree of complexation
must not depend on the ionization method used.

When reasoning about the specificity of a complex
binding interaction in a mass spectrometry experiment,
an implicit assumption is that folded biomolecules
participating in this interaction retain a near-native
conformation in the gas phase. This is, however, dif-
ficult to prove directly. Usually, it is based on fairly
indirect evidence, although structurally sensitive MS
methods are beginning to emerge [42,43,46,54–57].
An interesting, somewhat more direct way to demon-
strate the existence of near native structural elements
in gas-phase biomolecules was described by Fense-
lau and coworkers [58,59]. They measured the ki-
netic energy release upon dissociation of multiply
charged polypeptide ions in a mass-analyzed ion
kinetic energy (MIKE) experiment. The relatively
large kinetic energy release was thought to be due
to Coulombic repulsion between the charges on the
fragments. These authors compared experimental val-
ues with calculated Coulombic repulsion obtained
from molecular dynamics models, and found very
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good agreement. This led them to conclude that the
�-helical secondary structure of mellitin [58] as well
as multistrand�-pleated sheets [59] survive in the gas
phase, whereas single�-strands, e.g., in a polyalaline
16-mer or in bombesin, form collapsed structures.

3. Possibilities to determine noncovalent
interaction strengths by MS

In this chapter, methods based on mass spectrome-
try for determining noncovalent binding strengths are
reviewed. We distinguish between solution-phase
methods with MS detection and gas-phase methods
where the complex is dissociated in the mass spec-
trometer. In this article, we distinguish between the
terms “fragmentation” and “dissociation:” with the
latter, we describe the rupture of the noncovalent
interaction, while the former implies breaking of
covalent bonds of the binding partners.

3.1. Solution-phase methods with MS detection

Conceptually, the simplest way of determining sta-
bility constants with a mass spectrometer is to use it
as a detector for solution-phase chemistry. It is neces-
sary to ensure that solution-phase parameters, and not
gas-phase properties, are actually measured in such
an experiment. For instance, it must be avoided that a
noncovalent complex partially dissociates in the mass
spectrometer after being transferred to the gas phase.
ESI–MS has been shown to meet these requirements;
appropriately treated, ESI–MS can be used to deter-
mine solution-phase parameters [10,60–66]. Another
very important condition is that the ion formation
process does not disturb the solution-phase equilib-
ria. In ESI–MS, for example, it can be imagined that
the changes in pH and ion strength in a shrinking
microdroplet shift the position of the equilibrium dra-
matically. In an insightful study by Wang and Agnes
[67], this question was addressed using the complex-
ation of strontium with EDTA (Sr2+ + EDTA4− �
Sr–EDTA2−), where the forward reaction rate is much
faster (109 M−1 s−1) and the reverse reaction rate is

much slower (1 s−1) relative to the time scale of the
ESI process (≈10−2 s). A shift of the equilibrium to
the right, representing the dynamic changes of the
equilibrium due to passage through the ion source
was expected. However, these authors found that the
deviation in the position of the equilibrium compared
to solution phase was smaller than expected, and
that monitoring of kinetically labile species by ESI
is straightforward. This is a very important issue and
we feel that there is an urgent need that it is studied
more extensively.

3.1.1. Melting curves
A common method to determine noncovalent inter-

action strength, most often used in the field of oligonu-
cleotide chemistry, is measuring the melting curve of
a complex in solution. The fraction of intact complex,
α, is determined as a function of solution tempera-
ture. Detection is normally done optically, using UV
absorption, fluorescence, or circular dichroism. From
the slope of the melting curve, a transition enthalpy
can be derived according to [68],

�H = (2+ 2n)RT2
m

(
∂α

∂T

)
T=Tm

(1)

wheren is the molecularity of the association reac-
tion (e.g.,n = 2 for dimerization) andTm is the melt-
ing temperature, normally defined forα = 50%. A
mass spectrometric analog of this approach has been
described in the literature. In its simplest implemen-
tation, the sample solution is at a defined temperature
that is slowly raised during the course of the experi-
ment, andα is measured mass spectrometrically. The
same can be achieved by controlling the temperature of
the spray capillary in an ESI source (see Fig. 1), an op-
tion that some manufacturers provide for their instru-
ments. This should not be confused with the “heated
capillary method” where the transfer capillary is at el-
evated temperature. The latter is a gas-phase dissoci-
ation method that will be discussed, while the former
is only affecting the temperature of the spray solution,
thus measuring solution-phase stability.

An early example of measuring oligonucleotide
solution stability constants by MS has been presented
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Fig. 2. Thermal dissociation of MtGimC monitored by mass spectrometry. Each sample was equilibrated at the desired temperature for
15 min before recording the ESI mass spectrum. Peaks corresponding to intact MtGimC appear betweenm/z = 4000 and 5000, while
dissociation products mostly show up at lowerm/z. The fraction of complex was calculated from the sum of the intensity of the ions
assigned to the complex signal relative to the total ion counts in each of the spectra (inset). Reproduced with permission from [70].
Copyright 2000, National Academy of Science, USA.

by Smith and coworkers [69]. They constructed com-
plementary 2′,5′-linked DNA strands and compared
their dissociation in solution with the stability of the
natural DNA duplexes of identical base composition.
Observing heterodimer formation through Watson–
Crick base-pairing, the authors determined the relative
stabilities of the 2′,5′- and the 3′,5′-linked duplexes
by ESI–MS and found a qualitative agreement with
complementary solution-phase stability measure-
ments. They finally translated their data into a melting
curve, i.e., a plot of the spray capillary temperature
vs. the mole fraction of single and double strands.

Another remarkable example, the study of the ef-
fect of elevated temperature on the structure of the
chaperone GimC/prefolding homologue complex, has
been presented by Fändrich et al. [70]. The authors
built a nanoflow device that allowed a reliable adjust-
ment of the temperature of the solution containing the
hexameric analyte. When increasing the temperature
from 60 to 70◦C, the relative intensity of the signal
assigned to the intact hexamer decreased, while that
of the dissociation products increased. Peaks corre-
sponding to the intact hexamer appeared between 4

and 5 kDa, while those of dissociation products were
found below thism/z range (see Fig. 2).

The inset in Fig. 2 presents the results from the
ESI–MS spectra in the form of a melting curve:
the fraction of complex present was calculated from
the sum of the intensity of the ions assigned to the
complex and expressed as the percentage of the ion
intensity of the hexamer (100%) under ideal physio-
logical conditions. A solution melting (denaturation)
temperature of around 60◦C was found for 50% in-
tact complex, in good agreement with data from CD
and gel-filtration experiments.

