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Introduction

1.1 General introduction

During the past two decades, important achievements in biological mass spectrometry
(MS) have been made by the development of new ionization techniques for the analysis

of biopolymers such as proteins, carbohydrates and nucleotides. Conventional mass

spectrometric methods, which proved so useful in organic chemistry for analyzing,

compounds with low molecular masses, exclude the possibility of measuring
compounds with high molecular masses. The general problem was to convert non-
volatile biopolymer macromolecules into intact, isolated ionized molecules in the gas

phase. Once formed, the ions can be directed into a mass analyzer that differentiates
the ions according to their mass-to-charge ratio (m/z).

Two desorption techniques, fast atom bombardment (FAB) t1l and plasma desorption
(PD) [2], initiated the development of strategies for protein characterization by mass

spectrometry. Though very successful, their general use was restricted by a limitation
in the mass range; routinely below 5000 Da for FAB and 15 000 Da for PDMS. The

breakthrough for the mass spectrometry of biomolecules at higher molecular masses

came in 1988 with the introduction of electrospray ionization (ESI) t3l and matrix-assisted

laser desorption/ionization (MALDI) [4], ESI and MALDI mass spectrometry extended

the accessible mass range to above several hundred thousand Daltons. They provide a
rapid, simple and accurate means of obtaining molecular mass information for a wide
range of non-volatile biopolymers at excellent sensitivity.

L.2 Discovery of MALDI

With the invention and development of lasers in the early 1960's it was demonstrated
that irradiation of solid surfaces with a high intensity laser pulse could produce ions in
the gas-phase for mass specLrometric analysis [5].In the years to follow, lasers throughout
the wavelength range from far-infrared (IR) to far-ultraviolet (UV) were combined with
virtually every available type of mass spectrometer. During the 1970's the laser
desorption (LD) technique extended from mainly elemental analysis to the analysis of
non-volatile polar biological and organic molecules [6-9]. Especially the desorption of
intact quasimolecular ions of thermally labile compounds, such as oligosaccharides,

glycosides and peptides [7] was an important step in the development of LD.
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Two general mechanisms of LD were discovered: First, an efficient and controlable

energy transfer to the sample requires resonant absorption of photons by the molecule

at the laser wavelength used. Second, to avoid thermal decomposition of thermally

labile molecules the energy from the laser beam must be transferred within a very short

time. However the success of LD for the analysis of intact larger biomolecules was

quite limited i.e. in the mass range up to 10 kDa for IR-LD [10,11] and up to 3 kDa for

UV-LD [12-14). This limitation was believed to be due to the fact that the energy needed

for resonant absorption and successful energy transfer was greater than the energy

required for the dissociation of the larger biomolecules [15].

A major breakthrough in LD was achieved in 1988, when it was discovered that, similarly

as in FAB, the use of a matrix compound in LD greatly extends the applicability range

of the ionization technique. Simultaneously but independently, two matrix techniques

were introduced[76,771. Tanaka et al. [1,6lused a slurry of metal particles in glycerol as

the absorbing matrix and a nitrogen (Nr) laset emitting radiation at 337 nm for

desorption. Since laser light at 337 nm passed through glycerol without any interaction,

it was necessary to introduce a finely dispersed metal powder. Because of their ability

to produce thermal excitation in response to laser irradiation, the metal particles were

the coupling between the light and the liquid matrix. The matrix technique chosen by

Karas and Hillenkamp was conceptually different. In earlier studies, they observed

that small, non-absorbing molecules (amino acids) could be desorbed intact if dispersed

in a suitable matrix, consisting of small highly absorbing species [14,18]. Under these

conditions the role of the metal substrate, used as sample support, in energy deposition

could be excluded. The breakthrough towards higher masses came with the discovery

that nicotinic acid had special properties as matrix for larger polypeptide analytes [17].

Nicotinic acid is solid at room temperature and shows a high molar absorptivity at

266 nm, a frequency of the neodymium-doped yttrium aluminium garnet (Nd-YAG)

Iaser used. Irradiation of a dried mixture of nicotinic acid and the analyte mediated

both the desorption and ionization of intact molecular ion of proteins exceeding t0 000

Dal17l.
The major difference between the two methods of sample preparation was sensitivity.

The sample preparation of Tanaka's required nanomoles of protein, whereas only

picomoles were required for the Karas and Hillenkamp sample preparation. The signals

obtained for the latter method were also more intense and had a higher signal-to-noise

ratio. These factors indicated that for an analytical method, the nicotinic acid matrix

was perceived to be more promising. The name given to this new method of ion

production was "matrix assisted laser desorption/ionization" (MALDI).

10
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Principles and various practical aspects of MALDI-MS are discussed in the next sections,

i.e. the choice of matrix, sample preparation and ionization mechanisms in MALDI.
This is followed by the instrumental set-up, including the principles of the time-of-

flight analyzers. After listing some general performance specifications, advanced

techniques like post-source decay and delayed extraction are explained. Finally, the

general application area of MALDI-MS is briefly overviewed.

Table 1 The most commonly used matrices for MALDI-MS

Matrix Wavelength Application

Nicotinic acid l17l

Sinapinic acid [23]

2,5-Dihydroxybenzoic acid (DHB) [2a]

o-Cyano-4-hydroxycinnamic acid [31] 337, 355 nm

3-Hydroxy picolinic acid [33] 337,355 nm

337,355 nmDHB + 10% 2-hydroxy-5-methoxy
benzoic acid (sDHB) [34]

proteins

proteins and glycoproteiru

proteins and glycoproteins
carbohydrates,
synthetic polymers
peptide-mapping
biological samples

peptides and glycoproteins
peptide-mapping
PSD analysis

oligonucleotides and carbohydrates

high mass range; M1 > 20 000

266run

337,355 nm

337,355 nm
2.941tm

1.3 Matrices

Since the introduction of nicotinic acid, several different organic compounds, selected

for their UV absorbing properties have been investigated [see e.g. 19-221. Most of these

compounds are substituted aromatic compounds containing a carboxylic acid group.

Different matrix compounds or mixtures of matrix compounds are used for MALDI
analysis, depending on the laser wavelength used, the solubility of the analyte and the

ciass of compounds. A iist of the most commonly used substances is given in Table 1.

Cinnamic acid derivatives, including ferulic acid and sinapinic acid evaluated by Beavis

and Chait [23] enabled MALDI analysis at laser wavelengths extending from 266 to 355

nm. Compared to nicotinic acid, these matrices improved the sensitivity and reduced

the abundance of adduct ions. The matrix 2,S-dihydroxybenzoic acid (DHB), introduced

by Strupat et al. [24], performs as well as or better than the cinnamic acid derivatives

11
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and in conjugation with both UV and IR lasers [25,261. This matrix is extremely useful

for the analysis of a large variety of macromolecules such as proteins 1271, carbohydrates

[28], synthetic polymers [29] and enzymatic digest [30]. Besides, it has shown a high

tolerance to contaminants such as inorganic salts, buffer and ionic detergents like sodium

dodecyl sulphate (SDS) [24]. Another matrix, cx-cyano-4-hydroxycinnamic acid (HCCA)

produces intense signals of peptides and glycopeptides [31]. In addition, a high degree

of metastable fragmentation is induced with HCCA as matrix [32], making it a suitable

matrix for post-source decay analysis. Among the few matrix compounds that have

been found to desorb/ionize intact DNA,3-hydroxypicolinic acid (3-HPA) is probably

the most widely used [33]. More recently, the use of the matrix DHB, along with 2-

hydroxy-S-methoxy benzoic acid, (super DHB, sDHB) have enhanced the MALDI

performance and extended the accessible mass range of DHB [34].

1.4 Sample preparation

Proper sample preparation is crucial for successful analyses by MALDI-MS. The earliest

and most widely used procedure for analyte-matrix preparation is the "dried droplet"

method [35]. The matrix compounds are typically dissolved in an aqueous solution

containing 30-70% acetonitrile and/or 0.1% triflouroacetic acid (TFA). The analyte is

prepared in a solvent compatibility with the matrix. Micro volumes of the matrix and

the analyte solution are deposited on a sample probe either sequentially to mix them

thoroughly on the probe tip or together in the form of an admixture of the two solutions

and allowed to dry. Optimat molar ratios are in the 1:1000 to 1:10000 (analyte to matrix)

range. Depending on the matrix used, finely dispersed crystallites or extended crystalline

areas at the rim of the droplet can be observed by microscopic inspection. Incorporation

of analyte into matrix crystals, taking place upon evaporation of the solvent124,36,371

provides an in-situ purification of the sample and is the reason for the relatively high

tolerance against contaminants.

However, high concentrations of impurities commonly found in biological samples

can significantly reduce or totally eliminate the analyte ion yield. For such complex

systems, it is necessary to optimize the matrix-sample preparation and/or add a sample

pretreatment step to desalt the sample [38]. Significant improvements in the tolerance

of MALDI to high levels of involatile additives has been demonstrated using a slow

matrix crystallization technique [39]. Several immobilization/washing strategies have

also been fairly successful in decreasing salt levels where either thin layer of micro/
poly-crystalline film 135,401, a membrane [41,-441, or a C-18 derivatized target [45] is

used to adsorb analytes, allowing extensive washing of the sample.
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1.5 Mechanism of MALDI

The role of the matrix is generally thought to be threefoldL2T-461

(1) Matrix isolation,

The biomolecules are incorporated in a large excess of matrix molecules, separating

analyte molecules from each other, strong intermolecular forces are thereby reduced,

preventing aggregation of the biomolecules.

(2) Absorption of energy from the laser light.

The matrix molecules absorb the energy from the laser pulse and transfer it into excitation

energy of the solid system, initiating the process of desorption.

(3) lonization of the biomolecules.

Suitable matrices are thought to induce the ion formation of the analyte molecules by
photoexcitation or photoionization of matrix molecules, followed by proton transfer to

the analyte molecules.

The precise mechanisms involved in the concept of matrix assistance to laser desorpLion/

ionization are still uncertain. Efforts have been made in order to understand the

fundamental aspects of desorption and ionization. Such investigations include the

examination of compounds for their efficacy as matrices 121,37,47-49), determination of
the initial velocity distribution of laser desorbed analyte ions [50-52], the influence of
laser wavelength and pulse width I49,531, studies of exchangeable protons in the matrix
molecule [51,54] determination of common matrices proton affinities [48,55] and studies

of matrix-ion suppression 137,56,571.

The mechanism for transferring the biomolecules, embedded in the matrix, into gas-

phase ions involves a rapid phase change from solid to gas. It is generally accepted that
the matrix molecules, upon absorption of the laserbeam energy,rapidly sublime, forming
a dense plume that undergoes supersonic expansion into vacuum, carrying the

embedded molecules into the gas phase [51,52,58].

As far as ion formation processes are concerned several observations support the model

that the ionization of analyte molecules takes place as a separate process in the expanding

plume of desorbed particles as a result of matrix analyte reactions I47,50,59,601, whereas

the chemical step leading to ionization is still a matter of considerable debate and

research. For UV-MALDI mainly two different models have been proposed: a
photochemical ionization model, where highly reactive matrix radical ions are formed

13
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by photoionization, followed by subsequent ion-molecule reactions with the neutral

analyte molecules, i.e. chemical ionization and the non-ionized matrix model which

involves excited-state proton transfer between electronically excited matrix molecules

and neutral analyte molecules.

Photochemical ionization model ( UV )

This model is based on the observation of both radical molecular ions (M-') and

protonated ions ([M+H]*) for several matrix compounds [47], whereas the peptides/

proteins (analytes) are observed essentially as protonated molecules ([A + H]-). The

key idea is that ionization of highly absorbing compounds by UV lasers is initiated by

a photoionization step yielding intermediate radical molecular ions (reaction 1a). The

radical molecular ions which usually are very reactive species, then undergo chemical

reactions with neutral molecules, thereby directly protonating the analyte (reactions

1b) and/or another matrix molecule (reactions 1b') 147,57,59,61]. Protonation of the

analyte may also include an additional step, where the proton originates from the

protonated matrix ions (reaction tc) 132,54,62,631.

(1a) M+hu M+

(1b) M+'+A [A+H]+ + [M-H]

M+ +M [M+H]+ + [M-H]

[M+H]+ +A --> [A+H]+ + M

Non-ionized matrix model (UV)

The low relative intensity of matrix related ions compared to analyte ions and the

existence of specific conditions in which matrix ions are fully suppressed

I3'1,,37,56,57,64,65] suggest non-ionized matrix as precursor for protonated analyte ions.

In this model the electronically excited matrix molecule (M*) formed in reaction 2a acts

as an acid, transferring a proton to the analyte molecule (reactions 2b). There should be

a similar pathway for matrix ions when analyte is not in the vicinity (reactions 2b'). The

intermolecular proton transfer depends on the relative proton affinities of the matrix

and analyte molecules.

14
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(2a) M+hu M*

(2b) M*+A [A+H]+ + [M-H]-

(2b') M*+m [M+H]+ + [M-H]-

Phase transition model (IR)

For both the above models at least, two UV photons or Lwo UV excited matrix molecules

are needed to provide the necessary ionization energy 147,66). Since MALDI of large

ions has been demonstrated for IR laser wavelengths as well, requiring 20-80 photons

125,26,47,64,66,671, the formation of radical ions and/or neutral photoexcited matrix

appears not to be an essential prerequisite for ion formation.

Recently Niu, Zhang and Chait [68] made the first direct comparison of UV- and IR-

MALDI mass spectra of proteins obtained from the same analyte-matrix mixture (sample

spot). Strikingly similar IR- and UV-MALDI mass spectra were obtained for a given

protein from the same matrix. This lead to the suggestion that the ionization occurs as

a natural consequence of the solid-to-gas phase transition induced by the IR irradiation

and that ionization takes place through proton exchange reactions in the intermediate

phase between solid and gas, with the protons derived from dissociation of the acidic

matrix in this intermediate phase, and that the driving force for ionization is the relative

high proton affinity of the protein molecules. They further propose that ionization in

UV-MALDI may also be a natural consequence of the phase transition and that eleckonic

excitation may not play a primary role in the ionization process.

Although a number of models for the processes underlying the phase transition and

ionization have been proposed, insufficient experimental data has been obtained to

assess definitively their relative merits. And it must be kept in mind, that ion formation

can be sensitive to both the matrix material and the analyte.

-)

-)

--)
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1.6 Instrumentation

Ion source

A schematic drawing of an MALDI instrument is shown in Figure 1. The ion source

consists of a sample stage/probe that is used to load the matrix-analyte mixture into

the vacuum system of the mass spectrometer. Lasers emitting in the UV wavelength

range of 260-360 nm are almost exclusively used in MALDI instruments. The most

common are the N, laser emitting at 337 and the Nd-YAG laser, whose emission

wavelength of 7064 nm can be transformed to 355 nm or 266 nm by frequency tripling
or quadrupling using non-linear optical crystals. The few IR-MALDI related studies

have mainly been carried out with the erbium-yttrium aluminium garnet (Er-YAG)

laser emittin g at 2.9 4 ytm.

For the required irradiance in the range of 106 - 107 \N / crn2 the laser beams are focused

onto the sample spot, to diameters in the 50-500 pm range by suitable optical lenses.

Tuning of the applied irradiance is achieved by finely attenuating the laser beam.

Figure '1. Schematic dwgram of the Finnigan MAT, VlSlON 2000, a MALDI-TOF instrument
( cour tesy F innigan MAT).
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Time-of-flight (TOF ) mass spectrometry

MALDI of large molecules is usually coupled to a time-of-flight (TOF) mass analysis,

although several applications have been performed on fourier-transform ion cyclotron

resonance (FT-ICR) 169,701, magnetic sector 171.,72] and ion trap mass analyzers 173-771.

In TOF analyzers (Figure 2a), the mass-to-charge (m/z) of an ion is determined by

measuring its flight time. The analyte ions together with the matrix ions, form a dense

plume just above the sample probe, which is held at high potential. These gas-phase

ions are accelerated through a grid held at ground potential, into a field-free drift region.

