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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 powerfiil analytical tool for sensitive and accurate molecular weight

determination of biomolecules. In this research, 2-mercaptobenzothiazole (MBT) and its

analogs 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-mercaptobenzothiazo1e (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

approach 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

glycoconjugates 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 805 (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 E81 mass spectrometry (ESI-MS) have shown

considerable promise in characterization of a wide range of biopolymers including

proteins, peptides (7-10), carbohydrates (ll-12), and oligonucleotides (13-14). In

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 E81 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 19703 (22). However, the size of the analytes
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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..

2.1 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.

Tile physicochemical events leading to the transfer of biopolymers to the gas phase and

their ionization 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 fiaction 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 ions 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.o.f.) is dependent on their masses and described by the relationship: t.o.f. = L/v =

L(In/22 eV)1/2, 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

m/z ratio. A detector positioned at the end of the field-free region produces a signal as

each ion 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

ESl 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

on the analyte, choice of matrix, and laser power.

2.2 Sample Preparation

Proper sample preparation is critical for successfiil 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%

trifluoroacetic acid (TFA) is frequently used ). The matrix and analyte solutions are rrrixed

to achieve a final matrix:analyte molar ratio in the range of 100:1 to 10,000: 1. An aliquot

0f 1 to 2 ul of the mixture is applied to a MALDI—MS sample plate well, and allowed to

dry by either 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, buflers, or surfactants. Some means to

desalt the sample may be required for successful analysis by MALDI (34). Alternatively,

dilution 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 ofMALDI. 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

as 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, aflinity mass spectrometry employs a modified target surface. In one

exarnple, 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 5811113165 (3 8)
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2.3 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. Ifthe 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 diflerent time of

flight values. This type of fiagmentation, named as “prompt fragmentation” (39-40), does

occur in MALDI TOP—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 ions) 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

that enables them to be separated by mass in the reflector. Consider a molecule M, which was
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ionized in the MALDI source to form a protonated molecule, IVE-F, at m/z 1,000 and

accelerated by a electric field of 20 kV. W dissociates into a fragment ion MC at m/z 500

and a neutral M2 during its flight from the source to the detector.

W—> Mf + My,

Figure 1.2 shows the projected flights of these ions within the reflector portion of the mass

spectrometer. When MC ions were formed in flight, they retain the same velocity as MIT ions

which remained intact, but the kinetic energy of MC is half that of MIT. In the top panel,

when no potential is applied to the reflector, both ions MH+ and MK as well as neutral M2

arrive at the linear detector at approximately the same time, but with some variability, resulting

in an increase of the peak width representing the intact MHl'. However, the ions MC can be

distinguished very well fi'om MIT when a retarding potential, 12 kV, is applied to the reflector

as shown in the low panel of Figure 1.2. The ions lVHrF entering the reflector with a KB of 20

keV will traverse the mirror with a final kinetic energy of 8 keV and hit the linear detector.

The neutrals, M2, would be unaffected and hit the linear detector as before. However, the

fragment ions, Mll, entering the reflector with a KB 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, M1+ ions will reach the reflectron detector and be

recorded. By lowering the reflector potential in several intervals, the entire mass range ofPSD

ffigment ions for a particular precursor can be detected in the same manner.

Like other tandem mass spectrometric (MS/MS) techniques, PSD can provide fiill

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
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Figure 1.2: Differentiation of PSD fragment ion, M1+, from the intact ionized

molecule MH+ by using the reflector. M2 is the neutral dissociated from MH+.

With no potential applied to the reflector (top pannel), M1+ and M2 maintain

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

potential applied to the reflector (low pannel), M1+ is reflected to the reflectron

detector, R, and recorded while M1+ and M2 still hit the linear detector.
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ago, MALDI-PSD has quickly evolved into a powerfiil technique for sequence

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

2.4 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 linear 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 ofthe 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

(18, 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

ion 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 ofthe 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 ofthe 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 ofdelayed 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 Elite MALDI-MS instrument in

late 1996 and was used for the experiments described in Chapter 4 and 5.
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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 DB (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

lecolipids 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 a1. (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 abasic 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

as oligsaccharides from human milk (1 1).

3.1 Status 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

fora 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

(59); (c) 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

from 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 fiom problems such as insufficient protein quantities in 2D gel spots, widespread

occurrence ofN-temrinally blocked proteins, poor protein recoveries from gels, and other

unknown factors.

3.3 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. Ma r‘ L " ' ' 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 ions, 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 (a > 104

L cm'1 mol'1 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.

0. Good vacuum stability.

(1. “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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efiectively 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 fialfrllment of some of these criteria can be assessed readily because

physicochemical data on organic solids are available. Further, comparison of the relative

abundance 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

acid) 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 cinnarnic 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, or-cyano-4-hydroxycinnamic

acid (otCHCA), 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 (1 1).

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 ocCHCA 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 5-ethylidene—rhodanine (H) which contain the common chromophoric functionality -

C(=S)-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

distinct 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: 5—chloro-2-mercaptobenzothiazole

(CMBT), 6-amino-2-mercaptobenzothiazole (AMBT), 2—mercapto-5 methOXy-

benzothiazole (MMBT), 6-ethoxy-Z—mercaptobenzothiazole (EMBT). Pertinent

Properties of these mercaptobenzothiazoles are summarized in Table 2.1. The molar

absorptivities at 337 mm (8337) were determined by measuring the absorbance of

mercaptobenzothiazoles in a mixture of 1:111 EtOH/THF/water.
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Table 1. Physical properties of MBT and its analogs.

 

 

 

 

 

 

      

Matrix Structure Madnm) 8337 MW

(lmol'lcm'l)

MBT X=H,Y=H 326.8 1.4x 103 167.25

CMBT X=C1,Y=H 331.7 1.4x 104 201.70

AMBT X=H,Y=NH2 339.0 1.0x 104 182.27

MMBT X=OMe, 37:11 3370 4.4 ><103 197.29

\

131/Ii X=H,Y=OEt 330.0 1.1 x 104 211.32
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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 orCHCA,

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]5[GlcNAc]2 (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

serum 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 Gm, was purchased from Boehringer Manheim

(lndianpolis, IN, USA). Dextran 5,000 was purchased from Fluka Chemical Corp.

(Ronkonkama, New York, USA).

 



 

  



 

 

 

28

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

(EtOPD/tetrahydrofiiran (TI-TF)/water (12121) to make a solution of lOg/l. This matrix

solution concentration was found to be the most generally applicable for a variety of

analytes. Peptide and protein samples were dissolved in a solution of 1:1

acetonitrile/O.1% (v/v) aqueous trifluoroacetic acid or 111:1 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 it] of the matrix solution and an equal volume of the analyte solution

On a 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.

 





 

 

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 orCHCA 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 orCHCA 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

an31083, 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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100,000 daltons. Fig. 2 presents the positive MALDI spectra of human angiotensin I (Fig.

2a), porcine pancreastatin (Fig. 2b), and bovine transferrin (Fig. 2c) using MBT as the

matrix. The amount of protein loaded on the sample plate cell was about 1 to 5

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).

N0 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 orCHCA 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 orCHCA 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]', doubly- [M-

7.H]2' and triply- [M-3H]3' 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

as 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 (10'5 M in acetonitrile/O.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

13/1 SDS (0.1%, w/v) and 100 g/l (10%, w/v) 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(0).
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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

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

MBT; (b)with the addition of O. 1% SDS, matrix: MBT; (c) with the addition of 10% SDS,

matrix: MBT.
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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

cinnarnic acid analogs including oc-cyano—4-hydroxycinnamic acid (aCHCA) are used in

the sample preparation (10, 25). However, a recent article by Amado et a1. (26) argued

that protein samples containing SDS can be analyzed by MALDI-MS with ocCHCA 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 (cmc, 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

mic, 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

Suflicient 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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SDS addition, which somewhat agreed with what Amado et al. have observed. However,

contrary to what they observed, the protein signal was detectable with O. 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

Although sodium and potassium adduct ions are almost always present in the

MALDI spectra of peptides and proteins, the most abundant signals observed are from

protonation of analyte molecules. However, when MALDI is applied to carbohydrates,

cation attachment usually predominates, so that protonated molecules are rarely detected.

The cinnamic acid-type matrices have been used successfully for the analysis of peptides

and proteins, but these matrices are not useful for the analysis of carbohydrates.

However, DHB, which is a good cationizing matrix, was found effective for carbohydrate

analysis.
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Figure 2.5: Positive MALDI spectrum of bovine pancreatic insulin (MW 5,733.5 Da)

using CMBT as matrix; 30 laser shots summed. The region of the spectrum shown

corresponds to a mass range of 5,500—6,150. Total protein loaded: 2 pmol.
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Among the five selected mercaptobenzothiazoles, only CMBT was found to be a

successful cationizing matrix for the analysis of carbohydrates. The performance of

CMBT as a cationizing matrix was compared with that of DHB in the analysis of an

oligomannose-type N-linked oligosaccharide, [Man]5[GlcNAc]2 (MW 1,235.1 Da), as

illustrated in Figure 2.6. The amount of carbohydrate loaded on the sample plate cell was

2pmol. With either CMBT or DHB as matrix, the major peak in the mass spectrum

represents the sodium-cationized molecule, [M+Na]+. A potassium adduct ion, [M+K]+, is

also observed with much less abundance. However, CMBT (Figure 2.6(a)) offers a much

higher signal-to-background ratio for this oligosaccharide sample than does DHB (Figure

2.6(b)). When sample loading was decreased to 100 finol, no signal could be obtained

with DHB as matrix. Even with binary matrices such as super—DHB (a mixture of DHB

and 5-methoxysalicylic acid) (23) and DHB/HIC (a mixture of DHB and 1-

hydroxyisoquinoline) (24), which have been reported to improve the performance of

DHB, no signal could be obtained at the 100-fmol level (data not shown). However, with

CMBT the carbohydrate signal is still detectable as shown in Figure 2.6(c), indicating the

better sensitivity offered by this new matrix. Furthermore, cation doping experiments

were performed to examine the effect of adventitious salts on performance. NaCl was

added to the sample solution (at final concentrations of 50 leI) when CMBT or

conventional matrices (DHB and and binary DHB mixtures) were used in the analysis of

[Manls[GlcNAc]2. No significant difference in terms of the performance of the individual

matrices was observed.

As reported by other research groups (25), the solid state morphology of the

matrix/analyte mixture plays an important role in MALDI ion yields. A practical
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Figure 2.6: Positive MALDI spectrum of oligomannnose-type N-linked oligosaccharide

[ManlsIGlcNAc]2 (MW 1,235.1 Da); 40 laser shots summed. (a) sample loaded: 2 pmol,

matrix: CMBT; (b) sample loaded: 2 pmol, matrix: DHB; (c) sample loaded: 100 fmol,

matrix: CMBT,
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advantage of using CMBT as a matrix is the capacity to generate ions uniformly from sites

across the target owing to its homogeneous crystallization with the analyte over the entire

sample surface area. Almost any portion of the sample surface can be used to obtain the

resulting spectra shown above. Good quality spectra could be obtained with DHB, but the

results were not as reproducible as those obtained by CMBT because of the irregular

crystallization process for DHB during sample preparation. DHB tends to form large

crystals on the rim of the target (although DHB/HIC is more homogenous), leaving a

microcrystalline region in the center, which yields the strongest signals for carbohydrates

(9,12). In this study, different regions of the target were irradiated to generate the best

signal possible.

The potential of CMBT as a matrix for oligosaccharide analysis is demonstrated in

Figure 2.7 in which dextran 5,000 was selected as a representative example of

oligosaccharides with a high molecular mass range. Dextran 5000 consists of a mixture of

polysaccharides containing a backbone of D-glucose units produced by bacteria growing

on a sucrose substrate. The MALDI spectrum by CMBT shows oligomers up to 5,500

daltons with good resolution and signal-to-background ratio.

Gangliosides are a class of glyCOSphingolipids that consist of a hydrophobic

cerarnide and a hydrophilic carbohydrate chain containing one or more sialic acid residues

at various linkage sites. These compounds can be analyzed by MALDI-MS with a number

0f matrices such as DHB, HABA, and 6-aza-2-thiothymine (26). CMBT also was found

t0 be an efficient matrix for these glycolipids, in both the positive and negative ion mode.

Negative ion mass spectra of the underivatized gangliosides were always of better quality
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Figure 2.7: Positive MALDI spectrum of dextran 5,000 with CMBT as matrix; 50 laser

shots summed. Adjacent oligomer peaks in the spectrum are spaced by 162 mass units.
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than the positive ion spectra, exhibiting better sensitivity, resolution, and less

fragmentation fi’om loss of sialic acid residues. Figure 2.8 shows the mass spectrum of

underivatized Gm, containing three sialic acid residues, obtained in the negative ion mode

by using CMBT as matrix. No fragments were observed. Two prominent molecular

species were detected in the sample, differing from each other by two methylene units.

The most abundant peaks corresponded to [M-2H+K]' ions of each species, while [M-H]'

peaks were less intense.