3.1.2. Titration
A typical use of ESI–MS is to monitor a

solution-phase titration for the determination of the
equilibrium of a host–guest pair. Generally, the host
concentration is kept constant whereas the guest con-
centration is varied over a range of about two orders
of magnitude. The intensity of the complex is then
compared to the intensity of the free host for every
ligand concentration. This will only work under the
assumption that the ionization process does not affect
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Fig. 3. Schematic of a Scatchard plot.

the equilibrium. Often graphic linearization such as
Scatchard plots are used for the determination of
association or dissociation constants. The ratio of
bound (GH) over free guest (GF) is plotted against
the concentration of bound guest, which gives a lin-
ear relationship with slope−1/KD (see Eq. (2) and
Fig. 3). If the total host concentration, [H]0, is known,
the data can be plotted as

[GH]

[GF][H] 0
= −1

KD

[GH]

[H]0
+ n

KD
(2)

wheren represents the stoichiometry, i.e., the number
of guests bound to one host molecule. If there is more
than one binding site, an analysis by a Scatchard plot
assumes that these are equivalent and independent.

One of the first examples using this method was
presented by Lim et al. [71]. They used negative mode
ion spray mass spectrometry to study binding of the
glycopeptides vancomycin and ristocetin to a peptide
(Ac2KAA), representing the carboxyl terminus of a
bacterial cell-wall protein. The concentration of the
antibiotic was kept constant and titration was done by
adding Ac2KAA. From a calibration curve where the
Ac2KAA ion signal intensity is plotted vs. [Ac2KAA]
(found to be linear over a range of 0.25–20�M) the
concentration of the unbound Ac2KAA could be de-
termined. From these data a Scatchard plot was con-
structed, which gave binding constants (e.g., 6.25×105

for ristocetin–Ac2KAA by MS) in good agreement
with binding constants from solution-phase methods
(5.9 × 105 for the same system). The correct stoi-
chiometry of the complexes was also obtained. These

authors observed a linear increase in complex signal
with increasing concentration of the peptide Ac2KAA
up to equimolar stoichiometry. A problem of this early
work was that 50% acetonitrile was added prior to
analysis, representing conditions far from physiolog-
ical ones. The agreement between the solution-phase
binding constant and the value determined by mass
spectrometry should thus be regarded with caution,
and it should perhaps be clarified whether this is not
simply a coincidence.

In solution-phase methods, it is sometimes difficult
to recognize binding to two or more different sites,
whereas the stoichiometry is easily obtained in MS
experiments, because it is the molecular weight that is
measured. Using ion spray MS to study the interaction
of bovine serum albumin (BSA) with oligonucleotides,
Greig et al. [72] identified two different, independent
binding sites and determined the dissociation constants
using a fit to a second-order polynomial [73]:

[H] + [HG] + [HG2]

[H]
= [G]2

KD1KD2
+ [G]

KD1
+ 1 (3)

They obtainedKD values that compared reasonably
well to solution-phase data. However, very high
charge states of BSA were observed, a possible indi-
cation of partial denaturation. Eckart and Spiess [74]
used ESI–MS to monitor the concentration dependent
binding of biotin to streptavidin, and found a satura-
tion of streptavidin with biotin at a concentration cor-
responding to the expected binding capacity. A study
dealing with the binding of various peptides to SH2
motifs, which are important in signal transduction and
antigen receptors was carried out by Loo et al. using
ESI–MS [75]. Phosphorylated and unphosphorylated
peptides were examined. Only the phosphorylated
peptides were found to bind to the SH2 domain, as
expected from solution-phase results. From titration
curves, Scatchard plots similar to those used by Greig
et al. [72] and Lim et al. [71] were constructed. The
results were in reasonable agreement with IC50 values
obtained in solution and with literature values. IC50 is
the concentration of the inhibitor needed to reduce the
specific binding of the inhibitor to the enzyme to 50%.
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A more complex system was investigated by Ayed
et al. [76]: citrate synthase (CS) fromEscherichia coli
was titrated with its allosteric inhibitor NADH. In a
first step, the association constantKA of the dimer
to hexamer was determined by varying the subunit
concentration of CS (Fig. 4). Assuming a simple
equilibrium between dimers and hexamers,KA was
determined to be 6.9 × 1010 M−2. This is the only

Fig. 4. (A) ESI-TOF spectrum of citrate synthase (9�M subunit concentration) in 5 mM ammonium bicarbonate buffer at pH= 7.5.
Deconvolutions of the regions corresponding to the dimer and the hexamer are shown as insets. A 300 V declustering voltage was used
to obtain this spectrum. (B) Dependence of the dimer/hexamer molar concentration [D]/[H] on the citrate synthase subunit concentration.
The integrated peak areas were corrected for the different transfer coefficients, as described in the text. From a fit of the data (solid
line) a dimer–hexamer association constantKA = [D]/[H] = (6.9± 0.7)× 1010 M−2 is obtained. From [76], © John Wiley & Sons Ltd.,
reproduced with permission.

study where differences ionization efficiency were
explicitly taken into account.

In the same study, theKD for NADH binding to
the dimer or the hexamer was determined by titrating
a fixed concentration of protein with increasing con-
centrations of NADH. Different binding sites could be
distinguished: a relatively loose binding site per sub-
unit for the dimer (KD = 28.3�M), one tight binding
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site per subunit for the hexamer (KD = 1.1�M) and
two loose binding sites per subunit for the hexamer
with a KD of about 150�M. In addition, binding of
NADH shifted the equilibrium between dimer and
hexamer to the hexamer, which could be shown for
the first time with these mass spectrometry results.

Similar studies have been published by Griffey et al.
[77], Sannes-Lowery et al. [73], and Carte et al. [78].
The paper by Sannes-Lowery et al. [73] is interesting
because different methods were tested for obtaining
dissociation constants of RNA–aminoglycoside com-
plexes, e.g., keeping the RNA concentration constant
and titrating with aminoglycoside, or fixing the amino-
glycoside concentration and titrating with RNA. This
comparison yielded different results, and the authors
came to the conclusion that the best method is holding
the RNA concentration constant below the expected
KD and titrate with the ligand. This, however, shows
thatKD values determined by titration for an unknown
system have to be treated with caution.

3.1.3. Determination of transfer coefficients
Mass spectral peak intensities are often taken as a

direct measure of solution-phase concentrations. How-
ever, does the mass spectrum reflect the solution-phase
concentrations of the different species? This is a key
question, and depends on relative vaporization and
ionization efficiencies of different molecular species.
For a compound X, a transfer coefficienttX can be de-
fined that accounts for all instrumental and chemical
effects that decrease or enhance the mass spectro-
metric signal for compound X,IX = tX[X]. Very
few studies address this problem explicitly. Rather,
similar transfer coefficients for the free host and the
host–guest complex are implicitly assumed, in par-
ticular for systems where the guest is much smaller
than the host. As discussed later, this assumption is
not generally fulfilled.

