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The ganglioside Galf1—3GalNAcB1—4(Neu5Aca2—~3)Galf1—4Glcf1—1'Cer (GM1) is an important receptor.
We have previously identified GM1-binding peptides based on affinity selection from a random peptide library. In
the present study, we determined the amino acids essential for binding GM1 and investigated the specific interaction
with GM1 in the lipid membrane. Arginines and aromatic amino acids in the consensus sequence (W/F)RxL(xP/
Px)xFxx(Rx/xR)xP contributed to the ability of the peptides to bind GM1. The peptide p3, VWRLLAPPFSNRLLP,
having the consensus sequence, showed high affinity for GM1 with a dissociation constant of 1.2 uM. Furthermore,
the density-dependent binding of p3 was investigated using mixed monolayers of GMI and Glcf1—1'Cer (GlcCer).
p3 binds preferentially to high-density GM1, and its interaction with GM1 was found to be cooperative based on a
Hill plot. These results indicated that a lateral assembly of GM1 molecules was required for the recognition of
carbohydrates by p3. The GM1-binding peptide played a role as a unique anti-GM1 probe differing from the cholera

toxin B subunit or antibodies.

Introduction

It has been reported that the lateral assembly of glycosph-
ingolipids (GSLs) in the cell membrane is strongly related to
their functions. The GSL-enriched microdomain (GEM) contain-
ing GSLs, cholesterol, phospholipids, and signaling proteins has
been separated as a low-density detergent-insoluble membrane
fraction by density gradient centrifugation.!=® The GEM in the
plasma membrane is considered to be involved in cell—cell
communication, signal transduction, and carbohydrate recogni-
tion. When the microdomain containing Gal31—3GalNAcf1—
4(Neu5Aco2—-3)Galf1—4Glcf1—1'Cer (GM1) was disrupted
by the removal of cholesterol using S-cyclodextrin, the inter-
nalization of cholera toxin into cells was inhibited. The gathering
of GM1 was also related to the formation of fibrils by 8-amyloid.>6
The notion that GEM plays crucial roles in the expression of
carbohydrate functions has been widely accepted.

The lateral distribution of GSLs in the reconstituted membrane
has been studied using air—water interface monolayers and
vesicles.”™® Hashizume et al. carried out a quantitative analysis
of the binding of lectin to GSL-containing lipid membranes and
indicated that extensive affinity for lectin was induced by the
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phase-separation of GSLs in the membrane.'® Recently, an atomic
force microscope (AFM) has been employed to directly observe
the topology of lipid membranes. AFM has a nanometer-scale
lateral resolution and can visualize the lipid microdomains in
membranes. Yuan and Johnston have reported that GM1-rich
microdomains with a diameter of 30—200 nm were formed in
the phospholipid membrane.!!"12

Carbohydrate-binding proteins recognize terminal sugar
residues of glycoconjugates.®~15 For example, the cholera toxin
B subunit (CTB) interacts with the terminal galactose and sialic
acid of GMI1, and this selectivity is achieved by a combination
of hydrogen bonding and van der Waals interactions.!6 Peptide
fragments of lectins could also bind to sugar chains, though with
less specificity and selectivity than the parent proteins.!71%
Peptides that bind to glycoconjugates such as carbohydrate
antigens would be useful for the treatment of sugar-related
diseases.!” We developed a method of selecting GSL-binding
peptides from a phage-displayed random peptide library using
an air—water interface monolayer.?® The GSL molecules are
aligned in a lipid monolayer, and only hydrophilic sugar residues
are exposed to the water phase. Since phage particles interact
with only the sugar moiety of a GSL in an affinity selection
process, nonspecific interaction between phage particles and the
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GSL-immobilized solid support was greatly excluded. In the
presentstudy, we investigated the amino acid residues contributing
to the interaction between the peptide and GMI by conducting
aquantitative analysis using a quartz-crystal microbalance (QCM)
and selective binding of the peptides to the GM1-enriched area
in the lipid membrane using AFM.

Materials and Methods

Materials. The glycosphingolipids GM1, GalNAcS1—4(NeuSAco2—
3)Galf1—4Glcf1—1'Cer (GM2), Galf1—3GalNAcf1—4Galfl—
4Glcf1~1'Cer (asGM1), and NeuSAca2—3Gal1—3GalNAcS1—
4(Neu5Aca2-3)Galf1-4Glcf1—1'Cer (GD1a) from mink whale
(Balaenoputera acutorostrata) were obtained from Prof. Kawanishi
(Kitasato University, Japan). NeuSAca2—3Galf1-4Glcf1~1'Cer
(GM3) from bovine milk was obtained from Snow Brand Milk
Products. Glef1—1'Cer (GlcCer), 1-palmitoyl-2-oleoyl-phosphati-
dylcholine (POPC), CTB, and peroxidase-conjugated CTB were
purchased from Sigma.

Synthetic Peptides. The peptide amides (peptide-NH,) were
synthesized on an ACT357 automated peptide synthesizer from
Advanced Chemtech using standard Fmoc chemistry. The crude
peptide amides were purified by reversed-phase high-performance
liquid chromatography, and then the purity and expected structure
were verified by matrix-assisted laser desorption ionization/time-
of-flight mass spectrometry (Voyger).

QCM Analysis. Lipid monolayers were prepared by the Lang-
muir—Blodgett technique. A lipid solution (chioroform/methanol =
2:1 or chloroform/ethanol = 4:1) (v/v) containing GSL (ca. 0.5
mg/mL) was spread on Tris-buffered saline (TBS) (50 mM Tris-
HCI, 150 mM NaCl, pH 7.5) in a Teflon-coated Langmuir trough
(USI System Co., Ltd.). The temperature in the subphase was held
at 20 °C. A surface pressure—molecular area (x—A) isotherm was
monitored using the Wilhelmy plate method. The GSL monolayer
was compressed at a constant rate (10 cm® min™') and transferred
horizontally to a gold surface of 27 MHz QCM (diameter 2.5 mm)
at a surface pressure of 30 mN m™!. The QCM was transferred to
a handmade plastic tube filled with 1 mL of TBS, and the buffer
was maintained at 20 °C with stirring. A peptide solution of 0.1 mM
(or 1—10 mM) in TBS was added to the cuvette of the QCM, and
the frequency decreases (—AF, Hz) of the QCM responding to the
addition of peptide were followed over time (Figure 1B). Each
experiment was carried out 2—6 times. In the case of peptide binding,
the calibration showed that a —AF of 1 Hz corresponded to a mass
increase (Ant) of 0.91 ng cm™2 of peptide.?! The Am value
(=amount of peptide bound) was plotted against the peptide
concentration (Figure 1C). To obtain the dissociation constant (Ky)
value, Am was plotted against peptide concentration ([peptide]),
and simple saturation curves indicating Langmuir adsorption were
obtained (data not shown). Reciprocal plots between [peptide}l/Am
and Am gave straight lines according to the following equation