Because all ions are accelerated by a fixed potential difference, they will have the same

kinetic energy: 7 /2 (m/z)v'? = E, where E is the energy imparted on the charged ions as a

results of the voltage that is applied by the instrument and v is the velocity of the ions

in the field-free region. The velocity of the ion will then be proportional to (m/2,)-'/2

where mfz,is the mass-to-charge ratio of a particular ion species. As the ions travel

through the length (D) of a field-free region, they separate into a series of spatially
discrete individual ion packets, each havelling with a velocity characteristi c of its m/z

ratio. A detector positioned atthe end of the field-free flight-tube produces a signal as

each ion species that strikes it. The differencebetween the start time, setby the occurrence

of the laser pulse and common to all ions, and the arrival time of an individual ion at

the detector is proportional to (m/z)'/2

(1) t=(f,,)tD o

and can be used to calculate the ions m/z ratio

(2) m =28(L\2Z \DI

One problem in TOF mass analysis results from the initial kinetic energy distribution of
the ions prior to acceleration, due to the desorption/ionization process. This initial
energy spread results in slight differences in times of flight which leads to peak

broadening at the detector and thus a limited mass resolution (m/6m). The peak

broadening can be reduced by using a reflectron (ion mirror) TOF analyzer (Figure 2b).

The reflectron compensates for the difference in flight times of ions with tlne same m/z

but slightly different kinetic energies by means of retarding them in an electrical

deceleration field and reversing their flight direction. Ions with excess kinetic energy

(and slightly faster velocities) penetrate the retarding field more deeply than those with
less kinetic energy. Hence, the more energetic ions will be slightly delayed relative to

17
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the less energetic ions and if the retarding field of the reflectron is adjusted properly

the arrival time spread will be largely corrected for at the detector, increasing the mass

resolution. For refleckon TOF mass analyzers in the combination of MALDI ion sources,

mass resolution of up to 6000 at full width half maximum (FWHM) have been obtained

for peptides up to about 3000 Da [78], whereas the mass resolution with linear TOF

analyzer is limited to about 7001271.

(a) source detector

l@

l.
@

o
field free drift region (D)

(b) detector

a

lon source
tltttt

Ia

o
a

o

first field free region
ttttttt

Same m/z ions
o slow ions
o fast ions

reflector

Figure 2. Schematic drawing of the basic components nnd principles of time-of-flight mass

spectrometer. lnlinear mode (a) the ions are separated according to their mass dependent oelocities.

The reflectron (b) compensates for the differences in flight times of ions with the same m/z but

dffirent initial oelocity distributions.
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Ion detection and data collection

To detect ions from MALDI, secondary electron multipliers (SEM) are used. The high

mass ions produce either electrons or low-mass ions at the conversion dynode of the

multiplier. These particles are then used to start the multiplication cascade in an electron

multiplier. The surfaces used for the conversion are either copper-beryllium or the lead

glass inner surface of a microchannelplate. The yield of secondary electrons and ions

from the conversion dynode is a function of the velocity of the ions to be detected.

MALDI instruments using low ion acceleration energy need post acceleration of high

mass ions in order to compensate for the lower detection efficiency at lower ion velocities.

This is achieved by a separated dynode, held at a potential of typically 20 kV, placed in

front of the multiplier.

The detector signal is either amplified with a fast linear amplifier or directly digitized

by a digital oscilloscope (transient recorder). The data are then transferred to a PC for

spectrum averaging, mass calibration and storage. Typically 10-50 spectra, each from a

single laser shot are summed to improve the signal-to-noise ratio and allow mass

determination.

Calibration

The time-of-flight data are converted into appropriate m/z values for ions using the

elementary equation:

(3) t = a(m/z)\/2 +b

where the constant a can be calculated from the geometry of the ion source and mass

analyzer, and b is the total time offset introduced by the registration system. However,

in practice, more accurate results are achieved by selecting two peaks of known m/z

and calculating the constants a and b from their measured time-of-flight in the spectrum.

This is usually carried out with well defined reference compounds either internally by
adding them to the analyte-matrix mixture or externally by measuring their masses

from a separate sample spot.

1.7 Performance specifications

The technique of MALDI mass spectrometry has now emerged as a highly sensitive

and accurate method for determining the molecular mass of large nonvolatile
biomolecules, particularly with respect to its applications in protein chemistry.

19



Chapter 1

Sensitiaity

The outstanding sensitivity achieved under standard sample preparation conditions is

a strength of the MALDI technique. The amount of sample used is typically in the low
picomole to high femtomole range. Since the amount of material consumed for the

analysis is much less than the total amount loaded onto the sample support, significant

improvement in the absolute detection limits has been demonstrated by decreasing the

analyte-matrix volume [Chapter 2]. Enhanced sensitivity has also been achieved utilizing

microcrystalline matrix surfaces prepared by fast evaporation of a matrix solution prior
to application of the analyte solution [40]. Though 5-10 attomoles of peptide,/protein

have shown to be sufficient, using the above sample handling/preparation methods, it
is not straightforward to use these extremes of sensitivity for routine analysis.

Mass range

The accessible mass range for MALDI using time-of-flight instrument has extended to

more than 1 MDa. The largest functional protein entity published so far is the monomer

ion signal of human immunoglobin M at 982,000Da 1791.

Mass acatracy

The mass accuracy depends on instrumentation characteristics, as well as the sample

preparation [80]. A mass accuracy of 0.01 % (100 ppm) for proteins up to 30,000 Da has

been demonstrated using internal calibration [81]. In practice, for peptides < 3000 Da

the mass accuracy is limited to typically 300-700 ppm for linear TOF and 100-300 ppm

for reflectron TOF, with internal calibration. Considerable improvement has been

achieved with the incorporation of delayed extraction to MALDI-TOF [see section 1.9].

Using internal calibration, mass accuracy better than 50 ppm is obtained routinely for

peptides < 4000 Da [82-84].

1..8 Post-source decay

MALDI has historically been considered a "soft" ionization technique that produces

almost exclusively intact analyte ion species. Prompt fragmentation is generally not

observed or restricted to loss of small molecules such as water and COr, hence standard

MALDI-MS lacks the ability for structure analysis. This deficiency was overcome when

Spengler and Kaufmann [85-87], demonstrated that desorbed analyte ions undergo

extensive fragmentation during their flight and that the resulting fragment ions can be

analyzed and detected in a reflectron instrument by lowering the potential applied to

the reflectron. This technique is referred to as post-source decay (PSD) (review, see[88])

and its principle is illustrated in Figure 3.

20
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Fragment Ion Spectrum precursor

third PSD
fragment

second PSD
fragment

first PSD
fragment

detector

{. tttttt
I

tttttt

ion source

fragmentation: 

->
precursor

neutral

reflector
first field free region

Figure 3. Principle of post-source decay analysis. Consecutiae lowering of the reflectron

potential allotus for PSD ions to be imaged as TDell resoloed ion signals in ftont of the signal of

the stsble precursor ion signal.

In the PSD process, the laser desorbed ions undergo unimolecular decomposition [87,89]

in the first-field-free region before the reflectron. The resulting fragment ions retain

basically the same velocity as their precursor ion and hence will enter the reflectron at

the same time. Howevet because these fragment ions have lower kinetic energies (related

to their nt/z value), they do not penetrate the retarding field of the reflectron as deeply

as their precursor ions, thus they will leave the reflectron and arrive at the detector

earlier than their respective precursors. The reflectrons, however can only transmit a

limited range of kinetic energies, i.e. those fragment ions which have sufficient kinetic

energy to penetrate the retarding field. Therefore, in order to acquire a complete mass

spectrum of fragment ions, it is necessary to stepwise reduce the reflectron voltage so

as to bring lower energy ions into the retarding field.

I
i
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The major application of the MALDI-PSD technique has so far been peptide sequencing.

The ions observed in PSD analysis of peptide favours backbone cleavages producing
predominately a, b and y type of fragment ions (Figure 4). Identification of these ions

provide valuable sequence information of unknowns[88,90,91], confirmation of putative
identities 192,931and localization and mass characterization of conjugated modifications

192,94-991. The routine performance of sequence analysis by PSD is limited to peptides

smaller than 3000 Da. Beside peptide sequencing, PSD analysis of other biomolecules

such as oligosaccharides [100-105] and oligonucleoLides [706,7071is possible. In addition,

distinct ions in a mixture (e.9. in a enzymatic digest of a protein) can be selected without
separation by means of a precursor ion selector 196-98,\08, Chapter 81.

The interpretation of the fragment pattern for unknown peptides can be relatively

complex. However, by gaining a partial sequence of only a few amino acids (a sequence

tag) the identifications of peptide/proteins can be received by database search [109,110,

Chapter 81.

X Y^Z x v x v
R,t' Rr

t- $e

-COOH

a1 c a? bz c a-) t3

u1

R, Rrl' + l-
HrN-CH-C-NH:CH-il

o

Rrt' +
b1 HrN-CH-C:O

+ \{: F
Y1 ---NH-CH-COOH

Figure 4. lllustration of fragment ions formed through bond cleaaages along the backbone of

protonated linear peptides (a) and proposed structures of a-, b- and y-type of ions common in a

typical PSD spectrum (b),
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1.9 Delayed extraction

MALDI MS performance has improved considerably over the last few years. One of the

most exciting developments arises from the implementation of the recently introduced

method of delayed extraction [82,111-113]. The technique is not new; Wiley and Mclaren

[114] already described time-lag energy focusing to correct for initial velocity distribution

in 1955. The most striking feature of delayed extraction (DE) MALDI-TOF is the dramatic

increase in mass resolution in both linear [82,111-113] and reflectron [113] mode analysis

compared to instruments without DE (Figure 5).
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With delayed extraction, ions are generated with the extraction field switched off, i.e.

no electric field, and first extracted after a short (100 to 500 ns) time delay. Within the

delay time, the initial velocity difference of MALDI generated ions allow any ion (same

m/z) with higher initial velocities to travel further toward the second grid of the two
stage acceleration ion source than those with lower initial velocities. When the extraction
field is pulsed on, an electrostatic field gradient is established between the two source

plates. The slower moving ions will experience a larger electrostatic extraction field
than the faster moving ions. This results in the slower moving ions achieving a slightly
higher final velocity upon exiting the ion source than those ions which were initially
moving faster. By appropriate choice of delay time and pulse voltage amplitude, slower

ions can be made to catch up to faster ions at the plane of the detector.

To date the potential of DE has been demonstrated mainly for peptides and proteins,

with mass resolution in excess of 10 000 (FWHM) for analytes in the 1000-6000 Da mass

range [82,84,113] and above 1000 for larger proteins up to the 30 kDa range.

[82,112,115,716]. Other classes such as glycoproteins [98], oligonucleotide [117,118] and

polymers [119-121,) which are more difficult to analyze by conventional MALDI-TOF
has also benefited from DE.

1.10 Applications

Different classes of compounds have enjoyed varying degrees of success with the

MALDI technique. Clearly one of the most successful applications has been the analysis

of proteins which have been reviewed over the years (recently reviewed in1722,7231).

Proteins

MALDI-MS can be used for characterization and identification of proteins, by mass

determination of the protein, peptide mapping and sequencing by PSD. Molecular mass

of high accuracy can be utilized as verification of structural identity and to establish

possible modifications and molecular heterogeneity of the protein. Direct MALDI mass

analysis of peptide mixtures generated by chemical or enzymatic digestion of proteins
(peptide mapping) has become a well-established and rapid method for protein
identification l\24,7251. The relative tolerance to many buffer systems and high
sensitivity of MALDI-MS means that only small quantities of material are required and

time consuming purification steps can be avoided. MALDI-MS peptide mapping is

used to confirm the sequence of recombinant proteins 1726,7271and to locate chemical
and posttranslational modification sites to specific proteolytic fragments within proteins
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of known sequences. Comparison of the measured mass with the expected mass yields

information on the nature of modification e.g., phosphorylation, acetylation and

glycosylation [see Chapter 5 and 6]. Finally, MALDI-PSD mass spectrometryhas shown

to be valuable not only for peptide sequencing but also for the parallel localization and

mass characterizations of modifications [92,94,96,98,7281.

Peptide profiling

A great strength of the MALDI technique over other ionization methods is its ability to
analyze mixtures directly. This includes analysis of peptide/protein mixtures from
biological sources, such as whole tissue and body fluid. Among the most elegant

achievements is the successful analysis of neuropeptides directly out of single neurons

from the fresh water snall Lymnnea stagnnlisl729,130]. The method includes dissecting

out individual, peptide containing neurons from the brainof Lymnaea stagnalis, placing

and rupturing a single neuron in a DHB matrix solution and obtaining high quality
mass spectra of the peptides present in individual cells. Although the peptides were in
physiological environment, neither sample pretreatment nor separation steps were

necessary. This example demonstrates how extraordinarily sensitive MALDI can be for
peptides even in complex mixtures.

The Lymnaen stagnalis study revealed the presence of known processing products, as

well as peptides which could notbe directly identified from their mass alone. In a present

study, pars intermedia of the pituiatary of Xenopus laeais were used to show the feasibility

of obtaining sequence information of neuropeptides directly from tissue samples using

MALDI MS combined with PSD fragment ion mass analysis. MALDI-PSD combined

with database searching is shown to be a promising method for rapid structural
characterization of specific neuropeptides directly from tissue samples [Chapter 8].

Model cases like this provide for the fascinating possibility that expression and

processing of gene products can be monitored by MALDI-MS on a cellular level.

In combination with gel electrophoresis

For more than twenty years, two-dimensional polyacrylamide gel electrophoresis
(PAGE) [131] has been used to simultaneousiy separate and visualize by suitable staining

thousands of proteins present in complex mixtures, e.g. cell lysates. This powerful
methodology allows the creation of a protein map for individual cell lines based on

molecular mass and pI characteristics. The identification of the proteins corresponding

to each stained spot has been greatly improved with the introduction of MALDI-MS.
Accurate mass determination of gel separated proteins has been performed either

directly from gels [L32-T34lelechoblotted membranes [135-137], or gel extracted samples
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[138,139]. Further information can be obtained by either in gel [140-143] or on membrane

1136,744ldigestion, followed by solvent extraction and subsequent MALDI analysis of

the derived peptides. This approach has the advantage of combining the separation

power of gel electrophoresis with the mass measurement accuracy of MALDI mass

spectrometry [reviewed in [145,146].

ln combination with databases

The availability of several large databases of known protein sequences represent a

substantial resource to the protein biochemist. Proteins can be identified by comparing

experimental peptide mass maps with the profiles predicted for each entry in a protein

database [140,1.47,748]. This method has found significant applications in the rapid

identifications of peptide mixtures obtained from gel separated proteins [149]. Recently

Mann and co-workers [109,110] described the "sequence tag" search approach that uses

the mass of the peptide in combination with partial sequence information contained in

e.g. a MALDI-PSD mass spectrum to search protein and nucleotide databases. This

approach can be used in addition to the peptide mass, and as such provides a significant

amount of additional information. The "sequence tag" approach combined with
MALDI-PSD is shown to be a very powerful method for structural characterization of

specific neuropeptides directly from tissue samples [Chapter 8].

Oligonucleotides

The analysis of oligonucleotides by MALDI has enjoyed a reasonable degree of success

(review see [150,151]) especially with the development of new matrices. Several groups

have further demonstrated that MALDI may be useful in DNA sequencing [152]. The

largest DNA species detected with UV laser is a 500 base double stranded DNA molecule

amplified."vith polymerase chain reaction (PCR) from the bacteriophage lambda genome

[153]. Whereas, IR MALDI mass spectra of oligonucleotides up to more than 2000 bases

have recently been reported [154].

