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Abstract. The application of liquid sample desorption electrospray ionization mass
spectrometry (liquid sample DESI-MS) for quantifying protein–carbohydrate interac-
tions in vitro is described. Association constants for the interactions between lyso-
zyme and β-D-GlcNAc-(1→4)-β-D-GlcNAc-(1→4)-D-GlcNAc and β-D-GlcNAc-
(1→4)-β-D-GlcNAc-(1→4)-β-D-GlcNAc-(1→4)-D-GlcNAc, and between a single
chain antibody and α-D-Galp-(1→2)-[α-D-Abep-(1→3)]-α-D-Manp-OCH3 and β-D-
Glcp-(1→2)-[α-D-Abep-(1→3)]-α-D-Manp-OCH3 measured using liquid sample
DESI-MS were found to be in good agreement with values measured by isothermal
titration calorimetry and the direct ESI-MS assay. The reference protein method,
which was originally developed to correct ESI mass spectra for the occurrence of

nonspecific ligand-protein binding, was shown to reliably correct liquid sample DESImass spectra for nonspecific
binding. The suitability of liquid sample DESI-MS for quantitative binding measurements carried out using
solutions containing high concentrations of the nonvolatile biological buffer phosphate buffered saline (PBS)
was also explored. Binding of lysozyme to β-D-GlcNAc-(1→4)-β-D-GlcNAc-(1→4)-D-GlcNAc in aqueous solu-
tions containing up to 1×PBSwas successfully monitored using liquid sample DESI-MS; with ESI-MS the binding
measurements were limited to concentrations less than 0.02X PBS.
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Introduction

Noncovalent interactions between proteins and carbohy-
drates on the surface of cells, present as either part of

membrane glycoproteins or glycolipids, are involved in many
normal and pathologic cellular processes, including catalysis,
signaling, and molecular recognition [1]. Studies of protein–
carbohydrate interactions in vitro can provide fundamental
insights into these important processes and guide the develop-
ment of diagnostics and therapeutics for a variety of infections
and diseases. There exist a number of analytical methods for
the detection and characterization of protein–carbohydrate
interactions. For example, glycan microarrays are now com-
monly used to screen libraries of carbohydrates for specific
interactions with proteins [2], while isothermal titration

calorimetry (ITC) [3], surface plasmon resonance (SPR)
[4], nuclear magnetic resonance (NMR) spectroscopy [5],
and enzyme-linked immunosorbent assays (ELISA) [6] are
extensively used to quantify the thermodynamics (and in
some instances the kinetics) of protein–carbohydrate binding.
In recent years, electrospray ionization mass spectrometry
(ESI-MS) has emerged as a powerful method for detecting
protein–carbohydrate complexes in solution and measuring
the affinities of the interactions [7–18].

In the direct ESI-MS binding assay, the protein–ligand
binding equilibrium constant is determined by quantifying the
relative abundances of the free and ligand-bound protein
ions in the gas phase [11–13]. The measurements are fast
and can often be completed within a few min, the amount
of sample consumed is low, typically pmol of protein and
nano- to pmol of ligand, and there is no requirement for
labeling or additional reagents, which makes the assay very
versatile. Moreover, the direct ESI-MS assay is the only
technique that directly measures binding stoichiometry. This
feature is particularly beneficial to the study of protein–
carbohydrate interactions, as many carbohydrate-binding
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proteins are composed of multiple subunits and possess
multiple ligand binding sites. The ESI-MS assay also affords
the opportunity to measure, simultaneously, the binding of
multiple, distinct ligands, and is, therefore, well suited to car-
bohydrate library screening [16].

A drawback of the ESI-MS assay, which is typically carried
out using aqueous ammonium acetate solutions [19], is that it
suffers from general incompatibility with nonvolatile “physio-
logical” buffers, such as phosphate buffered saline (PBS),
citrate, HEPES, and Tris-HCl. Such buffers are often needed
to keep the protein stable in solution and to minimize protein
aggregation [20]. Several strategies have been proposed to
allow ESI-MS analysis of solutions containing physiological
buffers at relevant concentrations, including the use of high
concentrations of ammonium acetate [21] or carrying out ESI
in the presence of a high velocity gas [22]. A possible alterna-
tive approach involves separating the sample from the ESI
process through the use of desorption electrospray ionization
(DESI) [23–25] or liquid sample DESI [26–29]. In liquid
sample DESI-MS, the liquid sample is ionized through colli-
sions with charged droplets produced by ESI [26, 27, 30]. The
ESI solution is typically a mixture of water and an organic
solvent, such as acetonitrile or methanol [28]. Despite this,
liquid sample DESI has been shown to produce multiply
charged gaseous ions of proteins and noncovalent protein
complexes without inducing significant unfolding of the pro-
tein [28]. A variation of liquid sample DESI, known as reactive
liquid sample DESI, was recently described and used to screen
a library of compounds for specific binding to a target protein
and to quantify the interactions [27]. In this approach, the
ligands are introduced (consecutively) into the ESI spray sol-
vent, rather than to the sample solution, which contained the
target protein. The advantage of reactive liquid sample DESI is
that the premixing of protein with ligands can be avoided [27].

The goal of the present study was to assess the reliability of
liquid sample DESI for the quantification of protein–carbohy-
drate binding in aqueous ammonium acetate solutions and the
tolerance of assay to the presence nonvolatile buffers. The
affinities of tri- and tetrasaccharide ligands for lysozyme
(Lyz), a glycosyl hydrolase, and a single chain variable frag-
ment (scFv) of a monoclonal antibodywere measured by liquid
sample DESI-MS and the results compared with those mea-
sured using ITC and the direct ESI-MS assay [31–33]. The
suitability of liquid sample DESI-MS for quantitative binding
measurements carried out using solutions containing high con-
centrations of PBS was also explored. Binding measurements
were performed on solutions of Lyz and a trisaccharide ligand
in varying concentrations of PBS and the results compared with
those obtained using ITC and ESI-MS.

