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Ammonium chloride (NH,Cl) with a B-carboline harmine (7-methoxy-1-methyl-9H-pyrido[3,4-
blindole) Matrix promotes the generation of chloride-anionized molecules of neutral oligosaccha-
rides in negative-ion ultraviolet matrix-assisted laser/desorption ionization mass spectrometry
(MALDI MS). The relative abundances of anionized molecules and matrix ([Analyte + CI]™/
[matrix + Cl]7) correlate with the amount of NH,Cl added, and saturate at a level of NH,Cl
approximately four times that of the matrix. Their solid-phase fluorescence spectra indicate that
harmine and NH,Cl form a complex of the hydrochloride salt in the mixed crystal. The peak
intensity at 448 nm from the harmine hydrochloride in the mixed crystal rises logarithmically with
the amount of NH,Cl added, a result that quantitatively correlates with increases in the ion
abundance ratios of the chloride-anionized molecules to that of harmine. The solid-phase
spectroscopic method is useful for studying changes in the characteristics of the matrices and
additives in the mixed crystal. Harmine hydrochloride, rather than harmine, works as an effective
matrix. The attachment of the chloride to the matrix is essential for the generation of chlorinated-
anionized molecules in MALDI. An N-acetyl glucosamine residue (GlcNAc) in lacto-N-tetraose
promotes the generation of their chloride-anionized molecules, however, multi-GlcNAc residues in

N-acetylchitooligosaccharides hinder it.
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atrix-assisted laser desorption/ionization mass
Mspectrometry (MALDI MS), like electrospray

and fast-atom bombardment MS, has been
widely used in the structural analyses of carbohydrates.
Neutral oligosaccharides are typically examined in the
positive-ion mode, whereas acidic oligosaccharides are
analyzed in the negative-ion mode. In MALDI, almost all
of the measurements of neutrals are made in the positive-
ion mode because neutral oligosaccharides readily com-
plex to alkali metal ions [1, 2]. Even contaminating
amounts sodium are likely to attach to analytes in
MALDI under conventional measurement conditions in
ion-exchanged water. In some cases, investigators add
small amounts of alkali metal chlorides to promote their
ionization, but the addition of large amounts of salts
suppresses ionization not only in MALDI, but also in
other ionization methods. In contrast, negative-ion
mode measurements of neutral oligosaccharides are
rarely performed in MALDI. An unusual matrix S-car-
bolin is needed for deprotonated molecules to be gen-
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erated, and anionic adducts of the whole molecules
were not observed [3, 4]. Both ions are labile. MALDI
process imparts more than enough energy to dissociate
deprotonated molecules and anionic adduct [3, 4].

New matrix systems, matrices, and anionic dopants
themselves have been investigated for their possible use
in the negative-ion mode MALDI MS of neutral oligo-
saccharides. Breuker et al.,, [5] using binary tetrabu-
tylammonium (TBA) salt/silicon matrices, were able to
generate halide ion attachment under special conditions
in MALDLI. Liquid TBA salts supply halide anion and
silicon particulates that work as a UV-absorbing
matrix. Nonami et al. [6-8] employed B-carboline
(9H-pyrido[3,4-blindole) matrices and observed dep-
rotonated carbohydrate molecules. Halide-anionized
molecules were also generated through the use of
matrices containing a small amount of ammonium
halides [3]. Wong et al. [9, 10] used hydrogen sulfate
and alkylsulfonate as anion dopants for oligosaccha-
rides in MALDI in conjunction with conventional ma-
trices such as 2,5-dihydroxyacetophenone (DHAP) and
2,4,6-trihydroxyacetophenone (THAP), and detected
the sulfate adducts [M + HSO,] .