Synthetic polymers

Initial attempt to extend the experimental approach to the characterization of synthetic

polymers gave promising results on narrow molecular mass dispersion homopolymer

standards (see e.g. 129,155,7561). However, currently the MALDI technique cannot be

applied to all classes of polymers due to very practical consideration such as lack of

suitable matrix, cationizing reagent and/ or solvent system for sample preparation [157-

15e1.
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Quantitatiue aspects

Another useful development has been the application of MALDI-MS for quantitative
analysis of biological compounds [160-163] and drugs [164-766],where the use of intemal
standards has been observed to realise a good linear response between the peak height
ratios of the analyte/internal standard ion signals and the applied amounts of analyte

[Chapter 3].

Non coanlent complexes

Non-covalent bound complexes almost always dissociate into individual components
during the MALDI analysis. Accordingly, there are only a few examples where specific

oligomeric complexes have been observed by this technique (most recently 1767-769,

Chapter a]). The ability to detect non-covalent complex ions in MALDI-MS appears to
be independent of the pH stability range of the sample but highly dependent on the
choice of matrix [168, Chapter 4]. In addition, the hydrophobic forces holding the subunit
together are sufficiently strong to prevent dissociation of certain protein complexes but
not of others under the same conditions [Chapter 4]. At the current state no guidelines
for sample preparation and choice of maLrix have been proposed, further understanding
of the desorption and the mechanism of ion formation is required.
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1.11 Scope of this thesis

The basic principles, fundamental and instrumental aspects of MALDI time-of-flight

mass spectrometry are outlined in this introductory chapter. Quantitative aspects of

MALDI-MS are discussed in the following two chapters. In Chapter 2, the absolute

detection limit of MALDI-MS is studied via minimalization of the size of the sample

spot. In Chapter 3, the ability of MALDI-MS in quantitative analysis of both low and

high molecular mass analytes is investigated, with the use of internal standards. Chapter

4 evaluates the potential of MALDI-MS for the mass measurement of specific non-

covalent complexes of biomolecules. While it was initially thought that the pH of the

matrix solution would be of utmost importance in such studies, the results indicate

that the situation is more complicated.

The remaining four chapters are devoted to various aspects and methods for structure

elucidation and characterization of peptides and proteins. MALDI-MS enables detection

of individual components directly from complex mixtures. In this way labour-intensive

and time-consuming sample purification and separation steps can be avoided. MALDI-

MS is therefore, ideally suited for the characterization of peptide mixtures, e.g. peptide

mapping. In Chapter 5 and 6 peptide mappingby MALDI-MS is applied to confirm the

sequence of proteins and to localize and identify chemical and posttranslational

modi fications of proteins.

Direct peptide profiling such as characterization of neuropeptides directly from intact

biological cells and tissue samples dissected from animal brains can be achieved by

MALDI-MS. This is demonstrated in Chapter 7 where, peptide profiling of melanotrope

cells from the South African toad, Xenopus laeais, allows the identification of POMC

derived peptides. More advanced technology in MALDI time-of-flight MS, e.g. post-

source decay and delayed extraction, have enhanced the ability of MALDI-MS in

structural characterization of peptides. Post source decay sequencing of peptides directly

from tissue samples combined with database searching is shown to be a promising

method for rapid confirmation and structural characterization of specific neuropeptides

[Chapter 8]. Improvements in both mass resolution and mass accuracy via delayed

extraction further facilitates the quality and interpretation of the data, as demonstrated

in Chapter 8.
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Quantitative bioanalysis using matrix-assisted laser

desorpti on f tontzation mass spectrometry

The application of matrix-assisted laser desorption mass spectrometry (MALDI-MS) for
quantitatiae analysis was inaestigated with the use of internal standards. Three peptides/proteins

in the mass range 1000-12000 Da were tested and the ffict of aarious internal standards was

eonluated. Horse cytochrome c wns used as an internal standard for boaine cytochrome c, melittin

for renin and qn undecapeptide B annlogue was employed as an internal standard for the

decnpeptide A, Linear response was found between the measured peak height ratio and the applied

amotmt of analyte when an appropriate internal standard was used. The quantitatiae abilities of
MALDI-MS were finally applied to the bioanalysis of the drug amperozide in plasma. The

biological samples were prepared for analysis using liquid-liquid extraction prior to MALDI
mass spectrometry. A linear calibration curae was obtained using the 13Co stable isotopically

labelled amperozide as internal standard.

Introduction

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) was first
described in 1988 by Karas and Hillenkamp [1]. It has become a powerful analytical

method for biological mass spectrometry. It is capable of producing ions of proteins up
to a molecular mass of a few hundred thousandDa[2,3]. Mass accuracy of 0.7-0.2o/" can

easily be obtained. This can be improved to the level of 0.01% with the use of internal
calibrants [a]. In addition to proteins, other classes of macromolecules such as

oligosaccharides [5], oligonucleotides [6] and polymers [7] have been shown to be

amenable to this technique. The matrix tolerance to buffer and salts make MALDI-MS
well suited for direct analysis of complex mixtures such as enzymatic digests [8] without
further purification.

While MALDI-MS has proven to be an invaluable qualitative technique for accurate

determinations of relative molecular mass, the potential for quantitative analysis still
has to be investigated with this technique. Several attractive features make MALDI-MS
an interesting technique for quantitative analysis. It is suitable for the analysis of complex
mixtures and higher molecular masses. The detection limits, although widely varying
for different compounds, permit measurement in the femtomol range.

A number of quantitative methods for different compounds and using different matrices

have recently been published [9-13]. For both proteins [9,11], oligosaccharides [10],
oligonucleotides [11] and low molecular mass compounds [12] a good linear response
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was obtained with the use of internal standards. Preston ef al. [L3] report a linear response

without internal standards by the use of nitrocellulose in the sample preparation.

In the present paper, special attention was paid to the choice of the internal standard.

The application of MALDI-MS for quantitative analysis was explored for various

peptides and proteins in a mass range from 1000 to 12000 Da using an internal standard.

Proteins and peptides selected as model analytes/internal standards were bovine

cytochrome c/horse cytochrome c, renin/melittin and peptide A, LQTTIHDIIL/peptide

B, ELQTTIHDIIL. Furthermore, the possibilities of MALDI-MS for quantitative

bioanalysis of the drug amperozide (4-14',4'-bis(p-fluorophenyl)butyll-N-ethyl-1-

piperazine-carboxamide) in plasma were investigated. In the quantification of

amperozide an isotope-labelled amperozide was used as internal standard.

Experimental

Materials

The 2,S-dihydroxybenzoic acid (DHB) used as matrix was purchased from Aldrich

Chemie (Steinheim, Germany). The test proteins, bovine heart cytochrome c (molecular

mass 12230.9), horse heart cytochrome c (molecular mass 12360.1), porcine renin

substrate (molecular mass 1759.0) and bee venom melittin (molecular mass 2846.5),

were all purchased from Sigma Chemical Co. (St. Louis, MO, USA). Peptide A (sequence

LQTTIHDIIL, molecular mass 1166.4) and peptide B (sequence ELQTTIHDIIL, molecular

mass 1295.5) were kindly provided by Dr. |. W. Drijfhout (Academic Hospital Leiden,

The Netherlands), human plasma, amperozide (molecular mass 401.5) and['3Crl-

amperozide (molecular mass 405.5) were kindly provided by Dr. A. Bjork and Dr. A.-M.

Olsson (Pharmacia Therapeutics, Lund, Sweden).

Mass spectrometry

The experiments were carried out on a VISION 2000 (Finnigan MAI, Bremen, Germany)

MALDI mass spectrometer. This is a reflectron time-of-flight (TOF) instrument operating

with a nitrogen laser at 337 nm. The laser beam was focused by a quartz lens system to

a spot size of 100 pm in diameter. The samples were mounted on a x, y movable target,

allowing an irradiation of selected sample areas. Up to eight samples can be prepared

on the target. The sample spots can be inspected on a monitor via a high resolution

camera during operation. The ions were accelerated to a potential of 6.5 kV in the ion

source and post-accelerated by a conversion dynode to a potential of either 10 or 20 kV

depending on the sample analyzed. The effeclive drift length of the instrument was 1.7

40



Quant itatio e b io anahl sis using MALD I-MS

meters. Ions were detected by a secondary electron multiplier and the signal was

amplified and digitized by a high speed transient recorder (Finnigan Board) linked to a

486 personal computer.

Sample preparation

Aqueous stock solutions of the analytes and the internal standards were prepared. The

different sample ratios were obtained by mixing a fixed volume of the internal standard

with different volumes of analyte and diluting the mixture with water to a total volume.

The DHB matrix was dissolved at a concentration of 1.0 g/I in water. A 0.5 pl of the

matrix solution together with a 0.5 pl of the aqueous analyte-internal standard solution

were mixed directly on the target. For each series of experiments the matrix concentration

was kept constant, giving a diverse molar ratio between matrix and analyte. The sample

was dried in a cold air stream before loading into the mass spectrometer.

Running procedure

The stability of ion signal ratios was studied for bovine cytochrome c. Five sample

spots were prepared on a target. From each spot successive mass spectra were

accumulated for 10, 25, 50 and 100 laser shots fired at the same spot on the sample

surface.

The quantitative measurements were performed in the following way: for each sample/

internal standard ratio a target with four sample spots was prepared and loaded into

the mass spectrometer. A spot on the sample surface was selected for further

investigation, when the signal from both analyte and internal standard could be visually

identified with a relative good resolution. The laser power was tuned by means of a

variable attenuator to keep the [M+H]- signals belween 0-150 mV in amplitude. Then

ten or twenty spectra, depending on the sample, were accumulated from the same laser

spot on the sample surface. This was repeated five to eight times, every time from a

new position on the four sample spots. Generally, all four sample spots were used to

generate the data. All spectra were acquired in the positive-ion mode.

The intensities of the analyte and the internal standard peaks were measured by means

of peak height and peak height ratios. Means, standard deviations and relative standard

deviations of the 5-8 measurements were calculated for each concentration.

Extraction procedure

Plasma samples containing amperozide were made from an aqueous standard solution

of amperozide/[t3Cn]-amperozide. The aqueous standard solution was mixed 1:1 with

human plasma (100 pl of each). The samples were then prepared for quantitative analysis
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by a single liquidJiquid extraction procedure. The samples were mixed with 400 pl of
acetonitrile and the test-tubes were centrifuged for 3 min at 14 000 g. The organic phase

was then transferred to a clean test tube and dried under a stream of nitrogen gas. The

dried samples were reconstituted with 50 pl of 50% acetonitrile. The reconstituted

samples were then analysed as described above.

Results and discussion

Absolute quantitation of MALDI ion yield from sample to sample depends strongly on

shot-to-shot reproducibility, which requires a uniform sample surface and a laser pulse

kept at constant energy. Mass spectra obtained from individual laser shots greatly vary

in signal intensity and mass resolution, both over the sample surface and with successive

shots at a given sample spot. However, the addition of a related compound as an intemal

standard enables quantitative information to be obtained, since experimental variation

equally affects the signals from the analyte and the internal standard.

2
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Sample ratio
horse/bovine cytochrome c (pmol/pl)

Figure 1. Variation of the ion signal ratio with the number of accumulated spectra obtained

ftom the same sample spot on the sample surface at three dffirent sample ration of horse cyto-

chrome c aersus boaine cytochrome c. Error bars are t standard deuiation of fiue measurements

from fiae dffirent target spots
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Table 1 Calculated average, measured peak-height ratios with standard deviation
(SD) and relative standard deviation (RSD) in percentage of the measured peak height

ratios for bovine cytochrome c, renin and peptide A. Each value listed represents peak

height ratio obtained from 5-8 (n) replicate sample analyses.

Sample ratio
applied
(pmoi)

Average
Peak-height
ratio SD RSD (%) n

bovine/horse
cytochrome c

renin/melittin

1

2

4
8
12

1,6

1

2

4

8
r6
24
-11

40

peptide A/B

0.5
1,

2

4

6

8

0.25
n5
1

2

3

0.03
0.07
0.11

0.10
0.1.2

0.07

9.5
74.7

L4.2
7.8
7)
3.5

0.76
0.29
0.82
))q

4.L3

26.5
18.0

21.2
13.6

28.3

0.125
0.25
0.5
1

2

3
4
5

0.02
0.04
0.09
0.t2
0.15
0.56
0.90
1.30

76.2
27.3
27.4
74.6
10.9
22.6
27.4
24.6

0.28
0.51

0.78
r.34
7.67

2.10

5
5

5

5

5

5

8

8

8

8

8

8

8

8

8

8

8

8

8

1,.25

2.50
5.00

10.00
15.00

0.04
0.05
0.77
0.31
1.17

0.10
nrn
0.42
0.82
1.35

2.48
4.79
5.29
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Stability of the ion signal ratio

With the use of an internal standard, the stability of the ion signal ratio was compared

with increasing number of spectra accumulated. A given spot on the test sample was

irradiated by laser pulses and the integrated peak intensities were successively recorded

for 10,25, 50 and 100 accumulated spectra. This was repeated five times by moving the

target to a new spot on the sample surface. In each case the ratio of peak heights for the

analyte and the internal standard was measured and means and standard deviations of
five measurements were calculated. Bovine cytochrome c was used as the analyte and

horse cytochrome c as the internal standard. The experiment was carried out at three

different sample ratios 4:4, 4:16 and 4:32pmol/ Vl. The results are presented in Figure 1.

In all three cases, the ratio in peak height between bovine and horse cytochrome c is

independent of the number of spectra that were accumulated. The stability in the ion

signal ratio indicate that the variation in signal strength can be compensated for by the

use of an internal standard and that 10 summed spectra are sufficient for the quantitative

analysis of cytochrome c.
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a horse
cytochrome c

bovine
cytochrome c

11000 12000 , 13000m/z i4000

c ELQTTIHDNL

LQTTIHDIIL

LQTTIHDII

ELQTTIHD

peptide A

peptide B

1000 1100 1200 1300 1400

r/z

2000 2500 3000r /z

415 420

Figure 2. MALDI tnass spectra of the fotr test samples with DHB as matrix. Each set of

spectra represent the internal standard at constant clncentration and the analyte at two different

concentrations. (a) Boaine cytochrome cfhorse cytochrome c; applied amount 2:2 pmol top and

4:2 pmolbottom,number of accumulated spectra = 70. (b) Renin/melittin; applied amount L.25:5

pmoltop and5:5pmolbottom,number of accumulatedspectra =20. (c) Peptide A(LQTTIHDIIL)/

peptide B (ELQTTIHDIIL); applied amount 8:8 pmol top and 24:8 pmol bottom, number of

accumulated spectra = 20. (d) Amperozide/['3Co]o-amperozide in u)ater; concentration 2.5:70

pmol/trtl top and L0:10

395 400 405 410
rn/ z

b

renin

I
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d
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Quantitatioe analysis

Quantitative analysis was applied to various peptides and proteins in a mass range

from 1000 to 12000 Da using appropriate internal standards. The applied procedure is

described under experimental. Table 1 gives the calculated average, standard deviation
(SD), relative standard deviation (RSD) in percentage of the measured peak height ratios

and the number of measurements performed for each sample loading.

Boaine/horse cy tochrome c

An internal standard should mimic the behaviour of the analyte during sample

preparation and analysis. Horse cytochrome c was selected as internal standard in the

quantitative analysis of bovine cytochrome c, because the cytochromes are functionally
identical proteins. However, as they differ by three amino acids in their amino acid

sequence, i.e., Thr at position 47 in horse cytochrome c is replaced by Ser in bovine

cytochrome c, Lys at position 60by Gly, and Thr at position 89 by Gly, they most likely
also differ in proton affinity. Perhaps, the selection of a protein with similar proton
affinity as horse cytochrome c would have been more appropriate.

Figure 2a shows the mass specrra obtained for the analysis of bovine cytochrome c with
the use of horse cytochrome c as the internal standard. The internal standard was applied

at a constant concentration and the analyte concentration was varied.