Johnstone and coworkers [24,25] employed a cor-
rection procedure for taking into account the varying
FAB–MS sensitivities towards different noncova-
lent complexes. The study of Leize et al. [63] deals
with the reasons for different ionization efficiencies.
They found the solvation energy of different species

to be the key parameter for relative quantification
by ESI–MS. For example, an equimolar mixture of
LiCl, NaCl, KCl, RbCl and CsCl yields very different
relative intensities in the mass spectrum, with Cs+

being the most intense and Li+ being the least intense
peak with only 2% intensity compared to Cs+. The
response factor of the metal ion M,kM, was found
to depend exponentially on the solvation energyEM

of this ion, kM = C exp(−0.015EM), whereC is a
constant depending on the ion charge, the ion con-
centration and the instrument parameters. In contrast
to this, spectra of equimolar mixtures of three or four
of these cations in the presence of the same amount
of the crown ether cryptate 222 showed peak inten-
sities that reflect the proportions calculated from well
known solution-phase stability constants. The authors
explain this with the similar solvation energies of the
crown ether complexes, in contrast to those of the al-
kali cations, which are very different. This thus seems
to argue for the use of uniform transfer coefficients.

Young et al. [79] also addressed the question of dif-
ferent transfer coefficients in titration type experiments
using crown ethers. The molar ratio of two salts, e.g.,
LiCl and KCl was varied from 1:1 to 5:1 and to these
solutions an excess of crown ether was added such that
all alkali ions were complexed. Then the ratio of peak
intensities of K+ and Li+ was plotted against the ratio
of concentrations, yielding a linear relationship with a
slope that equals the ratio of the transfer coefficients.
The transfer coefficients of the Li+–crown ether com-
plex was only 0.532 of that of the K+–crown ether
complex. This is in contrast to the study of Leize et al.
[63], where the peak intensities of crown ethers com-
plexed with different metal ions were found to reflect
the expected solution-phase concentrations. Dubois
et al. [80] presented a MALDI study of alkali–crown
ether complexes, using a special particle/liquid ma-
trix mixture, with glycerol as the liquid matrix. They
first determined the transfer coefficients relative to the
Cs+–crown complex, and were able to determine rela-
tive stability constants based on this calibration. Good
agreement with results from an earlier EHMS study
[27] that had used glycerol as the liquid medium was
found. Some of the transfer coefficients reported by
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Dubois et al. [80] differed by a factor of 5.3, although
the same crown ether was used for all complexes. In
the paper of Ayed et al. [76] the authors take the dif-
ferent response factors of citrate synthase dimer and
citrate synthase hexamer into account. They calibrate
their measurements by measuring a known concentra-
tion of pure hexamer and of a specially modified dimer
that will not form hexamers. Based on this calibration,
peak intensities can be converted to concentrations of
dimer or hexamer. This revealed a sensitivity ratio of
1.3, which means that an equimolar mixture of dimers
and hexamers would give a peak area ratio of 1.3.
These three studies clearly show the importance of tak-
ing ionization efficiencies into account. In many cases,
they will significantly affect the determination of as-
sociation constants by mass spectrometric methods.

3.1.4. Competition methods
The term “competition methods” indicates that dif-

ferent host–guest complexes are measured simultane-
ously. One can either use different hosts competing for
one guest, or one host and different guests competing
for the binding site. Information about the absolute
binding affinities, relative binding affinities, or selec-
tivity of the different guests or hosts can be obtained.
It is possible to obtain either relative or absolute bind-
ing affinities.

An interesting technique to determine absolute
binding constants of different guests to one host was
published by Jørgensen et al. [81]. These authors de-
termined the binding constants of a number of guest
molecules with vancomycin and risocetin; all were
found to be in good agreement with literature values.
Fig. 5 shows a measurement of the binding constants
of vancomycin with three peptide guests in a single
ESI–MS experiment.

The method is based on the measurement of the
relative peak intensities of the free host (vancomycin)
and the three complexes of the host with three different
guests. In solution the equilibrium concentration of
the host and the three complexes is given by

[Hi ] = Hi [Hi ]0
H+ HG1+ HG2+ HG3

(4)

where H, HG1, HG2 and HG3 are the peak intensities
of the host and its three complexes with the differ-
ent guests, the square brackets denote concentrations,
[Hi ]0 is the initial concentration of host, and Hi refers
to any form of the host. For an equimolar mixture the
binding constant for complex HG1 can be expressed
as follows:

KHG1 =
[HG1]

[H][G1]
= [HG1]

[H]([H] + [HG2] + [HG3])
(5)

Note that this equation only holds if equimolar so-
lutions are being used. The major advantage of this
method is its speed. Within seconds one can deter-
mine the binding constant of several noncovalent
complexes at once. A key assumption in this method
is that the ionization efficiencies of the host and the
complexes are identical. This can only be expected if
the host is much heavier than the guest compounds
and thus determines the ionization efficiency. A dif-
ferent method for determination of absolute binding
constants of mixtures has also been published by
Jørgensen et al. [82].

Kempen and Brodbelt recently published a very
useful competition method to determine absolute
binding constants by ESI–MS [83]. The same method
has already been used by Gokel et al. to determine
binding constants of Ca2+–crown ether complexes
using ion selective electrodes [84] and by Goff et al.
to determine the binding constants of Rb+–crown
ethers by NMR [85]. The binding constant of a com-
plex is determined indirectly, by following only the
signal of a reference complex with known binding
constant. The reference complex must either contain
the same guest or the same host as the complex under
investigation. The first step is to acquire a calibration
curve for the reference complex. The concentration
of the reference complex [HRG] can be calculated for
each calibration point (Eqs. (6)–(8)):

KR = [HRG]

[HR]F[G]F
(6)

[HR]F = [HR]T − [HRG] (7)
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Fig. 5. Partial ESI mass spectrum obtained for an equimolar (50 mM) mixture of vancomycin (V), acetyl-D-Alanyl-D-Alanyl-D-alanine
(AAA(DDD)), acetyl-D-Alanyl-D-alanine (AA(DD)) and acetyl-glycyl-D-alanine (GA(D)) in 5 mM ammonium acetate buffer at pH 5.1.
Reprinted with permission from [81]. Copyright 1998, American Chemical Society.

[G]F = [R]T − [HRG] (8)

where index R stands for reference complex, index T
for the total amount of guest (G) or host (H) and index
F for free guest or host. The second step is the actual
competition experiment. A spectrum from a solution
containing the reference complex and the unknown
complex is recorded, but only the concentration of
the reference complex is observed and determined
with help of the calibration curve. From the concen-
tration of the reference complex in the competition
experiment, the binding constant of the unknown
complex can be calculated. For the equilibrium in the

competition experiment the following equations are
used:

KR = [HRG]

[HR]F[G]F
(9)

KN = [HNG]

[HN]F[G]F
(10)

[G]F = [G]T − [HRG]− [HNG] (11)

[HR]F = [HR]T − [HRG] (12)

[HN]F = [HN]T − [HNG] (13)

where G is the guest which is the same for the known
and unknown complex. HR is the reference host and
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HN is the host of the unknown complex. By solving
these five equations simultaneously one can obtain the
binding constant of the unknown complex (Eq. (14)):

KN =
[

[HRG]+KR([HR]T − [HRG])([HRG]− [G]T)

−[HRG]+KR([HN]T + [HRG]− [G]T)([HRG]− [HR]T)

] [
KR([HR]T − [HRG])

[HRG]

]
(14)

Stable spray conditions must be found for obtaining
a useful calibration curve for the reference complex,
and the stability of the spray must persist during the
competition experiment. For proteins this is some-
times difficult. Furthermore, the method assumes that
the ionization efficiency of the reference complex is
constant during the whole measurement, i.e., that the
presence of the unknown substance (guest or host)
does not influence the ionization efficiency of the
reference complex. This may not always be the case.
The greatest advantage of this method is that the
ionization efficiency of the unknown complex does
not matter and thus no transfer coefficient needs to
be estimated. For example, even if one of the species
cannot be ionized (i.e., ionization efficiency= 0), it
is still possible to determine the binding constants.
Once the calibration curve has been established, the
method is very fast, which is, for example, advanta-
geous for screening a library of guests for the same
host. For reference and unknown complexes where
the KA differs by up to two orders of magnitude, a
1:1:1 concentration ratio can be used in the competi-
tion studies. If theKA value differs by more than that,
the concentration ratio has to be adjusted. Kempen
has validated this method using different crown ether
hosts with potassium as the guest, and very good
agreement with solution-phase association constants
was found.

