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Adduct simplification in the analysis of cyanobacterial
toxins by matrix-assisted laser desorption/ionization

mass spectrometry
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A novel method for simplifying adduct patterns to improve the detection and identification of
peptide toxins using matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF) mass
spectrometry is presented. Addition of 200 pM zinc sulfate heptahydrate (ZnSO, - 7H,0) to samples
prior to spotting on the target enhances detection of the protonated molecule while suppressing
competing adducts. This produces a highly simplified spectrum with the potential to enhance
quantitative analysis, particularly for complex samples. The resulting improvement in total signal
strength and reduction in the coefficient of variation (from 31.1% to 5.2% for microcystin-LR) further
enhance the potential for sensitive and accurate quantitation. Other potential additives tested,
including 18-crown-6 ether, alkali metal salts (lithium chloride, sodium chloride, potassium
chloride), and other transition metal salts (silver chloride, silver nitrate, copper(Il) nitrate, copper(II)
sulfate, zinc acetate), were unable to achieve comparable results. Application of this technique to the
analysis of several microcystins, potent peptide hepatotoxins from cyanobacteria, is illustrated.

Copyright © 2007 John Wiley & Sons, Ltd.

Cyanobacteria (blue-green algae) occur naturally in all kinds
of waters. Many species, but not all, can produce toxins that
are harmful to humans and wildlife through damage to the
nervous system or liver. When blooms of these organisms
generate potentially dangerous levels of toxin in the water,
public notification and restriction of access must be achieved
as rapidly as possible. Analysis of water samples for these
toxins is a key component in the public health management
of harmful algal blooms."

The most common cyanotoxins in freshwater systems are
the microcystins (MCs), produced by several cyanobacterial
genera including Microcystis, Anabaena, and Planktothrix.
Microcystins are cyclic peptides containing seven amino
acids, including five that are unusual in natural peptides
(Fig. 1). More than 70 MC congeners have been identified to
date.”> Amino acid variations are known at every position; the
most common are L-amino acid substitutions at positions 2
and 4, as well as demethylation at positions 3 and 7.
Substitutions at positions 2 and 4 give rise to the naming
system; e.g., a congener with leucine (L) at position 2 and
arginine (R) at position 4 is known as microcystin-LR. The
unique amino acid Adda in position 5, known to be required
for toxicity, fits into the hydrophobic cavity of the target
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protein phosphatases.>* The congeners vary from nontoxic
(e.g. [(6Z)-Adda’] MC-LR, LDs; >1200 pg/kg) to highly toxic
(e.g. MC-LR, LDsy=50png/kg),>® and exhibit molecular
weights (MWs) ranging from 900 to 1100 Da.

Several analytical techniques are currently used for
detection and quantitation of MCs, including high-
performance liquid chromatography (HPLC), enzyme-
linked immunosorbent assays (ELISA), and the protein
phosphatase inhibition assay (PPIA). These are currently the
best available techniques for the analysis of MCs and are
extensively used in the authors’” water quality testing
program. However, these techniques have several limita-
tions, including extensive sample handling and lengthy
analytical protocols. Quantitation by means of ultraviolet
detection is inherently problematic due to the differing
absorption coefficients of MC congeners’ and the fact that
very few standards are available. HPLC, LC/MS, and ELISA
provide limited information on potential toxicity of the
sample since congeners often generate responses not
correlated with their toxicity.s_” Additionally, when HPLC,
ELISA, and PPIA have been used to analyze identical
samples, the results sometimes show poor agreement
between the methods, particularly when congeners other
than MC-LR are present.'*'* Development of alternative
analytical methods could improve prediction of and
response to harmful algal blooms.

Matrix-assisted laser desorption/ionization mass spec-
trometry (MALDI-MS) has the potential to overcome many
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Figure 1. The generic structure for microcystin congeners is
cyclo-(p-alanine’-X2-p-MeAsp®-Z*-Adda®-p-glutamate®-Mdha”)
in which X and Z are variable L-amino acids, p-MeAsp® is
p-erythro-g-methylaspartic acid, Adda® is (25,35,85,95)-3-
amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic
acid and Mdha” is N-methyldehydroalanine.

