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Interactions by Direct ESI-MS Measurements.
Are We There Yet?
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Abstract
The association-dissociation of noncovalent interactions between protein and ligands, such as other
proteins, carbohydrates, lipids, DNA, or small molecules, are critical events in many biological
processes. The discovery and characterization of these interactions is essential to a complete
understanding of biochemical reactions and pathways and to the design of novel therapeutic agents
that may be used to treat a variety of diseases and infections. Over the last 20 y, electrospray
ionization mass spectrometry (ESI-MS) has emerged as a versatile tool for the identification and
quantification of protein–ligand interactions in vitro. Here, we describe the implementation of the
direct ESI-MS assay for the determination of protein–ligand binding stoichiometry and affinity.
Additionally, we outline common sources of error encountered with these measurements and
various strategies to overcome them. Finally, we comment on some of the outstanding challenges
associated with the implementation of the assay and highlight new areas where direct ESI-MS
measurements are expected to make significant contributions in the future.
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Introduction

The noncovalent association and dissociation between
protein and ligands (e.g., other proteins, carbohydrates,

lipids, DNA or small molecules) are critical to numerous
physiological and pathological processes, such as cell
growth and differentiation, fertilization, in recognition
processes, such as cell–cell adhesion and immune responses
against pathogens, and in diverse disease mechanisms,
including inflammation and bacterial and viral adherence.
The discovery and characterization of protein–ligand com-
plexes (i.e., elucidating their structures and dynamics and
quantifying the kinetic and thermodynamic parameters that
describe the interactions) are essential to a complete
description of biochemical reactions and pathways. Under-
standing the molecular basis of protein recognition, the

relationship between structure and binding selectivity and
affinity, in addition to being of fundamental importance,
facilitates the design of novel therapeutics that may be used
to treat a variety of human diseases. For example, most drug
discovery campaigns are currently run using a “target
centric” paradigm in which compounds that bind specifically
and selectively with high affinity to a protein target or family
of targets are developed to inhibit the protein’s activity or
modulate its function.

A wide variety of analytical methods are available to
identify and quantify protein–ligand interactions in vitro,
with each method having particular strengths and weak-
nesses. The most common techniques for quantifying
protein–ligand binding in vitro include surface plasmon
resonance (SPR) spectroscopy [1], isothermal titration
calorimetry (ITC) [2], frontal affinity chromatography
combined with mass spectrometry detection [3], enzyme-
linked immunosorbent assay [4], ThermoFluor assay [5] and
nuclear magnetic resonance spectroscopy [6].
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Another method for the analysis of protein–ligand
interactions in solution, which is the focus of the present
article, is based on direct electrospray ionization mass
spectrometry (ESI-MS) measurements [7–10]. The direct
ESI-MS assay, also commonly referred to as the ESI-MS
titration method, exploits the gentle nature of the ESI
process, which allows noncovalent interactions to be
transferred intact from solution to the gas phase.
Analytical advantages of the direct ESI-MS assay include
simplicity (no labeling or immobilization), speed (mass
spectra can typically be acquired in less than a minute),
low sample consumption (Gfmol of sample consumed per
analysis when using nanoflow ESI), specificity (ability to
directly measure binding stoichiometry, analyze mixtures
and measure multiple equilibria simultaneously), selec-
tivity (complexes can be further interrogated using
additional stages of MS combined with ion activation
methods, ion mobility spectrometry, or other MS-based
methods).

The earliest examples of the application of ESI-MS for
the direct detection of noncovalent protein complexes from
aqueous solutions appeared 20 y ago. In 1991, Katta and
Chait reported on the ESI-MS detection of the intact globin–
heme interaction of myoglobin [11]. That same year,
analysis of a receptor–ligand complex was reported by
Ganem et al. [12]. Soon after the initial reports demonstrat-
ing that specific protein–ligand interactions could be
detected by ESI-MS appeared, the technique was exploited
for the determination of the protein–ligand association
constants (Ka). The first example of the application of the
direct ESI-MS assay to quantify protein–ligand affinities
was reported in 1993 by Loo and co-workers [13]. By
performing ESI-MS measurements on the ribonuclease S-
protein/S-peptide complex over a range of temperatures,
they were able to establish not only Ka values but also
estimate the enthalpy (ΔHa) and entropy (ΔSa) of association
[13].

