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ABSTRACT

STRUCTURAL CHARCACTERIZATION OF GLYCOCONJUGATES AND
PROTEINS BY MATRIX-ASSISTED LASER DESORPTION IONIZATION MASS
SPECTROMETRY

by Naxing Xu

Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) has
quickly emerged as a powerful analytical tool for sensitive and accurate molecular weight
determination of biomolecules. In this research, 2-mercaptobenzothiazole (MBT) and its
anadlogs have been discovered as a class of new matrices for MALDI-MS. These
compounds are structurally distinct from the conventional matrices. The information
gained from the matrix studies has been applied to the structural characterization of
peptidoglycans, a type of complex glycoconjugates consisting bacterial cell wall with
important immunological significance. 5-Chloro-2-mercaptobenzothiazole (CMBT) was
employed for the routine MALDI-MS analysis of muropeptides derived from
peptidoglycans and structural information of muropeptide was obtained by further post-
source decay (PSD) analysis.

Glycoprotein characterization has been a challenging topic in bioanalytical field
because their complexity and microheterogeneity. To minimize sample handling between
the stages of lectin affinity binding and MALDI-MS, a micro-batch lectin binding process
was also developed for direct MALDI-MS analysis for isolated glycopeptides. This
#pproach is capable of identifying glycopeptides derived from ribonuclease B and avidin,

proteins having a single glycosylation site.
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A new glycosylamine derivative of oligosaccharides has been developed for facile
sequence analysis in MALDI-MS. 3-Aminoquinoline was used as the derivatizing regent
in making glycosylamine derivative at the reducing terminus. This type of glycosylamine
derivatives produces primarily protonated molecules in MALDI-MS. Reaction cleanup is
not necessary because excess reagent can be used as MALDI matrix without interfering
MALDI-MS analysis. PSD analysis of the protonated molecule yields a spectrum
dominated by reducing terminal fragments, allowing easy determination of the
oligosaccharide sequence, which is required for the complete characterization of

gycoconjugates and glycoproteins.
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Chapter 1. Introduction

1. Recent Advances of Mass Spectrometry of Biological Molecules

Mass spectrometry is based on producing, differentiating, and detecting ions in the
gas phase. The transfer of small molecules into the gas phase has traditionally been
accomplished by thermal vaporization; however, thermal vaporization for biopolymers and
other nonvolatile or thermally unstable molecules has little use. Fast atom bombardment
mass spectrometry (FAB-MS), discovered in the early 80s (1-2), opened the possibility for
the analytical chemists to obtain mass spectral signals directly from larger, thermally labile
molecules like peptides and oligosaccharides. But FAB-MS analysis is limited to
nanomole sensitivity range and usually not amenable to biomolecules with molecular mass
higher than 5,000 daltons

It was the developments of two powerful ionization techniques, matrix-assisted laser
desorption ionization (MALDI) (3-4) and electrospray ionization (ESI) (5-6), that
dramatically expanded the field of biological mass spectrometry. Both techniques offer
picomole to femtomole sensitivity in determination of molecular mass up to a few hundred
thousand daltons. ~Since introduced at almost the same time in 1988, MALDI mass
spectrometry (MALDI-MS), and ESI mass spectrometry (ESI-MS) have shown
considerable promise in characterization of a wide range of biopolymers including
proteins, peptides (7-10), carbohydrates (11-12), and oligonucleotides (13-14). 1In
combination with biochemical techniques, numerous applications in biomedical research
have been achieved. The development of MALDI-MS and ESI-MS coincides with an
increasing demand for more accurate and sensitive techniques in fields such as

biochemistry, molecular biology, genetics and biotechnology (15). Their utility for mass
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measurement also facilitates routine characterization in small molecule synthesis, protein
synthesis, and compounds obtained directly from biological matrices.

In many respects, MALDI and ESI are complementary. MALDI-MS, used for
most of this thesis work, is unique in its capacity to analyze a complex mixture.
Compared to ESI-MS or FAB-MS, MALDI-MS is relatively tolerant to contaminants,
such as buffers, salts, and denaturants which are common in biological samples. It has
therefore the capacity to analyze unseparated, heterogeneous complex mixtures such as
enzymatic or chemical digest mixtures of proteins. ESI-MS, on the other hand, is
inherently compatible for analyzing mixtures separated on-line by HPLC; yet its ability to
directly analyze very heterogeneous samples is limited.

MALDI is typically used in conjunction with time-of-flight (TOF) mass analyzers
because of the pulsed nature of laser desorption in MALDI. In addition, the time-of-
flight mass analyzer has virtually no upper mass range and is compatible with MALDI,
which can produce ions at very high mass-to-charge ratio (m/z). In the last few years
substantial advancement also has been made in the two areas of the instrumentation of the
time-of-flight mass analyzer: (a) enhanced capability of structural determination by
means of so called post-source decay (PSD) analysis (16-17); (b) increased mass
resolution by incorporating delayed extraction (DE) technique in the ion source (18-21).
These latest developments, as described in the remainder of this chapter, have made
MALDI TOF-MS an extremely useful technique not only for more accurate molecular
weight determination (up to resolution in excess of 10,000 at mass up to 5 kDa), but also

for structural elucidation of biomolecules.
2 Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry (MALDI-MS)

The first attempt to generate ions of organic molecules by direct laser

desorption/ionization dated back to early 1970s (22). However, the size of the analytes







which can be desorbed and ionized was limited to about 1,000 daltons. In early
applications (23-24) of laser desorption to volatilize large biopolymers, the neat analyte (no
matrix) was irradiated directly with intense pulses of laser light for short durations.
However, mass spectra for large molecular weight compounds were frequently dominated
by fragment ions with few if any intact ionized molecules. This technique (direct laser
desorption) had limited applications to biological samples and has been quickly

supplanted by MALD-MS..