Relative binding affinities or selectivities can also
be determined with competition methods. Experi-
ments and validation studies with different crown
ethers, their analogons, and cryptants [23,63,86–100],
with self-assembling hosts [101], with single and
double stranded oligonucleotides [64,102–108] and
with different proteins [19,65,66,75,109] have been
described in the literature.

Cheng et al. used ESI–FT-ICR–MS to determine
the relative binding affinities of 16 inhibitors derived

from para-substituted benzenesulfonamides to bovine
carbonic anhydrase II (BCA II, 29 kDa) in a single
competition experiment [110]. They found that the

relative abundances of the complex ions were
consistent with the binding constants of the in-
hibitors in solution. For control experiments they
prepared a four-component mixture of inhibitors
with their concentrations inversely proportional to
their KA values. The inhibitors formed 1:1 com-
plexes with BCA II, with approximately equal ion
abundances, as expected. They also carried out two
control experiments to assure that the noncova-
lent complexes are specific. For the determination
of complexes with nearly equal mass they car-
ried out tandem mass spectrometric experiments.
The relative intensities of the inhibitors were sim-
ilar to those obtained from spectra of the intact
complexes and correlated with the relative binding
affinities in solution. For structural identification
of the inhibitors they performed MS3 experiments
leading to distinctive fragmentation patterns indica-
tive for the structure of the compounds. In their
experiments, they showed very carefully that the
ESI–MS method is suited for the determination of the
selectivity.

Goolsby et al. [111] published an interesting article
about the determination of alkali ion binding selec-
tivities of calixarenes by MALDI and ESI quadrupole
mass spectrometry. Because MALDI is rarely used for
this kind of work and because the authors compare the
results obtained by MALDI and by ESI, this article de-
serves some special attention. The results show some
moderate differences in the specific ratio of K+ com-
plexes to Na+ complexes in the MALDI vs. the ESI
spectra for each calixarene, but preferences towards
K+ or Na+ for the various calixarene are consistent.
The evaporation of solvent to dryness may exert some
influence on the selectivity derived by MALDI–MS.
A problem was the alkali ion contamination of the
MALDI matrices, and the large shot-to-shot fluctua-
tions.
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3.2. Gas-phase methods

Most ESI–MS studies suggest that important struc-
tural features of large biomolecular assemblies are re-
tained in the gas phase; even for MALDI this has been
found to be the case under certain conditions. On the
other hand, biomolecules are desolvated upon transfer
into the vacuum of the mass spectrometer. This implies
that electrostatic interactions and hydrogen bonds, that
surely survive the spray process, are largely responsi-
ble for maintaining structural features of the vaporized
biomolecular ions. Hydrophobic interactions are be-
lieved to be partly or completely lost in the gas phase
[65,112]. In general, therefore, no correlation between
the gas-phase stability and the solution-phase stability
of noncovalent complexes can be expected. Results
from most of the studies support this conclusion. How-
ever, there are some exceptions, cases, in which it has
to be assumed that the dominant interactions are very
similar in the gas phase and in solution, and that sol-
vent mediation or screening plays a minor role.

3.2.1. Cone voltage-driven dissociation
(VC50 method)

Dissociation induced by increasing the cone volt-
age (VC) of the ions in the source–analyzer interface
region of an ESI mass spectrometer is a rapid and
fairly straightforward method for evaluating relative
gas-phase stabilities. This voltage determines the ki-
netic energy acquired by the noncovalent assembly,
and thus the excitation when it collides with other
gaseous molecules. The dissociation of the chaperone
GimC/prefolding homologue complex has been stud-
ied with this method [70]. The experiments revealed
a quaternary arrangement of two central and four pe-
ripheral subunits. Increasing VC from 50 to 150 V led
to a disruption of the hexamer and the observation of a
pentameric species. This loss of a single (monomeric)
unit as an initial dissociation step suggested that these
subunits were located at peripheral positions of the
larger assembly, thereby facilitating their successive
release as the collision energy was increased.

The VC value needed to dissociate 50% of a
noncovalent complex initially present (VC50) is

taken as a gas-phase stability parameter, e.g., of an
enzyme–inhibitor complex. This method has been
utilized by Rogniaux et al. in a very nice study: their
methodology allows to rapidly supply information
about how inhibitors interact with their target enzyme
[113]. Fig. 6 exemplifies how the VC50 value corre-
lates with the energy of the electrostatic and hydrogen
bond interactions of the aldose reductase inhibitor
noncovalent complex. The ESI mass spectra of an
equimolar mixture of aldose reductase, coenzyme
(NADP+) and its inhibitor LCB3071 are recorded at
various cone voltages.

The extent of ternary complex dissociation is vi-
sualized through the appearance of the holo-enzyme
species (without inhibitor), as the cone voltage is
increased from 65 to 95 V. For each VC value, this
extent may be calculated by measuring the abundance
of the holo-enzyme, relative to that of the complexed
species. Measuring the VC50 values for different in-
hibitors, the relative order of gas-phase stabilities was
compared to relative interaction energies obtained
from X-ray crystallography data. Rogniaux et al.
[113] report a clear qualitative correlation between
the calculated binding energies and the gas-phase sta-
bilities evaluated by the VC50 method. However, no
quantitative correlation was found, as the investigated
protein may be partially denatured during the MS ex-
periment. The authors point out the striking fact that
solution-phase parameters (IC50 values), giving key
information about the inhibition level of a drug, do
not follow the order of VC50 (=gas phase) values of
aldose reductase–inhibitor complexes. Similar conclu-
sions have been drawn by other groups, for example
when studying dissociation of heme from myoglobin
and cytochromeb5 [114] or for the dissociation of
oligodeoxynucleotide duplexes [115].