Despite the early promise of the direct ESI-MS assay
as a tool for quantifying protein–ligand interactions in
vitro, the widespread adoption of the technique has been
limited by concerns of reliability and reproducibility. The
technique works well for some complexes and gives
results that agree quantitatively with data obtained with
more established assays, but it does not work for other
complexes. Furthermore, different instruments sometimes
produce divergent results for the same interaction.
However, over the past decade, a number of methodo-
logical advances have significantly improved the reliabil-
ity and applicability of the ESI-MS assay, and affinities
measured for a multitude protein–ligand complexes, as
well as other types of biological complexes have been
shown to be in agreement with values determined by
other analytical methods [14–23]. So, does this mean that
the ESI-MS assay has matured to the point where the

technique can be reliably used by researchers who do not
have extensive training in MS? In an effort to answer
this question, a description of the major sources of errors
and technical challenges associated with the direct ESI-
MS measurements of protein–ligand interactions is given
below, along with an examination of current strategies
for minimizing the errors and potential shortcomings.

Direct ESI-MS Assay. How does
it Work?
As a starting point, it is worthwhile to briefly review the
implementation of the direct ESI-MS assay for measuring
the affinity of protein–ligand interactions. The assay is based
on the detection and quantification of free and ligand-bound
protein ions by ESI-MS (Figure 1). The Ka for a given
protein–ligand interaction is determined from the ratio (R) of
total abundance (Ab) of ligand-bound and free protein ions,
as measured by ESI-MS for solutions of known initial
concentrations of protein ([P]o) and ligand ([L]o). For a 1:1
protein–ligand complex Equation (1), Ka is calculated using
Equation (2):

Pþ L Ð PL ð1Þ

Ka ¼ R

½L�o � R
1þR ½P�o

ð2Þ

where R is given by Equation (3):

½PL�eq
½P�eq

¼ AbðPLÞ
AbðPÞ ¼ R ð3Þ

It is important to emphasize that the abundance of all
detected PL and P ions should be included in the calculation of
R. After all, there is only one concentration ratio in solution.
The sometimes-used practice of evaluating Ka based on the
abundance of PL and P ions of a particular charge state or
reporting charge state dependent Ka values should be avoided.
Care should also be taken extracting relative abundances from
deconvoluted “zero charge” mass spectra obtained from
probabilistic methods such as the popular maximum entropy
method. While commercial deconvolution algorithms are
useful for reliably obtaining the correct “zero charge” mass, it
is notoriously difficult to extract accurate peak heights or areas
with these methodologies [24].

Normally, Ka for a particular protein–ligand interaction is
not determined at a single concentration of P and the L but
rather from measurements performed at a number of
different concentrations or from a titration experiment,
wherein the concentration of one analyte (normally P) is
fixed and the concentration of the other is varied [21]. The
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value of Ka can be extracted using nonlinear regression
analysis of the experimentally determined concentration-
dependence of the fraction of ligand-bound protein, i.e.,
R/(R + 1), which is given by the following expression:

R=ðRþ 1Þ ¼
1þKa½P�o þKa½L�o �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þKa½P�o �Ka½L�oÞ2 þ 4Ka½L�o

q

2Ka½P�o
ð4Þ

In practice, ESI-MS binding measurements are usually
limited to R values ranging from approximately 0.05 to 20
and P and L concentrations in the 0.1 to 1000 μM range. It
follows that Ka values accessible with the direct ESI-MS
binding assay range from approximately 103 to 107 M–1.
However, interactions with much larger Ka values can be
probed using competitive binding and direct ESI-MS
measurements, vide infra.