[peptide}l/Am = [peptidel/Am,__ -+ KJAm,_

where Anty,, is the maximum amount of peptide that can bind and
K is the dissociation constant. Amiy,. and Ky were calculated from
the slope and intercept of the linear relationship indicated by the
equation, respectively. The Am values of peptides pl, p2, and p3
were measured from 1 yM to 0.3 mM, 10 uM t0 0.3 mM, and 1 to
10 uM, respectively, until no additional binding was observed. The
obtained Aniy,y values of pl, p2, and p3 were 124 3= 5, 112 £ 15,
and 142 = 1 ng cm™, respectively. In the case of CTB, a 9 MHz
QCM (diameter 4.5 mm) was employed. The CTB solution (0.5
mg/ml, 8.6 uM) in TBS was added to the QCM cuvette (10 mL of
TBS, final concentration was 5.1 nM). —AF of 1 Hz corresponded
to Am of 3.1 ng cm™ of CTB.*
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Figure 1. Quantitative analyses of GM1—peptide interactions using
a QCM. (A) Amino acid sequence of GM1-binding peptides. The
consensus sequence is in bold and underlined. (B) Typical time
course of the mass increase of GM1-immobilized QCM, responding
to the addition of peptides p3 and cp8 in TBS at 20 °C (pH 7.3).
The arrows indicate the time of peptide injection and the final peptide
concentration in a QCM cuvette. (C) Amounts of peptides bound
to a GM1 monolayer as a function of peptide concentrations. pl,
open circle; p2, closed square; p3, closed circle.

Competitive Inhibition Assay. A GM1 monolayer was prepared
as described above and transferred to plastic plates (13.5 mm in
diameter, Sumitomo Bakelite Co., Ltd.). The GM]1-coated plates
were blocked with 1% bovine serum albumin (BSA)/TBS overnight
at 4 °C in 24-well multiple plates and then washed with 0.5 mL of
TBS. The stock solution of a peptide was diluted with a horseradish
peroxidase-conjugated CTB solution (1:5,000 dilution of 0.5% BSA/
TBS) and then incubated with GMI-coated plates overnight at 4 °C.
After three washes with TBS, the amount of CTB was determined
by color development of orthophenylenediamine. When the fraction
() of CTB-bound to GMI was plotted against the concentration of
competing peptide, sigmoidal curves were obtained. The binding
fraction was defined as f = B/By,, where B is absorbance at 492
nm due to the amount of CTB bound, and By, is absorbance due
to the maximum amount of CTB that can bind ([peptide] = 0), Then
log [f/(1 — /)] was plotted against log [peptide] and the ICsy (50%
inhibitory concentration) was calculated from the intercept (f= 0.5)
of the plots.

AFM Measurement. The lipid bilayers were prepared as reported
by Yuan et al. with minor revisions.'! First, a POPC monolayer was
prepared as described above using Milli-Q water as the subphase
and transferred to the freshly cleaved mica by horizontal deposition
at a surface pressure of 35 mN m™! (POPC-coated mica). After
drying overnight, another monolayer of GM1/GlcCer (10:90 or 90:
10, mol %/mol %) was transferred to the POPC-coated mica by
horizontal deposition at a surface pressure of 30 mN m~!. AFM
measurements were carried out on a SPA-300 (Seiko Instruments
Inc.) in Milli-Q water at 25 °C. An FS20A scanner (scan area of 20
mm) and a cantilever (200-mm-long soft cantilevers with integrated
pyramidal silicon nitride tips, spring constant of 0.02 N m™!, SN-
AFO1, Olympus Optical Co., Ltd.) were used for all measurements.
The typical scan rate was 1 Hz. After observation of the GMU/
GlcCer membrane, the water was replaced with a p3 solution (1 or
10 uM). After incubation for 10 min, the peptide solution was again
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replaced with water, and following two washes with water, the surface
topology of the membrane was imaged in water.

Molecular Modeling. Molecular modeling was carried out with
Insight I/Discover3 (Molecular Simulations Inc.). The initial
secondary structure of p3 was predicted on the basis of the Chou
and Fasman method.? Peptide was built using Biopolymer module
of the Insight Il program, and energy minimization was carried out.
The molecular dynamics of the minimized structures were performed
at 900 K for 2 ns without solvents, and 100 structures were collected
after annealing at 298 K for 0.2 ns. The calculated structures were
individual structures, but all of the molecules were globule, being
1.0—1.5 nm in diameter. A typical structure (0.9 nm x 1.7 nm x
2.7 nm) was used for the discussion on sugar recognition. The sugar
structure of GM1 was obtained from the X-ray structural data of
CTB (Protein Data Bank code, 3CHB). A circular dichroism spectrum
suggested that p3 has no rigid structure in TBS (pH 7.5) (see
Supporting Information), which was consistent with the result of
molecular modeling.

Results

Binding of Peptides to Ganglioside GM1. The GM1-binding
peptide sequences were identified in our previous study (Figure
1A).20 In the present study, the binding of peptides (pl, p2, and
p3) to GM1 was quantified using a QCM. QCM is a highly
sensitive mass-measuring device, the resonance frequency of
which decreases linearly with the increase in mass on a QCM
electrode at the nanogram level.?> An air—water interface GSL
monolayer at a surface pressure of 30 mN m™! was transferred
onto a QCM electrode, and then the peptide solution was added
to a QCM cuvette. Figure 1B shows the typical time course of
mass increase (Am), responding to the addition of p3 in the
aqueous solution. This mass increase corresponds to the amount
of peptide bound to GM1 immobilized onto 2 QCM electrode.
The amount of p3 was saturated at Am = 70 £ 4 ng cm™> within
20 min. The p3 concentration ranged from 1 to 10 M, and
corresponding binding was observed (Figure 1C). On the other
hand, the addition of a control peptide (cp8) resulted in no increase,
which means cp8 has no affinity for GM1 (Figure 1B).