In MALDI, structural analyses of neutral oligosac-
charides can be performed by means of data from
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postsource decay (PSD) spectra and product-ion spectra
resulting from collision induced dissociation (CID). The
PSD and CID from sodium-cationized molecules take
place predominantly at the glycosyl bond, and are
useful for the sequential analysis of sugar chains. How-
ever, sugar chains have a structural complexity stem-
ming from different linkage types and branching pat-
tern. Methods for distinguishing these structural
isomers are needed to identify their structures. Re-
cently, it was reported that systematic structure analy-
ses of neutral lactooligosaccharides, including linkage
and branching isomers, can be performed by means of
negative-ion electrospray ionization (ESI) ion-trap and
quadrupole/time-of-flight (Q-TOF) mass spectrometry
[11, 12]. The fragmentations derived from negatively
charged precursor ions depend on whether they are
3-linked and/or 4-linked N-acetylglucosamine resi-
dues. In contrast, as described above, the negative-ion
mode MALDI MS has not been extensively applied to
this task.

We previously studied the negative-ion mode MALDI
of neutral oligosaccharides using B-carboline matrices. We
found that the deprotonated molecules ((M—H] ") with a
reducing terminal are labile and decompose easily, [13]
and that in-source decay at the reducing terminal
depends on the molecules’ glycosyl bond types. These
results are useful for linkage analysis [14]. The chloride-
anionized molecules were stable enough to allow the
measurement of their postsource decay spectra that
brought us the structural information, including 3-
and/or 4-linked branching and fucose-substitution po-
sitions, so that we could obtain detailed structural
information for the lactooligosaccharides as well as
their ESI MS measurements [15].

It is important to understand the generation of the
chloride-anionized neutral molecules in MALDI be-
cause we could develop and establish the analytical
methods for the negative ion mode of MALDI MS. As a
preliminary step, we optimized the deposition methods
[16] and studied the amounts of ammonium chloride
needed as an additive to promote the formation
of chloride-anionized molecules ([M + ClI] 7). Cole et al.
[4, 17-19] used ESI MS to study the affinity of chloride
anions for neutral oligosaccharides [17-19], and the
generation and decomposition of chloride-anionized
molecules in MALDI MS [4]. Only a small, often com-
parable amount of ammonium chloride to that of the
analyte was required for the generation of chloride-
anionized molecules in ESI [18], and the existing con-
ditions were thought to be efficient in MALDI [4].
However, the measurement conditions were not opti-
mized; furthermore, the relationship between the am-
monium chloride and the matrix in forming chloride-
anionized molecules of neutral oligosaccharides in the
MALD ionization were not thoroughly studied.

Analyses of oligodeoxynucleotides and phospho-
peptides were also performed by negative-ion MALDI
MS with co-matrices such as ammonium salts and
polyamines with a view to improving their signal
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detection [20-26]. The term “co-matrices,” which is
used in these articles and in this study, refer to non-UV-
absorbing compounds added to the mixed crystal of
matrices at the molar ratio of ca. 1:1. Co-matrices alone
would not work as matrices in MALDI; however,
they enhance the functions of the matrix. Currie and
Yates [20] reported that the negative-ion yields of
oligodeoxynucleotides by using conventional matrices
such as 2,5-dihydroxybenzoic acid and 3-hydroxy-4-
methoxybenzaldehyde were enhanced by ammonium
citrate at a molar ratio of 1:1. Pieles et al. [21] showed
that the addition of diammonium hydrogen citrate to a
trihydroxyacetophenone matrix is an effective combina-
tion for reducing cation adducts and improving ion
production of the oligodeoxynucleotides. Limbach et al.
[22-24] examined organic base co-matrices such as
triethylamine, imidazole, piperidine, and polyamine. It
was thought that these additives reduced the cation
adduction problem and improved the gas-phase stabil-
ity of the oligodeoxynucleotides. Cheng and Chan [25]
reported that ammonium halides work as co-matrices
for a 2-amino-5-nitropyridine matrix. All of the above
researchers observed the matrix systems” deprotonation
of the deprotonated molecules of oligodeoxynucleoti-
des ((M—H]") by their matrix system.

