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The direct observation of noncovalent and specific intermo-
lecular-recognition events such as enzyme—substrate, antigen—
antibody, receptor-ligand, carbohydrate—protein, and carbo-
hydrate—carbohydrate interactions is important for under-
standing the mechanisms behind these biological processes.
Electrospray ionization mass spectrometry (ESIMS) is an
important tool for investigations of the sensitivity, specificity,
and speed of noncovalent complex formation.!! The advan-
tages of MS over traditional methods such as UV/Vis
spectroscopy, fluorescence spectroscopy, surface plasmon
resonance (SPR), isothermal titration microcalorimetry,
NMR spectroscopy, and Xray crystallographic analysis
include the accuracy of mass measurement, speed of analysis,
and small sample quantities. However, the harsh conditions of
the ionization process in MS are often detrimental to the
survival of noncovalent and unstable biomolecular interac-
tions such as those of sugar—protein, sugar—sugar, and sugar—
water complexes. Recently, Yamaguchi and co-workers
developed cold-spray ionization mass spectrometry
(CSIMS), which allows facile and precise characterization
of labile self-assembling nanostructures and unstable organo-
metallic complexes in solution.”! CSI MS may become one of
the most promising and versatile tools for characterizing a
variety of weak but specific biomolecular interactions, as the
ionization at low temperature (—20°C) allows direct obser-
vation of unstable large-scale aggregates of amino acids or
nucleosides in organic solvents with magnetic-sector-equip-
ped instruments.”*¢ It was suggested that a cooled ion spray
promotes stable solvation—ionization processes through
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increased compound polarizability caused by higher dielectric
constants at low temperature. Moreover, CSI MS combined
with an orthogonal acceleration time-of-flight (0oa-TOF) mass
analyzer extends the applicability of this method to the
characterization of dynamic interactions of biomacromole-
cules. This is possible through a number of attractive features
of TOF MS analyzers, such as their theoretically unlimited
mass range, very high spectrum acquisition rates, high ion
transmission, high sensitivity, multiplex detection capacity,
reasonable mass resolution, and simplicity in instrument
design. Our interest is focused on the potential of CSI-
TOF MS, with particular respect to specific and weak
biomolecular interactions in water at low temperature.
Herein we report the feasibility of the CSI-TOF MS method
to monitor directly the formation of noncovalent protein—
carbohydrate, carbohydrate—carbohydrate, and carbohy-
drate-water complexes in aqueous solution at 4°C.