When the amount' of bovine cytochrome c loaded per sample spot is plotted against the

peak heights ratio for bovine cytochrome c and horse cytochrome c a linear response is

obtained (product-moment correlation coefficient R = 0.992) over the range 1-16 pmol
bovine cytochrome c with horse cytochrome c kept at 2 pmol (Figure 3a).

Renin/melittin

In the second example renin and melittin, two functional and structural different
proteins, were tested. Mass spectra obtained with renin as analyte and melittin as intemal

standard are shown in Figure 2b. In the renin/melittin case obviously much better mass

spectral resolution is achieved owing to the lower molecular mass of the peptides. It is
expected that this would result in more precise results, especially for the more extreme

concentration ratios where in the cytochrome c case, peak overlap might distort proper

peak height measurements.

Figure 3b shows the correlation between the amount of renin loaded and peak height
ratio for renin/melittin. A linear response was found for renin with melittin as internal
standard over the range 1.25 to 15 pmol (R=0.992). The applied amount of melittin is 5

pmol. The results are not significantly better in terms of precision, which probably can

be explained from the structural differences between renin and melittin, resulting in
different behaviour in MALDI.

45



2

a

o

50
o

f4
6o

6

bo
o

l(
6o
0.

0 4872 1.6

bovine cytochrome c (pmol)

20 30

peptide A (pmol)

40 50

20

renin (pmol)

10 20

peptide A (pmol)

30 40

30

20 0

0

10

o

bo

-)z6
o

o

bo
o

x
o

10

Figure 3. Peakheight ratio plotted against the applied amount of analyte for the three proteins/

peptides. (a) boaine cytochrome c ranging from 1-16 pmol with horse cytochrome c used qs

internal standard, (b) renin ranging from 1.25-15 pmol with melittin used as internal standard.

(c) peptide A ranging from 1-40 pmol with peptide B used as internal standard and (d) peptide

Aranging from 1.-24 pmol with peptide B used as internal standard. Error bars are ! standard

dwiation of 5 measurements for boaine cytochrome c and 8 for both renin and peptide A.

Peptide A/peptide B

In order to discriminate between mass speclral resolution-related effects and structural

effects, two structural analogous peptides, differing only one amino acid in length at

the N-terminus were explored. For this instance, peptide B, ELQTTIHDIIL was

b

c d
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synthesized as an internal standard for the quantification of peptide A, LQTTIHDIIL.
Two spectra obtained with the internal standard peptide B applied at a constant

concentration and peptide A at two different concentrations are shown in Figure 2c. A
plot of the peak height ratio versus the amount of peptide A loaded is shown in Figure

3c. A linear relationship is observed with the applied amount of peptide A ranging
from 1 to 40 pmol (R=0.991). The applied amount of peptide B is 8 pmol.

Comparison

In all three cases a good linearity between peak height ratios and the sample quantity
was obtained. The linear response indicates that the sample ratio in the solution is related

to the ion signal ratio obtained by irradiation of the crystallized sample/matrix surface.

The linear response was generally obtained over one order of magnitude. This is
considered sufficient, since in most cases the analyte can be concentrated or diluted in
solution to fit the range of the calibration curve. It must be emphasised, that although
Iinearity is observed over only one order of magnitude the dynamic range of the
inskument allows a shift of the linear range over a larger range of amounts. This requires

another amount of internal standard to be applied to the sample in order to keep the

peak height ratios between ca 4:1 and 1:4 ratio. For all three samples, dilution of the

calibration series permitted measurements in the fmol range, as demonstrated by a
spectrum obtained for the two analogous peptides A and B in the fmol range, given in
Figure 4. It was selected from a 16-fold diluted calibration series (125-2500 fmol peptide
A with 500 fmol peptide B as internal standard).

peptide B

peptide A

1000 1100 1200 1300 1400

m/z

Figure 4. MALDI Mass Spectrum of 125 ftnol peptide A and 500 ftnol peptide B. Number of
accumulated spectra = 20.
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The dynamic range in peak height ratio obtained for bovine cytochrome c is relatively

low (0.3-2.1). This can be explained by the insufficient resolution of the two peaks,

corresponding to bovine and horse cytochrome c (Figure 2a). Furthermore, the

incomplete resolution of the peaks of bovine and horse cytochrome c results in
considerable uncertainty in determining the base line of the peaks, which may be

reflected in the errors related to the calibration plot, e.g. the calibration line does not

pass through the origin.
Peptide A and renin both show a relatively higher variation in peak height ratio (RSD

11-25% and 14-28%) than bovine cytochrome c (RSD 3-74%). For renin this might be

explained by the choice of internal standard. Renin and melittin are two functional and

structural different proteins. Events during sample preparation and mass spectrometric

analysis for renin and melittin might not be comparable. Peptide A and B are

nevertheless analogues and therefore the variation in peak height ratio was expected

to be similar to that of cytochrome c. The relative large variation might be explained by

impurities of smaller peptides in the stock solution of both peptides. The presence of

impurities can be detected from the mass spectra (Figure 2c). These C-terminal truncated

impurities appear to be primarily present in peptide B, explaining the fact that they are

detected rnore readily in the spectra from the sample in which the amount of the internal

standard peptide B exceeds the amount of peptide A (at the low A/B ratio, cf. upper

and lower trace in Figure 2c).

The correlation between the sample loading and the peak height ratio for peptide A is

roughly linear over the range 1-40 pmol. However, an improved linearity (R=0.9991) is

obtained in the 1-24 pmol range (Figure 3d). The non-linear behaviour observed at

higher amounts of peptide A possibly represents a saturation of the matrix. In these

experiments, like in all proper quantitative experiments, a fixed amount of matrix was

used with increasing amount of sample. At a too-high sample concentration the matrix

isolation, which is crucial for a successful desorption, is no longer guaranteed, resulting

in a decrease in signal quality.

The above results show a broader dynamic range in both peak height ratio and sample

ratio compared to the quantitative results obtained by N elson et sl. [9] for bovine insulin

and Tang et al.l11l for lysozyme and myoglobin.

Quantitation bioanalysis of amperozide

Quantitative analysis has also been performed on a clinically significant compound,

amperozide, in plasma. First, the experiments were performed with the analyte in water.

A stable isotope-labelled compound, [13Cn]-amperozide, was used as internal standard.

Figure 5a shows a linear relationship between peak height ratio and the amount of
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amperozide loaded (R=0.9994). In this case, the slope for the calibration curve

approximately equals one, reflecting an equal intensity of the ion signal for amperozide

and [13Cn]-amperozide (Figure 2a). This was not obtained for any of the other samples

tested, indicating that amperozide and the labelled internal standard show identical

behaviour throughout sample preparation and MALDI-MS analysis.

4

o
6

6
bo

th

6
60

0 50
Amperozide (pmol/pl)

Figure 5. Peak height ratio plotted against the concentration of amperozide obtained (a) in

water and (b) in plasma u)ith [13c4]-amperozide used as internal standard. Error bars are t
standard deaiation of 5-6 measurements.

An aqueous sample with an unknown amount of amperozide was also analyzed after

a known amount of the ['3CrJ-amperozide was added. From the calibration curve the

unknown concentration was determined to 14.4 pmol/pl, while the actual concentration

was 12.5 pmol/pl, giving an error of 1.3'k. This is acceptable, accounting the relative

standard deviation for the calibration curve, ranging from 5.4 to 13.4% (Table 2).

Finally, the experiments were performed with amperozide added to plasma. Preliminary

experiments were performed with spiked plasma samples with different sample

pretreatments, ranging from direct analysis of spiked plasma to the liquid-liquid
extraction procedure described. The latter turned out to be necessary because the high

concentration of proteins in plasma prevents matrix crystallization. Following liquid-
liquid extraction (see Extraction procedure), quantitative MALDI-MS was applied to

the finally reconstituted samples. The calibration curve for amperozide extracted from

plasma (Figure 5b) shows good linearity (R=0.998). Compared with the calibration curve

obtained for amperozide in water the relative standard deviation (Table 2) is slightly

10 20 30 40 50 10 20 30 40
Amperozide lpmol/fl)

0

In water in plasma
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larger for each point of the calibration curve in plasma and the slope is smaller than

one. Most likely these differences are due to interference of the biological components

which are co-extracted together with amperozide. However, from the data shown it
can be concluded that quantitative bioanalysis of amperozide in plasma from the

concentration range from 1-40 pmol/pl is possible. By changing the amount of internal

standard added the linear range may be shifted over larger concentration range, as

previously indicated.

Table 2 Calculated average, standard deviation (SD) and relative standard deviation
(RSD) in percentage of the measured peak height ratios for amperozide obtained in

water and from plasma. Each value listed represent peak height ratio obtained from 5-

6 (n) replicate sample analyses.

Concentration
pmol/pl

Average
Peak height
ratio

RSD% nSD
Sample ratio

Amperozide
in water

Amperozide
in plasma

0.02
0.06
0.10
0.10
0.15
0.25

8.8
73.4
10.6
5.3
5.4
6.3

0.25
0.5
1

2

3

4

2.50
5.00
10.00
20.00
30.00
40.00

7.25

2.50
5.00
10.00

20.00
30.00
40.00

0.23
0.44
0.91
1.95

2.78
3.88

0.23
0.32
0.54
1.01

7.77
2.70
3.30

6

6

6

6

6

6

5

5

5

5

5

5

5

0.125
nr5
0.5
1

2

3

4

73.2

13.3

10.5

10.8

1.2.9

71.6

11.8

0.03
0.04
0.06
0.11

0.23
0.31

0.39

Conclusion

A linear correlaLion was found belween measured peak height ratio and sample loading,

when an analogous compound was used as internal standard. Together with the use of

DHB as matrix this method shows great promise for quantitative applications. The

most crilical parameter seems to be the choice of internal standards. The best results

were obtained for amperozide with the use of [13C.]-amperozide as internal standard.

Because of the mass resolution of the instrument the use of isotope-labelled forms as

internal standards is only possible in the low mass range. However, a strucLural analogue

can be used as an internal standard in the high mass range. In this respect the results

obtained for bovine cytochrome c with horse cytochrome c as internal standard and

peptide A with peptide B as internal standard were better than those for the renin/
melittin combination.
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The potential of MALDI-MS as a quantitative tool for biological applications was proven

by a simple one step liquid-liquid extraction procedure. This method provides the

required sensitivity and selectivity for the quantitation of unlabelled and labelled

amperozide. This leads to the possibility of using MALDI-MS as a detection device for

quantitative analysis in bioanalytical problems.
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Attomole detection of proteins by MALDI-MS with the

use of picoliter vials

Significant improaements in the absolute detection limits for proteins in matrix-assisted laser

desorption/ionization mass spectrometry (MALDI-MS) are demonstrated by the application of

so-called picoliter uials. By the reduction of the sample aolume from a few pl down to 250 pl and

simultaneous reduction of the sample spot area ftom a few mm2 down to 0.07 mm2 low attomole

detection limits are obtained for bradykinin and cytochrome c. The detection limit in a single-

shot mass spectrum of bradykinin is estimated to be as low as 250 zeptomole. These are currently

the lowest amounts of protein and the smallest uolumes annlyzed by MALDI-MS.

Introduction

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) pioneered

by Hillenkamp and Karas [1,2] has become a standard analytical technique for mass

analysis of biomolecules with molecular masses of up to several hundred thousand

dalton [3]. The method is applicable to the analysis of different classes of biomolecules

such as proteins, glycoproteins, oligosaccharides [4,5] and oligonucleotides [6,7], as

well as synthetic polymers [8].

One of the analytical strengths of MALDI-MS is that it can be applied to any protein

and provides a practical absolute detection limit of typically - 0.1-1 pmol, depending

on the molecular mass. However, the amount of protein actually consumed during the

analysis is much less. It has been estimated that the analyte consumption per single

spectrum is as low as 10 amol (10 18 mol) [9]. A possible approach in lowering the absolute

detection limit for MALDI-MS lies in a reduction of the sample volume used in the

sample preparation, if the surface area and thus the spread of the dried sample spot can

be decreased proportionally. The standard sample preparation for MALDI-MS comprises

on-target mixing of 0.5 pl of the analyte solution and 0.5 pl of a matrix solution, e.g.2,5-

dihydroxybenzoic acid (DHB). The dried droplet typically spreads over a few cubic

millimetres. Absolute detection limits as low as 1 fmol for cytochrome c have been

reported by reducing the sample/matrix volume down to 100 nl [10].

In this paper, a new approach to the reduction of the sample/matrix volume is described.

So-called picoliter vials, basically consisting of small cavities in a thin gold-covered

silicon chip, allow for a significant reduction of both the sample volume applied and

the surface covered. Three orders of magnitude improvement in detection limits for

bradykinin and cytochrome c using this approach are demonstrated.
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Experimental

Picoliter aials

The picoliter vials were fabricated as described earlier [11], by micromachining of a

monocrystalline silicon wafer with a <100> surface orientation. Arrays of 100 x 100 pm

vials, with a 200 pm spacing between each vial were defined by UV photolithography.

A subsequent anisotropic chemical etching of the wafer resulted in square, pyramidally

shaped cavities with sharply defined rims. The volume of the individual vials is 250 pl,

since the angle between the <100> and the <111> crystal planes of the silicon wafer is

54.74 degrees (Figure 1). The silicon wafer was covered with a sputtered film of

chromium and gold. This was needed to establish an electrical contact between the

sample holder and the surface of the wafer.

Laser beam b 100 uma

7 100 pm

Figure L. Schematic drawing of a 250 picoliter uial, showing the position of the micro-uystal

(a) cross sectional aiew of the aial, (b) top aiew of the aial
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Mass spectrometry

The mass spectrometer used for the investigations was a VISION 2000 laser desorption

reflectron time-of-flight instrument (Finnigan MAT, Bremen, Germany). Ions were

formed using a pulsed nitrogen laser (pulse width 3 ns) which operates at 337 nm. Fine

attenuation of the laser irradiance is achieved by a dialectric mirror using its angle-

dependent reflection-transmission rate. The focal spot size of the laser beam on the

target was about 100 pm in diameter. The ions were accelerated to a potential of 6.5 kV

in the ion source and post-accelerated by a conversion dynode in front of the detector

to a potential of 20 kV. The effective drift length of the instrument is 1.7 m. Ions were

detected by a secondary electron multiplier and the signal was amplified and digitized

by a high speed transient recorder linked to a 486 personal computer. AII specha shown

represent unprocessed data either accumulated from ten single-shot or one single-shot

spectra without any filtering or background subtraction.



Attomole detection of proteins by MALDT-MS

Sample preparation

Dilution series were produced from 1 mg/ml aqueous stock solutions for human

bradykinin (M. = 1060 Da) and horse heart cytochrome c (M. = 12360 Da) (Sigma

Chemical Co., St. Louis, MO, USA) with concentrations as indicated in Table 1. A 10

mg/ml aqueous solution of 2,S-dihydroxybenzoic acid (Aldrich Chemie, Steinheim,

Germany) was used as matrix. Analyte and matrix solution were mixed in a 1:1 (v/v)
ratio. The picoliter vials were filled manually under an optical microscope using

laboratory-made glass micro-pipettes. The latter were pulled with a Model P-87 Flaming-

Brown micro-pipette puller (Sutter instruments), resulting in pipettes with an outer tip
diameter smaller than 100 pm. A part (ca 8 x 8 mm) of the silicon wafer with the picoliter
vials was glued on to a MALDI stainless steel target. Electrical contact with the gold

coated surface of the chip and the target was obtained by interconnection of the surfaces

with a small strip of aluminium foil. This target arrangement was mounted on an x, y
movable sample support. The irradiation of selected sample vials was monitored with
a high resolution camera during operation.

Table 1. Sample concentration and absolute sample amount in one microliter and in
250 picoliter for bradykinin and horse cytochrome c.