Since oligodeoxynucleotides and phosphopeptides
are multiply negative-charged molecules, the cation
adduction by Na*, K, etc. to their phosphate groups
severely suppressed their MALD ionization. Large
amounts of volatile ammonium ions, working as counter
cations of the negative-charged analytes in the mixed
crystal system, reduced and eliminated the cation adduc-
tion problem in the multiply negative-charged analytes
[26]. Their deprotonated molecules [M—H]™ were clearly
detected [20-26]. The ionization of oligodeoxynucleoti-
des could differ from that of neutral oligosaccharides;
however, the addition of ammonium salts improves
the generation of their anionized molecules. Cole et al.
[4, 19] studied the ionization of neutral and acidic
oligosaccharides from the viewpoint of their relative
basicity between analytes and hydrohalogens; they
used this approach because the halogen anions could
coordinate to the hydroxyl group of neutral oligosac-
charides and the complex [M—H---Cl]” was formed.

In this study, using solid-phase fluorescence spec-
troscopy, we have focused our attention on the relation-
ship between additives and matrices, and on the roles of
the additives in the generation of the halogen anionized
molecules of neutral oligosaccharides in the negative
ion mode MALDI MS.

Experimental
Mass Spectrometry

All MALDI-TOF mass spectra were acquired with
an AXIMA-CFR instrument (Shimadzu-Kratos Corp.,
Kyoto, Japan) equipped with a pulsed N, laser
(337 nm), at an acceleration energy of 20 kV using
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pulsed delayed extraction. After finding out the irradi-
ation threshold power to detect chloride cationized
molecules of the neutrals, the laser power was fixed at
the same value through a series of experiments. Each
spectrum represents an average of 200 laser shots. All
MALDI mass spectra without a specifically described
matrix are measured with harmine as a matrix.

Sample and Reagents

Cellohexaose (Glcp1—[4GlcB1—],4Glc; 9909 Da), mal-
totriose to maltoheptaose (Glcal—[4Glcal—] 4Glc, n =
1 ~ 5, 504.4, 666.6, 828.7, 990.9, and 1153.0 Da), gentio-
hexaose (GlcB1—[6GIcB1—],6Glc; 990.9 Da), and iso-
maltohexaose (Glcal—[6Glcal—],6Glc; 990.9 Da), N-
acetylchitohexaose (GlcNAcB1—[4GlcNAcB1—],4GIcNAG;
12372 Da) were purchased from Seikagaku-Kogyo,
Tokyo, Japan. Lacto-N-tetraose (Galp1—3GIcNAcpl—
3GalB1—4Glc) was purchased from Sigma-Aldrich, St.
Louis, MO. Cellohexitol was prepared by the reduction
of cellohexaose with sodium borohydride. All analyte
structures are shown in Table 1.

Norharmane (9H-pyrido[3,4-blindole) and its hydro-
chloride salt and harmaline (1-methyl-7-methoxy-3,4-
dihydro-9H-pyrido[3,4-blindole) hydrochloride were
purchased from Sigma-Aldrich, MO; harmaline and
harman (1-methyl-9H-pyrido[3,4-blindole) from Wako
Chemicals, Japan; and harmine (7-methoxy-1-methyl-
9H-pyrido[3,4-b]indole) and its hydrochloride salt from
Tokyo Chemical Industry, Tokyo, Japan. Ammonium
chloride (99.998%) and ammonium fluoride (99.99+ %)
were purchased from Sigma-Aldrich; ammonium bro-
mide (99%) from Wako Chemicals. Distilled and ion-
exchanged water by Milli-Q (Millipore Co., Billerica,
MA) and methanol for HPLC grade (Wako Chemicals)
were used as solvents.