Experimental
Materials

Ubiquitin (Ubq, MW 8565 Da), lysozyme (from chicken egg
white, Lyz, MW 14310 Da), and maltotriose (L1, MW

504.44 Da) were purchased from Sigma-Aldrich Canada
(Oakville, Canada), and β-D-GlcNAc-(1→4)-β-D-GlcNAc-
(1→4)-D-GlcNAc (L2, MW 627.59 Da), and β-D-GlcNAc-
(1→4)-β-D-GlcNAc-(1→4)-β-D-GlcNAc-(1→4)-D-GlcNAc
(L3, MW 830.27 Da) were purchased from Dextra Science
and Technology Centre (Reading, UK). The single chain
variable fragment of Se155-4 (scFv, MW 26539 Da) was
produced and purified as described previously [34, 35], and
α-D-Galp-(1→2)-[α-D-Abep-(1→3)]-α-D-Manp-OCH3 (L4,
MW 486.50 Da) and β-D-Glcp-(1→2)-[α-D-Abep-(1→3)]-
α-D-Manp-OCH3 (L5, MW 486.50 Da) were gifts from
Professor D. Bundle (University of Alberta). Stock solu-
tions of each protein (in 50 mM ammonium acetate) and
oligosaccharide (in deionized water) were prepared and
stored at −20°C until needed. A 10× PBS stock solution
(NaCl (1.37 M), KCl (27 mM), Na2HPO4 (0.1 M), and
KH2PO4 (18 mM), pH 7.4) was prepared and stored at 4°C
until needed. Sample solutions for ESI- and liquid sample
DESI-MS analysis were prepared from the stock solutions
of protein and oligosaccharide. Unless otherwise indicated,
the sample solutions contained 20 mM ammonium acetate.
In a limited number of experiments, PBS was added, at the
concentrations indicated.

Apparatus
Mass Spectrometry

All of the ESI- and liquid sample DESI-MS measurements
were carried out in positive ion mode using a Synapt G2
quadrupole-ion mobility separation-time-of-flight (Q-IMS-
TOF) mass spectrometer (Waters UK Ltd., Manchester, UK)
equipped with a 8 k quadrupole mass filter. All data were
processed using MassLynx software (ver. 4.1). For the ESI-
MS measurements, nanoflow ESI (nanoESI) tips, produced
from borosilicate capillaries (1.0 mm o.d., 0.68 mm i.d.) and
pulled to ~5 μm using a P-1000 micropipette puller (Sutter
Instruments, Novato, CA, USA), were used. A platinum wire
was inserted into the nanoESI tip and a capillary voltage of 1.0–
1.3 kVwas applied to initiate the spray. A cone voltage of 30 V
was used and the source block temperature was maintained at
60°C. The trap and transfer ion guides were maintained at 5 and
2 V, respectively, and the argon pressure in these regions was
2.22×10-2 mbar and 3.36×10–2 mbar, respectively. For the
liquid sample DESI-MS measurements, a modified OMNI
SPRAY Ion Sources 2-D OS-6205 (Prosolia Inc., Indianapolis,
IN, USA) was used. The liquid sample solution was delivered
through a silica capillary (360 nm o.d., 100 nm i.d.) at a flow
rate of 5–10 μL h–1 using a syringe pump (Chemyx Syringe
Pumps Fusion 100; Chemyx Inc., Stafford, TX, USA). The end
of the silica capillary was positioned between the ESI tip and
inlet of the mass spectrometer. The ESI solution flow rate was
between 2 and 4 μL min–1. Capillary and cone voltages of 3.0–
3.5 kV and 30 V, respectively, were used and the pressure of
the N2 nebulizing gas was 60–70 psi. The source block tem-
perature was the same as for the ESI-MS measurements.
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Prior to carrying out the liquid sample DESI-MS protein–
carbohydrate binding measurements, several different spray
solvent compositions were tested (deionized water, 20 mM
ammonium acetate, 50/50 v/v water/methanol, 20/80 v/v
water/acetonitrile, 50/50 v/v water/acetonitrile, and 80/20 v/v
water/acetonitrile) for the analysis of aqueous ammonium ace-
tate solutions of Lyz or scFv, the two model carbohydrate-
binding proteins used in this study. Ultimately, it was found
that a 50/50 water/acetonitrile solution gave mass spectra with
the highest signal-to-noise ratios. Shown in Supplementary
Figure S1 (Supplementary Information) are representative liquid
sample DESI mass spectra acquired in positive ion mode for
aqueous ammonium acetate (20 mM) solutions containing Lyz
(10 μM) or scFv (10 μM). It can be seen that liquid sample
DESI-MS produced abundant signal corresponding to the pro-
tonated ions of Lyz (Supplementary Figure S1a) and scFv
(Supplementary Figure S1b). A 50/50water/acetonitrile solution
was used as the spray solvent for all of the liquid sample DESI-
MS binding measurements reported in this study.

Isothermal Titration Calorimetry

The ITC measurements were carried out using a VP-ITC
(MicroCal Inc., Northampton, MA, USA). For each ITC ex-
periment, the Lyz solution (0.1–0.2 mM) in the sample cell was
titrated with a solution of L2 or L3 (2 mM); both the protein
and ligand solutions were aqueous ammonium acetate (50 mM,
pH 6.8) or PBS (1×, pH 7.4) at 25°C.