CMBT also was found to have superior performance over conventional matrices in

analyzing complex carbohydrates such as the muropeptides (27) derived from

peptidoglycan, a structural component of the cell walls of bacteria. Figure 2.9 shows the

structure of a trimeric muropeptide derived from peptidoglycan that was isolated from a

highly methicillin-resistant Staphylococcus aureus Strain COL (28-29). Figure 2.10(a)

displays the mass spectrum of this trimeric muropeptide using CMBT as matrix. Sodiated

analyte signals are the dominant peaks in the spectra. A multiple sodium adduct ion,

IM+2Na-H]+, and a prompt fragmentation peak [M+Na—GlcNAc]+ also are present in the

mass spectra. Most of the other peaks present in the spectra are suspected to be

impurities that coeluted in the HPLC fraction, or decomposition products. The mass

spectrum presented in Figure 2.10(a) was recorded from a total sample load of 3 pmol

indicating high sensitivity analysis can be achieved by MALDI-MS using CMBT as the

matrix. In contrast, only weak signals were observed for this sample with conventional

matrices such as otCHCA, DHB, or sinapinic acid as shown in Figure 2.10(b) where

aCHCA was used as an example.
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Figure 2.8: Negative MALDI spectrum of underivatized Gm, with CMBT as matrix, 40

laser shots summed. M1 and M2 are two molecular species in the sample differing by two

melhl’lene units in the long—chain base. [Mi + K -2H]' and [M2 + K .21-1]~ of Mo

molecular species are represented by dominant peaks in the spectrum.
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Figure 2.9: Structure of trimeric muropeptide derived from the peptidoglycan of S

aureus strain COL. The following abbreviations were used: G, N—acetylglucosamine; M,

N-acetylmuramic acid.
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Figure 2.10: Positive MALDI spectrum of trimeric muropeptide derived from

Peptidoglycan of S. aureus strain COL with (a) CMBT (b) OLCHCA as matrix. 40 laser

shots summed. Total sample loaded was approximately 3 pmol.
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3.3. Synthetic Polymers

Synthetic polymers are another class of compounds that is typically more easily

ionized by cation attachment (30-32). All five selected mercaptobenzothiazoles proved to

be useful for analyzing synthetic polymers. The positive ion mass spectrum obtained from

PEG 3,350 with AMBT as matrix is illustrated in Figure 2.11. No alkaline salts were

added to this polymer sample prior to analysis. The spectrum clearly shows well resolved

adjacent oligomer signals with masses ranging from 2,440 daltons to 4,600 daltons in

Figure 2.11, reflecting the molecular weight distribution of PEG 3,350. Two series of

peaks were observed originating from Na+ and K+ adducts. The peaks corresponding to

the [M+Na]+ ions of the oligomers were centered at a value corresponding to a Mw of

3,362 daltons, close to the weight-averaged molecular weight provided by the

manufacturer (Mw: 3,3 50 Da). The mass difference between adjacent [M+Na]+ ion signals

was found to be approximately 44.2 daltons.

The potential of using mercaptobenzothiazoles for the analysis of higher molecular

weight synthetic polymers such as PEG 10,000 is demonstrated in Figure 2.12. Again,

AMBT is used as the matrix, although similar results can be obtained with other

mercaptobenzothiazoles, including MBT and CMBT. NaCl was doped into the PEG

10,000 sample to, assist cationization. The shape of the molecular weight distribution and

mass ofthe repeat unit were well defined, although the oligomer ion peaks of PEG 10,000

could not be resolved completely. The oligomer distribution ranged from m/z 10,300 to

ca. 14,600. The weight—averaged molecular weight obtained from tln's MALDI
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Figure 2.11: Postive MALDI spectrum of PEG 3,350 with AMBT as matrix. 30 laser

 

shots summed. No alkaline salts were added to the polymer solution.
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spectrum is ca. 12,600 which shows about 10% positive discrepancy from the GPC data

provided by the manufacturer (Mw = 11,500 daltons). This observation agrees well with

the results reported by two other research groups (33-34), where MALDI-MS showed

about 10% higher weight-averaged molecular weight for PEG 8,000, relative to GPC.

We also have applied mercaptobenzothiazoles in the analysis of nonpolar synthetic

polymer molecules, such as poly(methyl methacrylate) 15,000. Although molecular

weight distribution information could be determined from the spectrum (data not shown),

the signal intensity is not as strong as that obtained from PEG samples.

4. Conclusions

The performance of five selected mercaptobenzothiazoles has been evaluated as a

matrix for MALDI-MS at 337 nm. It was demonstrated that 2-mecaptobenzothiazole is

applicable to the analysis of peptides and proteins of molecular weight up to at least

100,000 daltons with comparable sensitivity and resolution to those achieved with

conventional matrices such as orCHCA and sinapinic acid. 5-Chloro-2-

mercaptobenzothiazole (CMBT) was found not only to be effective as a matrix for the

analysis of peptides, low-mass proteins, and glycolipids, but also superior to conventional

matrices for the analysis of oligosaccharides and muropeptides. Synthetic polymer

analysis also is possible by MALDI-MS with these new matrices. In view of the fact that

most matrices presently employed are essentially acidic in nature, introduction of a family

of neutral materials (e.g., pKa for MBT is 7.5) will complement the limited choice of

matrices available to deal with acid-sensitive biomolecules.
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Chapter 3. Structural Characterization of Peptidoglycan Muropeptides by MALDI-

MS and Post-Source Decay Analysis

1. Introduction

Peptidoglycan, a key component of bacterial cell walls, is a heteropolymer with

unique chemical composition (1). It is composed of sugar chains consisting of alternating

N-acetylglucosamine (GlcNAc) and N—acetyhnuramic acid (MurNAc) residues that are

interlinked via the muramic acid residues through short peptides, which include D-amino

acids as illustrated in Figure 3.1 with Staphylococcus aureus bacterial cell wall

peptidoglycan used as an example. The network that this polymer forms surrounds the

cytoplasmic membrane and protects the cell from osmotic rupture (2). Because of this

property, its ubiquity among bacteria and absence in humans, antibiotics that interfere with

the peptidoglycan metabolism have been successfully used to combat bacterial infections.

Such antibiotics including penicillin and methicillin specially bind to and inactivate

enzymes that function to cross-link the peptidoglycan strands of bacterial cell walls. Since

cell wall expansion also requires the action of enzymes that degrade and resynthesize cell

walls, exposure of growing bacteria to such antibiotics results in their lysis, that is, the

normal balance between cell wall biosynthesis and degradation is disrupted.

However, recently, growing resistance has emerged against this class of drugs (3-

51- Mounting numbers of bacterial species have been found to be multiply resistant to

antibacterial drugs. In particular, infections caused by methicillin—resistant
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Staphylococcus aureus and vancomycin—resistant enterococci have now become difficult

to treat, presenting a potential world-wide health crisis. The Centers for Disease Control

& Prevention in Atlanta reported that the death rate from infectious diseases crept up 58%

between 1980 and 1992, from 41 deaths per 100,000 population to 65. With the

realization that the last of the drug weapons against bacterial infections could be blunted,

medicinal chemists have intensified their effort to restock the arsenal.

To assess the kind of modifications that are needed in antimicrobial therapy,

understanding of the resistance mechanisms is required. One approach to determine

whether resistance is caused by changes in the peptidoglycan metabolism is a comparison

of the peptidoglycan compositions of the resistant and sensitive strains. We became

interested in this area in the course of a collaboration with a group at The Rockefeller

University who had isolated peptidoglycans from methicillin-resistant Staphylococcus

aureus strains.

HPLC, amino acid analysis, fast atom bombardment mass spectrometry (FAB-MS)

and collisionally activated dissociation tandem mass spectrometry (FAB-CAD—MS/MS)

(6-10) have been primarily used to characterize small disaccharide fragments (called

muropeptides) produced from peptidoglycan by degradation with a muramidase, an

enzyme that specifically hydrolyzes the B 1—>4 linkages between N-acetylglucosamine and

N-acetyhnuramic acid. These muropeptides can exist as monomers (the disaccharide unit

plus short peptide chain) or can be cross-linked via their peptide chains to varying degrees

to form dimers and higher oligomers.

While FAB-MS and FAB-CAD-MS/MS have been successfully employed to

Structurally characterize muropeptide monomers and dimers at the nanomole level, it is
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difficult to obtain even molecular weight information from trimers, and FAB-MS usually

fails entirely for higher oligomers. Within the past decade, the development of new

ionization techniques such as electrospray ionization (ESI) MS (11) and matrix-assisted

laser desorption ionization (MALDI) MS (12-15) have made significant contributions to

the study of biological molecules. An early study by Allrnaier et al. (16) reported the

molecular weight determination of muropeptides at the picomole level using these new

ionization techniques.

In this chapter, MALDI-MS, PSD, and specific enzymatic degradation with

lysostaphin are demonstrated as an approach to characterize the muropeptide composition

of a highly methicillin-resistant Staphylococcus aureus strain. With these techniques,

structural information from muropeptides including peptide sequence and cross-linking

patterns can be obtained with greatly improved sensitivity, relative to that of conventional

mass spectrometric methods.

2. Experimental

Preparation ofMuropeptides from Peptidoglycan

Muropeptides were obtained from a highly homogeneous methicillin-resistant

Staphylococcus aureus strain COL as described by de Jonge et al. (9). Peptidoglycan

was digested with muramidase (Sigma Chemical Co., St. Louis, MO) and the

muropeptides were reduced with sodium borohydride. Separation of the reduced

muropeptides by HPLC was performed essentially by the method of Glauner (22), with

some modifications. Samples were applied to a 250 x 4.6-mm reversed-phase column '
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(ODS-Hypersil, 3pm; Keystone Scientific, Bellefonte, PA), guarded by a (70 x 4.6-mm)

perisorb RP-18 (EM Science, Elmsford, NY) precolumn. The column was eluted at a

flow rate of 0.5 ml/min with a linear gradient starting immediately after injection of 5%

,(v/v) methanol in 100 mM NaH2P04 (pH 2.5), 0.00025% azide per liter to 30% (v/v)

methanol in 100 mM NaHzPO4 (pH 2.8) in 150 min. Collected muropeptide fractions

were desalted with acetonitrile according to Dougherty (23) and the amino acid

composition was determined.

Lysostaphin Digestion ofMuropeptides for MALDI Mass Mapping

Desalted muropeptide samples were digested with lysostaphin (Sug/ml, Applied

Microbiology, NY) in 12.5 mM sodium phosphate buffer (pH 5.5) for 16 h and analyzed

directly without firrther purification.

Instrumentation

MALDI-MS experiments were carried out on the PerSeptive Biosystems Voyager-

Elite time-of-flight (TOF) mass spectrometer and continuous extraction with an

accelerating voltage of 25 kV was used in all experiments. Linear mode and reflector

mode mass spectra were calibrated with a model muropeptide GlcNAc-MurNAc-Ala-Gln

(MW: 694.7, Sigma Chemical Co., St. Louis, MO) and human gastrin I (MW: 2098.2,

Sigma Chemical Co., St. Louis, MO) as standards in both positive and negative modes. In

PSD experiments, precursor ion selection was performed by means of an electrostatically

switched ion gate, which allows a mass selectivity of about 90 WW. PSD fragment ion

Spectra were sequentially recorded over 10-12 mass windows by incremental reduction of
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the reflectron voltages. In each spectral window 30-100 single-shot spectra were

averaged depending on the sample conditions. Accuracy and precision of PSD mass

assignments reach i0.3-0.4 u in the mass range of m/z 300-1300. Compilation (stitching)

of a set of PSD mass windows was performed by the data system. Average mass values

are reported throughout this chapter.

Sample Preparation

5-Chloro-2-Mercaptobenzothiazole (CMBT) was purchased from Aldrich

Chemical Co. (Milwaukee, WI) and used as the MALDI matrix in muropeptide analysis

without further purification (24). CMBT was dissolved in a mixture of

ethanol/tetrahydrofirran/water (1 :2: 1) to make a solution of IOg/l. The samples for mass

spectrometric analysis were typically prepared by depositing about 1 ul of the matrix

solution and an equal volume of the analyte solution on a sample plate well and mixed.

The solvents were removed by air-drying.

3. Results and Discussion

Among many MALDI matrices employed to date, 5-chloro-2-

mercaptobenzothiazole (CMBT) has been found to be most suitable for muropeptide mass

determinations (24). For peptidoglycan analysis, CMBT offers sensitive detection of

muropeptides at low picomole to femtomole range in both positive and negative modes.

This matrix also exhibits excellent experimental reproducibility owing to the homogeneous

ClYStallization of the analyte/matrix mixture over the entire sample surface area. In
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contrast to. the high sensitivity achieved by MALDI-MS, nanomole quantities of the

sample are typically required in analysis by FAB-MS.

3.1. Molecular Weight Determination

Muropeptides derived from peptidoglycan of Staphylococcus aureus strain COL

are shown in Figure 3.2. The molecular masses of these compounds were determined by

MALDI-TOF-MS with the instrument operated in the linear mode. Figure 3.3 presents

the positive and negative ion MALDI mass spectra of the unsubstituted muropeptide

 

monomer. Because of the high affinity of alkali “ions for the sugar moiety of the

peptidoglycans, the positive ion MALDI mass spectrum (Figure 3.3(a)) is dominated

by[M+Na]+ ion signals. Protonated molecules [M+H]+ and potassium adducts [M+K]+ are

also observed with much less abundance. Alternatively, muropeptides can be easily analyzed in the negative ion mode without any special sample preparation. The major

i peak in the negative ion MALDI mass spectrum spectrum (Figure 3.3(b)) is the

deprotonated molecule [M-H]‘, accompanied by a [M+Na-2H]' ion peak of very low

intensity. The simplicity of the negative ion MALDI mass spectra allows unambiguous

molecular weight determinations ofunknown samples.

In the positive and negative MALDI spectra for the pentaglycine—substituted

monomer shown in Figure 3.4, [M+Na]+ and [M-H]' ion signals, respectively, are

Predominant. Some ion signals from prompt fragmentation (i.e., fragmentation occurring

in the ion source) (25), denoted as [M-GlcNAc+N3]+ and [M'GICNAC‘HL resulting from
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Figure 3.2: Muropeptides derived from peptidoglycan of the highly methicillin—resistant

Staphylococcus aureus strain COL. (a) unsubstituted monomer; (b) pentaglycine-

Substituted monomer (c) muropeptide oligomers (n = 1, 2, 3, ...). The following

abbreviations were used: GlcNAc, N-acetylglucosamine; MurNAc, N—acetylmuramic acid;

Ala, alanine; iGln, isoglutamine; Lys, lysine; Gly, glycine.
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Figure 3.3: Linear MALDI mass spectra of an unsubstituted monomer

Obtained in (a) positive (b) negative ion mode with CMBT as matrix.