3.2.2. Collision-induced dissociation (CID)
CID is used to induce unimolecular decay of mass

selected ions with sufficient internal energy upon ac-
tivation by collision with a neutral gas [116]. The
center-of-mass energy for a single collision is given
by Ecom = E0[mt/(mt + mp)] whereE0 is the labo-
ratory frame kinetic energy,mt the mass of the target
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Fig. 6. Gas-phase stability study of the enzyme–coenzyme–
inhibitor complex aldose reductase–NADP(H)–LCB3071. The
ternary complex gradually dissociates in the gas phase when the
cone voltage VC50 is increased. Spectra were recorded for four
different VC50 values, 65, 75, 85, and 95 V. The pressure in the
source–analyzer interface was kept constant at 2 mbar. Spectra
were not corrected for different ionization efficiencies of differ-
ent compounds, but different responses in ESI analysis have been
shown to be irrelevant for the aldose reductase example. Repro-
duced with permission of Elsevier Science from [113]. Copyright
1999, by the American Society for Mass Spectrometry.

Fig. 7. Schematic of a CID collision cell.E0 is the laboratory
frame kinetic energy of the ion injected into the collision cell,
Ecom(z) is the center of mass collision energy after passing a
distancez into the collision cell,mt is the mass of the target gas
and mp the mass of the complex ion,n the gas number density,
and l is the overall length.

gas andmp is the mass of the complex ion. The total
energy transferred to the ions is the fraction of inter-
nal energy transferred as the ion travels an incremen-
tal distance�l, integrated over the entire length of the
collision cell (Fig. 7).

The internal energy acquired by the ions passing
through a CID collision cell,Eint, is calculated using
the following equation:

Eint = mt

M
φ
mpE0

mtCD
{1− exp(−CDnmtσ l/mp)} (15)

whereM = mp + mt, φ the average fraction of
center-of-mass energy transferred to internal energy
of the ion in a collision,CD the drag coefficient,n the
gas number density,σ the collision cross-section, and
l is the length of the collision cell [117]. This expres-
sion accounts for energy loss as the ions pass through
the collision cell and also corrects for the greater num-
ber of collisions of ions with larger cross-sections.
For a small exponent andφ = 1, Eq. (15) reduces to

Eint =
E0nσ lmp

mt +mp
. (16)

This energy transfer is thus influenced by the collision
gas pressure, the molecular weight of the collision
gas, the cross-section of the ions, the injection energy
of the ions, and the loss of kinetic energy as they pass
through the collision cell. Due to Coulombic repulsion,
higher charge state ions have higher collision cross-
sections; they also experience greater acceleration
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than ions with lower charge states. Hence, ions bear-
ing more charges collide with more energy, leading
to a faster increase in internal energy.

Using ESI–MS/MS, Li et al. [66] compared the rel-
ative binding energies of rapamycin and four of its
analogs to the cytoplasmic receptor FKBP. They con-
cluded that the gas-phase binding reflects the aqueous
solution behavior in these complexes. Penn et al. [118]
studied CID of complexes of peptides with cyclodex-
trin. Ions were produced by electrospray ionization
(ESI–FT-ICR). Trapped ions were excited with an RF
pulse and allowed to undergo CID in the analyzer cell,
using N2 as collision gas. In an FT-ICR experiment,
the laboratory frame kinetic energyE0 can be calcu-
lated in the following way:

E0 =
z2B2

0r
2

2m
(17)

wherem is the mass andz the charge of the ion,B0 the
magnetic field strength, andr is the cyclotron radius
after ion excitation (r = βVtex/2B0, whereV is the
peak-to-peak excitation amplitude,tex the duration of
excitation pulse, andβ is the geometry factor of the
FT-ICR cell). In this study, the threshold of fragmenta-
tion was defined as the bottom-to-peak voltage (Vb–p)
at which fragments are first observed with a 2% rela-
tive intensity. This is determined from a plot of percent
dissociation of the complex vs. amplitude of applied
radio frequency. Threshold valuesVb–p, E0, Ecom, and
E, the total energy transfer in an infinite number of
collisions were calculated and compared with dissoci-
ation temperatures obtained using heated capillary dis-
sociation method. The threshold values measured by
CID for four related complexes were found to follow
the same order observed in heated capillary dissocia-
tion method. However,E-values obtained for infinite
collision conditions are found to be very large com-
pared to the expected binding energy values. Hence,
this method can be used for the comparison of related
systems for the threshold values rather than for the de-
termination of absolute value for the binding energies.

Chen et al. [117] have used tandem mass spec-
trometry and ion trapping experiments to study the
heme binding in holo-myoglobin. They have shown

that the energies required to dissociate heme from
the highly charged heme–protein complex in the gas
phase are similar to those of low charge states indicat-
ing that heme–protein interactions remain relatively
unperturbed in the partially unfolded highly charged
ions. In tandem mass spectrometry, the dissociation
voltages giving 50% apo-myoglobin (aMb) from
holo-myoglobin (hMb) are obtained from the plots of
injection voltage vs. relative intensity of the aMb sig-
nal. Complexes with charges from+8 to +19 were
studied at different collision cell pressures. The heme
binding energy was calculated using the collision
model. For the charges from+9 to+12 charge states
the calculated energies were very similar. The authors
also carried out ion trapping experiments and com-
pared these results with the tandem MS results. They
showed that the highly charged hMb can be trapped
for a period of 0.5 s without loss of heme. The rates
for the loss of hMb were measured and activation en-
ergies were calculated from the Arrhenius equation.
Calculated activation energies were found to correlate
well with the relative binding energy calculated in the
MS/MS experiment and also showed that the binding
energies of heme in high charge states of hMb are
similar to those of low charge states. Related work on
hemoglobin has also been presented by Apostol [119].

Jørgensen et al. [120] studied molecular recognition
in the gas phase using CID in a triple quadrupole mass
spectrometer. Noncovalent complexes between van-
comycin antibiotics and peptide ligand stereoisomers
were studied and compared with solution-phase bind-
ing studies. This is the same system as studied earlier
by Lim et al. [71] described in Section 3.1.2. Dissocia-
tion efficiency curves (plots of percent dissociation vs.
center-of-mass collision energy under single collision
conditions) were used to find the threshold CID en-
ergy. The order of gas-phase stability for the negatively
charged vancomycin–peptide complexes was found to
be identical to the order of solution association con-
stants, indicating that the structural features respon-
sible for the stereoselective binding of these peptides
are preserved in the gas-phase anionic complexes. In-
terestingly, the corresponding positively charged com-
plexes did not reflect the solution state behavior. This
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Fig. 8. Dissociation profiles of DNA duplexes, 6-mers and 8-mers (−3 charge state). Reproduced with permission of Elsevier Science from
[122]. Copyright 2000, by the American Society for Mass Spectrometry [122].

was attributed to the destruction of the specific inter-
action between the antibiotic and the peptide in the
protonated complex. Heck and coworkers [121] used
CID to study a similar system, the noncovalent com-
plexes of an antibiotic, avoparcin, with bacterial cell
wall precursor peptides. They reported that the order of
gas-phase stability of the protonated complexes (posi-
tive ions) is different from the order of stability of the
same complexes in solution. The authors further con-
cluded that the doubly protonated complexes are not
the same as those formed in solution.