From a reciprocal plot of [peptide]/Am and Am, the Ky values
for pl, p2, and p3 were estimated tobe 11+ 3,33 +4,and 1.2
=+ 0.1 uM, respectively. The binding ability of p3 was about
10-fold greater than that of pl and p2. This binding preference
among the peptides was consistent with the results obtained in
an inhibition assay, in which the 1Csq values of pl, p2, and p3
were 24, 13, and 1.0 uM, respectively.®®

Binding of Peptides to Various GSLs. The binding of pl,
p2,and p3 to GM1, GM2, GM3, asGM1, GD1a, and GlcCer was
examined with the QCM (Figure 2A). Typical binding curves
are shown in Figure 2B, and the amount bound at 10 uM is
summarized in Table |. When the concentration of p3 was 10
#M, the amount of p3 bound to GM2 (57 ng cm™) or to asGM1
(82 ng cm™?2) was lower than that bound to GM1 (127 ng cm™3),
indicating that the terminal galactose and sialic acid of GM1 are
required for the binding. On the other hand, pl and p2 bound
to other GSLs as well as GM1 (Table 1).

Arginines and Aromatic Amino Acids Are Essential for
Binding GM1. The peptides pl and p3 shared a consensus
sequence, (W/F)RxLXP/Px)XFxx(Rx/xR)xP (Figure 1A). Six
kinds of synthetic peptide mutants were prepared to clarify the
meaning of the consensus sequence. It was deduced that arginines
(R) and aromatic amino acids (F and W) in the GM1-binding
peptides cooperatively recognize sugars, because carbohydrate—
protein interactions are usually mediated by a combination of
hydrogen bonds and van der Waals interactions.”> !> The affinity

(23) Chou, P. Y.; Fasman, G. D. Annu. Rev. Biochem. 1978, 47, 251.
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Figure 2. The binding of p3 to various glycolipids. (A) Schematic
representation of gangliosides and GSLs. Gle, glucose; Gal, galactose;
GalNAc, N-acetylgalactosamine; NeuSAc, N-acetylneuraminic acid;
Cer, ceramide. (B) Amounts of p3 bound to a GSL monolayer as
a function of peptide concentrations. GM1, closed circle; asGMI,
open circle; GM2, closed square; GlcCer, open square. Bars represent
the SD (n = 2—4).

Table 1. Amounts of Peptides Bound to GSLs

bound
amount® relative
peptide GSL (ng em™?) amount®
pl GMl1 60+3 1.0
GM2 65£19 1.1
GM3 119430 2.0
asGM1 2645 04
GDla 85425 1.4
GlcCer 612 0.1
p2 GM1 39+0 1.0
GM2 4244 1.1
GM3 39+4 1.0
asGM1 45413 1.1
GDla 57+ 6 1.5
GleCer 040 0
p3 GM1 127 +3 1.0
GM2 5712 0.4
GM3 99 4 18 0.8
asGM 1 82+ 13 0.6
GDla 105£2 0.8
GlcCer 34+4 03

“ [peptide] = 10 uM. Values represent the mean £ SD (n = 2—4).
b Ratio of the Am for GMI to that of each GSL.

of the peptide mutants for GM1 was estimated as the ICso value,
which is the concentration of the peptide that inhibits the binding
of CTB to GM1 by 50%. CTB is well-known as a receptor of
GM1 and has five B subunits that bind to the pentasaccharide
moiety of GM1.!16 The ICsp value for p3 had been estimated to
be 1.0 uM.% The ICs) values determined for the mutants are
summarized in Table 2. The mutant p3RR in which Arg-3 and
Arg-12 were replaced with Glu lost all ability to bind GM1 (ICs
> 500 uM). Since the two control peptides cpAR and cpLL
containing two or three arginines showed no binding activity
(ICsp > 500 uM), the position of the arginines in the peptides
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Table 2. Inhibition Assay of Synthetic Peptides for
CTB-Binding to GM1

ICso relative

code  substitution amino acid sequence (uM)  activity®
p3 H-VWRLLAPPESNRLLP-NH» Lot 1
p3RF R3E,FOG  H-VWELLAPPGSNRLLP-NH»* 69 0.014
p3WR W2G,RI12E H-VGRLLAPPFSNELLP-NH, >500 <0.002
p3RR R3E,RI2E H-VWELLAPPFSNELLP-NH, >300 <0.002
p3WF W2G,F9G H-VGRLLAPPGSNRLLP-NH: >500 <0.002

p3F  FoV H-VWRLLAPPVSNRLLP-NH, 6.0 0.17

p3P3  P7A,P8A, H-VWRLLAAAFSNRLLA-NH, 068 L5
P15A

cp8? H-AEGDDPAKAAFDSLQ-NH; >3500

cp3¢ H-AETVESCLAKPHTEN-NH; 130

cpAR H-AREYGTRFSLTGGYR-NH: >500

cpLL H-LGRAGQSYPSFARGL-NH, >500

9 Ratio of the ICsq of p3 to that of each mutant. b From ref 20.
¢ Substituted residues are bold and italic. ¢ N-Terminal amino acids of
major coat protein VIII (cp8) or minor coat protein ITT (cp3) of wild-type
phages.

was important for the GM1 binding. The mutant p3WF, in which
Trp-2 and Phe-9 were replaced with Gly, also completely lost
the ability to bind GM1 (ICsp > 500 uM), whereas the mutant
p3F, in which Phe-9 was replaced with Val, was only slightly
affected (6.0 uM). These aromatic amino acids also contributed
to the binding with GM1. The results of the point mutations
indicated that the substitution of arginine (Arg-3 or Arg-12) and
an aromatic amino acid (Phe-9 or Trp-2) resulted in a marked
decrease in binding ability (ICsp of 69 uM for p3RF and > 500
uMfor p3WR). Thus, itis considered that arginines and aromatic
amino acids in the consensus sequence were closely involved in
the recognition of the sugar moiety in GM1. Three prolines were
found in the middie and at the carboxyl terminal end of p3. The
1Csp value of 0.68 ;1M for a mutant p3P3, in which prolines were
replaced with alanines, was almost the same as that for p3, and
the binding activity of p3P3 was not changed significantly (Table
2).