The amount of analyte loaded on the sample plate was ca. 2 picomoles.
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the loss of N-acetylglucosamine (GlcNAc) residue, are also observed in the spectra. In

comparison, only small fragment peaks for the loss of GlcNAc were observed in the

spectra of the unsubstituted monomer (Figure 3.3). Other peaks labeled with an asterisk

in Figure 3.4 are likely to be related muropeptide contaminants differing in the length of

the glycine chain that coeluted in the HPLC fraction, rather than mass spectral fiagments.

It has previously been demonstrated that penta—, tetra-, and tri- glycine substituted

muropeptides all elute within one minute of each other under these HPLC conditions (10).

The m/z values of these peaks in the spectra correspond to those expected for the tetra-,

tri-, and di- glycine substituted muropeptides.

With much lower sensitivity compared to MALDI-MS, fast atom bombardment

mass spectrometry (FAB-MS) is able to determine the molecular masses of muropeptide

monomers and dimers. However, it is difficult to obtain signals by FAB-MS for

muropeptide oligomers larger than dimers. MALDI-TOF instruments have an inherent

advantage in the determination of higher mass oligomers. This is illustrated in Figure 3.5

with the positive ion MALDI mass spectra of muropeptides ranging from a dimer to a

pentamer. [M+Na]+ ion peaks are the dominant species in the spectrum of each

muropeptide oligomer. The intensity of the fragment ion peak, [M-GlcNAc+Na]+, also

increases with the size of the muropeptides. This is not unexpected given that higher

oligomers contain more terminal GlcNAc groups. Between adjacent oligomers, [M+Na]+

peaks are separated by 1164 mass units, which characterizes the repeating units of the
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Figure 3.4: Linear MALDI mass spectra of pentaglycine-substituted monomer obtained in

(a) positive and (b) negative ion mode with CMBT as matrix. The amount of analyte

loaded on the sample plate was approximately 2 picomoles. Peaks labeled with an asterisk

are separated by 57 mass units representing muropeptide impurities in the sample that are

tetra-, tri-, di- glycine substituted.
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Figure 3.5: Composite positive ion linear MALDI mass spectra of muropeptides ranging

from monomer to pentamer with CMBT as matrix. The amount of analyte loaded on the

sample plate was between 1 to 5 picomoles.
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peptidoglycan structure.

3.2. Analysis by MALDI-PSD

MALDI-PSD fragment ion analysis has been performed on the monomeric

muropeptides for structural elucidation. The sensitivity was such that typically only 1-10

picomoles ofthe analyte sample were loaded on the sample plate for the PSD experiment.

MALDI-PSD Analysis of an Unsubstituted Monomer

In positive ion mode analysis, the [M+Na]+ ion at m/z 991 was selected as the

precursor for an unsubstituted muropeptide monomer because of its high abundance

relative to the protonated molecules, [M+H]+. The post-source decay (PSD) spectrum is

shown in Figure 3.6, along with its corresponding structure and fragment mass

assignments. All peaks labeled in the spectrum are sodium-containing species. As

reported before in the analysis of alkali metal-cationized peptides, some major fragment

ions arise by the loss of the C—terminal amino acid residues (26). These ions, including

m/z 920, 849, and 721, are designated as [bn.l+Na+OH]+ according to current

nomenclatural conventions (26-27), but are labeled as “b+18” in the figure for simplicity.

The mechanism of formation of ions of this type, involving retention of the C~terminal

hydroxyl group after the rearrangement, has been described in detail by several

laboratories (26, 28-30). Two [an+Na-H]+ ions at m/z 874 and m/z 546, also appear in the

PSD spectrum. These ions, along with two [bn+Na-H]+ ions at m/z 331 and m/z 703,

provide the sequence of the peptide portion of the molecule. Another prominent fragment
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ion at m/z 788, resulting from a loss of 203 mass units from [M+Na]+, confirms the

GlcNAc moiety in the molecule. This fragmentation process, resulting in a loss of 203

mass units, also accompanied most of the peptide sequence fragments described earlier,

including m/z 920, 874, 849, 831, 721, 703, and 546, producing a related series of ions at

m/z 717, 671, 646, 628, 517, 499, and 343. The fragment peak at m/z 449 corresponds to

the disaccharide of this monomer, with the loss of the three carbon unit at C-3 of the

 
muramyl moiety.

MALDI-PSD Analysis of a Pentaglycine-substituted Monomer

The PSD spectrum of the [M+Na]+ ion of a monomer containing a pentaglycine

moiety attached via the 8 amino group of the lysine residue is very similar to that of

 unsubstituted monomer. The peaks representing [bn.1+Na+OH]+ (“b+18”) ions at m/z

1205, 1134, and 721 from the stem peptide are also prominent in the PSD spectrum as

illustrated in Figure 3.7. Several [a,,+Na-H]+ ions at m/z 1159, 1088 and 546, as well as a

lbn‘tNa-H]+ ion at m/z 703 firrther characterize the peptide sequence of the molecule. As

before, the fragment ion at m/z 1073, originates from [M+Na]+ after a loss of GlcNAc.

The neutral loss of GlcNAc (-203) also occurred for most of the fragment ions described

earlier for the pentaglycine-substituted monomer, resulting a series of ions at m/z 1002,

931, 956, 885, 517, and 499. It is interesting to note that no obvious fragmentation was

observed along the pentaglycine chain in the positive ion PSD spectrum.

Structural information concerning the pentaglycine moiety in this muropeptide can

be found in the negative ion PSD spectrum, as shown in Figure 3.8. Here, the [M-H]' ion

was selected as the precursor. Most of the fragments in the negative mode PSD spectrum
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appear to be formed with charge retention at the C-terminal end with respect to the

glycine chain. Losses of one to five glycine residues occurred from the [M-H]' ion, and

the resulting fragment ion peaks were found at at m/z 1195, 1138, 1081, 1024, and 967,

confirming the pentaglycine sequence. This type of fragmentation agrees well with that

observed by Bowie et al. (31, 32). A similar fragmentation mechanism also produces

fragment ion peaks at m/z 771, 700, and 572, providing the primary sequence of the

peptide backbone. The loss of 203 Da from [M-H]', resulting in a fragment at m/z 1049

corresponds to the cleavage at the glycosidic bond and the loss of GlcNAc. The loss of the

second sugar, MurNAc, was indicated by a fragment ion peak at m/z 844, representing a

difference of 205 mass units from the peak at m/z 1049. The extent of fragmentation was

diminished in the negative ion mode PSD analysis, relative to that in the positive mode. In

our experience this observation is typical for other peptides and muropeptides in negative

ion mode MS/MS analysis (including PSD).

3.3. Lysostaphin Digestion and Mass Mapping Analysis

MALDI-PSD analysis of higher oligomers does not provide complete sequence

and cross-linking information. These spectra can also be rather complex and difficult to

interpret. We have employed a specific protease, lysostaphin, combined with MALDI-MS

 
alyses to characterize oligomeric muropeptides. Lysostaphin is an antibiotic that lyses

taphylococcus aureus (33). The active principal is enzymic in nature and has been

eported to liberate N-terminal glycine and alanine (but not C-terminal alanine in the stem

ePtide) from Staphylococcus aureus cell wall (34). It was also observed that
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pentaglycine cross-linked muropeptides can be hydrolyzed by this enzyme (34). Because

of this unique property, lysostaphin was used in the staphylococcal muropeptide oligomer

analysis, and was found to be particularly useful for characterizing glycine cross-linked

oligomeric isomers.

Two muropeptide dimers were subjected to lysostaphin digestion and the reaction

mixture for each was subjected directly to analysis by MALDI-MS without firrther

purification. The first muropeptide dimer, I, was from the highly methicillin-resistant

Staphylococcus aureus strain COL. The molecular weight was determined to be 2417 Da

by both positive and negative mode MALDI-MS. The negative ion mode MALDI

spectrum of the lysostaphin digest of muropeptide I is shown in Figure 3.9(a). The peaks

in the spectrum correspond to the product of hydrolysis, i.e., smaller muropeptides, after

the cleavage at different sites between the Gly-Gly bonds of the dimer. To our

knowledge, this is the first time that direct mass spectral evidence has been obtained for

the specificity of lysostaphin cleavage of muropeptide oligomers. The favorable sites of

ydrolysis, based on the intensities of peaks in the MALDI mass spectrum of the digest

igure 3.9(b)) are consistent with those predicted from previous studies (34). Calculated

alues and observed values of [M-H]' for resulting muropeptides are summarized in Table

.l. The most favorable hydrolysis is at site A, as indicated in Figure 3.9(b), producing

0 ions represented by prominent peaks at m/z 1195 and m/z 1238 in the spectrum,

haracterizing both sides of the pentaglycine bridge. Other peaks also provide the

emical composition information of the cross-linking pentaglycine bridge and the

entaglycine moiety with a free N-terminal, attached to one of the monomer‘units of the

 

 



 

R
e
l
a
t
i
v
e
I
n
t
e
n
s
i
t
y

 

lls—Gly—Gn
l

Ali.

[sa'

litre 3.9: (a) Nega

digest of (b) muropept

its used directly for

Ilealrows in Fig. 3.9

the intensities of peak

lint Thicker arrows

 



 

72

 

    
 

a

1195

A?
m

8

3 1238

d)

.>

E 1081 11 8

34’ 1067J
l 1124“ 1181km

1 l l f fl

1000 1100 1200 1300 1400 m/z

.G—|\I/|

G-M Alla F E D

Ala C B A Glln i l

Gin l l Lys—Gly—Gly Gly—Gly Gly

l

Lys—Gly—Gly-GIy-Gly-Gly—Ala

l

.619.

LAlal

Figure 3.9: (a) Negative ion MALDI mass spectrum of the lysostaphin

digest of 01) muropeptide dimer I. Matrix: CMBT-The digestion mixture

was used directly for MALDI-MS analysis without further purification.

The arrows in Fig. 3.9b indicate the favorable sites of hydrolysis, based on

the intensities of peaks in the MALDI mass spectrum of the lysostaphin

digest. Thicker arrows indicate more favorable hydrolysis sites.
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muropeptide. The absence of peaks with a molecular weight less than 1024 Da supports

the conclusion that lysostaphin is unable to hydrolyze the bond between the first and

second glycine residue ofthe cross-linking bridge.

When this strain was grown in the presence of high concentrations of exogenous

glycine, the muropeptide composition of peptidoglycan changed (35). The dimer I was

replaced with muropeptide dimer 11 having a molecular weight of 2403 Da as determined

by MALDI-MS. Information obtained from the lysostaphin hydrolysate of this

muropeptide led to the determination of its structure. The negative ion MALDI mass

spectrum of the lysostaphin digest is shown in Figure 3.10(a). Two prominent peaks at

m/z 1181 and m/z 1238 were detected in the MALDI-MS spectrum, representing the

fragments obtained after cleavage at the most favorable hydrolysis site (site A, Figure

3.10(b)). The masses of these peaks indicate that amino acid substitution (Ala —> Gly)

occurred on the lefi side of the muropeptide dimer as illustrated in Figure 3.10(b). Other

hydrolysate peaks, as summarized in Table 3.2, also verified this anrino acid substitution.

In conjunction with PSD analysis, lysostaphin digestion may be used in the filture for

probing other types of structural modifications occurring in the glycine cross-linked

muropeptide oligomers from Staphylococcus aureus.
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4. Conclusion

In conclusion, this chapter has demonstrated that sensitive detection can be

achieved for muropeptides in both positive mode and negative mode with CMBT as

matrix for MALDI-MS. Post-source decay (PSD) analyses, together with mass mapping

analyses after lysostaphin digestion, reveal structural information on muropeptide

monomers and oligomers including peptide sequence, oligosaccharide composition, and

cross-linking patterns. The combination of MALDI-MS and PSD analysis is also

promising for the study of other structural modifications of peptidoglycans from different

bacterial species, although the utility of lysostaphin digestion is restricted only to

Staphylococcus aureus muropeptides. These approaches can provide better

understandings of peptidoglycan metabolism and clarify resistance mechanisms.
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Chapter 5. Structual Characterization of Glycoproteins by MALDI-MS

1. Introduction

1.1 Glycoproteins

Research of the past 20 to 30 years has demonstrated that most eukaryotic

proteins are, in fact, glycoproteins; that is, they are covalently associated with

carbohydrates (1-2). Glycoproteins vary in carbohydrate content from < 1% to > 90% by

weight. They occur in all forms of eukaryotes and have fianctions that span the entire

spectrum of protein activities, including those of enzymes, transport proteins, receptors,

hormones, and structural proteins. The polypeptide chains of glycoproteins, like those of

all proteins, are synthesized under genetic control. Their carbohydrate chains, in contrast,

are enzymatically generated and covalently linked to the polypeptide without the rigid

guidance of nucleic aid templates. The processing of proteins by glycosyltransferases is

Ben incomplete leading to the synthesis of non-uniform glycoprotein products.

ilycoproteins therefore have variable carbohydrate compositions, which is reflected by the

tultiple carbohydrate variants at a single glycosylation site. This phenomenon, known as

ticroheterogeneity or heterogeneity, has complicated purification and characterization of

ycoproteins.

Carbohydrates form two types of linkage to proteins: (1) through an asparagine

le chain (Asn- or N-linked), (2) through the side chain of serine (Ser) or threonine (Thr)

linked). Sequence analyses of glycoproteins have led to the following generalizations

ut the attachments ofcarbohydrates in glycoproteins.
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In N-glycosidic (N-linked) attachments, an N-acetylglucosamine (GlcNAc) is

invariably B linked to the amide nitrogen of an asparagine (Asn) residue of the polypeptide

chain in the sequence Asn—X-Ser or Asn-X-Thr, where X is any amino acid residue except

possibly proline (Pro) or aspartic acid (Asp) as shown in Figure 4.1. The oligosaccharides

in these linkages usually have a distinctive core whose peripheral mannose residues are

linked to either mannose (Man) or N-acetylglucosamine residues. These latter residues

may, in turn, be linked to yet other sugar residues so that an enormous diversity of N-

linked oligosaccharides is possible.