Figure 1a shows the effect of temperature on complex
formation between hen egg lysozyme and the chitooligosac-
charide, chitotetraose. As anticipated, the intensity of the
signal that corresponds to the lysozyme—chitotetraose com-
plex as the major hydrolytic product was gradually enhanced
by lowering the ion spray temperature of the reaction mixture
from 200 to 4°C. As shown in Figure 1b, CSI-TOF MS is quite
an efficient and simple method for the determination of
dissociation constants of protein-ligand interactions, as it
does not require the use of molecular probes. Indeed, the
dissociation constant K, of lysozyme with chitotetraose was
determined to be 1.6 x 107> m, which is in good agreement with
data reported previously.”) Furthermore, CSI-TOF MS can be
used to search for a compound that shows the highest affinity
for the target protein in a mixture of several oligosaccharides
by making a simple “snapshot assay”.) As illustrated in
Figure 2 a, lysozyme interacted selectively with chitooligosac-
charides (GlcNAc);, (GIcNAc),, and (GlcNAc)s at 4°C in a
compound library containing 23 different oligosaccharide
types. Such valuable information could not be obtained by
common ESI-TOF MS techniques carried out at 200°C as
shown in Figure 2b. Moreover, when a compound library void
of chitooligosaccharides was assayed at 4°C, lysozyme
showed significant affinity toward the maltooligosaccharides
(D-glucose);_; and y-cyclodextrin. These interactions cannot
be detected by general spectroscopic analyses such as UV/Vis,
fluorometric, and SPR methods.”! Figure 3a shows binding
between lysozyme and maltotriose ((Glc);) (m/z 1646.3 [M +
9A]** and m/z 1851.9 [M+8AJ*; *A’=ion adduct).
Although the interaction is weak and is considered non-
specific,”! the CSI-TOF MS data instead indicate specific
binding. The results of a competition experiment (Figure 3a
and b) suggest that maltotriose binding involves the same
lysozyme cavity as for the chitotriose (GlcNAc);. This is
supported by computer-assisted docking simulations carried
out in our laboratory (Figure 3c). Notably, CSI-TOF MS can
be employed to search for unexpected ligand candidates with
“specific and low affinity” for a target protein. Identified
ligands could then be applied as scaffold molecules for the
design of new drugs (inhibitors) with high potential for
success.
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Figure 1. Interaction of hen egg lysozyme with chitooligosaccharides. a) Temperature dependence of signal intensities of the lysozyme—chito-
tetraose ((GlcNAc),) complex in ESI (CSI) MS. Spray temperatures are indicated. [Lysozyme] =35 pm, [(GlcNAc),] =200 um. b) The binding of
lysozyme with (GlcNAc), at 4°C. [Lysozyme] =35 um; the (GIcNAc), concentrations are indicated. The peak intensities from mass spectra were
used to determine the relative amount of bound lysozyme as a function of [(GIcNAc),], and a sample K, determination is shown at the bottom.
GlcNAc = N-acetyl-b-glucosamine.
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Figure 2. Oligosaccharide—protein complex screening. The interaction of lysozyme with an oligosaccharide library containing GlcNAc, (GlcNAc),,
(GleNAc);, (GleNAc),, (GleNAc)s, Glc, (Glc)s, (Glc),, (Gle)s, (Glc)e, (Glc),, cellobiose (B-Gle-[1—4]-Glc), lactose (B-Gal-1[—4]-Glc), methyl a-man-
noside, (Man)s, b-glucosamine, L-arabinose, lactose, xylose, L-gluconolactone, a-CD, (3-CD, and y-CD (all at 35 um) was monitored by a) CSI-
TOF MS at 4°C and b) ESI-TOF MS at 200°C. c) CSI-TOF MS analysis (4°C) of lysozyme with an oligosaccharide library lacking chitooligosacchar-
ides (GlcNACc),, (GlcNAc);, (GlcNAc),, and (GlcNAc)s. [Lysozyme] =35 pm. Glc=b-glucose; Gal = b-galactose; Man = b-mannose; CD = cyclodex-

trin.

Our attention was next directed toward monitoring the
weak but specific noncovalent interactions of glycoconjugates
in nature. Carbohydrate—carbohydrate interactions may be
crucial to intercellular interactions that lead to cellular
differentiation, growth, and malignancy. Lewis™ trisaccharide
(LeX) has been reported to self-assemble through carbohy-
drate-carbohydrate interactions in the presence of Ca®*
ions.”! As shown in Figure 4, CSI-TOF MS spectra measured
at 4°C clearly demonstrate that Le* trisaccharides preferen-
tially dimerize by binding to Ca** ions, and that in the absence
of Ca**, Le* trisaccharides form a range of larger aggregates
of up to 10 trisaccharide units (m/z 2670.0 [10LeX +2Na]**)
(Figure 4b). Several ion peaks shown in Figure4a are
evidence for the preferential Le*-Ca®* complex formation
such as [Le*+Ca—H]*, [Le*+ Ca—H+H,0]*, and [Le*+
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CaCl]™. The ion peaks of [2Le* + Ca]**, [2Le*+2Ca—2H +
2H,0]*, and [2Le* + 2 CaClJ** provide valuable information
that reveals the mechanism of Le*~Le* dimerization in the
presence of Ca®" ions.