Binding Affinity for GM1/GlcCer Membranes. The affinity
of p3 for GM1/GlcCer mixed membranes was determined using
the measurements made with the QCM. Figure 3A shows the
time course of the binding (Am, ng cm™) due to the frequency
changes of the QCM at 1 uM of p3. Plots of the amount bound
against the peptide concentration at 1—10 uM showed apparent
saturation curves, and the amount of p3 depended on GM1 content
(Figure 3B). Figure 4A shows the amount of p3 at | uM plotted
against GM 1 content. The amount of p3 increased exponentially
in proportion to GM1 content, and the binding was observed at
high GM1 levels (more than 80 mol %). This binding profile was
analyzed with a Hill plot, because the Hill coefficient (n) gives
the number of potential binding sites and is often used as a
quantitative indicator of cooperative binding.?4

M + nX = MX,

Here M is p3 (or CTB) and X is GM 1. From the Hill plot (Figure
4B), the n of p3 was determined to be 1.8, where the saturation
fraction (p) was defined as O and 1 for the binding to 0% (=100%
GlcCer) and 100% GML1, respectively. This n value suggested
that p3 has two binding site. In other words, multiple GM1
molecules (more than one GM1 molecule) simultaneously bound
to two binding sites of p3. To make comparisons with the
properties of the GM1-binding peptide, the binding of CTB to
GM1 was also examined. The amounts of CTB (5.1 nM) bound
to GM1/GlcCer mixed membranes are shown in Figure 4A. The
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Figure 3. Quantitative analyses of p3 with GM1/GlcCer mixed
membranes using a QCM. (A) Time courses of mass increase of
GM1/GlcCer mixed monolayers, in response to the addition of p3
([p31 = 1 uM). (B) Amounts of p3 bound to GM1/GlcCer mixed
monolayers as a function of peptide concentrations. GM1/GlcCer
= 10:90 mol % (a), 40:60 mol % (b), 80:20 mol % (c), and 90:10
mol % (d). Bars represent the SD (n = 2—4).

amount bound to GM1 showed a saturation curve against GM1
content. The Hill coefficient of CTB was 1.0, as shown in Figure
4B. An n value of 1.0 indicates that CTB has a single
noninteracting binding site, meaning that each binding site
equivalently binds to GM1, not cooperatively. That is, although
CTB consists of five subunits, CTB behaves as a single unit.?s

Direct Observation of Surface Topology by AFM. The GM1/
GleCer monolayer prepared with a Langmuir-type trough was
transferred onto POPC-coated mica and the bilayer obtained
was maintained in water. Then the surface topology of the bilayer
in water was measured using an AFM. Since molecular modeling
indicated that the height of GM1 was about | nm greater than
that of GlcCer (data not shown), it was suggested that GM1
could be distinguished from GlcCer with an AFM. In fact, AFM
measurements showed that the distribution of GM1 (light area,
area A) was distinguishable from that of GlcCer (dark area, area
C) in the case of the GM1/GlcCer (90:10 mol %) membrane
(Figure 5A). Section analysis indicated that the difference in
height between the GM1 and GlcCer areas was about 1.0—1.2
nm (Figure 5C, upper), which is consistent with the results of
molecular modeling. In addition, an intermediate GM1 area having
a height of 0.5 nm measured from the GlcCer area was also
found (area B). These GM1 areas (A and B) were also found in
100 mol % GM1 membrane (data not shown). The existence of
three heights (area A, B, and C) was also supported by the result
of wave separation of the height histogram of the AFM image
(data not shown). Area A was 50—500 nm in diameter. From
a surface pressure—area isotherm, when GM1 molecules in the
monolayer were highly ordered at a surface pressure of 30 mN

(24) Dahlquist, F. W. Methods Enzymol. 1978, 48, 270.

(23) Kuziemko, G. M.; Stroh, M.; Stevens, R. C. Biochentistry 19§6, 35,6375,
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Figure 4. Binding of p3 and CTB to GM1/GlcCer membranes. (A)
Amount of p3 at 1.0 uM (closed circle) and CTB at 5.1 nM (open
circle) bound to GM1/GlcCer-mixed monolayers as a function of
GM1 content (mol %). (B) Hill plots of p3 (closed circle) and CTB
(open circle) against the concentration of GMI. The amounts at
GlcCer and GM1 membranes are defined as a saturation fraction (p)
of 0 and 1, respectively. n is the Hill coefficient.

m™!, the occupied area of GM1 was 0.67 nm? per molecule (data
not shown). For example, the number of GM1 molecules in a
domain 50 nm in diameter is calculated to be 2,900.

For the detection of peptide—GM1 interaction, p3 (1 #M) was
interacted with the GM1/GlcCer (30:10 mol %, Figure 5A) mixed
membrane for 10 min. After the membrane’s surface was washed
with water, the surface topology was observed by AFM (Figure
5B). Section analysis indicated the appearance of the new layer
2.0—2.2 nmin heightin area A (Figure 5C, lower). The increase
in thickness corresponded to the size of p3. On the other hand,
the surface of the GM1/GlcCer (10:90 mol %) membrane was
smooth and the GMI area was very small, and little binding of
p3 (10 M, excess concentration) was observed (see Supporting
Information). The AFM images for the binding to the GM1/
GleCer membranes were well consistent with the results of the
quantitative analysis by QCM (Figure 3).

Discussion

GSLs form a cluster with other lipids and signaling proteins
in the plasma membrane.>*” The GSL cluster is also known as
GEM. It has been reported that the binding of CTB to GEM leads
to physiological events* Since CTB binds specifically to the
ganglioside GM1 in the plasma membrane during the initial
internalization process, CTB has been used as a marker of GEM
or lipid rafts.*?® It was also reported that the GM1 cluster induced
the formation of fibrils of amyloid B-protein.>6 The cluster seems

(26) Karlsson, K. A. Annu. Rev. Biochem. 1989, 58, 309,
(27) Varki, A. Givcobiology 1993, 3, 97.
(28) Brown, D. A.; Rose, J. K. Cell 1992, 68, 533.
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to provide an area for proteins to recognize. However, the
recognizability of GEM has been little studied. Hashizume et al.
proposed a methodology for quantitative measurements using a
lipid monolayer.! An allo A lectin had high affinity for the
lactosylceramide separated from dioleoylphosphatidyicholine in
a mixed monolayer but had low affinity for the lactosylceramide
liomogeneously mixed with dipalmitoylphosphatidylcholine. That
study provided the first quantitative evidence that the binding
of the lectin depends on the distribution of GSL in the membrane.