of the disadvantages presented by the current methods. It is
an extremely rapid, high-resolution, sensitive technique that
requires little sample handling, is tolerant of contaminants,
and allows identification of toxin congeners. These advan-
tages have led a number of researchers'*™"” to utilize MALDI
in the detection of MCs. In each case, however, MALDI was
used only for qualitative detection and identification of toxin
congeners. PPIA, ELISA, and/or HPLC were utilized when
quantitation was desired. To our knowledge, quantitation of
cyanobacterial toxins using MALDI-MS has never been
reported.
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Unfortunately, quantitation issues have plagued MALDI
since its early days. As with electrospray ionization (ESI)-MS,
one area of concern is the potential for several different
ionization pathways, including protonation and cationiza-
tion (formation of sodium and/or potassium adducts), to
occur during analysis.'® The dominant peak cluster gener-
ated during MALDI analysis is dependent on analyte
structure. Peptides containing basic amino acids such as
arginine (e.g. MC-LR) appear primarily as protonated
molecules,'*?° while the absence of convenient protonation
sites, as with cyclosporin A (CsA)*' or nonpolar MCs,*
enhances cationization. The presence of acidic groups can
also enhance cationization;?®> this is seen with MCs,
particularly those lacking arginine or other basic residues
such as MC-LF (cf. Figs. 2 and 3). Multiple adduct peaks (e.g.
[M-+H]*, [M+Nal*, and [M+K]") often occur for a single
analyte, dividing and thus weakening the overall signal,
hindering detection, and complicating attempts at quanti-
tation. Complex spectra can be a significant problem for
MCs, with more than 70 variants clustered in the MW range
from 900 to 1100Da and most field samples containing
several congeners, each of which may exhibit several adduct
peaks. Mass overlap occurs in several instances between a
sodium adduct from one MC and the protonated molecule of
another, which could significantly hinder congener identi-
fication using MALDI-time-of-flight (TOF)MS.

Simplification of these adduct patterns through removal of
the sodium and potassium adducts should enhance detection
and identification of congeners and might also be an effective
first step in achieving quantitation of MCs by MALDI-
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Figure 2. The mass spectrum of 100-uM MC-LF standard solution. 1: [MCLF+H]*; 2: [MCLF+Na]*; 3: [MCLF+K]*; 4:
[MCLF—H+2Na]"; 5: [MCLF—H+Na+K]"; 6: [MCLF—2H+3Na]"; 7: [MCLF—H+-2K]".
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Figure 3. Positive ion MALDI mass spectra of (a) 50pnM MC-LR and (b) 50 M MC-LR+10mM 18-crown-6. 1:
[MCLR-+H]"; 2: [MCLR+-Na]™; 3: [MCLR+K]"; 4: [MCLR—H-+2Na]*; 5: [MCLR—H-+Na+K]*; 6: [MCLR—2H-+3Na]".

TOFMS. Removing cationization as a competitive pathway
has been the focus of much research to improve signal
strength and simplify quantitation during MALDI-MS.
Desalting samples prior to analysis through the use of micro
solid-phase extraction (C18 sorbent in a micropipette tip)***
or washing the sample spots after drying on the target**2*~>°
have both been used with some success. However, additional
sample handling steps counteract the simplicity inherent to
MALDI analysis, and poor recovery of some peptides,
particularly trace components, has been noted.*”** The use of
the cyclic polyether 18-crown-6 to complex sodium and
potassium ions in solution has been shown to dramatically
reduce cation adducts during the analysis of trypsin digests®'
and intact bacterial cells.**®®> Crown ethers have also been
incorporated into a sol-gel material to generate a desalting
substrate for MALDI sample deposition.>* Other conditions
tested for suppression of cation adducts include addition of

26,28 293536 14 the matrix, and

37,38

surfactants™“° and ammonium salts
the use of ionic liquids in place of solid matrices.

Some researchers have taken the opposite approach and
attempted to force the formation of particular cation adducts
through the addition of metal salts. This is particularly
common in the MALDI analysis of neutral compounds such
as polymers,39 which are otherwise not efficiently ionized. A
related approach*” added lithium chloride to the matrix for
the analysis of oligosaccharides, resulting in the suppression
of proton, sodium and potassium adducts and enhancement
of a single [M+Lil" signal.

This study assesses some of these techniques for the
analysis of MCs, and presents a simple, highly effective
method that simplifies congener identification by removing
cation adducts and enhancing detection of protonated
molecules.

Copyright © 2007 John Wiley & Sons, Ltd.