Surprisingly, it also appears that the minimal active
structure of the antifreeze glycopeptide (syAFGP;)"! forms
specific complexes with three water molecules as shown in
Figure 5, whereas the inactive monomeric AFGP (syAFGP,)
produced neither the complex with water nor the self-
aggregation behavior found with the Le* trisaccharide.
Hydration of syAFGP; at 4°C (m/z 9494 [M+3H,0+
2HP*, miz 960.4 [M+3H,0+H4Nal]**, and m/z 968.4
[M+3H,0 +H+K]**) by CSI-TOF MS may become an
important way to investigate AFGP binding with the ice
(water) lattice, and hence the mechanism of its antifreeze
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Figure 3. CSI-TOF MS (4°C) evaluation and computer simulation of “nonspecific” interactions. a) The interaction between lysozyme (35 um) and
(Glc); (100 pm). b) Competitive assay between lysozyme (35 um) and (GlcNAc); (100 pum). (c) Docking simulation of maltotriose ((Glc);) with the

subsite of lysozyme calculated with the SYBYL FlexX module.®!

a) [M+CaCll*
[M+Ca-H+H,OI* [2M+2CaCIP>* 500
80 7| [2M+2Ca-2H+2H,0F* 604.2 T
i [M+Ca-H+CaCl]*
[M+Ca-H[* [2M+2Ca-4H+2CaCIP* i
? 7 [2M+2Ca-2HP [M+Ca-H+CaCl+H,0]* ,
[2M+Ca]?* 1600 2000 2400 2800 3200
1710 407 5 49523-2 6601 [M+Ca-H+CaCl+2H,0]* mz
) 6421 [M+Ca-H+CaCl+3H,0[* [2M+CaCl}*
1 586.2 6786196‘1/ 1133.4
L k L su - _— et I
0 T T T T T T T i T T T T T
600 800 1000 <> 1200
x2.5 x 25 mlz —= x2.5
OH JOH
b) . [BM+2Na?'  [3M+Na]* o OH
[M+Na] o [BM+2Na)> HO o 2 on
100, 5522 13436 1610.7 o ©
1500 41343
i _ [7M+2Na]?* HSCM NHAc
. ] [4M+Na]* HO OH OH
o] [2M+Na]* 1000 ] [BM+2Na]2*
7108 1081.5 [ - 1873.3 [OM+2Na]>*
| 500 2137.0 [5M+Na]*
— 12+
] - 2402.5 [1Opb2Nal
= T T T 1 L T T T T T T T
600 800 1000 1200 T T T T T T T T T T T T T T T T T T 1 T T

m/z —

1600 2400 3200

mlz —

Figure 4. CSI-TOF mass spectra of Le* self-assembly at 4°C a) in the presence and b) in the absence of Ca’*. The experiments were performed by
injecting 20 pL Le*/CaCl, stock solution ([Le|=190 um (3.8 nmol Le¥) and [CaCl,]=1.0 mm). Le* = Lewis* trisaccharide, with structure shown.

activity.”) As illustrated in Figure Sc, when fully deuterated
syAFGP; with D,0 as solvent were observed, an analogous
spectrum with the “water signals” shifted by 20 Da instead of
18 Da was obtained. This is evidence that the binding of three
water molecules is favored over the binding of just one or two.

In conclusion, we found that CSI-TOF MS is a highly
sensitive and reliable method for analyzing specific non-

580 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

covalent complexes of glycoconjugates under nondisruptive
conditions. The results reported herein demonstrate the
ability and versatility of CSI-TOF MS as a means of direct
observation and characterization of weak and specific carbo-
hydrate-related interactions in aqueous solution at low
temperature. The merits of this novel technique are evident
as it will provide not only fundamental insight into the
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Figure 5. Direct observation of the specific interaction between syAFGP; and water (D,0) at 4°C. CSI-TOF MS of a) monomeric AFGP (syAFGP;)
and b) trimeric AFGP (syAFGPs) in water, and c) syAFGP; in D,O. AFGP injection volumes (20 pL) contained 320 pmol AFGP. [AFGP]=16 pm.

mechanisms of biomolecular recognition, but also valuable
information for high-throughput molecular screening for
bioactive compounds.
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