We have employed a GM1 monolayer to select GM1-binding
peptides from a phage-displayed random peptide library (Figure
1A).2° One of the peptides identified, p3, showed the highest
affinity for GM1. The amount of p3 bound to the GM 1 monolayer
increased depending on the concentration of peptide (Figure
1B,C). The amount was almost saturated when the peptide
concentration was 10 M. When the maximum amount was taken
to be 142 ng cm™2, the Ky of p3 was 1.2 uM. This K4 value was
consistent with the ICsp value of p3, 1.0 uM, for CTB—GM1
interaction in our previous paper.”® Lectins and antibodies have
two or more sugar-binding sites to achieve multivalent effects.
Although p3 was a 15-mer peptide, its binding affinity was
comparable to the Ky values (0.4—1.7 uM) for the binding of
concanavalin A to a maltose-bearing synthetic lipid.?®

The binding selectivity of CTB has been reported to be GM1
> GM2 > GDla > GM3 > GT1b > GD1b > asGM1I (surface
plasmon resonance) or GM1 > GD1b > GM2 > GM3 > GT1b
(radiolabeled immunoassay).”® X-ray crystallographic data
indicates that CTB interacts with a Neu5Ac (contribution to the
interaction is 43 %), a terminal Gal (39%), and a GalNAc (17%).1¢
To identify sugar residues related to the recognition of the peptide
p3, the selectivity of the peptides for six kinds of GSLs was
studied. The amount of p3 bound to GSLs was GM1 > GDla
= GM3 > asGM1 > GM2 > GlcCer (Figure 2B and Table 1),
which suggested that the terminal Gal and NeuSAc in GM1 were
concerned with the interaction as well as GSL recognition of
CTB. The amino acid sequence of the selected peptide did not
coincide with any protein involving CTB and lectins in the
databases. Compared with the sequence of p1 and p3, a primitive
similarity, (W/F)RxL(xP/Px)xFxx(Rx/xR)xP, was found (Figure
1A). The consensus sequence was composed of hydrophobic
(Phe, Trp, Leu, and Pro) and cationic (Arg) amino acids. We
focused on the preserved Arg, Phe, or Pro and synthesized six
mutants (Table 2). The binding affinity of the mutants indicated
that the arginines (Arg-3 and Arg-12) and aromatic amino acids
(Trp-2 and Phe-9) cooperatively contributed to the recognition.
In general, sugar-binding proteins recognize sugar residues
through hydrogen bonds and hydrophobic stacking.!®14 A
guanidium group of arginine can interact with the ring oxygen
and OH of sugar through hydrogen bonds and also can interact
with the carboxylic acid of sialic acid through electrostatic
interaction. An aromatic ring of Trp or Phe in galactose-binding
lectins is stacked with the hydrophobic B-face of galactose.
Furthermore, a methyl group of the acetoamido moiety in GIcNAc,
GalNAc, or Neu5Ac often interacts with the aromatic ring of an
amino acid. Therefore, Arg and aromatic amino acids in the
consensus sequence should be reasonable candidates for amino
acids interacting with GM1. On the other hand, in the case of
CTB, His-13, Glu-11, Glu-51, Lys-91, and Asn-90 interact with
NeuSAc or the terminal Gal though hydrogen bonds.!¢ In addition,
Tyr-12 and Trp-88 interact with the terminal Gal and NeuSAc
through hydrophobic interaction, respectively. The molecular
mechanism of sugar—peptide interaction may be the same for
CTB and other sugar-binding proteins. For these reasons, it is

(29) Ebara, Y.; Okahata, Y. J. Am. Chem. Soc. 1994, 116, 11209.
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Figure 5. AFM images for studying the surface topology of GM1/GlcCer membranes. (A) Image of a GM1/GleCer (90:10 mol %) membrane
in water. The arrows indicate areas A, B, and C. (B) Image of a GM1/GlcCer (90:10 mol %) membrane after incubation with 1 uM of p3
for 10 min. (C) Typical section analysis plots and illustration of lipid membrane structure. The height of the GMI area differed by 1.0—1.2
nm from that of the GlcCer area (o — 3, upper). The height of the GM1-peptide complex differed by 2.0—2.2 nm (y — 6, lower). (D) Schematic

illustration of the binding of p3 to high-density GM1.

considered that the peptide—GM1 interaction was mediated by
the interaction of Arg—Neu5SAc (or Arg—terminal Gal) and Trp/
Phe—terminal Gal (or Trp/Phe—Neu5Ac).

Lipid monolayers have been employed to investigate the
membrane structure and recognition function of GSLs.? In the

present study, we investigated the binding of p3 to GM1/GlcCer .

mixed lipid monolayers with various amounts of GM1. GlcCer
is a matrix lipid suitable for mixing with gangliosides, because
p3 did not bind to GlcCer (Figure 2B and Table 1) and the
headgroup of GlcCer did not disrupt lectin—ganglioside interac-
tion.22 The QCM-based analysis indicated that p3 showed no
significant affinity for the mixed membrane containing 10 mol
% or 40 mol % GM1 but bound extensively to the membrane
containing more than 80 mol % GM1 (Figures 3 and 4). The Hill
coefficient of 1.8 for the binding of p3 to the GM1/GlcCer
membrane revealed that more than one GM1 molecule interacted
with one p3 molecule (Figure 4). The molecular size of p3 was
estimated tobe 1.7 nm x 2.7 nm x 0.9 nm by computer modeling
(Figure 6). The molecular area of the projected image of p3
(1.5—4.6 nm?) corresponded to the area occupied by 2.3—6.8
GM 1 molecules (0.67 nm? per GM1). Considering the molecular
size of GM 1 and p3, itis reasonable that p3 can bind to two GM1
molecules. In addition, if GMI is mixed with other lipids by
hexagonal packing, “GMI pairs” (two neighboring GMI
molecules) form at high GM1 concentrations,*® and the molecular
area of GMI increases exponentially with mole fraction3!
Therefore, p3 could bind to high-density GM1I through a
multivalent interaction.