(3)

OH

O NH’C_CH2_ $H Asn

OH C=O

HO ,2

NHCOCH3 Ser IO]. Thr

GlcNAc

(b)

Manet (l —‘> 6)

>ManB-—GlcNAc(I "" 4) GlcNAc——

Manor ( l —> 6)

Figure 4.1: N-linked oligosaccharides. (a) All N-BIYCOSidiC protein attachments occur

through a B-N-acetylglucosamino-Asn bond in which the Asn occurs in the sequence Asn-
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X-Serll‘hr. (b) N-linked oligosaccharides usually have the branched (Man)3(GlcNAc)2

core structure.

Structures of N-linked oligosaccharides fall into three main categories termed

high-mannose—type, complex-type, and hybrid-type. They share the common core

structure Mana1—>3(Manoc1-—>6)ManB1—>4G1cNAcBl—>4GlcNAc-Asn, but differ in their

outer branches (Figure 4.2). High-mannose-type oligosaccharides have two to six

additional oc-marmose residues attached to the core structure. Typical complex-type

oligosaccharides contain two to four outer branches with a sialyllactosamine sequence.

Hybrid-type structures have the features of both high-mannose—type and complex-type

oligosaccharides, and most ofthem contain bisecting N-acetylglucosamine, which is linked

B1-4 to the B-linked mannose residue of the core structure (Figure 4.2).

The most common O-glycosidic (O-Iinked) attachment involves the disaccharide

core B-galactosyl-(l-3)-oc-N-acety1galactosamine or linked to the OH group of either

serine or threonine as shown in Figure 4.3. Less commonly, galactose (Gal), mannose, or

xylose form oc-O-glycosides with serine or threonine. Galactose also forms O-glycosidic

bonds to the 5-hydroxylysy1 residues of collagen. However, there seem to be few, if any,

' additional generalizations that can be made about O-glycosidically linked oligosaccharides.

They vary in size from a single galactose residue in collagen to the chains of up to 1000

disaccharide units in proteoglycans.

  



 

 
 

M
a
n
a

1
—
—
-
-
2
M
a
n
o
¢

l
\

6 3

M
a
n
o
r
]
—
—
—
>
2
M
a
n
o
c
l
/

M
a
n
o
r

1
—
-
2
M
a
n
a
1
—
—
>
2
M
a
n
o
c
l

l
:
M
a
n

[
3

1
’

i

i
—
—
-
4
0
1
c
N
A
c
p

1
—
—
—
-
4
(
3
1
c
N
A
c
—
—
-
A
s
n

i 1 I l l l



  

“
-
5
“
m
w
u
u
a
c
‘
t
y
p
c

l—

|

l

|

|

l

|

l

l

|

|

|

|

l

|

I

l

I

l_

M
a
n
o
e
l
—
e
-
Z
M
a
n
o
c
l

\
6
3
M
a
n
o
c
l

l

M
a
n
o
r
l
—
-
>
2
M
a
n
o
c
1
/

N
6

I
3

M
a
n
o
r

1
—
'
>
2
M
a
n
o
c
l
—
'
-
2
M
a
n
o
c
1
’
r
'

l l l
F
u
c
o
c
l

N
e
u
A
c
o
c
Z
—
e
-
6
G
a
l
t
3
l
—
c
-
4
G
l
c
N
A
c
B
1
—
-
>
2
M
a
n

o
r
1
4
‘

1

l
6

6
M
a
n
B
1
—
-
4
G
l
c
N
A
c
p
1
—
-
4
G
l
c
N
A
c
—
-

A
s
n

M
a
n
B
1
—
-
4
G
l
c
N
A
c
B
1
—
-
4
G
l
c
N
A
c
—
-

A
s
n

c
o
m
p
l
e
x
-
t
y
p
e

3

N
e
u
A
c
o
c
Z
—
u
-
6
G
a
l
B
1
—
—
~
4
G
l
c
N
A
c
B
1
—
>
2
M
a
n
o
c
1
k 1

h
y
b
r
i
d
-
t
y
p
e

l I

M
a
n
o
e
l

|

\
6

l
1
G
l
c
N
A
c
B

3
M
a
n
(
1
1
*

/
“
6

l
4

M
a
n
o
r

1

'
3
M
a
n
1
3
1
—
-
4
G
1
c
N
A
c
B
l
—
-
>
4
G
l
c
N
A
c
—
-

A
s
n

_——_—_———_—_———_—_—_——

G
a
l
B
1
—
-
4
G
l
c
N
A
c
B
1
—
-
2
M
a
n
a
1

I |
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_

.
1

F
i
g
u
r
e

4
.
2
:

S
t
r
u
c
t
u
r
e
s
o
f
m
a
j
o
r
t
y
p
e
s
o
f
N
-
l
i
n
k
e
d
o
l
i
g
o
s
a
c
c
h
a
r
d
e
s
.

T
h
e
b
o
x
a
r
e
a
e
n
c
l
o
s
e
s
t
h
e
c
o
r
e
s
t
r
u
c
t
u
r
e

c
o
m
m
o
n

t
o

a
l
l
N
-
l
i
n
k
e
d
o
l
i
g
o
s
a
c
c
h
a
r
i
d
e
s
.

 
84

 



 

 

on.

ants: .uost com

The carbohydrate

stating integral ‘01

zhiydrates have been

:hgical activity, r6008

Lotbution in tissues (1'

Tier properties
of Eli

rotatory half-life, resf

lttashg scrutiny witl

bottles for therapeuti

to of O-linked
carbol

ii'tosylation is necessar

itllaserythropoietin
3

311311 granulocyte-macr

For production
1

J .

.ttern the specific
cell



85

OH OH

HO O HO O l

H r i=0
__ CH—(fH

0H NHCOCH3 IfH

R=HOICH3

B-Galactosyl-(l ——>3)-oc-N-acetylgalactosyl Ser/Thr

Figure 4.3: Most common O-glycosidic attachments of oligosaccharides to glycoproteins.

The carbohydrate chains of glycoproteins have begun to be widely acknowledged

as having integral roles in the fianctional properties of glycoproteins. N—linked

carbohydrates have been implicated in a wide variety of fimctions including modulation of

biological activity, recognition between cells, interaction between host and pathogen, and

distribution in tissues (1-4). The profound effects that carbohydrate moieties can have on

other properties of glycoproteins such as solubility, antigenicity, immunogenicity,

circulatory half-life, resistance to proteolysis, and thermal stability have come under

increasing scrutiny with the desire of the biotechnology industry to produce these

molecules for therapeutic use in humans (4-5). Although the biological and functional

roles of O-Iinked carbohydrates are less well understood, it has been reported that O-

glycosylation is necessary for efficient biosynthesis and secretion of certain glycoproteins

such as erythropoietin and for prevention of antibody-based clearance of recombinant

human granulocyte-macrophage colony-stimulating factor (1).

For production of glycoproteins in recombinant systems, the structure of the

protein, the specific cell type employed, and the bioprocess environment all influence
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which glycosylation sites are utilized and the range of carbohydrate structures found at

each site. Glycoprotein bioactivity or clearance can be affected by modification or

removal of specific oligosaccharide structural classes from specific oligosaccharide

structural classes from specific attachment sites. Thus the precise structures of the

glycoforms, as well as their protein sequence context, must be understood in order to gain

a fill] appreciation oftheir structure/function relationship.

1.2 Glycoprotein analysis

Ingrecent years, understanding and elucidating the role of glycosylation of proteins

has been of increasing interest due to this posttranlational modification's influence over

biological functions and implications on the therapeutic usage of recombinant proteins.

Fundamental to this understanding is the necessity to recognize the presence of protein

glycosylation, determine the site(s) of protein glycosylation, and elucidate the structure of

the carbohydrate moieties. In many proteins, however, the carbohydrate heterogeneity

and the roles of the carbohydrates are diverse, complex and not very well understood.

This is partly caused by lack of information because many glycoproteins are available only

in small quantities and because traditional methods for structural analysis of

carbohydrates, such as NMR and fast atom bombardment (FAB) mass spectrometry (MS),

require large amounts of the glycosylated protein and mainly show the major components

in a mixture of carbohydrates (6). More sensitive methods for analysis of carbohydrates

are currently being developed, including high-performance anion-exchange

Chromatography with pulsed amperometric detection (7), capillary. zone electrophoresis

(8), matrix-assisted laser desorption ionization (MALDI) MS (9-12), liquid
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chromatography/electrospray ionization (ESI) MS (13-16) and enzymatic methods such as

the reagent array analysis method (17).

MALDI—MS has been gaining increasing acceptance for the detection, localization,

composition determination, and sequence analysis of carbohydrates present in a

glycoprotein (9—12). MALDI-MS experiments are typically performed on HPLC separated

glycopeptides which are prepared from glycoproteins by proteolytic digestions or chemical

methods. With knowledge of a protein’s primary structure available from DNA

sequences, glycosylation modifications can often be inferred on the basis of anomalous

masses obtained fi'om proteolytic peptides. Glycopeptide fractions also can be identified by

their microheterogeneity as revealed in MALDI-MS spectra.

Information about the type of modifications present and their compositions can be

gained from mass differences after digestion with a specfic glycosidase (endoglycosidase

or exoglycosidase). For example, a mass shift of 291 Da corresponds to a sialic acid

residue. MALDI-MS has been exploited to monitor the degradation of glycopeptides by

mixtures of specific exoglycosidases (9-10, 12, 18). The concept of using highly specific

exoglycosidases sequentially to remove monosaccharide residues from oligosaccharides

was first shown by Mizuochi et al. (19). A related non-mass spectrometric approach has

been further developed into the reagent-array analysis method whereby a set of

exoglycosidase mixtures are incubated with a chemically radiolabeled oligosaccharide to

give a set of end products (17). These are pooled and analyzed by Bio-Gel P4 column

chromatography to obtain a specfic fingerprint which can lead to identification of the

original structure. This approach is dependent on isolation of oligosaccharides using time-

consuming methods (extensive dialysis, hydrazinolysiS, radiolabeling, and a range of
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chromatographic and electrophoretic purification steps) which also result in destruction of

the protein moiety. In addition Bio-Gel P4 chromatography, which separates

oligosaccharides on the basis of hydrodynamic volume, is a relatively slow technique (6 to

24 hours per run). Furthermore, as it is a low-resolution approach, it is possible work

only with pure oligosaccharides and interpretation becomes difficult even when there are

binary mixtures. In contrast, analogous MALDI-MS based procedures provide a more

sensivitive and quick means for detection of the degradation products (18). The

combination of exoglycosidase digestion and MALDI-MS has been used to obtain

structural details of oligosaccharides derived from glycoproteins such as bovine fetuin

(10), recombinant human macrophage colony stimulating factor (12), and tissue inhibitor

ofmetalloproteinases (18).

1.3 Fractionation and structural assessment of glycoconjugates by lectin

immobilized column chromatography

The use of lectin immobilized column chromatography has been recently evaluated

not only for the purification of glycoproteins with pathologically altered sugar chains but

also for separating and determining structure of glycoprotein-derived oligosaccharides and

glycopeptides (20-22). Lectins are proteins or glycoproteins of non-immune origin that

agglutinate cells and/or precipitate specific complex carbohydrates. Different fi‘om

fractionation techniques such as gel permeation, ion-exchange, partition, reversed-phase

and normal-phase chromatography, lectin column chromatography is based on the

carbohydrate-binding specificities of lectins. In typical lectin affinity column

chromatography, the mixture of glycoconjugates to be resolved is applied to the
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immobilized lectin column. The glycoconjugates of interest are selectively bound to the

lectin and components without affinity for the lectin are then washed away. The bound

carbohydrate containing components are dissociated from the lectin by competitive elution

with the specific hapten sugar for the lectin.

The first trial of a lectin column for the structural study of the sugar chains of

glycoproteins was reported by Ogata et al. (23). Study of the behavior of various

radiolabeled Asn-linked oligosaccharides and oligomannosides in a concanavalin A (Con

A)-Sepharose column revealed that at least two nonsubstituted or 2-0-substituted oc-

mannosyl residues must be present in a sugar chain to be retained on the immobilized

lectin column. This finding was particularly useful for the structural analysis of complex-

type N-linked sugar chains. For example, all complex-type oligosaccharides contain a

pentasaccharide, Manoc1—->6(I\/Ianoc1—->3)Man[31——>4GlcNAcB1——)4GlcNAc as a common

core. Since the core has two oc-mannosyl residues, this core binds to a Con A-Sepharose

column. Because the first outer chain is linked at the C-2 position, the mannose residue

can still interact with Con A. However, substitution with two outer chains totally

abolishes the interaction of the oc-mannosyl residue. Therefore, a biantennary complex-

type sugar chain binds to a Con A-Sepharose column, but those with more than three

outer chains pass through the column without interaction. High mannose-type

oligosaccharides, which have many Manoc1—> residues and ~92Manocl—> residues, will

bind more tightly to a Con A-Sepharose column. With use of this character of a Con A-

Sepharose column, Ogata et al. found that the glycopeptides, obtained from the plasma

membrane of polyomatransfered baby hamster kidney cells by pronase digestion, are not

only enriched in sialic acid residues, but contain more branched structures than those from
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baby hamster cells (24). Later, Narasimhan et al. added the evidence that bisected

biantatennary complex-type sugar chains do not bind to a Con A-Sepharose column (25).

They also reported that biantennary complex-type oligosaccharides can be eluted from the

column with IOmM oc-methylglucopyranoside, and high mannose-type oligosaccharides

can be eluted with 250 mM oc-methylmannopyranoside.