21 Operating Principles

The key to the MALDI process is the incorporation of the analyte into a matrix
that absorbs radiation from the ultraviolet (or infrared) laser. The matrix compound is a
small organic molecule and selected for its properties of laser energy absorption,
solubility characteristics, and other criteria as described in detail in Chapter 2. The
sample is typically mixed into a solution of the matrix which is in large excess with a
matrix:analyte molar ratio in the order of 1000:1. Once the solvent is removed, the
sample and the matrix cocrystallize after they have been deposited on a metal surface.
The physicochemical events leading to the transfer of biopolymers to the gas phase and
their jonization in MALDI have not yet been fully elucidated (25). The matrix is
believed to serve to minimize sample fragmentation from the laser beam by absorbing the
incident laser energy, resulting in the sample and matrix molecules being ejected into the
gas phase. One model (15, 26) for the mechanism assumes that the uppermost layers of
matrix are induced to undergo a phase transition from the solid to the gas phase. The
subsequent expansion of these matrix molecules into the vacuum drags the matrix-
isolated biopolymer molecules into the gas phase. During the transfer from the solid
phase to the gas phase, the biopolymer undergoes ionization through proton transfer or

cation attachment with the matrix by reaction processes that remain to be explained







(27-30). Once ions are formed in the gas phase, they can be accelerated in an electric field
into to a mass analyzer.

The operating principle and the configuration of the MALDI instrument used for
the thesis work are illustrated in Figure 1.1. This instrument, a PerSeptive Biosystems
Voyager-Elite time-of-flight (TOF) mass spectrometer, is equipped with a nitrogen laser
emitting at 337 nm, and a single-stage reflector (or reflectron). Dual microchannel plates
were employed for ion detection. The sample plate holder used in Voyager Elite system
can accommodate 100 sample wells and permits a high sample throughput for analysis.
The laser radiation, controlled by an attenuator, is focused on the sample plate well through
appropriate optics. A fraction of light split from the laser pulse initiates the timing circuitry for
measuring the time of flight for the ions produced by each laser pulse. In continuous
extraction mode, a static electric field is imposed upon ions generated from the sample by
application of a two-stage high voltage (20-30 kV) to the sample plate with regard to a
closely spaced accelerating electrode, which corresponds to the grounded aperture in
Figure 1.1. As all of the ions are given the same energy in the ion acceleration region, The
lighter jons formed during each pulse travel faster in a field-free region, the flight tube as shown
inFigure 1, and reach the detector earlier. The time required for ions to traverse the flight
tube (t.0.f) is dependent on their masses and described by the relationship: t.o.f = L/v =
L(m/2z eV)"? where L is the length of flight tube, v is the ion velocity, m is the mass of
the ion, and V is the acceleration potential. Thus the ions are separated into a series of
spatially discrete individual ion packets, each traveling with a velocity characteristic of its
mz ratio. A detector positioned at the end of the field-free region produces a signal as

each fon packet strikes it. The transient (duration of 300 microseconds typically) mass
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Figure 1.1: Voyager-Elite MALDI time-of-flight mass spectrometer.






spectrum is recorded by a transient recorder at the detector. Commonly 10 to 250 of these
transient mass spectra are summed up to produce a usable mass spectrum. To correct the
initial kinetic energy spread of ions generated by MALDI, an electrostatic mirror
(reflector) can be used to improve mass resolution for some applications.

MALDI is typically considered as a soft ionization technique that yields little
fragmentation. The most attractive feature of MALDI spectrum is its simplicity. Unlike
ESI spectra which are dominated by multiply charged species, the predominant analyte
signal in MALDI corresponds to the singly charged species, though the doubly-charged
and triply-charged molecules are also observed to varying degrees. Also commonly
observed in MALDI mass spectra are ions for gas phase aggregates such as dimers,
trimers, etc. Other often observed characteristics of MALDI-MS spectra are adducts
arising from analyte-matrix interactions or analyte-alkali metal ion interactions depending

onthe analyte, choice of matrix, and laser power.

22 Sample Preparation

Proper sample preparation is critical for successful analysis by MALDI-MS (31-
32). Matrix solutions are typically prepared in water, water-acetonitrile or water-ethanol
mixtures at a concentration of 5-100 mg/ml depending on the solubility properties of the
matrix. The analyte is prepared at a concentration of about 0.01-0.1 mg/ml in a solvent
that is miscible with the matrix solution (for peptides and proteins, aqueous 0.1%
tifluoroacetic acid (TFA) is frequently used ). The matrix and analyte solutions are mixed
toachieve a final matrix:analyte molar ratio in the range of 100:1 to 10,000:1. An aliquot
of 1't0 2 l of the mixture is applied to a MALDI-MS sample plate well, and allowed to
dry by cither ambient evaporation, heating with a stream of warm air, or under vacuum,

During the drying process, the matrix codeposits from solution with the analytes.