EXPERIMENTAL

Materials

Microcystin-LR  (MC-LR), microcystin-LF (MC-LF), and
cyclosporin A (CsA) were obtained from Alexis (San Diego,
CA, USA); microcystin-RR (MC-RR) and microcystin-YR
(MC-YR) from CalBioChem /EMD Biosciences (La Jolla, CA,
USA); ethanol from Pharmco (Brookfield, CT, USA);
methanol and acetonitrile from Mallinckrodt Baker (Phillips-
burg, NJ, USA); potassium chloride from EM Science
(Gibbstown, NJ, USA); lithium chloride, copper(Il) nitrate
trihydrate, and copper(Il) sulfate pentahydrate from Fisher
Scientific (Fair Lawn, NJ, USA); and 18-crown-6 ether,
a-cyano-4-hydroxycinnamic acid (CHCA), silver nitrate,
sodium chloride, trifluoroacetic acid (TFA), zinc acetate
dihydrate, and zinc sulfate heptahydrate from Sig-
ma-Aldrich (St. Louis, MO, USA). All materials were used
as received.

Mass spectrometry

Analyses were conducted using a Voyager-DE linear
MALDI-TOF mass spectrometer (Applied Biosystems, Foster
City, CA, USA) equipped with a 337-nm pulsed nitrogen
laser. Spectra were obtained in positive ion mode with
accelerating voltage 19kV, low mass gate setting m/z 400,
delay time 75ns, 60 laser shots per spectrum, and digitizer
vertical scale set at 1000 mV. Replicate samples were spotted
as 1.5-uL aliquots on a 100-well, stainless steel MALDI target
and allowed to air dry; data are reported as averages of the
replicate samples. Peak heights and peak areas were both
examined, with similar results; for convenience, only peak
height data are presented.

Rapid Commun. Mass Spectrom. 2007; 21: 699-706
DOI: 10.1002/rcm
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Sample preparation

Best results were obtained when samples were prepared in
50:50 (v/v) methanol/0.1% TFA; unless otherwise indicated,
each sample contained 50 pM MC-LR and 50 puM CsA.
Additives were included with limited volume change by
combining 50 pL of MC-LR/CsA sample with 1pL of
18-crown-6 ether (1, 10, or 100mM) in 50% acetonitrile/
0.1% TFA, or with 1 pL of various metal salts (0.2-6 mM) in
deionized water. Control solutions were prepared by adding
1 pL of the corresponding solvent with the additive omitted.
Resulting samples were then combined 1:1 (v/v) with CHCA
(15mg/mL in 60% ethanol/36% acetonitrile/4% deionized
water) and bath sonicated (50 W) for 3 min prior to spotting
on the target. Sample/matrix mixtures had a pH of
approximately 3 when measured without salt or ether
additives.
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RESULTS AND DISCUSSION

Chelation

The polyether 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooct-
adecane, C;pHp4Op) is one of a group of macrocyclic
compounds that can complex alkali metal ions in the central
cavity. MC-LR under normal conditions generated the
[MCLR+H]" signal (m/z 995) as the main peak in MALDI
analysis, with additional small alkali metal adduct peaks
(Fig. 3), while CsA typically appeared as [CsA+Nal* (m/z
1225) with small protonated and potassium adduct peaks
(Fig. 4). It is evident from the spectra and numeric data
(Table 1) that no significant reduction in cation adducts
resulted from the addition of 18-crown-6, even though
significant molar excesses were used. It is noteworthy that
the average signal strengths were highest and the coefficients
of variation (CVs) were lowest in the absence of 18-crown-6.

1235.8 1256.4

Figure 4. Positive ion MALDI mass spectra of (a) 50 wM cyclosporin A and (b) 50 M cyclosporin A + 10 mM 18-crown-6. 1:

[CsA+H]"; 2: unidentified; 3: [CsA+Na]*; 4: [CsA+K]™.

Table 1. Chelation data using 10mM 18-crown-6 ether

No. of MCLR Normalized [MCLR+H]" Normalized
Addition adducts observed [MCLR+H]" peak height CV? (%) as % of MCLR a1 [CsA+H]™ peak height CV (%)
None 6 1.00 12.7 72.8 1.0 18.9
18-Crown-6 3 0.417 30.4 745 0.61 315

2 Coefficients of variation (CV) were calculated as [standard deviation/average] for triplicate samples, expressed as a percentage. Data are
averages of triplicate samples. Microcystin-LR (MC-LR) and cyclosporin A (CsA) were both at 50 puM. Peak heights were normalized by
comparison to the sample with no addition of ether.