Two important features of the ESI-MS assay are the
abilities to directly establish the stoichiometry of protein
complexes and to measure multiple binding equilibria
simultaneously. These features enable the determination of
both the macroscopic and microscopic Ka values for
sequential binding of L to P. As a result, ESI-MS is ideally
suited for characterizing allosteric binding. The ESI-MS
assay also naturally lends itself to monitoring and quantify-
ing protein–ligand interactions in solutions containing
mixtures of ligands and/or proteins [25–33]. Not surprising-

ly, an emerging ESI-MS application is screening libraries of
compounds against target proteins to identify specific
interactions. The ESI-MS assay is also well-suited for
competitive binding experiments in which multiple proteins
or ligands compete for binding partners. The combination of
competitive binding experiments and ESI-MS detection has
been exploited in numerous studies to extract binding data
that could not be measured directly by ESI-MS. For
example, the range of Ka values that can be measured by
ESI-MS can be dramatically extended through competition
experiments involving multiple proteins that exhibit a range
of affinities for the same L [34, 35]. More recently, it was
demonstrated that the affinities of labile PL complexes that
are prone to dissociation in the gas phase are readily
determined by monitoring the interaction between the P of
interest and a “reference” L, which binds competitively and
forms a stable (in the gas phase) complex with P, in the
presence of L [23, 36].

Potential Pitfalls

While it is relatively easy to acquire mass spectra of protein–
ligand complexes using modern ESI-MS instrumentation,
determining whether the binding data are meaningful is not
always straightforward. The successful implementation of
the direct ESI-MS assay requires that the equilibrium
abundance ratio of bound-to-free protein present in bulk
solution is preserved both during the ESI process and in the

Figure 1. ESI mass spectra measured for a solution of (a) 12 μM antigen binding fragment (Fab) of the monoclonal anitbody
CS-35 and (b) 12 μM Fab and 12 μM of a hexasaccharide ligand (L). Papain digestion of CS-35 produces four different Fab
proteins (labeled a–d). The Ka value determined by ESI-MS (1.6±0.2×105 M–1) agrees with values reported by isothermal
titration calorimetry (1.7±0.2×105 M–1) and frontal affinity chromatography MS (1×105 M–1) [17]
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gas phase. Physical or chemical processes that alter this ratio
will lead to incorrect Ka values and, potentially, obscure the
true binding stoichiometry. There are four common sources
of error associated with the ESI-MS measurements: (1) non-
uniform response factors, (2) in-source dissociation, (3)
nonspecific ligand–protein binding, and (4) ESI-induced
changes in solution pH and temperature. Each of these
sources of error is briefly described below, along with
current strategies for minimizing their effects on the binding
measurements.

Non-uniform Response Factors

As described above, the abundances of P and PL measured
by ESI-MS are related to the solution concentration by a
response factor (RF), which collectively accounts for the
ionization and detection efficiencies, Equation (5):

PL½ �= P½ � ¼ RFPAb PLð Þ=RFPLAb Pð Þ
¼ RFP=PL Ab PLð Þ=Ab Pð Þð Þ ð5Þ

Underlying Equations (2) and (4) is the assumption of
uniform RF values (i.e., RFP/PL≈1). This assumption is
generally valid in cases where L is small compared to P,
such that the size and surface properties of the P and PL are
similar [14–23, 34, 37, 38]. While there are no firm
guidelines suggesting when this approximation is valid, it
typically holds in cases where the molecular weight of PL
and P (MWPL and MWP, respectively) are similar (i.e.,
MWPL/MWP≤110% [37]). However, there are cases where
the ESI-MS response of a protein complex is significantly
different than the response of the free protein [39, 40]. In
fact, non-uniform ESI-MS response factors are generally
expected in the case of protein–protein interactions. It is
important to note that RFs depend on many factors—the size
and structure of P and PL, the ESI conditions and the
instrumental parameters used for the measurements—and it
is often possible to “tune” the experimental conditions to
achieve the correct R value (based on the known Ka). Such
an approach may be appropriate when investigating struc-
turally-related interactions. However, it is not generally
recommended and should be used with caution.