Data Analysis

The general procedure for determining association constants
(Ka) for protein–ligand interactions from ESI mass spectra
has been described in detail elsewhere and only a brief
description is given for the case where the protein has
single ligand binding site [18, 36, 37]. The assay relies
on the detection and quantification of the gas-phase ions of
free and ligand-bound protein. The concentration ratio (R)
of the ligand-bound protein (PL) to free protein (P) in
solution is taken to be equal to the total abundance (Ab)
of P and PL ions as measured by ESI-MS, Equation 1. It
follows that Ka can be calculated from Equation 2:

R ¼
X

Ab PLð Þ
X

Ab Pð Þ ¼ PL½ �eq
P½ �eq

ð1Þ

Ka ¼ R

L½ �o �
R P½ �o
1þ R

ð2Þ

where [P]o and [L]o are the initial protein and ligand
concentrations, respectively.

It was shown previously that during the ESI process, free L
can form so-called nonspecific complexes with P (and specific
PL complexes), as the ESI droplets evaporate to dryness
[36, 37]. The extent of nonspecific ligand binding is sen-
sitive to the concentration of free L and, consequently, is
more prevalent when measuring low affinity interactions
because high L concentrations are needed to produce detectable
concentrations of the PL complexes [37]. The formation of
nonspecific PL interactions changes to the measured abun-
dances of the P and PL ions and, thereby, introduces error into
the R and Ka values. The reference protein method was devel-
oped to quantitatively correct ESI mass spectra for nonspecific
binding [37]. The method involves the addition of reference
protein (Pref), which does not interact with P or L, to the
solution. The presence of nonspecific binding is established
from the appearance of ions corresponding to Pref bound to one
or more molecules of L (i.e., PrefLx complexes). As described
in detail elsewhere, the contribution of nonspecific binding to
the apparent (measured) abundances of P [Abapp(P)] and PL
[Abapp(PL)] can be accounted for using Equations 3a and 3b:

Ab Pð Þ ¼ Abapp Pð Þ= f O ð3aÞ

Ab PLnþð Þ ¼ Abapp PLnþð Þ � F1Ab PLnþð Þ� �
= f O ð3bÞ

where f0 is the fraction of free P and f1 the fraction of P
bound nonspecifically to one molecule of L. These fractions
can be determined from the measured abundances of free and
ligand-bound forms of Pref, Equations 4a and 4b:

f 0 ¼ Ab Prefð Þ= Ab Prefð Þ þ Ab PrefLð Þf g ð4aÞ

f 1 ¼ Ab Prefð Þ= Ab Prefð Þ þ Ab PrefLð Þf g ð4bÞ

To test the reliability of the reference protein method for
correcting liquid sample DESI mass spectra for the occurrence
of nonspecific carbohydrate-protein binding, control experi-
ments were carried out on solutions containing a pair of pro-
teins (Lyz and Ubq) and L1, which does not bind to either
protein in solution [31, 32]. Shown in Figure 1 are liquid
sample DESI mass spectra acquired in positive ion mode for
aqueous 20 mM ammonium acetate solutions of Lyz (10 μM)
andUbq (10 μM) andL1 at concentration of 15 μM (Figure 1a)
or 40 μM (Figure 1b). It can be seen that in addition to the
protonated ions of Lyz (at charge states +6 to +9) and Ubq
(at charge states +4 to +6), ions corresponding to nonspe-
cific complexes with L1 are evident at both concentrations.
Shown in the insets of Figure 1a and b are the normalized
abundances of Lyz and Ubq in their free and bound (to L1)
forms. Notably, the distributions of both proteins are identical,
within experimental error, at both concentrations of L1. These
results confirm that the extent of nonspecific carbohydrate
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binding during the liquid sample DESI process is the same for
the two proteins and, further, supports the use of the reference
protein method for correcting liquid sample DESI mass spectra
for nonspecific carbohydrate-protein binding.

Results and Discussion
To test the reliability of liquid sample DESI-MS for quantify-
ing protein–carbohydrate interactions, the affinities of the tri-
and tetrasaccharide ligands, L2 and L3 for Lyz, and the trisac-
charide ligands L4 and L5 for scFv, were measured. The
affinities of L4 and L5 for scFv were previously measured in
this laboratory using the direct ESI-MS assay and found to be
1.2×105 M–1 [38] and (5.0±1.0)×103 M–1 [39], respectively.
The affinities of L2 and L3 for Lyz have been measured using
several different biophysical techniques. Values of 1.1×105M–1

(L2) and 1.8×105 M–1 (L3) were obtained using fluorescence-
based assay [40]. Quantitative ESI-MS studies have also been
carried out. Oldham and coworkers measured affinities of
1.0×105 M–1 (L2) and 1.2×105 M–1 (L3) [31], whereas
Zenobi and coworkers found somewhat lower values (rang-
ing from 2×104 M–1 to 5×104 M–1) for L2 [33]. Given the
range of the reported values for L2, the affinities of L2 and
L3 for Lyz in aqueous ammonium acetate (50 mM, pH 6.8

and 25°C) were measured using ITC, which is widely
regarded as the gold standard method for quantifying the
thermodynamics of protein–carbohydrate interactions. Shown
in Supplementary Figures S2 and S3 are the raw and
integrated ITC data measured for binding of Lyz to L2
and L3, respectively. According to the best fit of a 1:1
binding model to the ITC data, the affinities of L2 and
L3 for Lyz are (9.0±0.3)×104 M–1 and (1.1±0.1)×105 M–1,
respectively. These results are in good agreement with the
values obtained using the fluorescence-based assay [40] and
those reported by Oldham and coworkers [31].