Copyright © 2007 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2007; 21: 699-706
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Table 2. Quantitation parameters upon addition of alkali metals. Data are averages of ten replicate samples

Addition No. of MCLR adducts observed Normalized [MCLR+H]" peak height Normalized [CsA+M]" peak height
None 6 1.00 1.00 [M =Nal]

LiCl 3 0.561 1.60 [M =Li]

NaCl 4 1.20 1.54 [M =Na]

KCl1 4 1.62 1.99 [M=K]

Alkali metal concentrations were 2 mM. Peak heights were normalized by comparison to the sample with no added alkali metal salt.

It is likely that complexation of alkali metal cations by
18-crown-6 ether occurs in the solution phase. Therefore, the
chelation test described above was repeated with an
overnight incubation period after combining the samples
and the crown ether, to allow for more complete complexa-
tion of alkali metal ions by the crown ether. The results were
virtually unchanged except for a further deterioration in the
CVs (data not shown).

Alkali metals

Intrigued by the possibility of driving the adduct pattern
toward formation of one particular adduct,*® we added
lithium chloride to samples to produce concentrations of 2, 4,
and 6 mM. The effect on MC-LR was limited (Tables 2 and 3);
a small [MCLR+Li]" signal appeared, and the [MCLR+H]*
signal decreased. However, CsA shifted from a dominant
[CsA+Na]* signal to the [CsA+Lil" signal, with some
improvement in signal strength. This result was expected,
given the significant molar excess of Li* ions and the ease
with which CsA coordinates with alkali metals. CsA, a cyclic
peptide with a MW of 1201.8 g/mol, was being tested as a
potential internal standard compound for future quanti-
tation. However, this compound is of importance in clinical
chemistry and the results from this work may be of interest in
that area as well.

Since lithium chloride addition produced limited adduct
pattern simplification, sodium and potassium were tested to
see if the desired effects could be achieved with a different
alkali metal. In each case, CsA was driven to form a dominant
adduct with the added metal (Table 3) while [MCLR+H]"
remained the dominant MC-LR adduct. Signal strength
improved in all cases (Table 2), but the adduct patterns did
not simplify as desired.

Transition metals

Amino and carboxyl groups, along with electron pairs on
nitrogen and oxygen, provide potential metal coordination
sites within the cyclic framework of MCs. MCs are
reported*'*? to act as intermediate strength ligands for
transition metal ions in solution, particularly Cu?* and Zn?*,
but also potentially including Ag'*. The polarities of the
L-amino acids at positions 2 and 4 do not have a significant
effect on the binding capacity,*' implying that multiple sites
on the peptide are involved in metal ion binding. This has
been confirmed by Yan and coworkers,*? who found that the
most stable aqueous complexes result from localization of the
metal ion in the cavity region of the peptide.

Transition metal salts (200 uM) were added to a mixture of
MC-LR and CsA (50 uM each); the results are summarized in
Tables 3 and 4. Silver nitrate and silver chloride were added
to mixtures containing 50 pM CsA and 50 uM MC-LR to
produce final metal salt concentrations of 200 uM, 2mM,
20mM, 40 mM, and 60 mM. Silver chloride did not produce a
silver adduct with either MC-LR or CsA. This may be due to
the low solubility of AgCl, which limited the number of Ag'*
ions available in solution. However, strong silver adduct
signals were observed at m/z 1101/1103 ((MCLR+Ag]") and
mfz 1309/1311 ([CsA+Ag]™) upon addition of AgNOs. The
double peaks are explained by the isotopic composition of
silver as a nearly even mixture of 'Ag and 'Ag. With
respect to MC-LR, AgNO; addition resulted in the suppres-
sion of all other adducts except [MCLR+H], including the
common fragment signal at mm/z 861. The overall loss of signal
strength for the MC-LR peaks as a group may have rendered
the m/z 861 peak undetectable. Alternatively, this result may
indicate stabilization of the Adda side chain upon addition of
AgNO;. Addition of AgCl provided no advantages in the
detection of MCs; the incomplete adduct simplification

Table 3. Signals generated upon addition of metal salts to a mixture of 50 .M MC-LR and 50 uM CsA

Addition MCLR peaks observed (m/z ratio) CsA peaks observed (m/z ratio)
None 861, 995, 1017, 1033, 1039, 1055, 1061 1203, 12157, 1225, 1241
LiCl 861, 995, 1001, 1017 1203, 1209, 1225