A variety of strategies have been developed to minimize
the effects of non-uniform RFs on the determination of Ka

values. One approach involves the introduction of the RFP/PL

term as an adjustable parameter in an appropriate binding
model, which is fit to the experimental data [39–44]. This
approach can also be used to account for in-source
dissociation [40], and can be used when complexes of
variable stoichiometry are present in solution [40, 43].
However, this method requires fitting a model with multiple
adjustable parameters to the titration data and, therefore,
high quality experimental data are required to obtain reliable
Ka values [42]. Furthermore, this approach is based on the

assumption that RFP/PL is independent of concentration, at
least over the range of the concentrations investigated. While
there have been several successful demonstrations of this
strategy, the generality of the approach has not been
established. A variation on this method involves the use of
an internal standard (IS). An appropriate IS is one that is
similar (MW and surface activity) to the analyte of interest,
but which does not bind to L [43]. The advantage of this
approach is that changes/fluctuations in RFP/PL due to
concentration, instability in the ESI, or other factors are
reflected, at least to some extent, in the abundance of the IS.
An alternative strategy involves monitoring the abundance
of L, relative to that of an IS, as [P]o is varied [45]. In this
assay, the IS resembles L but does not bind to P. The
abundance ratio of L to IS ions serves to quantify the
changes in [L] in solution as a function of [P]o. This
approach shows promise for quantifying ligand interactions
with proteins and protein complexes that are difficult to
detect directly by ESI-MS due to size or heterogeneity.

In-Source Dissociation

Collision-induced dissociation of gaseous ions of PL
complexes during ESI-MS analysis can alter the relative
abundance of PL and P ions. For a 1:1 PL complex, in-
source dissociation will necessarily decrease the magnitude
of Ka. In the extreme case, where no PL ions survive to
detection, in-source dissociation results in a false negative.
The influence of in-source dissociation on binding measure-
ments depends on the configuration of the ion source used,
the choice of instrumental parameters and the size and gas-
phase stability of the complex. The stability of PL
complexes in the gas phase is determined, in part, by the
nature of the specific interactions in solution. Complexes
stabilized in solution predominantly by weak or a small
number of intermolecular interactions generally exhibit low
gas phase stabilities and are susceptible to in-source
dissociation [46–49]. However, it is important to note that
the gas-phase stabilities of PL complexes generally do not
parallel the solution binding affinities. For example, some
PL complexes, which are stabilized by strong ionic
interactions in solution, exhibit low gas phase stabilities
[47], while some PL complexes formed by hydrophobic
bonding are quite stable in the gas phase [23, 50, 51].
Collisional heating of gaseous ions may occur at various stages
during the ion sampling process, such as within the heated
metal sampling capillary (if used), in the nozzle (or orifice)-
skimmer region, and during accumulation of ions within
external rf multipole storage devices (e.g., hexapole) [14, 36,
47, 50, 51]. Usually, the occurrence of in-source dissociation
can be identified from changes in R resulting from changes in
ion source parameters, in particular voltage differences in
regions of high pressure (e.g., nozzle-skimmer voltages), that
influence the internal energy of the ions. Identifying false
negatives can be extremely challenging, particularly for
complexes that rapidly dissociate at room temperature, and
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often requires the use of competitive binding experiments in
order to confirm the absence of binding in solution. Recently,
the use of pulsed hydrogen–deuterium exchange (HDX) for
identifying the occurrence of in-source dissociation involving
multiprotein complexes was demonstrated [52].