Mixed Crystal Preparation on the Sample Target

Sugar chain samples were dissolved in Milli-Q water at
a final concentration of 1 mM. Among all the matrices,
the solubility of harmine was lowest in methanol; the
concentration of the saturated solution was estimated
from the weight of the dried-up matrix in an aliquot
solution (28.3 mM, 6.0 mg/mL). The concentrations of
all matrices were unified at 28.3 mM in methanol so that
their ionization efficiency could be compared with that
of harmine. Ammonium chloride aqueous solutions
were prepared with Milli-Q water at final concentra-
tions of 11.8 mM (ca. 0.2 eq mol to matrix in 0.5 uL), 23.6
mM (ca. 0.4 eq mol to matrix), 47.1 mM (ca. 0.8 eq mol
to matrix), 94.2 mM (ca. 1.7 eq mol to matrix), 184.4 mM
(ca. 3.3 eq mol to matrix), 282.6 mM (ca. 5 eq mol to
matrix), 376.8 mM (ca. 6.7 eq mol to matrix), 471.0 mM
(ca. 8.3 eq mol to matrix).

Mixed crystals on the target spots were prepared via
a sandwich method [7, 16, 27]; a 0.5 uL aliquot of the
matrix was deposited and dried, after which 0.5 uL
aliquots of the analyte solution and ammonium chlo-
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ride additive were similarly processed. Subsequently,
another aliquot of matrix (0.5 uL) was also deposited on
the mixed crystal thin layer and dried.

Previously, we surveyed three depositing methods
in an evaluation of the ionization efficiency of chloride-
anionized molecules: the droplet method, the thin-layer
method, and the sandwich method described above
[16]. The sandwich method was the most effective for
the generation of such molecules.

Estimation of lonization Efficiency

All spectra were processed using instrumental soft-
ware, and the spectra were smoothed by a Gaussian
function at the instrumental software value of 100 and a
baseline correction at the instrumental software value of
100. The ionization efficiency was estimated from the
ratio (%) of the abundance of chloride anionized analyte
molecules to matrix molecules ([Analyte + Cl] /[Ma-
trix + ClI]7). All data points represent an average of 10
measurements of the different spots prepared identi-
cally and separately; their standard deviations are
shown as error values.

Liquid-Phase Fluorescence and Ultraviolet Spectra

Fluorescence spectra were acquired with a RF-1500
fluorophotometer (Shimadzu, Kyoto, Japan) at a 300
nm excitation wavelength using a quartz crystal cell
(10 X 10 X 40 mm). The concentration of harmine and
its hydrochloride salt were 1.35 uM in methanol.
Ammonium chloride was prepared at 200 mM in
methanol. Harmine/ammonium chloride solutions
were prepared as follows: aliquots of ammonium
chloride solution were added to the harmine solution
(3.5 mL, 4.725 nmol) that were 0.5 L. NH,CI solution
(0.1 pmol, 20 eq mol to harmine), 10 uL NH,CI
solution (2 umol, 400 eq mol to harmine), 20 pL
NH,CI solution (4 umol, 800 eq mol to harmine), 30
wL NH,CI solution (6 wmol, 1200 eq mol to harmine),
and 50 nL NH,CI solution (10 uwmol, 2000 eq mol to
harmine).

Ultraviolet (UV) spectra were acquired with a V-550
UV-spectrometer (Jasco Co., Tokyo, Japan). The con-
centrations of harmine for the UV-spectra were 10
uM in methanol, and 10 uM in the HCI acidic
methanol/water solution (methanol:2N HCl aqueous
solution = 50:50 [vol/vol] at pH 3.0). The estimations
of the absorbance of all matrices at 337 nm were
performed at 20 uM final concentrations in methanol
and HCIl methanol solutions.