Binding of Lyz to L2 and L3

The affinities of L2 and L3 for Lyz in aqueous ammonium
acetate (20 mM, pH 6.8 and 25°C) were measured at three
different ligand concentrations. Shown in Figure 2a and c are
representative liquid sample DESI mass spectra acquired for
solutions of Lyz (10 μM) with L2 (15 μM) or L3 (15 μM),
respectively. Ubq (5 μM), which served as Pref, was added to
both solutions. For comparison purposes, ESI mass spectra
were also acquired for these solutions (Figure 2b and d). From
Figure 2a and c, it can be seen that liquid sample DESI
produces ions corresponding to free Lyz and ligand-bound
Lyz (i.e., the (Lyz+L2) or (Lyz+L3) complexes), at charge
states +6 to +8, as well as free Ubq at charge states +4 and +5.
Ion signal corresponding to the nonspecific (Ubq+L2) or
(Ubq+L3) complexes was negligible. Similar results were
obtained for solutions containing L2 or L3 at two other
concentrations, 5 μM and 10 μM (data not shown). The Ka

values, representing the average of the values obtained by
liquid sample DESI-MS at the three ligand concentrations,
are (1.0±0.1)×105 M–1 (L2) and (9.9±0.6)×104 M–1 (L3)
(Table 1). The ESI mass spectra obtained for aqueous
ammonium acetate (20 mM) solutions of Lyz (10 μM),
Ubq (5 μM), and L2 (15 μM) or L3 (15 μM)
(Figure 2b and d, respectively) are qualitatively similar to
the liquid sample DESI mass spectra, although the average
charge states (ACS) of Lyz are slightly higher than those
observed with liquid sample DESI [ACS 6.98 (Figure 2a),
7.43 (Figure 2b), 7.02 (Figure 2c), 7.98 (Figure 2d)]. The
lower ACS values measured with liquid sample DESI-MS
may be due to a subtle enhancement in the extent of proton
transfer from the protein ions to acetonitrile in the gas phase.
Acetonitrile has a relatively low gas-phase basicity
(178.8 kcal mol–1) compared with ammonia (195.7 kcal mol–
1) [41], but is present at a high concentration in the spray
solvent (~9.6 M) and is expected to be present at relatively
high concentrations in the spray droplets. The resulting aceto-
nitrile vapor could affect proton transfer from the gaseous Lyz
ions. Support for this explanation can be found in an observed
decrease in ACS measured for Lyz when carrying out ESI in
the presence of acetonitrile vapor (data not shown), a phenom-
enon also observed by Oldham and coworkers [42, 43]. The
average Ka values obtained by ESI-MS at the three ligand
concentrations are (8.0±0.5)×104 M–1 (L2) and (6.3±0.5)×

Figure 1. Representative liquid sample DESI mass spectra
acquired in positive ion mode for aqueous ammonium acetate
(20mM, pH 6.8 and 25°C) solutions containingUbq (10 μM), Lyz
(10 μM), and L1 at (a) 15 μM or (b) 40 μM concentrations. The
ESI spray solution was 50/50 water/acetonitrile
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104 M–1 (L3) (Table 1). Notably, the absolute affinities mea-
sured by liquid sample DESI-MS for L2 and L3 agree within a
factor of two with the values determined from the ESI-MS
measurements. More importantly, the liquid sample DESI-
MS values are in excellent agreement with the affinities deter-
mined by ITC.

Binding of scFv to L4 and L5

The affinities of L4 and L5 for scFv in aqueous ammonium
acetate (20 mM, pH 6.8, and 25°C) were also measured at three

different ligand concentrations. Shown in Figure 3a and c are
representative liquid sample DESI mass spectra acquired for
solutions of scFv (10 μM) with L4 (15 μM) or L5 (40 μM),
respectively. Lyz (5 μM), which served as Pref, was added to
both solutions. For comparison purposes, ESI mass spectra
were also acquired for these solutions (Figure 3b and d). In
Figure 3a and c, ion signal corresponding to protonated free
scFv and the (scFv+L4) or (scFv+L5) complexes, at charge
states +8 to +10, as well as free Lyz and the (Lyz+L4) or
(Lyz+L5) complexes, at charge states +6 to +9, is evident.
The appearance of ion signal for the (Lyz+L4) and (Lyz+L5)
complexes indicates the occurrence of nonspecific carbohy-
drate–protein binding during ion formation. Similar results
were obtained for solutions at two other concentrations of L4
(5 and 10 μM) andL5 (20 and 30 μM). Following correction of
the mass spectra for nonspecific binding, average Ka values of
(7.6±0.1)×104 M–1 (L4) and (5.7±0.2)×104 M–1 (L5) were
determined (Table 1). The ESI mass spectra measured for
solutions of scFv (10 μM), Lyz (5 μM) with L4 (15 μM), or
L5 (40 μM) (Figure 3b and d, respectively) are similar to
the corresponding liquid sample DESI mass spectra
(Figure a and c). However, the extent of nonspecific binding
is less in the case of ESI—there was no significant signal
corresponding to the nonspecific (Lyz+L4) complex and
significantly less (Lyz+L5) detected. The reduced occur-
rence of nonspecific binding may be due to the small
droplets produced with the nanoESI tips compared with
those formed in liquid sample DESI [44]. The smaller
nanoESI droplets will contain fewer ligand molecules and,
therefore, produce less nonspecific binding compared with
the larger ESI droplets used for liquid sample DESI-MS.
Following correction for nonspecific ligand binding, the
affinities of L4 and L5 are found to be (6.6±0.3)×104 M–1

and (5.0±0.1)×103 M–1, respectively. Importantly, the affini-
ties measured by liquid sample DESI-MS for L4 and L5 are in
good agreement with the values determined using the direct
ESI-MS assay.