Wan et al. [122] have used CID in an ion trap
mass spectrometer to study the various factors influ-
encing the stability of nucleotide duplex–drug com-
plexes. Analogous to a VC50 value, a collision energy
E50 for 50% dissociation of the complex was used as

Fig. 9. Correlation of measuredE50 values with the number of H bonds in some of the duplexes shown in Fig. 8. Reproduced with
permission from [122]. Copyright 2000, American Society for Mass Spectrometry [122].

a measure of complex stability. The effect of num-
ber of charge, number of base pairs, location of the
high proton affinity base pair and the number of hy-
drogen bonds on the stability of duplex was studied
(see Fig. 8).

When the charge states are identical, the stability is
proportional to the number of hydrogen bonds in the
duplex, correlating well with solution-phase measure-
ments (Fig. 9). The stability of noncovalent complexes
between duplex oligonucleotides and drug molecules
were also studied. By comparing theE50 values, the
relative stability of the complexes and the mode of
binding of the drug molecules were compared. The
dissociation of the duplex bound to the drug results in
two single strands, one with the drug and one with-
out the drug. UsingE50 values, it was even possible
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to differentiate between drugs that are binding to the
minor grooves and others that intercalate.

Smith and coworkers [29,112,123] studied non-
covalent complexes between BCA II and substituted
benzenesulfonamide inhibitors in the gas phase and
solution phase. The same system was previously in-
vestigated by a mass spectrometrically detected com-
petition experiment in solution [110] as described in
Section 3.1.4; agreement with known solution-phase
association constants was found. Wu et al. [112] found
that the gas-phase stability of the complexes increases
with the polar surface area of the inhibitor indicating
the dominant role of polar surface interactions in the
gas phase. In contrast, Gao et al. [123] used structural
isomers of benzenesulfonamide as ligands, which
have the same polar surface area. They showed that
the specific interaction between the inhibitor’s sulfon-
amide group and Zn(II) ion on carbonic anhydrase is
retained in the gas-phase complex. They also studied
the steric interaction of the inhibitor with the binding
pocket and concluded that carbonic anhydrase retains,
at least partially, the structure of its binding pocket in
the gas phase on the time scale of seconds to minutes.

Nesatyy [124] has investigated the gas-phase bind-
ing of noncovalent protein complexes between bovine
pancreatic trypsin inhibitor (BPTI) and its target en-
zymes (trypsin, chymotrypsin, trypsinogen) by CID
tandem mass spectrometry/ESI–MS/MS.V50, de-
fined here as the voltage difference between sections
Q0 and Q2 of a triple quadrupole mass spectrome-
ter, was calculated from the dissociation curves and
used for the internal energy calculations. Collision
cross-sections for these ions were determined using
energy loss measurements. Various factors influenc-
ing complex dissociation in the gas phase, such as the
difference between orifice and skimmer potentials,
the charge state of the ion, nature of the collision gas
and its pressure were studied, as shown in Fig. 10.

V50 values for complexes between BPTI and its
target enzymes showed significant variation and did
not correlate well with their solution analogs. The
relative internal energy required to dissociate 50% of
the complexes is in the order chymotrypsin–BPTI>
trypsinogen–BPTI> trypsin–BPTI. In solution the

order is trypsin–BPTI > chymotrypsin–BPTI >
trypsinogen–BPTI. The nature of interactions in these
complexes is different and the desolvation processes
taking place in the formation of gas-phase ions affect
these interactions differently in different complexes,
i.e., the ratio between the hydrophobic and the polar
interactions determines the stability of the gas-phase
complex.

3.2.3. Guided ion beam tandem mass spectrometry
The CID process can be examined by any tandem

mass spectrometer. However, the need to accurately
measure the absolute energy for threshold dissoci-
ation requires more rigorous experimental methods
such as guided ion beam mass spectrometry (GIBMS).
Qualitatively, the greatest emphasis in GIBMS instru-
mentation is put on designing the reaction zone for dis-
sociation, rather than on mass selective parts. GIBMS
as well as the theory to evaluate the experimental
data has been largely developed by Armentrout and
coworkers [125–129].

Guided ion beam mass spectrometry has been ap-
plied to noncovalent complexes [33,130], albeit this
research has largely been limited to the study of metal
ion–ligand complexes, with ligands such as water,
small alcohols and ethers, crown ethers, and a handful
of small heteroaromatic ligands. The topic is thus not
within the scope of this review. Flowing afterglow ion
sources have been used most frequently in GIBMS,
because internal and kinetic energies of the ions pro-
duced are easily characterized and controlled. This is
a critical aspect for obtaining accurate data from such
experiments. Soft ionization methods have not gen-
erally been well characterized with regard to the true
temperature of the ions. However, progress is being
made [131,132], and we hope that larger noncovalent
complexes will soon become accessible for inves-
tigation by guided ion beam-threshold dissociation
methods.

3.2.4. Blackbody infrared radiative dissociation
(BIRD)

BIRD is an interesting method that has been
introduced by Dunbar and McMahon [133], and
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Fig. 10. Factors affecting the dissociation of the trypsin–bovine pancreatic trypsine inhibitor (BPTI) noncovalent complexes in the gas
phase. They-axis shows the fraction of intact complex. (A) Effect of the orifice–skimmer voltage (VC, indicated as Or/Sk (V)); 0.5 mTorr
of Kr gas,+12 charge state; (B) effect of the charge state at 1.4 mTorr of Ne; (C) effect of the nature of the collision gas on the dissociation
of the +13 charge state at 1.2 mTorr gas pressure; (D) effect of the collision gas pressure (Kr, mTorr) on the dissociation of the+12
charge state. From [124], © John Wiley & Sons Ltd., reproduced with permission.

was more recently extended for the study of large
molecules [134,135], including noncovalent com-
plexes [136–139]. In this method, the blackbody
radiation of the heated vacuum chamber walls is em-
ployed to dissociate trapped ions. Strictly speaking,
only unimolecular dissociation is probed by BIRD.
However, the rate of energy exchange between the
trapped ions and the chamber walls can greatly ex-
ceed the dissociation rate such that the trapped ions
have a Boltzmann distribution of internal energy
characterized by a temperature. From the temperature
dependence of the dissociation rate, activation ener-
gies and pre-exponential factors can be determined
from an Arrhenius plot. Direct information on the

relative thermal stability is thus available, and in the
absence of a reverse barrier, the activation energy re-
flects a threshold dissociation energy. Using the BIRD
method, Gross et al. [136] determined the gas-phase
dissociation rate of heme from holo-myoglobin to
be considerably lower than from holo-hemoglobin
�-chain, and somewhat dependent on solution pH
and on the ion charge state studied. The dissociation
activation energies of double strand oligonucleotides
were also studied by BIRD [137,138], and found to
range from 1.2 to 1.7 eV, depending on the number
of nucleobases present and the degree of complemen-
tarity. Based on four lines of evidence, it was con-
cluded that Watson–Crick base pairing is preserved
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in the gas phase, i.e., in the absence of solvent. For
complementary duplexes, the gas-phase activation
energies correlated well with solution binding free
energies. Strittmatter et al. [139] went one step fur-
ther and used master equation modeling of BIRD
data of nucleotide dimers in order to obtain thresh-
old dissociation energies. The dissociation energy for
the guanosine monophosphate–cytosine monophos-
phate dimer anion was found to be higher than for
any other nucleotide dimer, again consistent with a
Watson–Crick type hydrogen bonding.