Analyte

sample
concentration
(fmol/pl)

absolute amount in
a standard sample
preparation spot
(fmol)

absolute amount in
one picoliter vial
(amol)

1000
100

10

5

2.5

1000
500
250
100

50
25

8000
800
BO

40
20

cytochrome c 8000
4000
2000
800
400
200

4000
400
40
20
10

4000
2000
1000

400
200
100

bradykinin

Results and discussion

A characteristic feature of DHB is its crystallization into extended needles on solvent
evaporation. In the standard sample preparation these crystalline needles nucleate at

the rim of the matrix-analyte droplet and protrude into the inner part of the preparation

[10]. In the 250 picoliter vials evaporation of the solvent takes place in a few seconds.
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This was observed under the microscope as a smoothly declining solvent meniscus.

Crystals, only a few pm in size, are formed randomly at all eight edges of the vial

pyramid (Figure 1).

The target with the picoliter vials were loaded into the mass spectrometer and ten

single spectra were accumulated from a single vial for each concentration. Figure 2

shows the spectra obtained for bradykinin at quantities of 100, 10, 5 and 2.5 amol.

Spectra obtained for cytochrome c at quantities of 1 fmol, 100, 50 and 25 amol are shown

in Figure 3. A decline in signal intensities at threshold irradiation was observed with

decreasing analyte amounts. A stepwise increase of the irradiation with decreasing

analyte amounts was applied to increase the intensities of the ion signal. However, the

increase in irradiance also caused an increase in intensity of the matrix signals in the

low mass range and an increase in the width of the analyte ion peak and thereby a

decrease in mass resolution. Going from the highest to the lowest concentration, the

irradiation was increased by approximately a factor of 3 for both bradykinin and

cytochrome c. The resolution was decreased by approximately a factor of 5 for

bradykinin (at absolute amount of 100 amol, R .- 2500) and a factor of 3 for cytochrome

c (at absolute amount of 1 fmol, R - 240).

MH+ a

200 500 1000 2000 m/z

Figure 2. MALDI spectra of bradykinin obtained from the 250 picoliter aials containing

absolute qmount of (a) 100 amol (b) 10 amol,(c) 5 amol and (d) 2.5 amol.

b

o

6
o

c

d
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Even though the signal is decreasing with decreasing sample amount, analyte ion signals
for 2.5 amol of bradykinin and 25 amol of cytochrome c are still quite pronounced.
Attempts to obtain spectra from smaller amounts of sample were not successful.
The ability to reduce the applied volume and thereby the absolute sample amount from
1 microliter to 250 picoliter has improved the detection limits from the fmol range to
the low amol range. At the lowest absolute amount, 2.5 amol of bradykinin and 25 amol
of horse cytochrome c, approximately ten spectra could be accumulated from the same
vial, resulting in a detection limit of 250 zeptomol (10-21 mol) for bradykinin and 2.5

amol for cytochrome c per single spectrum. This is slightly lower than the sample
consumption of 10 amol per single spectrum as estimated by Karas et at. l9l. Figure 4
shows single-shot spectra obtained from the picoliter vials at an absolute amount of 2.5

amol for bradykinin (Figure 4a) and 25 amol for cytochrome c (Figure 4b).
Since analyte ions could be desorbed with higher intensities from the vials with a larger
number of micro-crystals, improvements in the sample preparation may lead to further
improvements in the detection limits. The results presented are currently the lowest
amount of protein and the smallest volumes analyzed by MALDI-MS.

MH+ A

MH2+

2000 5000 10000 20000 m/z

Figure 3. MALDLspectraofhorsecytochromecobtainedfromthe250picoliteraialscontaining

absolute amount of (a) 1ftnol (b) L00 amol (c) 50 amol and (d) 25 amol.
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The combination of picoliter vials and MALDI-MS may prove to be extremely useful

for sample volume limited applications. The matrix tolerance to impurities make

MALDI-MS very suitable for direct analysis of biological extracts and cells [12] without

any further purification. The potential of transferring single cells to the picoliter vials,

followed by the addition of the matrix solution, offers the possibility of following cell-

specific processing of proteins, post-translational modifications and peptide sorting

and targeting to different intracellular sites. In addition, the possibility to investigate

very small sample spots, could provide a convenient mean for coupling capillary

electrophoresis separation systems to MALDI-MS.

MH+ a

MH+
rn/ z

b

m/z

Figure 4. Single-shot MALDI spectra obtained from the 250 picoliter aials containing (a) 2.5

amol of bradykinin and (b) 25 amol of horse cytochrome c
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Basic matrices in the analysis of
non-covalent complexes by MALDI-MS

Anumber of potential matrix candidates were inaestigated with regards to the importance of the

pH in the matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS) analysis

of non-coaalently bound protein complexes. The matrices examined were 2,S-dihydroxybenzoic

acid (DHB), 4-hydroxy-a-cyanocinnamic acid (HCCA), 2-aminonicotinic acid (ANA), 4-

nitroanilin (NA), 2-amino-4-methyl-5-nitropyridine (AMNP) and 3-hydroxypicolinic acid

(HPA). In solution these matrix compounds permitted the preparation of MALDI samples at a

pH ranging from 2-7. Among the tested matrices, complex formation, formed by specific non-

coaalent interactions, could only be obserued when HPA (pH 3.8) was used as matrix for the

MALDI analysis. Under this condition specific non-coztalent complex formation of recombinant

streptaaidin and glutathione-S-transferases were obseraed but not for human hemoglobin. The

MALDI spectra obtained with the more neutral compounds ANA (pH 4.4), NA (pH 6.4) and

AMNP (pH 7.1) as matrices, comprises only peaks of the subunit with no signal of the non-

coaalent bound complexes present. Considering the results obtained in this study withbasic and

acidified matrix mqterials, there does not nppear to be a strong correlation between pH of the

matrix solution nnd the utility of a matrix for the analysis of non-cooalent bound complexes.

Introduction

Intermolecular non-covalent interactions are responsible for the aggregation of folded

polypeptide chains into multimers which determines a protein systems quaternary

structure. The strengths of such intermolecular forces, including hydrogen bonding
and hydrophobic and ionic interactions, can vary widely and are reflected by the

dissociation constants (Kr) typically determined for a specific set of solution conditions.

Changing the pH, solvent condition and / or temperature, will typically cause a protein
in solution to denaturate and partially or completely unfold.
Although a few techniques exist for the direct observation of non-covalent macro-

molecular complexes, such as size exclusion chromatography, sedimentation equilibrium
ultra-centrifugation and non-denaturing gel electrophoresis, each has significant
limitations and can only provide an approximate molecular mass of the complex. With
the development of soft ionization techniques, such as electrospray ionization (ESI)

[1,2] and matrix assisted laser desorption/ionization (MALDI) [3,4] mass spectrometry
(MS) has become an indispensable tool for accurate measurements of molecular mass

in biochemistry and biomedical research involving structural analysis of proteins and
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peptides. Nevertheless, the detection of non-covalent complexes by MS methods is still

a challenging task.

There have been several examples of detection of non-covalently bound complexes by

ESI-MS since the initial reports by Ganem and co-workers [5,6]. Applied to aqueous

solution conditions close to those of physiological interest non-covalent complexes such

as peptide/protein, protein-nucleic acid and protein-ligand, which form structurally

specific associations in solution, have been preserved intact by the electrospray process

(for review see references 7 and 8).

Whereas MALDI-MS has been successfully applied to determine the molecular mass

and primary structure of biopolymers, non-covalently bound complexes almost always

dissociate into individual components during the MALDI analysis. Accordingly, there

are only a few examples where specific oligomeric complexes have been observed by

this technique. The initial MALDI applications reported by Hillenkamp et al. included

spectra of the undissociated tetrameric forms of glucose isomerase, catalase [9] and

streptavidin [10] and the dimeric form of violet phosphatase [11] all obtained with

nicotinic acid as matrix, at a desorption wavelength of 266 nm. The dimeric form of

yeast alcohol dehydrogenase was observed with sinapinic acid (SA) as matrix at a

desorption wavelength of 337nm [12]. Later the non-covalent association of membrane

proteins was detected by MALDI-MS. The matrices were ferulic acid (355nm) for the

trimeric form of porin [13] and SA (337 nm) for the heptameric form of aerolysin [14].

When ferulic acid was used as matrix, ions corresponding to complex formation were

only observed for the first laser shot on a not-yet-irradiated sample spot [13].

Dissociation into subunits is mainly due to the conditions in the matrix-analyte solution.

The commonly used matrix compounds (at 337 nm) such as SA, 4-hydroxy-a-

cyanocinnamic acid (HCCA) and 2,S-dihydroxybenzoic acid (DHB) are typically

dissolved in an aqueous solution containing 30-70'/. acetonitrile and/ot 0.1'/'

trifluoroacetic acid (TFA). In the presence of the organic solvent [10] and under these

highly acidic conditions (pH < 2-3) denaturation of protein structures and dissociation

of specific interactions must generally be expected. Sample preparation avoiding acidic

conditions has previously been carried out with 6-aza-2-thiothumine (ATT) providing

a pH close to7, for the observation of intact double-stranded oligonucleotides [15] and

the specific complexes of enzyme RNAse S and leucine zipper dimer by MALDI-MS

[16]. More recently Cohen et al. l17l described the observation of specific non-covalent

complexes of alcohol dehydrogenase, catalase and streptavidin, using the matrix 2,6-

dihydroxyacetophenone (pH a-5) in an organic solvent. Intact streptavidin tetramers

were also observed with ferulic acid and other dihydroxyacetophenone derivatives.

Similar to Rosinke et al.l13l ion signal corresponding to the non-covalent complexes

could only be obtained from the first shot at a given sample position.
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Successful matrix desorption is only possible at pH values determined by the matrix

compound itself or in a more acidic medium. \A/hen the pH of the matrix solution is

increased above the pK value of acid, the matrix molecules are transformed into anions,

yielding the respective salts when dried, and matrix desorption is no longer possible

[18,19]. In principle, matrices with neutral pH values are required for possible desorption

of intact non-covalent complexes and other molecular structures that are pH sensitive

in their quarternary structure. A number of new matrices for MALDI-MS analysis that

can be crystallized from aqueous solution at pH 2-8 [20] have been investigated as

possible matrices. These matrices extend the utility of MALDI-MS to the analysis of
acid sensitive species. The goal of this study was to examine the potential of these more

basic matrices and the importance of pH in the MALDI-MS analysis of non-covalently

bound complexes. Besides the two previously mentioned acidic matrices HCCA and

DHB, the tested matrices include 3-hydroxypicolinic acid (HPA),2-aminonicotinic acid

(ANA),4-nihoanilin (NA) and 2-amino-4-methyl-5-nitropyridine (AMNP). Proteins that

are known to form multimers were analyzed, i.e. recombinant streptavidin, human

glutathione-S-transferase (GST) A1-1, and human hemoglobin.

Experimental

Materials

The matrices 2,S-dihydroxybenzoic acid (DHB), 2-aminonicotinic acid (ANA), 4-

nitroanilin (NA), 2-amino-4-methyl-5-nitropyridine (AMNP) and 3-hydroxypicolinic
acid (HPA) were obtained from Aldrich Chemie (Steinheim, Germany) and 4-hydroxy-

cx-cyanocinnamic acid (HCCA) fromSIGMAChemical Co (St.Louis, MO, USA). Human
hemoglobin and a-chymotrypsinogen A were purchased from SIGMA Chemical Co

(St. Louis, MO, USA), recombinant streptavidin from Boehringer Mannheim (Almere,

the Netherlands) and human glutathione-S-transferases (GST) A1-1 were kindly
provided by I.I.p. Bogaards, TNO Biological Toxicology Institute, (Zeist, The

Netherlands). Ultra-high quality water, prepared by Elgastate 4 (Elga Ltd., High
Wycombe, Bucks England) was used for the matrix and sample solution preparalions.

Acids and organic solvents were HPLC grade or better.

Matrices and sample preparation

The samples were all dissolved in water to yield protein at concentration of 0.1 mg/ml
for a-chymotrypsinogen A and GST A1-1 and of 0.2 mg/ml for recombinant streptavidin

and human hemoglobin. The matrix solutions were freshly prepared before use, HCCA
was dissolved in 30% acetonitrile, all the other solutions were prepared in water. The

concentrations were 10 mg/ml for DHB, HCCA, ANA, NA and AMNP and 30 mg/ml
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for HPA. The pH measurements of the matrix solutions were performed at room

temperature with a Model 5985-50 pH meter (pH Wand, Cole-Parmer Instrument

Company, Chicago, IL, USA). An aliquot of the sample and the matrix solution was

mixed directly onto the target 1:1 (v/v) and dried under a cold air streambefore loading

into the mass spectrometer.

Mass spectrometry

The mass spectrometer used was a VISION 2000 laser desorption reflectron time-of-

flight instrument (Finnigan MAI Bremen, Germany). Ions were formed using a pulsed

nitrogen laser, which operates at 337nm. The ions were accelerated to a potential of 6.5

kV in the ion source and post-accelerated by a conversion dl,node in front of the detector

to a potential of 20 kV. The effective drift length of the instrument was 1.7 m. Ions were

detected by a secondary electron multiplier and the signal was amplified and digitized

by a high speed transient recorder linked to a 486 personal computer. The laser irradiance

was controlled by a variable attenuator and was kept just above the ion generation

threshold. All spectra were obtained in positive-ion reflector mode, 20-30 single shot

spectra were accumulated in order to obtain a good signal-to-noise ratio.

CHCOOH

OH

COOH

OH

OH

2,5-dihydroxybenzoic acid

pH 2.0

4-hydroxy-cr-cyanocinnamic acid

PH2.7

3-hydroxypicolinic acid

pH 3.8

H2

Noz

2-aminonicotinic acid 4-nitroanilin 2-amino-4-methyl-5-nitropyridine

pH7.7pH4.4 pH6.4

Figure 1. The chemical structure of the six matrices inaestigated with regards to the importance

of pH in MALDI analysis of non-coaalently bound protein complexes.
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Result and discussion

Matrices

Six matrix compounds (Figure 1) permitting sample preparation at a pH ranging from
2 to 7 were examined with regard to the importance of the pH in MALDI-MS analysis

of non-covalently bound complexes. Besides the commonly used acidic matrices 4-

hydroxy-cr-cyanocinnamic acid (HCCA) and 2,S-dihydroxybenzoic acid (DHB) the

matrices investigated include the more basic matrix 3-hydroxypicolinic acid (HPA),

first introduced for MALDI-MS analysis of oligonucleotides [21] and three less known
matrices,2-aminonicotinic acid (ANA),4-nitroaniline (NA) and 2-amino-4-methyl-5-

nitropyridine (AMNP) selected from a previously reported screening of a large number

of basic matrices [20]. All the matrices were dissolved in water except for HCCA, which

needs a proportion of organic solvent and was dissolved in 30 % acetonitrile.

a-Chy mo try sinogen ( reference conditions)

Together with the singly charged ion, multiply charged ions and cluster ions are generally

observed in a MALDI mass spectrum. The singly charged ion (M.) form the base peak

with the doubly charged ion (M2-) and the dimer ion (Mr-) at lower intensity [22]. The

observation of oligomer cluster ions implies that non-specific non-covalent interactions

can survive the desorption event. Therefore a primary consideration in the study of
non-covalent associations is determination of their specificity, i.e. establishing whether

the species detected in the mass spectrometer are both structurally specific and derived

from the species present in solution. cr-Chymotrypsinogen A (25 656 Da) which is known
to exist as a monomer only was used to ensure that multimeric forms observed not
resulted from the desorption process under the conditions employed. No additional
ion signals due to non-specific aggregation of the monomer were observed when cx-

chymotrypsinogen A was analysed with neither of the six matrices (results not shown).