Taken together, the results obtained for these model carbo-
hydrate binding proteins demonstrate that absolute affinities for
protein–carbohydrate interactions can be accurately quantified
using liquid sample DESI-MS. These findings further indicate
that the lifetime of the ESI droplets that produce gaseous
protein ions in liquid sample DESI-MS are sufficiently short
that neither the presence of a high concentration of organic
solvent in the ESI spray solution nor the inevitable dilution of
the sample (protein and ligand) solution by the solvent spray
results in a measurable shift in the binding equilibrium.

Comparison of Liquid Sample DESI-MS
and Reactive Liquid Sample DESI-MS

It is also interesting to compare the affinity of L2 for Lyz
measured by liquid sample DESI-MS with the value deter-
mined by Loo and coworkers using reactive liquid sample
DESI-MS [27]. Notably, the value measured using reactive
liquid sample DESI-MS, 5.9×103 M–1, is 18 times smaller

Figure 2. Representative (a), (c) liquid sample DESI, and (b), (d)
ESI mass spectra acquired in positive ion mode for aqueous
ammonium acetate (20 mM, pH 6.8, and 25°C) solutions con-
taining Lyz (10 μM), L2 (15 μM), and Ubq (5 μM) [(a) and (b)] or
Lyz (10 μM), L3 (15 μM), and Ubq (5 μM) [(c) and (d)]. For the
liquid sample DESI-MS measurements, the ESI spray solution
was 50/50 water/acetonitrile
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than the value determined by liquid sample DESI-MS (and
ITC). It has been suggested that the short time available for
protein and ligand mixing in reactive liquid sample DESI
(estimated to be G2 ms) might be insufficient for equilibration
of the binding reaction [45]. To help rule out other alternative
explanations, in particular the possibility of in-source dissoci-
ation, reactive liquid sample DESI-MS was carried out in the
present study to measure the affinity of L2 for Lyz. The
experimental and instrumental conditions were identical to
those used for the liquid sample DESI measurements described
above, with the exception that L2 was absent in the sample
solution but present in the spray solvent. Shown in Supplemen-
tary Figure S5 is a representative reactive liquid sample DESI
mass spectrum acquired for an aqueous ammonium acetate
(20 mM) solution of Lyz (10 μM) and Ubq (5 μM); the spray
solvent was a 50/50 water/acetonitrile solution containing L2
(50 μM). Ion signal corresponding to protonated and sodiated
L2 monomer, dimer, and trimer was detected, along with
protonated ions of Lyz and (Lyz+L2), at charge states +6 to
+8, and Ubq and (Ubq+L2), at charge state +4. Following
correction for nonspecific carbohydrate–protein binding, the
Ka value was determined to be (7.9±0.4)×103 M–1, which is
similar to the value reported by Loo and coworkers [27]. Given
that the instrumental conditions were identical to those used for
the liquid sample DESI-MSmeasurements, it can be concluded
that the lower affinity is not due to artifacts associated with
instrumental conditions, such as in-source dissociation of the
protein–carbohydrate complexes. This finding further supports
the suggestion that the lower affinity is, in fact, a kinetic artifact
owing to the insufficient time in the droplets for the protein–
ligand binding equilibrium to be established [20].

Tolerance of Liquid Sample DESI-MS to Nonvolatile
Salts

The influence of nonvolatile salts on the performance of liquid
sample DESI-MS for protein–carbohydrate binding measure-
ments was assessed by through binding measurements per-
formed on Lyz and L2 in aqueous solutions containing varying
concentrations of PBS. Shown in Figure 4a, b and c are
representative liquid sample DESI mass spectra acquired for
aqueous solutions of ammonium acetate (20 mM), Lyz
(40 μM), L2 (30 μM) and 0.1× PBS, 0.5× PBS, or 1× PBS.
For comparison purposes, ESI mass spectra were also acquired
for these solutions (Figure 4d, e and f). At PBS concentrations

Table 1. Comparison of Association Constants (Ka) Measured by Liquid Sample DESI-MS, ESI-MS, and ITC for the Interactions of L2 and L3 with Lyz, and L4
and L5 with scFv in Aqueous Ammonium Acetate Solutions at pH 6.8 and 25°C a

Protein Ligand Ka (liquid sample DESI-MS)/M–1 Ka (ESI-MS)/M–1 Ka (ITC)/M
–1

Lyz L2 (1.0±0.1)×105 (8.0±0.5)×104 (9.0±0.3)×104

Lyz L3 (9.9±0.6)×104 (6.3±0.5)×104 (1.1±0.1)×105

scFv L4 (7.6±0.1)×104 (6.6±0.3)×104 (1.2×105) b

scFv L5 (5.7±0.2)×103 (5.0±0.1)×103

a Errors correspond to one standard deviation.
b Value taken from Reference [38].