To date, the nature of the matrix-analyte interaction has not yet been defined, but it
may involve analyte molecules that have become embedded into the matrix crystal lattice or on
the surface of rapidly forming matrix crystals. Studies based on optical microscopy have
shown that matrix crystal formation and size vary, depending on the matrix and solvent. In
general, it has been observed that a decrease in the "quality" of matrix crystal morphology
(where the matrix-analyte deposit appears as a film or non-crystalline glassy surface) is
associated with a lower quality MALDI mass spectrum (33). These conditions can result from
the presence of high levels of contaminating salts, buffers, or surfactants. Some means to
desalt the sample may be required for successful analysis by MALDI (34). Alternatively,
difution of a contaminant which can interfere with analyte signal acquisition, may also lead to
improved spectra. In general, sample preparation by different matrices, matrix additives,
solvents, molar ratio between the analyte and the matrix affects the sensitivity and
resolution of MALDI. Optimal results require parallel analyses under different conditions.

Other than a metal surface, inert polymeric supports such as transfer membranes
have also been used for picomole-level sample handling in protein mass spectrometry (35-
37). Proteins are often immobilized by adsorption onto synthetic supports at some stage
@ is performed routinely in automated Edman sequence analysis. There is also
considerable interest now in the direct analysis by MALDI-MS of biological samples that have
been adsorbed onto a transfer membrane because of implications in coupling gel
electrophoresis with MALDI-MS.  Nylon-66 and positive charge-modified nylon
(ZETABIND) membranes were reported to be suitable for analyzing picomole levels of a
protein that had been immobilized by adsorption onto the nylon membrane, washed to remove
MALDI contaminants, and digested enzymatically and/or chemically prior to adding matrix
(35). Another approach, affinity mass spectrometry employs a modified target surface. In one
example, a target composed of porous agarose immobilized with single-stranded DNA has
been developed as an affinity-capture medium in the assay of the 80-kDa glycoprotein

lactoferrin from biological samples (38).







1.3 Post-source Decay (PSD)

MALDI TOF-MS has been initially recognized as “molecular weight machine” by
the biochemists because of its superior capability in molecular mass determination of a
wide range of biopolymers such as proteins, peptides, and carbohydrates. However, it
lacked the capacity for structural analysis because relatively little or no fragmentation was
observed in linear MALDI TOF-MS instrument. Metastable fragments formed in the
flight tube could not be detected. This deficiency has been overcome since the
introduction of the so called post-source decay (PSD) technique (16-17) which can
separate and resolve metastable fragments on a reflector-equipped TOF instrument in

1993.

In this technique, the excess energy deposited into the intact ionized molecules was
found to result in the decomposition of a portion of these species in the flight tube after
they leave the ion source. If the ions dissociate within the source, the fragment ions and the
intact ionized molecules would have obtained the same energy during acceleration, and because
they have different masses, would travel with different velocities and have different time of
fight values. This type of fragmentation, named as “prompt fragmentation” (39-40), does
ocour in MALDI TOF-MS, but was only observed for some very special analytes such as some
carbohydrates and muropeptides derived from peptidoglycans as described in Chapter 2 and 3.
However, for those ions that undergo PSD in the flight tube, the resulting fragment ions (or
product fons) continue toward the detector with the same velocity as the intact ionized
molecules (precursors), and thus are detected as a single peak in a conventional linear TOF-
MS. But these product ions have kinetic energies (KE) that are different from each other (if
they have different masses) and less than that of the precursor ion, and it is this characteristic

{hat enables them to be separated by mass in the reflector. Consider a molecule M, which was
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jonized in the MALDI source to form a protonated molecule, MH', at m/z 1,000 and
accelerated by a electric field of 20 kV. MH" dissociates into a fragment ion M, " at m/z 500
and a neutral M, during its flight from the source to the detector.
MH - M, +M,

Figure 1.2 shows the projected flights of these ions within the reflector portion of the mass
spectrometer. When M, " ions were formed in flight, they retain the same velocity as MH " ions
which remained intact, but the kinetic energy of M;" is half that of MH'. In the top panel,
when no potential is applied to the reflector, both ions MH" and M," as well as neutral M,
amive at the linear detector at approximately the same time, but with some variability, resulting
inan increase of the peak width representing the intact MH'. However, the ions M;" can be
distinguished very well from MH" when a retarding potential, 12 kV, is applied to the reflector
as shown in the low panel of Figure 1.2. The ions MH" entering the reflector with a KE of 20
keV will traverse the mirror with a final kinetic energy of 8 keV and hit the linear detector
The neutrals, M,, would be unaffected and hit the linear detector as before. However, the
fragment ions, M, ", entering the reflector with a KE of 10 KeV, will be slowed down in the
retarding potential first and then turned around by the reflector. Because of the dispersion
process by the inherent radial velocity, M,;" ions will reach the reflectron detector and be
recorded. By lowering the reflector potential in several intervals, the entire mass range of PSD
fiagment jons for a particular precursor can be detected in the same manner

Like other tandem mass spectrometric (MS/MS) techniques, PSD can provide full
or partial sequence information of molecules less than 2,500 daltons. Precursor ion
selection for PSD was typically performed by an electrostatically switched ion gate,

marked as timed ion selector Figure 1.1. Since its commercialization about three years







Figure 1.2: Differentiation of PSD fragment ion, M1+, from the intact ionized
molecule MH™ by using the reflector. M is the neutral dissociated from MH"
With no potential applied to the reflector (top pannel), Ml+ and M) maintain

the initial velocity of MH" and reach the linear detector, L, simultaneously. With

potential applied to the reflector (low pannel), M[+ is reflected to the reflectron

detector, R, and recorded while M; * and M, still hit the linear detector.