Complex-type sugar chains can be classified by the presence or absence of an oc-

fucosyl residue linked at the C-6 position of the proximal N-acetylglucosamine residue of

the trimannosyl core. It was found that some of the hybrid-type sugar chains are also

fucosylated at their core (26). The fincosylated complex-type and hybrid-type sugar chains

can easily be separated from their nonfiicosylated counterparts by passing through an

immobilized Aleuria aurantia lectin (AAL) column (27). Sugar chains with a

nonfucosylated core pass through the column without interaction. In contrast, sugar

chains with a fucosylated core bind to the column and are eluted with a buffer containing

0.5 mM fiicose (Fuc) (28). Because the binding is affected neither by the status of

branching nor by the presence of bisecting N-acetylglucosamine residue, the fractionation

can be used as a more reliable method to detemtine the fucosylated sugar chains than

immobilized lentil and pea lectin columns. In these cases, not only the fincosyl residue

linked to the core portion, but the structure of the outer chains are required for the

binding. The Fucoc1—>2Gall—>4GlcNAc, the GalB1-—>4(Fucocl——>3)GlcNAc, and the

GalBl-—>3(Fucocl—>4)GlcNAc groups weakly interact with an AAL column, whereas the

Fucocl—>2GalB1—>3GlcNAc, and the GalBl——>4GlcNAcBl——>3Ga1B1—94(Fucocl+3)

GlcNAc groups show almost no interaction with the matrix. However, oligosaccharide

with more than two of these groups bind more strongly than those with only one of the
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groups. Therefore, care must be taken in interpreting the results of affinity

chromatography for the structural determination of oligosaccharide.

Because most of the N-linked sugar chains of glycoproteins are included in the

complex-type sugar chain subclass, lectins that interact with the B-galactosyl residues,

which are widely found in the outer chain moieties of complex-type sugar chains, are of

particular use. Many galactose-binding lectins have been reported (29-30). Among them,

the binding specificity of Ricinus communis agglutinin I (RCA 1) has been investigated

most intensively. Several complex-type oligosaccharide contain a bisecting N-

acetylglucosamine residue. Irimura et al. reported that bisected biantennary complex-type

oligosaccharides with the GalBl—)4GlcNAcB1—> outer chains binds to an

erythroagglutinin (E-PHA)-agarose column (31). Cummings and Komfeld confirmed this

evidence and indicated that none of nonbisected sugar chains will bind to the column (32).

Another variation in the complex-type sugar chains is in their branching pattern.

Although mono- and biantennary sugar chains can be separated from other highly

branched complex-type sugar chains by a Con A-Sepharose column, tri- and

tetraantennary oligosaccharides cannot be separated by this column, An immobilized

Datura stramonium agglutinin (DSA) column can be effectively used to fractionate these

highly branched oligosaccharides (33-36). A study of the behavior of 34 complex—type

oligosaccharides in a DSA-Sepharose column showed that oligosaccharides that contain

the GalBl——>4GlcNAcB1—>4 (GalBl—a4GlcNAcBl—>Z)Man group are retarded by the

column, as long as the pentasaccharide group is not substituted by other sugars.

Oligosaccharides that contain unsubstituted GalB1——)4GlcNAcB1—->6(GalB1—>4GlcNAcB
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1—>2)Man group bind to the column and are eluted with buffer containing N-

acetylglucosarnine oligomers. The binding characteristic was not affected by either the

structure of the inner core portion or by the presence of bisecting N-acetylglucosamine

residue. Therefore, the column can fractionate a mixture of complex-type

oligosaccharides into three fi'actions: the “pass-through fraction” contains biantennary

oligosaccharides; the “retarded fraction” contains triantennary oligosaccharides, with a C-

2,4 branch; and the “bound fraction” contains triantennary oligosaccharides, with a C-2, 6

branch and tetraantennary oligosaccharides.

One lectin of the greatest interest is jacalin, a lectin fiom jackfruit (Artocarpus

integrifolia), which has high specificity and affinity for the core ‘ disaccharide, galactosyl

[BU—>3) N-acetylgalactosarnine, in O—linked oligosaccharides (37-3 8). As no universal 0-

glycosidase exists, lectin affinity chromatography using jacalin-agarose is a USCfUI

technique for isolating glycopeptides containing O-linked oligosaccharides and thereby

localizing sites of attachment of these oligosaccharides. The specific binding of O-linked

oligosaccharides by jacalin coupled to agarose has been exploited for affinity purifications

of IgA and C1 inhibitor from human plasma. Recent characterization of the binding of

glycoproteins to jacalin-agarose indicates that this immobilized lectin specifically binds

other proteins that contain of O-Iinked oligosaccharides, including glycoproteins bearing

only a single 0-linked oligosaccharide and those bearing sialic acid-containing

oligosaccharides (3 7-3 8). Lectin affinity chromatography on jacalin-agarose also provides

a usefiil technique for purifying glycopeptides from glycoprotein digests. This would

greatly assist in localizing peptides with O-Iinked oligosaccharides. In many instances, this

has been a difficult analytical problem even for extensively characterized proteins because,
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unlike the case ofN-linked oligosaccharides, it is not possible to reliably predict sites of O-

linked glycosylation based on the amino acid sequence of a protein.

This chapter describes our efforts in the structural characterization of porcine

oocyte zona pellucida 30t-glycoprotein (ZP3a) using HPLC separation, exoglycosidase

digestion, and MALDI-MS analysis. We also have investigated the utility of some specific

lectin-carbohydrate afiinity interactions in combination with MALDI-MS for identifying A

glycopeptides from tryptic digest and determining site-specific carbohydrate heterogeneity

ofglycoproteins. Lectins studied in this chapter include: (1) Concanavalin A (Con A): an

lO4-KDa protein with binding capability for terminal or-D-mannosyl and oreD-glucosyl

residues (Ca++ and Mn“ are required for its activity), and (2) Jacalin: a SO-KDa

glycoprotein with binding capability for only O-glycosidically linked oligosaccharides.

2. Experimental

Materials

Ribonuclease B(Type III-B, from bovine pancrease), avidin, oc-methylgalactoside

were purchased from Sigma (St. Louis, MO). Endo-B-galactosidase digested and purified

porcine oocyte zona pellucida glycoprotein 3a (ZP3a) was provided by Dr. E. C.

Yurewicz (Department of Obstetrics and Gynecology, Wayne State University School of

Medicine). Jacalin-agarose was obtained from Vector Laboratories (Watertown, MA).

Sequencing grade trypsin was from Boehringer Mannheim (Indianapolis, IN).

Neurarrrinidase (from Arthrobacter ureafaciens), B-galactosidase (from Diplococcus
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pneumonia), and N-acetylhexosaminadase (fi'om Jack bean) were purchased from Oxford

GlycoSystems (Bedford, MA).

MALDI-MS

MALDI-LMS experiments were carried out on a Voyager-Elite time-of-flight mass

spectrometer (PerSeptive Biosystems Inc.) equipped with a nitrogen laser emitting at 337

nm. 2,5-Dihydroxybenzoic acid (DHB, recrystallized) was used as the MALDI matrix

throughout this chapter. The ion source accelerating voltage was 20 kV in all TOF

experiments. A delay time of 50 ns was used before the ion extraction.

 
HPLC of digested glycopeptides

Microbore reverse phase HPLC experiments were performed using a MiChrom

UMA (MiChrom BioResources) instrument equipped with a PLRP-S column (1.0 x 150

mm, S-um particle, 300-A pore size). Elution was achieved with a linear gradient of

4.5%-45% acetonitrile in 0.1% TFA mobile phase over a period of 80 min. The flow rate

was maintained at 50 til/min and effluent was monitored continuously at 214 nm.

l . . .

Indrvrdual fractions were collected and used for firrther MALDI-MS analysrs.

l

l

 

 Glycoprotein reduction and carboxymethylation

The reduction and S-carboxymethylation for glycoproteins were performed prior

to digestion. In this study, 300 pmol ZP3a glyc0protein was dissolved in 200 tr] 0.5 M

Tris-HCl buffer (pH 8.2) containing 2 mM EDTA and 6.0 M guanidine-HCI. This

solution was mixed with 10 ul of 0.4 M dithiothreitol (DTT) and incubated at 37°C for 3
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hours. A volume of 20 ul of 0.8 M iodoacetic acid was then added and incubated for 1

hour. Avidin and ribonuclease B samples (100 pmol each) were treated in an identical

manner. The reduced and carboxymethylated samples were desalted overnight using

dialysis tubing (3,500 MW cut-ofl) from Fisher and dried for further experiments.

Digestion with Trypsin

For preparation of tryptic digests, reduced and carboxymethylated preparations of

ZP3a, ribonuclease B, avidin were dissolved in 100 mM ammonium bicarbonate (pH 8.0).

Sequencing grade trypsin was added at an enzymezsubstrate ratio of 1:50 (w/w) and

incubation was performed at 37°C for 24 hours.

Digestion with exoglycosidases

Glycopeptides were dissolved in 25 mM ammonium acetate buffer (pH 5.5).

Exoglycosidases were then added and incubations were performed at 37°C for 24 hours.

Lectin (jacalin) affinity chromatography

Prior to affinity chromatography on jacalin-agarose, tryptic digests were dried and

redissolved in 50 mM sodium phosphate buffer, pH 7.0, containing 500 mM NaCl and

0.02% sodium azide (buffer A). Phenylmethylsulfonyl fluoride was added to a final

concentration of 2 mM and the sample incubated at 4°C for 30 min to inactivate residual

trYpsin activity. The sample was then applied to a minicolumn of jacalin—agarose

equilibrated with buffer A using a ratio of 1 mg digest per ml of settled resin. After the

Sarnple has entered the column, flow was stopped and the column incubated for 30 min to
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ensure binding of O-glycopeptides. The column was washed with 20 column—volume

aliquots of cold (4°C) buffer A and each fraction collected separately. O-glycopeptides

were subsequently eluted with ten column-volume aliquots of buffer A containing 50 mM

or-methylgalactoside.

3. Results and Discussion

3. 1. Structural characterization of porcine oocyte zona pellucida glycoprotein 3a

(ZP3a)

The zona pellucida of mammalian oocyte are comprised of sex and gamete-specific

glycoconjugates which are expressed during oocyte grth in a developmentally

programmed manner (3 9-41). Zona glycoproteins are characterized by extensive post-

translational processing, including N- and O-glycosylation on asparagine and

serine/threonine residues, respectively. Zona sugar chains examined to date are highly

heterogeneous with respect to structure, size, and charge with polylatosarrrines and sulfate

residues representing distinguishing characteristics (40, 42). In addition to a role in

intracellular trafficking, zona carbohydrates strongly influence the physicochemical

properties of zona glyCOproteins and participate in sperm—zona recognition events,

presumably as ligands for complementary carbohydrate-binding proteins on the sperm

surface (43).

The pig represents an attractive alternative to rodent species for investigations of

the structural and firnctional properties of zona pellucida glycoproteins. The pig oocyte

zona is comprised of three structurally and immunologically distinct glycoproteins, which

  

 

 



gill (82-KDa prote

tong them, ZP3a is

as study. The ar

gestation sites at A:

'53 and Thr 304 ha‘

station analysis.

maize the site-spa

Reduced and car

$1163 and glycopepr

1C hattions by MA

'ifl‘adions. These for

:3 HPLC Chromatogr

:t-‘aned from one of t amass, these peplid

h carbohydrates was

siiii Da corresponc

Isolation and it

h‘toprotein can be a

at reverse phase H

firstly to a reverse

dint program use

iii

Weak was founr



 

97

are ZPl (82-KDa protein), ZP3a (55-KDa protein), and ZP3B (55-KDa protein) (44-47).

Among them, ZP3a is a highly glycosylated protein and was used as a model compound

for this study. The amino acid sequence of ZP3a is shown in Figure 4.4. Three N-

glycosylation sites at Asn 203, Asn 220, and Asn 333 and two O-glycosylation sites at Ser

293 and Thr 304 have been found before for this protein by HPLC and Edman

degradation analysis. The main objective for our study on ZP3a glycoprotein is to

characterize the site-specific microheterogeneity and carbohydrate structure.

Reduced and carboxymethylated ZP3a glycoprotein was digested and the resulting

peptides and glycopeptides were separated by reverse phase HPLC. Analysis of the

HPLC fractions by MALDI-MS showed the presence of glycosylated peptides in four of

the fractions. These four fractions are labeled as Asn 333, Asn 220, Asn 203, and OGP in

the HPLC chromatogram as shown in Figure 4.5(a). The MALDI mass spectrum

obtained from one of the four fractions, Asn 220, was shown in Figure 4.6. Based on

their mass, these peptides were identified as glycosylated peptides. Microheterogeneity of

the carbohydrates was revealed by clusters of peaks separated by a mass difference of 162

and 203 Da corresponding to hexose and N-acetylhexosamine residues, respectively.