NaCl 861, 995, 1017, 1039, 1061 1203, 1225, 1241, 1247

KcCl 861, 995, 1033, 1071, 1109 1203, 1225, 1241

AgCl 861, 995, 1017, 1033, 1039, 1055, 1061 1203, 1215, 1225, 1241
Ag(NO3), 995, 1101/1103 1203, 1215, 1225, 1309/1311
Cu(NO3), 861, 995, 1017, 1033, 1057 1203, 1215, 1225, 1265
CuSO, 861, 995, 1017 1203, 1215

Zn(C,H50,), 861, 995, 1017, 1033, 1055, 1061 1203, 1215, 1225

ZnSOy4 861, 995 1203

“The identity of the m/z 1215 peak in the CsA cluster is unknown. The final metal ion concentrations were 2 mM for the alkali metals and 200 .M
for the transition metals. Peaks in bold were dominant within each adduct cluster.

Copyright © 2007 John Wiley & Sons, Ltd.
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Table 4. Quantitation parameters upon addition of transition metals. Data are averages of ten replicate samples

No. of MCLR ~ Normalized [MCLR+H]* CV?* [MCLR+H]* Normalized [CsA+H]" CV* [CsA+H]" as %

Addition adducts observed Peak Height (%) as % of MCLR a1 Peak Height (%) of CsAiotal
None 6 1.00 9.2 94.5 1.00 523 23.8
AgCl 6 0.815 20.8 93.2 1.66 35.2 19.0
AgNO; 2 0.278 274 85.5 2.16 39.3 36.1
Cu(NO;3), 4 1.19 11.6 95.2 1.14 37.3 98.3
CuSO, 2 1.15 12.5 99.9 1.18 51.1 100
Zn(C,H30,), 5 1.09 12.9 98.3 1.00 52.3 45.2
ZnSO, 1 1.07 8.6 100 3.66 3.60 100

? Coefficients of variation (CV) were calculated as [standard deviation/average] for the replicate samples, expressed as a percentage. Transition
metal concentrations were 200 wM. Peak heights were normalized by comparison to the sample with no added transition metal salts.

provided by AgNO; is offset by the significant loss of total
signal strength.

The effects of copper addition were tested using 200 uM
solutions of Cu(NOs), -3H,O and CuSO,-5H,0. Both salts
produced somewhat higher average peak heights for both
MC-LR and CsA. The [MCLR+H]" signal was enhanced by
the addition of either copper salt; copper(Il) nitrate also
produced a small [MCLR+Cul* adduct (Table 3). Similar
results were observed for CsA. The simplified pattern
produced by CuSO, addition may enhance quantitation,
but it was not as complete as desired.

Addition of zinc acetate produced [CsA+Nal]™ as the main
CsA adduct; however, it was less dominant compared to
[CsA+H]" than when no metal salts were added, indicating
enhancement of the protonation pathway. Zinc sulfate drives

% Intensity
&

this process to completion, producing only the [CsA+H]"
signal. MC-LR was also detected as a single [MCLR+H]"
signal when zinc sulfate was present, with the exception of a
small fragment peak at 11/z 861. Figure 5 shows the spectrum
with no metal salt addition (Fig. 5(a)) and after addition of
200 uM zinc sulfate (Fig. 5(b)). Simplification of the adduct
pattern down to a single peak for the protonated molecule
was observed for both MC-LR and CsA. Only ZnSO,
provided a single adduct for both MC-LR and CsA, gave
improved CVs for both peak heights, and produced the
strongest signal for [CsA+H]". Although removal of the
small MCLR fragment signal observed at m/z 861 would
further simplify the spectrum, the [MCLR+H]" peak height
exhibits very low CV even when this fragmentation occurs.
Additionally, the peak is in a different region of the
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Figure 5. Positive ion MALDI mass spectra of (a) 50 .M MC-LR and 50 uM CsA, and (b) 50 uM MC-LR and 50 .M CsA plus
200 uM zinc sulfate. 1: [MCLR—134+H]"; 2: [MCLR+H]*; 3: [MCLR+Na]"; 4: [MCLR+K]"; 5: [MCLR—H-+2Na]*; 6:
[MCLR—H+Na+K]*; 7: [MCLR—2H+3Na]*; 8: [CsA+H]*; 9: unidentified; 10: [CsA+Na]™.