290, MALDI-PSD has quickly evolved into a powerful technique for sequence

determination of biopolymers like peptides at the low picomole scale (41)

24 Delayed Extraction (DE)

A major limitation of TOF mass analyzers has often been relatively poor mass
resolution. The use of a reflector has overcome this limitation for some applications, but
with MALDI in particular, resolution is often inadequate. Typically the resolving power of
a finear MALDI TOF-MS is well below 1,000. With a reflector, the resolving power
approaches 2,000 or sometimes even greater. Because of the poor resolving power and also
the high mass of the ions analyzed by MALDI TOF-MS, it is not possible to discern individual
isotopic peaks. The main problem is that the ions produced by MALDI exhibit a rather
broad energy distribution. The initial velocity of desorbed analyte ions is nearly
independent of mass and the initial kinetic energy is proportional to the mass of the analyte
(13, 21). In addition, when desorption occurs in a strong electric field, energy is
presumably lost by collisions within the neutral plume, resulting in further mass-dependent
energy dispersion (21).

The recently introduced technique of delayed extraction (DE) dramatically improves
the resolution achievable in MALDI TOF-MS. In contrast to conventional MALDI
instruments in which the ions generated by the laser beam near the surface of the sample
plate are continuously extracted by a dc potential, in delayed extraction, a short time delay
(typically less than 300 nanoseconds) is inserted between the laser desorption/ionization and

on extraction events. The basic idea is to allow those ions having the greater initial kinetic
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energy to travel farther into the ion source than ions having a lesser kinetic energy, so that
when the extraction field is applied, the ion having the lesser initial kinetic energy will traverse a
greater distance through the electric field, thereby picking up more kinetic energy in a
compensatory effort to give all ions of the same mass the same kinetic energy. Three important'
parameters need to be adjusted to optimize the performance. These include the field magnitude
and direction during and immediately following ion production, the magnitude of the extraction
field, and the time delay between the laser pulse and application of the extraction field. In
principle, delayed extraction, causes ions of the same mass to arrive at the detector at nearly the
same time giving rise to a sharp peak or greater resolution. Some improvement in resolution
with delayed extraction may be due to dissipation of the very high local pressure (tens of
atmospheres) in the laser plume following (for picoseconds) the laser pulse (18, 21).

The benefit of delayed extraction in MALDI-TOF-MS is illustrated in Figure 1.3 which
compares the MALDI mass spectrum of human adrenocorticotropic hormone fragment
(ACTH) 18-39 obtained by conventional use of a linear TOF-MS (top panel) with those
obtained by delayed extraction into a linear (middle panel) and a reflector (low panel) TOF-
MS. Delayed extraction improves resolution, mass accuracy, and the quality of MALDI
mass spectra by suppressing matrix background, reducing chemical noise, and minimizing
the effect of laser intensity on performance. The potential of delayed extraction MALDI
has been demonstrated for proteins and peptides as well as for oligonucleotides (42). The
delayed extraction technique was added to our Voyager Elitt MALDI-MS instrument in

late 1996 and was used for the experiments described in Chapter 4 and S.
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Linear
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Figure 1.3: Comparison of MALDI mass spectra of ACTH (18-39) obtained in
linear mode without DE (Linear), linear mode with DE (Linear DE),and

reflectron mode with DE (reflectron DE) showing the effect of DE on mass
resolution of TOF-MS.






3,Glycoconjugate and Protein Analysis by MALDI-MS

Glycoconjugates and proteins are two major categories of molecules in biomedical
research. Methods for the characterization of carbohydrates and proteins are both
required for the analysis of glycoproteins. Like other applications of MALDI-MS,
glycoconjugate and protein analysis is still a rapidly developing field. This section
describes the latest developments in this field as well as major goals of the research

projects carried out in this thesis work.
3.1 Status of Glycoconjugate Analysis

Glycoconjugates include glycoproteins, ~glycopeptides, peptidoglycans, and
glycolipids. Glycoconjugate analysis is usually complicated because of the heterogeneous
nature of its carbohydrate moiety. The development of MALDI-MS has greatly facilitated
structural analysis of glycoproteins. To date, the most reliable method of determining the
molecular mass of a heavily glycosylated protein is MALDI TOF-MS (43-44) because the
complexity derived from the multiple charge states present in ESI-MS generally renders it
impractical for this purpose. New approaches incorporating endoglycosidase and
exoglycosdase have been used to identify the site of glycosylation and obtain the sequence
of the carbohydrate moiety (45-46). It was also demonstrated (12) that MALDI-PSD
analysis could provide structural information for glycopeptides derived from glycoproteins
after enzymatic digestion and separation by high-performance liquid chromatography
(HPLC).

MALDI TOF-MS has been shown to be a viable technique for analysis of

glycolipids including gangliosides (47-48). Although satisfactory spectra have been

obtained from underivatized molecules, permethylation has been shown to increase the ion
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yield considerably. In general, negative ion analysis has been preferred to work in the
positive ion mode, an observation that also applies to the FAB-MS.

Biemann et al. (49) recently found that the molecular weight of highly sulfated
glycoconjugates could be measured by MALDI-MS at the picomole level by mixing them
with a basic peptide of known mass. These highly acidic compounds, derived from heparin
and other polysaccharides, cannot be ionized in any other way with such sensitivity. Such
methodology using MALDI-MS leads to a way of sequencing heparin, the detailed
structure of which is not known, although the compound has been used clinically as an
anticoagulant for many decades.