Solid-Phase Fluorescence and Ultraviolet Spectra

Solid-phase fluorescence and UV-spectra were ac-
quired with a FP-6500 (Jasco Co., Tokyo, Japan) using
a glass plate (10 X 40 mm). Fluorescence spectra at
the 300 nm excitation wavelength were obtained with
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Table 1. Structure of analytes
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by normal detection with glass plates. Standard ma-
trices of harmine and harmine hydrochloride on the
grass plates were prepared by a thin-layer method
[16] in which a 2.5 uL aliquot of 25 mM harmine and
harmine hydrochloride in methanol was deposited
and dried up, and another aliquot of the matrix
solution was deposited and dried up.

The mixed crystals for quantitative analyses of the
fluorescence intensity were prepared on the glass plates

by almost same procedures of the sandwich method as
for the MALDI MS measurements; a 2.5 uL aliquot of 25
mM harmine methanol solution was deposited into the
center of an O-ring on the grass plate, dried up, and an
aliquot of 2.5 uL of ammonium chloride was deposited
and dried up. Finally, another aliquot of 2.5 uL of the
matrix solution was deposited and dried up. After
removing the O-ring on the grass plate, we measured
fluorescence spectra.



718 YAMAGAKI ET AL.

Results and Discussion

Sodium Chloride Versus Ammonium Chloride
Versus Hydrochloride as a Chloride Donor

We used three different additives coupled to a harmine
matrix to make a comparison of the generation of
chloride-anionized molecules of neutral oligosaccha-
rides. The sodium chloride additive proved not to be a
good chloride anion donor to the analytes, even as the
amounts of sodium chloride were changed in the mixed
crystal. These results can be explained on the basis of
the ion stability of the complexes; in other words, the
sodium cation (Na™) can coordinate the analytes more
than chloride anion (C17) can [3]; this is a disadvantage
to the negative-ion mode ionization. In MALDI, a
chloride anion-rich plume may be essential for the
production of labile, chloride-anionized molecules.

The chloride-anionized molecule yields were im-
proved by the addition of ammonium chloride as
shown in Figures 1 and 2. A hydrochloride (HCI)
solution also worked to improve the generation of the
desired molecules. The ionization efficiency curves of
cellohexaose between NH,CI and HCI were almost the
same (data not shown). Following these experiments,
we turned to the properties of the mixed crystal surface
consisting of a B-carboline matrix and ammonium chlo-
ride or hydrochloride, and we tried to relate their
properties to the generation of the chloride-anionized
molecules of neutral oligosaccharides.

Amount of Ammonium Chloride

Figure 1 shows the MALDI mass spectra of cello-
hexaose obtained for different amounts of ammo-
nium chloride in the mixed crystals. Harmine was
used as a matrix here. As the upper spectrum indi-
cates, chloride-anionized molecules were rarely ob-
served without the addition of ammonium chloride.
The middle spectrum was taken with 5.4 nmol
NH,CI], corresponding to 0.2 eq mol to matrix and
10 eq mol to analyte; they are the same measurement
conditions reported [4]. The lower spectrum was ob-
tained with 92.2 nmol NH,CI, corresponding to 3.3 eq
mol to matrix. The relative abundance of the chloride-
anionized molecule is highest in the latter spectra.

The ion abundance ratios [Analyte + Cl]~ /[Matrix +
Cl]™ were plotted as a function of the amounts of added
ammonium chloride to estimate the ionization effi-
ciency (Figure 2). All of the data in Figure 1 and 2 were
taken under the same laser irradiation power. In this
study, the sensitivity of ion detection is more improved
than that of maltoheptaose reported previously [16], so
that the chloride anionized molecules can be observed
even under the lower irradiation laser power than that
of the previous report [16]. The data points for all
analytes in Figure 2 are fitted by logarithmic functions.
The relative ion abundances rise for amounts of NH,Cl
to matrix less than ~4:1, at which point they almost
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Figure 1. Negative-ion MALDI mass spectra of cellohexaose (a)
using harmine as a matrix, (b) harmine with 5.4 nmol NH,Cl
corresponding to 0.2 eq mol to matrix, and (c) harmine with 92.2
nmol NH,CI corresponding to 3.3 eq mol to matrix.

saturate. This point is the optimum for the generation of
chloride-anionized molecules in MALDI MS. In this
matrix system, ammonium chloride works as co-matrix
in MALDI like oligodeoxynucleotides” measurements
[20-26].