Isolation and identification of 0—linked glycopeptides from tryptic digest of ZP3a

glycoprotein can be accomplished by sequential lectin (jacalin) affinity chromatography

and reverse phase HPLC. The affinity purified 0-linked glycopeptides were applied

directly to a reverse phase HPLC column for desalting and purification with the same

gradient program used for the separation of the tryptic digest of ZP3a glycoprotein. A

single Peak was found in the HPLC run as shown in Figure 4.5(b). This peak, at the same
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GM’I'I‘CCGGGTGGMGTACCTGTTCTCCGCAGGCGCTATGTGG'I'I‘GCGGCCGTCCATCTGGCW 7 0

HWLRPSIHLCF 11  
CCGC'I‘G‘I‘GTCI‘TGCTC'I‘GCCAGGCCAG'PCTCAGCCCMAGCAGCAGATGACC'I'PGGTGGCC'I‘CTAC‘I‘GTGGG l 4 2

PLCLALPGQBQPKAADDLGGLYCG 35

l

CCMGCAGC'I‘I‘TCAT'I‘I‘CTCCATMATCT‘I‘CTCAGCCAGGACACAGCMC‘I‘CCNCTGCACTGGTGGTT’IGG 2 1 4

PSSFBPSINLLSQDTATPPALVVH 59

GMAGGCGCGGGCGGCTGCACMGCTGCAGMTGACTCTGGCTG‘I‘GGCACGTGGG‘I‘CCACPLAGGGCCCAGGC 2 8 6

DRRGRLBKLQNDSGCGTHVBKGPG 83

AGCTCCATGGGAG'I‘GGAAGCA'I‘CCTACAGAGGCTGCTATGTGACTGAG'I‘GGGACTCTCACTACCTCA'I‘GOCC 3 5 8

SSHGVEABYRGCYVTEWDSHYLHP 107

A'I'I‘GGAC'I‘I‘GAAGMGCAGATGCAGG‘I‘GGACACAGMCAGTCACAGAGACGWTG'I‘T‘I‘AAGTGCCCTGI‘G 4 3 O

IGLEEADAGGHRTVTETKLFKCPV131

GAI'ITCCTAGCTC'I‘PGA’I‘G‘I‘TCCMCCA’I'PGGCC‘I'PTGTGATGCTGTCCCAGTGTGGGACCGATTGCCANT 502

DFLALDVPJIGLCDAVPVWDRJJC155

GC‘I‘CC'I‘CCACCCA'I‘CACTCMGGAGMTGCMGCAGC‘I'I‘GGCTGCNCTACMCTCGGAAGAGGTCCC‘I‘I‘C‘I‘ 574

AEEPITQGECKQLGCCYNBEEVPS 179

TGTTACTATGGMACACAGTGACCTCACGCTGTACCCMGATGGCCACTTCTCCATCGCTGNTCTCGCMT 6 4 6

CYYGNTVTSRCTQDGHFSIAVSRN 203

G'I‘GACCTCACCTCCACTGCTC‘I‘GGGXI'PC'I‘GTGCACCTGGCC'I‘I‘CAGAMTGACAGTGAATGTMACC‘I‘GTG 7 1 8

VTSPPLLWDSVBLAFRNDSECKPV 227

ANGMACACACACTTT‘I‘GTCCTCT'PCCGGI'PTCCATTPAGTPCCTGTGGGAC’I‘GCAMACGGGTMCTGGG 7 9 0

HETHTFVLFRFPFSSCGTAKRVTG 251  
AACCAGGCGGTATATGAAMTGAGC'I‘GGTAGCAGCTCGGGATGTGAGGACTTGGAGCCATGG’I'I‘CTATTACC 8 62

NQAVYENELVAARDVRTWSHGBIT275

CGAGACAGCATCT'PCAGGCTTCGAGI‘CAGTTGTATCTMI‘CT‘GTAAGTAGCAG’I‘GCTCTCCCAG'I'I'MCATC 9 3 4

RDSIFRLRVSCIYSVSSSJLPVHI 299

CAGG'I'I'PTCACTCTCCCACCACCGC'ITCCGGAGACCCACCC'I‘GGACCTC‘I'I‘AC'I‘CTGGAGC'I'I‘CAGA'I'I‘GCC 1006

QJFJLPPPLPETHJGPJJLELQIA323

MAGAI‘GMCGCTATGGC'I‘CCTACTACMTGCTAGTGACTACCCGGTGGTGMA‘I‘TGCTTCGGGAGCCCATC 1078

KDERYGSYYNASDYPVVKLLREPI 347

TATGTGGAGGTCTCTA'I‘CCGTCACCGAACAGACCCCAGTCTCGGGCTGCACCTGCACCAGTGCTGGGCCACA 1 1 50

YVEVSIRHRTDPSLGLBLHQCWAT 371

 
CCCGGCATGAGCCCCCTGCTCCAGCCACAGTGGCCCATGCTAGTCMTGGATGCCCCTACACTGGAGACMC 1222

PGHBPLLQPQWPHLVNGCPYTGDR 395

TACCAGACCAMCTGATCCCTGTCCABMAGCCTCAAACCTGCTA‘I'PI‘CC’I'I‘CTCAC’I‘ACCAGCGTI‘TCAGT 1294

YQTKLIPVQKASNLLPPBHYQRFS 419

GTI'I‘CCACC'I'I‘CAG'I'I‘TTG'I‘GGACTCTGTGGCAMGCAGGCACTCMGGGACCGGTGTATCNCA’I‘I‘GTACT 13 6 6

VBTFSPVDBVAKQALKGPVYLHCT “3

 GCATCGGTC'I‘GCAAGCC'I‘GCAGGGGCACCGATC‘I‘GTGTGACMCCTG'I‘CCTGCTGCCAGACGAAGMGAAGT 14 3 8

ABVCKPAGAPICVTTCPAARRRRB (67

TCTGACATCCATT‘I'I‘CAGMTGGCACTGCTAGCA'I‘I‘TCTAGCMGGGTCCCATGATTCTACTCCAMCCACT 15 1 0

BDIHFQNG'I‘ABIBBKGPHILLQAT 491

CGGGACTC'I'PCAGMAGGCTCCATAMTACTCMGGCCTCCTGTAGAC‘I‘CCCNPGC'I‘CTGTGGGTGGCTGGC 1582

RDBBERLHKYBRPPVDBBALWVAG 515

CTC'I'I‘GGGAAGCTI‘MTTATTGGAGCCNGTTAGPGTCCTACCTGGTC'I'PCAGGAAATGGAGATGAGTPACT 16 5 4

LLGSLIIGALLVSYLVFRKWR‘ 536'

camccmmcwccurmmamccccum 1699

igure 4,4; Amino acid sequence of porcine oocyte zona pellucida Glycoprotein 3a

ZP3a)
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etention time as the OGP fraction in Figure 4.5(a), positively identified the 0-linked

glycopeptides.

Further MALDI-MS analysis (Figure 4.7) of the collected fraction showed

heterogeneity ofthe O—linked glycopeptides. The peak at the low-mass end at m/z 5146.9

hkely represented the [M+H]+ ion of a glycopeptide with two O-linked disaccharide units

:GalB-GalNAc) attached because the m/z difference between this ion and [M+H]+ ion of

:he deglycosylated peptide (m/z 4416.1) is 730.1. Previous study by Yurewicz’s group

rsing HPLC and Edman degradation has confirmed two O-glycosylation sites at Ser 293

and Thr 304. However, it was suspected that there may be one more O-glycosylation site

iom analysis by gel electrophoresis on chemically cleaved 0-1inked oligosaccharides (47).

A predominant peak at m/z 5716.5 in Figure 4.7 supported this hypothesis since most of

9-1inked oligosaccharides are disaccharides or trisaccharides.
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Three other glycopeptide fiactions, Asn 220, Asn 203, and Asn 333 were

mined to be N-linked glycopeptides as they were not retained ' on jacalin-agarose.

cally, N-linked glycopeptides can be identified after the treatment with peptide-N-

asidase F (PNGase iF), an endoglycosidase that cleaves off asparagine-linked (N-

:d) carbohydrates. MALDI-MS analysis can be incorporated with PNGase F

merit to monitor the mass shift of the analyte. This enzyme does not fianction if the

)saccharide-bearing asparagine residue is located at either N- terminal or C- terminal

re glycopeptide. This happened to be the case for two of the N-linked glycopeptide

tions, Asn 203 and Asn 220, from ZP3a glycoprotein. Jacalin affinity binding

rides an alternative approach to distinguish N-linked glycopeptides and O-linked

opeptides, especially when PNGase F treatment fails.

The MALDI mass spectrum of one N-linked glycopeptide fraction at Asn 220, was

rvn previously in Figure 4.5. The carbohydrate structure was further characterized by

rential digestion with specific exoglycosidases and by monitoring the resulting mass

=s by MALDI-MS. ' Since the microheterogeneity of this glycopeptide fraction was

ed by a mass difference of 162 and 203 Da, it was digested with B-galactosidase

'wed by N-acetylhexosaminidase. After B-galactosidase digestion, a series of evenly

ed peaks at m/z 3250.4, 3453.1, 3655.8, 3858.6 was observed in the MALDI mass

trum (Figure 4.8(a)). After B-galactosidase and N-acetylhexosaminidase digestion, a

6 peak at m/z 3250.2 was produced as shown in Figure 4.8(b), which represented the

HT ion of a glycopeptide with both terminal galactose and N-acetylhexosamine

rved. The mass difference between this ion and the [M+H]+ ion of the deglycosylated
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peptide (m/z 2211.5) was 1038.7 Da, which determined the core oligosaccharide structure

:0 be (Man)3(G1cNAc)2(Fuc). Other glycopeptide structures were assigned based on this

:ore oligosaccharide structure in Figure 4.9. Observed m/z values of [M+H]+ ions were in

good agreement with calculated rn/z values.

Figure 4.10(a) showed the MALDI mass spectrum of the Asn 333 N—linked

glycopeptide fraction. The microheterogeneity of this glycopeptide fraction was not only

'evealed by mass difference of 162 and 203 Da, but also by mass difference of 291 and

:07 Da, which illustrate the existence of two types of sialic acid, N-acetylneuraminic acid

urd N—glycolylneuraminic acid. The peaks at m/z 3541.1 and 3704.2 in Figure 4.10(a)

epresented the [M+I-I]+ ions of two N-glycolylneuraminic acid containing glycopeptides.

The peaks for the [M+H]+ ions of two analogous N-acetylneuraminic acid- containing

dycopeptides were also observed at m/z 3525.0 and 3688.4 (not labeled in the spectrum)

vith much lower intensity. Glycopeptide fraction at Asn 333 was digested with a series of

xoglycosidascs: neuraminidase followed by B-galactosidase and N-acetylhexosaminidase.

1 single peak at m/z 2665.4 was produced after the sequential digestion as shown in

igure 4.10(b), which represented the [M+H]” ion of a glycopeptide with terminal sialic

cid, galactose and N-acetylhexose removed. Again, the mass difference between this ion

nd the [M+H]+ ion of the deglycosylated peptide (m/z 1626.8) was 1038.6 Da, which

Dnfirmed that the core oligosaccharide has a fucosylated structure,

VIan)3(GlcNAc)2(Fuc). Other glycopeptide structures were assigned based on this core

ligosaccharide structure in Figure 4.11.
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The MALDI mass spectrum of the Asn 203 N-linked glycopeptides of ZP3a

'coprotein (Figure 4.12(a)) showed more heterogeneity than that of the glycopeptides at

.220 or Asn 333. After the treatment with B-galactosidase and N-acetylhexoaminidase

ich released most of the outer branches of these glycopeptides, two peaks at m/z

45.0 and m/z 2991.5 were found in the MALDI mass spectrum (Figure 4.12(b)). The

.ss difi‘erences between these ions and the [M+H]+ ion of the deglycosylated peptide

/z 1953.3) were 1038.2 and 891.7 Da, respectively, which indicated that the glycan at

n 203 consists a mixture of fucosylated and unfucosylated structures. Other

'copeptide structures were assigned based on these core oligosaccharide structures in

we 4.13 and Figure 4.14.

.. A micro-batch lectin affinity binding process for direct MALDI-MS analysis

To minimize sample handling between the stages of lectin affinity binding and

hLDI-MS, a micro-batch lectin binding process is proposed for direct MALDI-MS

ysis of isolated glycopeptides without further HPLC purification. A flow-diagram of

process is illustrated in Figure 4-15. Lectin-immobilized beads were put into a

rifuge filter tube and equilibrated with the binding buffer. Reduced and

oxymethylated glycoproteins were digested with trypsin and applied to the centrifuge

r tube containing lectin beads. After the binding of glycopeptides and lectin, high

centration salt-containing binding buffer was spun off and lectin-immobilized beads

e resuspended in matrix (2,5-dihydroxybenzoic acid) solution and subjected to direct

LDI-MS analysis. 2, 5-Dihydroxybenzoic acid was chosen as the matrix in this study
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Figure 4.15: A micro-batch lectin aflinity binding process for subsequent direct MALDI-

MS analysis.
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because of its acid nature, this acidity is able to disrupt the binding between glycopeptides

and’the lectin so that glycopeptide signal can be obtained by MALDI-MS.

This approach was used to identify glycopeptides derived from Ribonuclease B

and avidin. Bovine pancreatic Ribonuclease B (RNase B) is a glycoprotein that cleaves

RNA and also can destabilize or unwind the DNA helix by- complexing with single-

stranded DNA. RNase B comprises 150 amino acid residues and one N-linked

glycosylation site at asparagine 60 (Asn 60). Avidin is a glycoprotein found in the egg-

white and tissues of birds, reptiles and amphibians. Avidin contains four identical

subunits, each ofwhich comprises 128 amino acid residues and one N-linked glycosylation

site at asparagine 17 (Asn 17). No 0-linked carbohydrate side chains have been observed

in either avidin or Ribonuclease B.

Concanavalin A-Separose was used to bind glycopeptides derived from RNase B

and avidin because these glycopeptides consist high mannose-type oligosaccharides and

Concanavalin A has high binding capability for terminal a—D-mannosyl residues. The

Binding buffer for Concanavalin A was a sodium phosphate solution (pH 7.4) containing

150 mM NaCl and 1 mM MnClz and 1 mM CaClz. Glycopeptides in the tryptic digest of

iNase B or avidin were retained by Concanavalin A-Separose beads during the binding

)rocess whereas other peptides in the tryptic digest were washed away by the binding

>ufi‘er.