The complete characterization of glycoconjugates usually requires structural
analysis of their respective oligosaccharides. Analysis of oligosaccharide structure has
been dominated by nuclear magnetic resonance (NMR) in the past. However, NMR lacks
the sensitivity to address many biological problems. MALDI-MS not only has become a
sensitive and accurate means in determining the molecular weight of oligosaccharides
purified from various biological sources (50), but also provides the possibility of sequence
and branching pattern determination of oligosaccharides at the picomole level (51). In
addition, MALDI-MS has been used for the direct analysis of carbohydrate mixtures such

a5 oligsaccharides from human milk (11)

318tatus of Protein Analysis

Sodium dodecyl sulfate-polycrylamide gel electrophoresis (SDS-PAGE) has been
used by the biochemists as a universal technique in protein molecular mass determination

for a long period. Over the past few years, MALDI-MS has quickly gained its popularity
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for protein molecular mass determination with much better accuracy relative to ther
methods (e.g., SDS-PAGE). Because of the unlimited mass range of this technique,
detection for very large proteins such as 500-kDa gramicidin S-synthase and 939-kDa
human immunoglobulin IgM (52) was achieved.

Incorporation with other biochemical tools like peptide mapping, MALDI-MS has
been extensively used for the determination of the primary structure of proteins derived
from both natural and recombinant sources. Peptide mapping is a technique whereby a
protein sample is digested either enzymatically or chemically, and the resulting peptides
are separated and analyzed. Overlapping sets of peptide fragments are generated using
different enzymes or chemical agents and the peptides are separated and sequenced using
standard Edman degradation reactions. Nowadays, peptide mapping based on MALDI-
MS is used in the following applications: (a) confirmation of a protein sequence, especially of
proteins produced through recombinant DNA techniques (53); (b) characterization of
posttranslational modifications including covalently modified protein N- and C- termini (54),
disulfide bond pairing (55-56), phosphorylation (57), glycosylation (58), and lipidation
(9); () identification of variants in homologous proteins from different biological sources
(60); (d) determination of the antigenic site or epitope, the specific region of the protein in
intimate contact with the antibody (61)

MALDI-MS provides routine means for direct analysis of a tryptic digest (62). A
dramatic demonstration of the capability of MALDI in analyzing heterogeneous samples is
shown with “protein ladder sequencing” which involves the simultaneous analysis of a
mixture of peptide/proteins that have undergone a stepwise Edman degradation (63)
Each of the fragments differs from the next by one amino acid residue, which can be
identified from the mass difference between successive peaks

Another highly promising area is the unambiguous identification of protein spots
fom two dimensional gel electrophoresis by MALDI-MS (64-66). This method is

superior to Edman microsequencing for protein spot identification as the latter often







suffers from problems such as insufficient protein quantities in 2D gel spots, widespread
occurrence of N-terminally blocked proteins, poor protein recoveries from gels, and other

unknown factors.

33 Major Goals of this Research

The three major goals of the research work described in this thesis are: (a) the
investigation of a group of compounds, mercaptobenzothiazoles, as a new class of
matrices for MALDI-MS and their application in structural characterization of
peptidoglycan muropeptides; (b) the development of a new type of derivative for
oligosaccharide sequence determination by mass spectrometry; (c) the study of lectin

affinity binding in structural analysis of glycoproteins.
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Chapter 2. Mercaptobenzothiazoles: A New Class of Matrices for Laser Desorption

Ionization Mass Spectrometry

1. Introduction

An essential feature of the MALDI process is the use of a low molecular weight
organic compound as a matrix to absorb the laser energy. The matrix probably plays
multiple roles in the ion formation process (1-4). The step of absorbing the laser radiation
leads to the breakup of a microvolume of the solid phase. Reactive precursors are formed
and released from the sample surface as protonated and deprotonated matrix molecules,
radical fons, and electronically and/or vibrationally excited neutral matrix molecules.
Efficient matrices generate a high yield of ions from the analyte relative to the abundance
of the matrix ions. To foster this highly complex process of ionization, we assume that a
good matrix substance should have the following properties:

a. A reasonably high molar absorptivity coefficient at the wavelength used (g > 10*
Lom” mol” for ultraviolet (UV)-MALDI). A higher absorptivity coefficient at the given
wavelength does not necessarily make a matrix work better

b. Miscibility with the analyte in the solid phase. The matrix should be soluble in
the solvent of the analyte. For application to proteins, the usual solvent is water or a
mixture of water and an alcohol or acetonitrile

¢. Good vacuum stability.

d. “Proper chemical composition”. Most matrices reported to date that promote

Protonation of the analyte contain OH and/or NH groups. It is plausible that protons are
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effectively transferred from these groups during ionization. However, many good
“positive ion mode” matrices are also applicable in the negative ion mode. If the major
ionization pathway corresponds to cation or anion attachment, the presence of OH or NH
groups is not necessary. Most matrix development studies have been restricted to the
positive ion mode; no generalization can yet be made for the negative ion mode because of
the lack of sufficient experimental data.

e. Other physical properties, such as the heat of sublimation (5) and the lattice
structure (6), may affect the efficiency of a matrix.

A number of additional features are desirable, but do not necessarily influence the
efficiency of the ionization process. For instance, matrix-analyte photoadduct formation
can adversely affect mass assignment accuracy when the adduct peaks are not resolved
from sample peaks (7-9).