Copyright © 2007 John Wiley & Sons, Ltd.

Rapid Commun. Mass Spectrom. 2007; 21: 699-706
DOI: 10.1002/rcm



Analysis of cyanobacterial toxins by MALDI-MS 705

3

100+ 8
(b) 2
3
90+
3
801 )
3
701
3
60+
3
ol
3 .
5 |
3 50
=
3
404
)
301 N‘M‘UA/\M "~ o o 3 PRTAY . N i
o 1056 1019 1082 175 1195 1215 1235 1255
20+
1
10
Jmk 8
o4h , . e ; ‘ I, AN ,
835 933 1034 1129 1227

Mass (m/z)

Figure 5. (Continued)

spectrum, well removed from other MC peaks. Therefore, the
potential for signal overlap that may interfere with congener
identification does not exist for this fragment peak, while it is
a concern for sodium and potassium adducts. It is therefore
possible to simplify quantitation by ignoring the m/z 861 peak
without compromising the analysis.

Based upon the success achieved for MC-LR, zinc sulfate
was added to solutions of several other MC congeners
ranging from strongly polar (MC-RR) to nonpolar (MC-LF).
The protonation pathway was enhanced for each MC upon
addition of zinc sulfate (Table 5), resulting in elimination of
all competing adducts for MC-YR and MC-LR, and nearly
complete elimination for MC-RR. The overall signal strength
(MCiota), peak height CV, and protonated peak percentage
CV also improved dramatically for these three congeners.

For the nonpolar MC-LF, adduct simplification occurred but
was incomplete, and overall signal strength (MCioa1)
decreased upon addition of zinc. CVs for peak height and
protonated peak percentage showed significant improve-
ment, in line with the results for polar MCs. The limited
success of the method for MC-LF is likely due to a lack of
available protonation sites and the high affinity of this
congener for alkali metals. Since the majority of MCs
detected in natural field samples are the polar variants,’
this method for enhancing the quantitation of MCs using
MALDI should be widely applicable.

We hypothesize that the reduction or elimination of
competing adduct signals for MCs and CsA upon zinc
addition was due to the Lewis acid behavior of zinc in
solution (aqueous ZnSO,-7H,0 has a pH of 4.5). The Zn>*

Table 5. Mixed microcystin congeners upon addition of zinc sulfate

MC congener [ZnSO,] added No. of MC adducts observed Normalized [MC+H]" peak height CV* (%) [MC+HI]" as % of MCiotal

MC-RR 0mM 5
5mM 2
MC-YR 0mM 7
5mM 1
MC-LR 0mM 7
5mM 1
MC-LF 0mM 8
5mM 3

1.00 47.3 90.7
1.94 239 99.0
1.00 57.1 85.0
2.29 17.8 100.0
1.00 31.1 86.3
1.31 52 100.0
1.00 455 11.2
1.70 10.7 66.0

? Coefficients of variation (CV) were calculated as [standard deviation/average] for the replicate samples, expressed as a percentage. Microcystin
(MC) concentrations were 10 uM; transition metal concentrations were 5 mM. Peak heights were individually normalized for each congener by
comparison of the peak height with 5mM ZnSO, to the sample with 0mM ZnSO,.

Copyright © 2007 John Wiley & Sons, Ltd.
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ions react with water to complex hydroxide ions, releasing
free protons to solution and enhancing the protonation
pathway. Further work is underway to test this hypothesis.

CONCLUSIONS

These results demonstrate that simplification of the positi-
ve-ion MALDI-TOF mass spectra for cyanobacterial toxins
can be achieved through the addition of zinc sulfate. This
transition metal salt suppresses formation of alkali metal
adducts, producing a solitary signal for the protonated
molecule. This result is observed for polar peptides (MC-LR,
MC-RR, and MC-YR) as well as a nonpolar cyclic peptide
with a strong predisposition toward the formation of alkali
metal adducts (cyclosporin A), and to a more limited extent
with a nonpolar microcystin (MC-LF). Additional benefits
observed include improved run-to-run repeatability and an
increase in total signal strength for improved detection of
trace amounts of toxin. Chelation of trace alkali metal
contaminants with 18-crown-6 ether was unable to achieve
suppression of undesirable adducts. The use of other
transition metal and alkali metal salts to promote the
formation of single adducts also did not achieve comparable
results. We have hypothesized the Lewis acid behavior of
zinc in aqueous solutions as an explanation for the observed
effects; experiments are underway to test this hypothesis.