Low temperatures (drying gas, sampling capillary), low
potentials across lens elements, and short accumulation
times are essential for obtaining reliable Ka values for PL
complexes susceptible to in-source dissociation. However,
there are usually trade-offs between the use of so-called
“gentle” source conditions and signal intensity. Thus, a
balance must be found between minimizing the extent of in-
source dissociation and achieving adequate protein ion
signal. In cases where gentle sampling conditions do not
eliminate the occurrence of in-source dissociation, the
employment of stabilizing additives may prove beneficial.
For example, the addition of imidazole to solution, at high
concentration (91 mM), has been shown to prevent gas
phase dissociation of the ions of a number of different PL
interactions, including protein–carbohydrate, protein–fatty
acid, and protein–small molecule complexes [23, 47, 50].
The origin of the stabilizing effects of imidazole is believed
to be due, at least in part, to enhanced evaporative cooling
resulting from the dissociation of nonspecific imidazole
adducts from the gaseous PL ions [47]. Additionally, the use
of imidazole, which has a relatively high gas phase basicity
and a relatively low gas phase acidity [53, 54], may also lead
to a reduction in the charge states of the protein complex
ions. The lower charge state complex ions may exhibit
higher kinetic stabilities and be more resistant to in-source
dissociation. A practical issue related to the addition of
imidazole to solution is that, at high concentration, it tends
to suppress the P and PL ion signals. Recently, it was shown
that the introduction of imidazole vapor to the ion source
also protects complexes against in-source dissociation [50].
It has also been shown that the presence of a high partial
pressure of SF6 in the ion source reduces the extent of in-
source dissociation for some complexes [50]. Lowering the
temperature of the ion source of the mass spectrometer (i.e.,
cold spray) has been suggested as a means of preserving
non-covalent interactions during ESI-MS analysis [55].
Although there have been reports describing the application
of cold spray for detection of labile complexes [55–57], it is
not clear in many instances whether the complexes detected
correspond to species present in solution or formed by
nonspecific binding during the ESI process.

In cases where it is not possible to eliminate in-source
dissociation, a competitive binding assay, such as the
reference ligand ESI-MS method, may be used [36]. In this
approach, the direct ESI-MS assay is used to monitor
binding of a reference ligand (Lref) to P in order to quantify
the PL interaction. Two basic requirements are necessary for
a suitable Lref, which are that it binds competitively to P in
solution with a known affinity and that the PLref complex is
kinetically stable (on the timescale of the measurement) in
the gas phase. This method has proven particularly useful for

the analysis of PL interactions that are kinetically unstable in
the gas phase at room temperature [23].

Nonspecific Binding

It is well established that, during the ESI process, free L can
bind nonspecifically to P and PL (or PLq in general) due to the
concentration effects, resulting in false positives. Consequent-
ly, the observation of gaseous ions corresponding to a
particular PL complex does not, by itself, establish the presence
of that interaction in solution. The observation of multiple
ligands bound to the target protein with a Poisson-like
distribution is a tell-tale sign of occurrence of nonspecific
ligand binding. Changes in the magnitude of Ka with changes
in ligand concentration may also alert to the occurrence of
nonspecific ligand binding. The formation of nonspecific PL
complexes can be understood in the context of the charge
residue model of ESI (Figure 2) [58]. According to the charge
residue model, the initial ESI droplets undergo solvent
evaporation until they come close to Rayleigh limit, at which
point they undergo fission, releasing several small multiply
charged nanodroplets (often referred to as offspring or progeny
droplets) containing no analyte or one or more molecules of
analyte. Solvent evaporation from the nanodroplets ultimately
yields gaseous ions. If a nanodroplet contains two or more
analyte molecules, nonspecific intermolecular interactions can
occur as the droplet evaporates to dryness, leading to the
formation of nonspecific complexes.

The probability of the nanodroplets containing more than
one analyte molecule increases with analyte concentration
[59]. Therefore, a general strategy for minimizing the
occurrence of nonspecific ligand binding involves limiting
the concentration of L. However, high ligand concentrations
(90.05 mM) are typically required to detect weak (KaG
104 M–1) PL interactions. In such cases, nonspecific binding
is often unavoidable. It was, at one time, believed that the
gaseous ions of PL complexes formed from nonspecific
interactions during the ESI process would be less stable than
the corresponding ions formed from specific interactions in
solution [60]. However, kinetic data measured for the
dissociation of gaseous PL ions formed from specific and
nonspecific protein–carbohydrate interactions revealed that
the nonspecific interactions can be kinetically more stable
than those originating from solution [61]. As a result, it is
generally not possible to eliminate nonspecific interactions
by heating the gaseous ions in the source (i.e., selective in-
source dissociation).