The fulfillment of some of these criteria can be assessed readily because
physicochemical data on organic solids are available. Further, comparison of the relative
dbundance of analyte ions with the relative concentration of the analyte in the sample
indicates that the ionization process is highly selective with efficient matrices. This
selectivity requires that matrix-derived precursors ionize the analyte preferentially,
otherwise a high matrix background and abundant metastable ions can be expected. Some
matrices are selected for optimal performance with particular classes of analytes (1 1-14).
For all of these reasons, new matrices are still usually found by trial and error

Since Karas and Hillenkamp first reported nicotinic acid (3-pyridine carboxylic
wid) as a matrix to desorb large proteins with 266-nm laser radiation (15), a number of

other matrices of substantial utility has been discovered. Most of these compounds
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reported to date are substituted aromatic compounds containing a carboxylic acid group.
Several cinnamic acid derivatives, including ferulic, caffeic, and sinapinic acid, evaluated
by Beavis and Chait (5), have made analysis by MALDI possible at laser wavelengths
between 266 nm and 355 nm. These matrices, in particular sinapinic acid, form much less
abundant photochemically-generated adducts with the analyte than does nicotinic acid.
The matrix, 2,5-dihydroxybenzoic acid (DHB), introduced by Karas and co-workers (9),
has been extremely useful for the analysis of proteins, carbohydrates, synthetic polymers
and enzymatic digests at 337 and 355 nm, and it has a high tolerance to contaminants such
as inorganic salts, buffers and detergents. Another matrix, a-cyano-4-hydroxycinnamic
acid (0CHCA), is now widely accepted as the choice for the analysis of low-mass peptides
and glycopeptides (2). The matrix 3-hydroxy-picolinic acid (16) was shown to desorb and
ionize nucleotides effectively in the negative ion mode, and 2-[(4-
hydroxyphenyl)azo]benzoic acid (HABA) was reported to be effective for the analysis of
relatively large proteins (11).

Some neutral and basic matrices also have been reported in the literature (17-19).
The performance of coumarin laser dyes was investigated by Perera and co-workers (17).
These laser dyes were shown to be useful in the analysis of a variety of macromolecules
including peptides, proteins, deoxynucleotides, and polymers at 337 nm. The matrix 3-
aminoquinoline was reported to be effective for the analysis of polysaccharides and
proteins (18). Fitzgerald et. al screened 37 substituted pyrimidines, anilines, and amino-
Pyridines as potential matrices (19). Although limited to the analysis of relatively small
proteins and oligonucleotides, these basic matrices extended the utility of MALDI to acid-

sensitive species. Other neutral matrices, such as 2,3,4-trihydroxyacetophenone and
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2,4,6-trihydroxyacetophenone were also reported to be good matrices for DNA detection
(20).

A new liquid matrix which is a binary mixture of «CHCA and 3-aminoquinoline
has been reported by Orlando’s group for magnetic sector mass spectrometers with point
detectors (21). This matrix was demonstrated to provide a very long-lasting and
reasonably constant ion signal with each laser pulse, without the need to reposition the
laser spot or adjust tuning of the mass spectrometer. The successful applications of this
matrix included the analysis of oligosaccharides and polymers.

A survey of the literature indicated that many compounds such as dithioacetate (I)
and S-ethylidene-rhodanine (II) which contain the common chromophoric functionality -
C(=8)-S-, have strong UV-absorption in the region of 330-350 nm (22). This initiated
our interest in these compounds as part of a search for new matrices which are structurally
distint from the conventional hydroxybenzoic acids and hydroxycinnamic acids.
Considering other physico-chemical characteristics, including compatible solubility with
the analytes, vacuum stability and solid state morphology, we chose to evaluate 2-
mercaptobenzothiazole (MBT) and its analogs (III) as potential matrices in MALDI-MS
These analogs having the core structure III are: S-chloro-2-mercaptobenzothiazole
(CMBT), 6-amino-2-mercaptobenzothiazole ~ (AMBT),  2-mercapto-5 methoxy-
benzothiazole (MMBT), ~ 6-ethoxy-2-mercaptobenzothiazole ~(EMBT). Pertinent
Properties of these mercaptobenzothiazoles are summarized in Table 2.1. The molar
dbsorptivities at 337 nm (e337) were determined by measuring the absorbance of

mercaptobenzothiazoles in a mixture of 1:1:1 EtOH/THF/water







Table 1. Physical properties of MBT and its analogs.
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Matrix Structure Amax(nm) €337 MW
(Imol'em™)

MBT X=H,Y=H 3268 14x10° 167.25
CMBT X=Cl,Y=H 3317 1.4 x 10" 201.70
AMBT X=H, Y=NH, 339.0 1.0 x 10" 18227
MMBT X=0Me, Y=H 337.0 44x10° 197.29
S

EMBT X =H, Y =OEt 330.0 1.1x 10° 211.32
(s
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2. Experimental

Materials

2-Mercaptobenzothiazole and 5-chloro-2-mercaptobenzothiazole were purchased
from Aldrich Chemical Co. (Milwaukee, WI, USA). 6-Amino-2-mercaptobenzothiazole
was purchased from TCI America (Portland, OR, USA). 5-Methoxy-2-
mercaptobenzothiazole and 6-ethoxy-2-mercaptobenzothiazole were purchased from
Lancaster Synthesis Inc. (Windham, NH, USA). As purification by recrystallization,
sublimation and ion exchange did not improve performance, all these matrix materials
were used as received without further cleanup. Conventional matrices (including aCHCA,
sinapinic acid, and DHB; Aldrich Chemical Co.) have been recrystallized and used
according to literature protocols [5,6,10,18] to assure valid comparisons. Oligomannose-
type N-linked oligosaccharide [Man]s[GlcNAc], (MW 1235.1 Da), Angiotensin I from
human (MW 1,296.5 Da), porcine pancreastatin (MW 5,103 Da), bovine pancreatic
insulin (MW 5,733.5 Da), horse skeletal muscle myoglobin (MW 16,951 Da), bovine
seum albumin (MW 66,430 Da), bovine transferrin (MW 78,000 Da), PEG 3,350, and
PEG 10,000 were purchased from Sigma Chemical Co. (St. Louis, MO, USA) and used
without further purification. Ganglioside Grip was purchased from Boehringer Manheim
(Indianpolis, IN, USA). Dextran 5,000 was purchased from Fluka Chemical Corp.