The feature of p3 showing selective binding to high-density
GSLs would be applicable for the detection of a nanometer-

(30) Massari, S.; Pascolini, D. Biochemistry 1977, 16, 1189.
(31) Carrer, D. C.: Maggio, B. Biochim. Biophys. Acta 2001, 1514, 87.

s

Figure 6. Model of p3 binding to GM1. The structure of p3 was
predicted from molecular modeling, and that of GM1 was obtained
from the Protein Data Bank (code 3CHB). The side chains of Trp-2,
Arg-3, Phe-9, and Arg-12 are colored red.

sized GSL cluster. The observation of GM! membranes
containing phospholipids, sphingolipids, and cholesterol with
AFM indicated that GM1 forms a nanometer-sized cluster in the
membrane.! 11232735 The local density of GM1 in the cluster
would be as high as 100 mol %. Thus, p3 was expected to
preferentially bind to the GM1 cluster in the lipid membrane. To
confirm the binding of p3 to the cluster, AFM technology was

(32) Yokoyama, S.; Ohta, Y.; Sakai, H.; Abe, M. Colloids Surf. B 2004, 34,
65A(_33) Ohta, Y.; Yokoyama, S.; Sakai, H.; Abe, M. Colloids Surf. B 2004, 33,
191(.34) Ohta, Y.; Yokoyama, S.; Sakai, H.; Abe, M. Colloids Surf. B 2004, 34,
l47('35) Yuan, C.; Johnston, L. J. Biophys. J. 2000, 79, 2768.
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employed. First, we observed the surface topology of 10 and 90
mol % GM1 membranes. Observations indicated that the surface
of the 10 mol % GM1 membrane was smooth and no GMI
cluster was present (see Supporting Information). On the other
hand, the surface of the 90 mol % GMI1 membrane was
heterogeneous with areas of GM1 and GlcCer (Figure 5A): When
p3 at 1 uM interacted with the GM1/GlcCer (20:10 mol %)
membrane, an increase in height of 1.0 nm was observed only
in the GM1 area (areas A and B) and was approximately consistent
with the size of p3 (0.9—2.7 nm) (Figure 5B,C). From these
results, it was confirmed that p3 binds selectively to the GM1
cluster (Figure 5D). The peptide p3 is the first candidate for an
artificial probe that recognizes GSL clusters.

Conclusion

We found a way to select GM 1-binding peptides from arandom
peptide library. The peptide p3 showed an affinity for GMI,
having a Ky of 1.2 uM, with the arginines and aromatic amino
acidsin p3 playing an important role in the binding. In experiments

Matsubara et al.

using mixed lipid monolayers, the peptide was found to bind
preferentially to high-density GM1. AFM-based observations
indicated that the peptide selectively recognized GM! clusters
in the lipid membrane. The binding behavior of the peptide was
different from that of CTB. On the basis of these investigations,
we carried out the development of an artificial lectin having the
ability to recognize various glycolipids.
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The distinction of underivatized monosaccharides using
electrospray ionization ion trap mass spectrometry
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A convenient method for distinguishing underivatized isomeric monosaccharides has been estab-
lished using electrospray ionization ion trap mass spectrometry (ESI-ITMS). Mass spectra of hexoses
(glucose, galactose, and mannose), N-acetylhexosamines (N-acetylglucosamine, N-acetylgalacto-
samine, and N-acetylmannosamine) and hexosamines (glucosamine, galactosamine, and mannosa-
mine) dissolved in solvent containing 1mM ammonium acetate were obtained in the positive ion
mode. Glucose was distinguished from galactose and mannose in the MS? spectrum of the
[M-+NH,]" ion at m/z 198. The Ms? spectra generated from [M+NH,~H,0-NH,]" at m/z 163 showed
that galactose and mannose could be distinguished by the ratio of peak intensities at /2145 and 127,
while the three N-acetylhexosamine and hexosamine stereochemical isomers could be identified by
the relative abundance ratios of product ions observed in MS?® spectra. The investigation of MS
and MS? spectra from complexes of these monosaccharides with Na* and Pb** failed to distinguish
these monosaccharide isomers. Therefore, multiple stage mass analysis by ESI-ITMS using
either [M+NH,]" or [IM+HI" was useful to distinguish between the isomers of monosaccharides.

Copyright © 2006 John Wiley & Sons, Ltd.

An increasing number of reports have shown that oligosac-
charides exhibit various important biological functions
such as protein conformation, molecular recognition and
cellular interaction.! Hexoses such as glucose (Glc), galactose
(Gal), or mannose (Man), and N-acetylhexosamines such
as N-acetylglucosamine (GlcNAc), N-acetylgalactosamine
(GalNAc), or N-acetylmannosamine (ManNAc) are common
monosaccharide units present in oligosaccharides con-
jugated to glycoproteins and glycolipids in mammalian
physiology. Hexosamines such as glucosamine (GlcN),
galactosamine (GalN), or mannosamine (ManN) are found
in many biologically significant glycosaminoglycans.” Each
class of diastereomeric monosaccharides has the same
molecular weight (Fig. 1).

The first step in investigating the functions of oligosac-
charides is structural elucidation that involves the identi-
fication of saccharide components, and determination of
sequences.’ Current methodologies such as permethylation/
hydrolysis, periodate oxidation and enzymatic reduction®
are used for carbohydrate analysis. Although nuclear
magnetic resonance (NMR) spectrometry has been the
standard tool in the structural analysis of carbohydrates,®
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recently, mass spectrometry, which can offer precise results
and very high sensitivity, has been shown to contribute
significantly to the structural aspects of glycobiology.®

Earlier investigations of carbohydrates by mass spectrometry
(MS) were performed using acetyl and methyl derivatives,* and
many studies on the structural elucidation of carbohydrates
have been performed using fast-atom bombardment MS,”
electrospray ionization (ESD)-MS),*'® and matrix-assisted laser
desorption/ionization MS." In particular, ESI-MS has evolved
as a powerful analytical tool for the elucidation of oligosac-
charide sequences, as well as the distinction of monosaccharide
stereoisomers such as hexoses ! hexosamines,®'?
N-acetylhexosamines.'>'61

Leary and coworkers have analyzed HexN derivatives®
and HexNAc derivatives'® chemically conjugated with metal
complexes such as [Co(DAP),CLICl, and performed the
structural elucidation of hexose with Zn(dien),Cl, deriva-
tives® and NiNH(CH,)sNH)sCl, derivatives.!%"! Metal-
hexose complexes such as [Pb(monosaccharide)—H]" ions
(m=1-3)° have been used to distinguish stereoisomers
without derivatizating hexose. March and Stadey have
reported that pentoses, hexoses and disaccharides were
distinguishable using a quadropole time-of-flight tandem
mass spectrometer combined with ESL'® The fragmentation
mechanisms of protonated glucose, sucrose and fructose
have been investigated using inductively coupled plasma
(ICP) and ESI-MS.?® A method for differentiating between
flavonoid glucosides and flavonoid galactosides has been
proposed using ESI-tandem mass spectrometry (MS/MS).?!
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Figure 1. Chemical structures of the monosaccharide isomers used in this study.