Rec omb inant s tr ep t aa idin

Recombinant streptavidin was chosen for the initial screening of the six matrices, because

the tetrameric species in solution is relatively stable throughout a wide pH range and

observation of this protein by MALDI MS might therefore be less sensitive to the acidic

conditions. Native streptavidin isolated from the bacterium Sf reptomyces aaidinii, exists

in its active form as a non-covalent tetramer, which is comprised of four identical
subunits each consisting of 159 amino acids. Recombinant skeptavidin, which was used

in this studies, contains amino acid 13-138 of the native streptavidin (mass 13 277 Da)

giving a molecular mass of 53 084 Da for the tetramer complex.
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MALDI mass spectra of the recombinant streptavidin prepared with matrices of

increased pH are shown in Figure 2a-c. Figure 2a shows the MALDI mass spectrum of

recombinant streptavidin obtained under standard MALDI-MS conditions i.e. at pH
2.0 with DHB as matrix. As expected, the spectrum only shows the doubly (S2-) and

singly (S-) charged ions, together with oligomer cluster ions up to the tetramer form

(2S.,35. and 4S-) for the dissociated subunits. The singly charged ion at mass 13.3 kDa

forms the base peak in the spectrum with the doubly charged ion and the multimeric

ions at lower intensity. A comparable spectrum was obtained with HCCA (pF{2.7) as

matrix.

s+ pH 2.0 (DHB)

3S+
4S+

M+ (md 4S+)

pH 3.8 (HPA)

S+ Mland 25+

2M+

3S+
(2S+M)+

M}l (S+M)+

s+

pH 7.1 (AMNP)

2S+

3S+
4s+

5000 20000

a

2S+

s2+

b

o

o

6
o

c

s2+

100000

Figure 2. Comparison of MALDI mass spectra of recombinant streptaaidin (0.2 mg/ml)

obtained at dffirent pH with three different matrix compounds (a) DHB in water (pH 2); (b)

HPAin zuater (pH 3.8); and (c) AMNP in taater (pH 7.1). All spectra were obtained under

subsequent irradiation of the same sample area (sum of 20-30 laser shots). Peaks corresponding

to the dissociated and undissociated subunits are denoted bV S and M respectiuehl,

50000
nt/?.
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In comparison, the ion pattern observed for the recombinant streptavidin at pH 3.8

with HPA as matrix, shown in Figure 2b, differs from that of the dissociated subunits.
The interpretation of the intensity distribution indicates the presence of a mixture of
the intact non-covalent tetramer and the fully dissociated protein. The non-covalent

tetramer at mass 54.0 kDa forms the base peak accompanied by the doubly (26.9 kDa)
and triply (18.1 kDa) charged ions as well as a small amount of aggregation of the

streptavidin tetramer into octamer (i.e. the dimer of the tetrameric molecular complex)
at mass 108.2 kDa. The relatively weak signal of the triply charged tetrameric molecular
complex (M3.) at mass 18.1 kDa, suggests that the dimer cluster ion (2S.) of the dissociated

subunit (13.5 kDa) contributes significantly to the peak at mass 26.9 kDa, besides the

doubly charged tetrameric complex (M2.). The low intensity of the trimer, pentamer
and hexamer species suggests that the MALDI MS data reflect the specific subunit
association expected from solution behaviour. In contrast to previous studies 113,171

the observation of non-covalent complexes was not restricted to the first laser shot only.
The spectrum shown in Figure 2b was obtained under subsequent irradiation of the

same sample area.

When recombinant streptavidin was prepared with one of the more neukal compounds
ANA (pH 4.4), NA (pH 6.+) or AMNP (pH 7.1) as matrix, surprising only ion signal
corresponding to the subunit and no signal of the intact tetrameric complex were
observed. For comparison, the MALDI spectrum of recombinant streptavidin at pH 7.1

with AMNP as matrix is shown in Figure 2c, the mass of the subunit was determined to
13.4 kDa.

The ion signals were significantly broadened under the more neutral pH conditions
with either HPA, ANA, NA or AMNP as matrix as compared to the ion signals generated
when the acidic DHB or HCCA matrix was used. Similar results were obtained by
Fitzgerald et nl.1201, when screening potential basic matrices for MALDI MS analysis

and the loss of mass resolution was explained by the formation of multiple matrix
adducts. This accounts for the less accurate molecular mass determination with the
more basic matrices.

Since dissociation into subunits is expected to occur with acidification and/or addition
of an organic solvent, the stability of the tetrameric complex of recombinant streptavidin
was further examined, preparing the HPA matrix with 0.1% trifluoroacetic acid (TFA)

pH 2 or with an increasing amount of acetonitrile (0-100%). Figure 3a and b shows the

spectra obtained for recombinant streptavidin with HPA dissolved 0.1% TFAand 100%

acetonitrile respectively. Contrary to the expected, the obtained spectra show no further
dissociation into subunits than with HPA in water as matrix (figure 2b). Dissociation
into subunits was only found to be enhanced and completed using a higher concentration

of the strong acid TFA (1-10 %) as matrix solution, giving a pH below 1
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M+ (and 4S+)

a

pH 2.0 (HPA)
0,1% TFA

s+

M2+ and 25+

3S+
2M+

s2+ M}l (2S+M)+

M 2+ and 25+

b
(HPA)
1OO% ACN

M+ (and 4S+)

M}}

s2+

5000 20000 50000 100000

Figure g. MALDI mass spectra of recombinant streptaaidin (0.2 mg/ml) obtained from two

HPA matrix solutions (a) 0,1 % TFA and (b) 100 7o acetonitrile. All spectra were obtained

under subsequent irradiation of the same sample area (sum of 20-30 laser shots). Peaks

corresponding to the dissociated and undissocinted subunits nre denoted by S and M respectiaely.

Human glutathione- S -tr ansfer ase A1- -1

Glutathione-S-transferase (GST) A1-1 belongs to the GST alpha family and is a dimeric

liver enzyme composed of two identical subunits (A1-1) with an average molecular

mass of 25 499 Da.

MALDI mass spectra of CST A1-1 using DHB, HPA and AMNP as matrices are shown

in Figure 4a, b and c, respectively. Ions corresponding to the dimer (mass 51.3 kDa) and

the monomer (mass 25.6 kDa) could be obtained with equal abundance when HPA

was used as matrix (Figure 4b). The doubly and triply charged ions together with the

multimeric ions appeared at lower intensity. The relatively weak signal of the tetramer

ion (i.e. the dimer of the dimer) at mass 102.9 kDa, suggests that besides the trimeric

complex (3S. at 77 .O kDa), cluster formation between the mono- and di-meric species

(SM.) contributes significantly to the peak at mass 77.0 kDa As for recombinant

streptavidin, dissociation into the subunits could only be enhanced and completed by

adding a higher concentration of a strong acid such as TFA to the matrix solution.

E
o

I
6
a

S+

n/z
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Analysis of non-coaalent complexes by MALDI-MS

When the sample was prepared using either the more acidic DHB (pH 2) or the more

basic AMNP (pH 7.1) as matrix the mass spectra (Figure 4a and c) showed peaks

indicative of the dissociated monomer only. The mass of the subunit was determined to

25.5 and 26.3kDa using DHB and AMNP as matrix respectively.

S+ pH 2.0 (DHB)

s2+

s3r 2s+

b

o

o

o

M2+ and s+ M+ atrd 2s+ PH 3 8 (HPA)

s2+ (S+Ml+
(s+M)+

M3+
2M+ (and 45f

sl+

c
S+

pH 7.1 (AMNP)

2S+

s2+ 3S+

5000 20000 50000 100000
m/z

Figure 4. Comparison of MALDI mass spectra of glutathione-S-transferase obtained at dffirent
pH withthree dffirent matrix compounds (a) DHB inwater (pH 2); (b) HPAinwater (pH 3.5);

and (c) AMNP in water (pH 7.1.). All spectra were obtained under subsequent itadiation of the

same sample area (sum of 20-30 laser shots). Peaks corresponding to the dissociated and

undissociated subunits are denoted by S and M respectiaely.

Human hemoglobin

In contrast to the identical subunits composing recombinant streptavidin and GSH

transferases A1-1, human hemoglobin is a more complex non-covalent tetrameric protein
consisting of two identical cx subunits (141 amino acids, mass 1.5 725) and two identical

B subunits (146 amino acids, mass 15 865) in addition to the heme moiety (616 Da) non-

covalently bound to each chain.
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Figure 5. Comparison of MALDI mass spectra of humanhemoglobin obtained at dffirent pH

with three dffirent matrix compounds h) DHB in water (pH 2); (b) HPAin water (pH j.8);

and (c) AMNP inwater (pH 7.L). All spectrawere obtained under subsequent irradiation of the

same sample area (sum of 20-30 lqser shots). Peaks corresponding to the dissociated a and p

chains of human hemoglobin are denoted by a and p respectiaely.

Whenhemoglobin was prepared with either of the three matrices DHB, HPAoTAMNR

only ion signals related to the individual cr and B-subunits were obtained (Figure 5a, b

and c respectively). With the more acidic matrix DHB (Figure 5a) the three cluster ions

obtained just above 30 kDa could be assigned to the homo dimers 2cx and 2p and the

hetero dimer cxp, whereas these signals were unresolved when HPA (Figure 5b) or

AMNP (Figure 5c) were used as matrices. In contrast to the results obtained for

recombinant streptavidin and GSH transferases A1-1, it was not possible to maintain

the physiologically significant tetrameric forms of human hemoglobin during MALDI-

MS analysis with HPA as matrix (Figure 5b). Previous studies have shown that

hemoglobin fully

0*

2u+ 30+' 3p+
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Increasing the HPA matrix solution from pH 3.8 to pH 7, aimed at preventing the

dissociation into the o and B subunits, revealed no significantly change in the ion signal
pattern (results not shown). Since dissociation of the non-covalent structure can occur
not only in solution, or during the transition from solution to solid phase, but also upon
desorption/ionization after laser irradiation, photo-dissociation could be the reason
for the unsuccessful detection of the crrBrcomplex.

All ions detected represent species without the heme group (apohemoglobin). As found
for the quadrupled Nd-YAG laser of 266 nm with nicotinic acid as matrix, the dissociation

of the heme group from the protein has been induced by the laser irradiation upon the
strong deposition of energy [11].

Conclusion

The ability to detect non-covalent complex ions in MALDI MS was highly dependent
on the choice of makix. Among the six tested makices, specific non-covalent interactions,

could only be observed with HPA as matrix. In the case of recombinant streptavidin
and GST A1-1, the non-covalent forces holding the subunits together were sufficiently
strong to maintain the physiologically significant complex forms under the conditions
employed with HPA as matrix. Whereas for human hemoglobin it was not possible to
maintain the tetrameric complex with neither of the matrices tested.
In contrast to previous studies 173,17)the "first laser shot phenomena" was not observed
for neither streptavidin nor GST A1-1. The spectra were obtained under subsequent
irradiation of the same sample area, indicating that the intact complexes are incorporated
equally well at all level within the HPA matrix crystal.
Although the more acidic pH of the commonly used DHB and HCCA matrix solutions
may be responsible for the dissociation of the proteins into subunits, unexpectedly
dissociation of recombinant streptavidin and GST A1-1 complexes was not induced
when lowering the pH of the HPA matrix solution. In addition, when the samples were
prepared with more basic matrices ANA @H a.a), NA (pH 6.4) and AMNP (pH 7.7)

only ion signals corresponding to the individual subunits appeared in the MALDI
spectra. Considering these results there does not appear to be a strong correlation
between the matrix solution pH and the utility of a matrix for the analysis of non-
covalent bound complexes, indicating that the matrix itself appears to be a key factor in
the MALDI process. In addition, the unsuccessful detection of the hemoglobin orB,
complex indicate that the stability of non-covalent complexes might depend upon the
deposition of the energy induced by the laser irradiation. Elucidation of matrix chemistry
and desorption mechanism(s) will be of crucial importance for further development in
this field.
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Identification of multiple target sites for a glutathione
conjugate on glutathione-S-transferase by MALDI-MS

A mass spectrometric method prouiding qualitatioe site-specific information regarding coaalent

modification of proteins is desuibed. Themethod inaolaes comparison of unmodified andmodified

proteins by matrix-assisted laser desorption/ionizntion mass spectrometry (MALDI-MS) peptide

mapping in combination with site-specific mutagenesis of possible target amino acids. The

approach is demonstrated through the mapping of glutathione-S-tranrtrases (GSH transferases)

before and after inhibition with the glutathione conjugate 215-glutathionyl)-j,5,6-trichloro-

7,4-benzoquinone (GSTCBQ). The results demonstrate the utility of site-specific mutagenesis

in combination with MALDI-MS peptide mapping. Eaidence is presented that three residues in

or near the actiae site, including the hydroxyl groups of TyruandTyrrrrand the sulftydryl group

of Cysrrraretargetsite for GSTCBQ.AlthoughonlyoneGSTCBQmoleculeperactiaesitewas

detected, it appears to be distributed among all three target sites. In addition, MALDI-MS
peptide mapping coaered 81% of the cDNA deduced amino acid sequence for GSH transferase

and site directed mutagenesis corresponding to a single amino-acid substitution zuere aerified.

Introduction

Since the introduction of matrix-assisted laser desorption/ionization (MALDI) mass

spectrometry (MS) [1,2] numerous studies have demonstrated the large potential of
this technique for structural analysis of proteins and peptides. This method allows direct

analysis of intact biomolecules up to several 100 kDa [3]. Besides molecular mass

information of intact proteins, the ability to analyse complex mixtures in the presence

of large molar excesses of ionic contaminants and common buffer components make

MALDI-MS a useful technique for mass spectrometric peptide mapping [4-7].
Peptide mapping is a valuable and efficient mean of protein characterisation and/or
identification. The basic premise of peptide mapping is to enzymatically or chemically

cleave a protein into a number of smaller peptides, directly followed by mass

spectrometric analysis. In this way a complete peptide map can be obtained without
the need for time and sample-consuming separation procedures. The ability to measure

the molecular masses of each peptide permits further examination of the primary
structure of the protein allowing post-translational modifications, disulphide bridges

and mutated sites to be localised.
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A strategy designed to reveal site specific information regarding covalent modification

of proteirs is described in this paper. The approach is demonstrated through the mapping

of glutathione-S-transferases (GSH transferases) before and after inhibition with

glutathione conjugate 2-(S-glutathionyl)-3,5,6-trichloro-1,4-benzoquinone (GSTCBQ).

GSH transferases are a group of isoenzymes that catalyse the addition of the tripeptide

glutathione (GSH) to numerous electrophilic compounds. This reaction is considered

crucial for the detoxification of endogenous and xenobiotic substances [8-11]. Although

GSH transferases serve a detoxification function, inhibitors of the enzymes are of

considerable interest as a potential mechanism to overcome the drug resistance of certain

tumor cells, encountered in the chemotherapy of cancer. The glutathione conjugate

GSTCBQ is an inhibitor designed to resemble a substrate of GSH transferases. The

inhibition is due to the covalent binding of this very reactive reagent in the active site of

the enzyme, resulting in the modification of a single amino acid [12,13]. The identity of

the target residue(s) in the inactivation of GSH transferases with GSTCBQ has not been

established.

The strategy includes comparison of unmodified and GSTCBQ-modified proteins by

MALDI-MS peptide mapping, allowing the identification of peptide(s) that arise due

to the GSTCBQ treatment. Further evidence for the GSTCBQ modified amino acid

residue(s) was achieved by site-specific mutagenesis in which the functional groups of

three potential target residues in or near the active site have been individually

substituted.

Experimental

Materials

The 2,S-dihydroxybenzoic acid (DHB) and 2-hydroxy-5-methoxybenzoic acid (HMB)

was purchased from Aldrich Chemie (Steinheim, Germany). V8 protease from

Staphylococcus aureus was obtained from Boehringer Mannheim (Mannheim, Germany)

and cyanogen bromide from Merck (Darmstadt, Germany). The three calibrants

chymotrypsinogen A (molecular mass 25656.7), horse heart cytochrome c (molecular

mass 12360.1) and bovine insulin (molecular mass 5733.6) were all from Sigma (St. Louis,

MO, USA).