Figure 3. Representative (a), (c) liquid sample DESI, and (b), (d)
ESI mass spectra acquired in positive ion mode for aqueous
ammonium acetate (20 mM, pH 6.8 and 25°C) solutions con-
taining scFv (10 μM), L4 (15 μM), and Lyz (5 μM) [(a) and (b)] or
scFv (10 μM), L5 (40 μM), and Lyz (5 μM) [(c) and (d)]. For the
liquid sample DESI-MS measurements, the ESI spray solution
was 50/50 water/acetonitrile
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up to 1×, abundant signal corresponding to protonated ions of
Lyz and (Lyz+L2) at charge states +7 to +9 was detected.
However, adducts corresponding to the attachment of Na+,
NaCl, K+, and KCl were also evident and their abundances
increased with increasing PBS concentration. The Ka values
determined at each PBS concentration are (1.0±0.1)×
105 M–1 (0.1×), (5.0±0.2)×104 M–1 (0.5×), and (4.1±
0.2)×104 M×1 (1×). The value at 0.1× PBS is similar to
the one measured in aqueous ammonium acetate (20 mM);
however, the values at the higher PBS concentrations are
about a factor of two smaller. A similar phenomenon was
reported by Oldham and coworkers, who proposed that alkali
metal ions may destabilize Lyz–ligand complexes in the gas
phase [43]. To establish whether the lower values measured at
higher PBS concentrations were reflective of an actual decrease

in affinity, ITC was used to measure Ka in a solution of 1× PBS
(Supplementary Figure S4). Notably, the ITC-derived value of
(8.4±0.2)×104 M–1 confirmed that the interaction between L2
and Lyz is slightly weakened at high PBS concentrations,
although the magnitude of the effect is not as pronounced as
suggested by the liquid sample DESI-MS measurements. Nev-
ertheless, the affinity measured by liquid sample DESI-MS for
the 1× solution agrees within a factor of two of the ITC value,
indicating that liquid sample DESI-MS can be used to quantify
protein–carbohydrate interactions in solutions containing rela-
tively high concentrations of nonvolatile salts. The situation is
very different in the case of the ESI mass spectra, which reveals
the presence of significant nonspecific adducts (Figure 4d, e
and f). In fact, even for the 0.1× PBS solution, it was not
possible to positively identify ions corresponding to the
(Lyz+L2) complex, making it impossible to quantify the bind-
ing interaction. Further investigation revealed that the direct
ESI-MS binding measurements were restricted to PBS concen-
trations of less than 0.02X.

The differences in the appearances of the liquid sample
DESI and ESI mass spectra can be rationalized by considering
the differences in the initial composition of the droplets in each
case. In the ESI-MS experiments, the initial droplets will con-
tain concentrations of buffer that are similar to that found in
bulk solution, with some enrichment in cations (Na+ and K+)
expected as a result of the applied electric field [19]. As a result
of solvent evaporation, the concentration of buffer components
in the droplets will further increase, with the highest concen-
trations found in the offspring droplets produced late in the ESI
process [19]. In contrast, in liquid sample DESI-MS, the initial
ESI droplets are devoid of buffer and contain only water and
acetonitrile. It is only through collisions with the sample solu-
tion that buffer components are transferred to the ESI droplets.
Consequently, the overall concentration of PBS in the droplets
of liquid sample DESI that lead to the formation of gaseous
protein ions is expected to be significantly lower than in the
case of the direct ESI-MS measurements.

Conclusions
The application of liquid sample DESI-MS for quantifying
protein–carbohydrate interactions in aqueous solutions is de-
scribed. Notably, the affinities of tri- and tetrasaccharide li-
gands for Lyz and scFv measured using liquid sample DESI-
MS are found to be in good agreement with valuesmeasured by
ITC and the direct ESI-MS assay. It is also found that the
reference protein method, which was originally developed to
correct ESI mass spectra for the occurrence of nonspecific
ligand–protein binding, can be used to correct liquid sample
DESI mass spectra for nonspecific carbohydrate binding. The
tolerance of liquid sample DESI-MS for quantitative binding
measurements carried out using solutions containing high con-
centrations of PBS was also explored. The binding between
Lyz and a trisaccharide ligand was successfully measured with
liquid sample DESI-MS at concentrations up to 1× PBS. In

Figure 4. Representative (a), (b), and (c) liquid sample DESI,
and (e), (f), and (g) ESI mass spectra acquired for aqueous
solutions (pH 7.4 and 25°C) containing Lyz (40 μM) and L2
(30 μM) in 20 mM ammonium acetate and 0.1× PBS [(a) and
(d)], 0.5× PBS [(b) and (e)], and 1× PBS [(c) and (f)]. For the liquid
sample DESI-MS measurements, the ESI spray solution was
50/50 water/acetonitrile
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contrast, direct ESI-MS binding measurements were limited to
PBS concentrations less than 0.02X PBS.

Acknowledgments
The authors acknowledge the Alberta Glycomics Center and
the Natural Sciences and Engineering Research Council of
Canada for funding, and thank Professor D. Bundle (University
of Alberta) for generously donating oligosaccharides used in
this study.

References
1. Bewley, C.A.: Protein–Carbohydrate Interactions in Infectious Diseases.

RSC Publishing, Cambridge, UK (2006)
2. Disney, M.D., Seeberger, P.H.: The use of carbohydrate microarrays to

study carbohydrate-cell interactions and to detect pathogens. Chem. Biol.
11, 1701–1707 (2004)

3. Leavitt, S., Freire, E.: Direct measurement of protein binding energetics by
isothermal titration calorimetry. Curr. Opin. Struct. Biol. 11, 560–566
(2001)

4. Frostell, Å., Vinterbäck, L., Sjöbom, H.: Protein–Ligand Interactions Using
SPR Systems. In: Protein–Ligand Interactions, Williams, M.A., Daviter, T.,
Eds. Humana Press: 1008, 139–165 (2013)

5. Zech, S.G., Olejniczak, E., Hajduk, P., Mack, J., McDermott, A.E.: Charac-
terization of protein−ligand interactions by high-resolution solid-state NMR
spectroscopy. J. Am. Soc. Mass Spectrom. 126, 13948–13953 (2004)