Ammonium-cationized glucose, methyl «-D-glucopy-
ranoside, and acetylated sugars have been investigated
using chemical ionization mass spectrometry.” Collision-
induced dissociation of ammonium-cationized «- and
B-hexose peracetates has been studied for anomeric distinc-
tion.”> A kinetic method based on proton affinity differences
has been employed to differentiate diastereomeric hexosa-
mines’? and N-acetylhexosamines'® with a triple quadrupole
mass spectrometer.

In this study, we aimed to distinguish monosaccharide
stereoisomers without derivatization using ion trap mass
spectrometry (ITMS). First, we investigated the fragmenta-
tion patterns of monosaccharide isomers by adding
sodium acetate solution to produce [monosaccharide
+Na]* ions and lead(I) nitrate solution to generate
[Pb(monosaccharide),~H]* ions as reported previously;’
however, monosaccharide isomers could not be identified
by MS? and MS?® spectra obtained from monosaccharides
complexed with either Na® or Pb** using ESI-ITMS.
Next, the sequential stages of mass spectrometry (MS") of
hexose isomers, methyl a-D-glucopyranoside and methyl
B-D-glucopyranoside isomers, hexosamine isomers, and
N-acetylhexosamine isomers were identified in the
presence of 1mM ammonium acetate. Hexoses could be
distinguished from each other by MS? and MS? spectra in
positive ion mode. Methyl a-D-glucopyranoside and methyl
B-D-glucopyranoside isomers could be distinguished from
each other by MS? spectra obtained both in positive and
negative ion modes. Hexosamines and N-acetylhexosamines
showed significant differences in the MS® fragment patterns
detected in positive ion mode.

Copyright © 2006 John Wiley & Sons, Ltd.

EXPERIMENTAL
Chemicals
D-glucose (Glc), D-galactose (Gal), D-allose (AlD,

D-fructose (Fru), lead(Il) nitrate, and sodium acetate were
purchased from Wako (Osaka, Japan). D-Mannose (Man) was
obtained from Nacalai Tesque, Inc. (Kyoto, Japan). Methyl
a-D-glucopyranoside (MeaGlc) and methyl g-D- glucopyr-
anoside (MefSGlc) were purchased from Tokyo Kasei Kogyo
Co., Ltd. (Tokyo, Japan). D-Glucosamine hydrochloride
(GleN-HCl), D-galactosamine hydrochloride (GalN-HCD),
D-mannosamine hydrochloride (ManN-HCI), N-acetyl-D-
glucosamine (GlcNAc), N-acetyl-D-galactosamine (GalNAc),
and N-acetyl-D-mannosamine (ManNAc) were purchased
from Sigma-Aldrich (St Louis, MO, USA). The purities of the
monosaccharides were 98-99%. Acetonitrile (for LC/MS) and
methanol (for LC/MS) were purchased from Wako (Osaka,
Japan). Water of the required purity for preparing monosac-
charide standard stocks was obtained using a Milli-Q-water
purification system (Millipore, USA).

Mass spectrometry

ESI-MS" spectra were recorded using an ion trap mass
spectrometer equipped with an ESI source (Esquire 3000
plus, Bruker, German). In positive ion mode, the entrance to
the capillary was —4kV relative to the needle and —500V
relative to the endcap. The spray was stabilized with nitrogen
sheath gas operating at 10psi, and drying gas heated at
250°C, and a flow rate of 4L/min was used to evaporate
solvent in the spray chamber. In MS? experiments, a mass
range of m/z 50-270 was scanned. The width of isolation was

Rapid Commun. Mass Spectrom. 2007; 21: 191-198
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“set to 4.0 and the fragmentation amplitude was set to 1.00V
in the ‘smart fragmentation’ mode.

Hexose (100 pM), MeaGle (100 uM), MepGlc (100 pM),
hexosamine hydrochloride (10 M), and N-acetylhexosamine
(10 M) were dissolved in acetonitrile/water (1:1, v/v)
solvent supplemented with 1mM ammonium acetate. The
concentration of sodium ions was 10 pM, and the concen-
tration of lead ions was 50 WM. In proton cationization, 0.1%
acetic acid was added to the monosaccharide solution. All
samples were injected for analysis by ESI-MS using direct
infusion with a syringe pump at a flow rate of 4pL/min
after filtration with a 0.45um filter membrane (Millex,
Millipore, USA).

RESULTS AND DISCUSSION

Distinction between Gl¢, Gal, and Man

The distinctions between Glc, Gal and Man dissolved in
acetonitrile/water (1:1, v/v) solvent supplemented with
1mM ammonium acetate were examined by ESI-MS (data
not shown). The ions [M+NH,I* at m/z 198 (base peak)
and [M+Nal™ at m/z 203 were detected in MS spectra.
[M+NH,-NH;]* at m/z 181 was also detected at low
abundance. Two in-source fragment jons at m/fz 180 and
163 arising from the loss of one H,O molecule from m/z 198
were also detected; the MS spectra of those isomers did not
show any significant differences. By increasing the concen-
tration of ammonium acetate, the intensity of [M+NH,]*
increased, but when the concentration of ammonium acetate
was above 1mM, the intensity of [M+NH,]* showed a
downward trend because excessive NHf decreased the
overall sensitivity. On the other hand, [M+NHNH;]" at
m/jz 181 could not be used for MS? spectra, because its
abundance was very low and it was difficult to isolate it from
ions at m/z 180.

Next, the MS? spectra generated from [M+NH,]* at m/z
198 showed product ions at m/z 181, 180, 163, 145, and 127
(Fig. 2(A)), which were considered to be [M+NH,-NH;]*,
[M4+NH-H,01", IM+NH-H,O-NH,]*, [M+NH,~2H,0-
NHa]™, and [M+NH~3H,0-NH;]*, respectively, according
to the literature.? The product ion at m/z 181 could not be
used for MS® spectra because its abundance was very low
and it could not be separated from r/z 180.

In Fig. 2(A), the relative abundance of m/z 180 was larger
than m/z 163 and 145 for Glc, while the product ion at m/z 163
showed the largest abundance for Gal and Man. The
reproducibility of these results was confirmed by altering
the fragmentation amplitude from 0.5 through 1.3V
(Fig. 2(B)). The relative abundance ratios of ions at m/z 180
and 163 for Glc were larger than 1 at every fragmentation
amplitude, although those for Gal and Man were 0.05-0.3.
The data showed the clear distinction of Glc from Gal and
Man.