A number of strategies have been proposed to correct ESI
mass spectra for the occurrence of nonspecific ligand
binding [52, 62–69]. The most direct approach is the
reference protein method, which involves the addition of a
non-interacting reference protein (Pref) to solution to quan-
titatively correct for nonspecific ligand binding to the
protein/complexes of interest [62]. The method is based on
the assumption that nonspecific ligand binding is random, as
suggested by the observation that the distribution of
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nonspecifically bound molecules often resembles that of a
Poisson process, and affects equally all protein species
present in the ESI droplets. The assumption that in a
given experiment ESI-MS experiment, the distribution of
nonspecifically bound L is independent of the nature of
the protein has been rigorously tested and shown to be
valid for a variety of “ligands,” including neutral and
charged carbohydrates, amino acids, peptides, and diva-
lent metal ions [62–64, 70]. However, an important
caveat is that the distributions on nonspecifically bound
ligands should not be perturbed by in-source dissocia-
tion. It follows that the “true” abundance of a given PLq

species [Ab(PLq)] can be calculated from the apparent
(measured) abundance of the PLq species [Abapp(PLq)]
and the distribution of nonspecific PrefLq species using
the following expression:

Ab PLq

� � ¼ �
Abapp PLq

� �� f1;Pref Ab PLq�1

� ��
f2;Pref Ab PLq�2

� �� � � � fq;Pref Ab Pð Þ�=f0;Pref
ð6Þ

where fq,Pref is the fractional abundance of Pref bound to q
molecules of L. This correction method has been success-
fully used in binding studies performed on a variety of
protein–ligand interactions, including protein–carbohydrate
and protein–metal ion complexes [17, 70]. An example
outlining the step-by-step implementation of the correction
method is given in Figure 3 for the interaction between the
glycosyltransferase B (GTB) and a disaccharide substrate.

An alternative method, called the reporter molecule
method, was developed to identify the occurrence of
nonspecific protein-protein binding during the ESI process
[68]. To implement the method, a non-interacting small
molecule (Mrep) is added to the solution, at elevated
concentration. Differences in the distributions of the small
molecule bound nonspecifically to the different protein
species present (e.g., monomer versus dimer) is used to
establish the occurrence of nonspecific protein-protein
binding. The nonspecific probe method was recently
developed to identify the occurrence of nonspecific binding
between small molecules during the ESI process [69]. In this
method, a non-interacting protein (PNS) is added to solution
and the distributions of small molecules bound nonspecifi-
cally to PNS is used to establish whether small molecule
complexes originated from solution or they were formed by
nonspecific binding. A weakness with both the reporter
molecule and nonspecific probe methods is that they do not
allow ESI mass spectra to be quantitatively corrected for the
occurrence of nonspecific binding. The development of
quantitative correction methods suitable for nonspecific
protein–protein and small molecule binding would represent
important contributions to the field.

ESI-Induced Changes in Solution pH
and Temperature

The Ka values for protein–ligand interactions in aqueous
solution are generally sensitive to pH and temperature. Both
the pH and the temperature of the solution may be altered by
the ESI-MS measurement and lead to changes in Ka,
particularly when low solution flow rates are used. Electro-

Figure 2. Cartoon of the charge residue model of ESI depicting the formation of nonspecific ligand–protein interactions (false
positives). Nonspecific binding of L to P and PL obscures the true binding stoichiometry in solution and introduces error into
the Ka values measured by ESI-MS
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chemical reactions, which occur at the electrode in the ESI
tip, can alter the composition of the solution [71]. In aqueous
solution the dominant electrochemical reactions occurring at
a chemically inert electrode are oxidation (positive ion
mode) and reduction (negative ion mode) of H2O leading to
the production of H3O