Acknowledgements

This material is based upon work supported under a
National Science Foundation Graduation Research Fellow-
ship to KLH and a National Oceanic and Atmospheric
Administration’s Coastal Oceans Program for Monitoring
and Event Response in the Lower Great Lakes (MER-
HAB-LGL), grant #NA-160 P2788.

REFERENCES

1. Chorus I, Bartram ] (eds). Toxic Cyanobacteria in Water: A
Guide to Their Public Health Consequences, Monitoring and
Management, E & FN Spon: London, 1999. Available:
http://www.who.int/water_sanitation_health/resources-
quality/toxicyanbact/en/.

2. Spoof L, Vesterkvist P, Lindholm T, Meriluoto ]
J. Chromatogr. A 2003; 1020: 105. DOI: 10.1016/S0021-
9673(03)00428-X.

3. Rudolph-Bohner S, Mierke DF, Moroder L. FEBS Lett. 1994;
349: 319. DOL: 10.1016/0014-5793(94)00680-6.

4. Goldberg ], Huang H, Kwon Y, Greengard P, Nairn AC,
Kuriyan ]. Nature. 1995; 376: 745. DOI: 10.1038/376745a0.

5. Sivonen K, Jones G. In Toxic Cyanobacteria in Water: A Guide to
Their Public Health Consequences, Monitoring and Management,
Chorus I, Bartram ] (eds). E & F Spon: London, 1999.
Available: http://www.who.int/water_sanitation_health/
resourcesquality/toxicyanbact/en/.

6. An]J, Carmichael WW. Toxicon. 1994; 32: 1495. DOI: 10.1016/
0041-0101(94)90308-5.

7. Blom JF, Robinson JA, Jiittner F. Toxicon. 2001; 39: 1923; DOI:
10.1016/50041-0101(01)00178-7.

8. Rapala ], Erkomaa K, Kukkonen ], Sivonen K. Lahti K. Anal.
Chim. Acta 2002; 466: 213. DOI: 10.1016/S0003-2670
(02)00588-3.

9. McElhiney ], Lawton LA. Toxicol. Appl. Pharmacol. 2005; 203:
219. DOI: 10.1016/j.taap.2004.06.002.

Copyright © 2007 John Wiley & Sons, Ltd.

10.
11.
12.
13.
14.

15.

17.

18.

19.

20.
21.
22.

23.

24.

25.

26.
27.
28.
29.

30.
31.

32.

33.
34.
35.
36.
37.
38.
39.

40.

41.
42.

Metcalf JS, Beattie KA, Ressler J, Gerbersdorf S, Pflugmacher
S, Codd GA. . Water Supply: Res. Technol. AQUA 2002; 51: 145.
Heresztyn T, Nicholson BC. Water Res. 2001; 35: 3049. DOI:
10.1016/50043-1354(01)00018-5.

Mountfort DO, Holland P, Sprosen J. Toxicon 2005; 45: 199.
DOI: 10.1016/j.toxicon.2004.10.008.

Ramanan S, Tang J, Velayudhan A. J. Chromatogr. A 2000;
883: 103. DOI: 10.1016/50021-9673(00)00378-2.

Robillot C, Vinh J, Puiseux-Dao S, Hennion MC. Environ. Sci.
Technol. 2000; 34: 3372. DOI: 10.1021/es99129%yv.

Neumann U, Campos V, Cantarero S, Urrutia H, Heinze R,
Weckesser ], Erhard M. System. Appl. Microbiol. 2000; 23: 191.

. Welker M, Fastner J, Erhard M, von Dohren H. Environ.

Toxicol. 2002; 17: 367. DOI: 10.1002/tox.10073.

Saker ML, Fastner J, Dittmann E, Christiansen G, Vasconce-
los VM. ]. Appl. Microbiol. 2005; 99: 749. DOI: 10.1111/
j-1365-2672.2005.02687.x.

Knochenmuss R, Stortelder A, Breuker K, Zenobi R. |. Mass
Spectrom. 2000; 35: 1237. DOI: 10.1002/1096-9888(200011).
Wang BH, Dreisewerd K, Bahr U, Karas M, Hillenkamp F.
J. Am. Soc. Mass Spectrom. 1993; 4: 393. DOI: 10.1016/
1044-0305(93)85004-H.