Direct MALDI-MS analysis of tryptic digest of RNase B was shown in Figure

'.16. The glycopeptide signals were seriously suppressed by signals of other peptides in
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Figure 4.16: Direct MALDI-MS analysis of tryptic digest of ribonuclease B.
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the sample. MALDI-MS analysis of glycopeptides from the tryptic digest of RNase B

after micro-batch lectin (Con A) binding is shown in Figure 4.17. Glycopeptide signals

were predominant in the MALDI mass spectrum while most other peptide components in

the tryptic digest were not detected. The peaks at m/z 1714.8, 1876.9, 2039.1, 2201.6,

and 2263.2 represented the [M+Na]+ ions of glycopeptides with 5, 6, 7, 8, 9 mannose

residues in the oligosaccharide structure, respectively. Another series of peaks at m/z

1736.7, 1898.7, 2061.8, 2223.9, and 2385.4 represented the [M+2Na-I-I]+ ions of these

glycopeptides. Direct MALDI-MS analysis of the tryptic digest of avidin (Figure 4.18)

showed the presence ofthe glycopeptides in the region from m/z 3000 to m/z 3700. Afier

micro-batch lectin (Con A) binding, these glycopeptides are more clearly visible in the

MALDI mass spectrum (Figure 4.19).
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Figure 4.18: Direct MALDI-MS analysis of tryptic digest of Avidin.
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4. Conclusions

The tryptic digest of ZP3a glycoprotein was separated by reverse phase HPLC and four

glycopeptide fractions Were identified by their microheterogeneity as revealed in their

MALDI-MS spectra. N-linked and O-linked glycopeptides of ZP3a glycoprotein can be

distinguished by lectin affinity chromatography / HPLC / MALDI-MS. The MALDI mass

spectrum of the glycopeptide at Asn 203 of ZP3a showed more microheterogeneity than

that of the glycopeptide at An 220 or Asn 333. After the treatment with specific

exoglycosidases which release most of the outer branches of these glycopeptides,

MALDI-MS analysis revealed that the glycan at Asn 203 consists a mixture of fucosylated

and unfucosylated bi- and tri-antennary structures, whereas the glycan at Asn 220 or

Asn333 is composed of a mixture of fucosylated complex bi-, tri-, and tetra-antennary

oligosaccharides. 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 approach is capable of

identifying glycopeptides derived from ribonuclease B and avidin, proteins having a single

glycosylation site.
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Chapter 5. A New Glycosylamine Derivative for Sequence Analysis of

Oligosaccharides by MALDI-PSD-MS and ESI-MS

1. Introduction

The complete characterization of glycoproteins, glycolipids, and polysaccharides

usually requires the structural analysis of their respective oligosaccharides (1-2).

Oligosaccharides consist of monosaccharide units jointed together by glycosidic bonds

(linkages between C(1), the anomeric carbon, of one sugar unit and an OH group of a

second sugar unit). About 80 different kinds of naturally occurring glycosidic linkages are

known, most of which involve mannose (Man), glucose (Glc), galactose (Gal), fircose

(FUC), xylose (Xyl), N-acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc),

and N—acetylneuraminic acid (NeuAc, sialic acid). The structures of monosaccharides

commonly found in eukaryotic glycoproteins and glycolipids are illustrated in Figure 5.1.

Sequence analysis of oligosaccharides by mass spectrometry has been a topic of

great interest for many years. Fast atom bombardment mass spectrometry (FAB-MS) and

collisionally induced dissociation (CID) MS/MS have been primarily used in the recent

past for the structural analysis of oligosaccharides (3-4). The simplest fragmentation of

the oligosaccharides occurring during FAB-MS and FAB-MS/MS results from the

cleavage of the glycosidic bonds. More complex processes involving the fragmentation of

the sugar ring have been observed, particularly in CID-MS/MS spectra. As illustrated in

Figure 5.2, when the charge is retained on the non-reducing end of the oligosaccharides,

fragments are designed as Ar, 13: and C, where i represents the position of the glycosrdrc
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Figure 5.1: Structures of monosaccharides commonly found in eukaryotic glycoproteins

and glycolipids.
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bond cleaved, counted from the non-reducing end. On the other hand, ions containing the

reducing sugar unit are labeled as X3, Yj, and Z3, where j is the number of the glycosidic

bond counted from the reducing end (5).
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Figure 5.2: Types of oligosaccharide fragmentation.

As an alternative to fast atom bombardment desorption ionization (FAB) (3-4),

two powerful ionization techniques, matrix-assisted laser desorption ionization (MALDI)

(6) and electrospray ionization (ESI) (7) provide means for more sensitive structural

determination of oligosaccharides. MALDI, used typically with time-of-flight (TOF) mass

analyzers, has been demonstrated to be a promising tool to determine the molecular mass

of oligosaccharides from purified sample or complex mixtures with great sensitivity (6, 8-

9)- At an early stage of its development, MALDI TOF-MS lacked the capacity for

Structural analysis because relatively little or no fragmentation was observed in the spectra,
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although the combination of exoglycosidase digestion and MALDI-MS has been shown to

be valuable in determining of the primary structure of oligosaccharides (10). A recent

extension ofMALDI TOF-MS allows structural information to be obtained in addition to

molecular weight data, by means of so-called post-source-decay (PSD) analysis (1 1-13) as

introduced early in Chapter 1. With this technique, fragments formed by decomposition of

a portion of the intact ionized molecules in the field-flee region can be detected in

reflectron-equipped instruments. Spengler et al. have demonstrated the feasibility ofPSD

technique for structural analysis of carbohydrates (14). They reported that sodium

cationized ions of native oligosaccharides undergo extensive fragmentation under PSD

conditions, although reducing and non-reducing terminal fragments, cross-ring fragments

and intensive internal fragments were all produced from native oligosaccharides , which

may complicate or even compromise sequence assignment (14-15).

In addition to MALDI-MS, ESI-MS has been used successfully for the

characterization of macromolecules including carbohydrates (16-19). ESI MS/MS and in-

source fi'agmentation have been extended to the oligosaccharide structural analysis (17-

19). It was also reported that fragment ions from native carbohydrates do not always

allow unambiguous detemiination of the sequence, and fiirther that underivatized samples

in ESI may be inefficiently ionized (17-19).

A variety of derivatization methods of oligosaccharides have been developed

previously for improving sensitivity for HPLC separation and investigation of structural

details prior to mass spectrometric experiments (20-27). Most of these methods employ

reducing-end conjugation which involves either reductive amination (21-24) or direct

glycosylation (25-27) depending on the conjugating reagents. Both types of derivatives
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provide a basic moiety which serves as a good protonation site during ionization and may

possibly direct fragmentation after protonation. All these derivatization products require

HPLC separation, and sometimes, extra desalting procedures before analysis by mass

spectrometry.

In this chapter, we describe the preparation and mass spectral characteristics of a

new glycosylamine derivative of oligosaccharides formed by direct glycosylation at the

reducing end with 3-aminoquinoline (3AQ), a matrix material which has been reported for

carbohydrate analysis in MALDI-MS (28). This new type of derivative was found to be

usefirl for facile sequence analysis of oligosaccharides under MALDI-PSD-MS and ESI-

MS.

2. Experimental

Materials

Lacto-N-tetraose (LNT), maltohexaose (G6), maltoheptaose were purchased from

Sigma Chemical Co. (St. Louis, MO, USA). Lacto-N-fiicopentaoses (LNFP-l, LNFP-Z)

and LS-tetrasaccharide c (LSTc) were purchase from Oxford Glycosystems (Rosedale,

NY). 3-Aminoquinoline (3AQ) and 2,5-dihydroxybenzoic acid (DHB) were purchased

from Aldrich Chemical Co. (Milwaukee, WI). These commercial materials were used

without firrther purification. Cyclamen seed xyloglucan triantennary oligosaccharide

sample was a gift from Dr. C. Hervé du Penhoat (Department de Chimie, E.N.S. , France).

The cation-exchange resin (i.e., analytical grade 200-400 mesh AG 50W-X8 in H+

form) was purchased from Bio-Rad Laboratories (Hercules, CA). Cation-exchange resin
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was converted to the N114+ form according to the procedure outlined by Wang and

Biemann (29).

Derivatization ofOligosaccharides with 3-Aminoquinoline (3AQ)

Oligosaccharide samples (500 pmol to 500 nmol ) were dissolved in reaction vials

with 25 ul of a 8:2 mixture of methanol and water. To these solutions were added 25 ul

of200 mg/ml 3-aminoquinoline (3AQ) solution freshly prepared in the same solvent and 1

p11 acetic acid. The reaction mixture was heated at 80 °C for 3-4 h.

Sample Preparationfor .MALDI-MS

One ul of the reaction mixture was deposited On a sample plate well and

evaporated under vacuum. The N114+ form cation-exchange resin beads were suspended

in 100 mg/ml DHB matrix solution which was dissolved in 8:2 methanol/water.

Approximately 1 ul of such matrix solution which typically contains 10-20 resin beads was

delivered to the target by a pipette tip. The sample plate was then dried under vacuum

and used directly for the MALDI-MS analysis and MALDI-PSD-MS analysis with resin

beads left on the target. Resin beads can also be loosened with a microspatula and then

“blown ofi” with a pressurized air stream as described by Rouse et al. (30).

HPLC of3AQ-treated Oligosaccharides

HPLC analyses were carried out using Waters model 6000 pumps controlled by a

PC computer with the detector operated at 284 nm. 3AQ-treated samples were

chromatographed on a Phase Sep Spherisorb S5 amino column (25 cm X 4.5 mm). The
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solvent system was run from 20% to 60% water-acetonitrile in 1 ml/min with a 30-minute

linear gradient program. The derivatized oligosaccharide fraction was collected and used

for ESI-MS or MALDI-MS.

Instrumentation

MALDI-MS experiments were carried out on the PerSeptive Biosystems Voyager-

Elite time-of-flight (TOF) mass spectrometer (PerSeptive Biosystems Inc., Framingham,

MA, USA). The ion source accelerating voltage was 20 kV in all TOF experiments. A

delay time of 50 ns was used in the linear mode and a delay time'of 100 us was used in the

PSD mode before the ion extraction in the source. In PSD experiments, precursor ion

selection was performed by means of an electrostatically switched ion gate, which allows a

mass selectivity of about 90 M/dM (1 out of 90 mass units). PSD fragment ion spectra

were sequentially recorded over 8-10 mass windows by incremental reduction of the

reflectron voltages. In each spectral window 30-100 single-shot spectra were averaged

depending on the sample conditions. Accuracy and precision of PSD mass assignments

reach $02-03 u in the mass range ofm/z 300-1600.

ESI-MS experiments were performed on a Fisons VG Platform electrospray mass

spectrometer with a single-quadrupole analyzer. The ESI voltage was set to 2.5 KV and

the capillary temperature was 100 oC. The pressure of the sheath gas was 30 psi.

Scanning covered the range m/z 300-1400 with a scan rate of 2 s/scan. A Harvard syringe

Pump (Hartford, CT, USA) was used in the infusion mode at a flowrate of 10 111/min.
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Resolution was sufficient so that all peaks in E81 and MALDI mass spectra could

be labeled with their monoisotopic masses. Oligosaccharide fragment ions were labeled

according to the nomenclature ofDomon and Costello (31).

3. Results and Discussion

Preliminary conditions for derivatization with 3-aminoquinoline (3AQ) as the

reagent were initialized using maltohexaose (G6) as a model compounds. The reaction

mixture, afier on-plate desalting with ion-exchange beads as described in the experimental

section, was directly subjected to linear MALDI-MS analysis. The resulting MALDI mass

spectrum (Figure 5.3) revealed a major peak at m/z 1117.4 representing the [M+H]+ ion of

the derivatized maltohexaose (3AQ-Go) and a minor peak at m/z 1139.4 representing the

[M+Na]+ ion of the product. The [MJrNa]+ ion of underivatized maltohexaose at m/z

1013.3 was also observed in Figure 5.3 with much lower intensity. Based on the ion

current ratio of derivatized and unreacted maltohexaose the reaction yield was greater

than 90% after 3 hours at 80 °C. It has been noted that samples of larger molecular

weight take longer for complete reaction.

Like the N-(2-pyridinyl)-glycosylamines of carbohydrates studied by Her et al.

(25), the derivative formed with 3-aminoquinoline is the dehydration product of an

aromatic amine and the glycosyl hemiacetal (Figure 5.4). Observations in this work which

SUpport the glycosylamine product instead of Schifi‘ base product or Amadori product

structure are: 1.) 3AQ labeled glucose showed anomeric protons when studied by NMR;

2.) MALDI-MS molecular weight analysis of the peracetyl 3AQ-glucose derivative
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indicated the incorporation of four acetyl groups (five expected if the product was the

acyclic Schifi‘ base); 3.) the amino group of the 3AQ derivative of maltohexaose can be

hydrolyzed by acetic acid. An Amadori product, ifformed, is stable to acid hydrolysis.

Unlike peptides or proteins which are usually ionized as a protonated ion in

MALDI-MS and ESI-MS, native neutral and acidic oligosaccharides lack basic groups and

usually ionized by alkali metal cationization, especially in MALDI-MS. In fact, protonated

molecules of native oligosaccharides are rarely detected in MALDI-MS. Lemoine et al.

reported for the first time the protonated species of oligosaccharides in MALDI-MS after

reductive amination with benzylamine (15). Nevertheless, such a protocol requires several

liquid-liquid phase extractions and further reversed phase HPLC purification because of

the requirement for excess reagents, especially sodium borohydride, used in the reaction.

The protocol reported in this chapter allows direct analysis ofglycosylamines by taking the

advantage of the fact that excess reagent, 3AQ, can be used as part of the MALDI matrix.

The other half of the matrix material, DHB, was used to improve the signal intensity of the

oligosaccharide derivative. Cation-exchange resin was used in our protocol for on plate

desalting ofthe derivatized products to control the variable amounts of metal ions, mainly,

Na“, in different sample sources. In favorable cases, sample preparation without using the

resin lead to the formation the protonated molecule of the 3AQ glycosylamine derivative.