Since the MS? spectra of Gal and Man were almost
identical, the MS® spectra were obtained to distinguish Gal
and Man (Fig. 3). The ions at m/z 163 in the MS? spectra were
selected to examine MS® spectra. A higher abundance of
product ions [M+NH;-2H,O-NH;]" at m/z 145, [M+NH,~
3H,O-NH,] " at m/z 127, and [M+NH~H,O-NH;-C,HO5] ™
at m/z 85 was detected for both Gal and Man, while the

Copyright © 2006 John Wiley & Sons, Ltd.
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Figure 2. (A) Positive ion ESI-MS? spectra of Gle, Man, and
Gal generated from precursor ion [M+NH,*" at m/z 198.
Fragmentation amplitude was 0.8V. The precursor ion is
indicated with a vertical arrow. (B) The relative abundance
ratios of ions at m/z 180 to m/z 163 in MS? spectra at different
fragmentation amplitudes for Gic, Man, and Gal. Two frag-
ment ions at m/z 180 and 163 were detected above 0.6V for
the three isomers.

product ions [M+NHsHO-NH;-CH,O,1% at m/z 115,
[M4+-NH~H,0-NH3-C,H,O,]" at m/z 103, [M+NH-H,O-
NH;—CHOs]* at mfz 97, and [M+NHH,O-NH;-
C3H4O,]™ at mfz 91 were only detected for Gal, and were
considered to be generated by cross-ring cleavage reac-
tion.>?* An obvious difference in the relative abundance ratio
of m/z 145 to 127 between Gal and Man was observed from
Fig. 3(A).
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Figure 3. (A) Positive ion ESI-MS?® spectra of Man and Gal
generated from precursor ion [M-+NH,—H,O-NH]*" at m/z
163. Fragmentation amplitude was 0.5 V. The precursor ion is
indicated with a vertical arrow. (B) The relative abundance
ratios of m/z 145 to 127 in MS® spectra at different fragmenta-
tion amplitudes for Man and Gal. The fragmentions at m/z 127
and 145 were detected above 0.2V for Gal, but the fragment
ion at m/z 145 was detected above 0.4V, and that at m/z 127
was detected above 0.5V for Man.

The relative abundances at m/z 145 and 127 were measured
by altering fragmentation amplitudes from 0.1 through 1.0V
(Fig. 3(B)). The abundance ratios of m/z 145 to 127 were larger
than 2 and depended on the fragmentation amplitude for
Man, although they were almost the same as for Gal. The data
showed a clear distinction between Gal and Man.

These results showed that hexoses could be identified
by MS? and MS® spectra of the [M+NH4]" ions using
ESI-ITMS. When hexoses were dissolved in acetonitrile/
water (1:1, v/v) solvent supplemented with 0.1% acetic
acid and examined by ESI-MS, [M+H]" at m/z 181 and
IM-H,O-+H]" at m/z 163 (base peak) were detected in each
MS spectrum. The abundance of the [M+H]™ ions at m/z 181
was too low to obtain MS* spectra for Gle and Gal. No
significant differences were observed in MS? and MS® spectra
generated from [M-H,O+H]* at m/z 163. Therefore, [M+H]*

Copyright © 2006 John Wiley & Sons, Ltd.

RCM

and [M~H;O+H]* could not be used to distinguish the three )
hexose isomers.

Next, the fragmentation patterns of Na* additives were
investigated. The mass spectra showed a single [M+N a]* ion
at mfz 203 for hexoses dissolved in 10 uM sodium acetate.
The MS? spectra mainly included product ions [M-H,O+
Nal* at m/z 185, [M-C,H;0,4+Nal® at mjfz 143, and
IM-C,HsOs1* at mjz 102, and showed no significant
difference between the three hexose isomers: Glc, Gal and
Man (data not shown).

Furthermore, the MS" specitra of hexoses dissolved in
methanol/water (1:1, v/v) supplemented with 50uM
lead(ID) nitrate were investigated according to the literature.’
The base peak of [Pb(hexose)-H]* at m/z 387 was detected in
MS spectra, so it was selected to examine MS” spectra. The
productions were detected above 0.4 V and the precursor ion
disappeared at 0.6V for Glc and Man, and at 0.7V for Gal,
respectively. The base peaks of the three isomers were
[Pb(hexose)-CoH,Oo-HI at m/z 327. This differs from the
literature, where it has been reported, using an ESI-triple
quadrupole mass spectrometer, that the base peak of Gal was
[Pb(hexose)-C4HgO,—HI™ at m/z 267.° It is not unexpected
that different results may be obtained given the differences in
collision conditions on these two instruments. Next, the ion
at mjz 327 was used to examine MS® spectra. Product ions
[Pb(hexose)-CoHOs-H]™ at m/z 309, [Pbthexose)-Cs;HgOu
HIT at m/z 279, and [Pb(hexose)-C4HgOy~H]" at m/z 267
showed no difference between the three isomers, which
could therefore not be distinguished using lead ion additives
by ESI-ITMS.

This method was also applicable to distinguish Fru and All
from other hexoses. [Fru+NH,]" and [AIl4+NH]* at m/z 198
were largely detected in MS spectra. MS? spectra produced
from the precursor ion at m1/z 198 showed product ions such
as [M+NH~H,0O1" at m/z 180, [M+NH;-H,O-NH;]* at m/z
163, and [M+NH~2H,0]* at m/z 162 above a fragmentation
amplitude of 0.6 V. The relative abundance ratios of mj/z 180
to 163 were larger than 2 at fragmentation amplitude 0.6
through 1.2V for Fru and All. The energy breakdown curves
were similar to that of Glc, and were different from that of
Gal and Man {data not shown). The relative abundance ratios
of m/z 163 to 162 were almost 1 for All, and were larger than
3 for Fru and Glc depending on fragmentation amplitudes;
therefore, All was distinguished from other hexoses.
In MS® spectra generated from m/z 180, the relative
abundance of [M+NH,~H,O-NH;]|* at m/z 163 was larger
than that of [M4+NH2H,0]" at m/z 162 for Fru, and was
lower than that of [M+NH,-2H,Ol" at m/z 162 for Glc (data
not shown); therefore, Fru was also distinguished from other
hexoses. ‘

Distinction between MeaGlc and MefGlc
To assess whether this technique could detect differences in
the anomeric bond, MeaGlc and MepGlc were employed.
Their MS spectra showed several peaks involving [M+H]* or
[M+NH~NH]* at m/z 195, [IM+NH,]* at m/z 212, [IM+Nal*
at mfz 217, IM+NH,~CH,O]" at m/z 180, and [M+NH,~
CH,O-NH;]* at m/z 163.

The MS? spectra generated from the precursor ion of NH;
and Na™ additives were compared under the same analytical
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