The addition of the same amount of ammonium salts
to matrix is known to improve the generation of
the deprotonated molecules of oligodeoxynucleotides
in the MALDI MS analyses. It was thought that
the interaction between ammonium ions and multiply
negative-charged analytes is the most important factor
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Figure 2. Ionization efficiency of lacto-N-tetraose (red circles),
cellohexaose (blue squares), cellohexitol (green crosses), and
N-acetylchitohexaose (black diamonds). Ion abundance ratios of
chloride-anionized molecules of analyte to matrix [Analyte +
Cl]” /[Matrix + ClI]™ are plotted as a function of added ammo-
nium chloride. These data points are fitted by logarithmic func-
tions. The arrows annotate the molar ratios of amount of added
ammonium chloride to matrix.

in the improvement of their MALD ionization. In the
case of neutral oligosaccharides, the addition of ammo-
nium chloride produced chloride-anionized molecules.

Structures of Analytes
and Their Ionization Efficiency

Several glucooligosaccharides linked by different gly-
cosyl linkages in Table 1, such as malto- (a1—4 linkage),
cello- (B1—4), isomalto- (al—6), and gentio-(1—6)
hexaose, showed almost the same increasing tendency
in the ion abundance ratios [analyte + CI]™ /[matrix +
Cl]™ as a function of the amounts of added ammonium
chloride, a finding suggests that their ionization effi-
ciency is not very dependent on their linkage types
(data not shown). The results for maltooligosaccharides
from triose to heptaose indicate that their relative ion
abundance ratio to that of matrix is unrelated to oligo-
saccharide chain length (data not shown). Since the
chloride anion may be attached to the hydroxyl group
at the reducing terminal as a result of its acidity [4], we
compared an analyte with its reduced analog such as
cellohexaose and its hexitol; however, as shown in
Figure 2, the increasing tendency in their ion abundance
ratios to that of matrix do not differ significantly. In
contrast, the abundance of the chloride-anionized mol-
ecule of lacto-N-tetraose (LNT) rises more rapidly than
that of cellohexaose, and the ion abundance of lacto-N-
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tetraose is higher than that of cellohexaose (Figure 2).
The N-acetylglucosamine residue (GIcNAc) of LNT
might have a higher affinity to chloride ion than does
glucose because of its strong polarization at the aceto-
amide group. In contrast, N-acetylchitohexaose showed
the lowest ion abundance among the four sugar chains,
although it consists of six GIcNAc. Because the mole-
cule contained multi-affinity sites to chloride anion, the
singly charged ion, which is commonly generated in
MALDI MS, could be suppressed. The multi-charged
ions were not detected in the spectrum of N-acetylchi-
tohexaose.

Solid-Phase and Liquid-Phase Fluorescence Spectra

Visible blue fluorescence was detected from the mixed
crystals on the target plates upon 257 nm excitation. The
intensity of the blue fluorescence increased with the
amount of ammonium chloride added, a result suggest-
ing that harmine formed a complex with ammonium
chloride. Figure 3 shows the liquid-phase fluorescence
spectra of harmine in methanol solution with changes
in the amount of added ammonium chloride. The peak
intensity from harmine at 365 nm decreased and a new
peak appeared at 407 nm (Figure 3b). The peaks occur-
ring at 365 and 407 nm came from the harmine hydro-
chloride in methanol solution (Figure 3a). The fluores-
cence at 407 nm originated from protonated harmine
below pH 7.0 in aqueous solution [28]. Here, the molar
ratios of added ammonium chloride to harmine were
extremely high in their liquid-phase fluorescence spec-
tra (Figure 3b), and did not correspond to increases in
the ion abundance ratio of the chloride-anionized mol-
ecules (Figure 2). This behavior occurs because equilib-
rium, at least including harmine and harminium, exists
in the methanol solution of the mixture of harmine and
ammonium chloride.