The synthesis of the inhibitor 2-(S-glytathionyl)-3,5,6-trichloro-1,4-benzoquinone

(GSTCBQ) was formed as decribed previously [13]. Recombinant isoenzyme 3-3, the

cysteine mutant C114S and the tyrosine mutants Y6F and Y115F were prepared as

previously described 174-1,61.
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Coualent incorporation of GSTCBQ.

A 3.0 ml solution (pH 6.5) of 10 pM native or mutant enzyme was incubated with 100

pM GSTCBQ for 10 min at 25 'C. The reaction was stopped with ascorbic acid (final

concentration 10 mM) and dialyzed three times overnight against three changes of 3

Iitres of a0.1,% solution of formic acid (v/v). The sample was lyophilized.

Enzymatic and chemical cleaaage

For the GSTCBQ-modified native and mutant (Y6F, C114S and Y115F) enzymes plus

their unmodified controls (in total eight samples), two types of peptide mixtures were

generated. Digestion by V8 protease from Staphylococcus aureus (w /w 1.:20) was carried

out in 0.05 M ammonium acetate (pH 4) for 5 hours at 37 "C and cyanogen bromide

cleavage was carried out in a 1/50 molar ratio of methionine/cyanogen bromide in 70

'h v /v formic acid for 24 hours. The peptide mixtures were lyophilized.

Sample prEaration for mass spectrometry

Prior to V8 protease digestion a 5-10 pl aliquot was withdrawn for MALDI mass

spectrometric analysis of intact GSTCBQ-modified and unmodified enzymes. An
equivalent volume of matrix was added to give a concentration of 1 pmol/pl.
A 9:1 mixture of a 2,S-dihydroxybenzoic acid (DHB) in 0.1 % trifluoroacetic acid (TFA)

and 2-hydroxy-5-methoxybenzoic acid (HMB) in ethanol both at a concentration of 10

mg/ml was used as matrix for the analysis of the intact proteins. This matrix mixture is

referred to as super-DHB (sDHB) [17].

The unfractionated peptide mixtures were reconstituted in 0.1% TFA and mixed 1:1

(v/v) with a 10 mg/ml solution of DHB in 0.1% TFA to a concentration of 5 pmol/pl. A
1 pl volume of the sample-makix solution was deposited directly onto a stainless-steel

target, air dried and introduced to the mass spectrometer.

Mass spectrometry

All spectra were obtained using a VISION 2000 laser desorption reflectron time-of-

flight instrument (Finnigan MA!, Bremen, Germany) equipped with a nitrogen laser

(337 nm). The laser beam was focused by a quartz lens system onto the sample. The

ions were accelerated to a potential of 6.5 kV in the ion source and post-accelerated by

a conversion dyrrode in front of the detector to a potential of 20 kV when analyzing the

intact proteins and 10 kV when analyzing the peptide mixtures. The effective drift length

of the instrument was 1.7 m. Ions were detected by a secondary electron multiplier and

the signal was amplified and digitized by a high speed transient recorder linked to a
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486 personal computer. All spectra were obtained in positive-ion reflector mode,20-30

single shot spectra were accumulated in order to obtain a good signal-to-noise ratio.

The MALDI spectra of the intact proteins were externally calibrated using
chymotrypsinogen A from a second preparation on the same target. The MALDI peptide

map spectra of the unfractionated peptide mixtures were first externally calibrated with
horse heart cytochrome c or bovine insulin. A more accurate mass assignment of the

peptide mixtures was achieved by using two of the identified peptide fragments together

with a matrix-ion as internal calibrants. The analyte peaks employed as internal

calibrants did not contain the potential GSTCBQ modification sites.

Nomenclature

Peptides are named by letter codes indicating the cleavage method used, (V forV8

protease and C for cyanogen bromid) followed by a number indicating the position of

the peptide relatively to the N-terminal of the intact protein.

The abbreviations used for the three mutant proteins are:

Y6F substitution of tyrosine, amino acid number 6, with a phenylalanine residue

C114S substitution of cysteine, amino acid number 114, with a serine residue

Y1i5F substitution of ty,rosine, amino acid number 115, with a phenylalanine residue

The abbreviations used for the inhibitors are:

GSTCBQ: 2-(S-glytathionyl)-3,5,6-trichloro-1,4-benzoquinone

GSTCHQ: 2-(9glytathionyl)-3,5,6-trichloro-1,4-hydroquinone

GSDCHQ: 2-(S-glytathionyl)-dichloro-1,4-hydroquinone

GSMCHQ: 2-(S-glytathionyl)-monochloro-1,4-hydroquinone

Results and discussion

Strategy

The strategy employed for identification of the target residue(s) involved in the

inactivation of glutathione-9transferases (GSH transferases) by 2-(S-glytathionyl)-3,5,6-

trichloro-1,4-benzoquinone (GSTCBQ) is outlined in Figure 1. Three mutants GSH

transferases, in which the functional groups of three potentially target residues in or

near the active site have been individually substituted were used. These include the

hydroxyl groups of Tyru (Y6F) and Tyr,,u (Y115F) and the sulfhydryl group of Cys,,n

(C114S), substituted with phenylalanine and serine respectively. Initially, themolecular

masses of intact rat GSH transferases and mutant proteins were obtained before and
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after incubation with GSTCBQ. Subsequently, the unmodified and GSTCBQ-modified

proteins were cleaved with both V8 protease and cyanogen bromide. Mass spectrometric

peptide maps were established by direct MALDI-MS analysis of the peptide mixtures.

The GSTCBQ modifiedpeptides were identified by comparison of the peptide maps of

unmodified and GSTCBQ-modified proteins in combination with the cDNA deduced

sequencefor GSH transferases [10]. The assumption was made that one chlorine atom

of GSTCBQ is displaced upon reaction with either cysteine or tyrosine and that the

bound adduct was in the hydroquinone oxidation state due to the reduction of quinone

with ascorbate, giving an expected mass gain, upon adduct formation, of 482 mass units

(2-(S-glytathionyl)-dichloro-1,4-hydroquinone, GSDCBQ.

+

Umodified GSH transferase
native
Y6F

CI I4S
YI I5F

modified GSH transferase
native
Y6F

CI I4S
YI l5F

MAI-DI-MS
analysis

MALDI-MS
analysis

V8 protease
digestion

V8 protease
digestion

Figure '1. Outline of the strategy used to rsueal the GSTCBQ modified target residue(s) in rat

GSH transferases.

MALDI-MS of intact GSH transferases

The calculated molecular masses together with the results obtained by MALDI-MS of
intact unmodified and GSTCBQ-modified GSH transferases for the native and the three
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mutants are given in Table 1. The determined values for unmodified proteins for both

native and the three mutants are in average 188138 Da above the calculated values.

Comparison of the peak width of molecular ion peaks from the GSH transferases and

that from the calibrant (chymotrypsinogen A) shows that the sample peaks are extremely

broad. The poor mass accuracy is therefore supposed to be due to non-resolved adducts

formed between analyte and matrix.

The mass difference of intact unmodified GSH transferases compared with intact

GSTCBQ- modified GSH transferases/ suggested that approximately one 2-(S-

glutathionyl)-dichloro-1,4 hydroquinonyl group (GSDCHQ) was attached to the native

enzyme as well as to the three mutants. The average measured increase in molecular

mass was 482!63 Da as compared with an expected increase of 482 Da by the

incorporation of one GSTCBQ molecule.

These results could lead to the conclusion that none of the three mutated residues is

covalently modified by GSTCBQ. Although none of the three mutated residues are

crucial in the inactivation of the GSH transferase by GSTCBQ, one or more of the three

residues might still participate, substitution of one residue could simply redirect the

modification to another target site. The GSTCBQ attachment site(s) to GSH transferase

was further examined by comparative peptide mapping of unmodified and modified

GSH transferases.

Table L Calculated and MALDI MS measured molecular mass values of intact

unmodified and GSTCBQ-modified GSH transferase

Enz).T ne
Calculated mass

unmodified
Measured mass* Mass difference

unmodified modified modified-un modified
Number of
GSDCHQ

native
Y6F
C1145
Y115F

25783
25767
25767
25767

26012
25966
25957
25906

26483
26379
26427
26472

477
413
476
566

1

1

* All masses are an average of two measurements externally calibrated with chymotrypsinogen A

Peptide mapping of unmodified and modified GSH transferases by MALDI-MS
Peptide mixtures were generated by the cleavage of native and Y6F, C114S and Y115F

mutated GSH transferase with V8 protease or cyanogen bromide before and after

incubation with GSTCBQ. The resulting peptide mixtures were directly analyzedby

MALDI-MS without further purification. The mass axis was internally calibrated using

one peak from the matrix and two from the analyte. When the masses of the expected

peptides are known the other peptides in the mixture will serve as an internal verification

of proper calibration. In this case a mass accuracy better than t 0.5 Da was achieved for
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most peptides. The calculated molecular masses of the V8 protease (V) and cyanogen

bromide (C) peptides and those observed in the corresponding spectra for both native

and the three mutant proteins are given in Table 2 and3, respectively.

Table 2 Molecular mass values of the peptides derived by digestion of native GSH

transferase and its mutants with V8 protease, as determined by MALDI-MS of the

peptide mixtures and calculated based on the cDNA deduced sequence.

Peptide aa position Calculated mass native
Observed mass*

Y6F C114S Y115F

V1
v1-4
V2+K+
Y2-4
v3-4
v4
V5
v6-9
Y7-9
v8-9
v9
v10
v10-11
v72
v13
v14
v15

7-27
7-48

22-28
22-48
29-48
30-48
49-88

89-100
91-100
92-100
93-100
101-120
701-125
1,26-1,32

733-139
140-180
1,89-21,7

2493.0
5765.5

903.7
3297.5
2M5.6
2376.5
4646.5

1460.6
1230.4

1101.3

972.7

2475.9
3086.6
848.0
899.1.

5875.8
3335.0

2493.0
5765.9

902.6
3297.8
2445.4
231.6.6

2477.0
5749.6

903.0
3291.2
2445.8
2316.7

1460.3
1230.4
1101.1

972.3

2492.9
5765.7

3297.6
2445.5
2376.4

2493.2
5764.8

903.4
3297.6
2M5.8
2316.4

7460.4
1230.6
1101.3

972.2

t460.7
1230.8
1101.6
972.5

2460.2
3070.4

848.2
899.7

1460.5

7230.4
1101.3

972.2
2467.5
3070.4

848.1

899.2

3086.5
848.2
899.7

848.1
899.3

3334.5 3335.1 3335.0 3334.9

* Deviations between measured and calculated masses are underlined

Table 3 Molecular mass values of peptides derived by cleavage of native GSH

transferase and its mutants with cyanogen bromide, as determined by MALDI-MS of

the peptide mixtures and calculated based on the cDNA deduced sequence. All the

values except the one containing the C-terminal peptide correspond to the homoserine

Iactone product.

Peptide aa position Calculated mass native
Observed mass*

Y6F C114S Y115F

C1

C2
C3
C4
C5
C6
C7
L6
C9

+ Na+

1-2
3-34

35-76
77-704
105-108
109-772
173-734
1,35-1,97

198-217

199.2
3841.4
4781.4

3349.7
487.5

478.5

2652.7
7M0.6
2342.7

3841.5
4787.3

3350.0
487.3
478.3

2652.0

3825.2
478r.4
3349.8

487.7
478.0

2657.8

3847.4
4787.3

3349.8
487.5
478.2

2635.9

3841.1
4781.4

3350.2
487.6
478.9

2636.0

2342.6 2342.7 2342.7 2342.8

* Deviations between measured and calculated masses are underlined
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Several peaks in the V8 protease digest spectra indicated incomplete digestion of the

proteins, whereas the cyanogen bromide cleavage was completed. The small dipeptide

C1 and peptide V5, V14 and C8, being the most hydrophobic peptides, were not

observed. Taken together, the two cleavages reveal 87 % of the amino acid sequence,

i.e., 776 of 277 amino acid residues were mapped. As expected, peptides from the

individually mutated GSH transferases that contain the Y6F (peptide V1 and C1), C114S

or Y115F (peptide V10 and C7) mutation sites were observed to be shifted 16 mass

units lower than the corresponding peptides from the native protein.

v7-9

V9

v10-12 v1-4

v15

v7-9

v6-9

1000 2000 3000 4000 6000 m/z

Figure 2. Matrix-assisted laser desorption/ionization mass spectra of the peptide mixtures

deriaedby VB protease cleaaage of (A) unmodified and (B) GSTCBQ modified C1145 mutated

GSH transferase. Peaks corresponding to auto-digestion of V8 protease are labeled with an

asterisk.
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Identification of target sites on GST bv MALDI-MS

Peptides that arise as a consequence of GSTCBQ treatment were identified by an

individual comparison of the V8 protease or cyanogen bromide generated peptide maps

of unmodified and GSTCBQ-modified for native and Y6F, C114S and Y115F mutated

GSH transferases. Comparative peptide mapping is illustrated for V8 protease digestion

of the C114S mutant in Figure 2 and for cyanogen bromide cleavage of the native protein

in Figure 3. Mass differences in the spectra corresponding to 482 mass units
(incorporation of GSTCBQ as GSDCBQ) indicate that more than one peptide were

covalently modified upon GSTCBQ treatment.

C2

o

6
o

\

i1

C3

C}
E
U
o(^(,
+
N
U

Io
O
+
U

Icv
OX

NV
vN

U

i2

o

6
aI

3000 3500 4000 4500 5000 m/ z

Figure 3. Matrix-assisted laser desorption/ionization mass spectra of the peptide mixtures

deriaed by cynnogen bromide cleaaage of (A) unmodified and (B) GSTCBQ modified natiae

GSH transferase. The signals except the one containing the C-terminal peptide correspond to

the homoserine lactone product. Peaks corresponding to formylation of one or more amino groups

(mass shift of 28) are labeled with an asterisk and h and i2 refer to unidentified peaks.

87



Chapter 5

Thble 4 Molecular mass values and identification of GSTCBQ modified peptides

obtained from V8 protease and cyanogen bromide peptide mapping of native and

mutated GSH transferase.

Calcuiated
Peptide aa position Target site MASS native Y115F

Observed mass
Y6F C114S

V1
V1 + GSDCHQ
v1-4
V1-4 + GSDCHQ
v10-11
V10-11 + GSDCHQ
C2
C2 + GSDCHQ
C4
C4 + GSDCHQ
C7
C7 = CSDCHQ
C7 = GSMCHQ

1,-21,

1-27
7-4
7-4

107-725
101-125

3-34
3-34

77-104
77-704
773-734
113-134
113-134

Y6
Y6
Y6
Y6

ct74/Yr75
cr74/Y7r5

Y6
Y6

c86/Y78
c86/Y78

crr4/Y115
crr4/Y175
cr74/Y775

2493.0
2973.2
5765.5

6245.7
3086.6
3566.8
3841.4
4327.6
3349.8
3830.0
2652.7

3732.3
3097.8

2493.1,

2974.1.

5765.2
6246.8
3085.3
3565.9
3841.5
4322.7
3350.0
3832.4
2652.0
31,34.7

3097.5

2477.2

5749.6

3825.2

3349.8
3830.3
2657.8
3135.4
3098.5

2493.0
2974.7
5763.4

2493.3
2974.3
5765.5

6245.5

3070.4
3549.9
3841.1

4323.7

3350.2
3829.5
2636.0
3118.1

3070.4
3552.7

384t.4
4323.8

3349.8
3832.0
2635.9
3118.8

The results strongly indicate that the side chain of Tyruis the GSTCBQ-attachment site

on peptide V1 and C2, this was further supported by Edman degradation [18]. The

preserved modification of peptides C7 and V10-11, containing either target site Cys,,o

or Tyrrru, in the C114S and Y115F mutants, suggests that both residues can react with
GSTCBQ. The cyanogen bromide mapping of modified native (Figure 3) and Y6F

mutated GSH transferase revealed an additional modification of peptide C7

corresponding to the loss of a second chlorine atom (C7 +2-(S-glytathionyl)-monochloro-

1,4-hydroquinone, GSMCHQ), this could arise from an internal cross-linking of Cys,,n

and Tyr,rrbyGSTCBQ. No peak related to C7-GSMCHQ was found when the functional

group of either Cys,,n or Tyr,,u had been substituted. This further supports that both

residues are target sites for modification by GSTCBQ. Finally, the cyanogen bromide

cleavage gives a GSTCBQ modification of an additional peptide C4, presumably

involving either residue Tyr^ and/or Cysr..
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The predicted molecular masses of the peptide-GSDCBQ adducts and those determined

by the two MALDI-MS peptide mappings are summarised in Table 4. For native GSH

transferase a mass shift corresponding to the GSTCBQ modification was identified for

all peptides that include the three potential target sites, Tyru, Cys,,n and Tyr,,u. Similar

results were obtained for the C114S and Y115F mutated GSH transferases, whereas

peaks corresponding to GSTCBQ modification of peptides V1 and C2, in which the

potential target residue tyrosine had been substituted with phenylalanine, were missing

from the peptide maps of Y6F mutated GSH transferase.