With the resin protocol, protonated molecules could always be generated as the dominant

species in the MALDI mass spectrum of the other oligosaccharides investigated in the

manuscript including LNT, maltoheptaose, LSTc, LNFP-l, LNFP-Z, and the Cyclamen

seed xyloglycan triantennary oligosaccharide.
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Figure 5.3: Linear positive MALDI-MS spectrum of 3-aminoquinoline (3AQ) derivatized

maltohexaose (G6). The reaction mixture was used for direct MALDI-MS analysis.
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As reported before by Lemoine et al. (15) and Spengler et al. (14), MALDI-PSD

analysis on [M+Na]+ of native or derivatized oligosaccharide produced both reducing and

non-reducing fragments. For native oligosaccharides, cross-ring fragments and intensive

internal fiagments were also present in the MALDI-PSD spectrum, which can complicate

sequence assignment. Figure 5.5 shows the positive PSD spectrum of the [M+H]+ ion

from 3AQ-G6. A series of abundant, evenly spaced Y ions were observed in Figure 5.5

which allowed the sequence to be easily assigned. No significant fragments for B type

ions or cross-ring cleavage were observed. In this case, the charge for [M+H]+ ion is most

likely to reside on the quinoline ring due to its high proton affinity and observed the

fragmentation pattern.

The reaction conditions outlined in the experimental section were found to be

suitable for acidic oligosaccharides like LSTc. Figure 5.6(a) presents the linear positive

MALDI mass spectrum obtained from 3AQ derivatized LSTc. The peak of [M+H]Jr at m/z

1125.4 again dominated the spectrum accompanied by a relatively small [M+Na]+ peak at

m/z 1147.4. A peak resulting from the loss ofN-acetylneuraminic acid (NeuAc) from the

[M+H]+ ion was observed at m/z 834.3. This type of neutral loss in the positive MALDI

mass spectrum was also reported previously for NeuAc containing compounds like

gangliosides (32-33). The PSD spectrum of the [M+H]+ ion is shown in Figure 5.6(b).

The abundant Y ion series determined the sequence of the molecule to be NeuAc-Hex-

HexNAc-Hex—Hex. The cleavage of the HexNAc glycosidic bond with charge retention on

the reducing end led to the formation of the B3 ion at m/z 657.2. The ions at m/z 204.1

and m/z 366.1 corresponded to two internal fragments (i.e., double cleavage of glycosidic

bonds) because ofthe presence ofHexNAc moiety.
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Figure 5.5: Positive ion MALDI-PSD mass spectrum of 3AQ-G6. The [M+H]+ ion at

m/z 1117.4 was selected as the precursor ion. The monosaccharide symbols in the

carbohydrate structures in all figures are defined as follows: U, Glc; ; ', GlcNAc; A, Xyl;

A, Fuc; 0, Gal; 0, NeuAc. Oligosaccharide fragment ions in all figures were labeled

according to the nomenclature ofDomon and Costello.
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Figure 5.6: (a) Linear positive MALDI-MS spectrum of 3AQ-derivatized LS-

tetrasaccharide c (LSTc). The small peak at m/z 1021.3 represented the [M+Na]+ ion of

underivatized LSTc. (b) Positive ion MALDI-PSD mass spectrum of 3AQ-LSTc with

[It/1+H]+ ion at m/z 1125.4 selected as the precursor ion. For symbols, see Figure 5.5.
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Differentiation of two isomeric fucosylated pentasaccharides, LNFP-l and LNFP-

2, also could be easily achieved by MALDI-PSD analysis after 3AQ glycosylation. The

[M+I—I]+ ion ofeither derivatized products had the same m/z value, 980.4. LNFP-l, the

isomer with linear structure, was characterized by Y ion series from Yo to Y4 in the

MALDI-PSD spectrum as shown in Figure 5.7(a). The branching pattern of its isomer,

LNFP—2, was clearly indicated by two adjacent Y3 fiagments corresponding to the loss of

either one or the other non-reducing terminal residue at the branching site as shown in

Figure 5.7(b). A small peak at m/z 672.3 was observed in Figure 5.7(b) corresponding to

the loss of both non-reducing terminal residues. Because of the presence ofHexNAc, the

ion of m/z 204.1, the ion of m/z 366.2, and a B type ion were produced in both Figure

5.7(a) and Figure 5.7(b), which agrees with the fragmentation pattern observed for 3AQ-

LSTc.

To test our protocol for larger and more complicated oligosaccharide structural

analysis, a triantennary oligosaccharide derived from Cyclamen seed xyloglucan (27) was

derivatized with 3-aminoquinoline and subjected to direct MALDI-PSD-MS analysis. Y

ion series dominated the PSD spectrum of the [M+H]+ ion of the resulting derivative as

shown in Figure 5.8. Some Y ions such as Ymp at m/z 469.2 and Yza/3p at m/z 601.2

were produced from double cleavages of glycosidic bonds with the charge retention still

on the reducing-end AQ group. These two Y ions at m/z 469.2 and m/z 601.2 actually

helped to determine the position of an internal Xyl residue. Other two adjacent Y ions at

m/z 1351.4 and m/z 1381.4 illustrated that there were two types of non-reducing terminal

residues, Xyl and Hex, at different antenna. Other fragments are in good agreement with

the proposed structure.
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Figure 5.7: Positive ion MALDI-PSD mass spectrum of 3AQ-derivatized (a) LNFP-l (b)

LNFP-2. The [M+H]+ ion of either derivatized isomer had same m/z value, 980.4, and

were selected as the precursor ions for both analyses. For symbols, see Figure 5.5.
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Figure 5.8: Positive ion MALDI-PSD mass spectrum of a 3AQ-derivatized triantennary

oligosaccharide which was derived from Cyclamen seed xyloglucan. The [M+H]+ ion at

m/z 1513.5 was selected as the precursor ion. For symbols, see Figure 5.5.
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After the oligosaccharide has been labeled with the chromophore, 3AQ, separation

of the resulting glycosylamine product from the reaction mixture can be achieved by

HPLC as shown in Figure 5.9 in which derivatized maltohexaose was used as a model.

Chromatographic separation revealed two isomeric forms of 3AQ-G6 because of the

existence oftwo different positions (i.e., equatorial or axial position) of AQ group in the

molecule. The yield of the total 3AQ-G6 obtained from this procedure was measured by

integrating the peaks observed during the HPLC against an external standard and was

found to be ~70%. The difference between the reaction yield from HPLC peak integration

and that from MALDI-MS ion current integration may be due to the fact that derivatized

product (3AQ-G6) had higher unit response than underivatized maltohexaose when

studied by MALDI-MS. The AQ group of the HPLC-separated collected products was

found to be resistant to hydrolysis under mildly basic or neutral conditions and showed no

signs of hydrolysis after ten days in 50% aqueous acetonitrile solution. However, under

acidic conditions the AQ group is gradually hydrolyzed. A 2% aqueous acetic acid

solution brought about complete hydrolysis of the AQ group in one day at room

temperature. This actually provides a way to regenerate the underivatized carbohydrate

alter the HPLC separation.

The fractions of 3AQ-G6 from HPLC were collected and subjected to ESI-MS

analysis. The intensity of the [M+H]+ ion was also found to be much more intense than

that of [M+Na]+ ion or [M+K]+ ion. No significant fragmentation was observed when

cone voltage (i.e., the capillary-skimmer voltage) was set at 20 V. Detection of the

[M+H]+ ion was achievable at the level of 1 pmol of total sample infiised, which provides

about a 50-fold increase in sensitivity compared to that for underivatized maltohexaose on
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Figure 5.9: HPLC separation of 3-aminoquinoline (3AQ) derivatized maltohexaose (G6).

on a Phase Sep Spherisorb SS amino column. The system was run from 20% to 60%

water-acetonitrile in 1 ml/min with a 30 minute linear gradient program.
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the same ESI instrument. It was further noted that intensive in-source fragmentation

occurred at elevated cone voltage for infused 3AQ-G6. The fragment ions resembled

those observed in Figure 5.2, which were generated during analysis by MALDI-PSD—MS.

When the cone voltage was raised to 100 V, the complete series of Y ions ranging from

Yo to Y5 were all produced as shown in Figure 5.10.
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Figure 5.10: Positive ion ESI—MS spectrum of HPLC separated 3AQ-G6. Cone voltage

(capillary-skimmer voltage): 100 V. The spectrum shown represented an average over 1-

min recording time. For symbols, see Figure 5.5.
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4. Conclusion

In this study a new glycosylamine derivative was developed for facile sequence

analysis of oligosaCcharides by matrix-assisted laser desorption ionization mass

spectrometry (MALDI-PSD-MS) and electrospray ionization mass spectrometry (ESI-

MS). 3-Aminoquinoline (3AQ) was used as the reagent for making glycosylamine

derivatives at the reducing terminus. This type of derivative produces primarily

protonated molecules for neutral and acidic oligosaccharides in MALDI-MS without the

formation of significant [M+Na]+ ions. Post-source decay (PSD) analysis of such [M+HT

ions yields a spectrum dominated by Y ions, allowing the sequence to be readily

determined. Another attractive feature of this derivative in MALDI-MS analysis is that

reaction cleanup is not necessary and excess reagent can be used as part of the MALDI

matrix. Derivatized oligosaccharides also can be separated fiom the reaction mixtures by

HPLC and subject to ESI-MS study. Protonated molecules are also dominant species in

the ESI spectrum. Intensive in—source fragmentation was observed at elevated capillary-

skimmer voltage. The fragmentation pattern was very similar to that observed during

analysis by MALDI-PSD-MS.
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Chapter 6. Summary

The deve10pment of matrix—assisted laser desorption ionization mass spectrometry

(MALDI-MS) coincides with an increasing demand for more accurate and sensitive

techniques in fields such as biochemistry, molecular biology, genetics and biotechnology

(1). The MALDI time-of-flight (TOF) mass spectrometer has been quickly recognized as

a “molecular weight machine” because of its superior capability in molecular mass

determination of a wide range of biopolymers. The introduction ofthe post-source decay

(PSD) technique allowed firrther structural information to be obtained, in addition to

molecular weight data, on reflectron-equipped TOF instrument. In this research, MALDI

TOF-MS, as well as the PSD technique, has been used as the primary tool for structural

characterization of glycoconjugates including glycoproteins.

The success of analysis by MALDI-MS, in part, depends on the choice of

apprOpriate matrix material. 2-Mercaptobenzothiazole (MBT) and its analogs have been

discovered as a class of new matrices for MALDI-MS. These compounds are structurally

distinct from the conventional matrices. MBT has been used successfully for the

desorption of proteins up to 100,000 daltons. A comparison with conventional matrices

indicates that MBT provides the same level of sensitivity and resolution and offers

excellent tolerance to sample contaminants such as ionic detergents. 5-Chloro-2-

mercaptobenzothiazole (CMBT), an analog ofMBT, has been found not only effective for

the analysis of peptides, low-mass proteins, and glycolipids, but also superior to

conventional matrices for the analysis of glycopeptides and oligosaccharides.
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The information gained fi'om the matrix studies has been applied to the structural

analysis ofpeptidoglycans, a type of complex glycoconjugates consisting bacterial cell wall

with important immunological significance. In analysis by MALDI-MS, peptidoglycan

samples were subjected to enzymatic digestion with muramidase and the resulting

muropeptides were purified by HPLC. CMBT was employed for routine analysis by

MALDI-MS of muropeptides, which are problematic analytes in MALDI-MS by using

conventional matrices. The results have demonstrated that sub-picomole to femtomole

detection can be achieved in both positive mode and negative mode allowing unambiguous

determination of molecular masses of muropeptides of peptidoglycans. Structural

information of muropeptide monomers was obtained by further post-source decay (PSD)

analysis. Fragmentation patterns in positive mode and negative mode PSD are found to be

complementary to each other for the elucidation of the composition of the peptide chains

and oligosaccharide moieties. Enzymatic digestion was also incorporated with MALDI-

MS in solving structural problems of muropeptide oligomers from pathogenic

Staphylococcus aureus strains. Specific cleavage between pentaglycine bridge residues

was performed by lysostaphin digestion for these oligomers and the resulting hydrolysates

were subjected to direct MALDI-MS. The combination of an analysis by PSD and the

lysostaphin digestion approach led to the determination of structural modification of

peptidoglycans from Staphylococcus aureus strains.

MALDI-MS also played an important role in the study of porcine oocyte zona

pellucida 30c glycoprotein (ZP3a). Tryptic digest of ZP3a glycoprotein was separated by

reverse phase HPLC and four heterogeneous glycopeptide fractions were identified by

their MALDI-MS spectra. N-linked and 0—linked glycopeptides of ZP3a glycoprotein

   



1'61

re:

CO

CH

011

of

the

prr

rea

 



 

152

were distinguished by lectin (jacalin) affinity chromatography / HPLC / MALDI-MS. The

MALDI mass spectrum of the glycopeptide at Asn 203 of ZP3a showed more

microheterogeneity than that of the glycopeptide at An 220 or Asn 333. After the

treatment with specific exoglycosidases which released most ofthe outer branches ofthese

glyc0peptides, MALDI-MS analysis revealed that the glycan at Asn 203 consists a mixture

of fucosylated and unfucosylated bi- and tri-antennary structures, whereas the glycan at

Asn 220 or Asn333 is composed of a mixture of fucosylated complex bi-, tri-, and tetra-

antennary oligosaccharides. To minimize sample handling between the stages of lectin

aflinity binding and MALDI-MS, a micro-batch lectin binding process was also developed

for direct MALDI-MS analysis for isolated glycopeptides. This approach is capable of

identifying glycopeptides derived from ribonuclease B and avidin, proteins having a single

glycosylation site.

The complete characterization of glycoproteins and other types of glycoconjugates

requires the structural analysis of their respective oligosaccharides. However, the

resulting spectra from MALDI-PSD analysis on native oligosaccharides are rather

complex and difficult to interpret. Reducing and non-reducing terminal fragmentation,

cross-ring fragmentation and internal fragmentation all occur to the native

oligosaccharides, complicating sequence determination. 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 derivatives at

the reducing terminus. ' This type of glycosylamine derivative produces primarily

protonated molecules in MALDI-MS. Reaction cleanup is not necessary because excess

reagent can be used as the MALDI matrix without interfering the analysis by MALDI-MS.
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PSD analysis of the protonated molecule yields a spectrum dominated by reducing

terminal fragments allowing easy determination ofthe oligosaccharide sequence.
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