6. Orosz, F., Ovadi, J.: A simple method for the determination of dissociation
constants by displacement ELISA. J. Immunol. Methods 270, 155–162
(2002)

7. El-Hawiet, A., Kitova, E.N., Klassen, J.S.: Quantifying protein interactions
with isomeric carbohydrate ligands using a catch and release electrospray
ionization-mass spectrometry assay. Anal. Chem. 85, 7637–7644 (2013)

8. Lin, H., Kitova, E.N., Klassen, J.S.: Measuring positive cooperativity using
the direct ESI-MS assay. Cholera toxin B subunit homopentamer binding to
GM1 pentasaccharide. J. Am. Soc. Mass Spectrom. 25, 104–110 (2014)

9. Han, L., Kitov, P.I., Kitova, E.N., Tan, M., Wang, L., Xia, M., Jiang, X.,
Klassen, J.S.: Affinities of recombinant norovirus P dimers for human
blood group antigens. Glycobiology 23, 276–285 (2013)

10. El-Hawiet, A., Kitova, E.N., Arutyunov, D., Szymanski, C.M., Klassen, J.S.:
Quantifying ligand binding to large protein complexes using electrospray
ionization mass spectrometry. Anal. Chem. 84, 3867–3870 (2012)

11. El-Hawiet, A., Kitova, E.N., Klassen, J.S.: Quantifying carbohydrate–pro-
tein interactions by electrospray ionization mass spectrometry analysis.
Biochemistry 51, 4244–4253 (2012)

12. Daniel, J.M., Friess, S.D., Rajagopalan, S., Wendt, S., Zenobi, R.: Quan-
titative determination of noncovalent binding interactions using soft ioni-
zation mass spectrometry. Int. J. Mass Spectrom. 216, 1–27 (2002)

13. Kitova, E.N., El-Hawiet, A., Schnier, P.D., Klassen, J.S.: Reliable determi-
nations of protein–ligand interactions by direct ESI-MSmeasurements. Are
we there yet? J. Am. Soc. Mass Spectrom. 23, 431–441 (2012)

14. El-Hawiet, A., Kitova, E.N., Liu, L., Klassen, J.S.: Quantifying labile
protein–ligand interactions using electrospray ionization mass spectrome-
try. J. Am. Soc. Mass Spectrom. 21, 1893–1899 (2010)

15. Deng, L., Sun, N., Kitova, E.N., Klassen, J.S.: Direct quantification of
protein-metal ion affinities by electrospray ionization mass spectrometry.
Anal. Chem. 82, 2170–2174 (2010)

16. El-Hawiet, A., Shoemaker, G.K., Daneshfar, R., Kitova, E.N., Klassen,
J.S.: Applications of a catch and release electrospray ionization mass
spectrometry assay for carbohydrate library screening. Anal. Chem. 84,
50–58 (2011)

17. Loo, J.A.: Studying noncovalent protein complexes by electrospray ioni-
zation mass spectrometry. Mass Spectrom. Rev. 16, 1–23 (1997)

18. Wang, W., Kitova, E.N., Klassen, J.S.: Influence of solution and gas phase
processes on protein−carbohydrate binding affinities determined by
nanoelectrospray Fourier transform ion cyclotron resonance mass spec-
trometry. Anal. Chem. 75, 4945–4955 (2003)

19. Kebarle, P.: A brief overview of the present status of the mechanisms
involved in electrospray mass spectrometry. J. Mass Spectrom. 35, 804–
817 (2000)

20. Banerjee S., Mazumdar S.: Electrospray ionization mass spectrometry: a
technique to access the information beyond the molecular weight of the
analyte. Int. J. Anal. Chem. 2012, 1–40 (2012)

21. Sterling, H., Batchelor, J., Wemmer, D., Williams, E.: Effects of buffer
loading for electrospray ionization mass spectrometry of a noncovalent
protein complex that requires high concentrations of essential salts. J.
Am. Soc. Mass Spectrom. 21, 1045–1049 (2010)

22. Yang, P., Cooks, R.G., Ouyang, Z.: Gentle protein ionization assisted by
high-velocity gas flow. Anal. Chem. 77, 6174–6183 (2005)

23. Takáts, Z., Wiseman, J.M., Gologan, B., Cooks, R.G.: Mass spectrometry
sampling under ambient conditions with desorption electrospray ionization.
Science 306, 471–473 (2004)

24. Shin, Y.-S., Drolet, B., Mayer, R., Dolence, K., Basile, F.: Desorption
electrospray ionization-mass spectrometry of proteins. Anal. Chem. 79,
3514–3518 (2007)

25. Lu, X., Ning, B., He, D., Huang, L., Yue, X., Zhang, Q., Huang, H., Liu,
Y., He, L., Ouyang, J.: High throughput screening of high-affinity ligands
for proteins with anion-binding sites using desorption electrospray ioniza-
tion (DESI) mass spectrometry. J. Am. Soc. Mass Spectrom. 25, 454–463
(2014)

26. Miao, Z., Chen, H.: Direct analysis of liquid samples by desorption
electrospray ionization-mass spectrometry (DESI-MS). J. Am. Soc. Mass
Spectrom. 20, 10–19 (2009)

27. Liu, P., Zhang, J., Ferguson, C.N., Chen, H., Loo, J.A.: Measuring protein–
ligand interactions using liquid sample desorption electrospray ionization
mass spectrometry. Anal. Chem. 85, 11966–11972 (2013)