Figure 4 shows the solid-phase fluorescence spectra
of the surface of the mixed crystal, made of harmine and
harmine hydrochloride. Harmine had a peak with its
maximum intensity at 366 nm; that of harmine hydro-
chloride was observed at 448 nm, with no peak at 366
nm. Hence, these substances were clearly distinguished
by their unique peaks. Figure 4b shows the fluorescence
spectra of the mixed crystal in which the spectral
changes depended on the amount of ammonium chlo-
ride. The quantitative analysis of the fluorescence indi-
cates that the peak intensity at 448 nm from harmine
hydrochloride rise logarithmically as a function of the
amount of ammonium chloride (Figure 5), and is satu-
rated at amounts of NH,CI three to five times higher
than that of harmine. This finding correlates quantita-
tively with the chloride-anionized molecule abundance
ratios (Figure 2). Overall, these results suggest that
ammonium chloride works as a co-matrix, and that the
role of ammonium chloride is the formation of hydro-
chloride salt of matrix. Matrix hydrochloride salt is
essential for the generation of the chloride-anionized
molecules of neutral oligosaccharides, rather than the
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Figure 3. Liquid-phase fluorescence spectra of (a) harmine and
harmine hydrochloride in methanol, and (b) harmine and NH,Cl
mixed solutions in methanol.

coordination of ammonium ions to analytes that is a
major reason for the improvement of the oligode-
oxynucleotide ionization efficiency.

Other B-Carboline Matrices

The ion abundance ratios of the chloride-anionized mole-
cules to matrices were compared with those for other
B-carbolines under the same conditions (Table 2). B-Car-
boline hydrochlorides were used at the final concentration
of 28.3 mM in methanol without addition of ammonium
chloride, and other B-carbolines were used at the same
concentration, and 0.5 uL aliquots of 100 mM ammonium
chloride aqueous solution were added in the preparation
of mixed crystal. Harmine hydrochloride was the best
matrix among the B-carboline hydrochlorides. The spectra
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obtained with harmine hydrochloride were much better in
their signal-to-noise ratios than those obtained with
harmine with three to five times higher amounts of
ammonium chloride. However, in-source fragmentation
took place easily in the case of harmine hydrochloride,
even under low laser power.

UV-Absorption Spectra of Harmine

The solid-phase UV spectra of the matrix mixed crystal of
harmine, harmine hydrochloride, and harmine with am-
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Figure 4. Solid-phase fluorescence spectra of (a) harmine (solid
line) and harmine hydrochloride (dotted line) and (b) harmine-
NH,CI mixed crystal on the grass plates. The molar ratios of
ammonium chloride/harmine matrix to matrix (mol. eq.) were
annotated.
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Figure 5. Fluorescence intensity at 448 nm of mixed crystals as a
function of the amount of ammonium chloride. These data points are
fitted by a logarithmic function.

Table 2. Matrix structure and their ionization efficiency
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monium chloride were acquired by scanning of the reflec-
tion of the injection light. Their reflection spectra varied in
every measurement because of their amorphous solid
surfaces. The average light reflection of harmine hydro-
chloride was higher than that of harmine at the laser
irradiation wavelength of 337 nm in MALDI. Ammonium
chloride itself shows the 337 nm light reflection, and the
reflection increases with the amount of ammonium chlo-
ride added in the harmine-NH4Cl matrix system. Thus,
we cannot relate these results to the ionization efficiency
directly. In contrast, harminium in methanol absorbs 337
nm light more than harmine [29]. The liquid-phase UV-
absorption spectra of harmine were measured in metha-
nol and in HCl-acidic methanol solution (Figure 6). Since
the UV-spectra of harmine and harmine hydrochloride
just dissolved in methanol are the same (data not shown),
we measure the harmine in the HCIl acidic methanol
solution to obtain the spectrum of the protonated harmine
form [29]. The absorption at 300 nm in harmine was
shifted to close to 337 nm in the spectrum of harminium,
a value which is the wavelength of the N, laser used in the
MALDI-MS. From the liquid-phase data, the matrix of