Liao PC, Allison J. J. Mass Spectrom. 1995; 30: 408. DOI:
10.1002/jms.1190300304.

Green-Church KB, Limbach PA. Anal. Chem. 1998; 70: 5322.
DOI: 10.1021/ac980667s.

Yuan M, Namikoshi M, Otsuki A, Watanabe MF, Rinehart
KL. J. Am. Soc. Mass Spectrom. 1999; 10: 1138. DOI: 10.1016/
51044-0305(99)00088-4.

Kriiger R, Karas M. J. Am. Soc. Mass Spectrom. 2002; 13: 1218.
DOI: 10.1016/51044-0305(02)00453-1.

Kussmann M, Nordhoff E, Rahbek-Nielsen H, Haebel S,
Rossel-Larsen M, Jakobsen L, Gobom ], Mirgorodskaya E,
Kroll-Kristensen A, Palm L, Roepstorff P. J. Mass Spectrom.
1997; 32: 593. DOI: 10.1002/(SICI)1096-9888(199706)32:6<
593::AID-JMS511>3.0.CO;2-D.

Gobom J, Nordhoff E, Mirgorodskaya E, Ekman R, Roep-
storff P. . Mass Spectrom. 1999; 34: 105. DOI: 10.1002/
(SICI)1096-9888(199902)34:2<105::AID-JMS768>3.0.CO;2-4.
Cohen SL, Chait BT. Anal. Chem. 1996; 68: 31. DOI: 10.1021/
ac9507956.

Keller BO, Li L. ]. Am. Soc. Mass Spectrom. 2000; 11: 88. DOI:
10.1016/51044-0305(99)00126-9.

Leite JF, Hajivandi MR, Diller T, Pope RM. Rapid Commun.
Mass Spectrom. 2004; 18: 2953. DOI: 10.1002/rcm.1711.
Smirnov IP, Zhu X, Taylor T, Huang Y, Ross P, Papayano-
poulos IA, Martin SA, Pappin DJ. Anal. Chem. 2004; 76: 2958.
DOI: 10.1021/ac035331j.

Noga M], Asperger A, Silberring J. Rapid Commun. Mass
Spectrom. 2006; 20: 1823. DOI: 10.1002/rcm.2522.

Harris WA, Janecki DJ, Reilly JP. Rapid Commun. Mass
Spectrom. 2002; 16: 1714. DOI: 10.1002/rcm.775.

Evason DJ, Clayton MA, Gordon DA. Rapid Commun. Mass
Spectrom. 2000; 14: 669. DOI: 10.1002/(SICI)1097-0231
(20000430)14:8<669:: AID-RCM932>3.0.CO;2-7.

Bright JJ, Claydon MA, Soufian M, Gordon DB. . Microbiol.
Methods 2002; 48: 127. DOI: 10.1016/5S0167-7012(01)00317-7.
Weng M-F, Chen Y-C. Rapid Commun. Mass Spectrom. 2004;
18: 1421. DOI: 10.1002/rcm.1501.

Zhu X, Papayannopoulos IA. . Biomol. Technol. 2003; 14:
298.

Cramer R, Corless S. Proteomics. 2005; 5: 360. DOI: 10.1002/
pmic.200400956.

Zabet-Moghaddam M, Heinzle E, Tholey A. Rapid Commun.
Mass Spectrom. 2004; 18: 141. DOI: 10.1002/rcm.1293.
Zabet-Moghaddam M, Kriiger R, Heinzle E, Tholey A.
J. Mass Spectrom. 2004; 39: 1494. DOI: 10.1002/jms.746.
Nielen MWF. Mass Spectrom. Rev. 1999; 18: 309. DOI:
10.1002/

(SICI)1098-2787(1999)18:5<309:: AID-MAS2>3.0CO;2-L.
North S, Okafo G, Birrell H, Haskins N, Camilleri P. Rapid
Commun. Mass Spectrom. 1997; 11: 1635. DOIL: 10.1002/
(SICI)1097-0231(19971015).

Humble AV, Gadd GM, Codd GA. Water Res. 1997; 31: 1679.
DOI: 10.1016/50043-1354(97)00033-X.

Yan F, Ozsoz M. Sadik OA. Anal. Chim. Acta 2000; 409: 247.
DOI: 10.1016/5S0003-2670(99)00888-0.

Rapid Commun. Mass Spectrom. 2007; 21: 699-706
DOI: 10.1002/rcm