28. Ferguson, C.N., Benchaar, S., Miao, Z., Loo, J.A., Chen, H.: Direct ioniza-
tion of large proteins and protein complexes by desorption electrospray
ionization-mass spectrometry. Anal. Chem. 83, 6468–6473 (2011)

29. Moore, B.N., Hamdy, O., Julian, R.R.: Protein structure evolution in liquid
DESI as revealed by selective noncovalent adduct protein probing. Int. J.
Mass Spectrom. 330/332, 220–225 (2012)

30. Takáts, Z.,Wiseman, J.M., Cooks, R.G.: Ambient mass spectrometry using
desorption electrospray ionization (DESI): Instrumentation, Mechanisms,
and Applications in Forensics, Chemistry, and Biology. J. Mass Spectrom.
40, 1261–1275 (2005)

31. Veros, C.T., Oldham, N.J.: Quantitative determination of lysozyme-ligand
binding in the solution and gas phases by electrospray ionization mass
spectrometry. Rapid Commun Mass Spectrom. 21, 3505–3510 (2007)

32. Sun, N., Soya, N., Kitova, E., Klassen, J.: Nonspecific interactions between
proteins and charged biomolecules in electrospray ionization mass spec-
trometry. J. Am. Soc. Mass Spectrom. 21, 472–481 (2010)

33. Jecklin, M., Touboul, D., Bovet, C., Wortmann, A., Zenobi, R.: Which
electrospray-based ionization method best reflects protein–ligand interac-
tions found in solution? A comparison of ESI, nanoESI, and ESSI for the
determination of dissociation constants with mass spectrometry. J. Am.
Soc. Mass Spectrom. 19, 332–343 (2008)

34. Zdanov, A., Li, Y., Bundle, D.R., Deng, S.J., MacKenzie, C.R., Narang,
S.A., Young, N.M., Cygler, M.: Structure of a single-chain antibody
variable domain (Fv) fragment complexed with a carbohydrate antigen at
1.7-A resolution. Proc. Natl. Acad. Sci. U. S. A. 91, 6423–6427 (1994)

35. Rademacher, C., Shoemaker, G.K., Kim, H.-S., Zheng, R.B., Taha, H., Liu,
C., Nacario, R.C., Schriemer, D.C., Klassen, J.S., Peters, T., Lowary, T.L.:
Ligand specificity of CS-35, a monoclonal antibody that recognizes myco-
bacterial lipoarabinomannan: a model system for oligofuranoside-protein
recognition. J. Am. Chem. Soc. 129, 10489–10502 (2007)

36. Wang, W., Kitova, E.N., Klassen, J.S.: Nonspecific protein−carbohydrate
complexes produced by nanoelectrospray ionization. Factors influencing
their formation and stability. Anal. Chem. 77, 3060–3071 (2005)

37. Sun, J., Kitova, E.N., Wang, W., Klassen, J.S.: Method for distinguishing
specific from nonspecific protein−ligand complexes in nanoelectrospray
ionization mass spectrometry. Anal. Chem. 78, 3010–3018 (2006)

38. Daneshfar, R., Kitova, E.N., Klassen, J.S.: Determination of protein–ligand
association thermochemistry using variable-temperature nanoelectrospray
mass spectrometry. J. Am. Chem. Soc. 126, 4786–4787 (2004)

39. Kitova, E.N., El-Hawiet, A., Klassen, J.S.: Screening carbohydrate libraries
for protein interactions using the direct ESI-MS assay. Applications to librar-
ies of unknown concentration. J. Am. Soc. Mass Spectrom. (2014).
doi:10.1007/s13361-014-0964-2

40. Schindler, M., Assaf, Y., Sharon, N., Chipman, D.M.: Mechanism of
lysozyme catalysis: role of ground-state strain in subsite D in hen egg-
white and human lysozymes. Biochemistry 16, 423–431 (1977)

41. Hunter, E.P., Lias, S.G.: Evaluated gas phase basicities and proton affinities
of molecules: an update. J. Phys. Chem. Ref. Data 27, 413–656 (1998)

Y. Yao et al.: Affinity Measurements Using LDESI-MS 105

http://dx.doi.org/10.1007/s13361-014-0964-2


42. Hopper, J.T.S., Sokratous, K., Oldham, N.J.: Charge state and adduct
reduction in electrospray ionization-mass spectrometry using solvent vapor
exposure. Anal. Biochem. 421, 788–790 (2012)

43. Hopper, J.T.S., Oldham, N.J.: Alkali metal cation-induced destabilization
of gas-phase protein–ligand complexes: consequences and prevention.
Anal. Chem. 83, 7472–7479 (2011)

44. Venter, A., Sojka, P.E., Cooks, R.G.: Droplet dynamics and ionization
mechanisms in desorption electrospray ionization mass spectrometry. Anal.
Chem. 78, 8549–8555 (2006)

45. Miao, Z., Wu, S., Chen, H.: The study of protein conformation in solution
via direct sampling by desorption electrospray ionization mass spectrome-
try. J. Am. Soc. Mass Spectrom. 21, 1730–1736 (2010)

106 Y. Yao et al.: Affinity Measurements Using LDESI-MS


	Ionization Mass Spectrometry
	Abstract
	Introduction
	Experimental
	Materials

	Apparatus
	Mass Spectrometry
	Isothermal Titration Calorimetry
	Data Analysis

	Results and Discussion
	Binding of Lyz to L2 and L3
	Binding of scFv to L4 and L5
	Comparison of Liquid Sample DESI-MS and Reactive Liquid Sample DESI-MS
	Tolerance of Liquid Sample DESI-MS to Nonvolatile Salts

	Conclusions
	Acknowledgments
	References