lon abundance ratio (%) of

Matrix Structure [Analyte + CI]/[Matrix + CI] 2
Harmine HCI AN 34.4
| ol ¢®
HaCO N 2Ny
H CHa
Harmine + 100 mM NH,CI | N 10.8
HsCO N N
H CHa
Harmane + 100 mM NH,CI | | AN 5.3
N N
H CHa
Norharmane + 100 mM NH,CI | | AN 3.3
N N
H
Harmaline + 100 mM NH,CI | | 0
HiCO N N
H CHs
Norharmane HCI AN 0
l | ol ¢
N Z
H
Harmaline HCI 0
)
| SRS
HLO N Z " H
" CH3

lonization efficiency is estimated from ion abundance ratios of chloride-anionized molecules of analytes to that of harmine [Analyte + CI]”/[Matrix + CI] ™.
B-Carboline hydrochlorides are used without addition of ammonium chloride at the final concentration of 28.3 mM in methanol, and other B-carbolines are used
in the same concentration and 0.5 L aliquots of 100 mM ammonium chloride aqueous solution are added in the preparation of mixed crystal.
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Figure 6. UV-absorbance spectra of harmine in methanol with or
without HCL

harmine with ammonium chloride and its hydrochloride
salt are excited by the MALDI laser more effectively than
the harmine only. The liquid-phase UV data are not
consistent with the solid-phase data.

Principal Factors in the lonization Efficiency

What prime factor or factors govern the ionization effi-
ciency in the generation of chloride-anionized molecules
of neutral oligosaccharides in MALDI? First, the formation
of matrix-hydrochloride complexes is required for a high
chloride anion yield. A chloride anion coordinated to a
protonated matrix easily desorbs and ionizes. Thus, the
formation of harmine hydrochloride in the mixed crystal
is directly related to the ionization efficiency and the ion
abundance of the chloride-anionized molecules of neu-
trals. This point differs from the principal role of the
co-matrix in improvement of the oligodeoxynucleotide
ionization [26].

Conclusions

To generate chloride-anionized molecules [M + ClI]~ by
MALD ionization, the optimal amount of ammonium
chloride is around four times that of the matrix. Their
respective solid-phase fluorescence spectra indicate that
harmine with a large amount of ammonium chloride
converts to the hydrochloride in the mixed crystal and
that the amount of harmine hydrochloride correlates
well to the ion abundance ratios of analytes to that of
the matrix. The matrix hydrochloride form is essential
for the production of chloride-anionized molecules.
These results indicate that the roles of ammonium
chloride as a co-matrix in the generation of chloride-
anionized molecules of neutral oligosaccharides dif-
fers from that of deprotonated molecules of multiply
negative-charged oligodeoxynucleotides.

J Am Soc Mass Spectrom 2007, 18, 714-723

Solid-phase spectroscopy allows us to analyze the
mixed crystal matrix surface on the target, and we identify
the formation of the matrix hydrochlorides from their
solid-phase fluorescence. The ionization efficiency or
relative abundances of the chloride-anionized mole-
cules correlate quantitatively with the solid-phase fluo-
rescence intensity at 448 nm from the matrix hydro-
chloride, but not with those from the liquid-phase
fluorescence spectra. The solid-phase spectroscopic
analysis of the matrix mixed crystals is essential to
study the mechanism of the MALDI process, and can be
useful in screening for new effective matrices and/or
couples of matrix and additives, or for co-matrices for
MALD ionization.
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