Price et al. [140] used BIRD to determine the nature
of proton-bound dimers of betaine and of betaine with
protonated bases of similar gas-phase basicities. These
authors attributed some of the higher binding energies
measured to the existence of ion–zwitterion structures
in the gas phase.

Klassen and coworkers have conducted a couple of
BIRD studies on the pentamer of Shiga-like toxin I
(B5) and its complexes with oligosaccharide ligands
[141,142]. The magnitude of the Arrhenius parame-
ters for dissociation of the pentamer and the B5–ligand
complexes were found to be highly charge dependent.
In the dissociation of the complexes, the loss of a lig-
and was found to compete with loss of a B subunit
at low temperature. The pentamer itself was found to
dissociate almost exclusively by the loss of a single
subunit B, carrying a disproportionally large fraction
of the parent ion charge, up to 50%. This was com-
pared to the asymmetric dissociation process in droplet
fission in electrospray ionization, where smaller off-
spring droplets are believed to form with much higher
m/z than the parent droplet. Finally, excellent agree-
ment was found between the complex binding affinity
determined from ion intensities of complexed and free
B5 in the ESI mass spectrum and the binding affinity
derived from microcalorimetry [142].

3.2.5. Heated capillary disociation (thermal
dissociation in the gas phase)

A heated transfer capillary consisting of two inde-
pendently heated segment can be used to dissociate
noncovalent complexes. The complex is first desol-
vated in the first segment and then dissociated in the

second segment (see Fig. 1). Under these conditions
thermal dissociation of the complex takes place in the
gas phase. A stable temperature range of the first seg-
ment of the capillary where desolvation is complete
but no dissociation occurs is first established. Disso-
ciation of the complex is then performed by systemat-
ically raising the temperature of the second segment.

Lebrilla and coworkers [143,144] studied heated
capillary dissociation (HCD) of cyclodextrin inclusion
complexes using this approach in an FT-ICR–MS.
HCD graphs were obtained by plotting the normal-
ized intensity of the complex vs. temperature of
segment 2. In the work by He et al. [143], the dis-
sociation temperatureTD was arbitrarily defined as
the temperature at which the complex intensity falls
below 1% of the most abundant peak.TD values for the
complexes of bradykinin and three of its analogs with
cyclodextrin were compared. The relative order was
shown to correlate well with CID threshold energies
for these complexes. The apparent activation energy
for dissociation and the apparent pre-exponential fac-
tor could also be determined from an Arrhenius plot.
The uncertainties in the measurement of temperature
and the complexity of the dissociation processes lim-
its the utility of this method for determining absolute
activation energies and pre-exponential factors. Com-
parison of theEa(HCD) andA(HCD) with the values
obtained for the same complexes using BIRD shows
that the values obtained by HCD are higher. This
method could be used for comparison of similar sys-
tems usingTD. Garcia et al. studied HCD of protonated
cyclodextrin–amino acid complexes [144].TD of the
complexes were shown to increase with the number
of hydrogen bonds and the ability of the cyclodex-
trin host to sterically lock the amino acid guest in
place.

3.2.6. Other gas-phase methods
Numerous methods have been described in the

literature for measuring binding enthalpies and free
energies of gas-phase complexes, for example, equi-
librium methods for determining metal ion affinities
to various ligands [145,146], photodissociation meth-
ods [147–151], and Cooks’ kinetic method [152–154].
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A large body of literature also exists on high pressure
mass spectrometry methods used for the determina-
tion of equilibrium constants and ligand binding ener-
gies of noncovalent complexes [155–161]. With very
few exceptions, binding of small molecular ligands
(H2, H2O, NH3, simple amines, simple hydrocarbons,
etc.) to metal ions have been studied, a subject that
we have decided to exclude in this review. Recently,
somewhat larger ligands have been investigated, for
example amino acids and small peptides [162–164],
oligonucleotides [165], and substances used as
MALDI matrices [166]. An interesting approach that
is complementary to gas-phase dissociation methods
is to monitor gas-phase complexformation by the
so-called radiative association process where the ini-
tial metastable complex is stabilized by photon emis-
sion [167]. The kinetics of complex formation in low
pressure FT-ICR experiments, where radiative stabi-
lization dominates over collisional stabilization have
been analyzed in order to obtain quantitative values for
the complex binding energies. High precision values
are available from fitting the experimental data, using

an expression that contains the binding energy as a fit
parameter. Again, this method has not been applied to
high molecular weight complexes produced by ESI or
MALDI, but rather to complexes between metal ions
and small organic ligands [167]; the highest molecular
weight ligands studied so far were phenol, indole, and
coronene [168,169].

4. Measurements of stereoselectivity by MS

Soft ionization mass spectrometry has been used
quite frequently to determine stereochemical prop-
erties of chiral compounds [170]. These studies in-
volve the formation of diastereomeric noncovalent
complexes between a chiral selector C and the chi-
ral molecule. The stereoselectivity is obtained by
quantitative determination of the kinetics or ther-
modynamics associated with the dissociation of this

complex (Eq. (18)), or from measuring the rate of
guest exchange equilibria in the gas phase. This topic
is thus closely connected with the subject of this
review

(products)S
kS←[CS]

KS
−S�
+S

C

KR
+R�
−R

[CR]
kR→(products)R

(18)

Fast atom bombardment mass spectrometry has also
been used to study chiral recognition between small
organic molecules, as reviewed by Sawada [171]. Yao
et al. have reported the chiral analysis of 19 common
amino acids using ESI–MS/MS [172]. CID of proto-
nated dimers, trimers and tetramers formed between
the chiral selector and the amino acid was used to find
the chiral recognition ratio (CR). If we consider the
following reaction:

XYnH
+ → XYn−1H+ + Y (19)

where X is the amino acid, Y the chiral selector, and
n = 1, . . . ,3, CR is defined as

CR= ([XY n−1H+]/[XY nH+])LD + ([XY n−1H+]/[XY nH+])DL

([XY n−1H+]/[XY nH+])LL + ([XY n−1H+]/[XY nH+])DD
(20)

For each complex ion, all four chiral combinations of
the chiral selector and the amino acid were studied.
This method was shown to work well for the deter-
mination of the chirality of an amino acid in a mix-
ture. The same group has applied a MS technique to
find the enantiomeric excess in amino acids [173].
Collision-induced dissociation of the trimers formed
between the amino acids and the chiral selectors to
give protonated dimers were studied. The dissociation
efficiency r (the intensity ratio of protonated dimers
to protonated trimers) could be related to the enan-
tiomeric excess (ee). The two enantiomerically pure L,
D isomers and the racemic mixture are used as stan-
dards and the ee of the unknown sample is calculated
using Eq. (21):

ee= 100

{
1/(rL − r0)− 1/(rD − r0)

2/(r − r0)− 1/(rL − r0)− 1/(rD − r0)
}

(21)



22 J.M. Daniel et al. / International Journal of Mass Spectrometry 216 (2002) 1–27

Using these methods, the authors have shown that the
ee of an unknown mixture can be determined within
2% error.