+ and OH–, respectively. At low
solution flow rates (G100 nL/min), the resulting pH changes
can be large, 91 pH unit after 30 min of spraying [14]. The
use of ESI solutions with a high buffer capacity or short
spraying times (G10 min) is sufficient to minimize errors in
Ka introduced by pH changes. One must also be on guard
against inadvertent changes to the temperature of the
solution. Most commercial ESI sources rely on heating of
the droplets to accelerate/assist with the desolvation of ions
to improve sensitivity. This is commonly achieved by
applying heated air or N2 as a drying gas in the region of
the ESI tip or sampling of the ESI droplets into a heated
metal capillary. Exposure of the ESI tip to heated gas or
having the tip in proximity of a heated metal capillary can
lead to changes in temperature of a few degrees or more,
particularly when using low solution flow rates. It is
generally recommended that the actual solution temperature
under standard operating conditions be established and the
binding data reported at that temperature. It is important to
stress that changes in solution temperature, provided they are

“controlled,” can be exploited for the determination of the
temperature-dependence of Ka. From a van’t Hoff
analysis, the corresponding ΔHa and ΔSa can be
estimated. Several different designs for temperature-
controlled ESI devices have been reported in recent
years [72–75]. One such device uses heated or cooled air
to accurately control the temperature of the ESI solution
from 0 to 60 °C [72]. Using this approach, ΔHa and ΔSa
values determined for a several protein–carbohydrate
interactions were shown to be in good agreement with
values determined by ITC [17, 72].

Other Challenges
In addition to the sources of error outlined above, there are
also technical issues that currently limit the utility of the
direct ESI-MS assay. Among these is the general incompat-
ibility of the assay with “physiological” buffers. In protein–
ligand binding studies, the primary role of the buffer is to
keep the protein stable and minimize protein aggregation.
For many proteins, there is often a narrow range of
concentration, pH, and ionic strengths, which provides a
binding-competent, active protein. Mass spectrometric stud-
ies often employ aqueous ammonium acetate solutions (1–
200 mM), with minimal nonvolatile salts or detergents added

Figure 3. (a) ESI mass spectrum measured for a solution containing the glycosyltransferase GTB homodimer, GTB2 (7 μM),
disaccharide acceptor substrate, FucGal (100 μM) and reference protein, Pref. (b) Distribution of FucGal bound to GTB2 and Pref

determined from mass spectrum. (c) Distribution of FucGal bound to GTB2 after correction for nonspecific binding
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to the solution. In contrast, buffers (e.g., PBS, citrate,
HEPES, TRIS) employed with “gold standard” techniques,
such as ITC, are widely varied and typically optimized with
salts and co-factors to stabilize the protein of interest and
ensure relevance to physiological conditions. In fact, there
are many reported examples where buffer optimization was a
critical step in enabling the characterization of the interac-
tion. A variety of strategies have been proposed for ESI-MS
analysis of solutions containing physiological buffers at
relevant concentrations, including the use of high ammoni-
um acetate concentrations [76, 77], carrying out ESI in the
presence of high velocity air (gas) [78], and decoupling the
sample solution from the ESI process through the use of
desorption electrospray ionization (DESI) [79]. However, for
the direct ESI-MS binding assay to become a truly universal
binding assay, significant technological/methodological
advances in this area are still needed.

Another challenge limiting the widespread implementa-
tion of the direct ESI-MS binding assay is automation of the
technique. Binding experiments are often performed by
direct infusion from a nanoESI tip composed of a gold
coated tapered glass capillary with an orifice of ~5 μm in
diameter. NanoESI is exquisitely sensitive due to efficient
desolvation [80] and is particularly useful when protein
quantities are limited. However, the sample solution must be
manually loaded into each nanoESI tip, thereby limiting the
throughput of the binding assay. An alternative approach is
“chip” based nanoESI sources, such as the Advion Triversa,
which is compatible with a variety of commercial mass
spectrometers. With the Triversa sample injection from a 96
or 384 well plate can be automated, with each sample
electrosprayed from a single-use nozzle etched in a silicon
wafer. Chip-based nanoESI sources have shown promise for
the analysis of protein–protein, protein–oligonucleotide [81],
and protein–small molecule interactions [82]. However, in
our experience, pulled tip nanoESI sources generally give
the best sensitivity when analyzing large complexes
(9200 kDa).