(Ronkonkama, New York, USA).
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Instrument
MALDI-MS experiments were carried out on the PerSeptive Biosystems Voyager-
Elite time-of-flight mass spectrometer equipped with a Model VSL-337ND nitrogen laser
(Laser Science, Newton, MA, USA) (337 nm; 3-nsec pulse length) and a dual
microchannel plate detector (Galileo, Sturbridge, MA). The accelerating voltage in the
ion source was 30 KV. All MALDI-MS results were obtained in the linear mode without
DE. The most important operational parameter was the careful regulation of the laser
intensity. The laser irradiance per shot was kept as low as possible, i.e., close to the

threshold of analyte ion production.

Sample Preparation

2-Mercaptobenzothiazole and analogs were dissolved in a mixture of ethanol
(EtOH)/tetrahydrofuran (THF)/water (1:1:1) to make a solution of 10g/l. This matrix
solution concentration was found to be the most generally applicable for a variety of
malytes.  Peptide and protein samples were dissolved in a solution of 1:1
acetonitrile/0.1% (v/v) aqueous trifluoroacetic acid or 1:1:1 EtOH/THF/water.
Carbohydrate samples were dissolved in a solution of 1:1 EtOH/water or 1:1:1
EtOH/THF /water. Polymer samples were dissolved in a solution of 1:1:1
EtOH/THF/water. The samples for mass spectrometric analysis were typically prepared
by depositing about 1 pl of the matrix solution and an equal volume of the analyte solution
ona sample plate well, which were then mixed by means of the pipette tip. The solvents

Were then removed by drying the samples in air at room temperature
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3, Results and Discussion

Microscopic inspection of the matrix/analyte mixture on the sample plate surface
after solvent evaporation revealed homogeneous crystalline phases for all five
mercaptobenzothiazoles. Light micrographs obtained from samples of bovine pancreatic
insulin in MBT and CMBT (molar ratio of analyte to matrix: 1;1000) are shown in Figure
2.1. For the samples with MBT, evenly spread large crystals were observed. The samples
with CMBT, on the other hand, formed a uniform layer of very fine crystals distributed
over the entire sample plate surface. Light micrographs obtained from the same sample in

DHB and «CHCA are also included in Figure 2.1 for comparison.

3.1 Peptides and Proteins

All five selected mercaptobenzothiazoles were capable of desorbing and ionizing
angiotensin and bovine pancreatic insulin with very strong, stable signals for the
protonated molecules, comparable to those obtained with aCHCA or sinapinic acid.
Further experiments with higher molecular weight proteins showed that the quality of the
mass spectra obtained and the mass range applicable varied with different
mercaptobenzothiazoles.

Despite a lower molar absorptivity at 337 nm relative to that of some of its
analogs, 2-mercaptobenzothiazole (MBT) produced MALDI spectra with the best signal

intensity and resolution for the peptides and proteins with molecular weights up to at least
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Figure 2.1: Light micrographs (magnification: x14) obtained from samples of bovine
pencreatic insulin in different matrices (molar ratio of insulin to matrix: 1:1000). top left
panel: MBT; top right panel: CMBT; (c) bottom left panel: DHB; bottom right panel:

oCHCA.
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100,000 daltons. Fig. 2 presents the positive MALDI spectra of human angiotensin I (Fig.
%), porcine pancreastatin (Fig. 2b), and bovine transferrin (Fig. 2c) using MBT as the
matix. The amount of protein loaded on the sample plate cell was about 1 to S
picomoles. In all these spectra, the major peak observed corresponds to the singly
charged (protonated) analyte denoted by [M+H]". Signals corresponding to the dimer of
bovine transferrin (Fig. 2c) were also observed. For this, and other proteins examined
(data not shown), the high-mass cluster ions are usually of significantly lower abundance.
Multiply-charged analyte signals were also detected for all the analytes except angiotensin.
The highest charge state observed was +4 in the spectrum of bovine transferrin (Fig. 2c).
No obvious fragmentation was observed. The matrix adduct ion peaks were weak, but
well resolved for small proteins such as porcine pancreastatin (MW 5,103 Da, Fig. 2b).
Like aCHCA and sinapinic acid, MBT forms matrix-generated adducts of much lower
abundance than that of the protonated molecules. In these spectra, the measured mass
resolution (M/AM, FWHM) for the peak representing the protonated molecule, was 766
for angiotensin, 540 for porcine pancreastatin, and 63 for bovine transferrin, respectively.
Additionally, MBT is a suitable matrix for the analysis of small peptides and proteins
because of the absence of matrix ions above m/z 500. These and other results (data not
shown) from examining over 30 different peptides and proteins demonstrate that MBT
provides similar performance to that obtained with CHCA or sinapinic acid in terms of

sensitivity and mass resolution.
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Figure 2.2: Positive MALDI mass spectra of three proteins with MBT as matrix (a)
human angiotensin I (MW 1,296.5 Da); (b) porcine pancreastatin (MW 5,103 Da); (c)
bovine transferrin (MW 78000 Da). The data were aquired by summing 30 to 100 laser

shots. The amount of proteins loaded on the sample plate was about 1 to 5 picomoles.
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MBT also has been used successfully for protein analysis in the negative ion mode.
Atypical negative ion mass spectrum of bovine serum albumin (BSA) with MBT as matrix
is shown in Figure 2.3. In addition to the deprotonated molecule [M-H]J, doubly- [M-
HJ" and triply- [M-3H]* charged (deprotonated) molecular ion signals were observed in
this spectrum.