Gas-phase chiral differentiation of amino acid
guests in cyclodextrin hosts was reported by Lebrilla
and coworkers [174,175]. Enantioselectivity is defined
as the ratio of the rate constants (kL/kD) in gas-phase
guest exchange reactions. The enantioselectivity was
found to correlate with the number of carbon atoms
in the side chain of amino acid, with the size of
the amino acid and with the cavity size of the host.
Ramirez et al. [174] isolated amino acid–cyclodextrin
complexes in an FT-ICR cell and followed exchange
reactions with amines (Eq. (22)) as a function of
time. Rate constants were obtained from the slope of
a plot of ln(I/I0) vs. t, whereI is the intensity of the
complex at timet and I0 is the sum of the intensities
of the product and the starting complex

[CD : AA + H]+ + B
(a)
�[CD : AAH · · ·B]+

(b)
�

[CD : BH · · ·AA]+
(c)
�[CD : B+ H]+ + AA (22)

Exchange reaction rates were found to differ depend-
ing on the chirality of the amino acid guests. The L
isomer showed enhanced reactivity compared to the D
isomer in the cases of Ala and Val.

The same group studied the mechanism of chi-
ral recognition in the gas phase using FT-ICR mass

Fig. 11. Lowest energy structure for enantiomeric pairs of Phe with�-cyclodextrin ([CD–Phe+ H]+). Reproduced with permission of
Elsevier Science from [175]. Copyright 2001, by the American Society for Mass Spectrometry.

spectrometry [175]. Chiral discrimination requires
that the host and the guest form reasonably stable
complexes which involves the co-operative interaction
of several weak forces such as dipole–dipole, hy-
drophobic, electrostatic, van der Waals and hydrogen
bonding. A three point interaction model is generally
used to describe these interactions in solution-state
studies. Fig. 11 shows the lowest energy structure for
enantiomeric pairs of Phe with�-cyclodextrin.

The Lebrilla group also reported a mass spectromet-
ric method based on the guest exchange reaction for
determining enantiomeric excess in mixtures of amino
acids [176]. A calibration curve employing varying
mixtures of D- and L-isomers was produced by plot-
ting IR/(IR + IP) vs. the mole fraction of D, where
IR is the intensity of the reactant complex andIP is
the intensity of the product. These calibration curves
were used to determine the enantiomeric excess in un-
known mixtures.

A single publication on differentiation of enan-
tiomers using MALDI mass spectrometry has ap-
peared in the literature [177]. Cyclodextrin was used
as the complexing agent to differentiate pseudo-
enantiomeric mixtures. The chiral selectivity of cy-
clodextrin towards an amino acid was quantitatively
estimated from the relative peak intensities of the
two diastereomeric complexes in the MALDI mass
spectrum. They could be differentiated by their mass
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because one of the enantiomers wasn-fold deuter-
ated (Dn). The values ofID/IL–Dn or ID–Dn/IL show
that cyclodextrins exhibit a preference towards L
amino acids. The production of specific cyclodex-
trin inclusion complexes by MALDI–MS is still de-
bated. For example, Lehmann et al. [49] found that
tripeptide–�-cyclodextrin complexes that are known
to exist in solution do not survive the MALDI sam-
ple preparation and ionization process. It is currently
unclear under what conditions such a hydrophobic
complex can be put into the gas phase by MALDI. It
is possible that it is simply a matter of sample prepa-
ration: Lehmann et al. [49] used the dried droplet
method, whereas So et al. [177] who clearly observed
enantiomeric differentiation of amino acids in the
presence of cyclodextrin used the layered sample
preparation method.

5. Critical evaluation and summary

Soft ionization mass spectrometry is increasingly
used to determine binding constants/binding energies
of noncovalent complexes. As we have shown, one
must distinguish between MS methods that measure
the dissociation energies of gas-phase complex ions,
and MS-based methods used for monitoring solution
equilibria. For the latter, results generally agree well
with known solution-phase thermodynamic values.
On the other hand, gas-phase MS methods yield in-
teraction energies that typically do not agree with
solution-phase values. This is not surprising, because
ionic or ion–dipole interactions will become stronger
in the absence of screening by solvent, while other
interactions such as hydrophobic interactions are
destabilized in the absence of solvent. A direct com-
parison should therefore not be attempted, except in
cases where one expects to learn something about
the nature of the noncovalent interactions. The deter-
mination of gas-phase binding energies is expected
to be very useful for rapid screening of therapeutic
agents whose mode of interaction is designed to be
mostly ionic or ion–dipole. In addition, experimental
values for gas-phase binding energies can be directly

compared to quantum mechanical computations that
are typically obtained without incorporating solvent.

Frequently, qualitative trends in binding strength
are reported rather than numbers for dissocia-
tion/association constants, binding enthalpies, or free
energies. The reason, we believe is that this field is in
the early stages of development, or in a kind of valida-
tion phase. One obvious problem is that ionization ef-
ficiencies/transfer coefficients are not generally taken
into account. However, it has been shown for many
systems that they significantly affect the determina-
tion of association constants by mass spectrometric
methods. Another shortcoming is that a couple of rep-
resentative peaks in the mass spectrum are often used
to determine these trends, whereas taking all relevant
peaks (higher order adducts, fragments, other charge
states in ESI, etc.) belonging to a certain species
would be accurate to quantitatively account for it. We
are convinced that many of the existing published
data could be evaluated (more) quantitatively.

By changing experimental parameters such as the
cone voltage in an ESI experiment, a mass spectromet-
ric analog to a melting curve can be constructed. From
the slope of this melting curve at the point of 50% dis-
sociation, it should be possible to derive a�H value
in complete analogy to Eq. (1) [68]. For this purpose,
a number of possibilities exist: thermal dissociation
by HCD is one that has been already discussed. Fur-
thermore, it is known that the plume temperature in
MALDI is very close to the sublimation temperature
of the matrix used [131]. Thus, different MALDI ma-
trices could also lead to different degrees of complex
dissociation by virtue of their sublimation tempera-
ture. The result will always be a kind of (gas-phase)
melting curve.

Advice for planning future experiments and for
appropriate data evaluation includes the following
points: (i) assumptions for data evaluation must al-
ways be stated explicitly; this is often not the case
in published studies. In order to obtain reliable re-
sults and for statistical reasons, measurements should
be repeated several times; (ii) MALDI (and other
methods, such as LILBID) should be developed more
vigorously for studying noncovalent interactions of
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biomacromolecules. MALDI is more tolerant to salts
and buffers, often necessary ingredients for stabiliz-
ing complexes, and has thus some advantages over
ESI in special situations; (iii) last but not least, we
believe that the time is ripe for combining high accu-
racy methods such as the kinetic method or guided
ion beam mass spectrometry with MALDI or ESI ion
sources to study higher molecular weight complexes
of biochemical interest.
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