Future Directions
Although there remain a number of outstanding challenges
to the routine implementation of the ESI-MS assay and,
consequently, the widespread adoption of the technique, the
methodological advances described above have significantly
improved the reliability of the direct ESI-MS assay and its
“application space” is expected to grow in the coming years.
Two areas where the ESI-MS technique will likely play
prominent roles are the analysis of hydrophobic protein–ligand
interactions and screening to identify drug candidates. To date,
there have been few reports of the application of ESI-MS to
directly characterize hydrophobic protein–ligand interactions
[23, 83–86]. In fact, it has been suggested that the direct ESI-
MS assay does not give results that accurately reflect the
solution equilibria for protein–ligand interactions that are
dominated by hydrophobic bonding [87]. The underlying

argument is that because hydrophobic bonding requires the
presence of water, the dehydrated complexes are unstable in the
gas phase [49, 88]. However, recently acquired kinetic data
indicate the opposite—the kinetic stability is greater in the gas
phase than in solution [89]. Therefore, using gentle sampling
conditions and stabilizing additives it should be possible to
measure meaningful Ka values for a wide variety of biologi-
cally-important hydrophobic protein–ligand interactions by
ESI-MS (Figure 4) [23].

Certainly, the ESI-MS technique will find greater applica-
tion in the identification of therapeutic leads. In principle, the
complex between a protein target and a modestly potent small
molecule ligand can be detected directly and identified in single
experiment. One advantage of the ESI-MS methodology is that
it is relatively straightforward to perform a multiplexed
experiment in which mixtures of hundreds of small molecule
compounds are simultaneously incubated with the target
protein [21, 28–32]. The highest affinity ligands can be directly
identified from the ESI mass spectra provided the library is
appropriately “mass encoded,” such that each compound in the
mixture pool has a unique MW (Figure 5). In cases where the
library contains multiple compounds with the same MW, a

Figure 4. ESI mass spectrum measured for an aqueous
ammonium acetate solution containing 12 μM β-lactoglobulin
(Lg) and 11 μM palmitic acid (PA). The Ka value determined
by ESI-MS (3.7±0.2×105 M–1) agrees with the value deter-
mined using a competitive fluorescence assay (5.1±0.2×
105 M–1) [23]

Figure 5. ESI mass spectrum acquired in positive ion mode
for a solution of scFv (P, 10 μM) and 204 carbohydrates
(2 μM each), including three specific ligands, L1, L2, and L3
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“catch and release” strategy, in which bound ligands are
released (as ions) from the complex using collisional or
radiative heating followed by ion mobility separation or ion
activation/dissociation and product ion measurement, can be
employed [21, 28–32, 90]. A highly attractive feature of this
approach is that it lends itself to the analysis of unpurified
natural product extracts, a capability that is not found with
other screening assays. Furthermore, this “catch and release”
methodology may have utility in screening intact heteroge-
neous proteins where ESI-MS analysis often results in
complex, unresolved mass spectra. As MS instrumentation
and methods continue to evolve it may soon be possible to
screen libraries against more “difficult targets” such as integral
membrane proteins.

Conclusions
So, has the direct ESI-MS assay matured to the point where
protein–ligand binding measurements can be viewed as
routine? The answer is no. The current reality is that if
conflicting Ka values were measured by multiple assays, the
ESI-MS data would, in many cases, be treated as the least
reliable. That being said, there have been significant
methodological advances, which minimize many of the
common sources of error in ESI-MS binding measurements.
For example, much progress has been made on the issues of
false positives (nonspecific ligand binding) and non-uniform
response factors, although a lack of awareness of these
problems persists. Arguably, the greatest roadblock to the
widespread adoption of direct ESI-MS assay is the possibil-
ity of false negatives resulting from the inability to reliably
probe protein-ligand interactions that are kinetically labile at
or near room temperature. While only time will tell if the
direct ESI-MS assay will become a truly routine tool for the
detection and quantification of protein–ligand interactions,
the technique already represents an important addition to the
arsenal of available binding assays.
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