One of the strengths of MALDI-MS is its relative tolerance to contaminants (such
as buffers, salts) in the sample. However, it is generally agreed that contaminants like
detergents which are sometimes used for protein sample preparation and stability degrade
the quality of spectra with respect to their signal-to-noise ratio and mass resolution,
making the analysis of protein samples in the presence of surfactant agents by MALDI-MS
very challenging (9-10, 25). The most deleterious spectral effects have been assigned to
sodium dodecylsulfate (SDS), an ionic detergent (10, 25). With MBT as matrix, inorganic
salts, and buffers in the analyte solution up to concentrations of at least 200 mM, as well
a non-ionic detergents such as urea up at concentrations of at least 1M, do not lead to a
significant decrease in detection limits or quality of spectra. Furthermore, MBT was also
found to have excellent tolerance to ionic detergents such as SDS. Figure 2.4 (a) presents
the positive MALDI spectrum of myoglobin (10 M in acetonitrile/0.1% (v/v) aqueous
trifluoroacetic acid (1:1) solution) with MBT as matrix. The tolerance of MBT to SDS is
illustrated in Figure 2.4(b) and Figure 2.4(c) where the myoglobin sample was applied in a
1 g1 SDS (0.1%, w/v) and 100 g/l (10%, wiv) solution, respectively. SDS caused the
background signal to be elevated in the low-mass region. The signal-to-background ratio
for myoglobin has deteriorated compared to that in Fig. 4(a), but singly-charged and

doubly-charged protein signals are clearly present in both Figure 2.4(b) and Figure 2.4(c).
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Figure 2.3: Negative ion MALDI spectrum of bovine serum albumin (MW 66,430 Da)

with MBT as matrix; 200 laser shots summed. Total protein loaded: 5 pmol.
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Figure 2.4: Positive MALDI spectrum of horse skeletal muscle myoglobin (10 pmol); 100

laser shots summed. The sample was dissolved in acetonitrile/0.1% (v/v) aqueous

tifluoroacetic acid (1:1) solution. (a) no sodium dodecylsulfate (SDS) added, matrix:

MBT; (b)with the addition of 0.1% SDS, matrix: MBT

matrix: MBT.

; (c) with the addition of 10% SDS,
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It also was noted that the signal-to-noise ratio and mass resolution in Figure 2.4(c) are
slightly better than that in Figure 2.4(b) in spite of more SDS added.
Among the matrices reported in the literature, only DHB shows some tolerance to
SDS (9,25). It has been reported before that even minimal contamination with sodium
dodecylsulfate (SDS) completely suppresses the protein signals when matrices such as
cinnamic acid analogs including o-cyano-4-hydroxycinnamic acid (aCHCA) are used in
the sample preparation (10, 25). However, a recent article by Amado et al. (26) argued
that protein samples containing SDS can be analyzed by MALDI-MS with «CHCA as the
matrix. In their results, a decrease in the protein signal also was observed for increasing
concentrations of SDS up to 0.1% (w/v), at which no signal was observed. But a
recovery of the signals was observed at concentrations of SDS above 0.3%, with useful
spectra at concentrations of SDS as high as 10%. They attribute the sample signal
recovery to the formation of micelles above the critical micelle concentration (cme, 0.23%
for SDS). In their theory, at subcritical concentrations, the protein molecule may partially
precipitate by the formation of ion pairs with the surfactant monomers, diminishing the
quantity that cocrystallizes with the matrix, while the excess of surfactant may
coprecipitate with the matrix, a part of the surfactant remains in the liquid phase. As the
sample dries, the surfactant effectively coats the crystals, which may partially prevent
desorption of the protein. Also in their theory, when SDS concentrations are above the
cme, the protein is stabilized and solubilized by surfactant micelles, which may lead to a
higher surface concentration of the protein resulting in an increasing ion formation
sufficient to compete with surfactant ion formation. Our results using MBT as the matrix

showed that the spectra quality with 10% SDS addition was better than that with 0.1%
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DS addition, which somewhat agreed with what Amado et al. have observed. However,
contrary to what they observed, the protein signal was detectable with 0.1% SDS addition
using MBT as the matrix as shown in Figure 2.4(b).

Other analogs of 2-mercaptobenzothiazole were found to be effective matrices for
the analysis of peptides and low-mass proteins in the range of 800 to 6000 daltons. Figure
2.5 shows a mass spectrum of bovine pancreatic insulin (sample loading: 3 pmol) using
CMBT as the matrix. The mass resolution (FWHM) for the major peak at m/z 5734.5 is
about 650. Peaks for the protonated molecule [M+H]', sodium adduct [M+Na]’,
potassium adduct [M+K]’, and matrix adduct [M+202]" are well resolved. When these
analogs are used for the analysis of higher-mass proteins, however, peak broadening
becomes more obvious, resulting in lower signal intensity and mass resolution, which may

partly be attributed to the formation of unresolved matrix adduct ion peaks.

3.2. Carbohydrates
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