Identification of target sites on GST by MALDT-MS

Taken together, the two peptide maps clearly reveal multiple target sites of covalent
modification of the GSH transferase by GSTCBQ. This is a function of the fact that the
trichlorobenzoquinonyl group of GSTCBQ has multiple electrophilic sites of very high
reactivity. Molecular modeling studies (for more detail see ref. 18) indicated that the
two tyrosyl residues (Tyru and Tyr,,r) are appropriately positioned to participate in the
chemical modification of the GSH transferase. Although at least two other residues
were modified they seemed more unlikely to be involved in the inactivation of GSH
transferase.

Conclusion
Comparative peptide mapping of unmodified and modified proteins allowed the
identification of the peptides that arise as a consequence of modification of GSH
transferase by GSTCBQ. In addition the precise location of modified residues were
explored combining comparative peptide mapping with site-directed mutagenesis of
potential target amino acids in the active site of GSH transferase.

GSH transferase was found to be modified by one GSTCBQ molecule per active site,
which appears to be distributed among three different GSTCBQ target sites (Tyr6, Cys11a

and Tyr115) located in the active site of GSH transferase. The reaction of GSTCBQ with
other residues than Tyr6, Cysy4 and Tyr115 within the modified peptides can not be

ruled out. The exact site of attachment is only inferred from the inability to observe a

GSTCBQ modification of the peptides which included a mutated target site in
comparison to the observed GSTCBQ modification of the same non-mutated peptides.
Here the performance of dual peptide mapping, permitted further confidence in the
given results.

The approach combining comparative peptide mapping and site directed mutagenesis

is proposed as a general strategy for identification of modification sites in proteins.
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Characte r tz attor:. of O- glyc osyla te d precurs ors of
insulin-like growth factor II by MALDI-MS

High molecular weight precursors of insulin-like growth factor Il (IGF II) were isolated from
Cohn fraction lV of human plasma by utrafiltration, ffinity chromatography and reoersed-

phase high performance liquid chromatography (HPLC). Molecular mass determination by
matrix-assisted laser desorption/ionization (MALDI) mass spectrometry of two high molecular
weight IGF ll preparations reoealed heterogeneous glycosylation. A combination of enzymatic
degradation and MALDI mass spectrometry was applied for further structural characterization

of the glycosylated precursors of IGF lL The first step taas molecular mass determination of
intact high molecular mass IGF IIs prior to and after treatment with neuraminidase and O-
glycosidase. This, together with a comparison of molecular mass information aaailable from the

cDNA, reaealed that both high molecular mass IGF lI species contain an identical C-terminal
extension of 20 residues but different degree of glycosylation. Second, comparatiae Endo Glu-C
digestion of the prEarations prior to and after enzymatic release of carbohydrates and subsequent

remeasurement of the molecular weight by MALDI-MS confirmed the primary structure of
precursor IGF-II1a7. The O-linked carbohydrates werefound to be associatedwith the C-terminal
extension and the heterogeneity was identified as aaried sialylated forms of one and two HexNAc-
Hex groups.

Introduction

Matrix-assisted laser desorption/ionization (MALDI) [1,2] and electrospray ionization
(ESI) [3-5] mass spectrometry have proved to be valuable techniques for precise mass
determination of intact biomolecules up to several 100 kDa [6,7].
The accurately determined molecular mass of a protein in comparison with the predicted
molecular mass deduced from the cDNA sequence of the corresponding gene, can
confirm a predicted structure or differentiate between one or more structural possibilities.
If the measured mass of the protein agrees with that calculated from the gene sequence,
it is likely that the deduced sequence is correct. Any significant difference implies error
in the cDNA-deduced sequence, post-translational modification or proteolytic
processing of the protein. More detailed information concerning the nature and site of
modification or processing event can be obtained by mass spectrometric peptide
mapping. Peptide mapping involves enzymatically or chemically induced degradation
of the protein, followed by further mass spectrometric measurement of the resulting
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peptide fragments. Comparison of the accurately measured masses of the degradation

products with those predicted from the cDNA-deduced sequence yields information

on the sites and nature of modification and errors. MALDI MS is preferred for direct

analysis of peptide mixtures, because no special sample handling is required,

considerable amounts of salts can be tolerated, the sensitivity is high and the spectra

are easy to interpret (for reviews see [8-9]).

Insulin-like growth factor II (IGF-II) is a single chain polypeptide of 67 amino acids

(MW 7469.4Da) [10] which occurs in human serum and most tissues of the body. The

experimentally determined molecular weight (by mass spectrometry) of plasma-derived

mature IGF-II corresponds well with the predicted value [11]. The primary IGF-II

translation product contains 180 residues l7z,73l,including a 24 amino acid N-terminal

signal peptid e, the 67 residue mature IGF-II and an 89 amino acid extension at the C-

terminus (Figure 1). Processing to the mature stage occurs by proteolytic removal of the

signal peptide and stepwise cleavage of the C-terminal extension (designated E domain),

presumably at mono- and di-basic residues. Incompletely processed higher molecular

mass forms (10-15 kDa) of IGF{I have been detected in serum U4-161, cerebrospinal

fluid [17] and brain [18]. These forms, also referred to as "big" IGF-II, are elevated in

serum from patients with tumors, especially in non-islet cell tumor hypoglycemia [19-

21]. Pro{GF-II has no consensus N-linked glycosylation sites, but O-glycosylation of

the E-domain at ThrTs by sialic acid-containing oligosaccharides has been demonstrated

[16]. This post-translational modification of the protein may be necessary for normal

peptidase processing of pro-IGFJI [22].

This paper briefly describes the isolation and purification of higher molecular mass

forms of IGF-II from human Cohn fraction IV and, in more detail, the extensive use of

MALDI-MS for further characterization of the glycososylation and degree of proteolytic

processing of human serum-derived IGF{I precursor molecules.

Experimental

Materials

The 2,S-dihydroxybenzoic acid (DHB)was purchased fromAldrich Chemie (Steinheim,

Germany). The enzymes Neuraminidase, O-glycosidase and Endo Glu-C from

Staphylococcus aureus were obtained from Boehringer Mannheim (Mannheim, Germany).

Dithiothreitol (DTT) and the two calibrants, horse heart cytochrome c (molecular mass

72360.1) and bovine insulin (molecular mass 5733.6) were all from Sigma (St. Louis,

MO, USA).
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MALDI-MS analysis of glycosVlated pro-IGF-Il

24 -20 -10
Met.-G1y- I 1e-Pro-Met-c1y-Lys - Ser-Met.- Leu-Va1 -Leu-Leu-Thr-phe-Leu-Ala-phe-A1a-Ser-

-1 1 10
Cys-Cys - I 1e-AIa-A1a-1:rr-Arg-Pro-Ser-cIu-Ttrr-teu-Cy6 -cLy-c1y-c1u-IJeu-Va1-AEp-Thr-

20 ,-: 30
Leu-c1n-Ph€ -VaL -Cys -cly-Asp -Arg-cIy-Ph6 -Tyr-phF- S€r-Arg- pro-A1s- Ser-Arg-Val -Ser-

aoi-' i-----r 50
Arg-Arg-Ser-Arg:-c1y-I1e-va1-c1u-c1u-Cys -Cys-ph€-Arg-Ser-Cy6-Aap-L€u-A1a-Leu-L6u-

IL

6q-70*rr
G1u-Thr-Tyr-CyB -A1a-Thr-Pro-A1a-Lys-Ser-c1u-Alg-Asp-Va1 - Ser-Thr-pro- pro-Thr-Va1 -

90
Leu- Pro-Asp-Asn- Phe- Pro-Aro-Tyr-Phe-VaI-cly-Lvs -phe- phe-cln-Tyr-Asp-Thr-Trp-LyS-

100 110
G1n- Ser-Thr-c1n-AIg-Leu-Aro-Arq-c1y-Leu-pro-A1a-Leu-Leu-&g-A1a-Arq-Aro-GIy-His-

130
Va1 -Leu-A1a-!yg-c1u-Leu-cIu-Ala- Phe-AIq-clu-A1a-Lvs -Arq-His-AIg- pro- Leu- I le-Ala-

140 150
Leu- Pro-Thr-Gln-Asp- Pro-A1a-Hi s -c1y-c1y-A1a- pro- pro-c1u-Met-Ala-Ser-Asn-Aro-Lvs

Figure 1. The deduced amino acid sequence of human preprolGF IL The amino acids are

numbered by designating the first nmino acid of mature IGF Il (Ala) as 7; amino acids of the

signal peptide are giaen negatiae rutmbers. The region corresponding to mature IGF lI (residues

7-67) are giaen withbold letters. Single andpairs of basic residues in the E-domain are underlined

and potential O-glycosylatiln sites in the E-domain are marked by an nsterisk.

Purification of IGF-ll precursors

ICF-II was measured by radioimmunoassay [23] using a monoclonal antibody (Amano
Pharmaceutical Co. Ltd, Osaka, ]apan).
IGF-II precursor molecules were derived from Cohn fraction IV of human plasma. The
initial steps followed the procedure previously described for the isolation of IGF-I and
IGF-II [11]. Briefly, The Cohn IV paste was extracted under acidic conditions by
ultrafiltration between 30 and 2 kDa, concentrated by SP-sephadex C-25 cation exchange

chromatography and lyophilization, chromatographed on a CM-sepharose CL-6B cation
column and run on Sephadex G-50 under acidic conditions. Fractions with K", > 0.42

were again chromatographed on a neutral Sephadex G-75 column, where IGF-II
immunoreactivity eluted between K"" 0.04 and 0.3 (between M,80 and 30 kDa). since
this preparation also contained IGF binding proteins, as measured by a charcoal binding
assay, a further purification was needed. This was obtained by affinity chromatography

L20

95

80

156



Chapter 6

on two Affi-Gel 15 (Bio-Rad) columns connected in series to which IGF-II and IGF-

binding protein 3 were coupled, respectively (purification of IGFBP-3 to be described

elsewhere). The IGFBP-3 column was eluted with 0.3 M acetic acid, yielding IGF-II

with no detectable binding protein activity. This preparation was gel-filtered on a Bio-

Gel P-60 (Bio-Rad) column under acidic conditions to separate the native IGF-II from

the pro-IGF-II precursor forms [24]. Final purification on reverse phase (RP) HPLC was

achieved by two consecutive runs on Vydac C18 columns (large and small, respectively)

using the neutral system II and one run on the small column using the acidic system I

[11]. Finally two preparations were obtained, each consisting of approximately 90 pg

protein (by weight), (termed A and B) with slightly different retention times on HPLC.

N-terminal amino acid analysis (Institute for Biomembranes, Utrecht University, NL)

yielded sequences consistent with IGF-II and indicated that the preparations were >

90% pure.

Preparation C was purified in the same way and had similar properties to preparations

A and B.

Release of oligosaccharides

Untreated-preparations A and B were dissolved in water to a concentration of 0.25 ttg/
pl.

Neuraminidase treatment - N-Acetylneuraminic acids (sialic acids) were removed from

preparations A and B by treatment with neuraminidase. An aliquot of the glycopeptides

(10 pl) was incubated with 1 pl of neuraminidase (1 unit/ml) for 3h at37 "C.

O-glycosidase treatment - Following neuraminidase treatment, O-linked

oligosaccharides were removed from preparations A and B by treatment with O-

glycosidase. An aliquot of the neuraminidase treated preparations (5.5 pl) was incubated

with 0.5 pl of O-Glycosidase (0.5 unit/ml) for 18h at37 "C.

Proteolytic digestion

To facilitate the proteolysis of untreated, neuraminidase and O-glycosidase treated

preparations A and B, the disulfide bonds were first reduced with DTT. The reduction

was carried out by addition of 2 ytl of an 50 mM solution of DTT in 40 mM ammonium

bicarbonate buffer (pH 8) to 5 pl of each sample solution at37 "C for t hour.

Proteolytic digestion of the reduced preparations was carried out with Endo Glu-C

from Staphylococcus aureus as enzyme. Approximately 10 pl of 100 mM ammonium

acetate (pH 4) was added to the reduced preparations, pH was adjusted to 4 with acelic

acid followed by the addition of 1 pl Endo Glu-C (1 pglpl) giving an enz)"nne-to-substrate

ratio of 7:7 w / w. The incubation was performed at 37 "C for 4 hours.
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Sample preparation for mass spectrometry

Prior to and after Endo Glu-C digestion 1pl aliquots were withdrawn for MALDI mass

spectrometric analysis of untreated, neuraminidase and O-glycosidase treated
preparations A and B. The matrix 2,S-dihydroxybenzoic acid (DHB) was dissolved in
0.1 % trifluoroacetic acid (TFA) to a concentration of 10 mglml. The intact preparations

and the peptide digests were diluted with matrix to a concentration of 2-8 pmol/pl, 1 pl

of this sample-matrix solution was deposited onto the target and dried under a cold air
stream before loading into the mass spectrometer.

Mass spectrometrrl

AII spectra were obtained using a VISION 2000 time-of-flight instrument (Finnigan

MAI Bremen, Germany) equipped with a nitrogen laser operating at a wavelength of
337 nm. The laser beam was focused by a quartz lens system onto the sample. The

inskument was operated in either reflector or linear mode. In linear mode the ions
were accelerated to a potential of 27 kY, in reflector mode to a potential of 6 kV in the

ion source and post-accelerated by a conversion dynode in front of the detector to a
potential of 10 kV. The effective drift length of the instrument was 88 cm in the linear
mode and 170 cm in the reflector mode. In both modes the ions were detected by a

secondary electron multiplier (SEM) and the signal was amplified and digitizedby a

high speed transient recorder linked to a 486 personal computer. A11 spectra were
obtained in positive-ion mode, 20-30 single shot spectra were accumulated in order to
obtain a good signal-to-noise ratio.

The MALDI spectra of the intact proteins were externally calibrated using horse heart

cytochrome c from a second preparation on the same target. The MALDI peptide map
spectra of the unfractionated peptide mixtures were first externally calibrated with
bovine insulin. A more accurate mass assignment of the peptide mixtures was achieved

by using two of the identified peptide fragments together with a matrix-ion as internal
calibrants. The analyte peaks employed as internal calibrants did not contain any of the
glycopeptides.

Results

Untreated

Preparations A and B obtained from the last RP HPLC steps were analysed by MALDI
mass spectrometry. The MALDI mass spectra of both preparations A and B showed the

presence of several components (Fig 2,A. and 3A). A peak corresponding to mature IGF-

II (amino actd 7-67) appeared in both preparations although more prominent in
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preparations A than B. In addition, three and four distinct signals (designated peak B,

C, D and E/F) in the higher mass area were obtained for preparations B and A,

respectively. Mass differences ranging from 235 to 330 between adjacent signals

suggested the presence of carbohydrates including sialic acids.

Preparation A
Unheated

+ Neuraminidase

+ Neuraminidase
+ Gglycosidase

ADc

d

ICF II

ICF II

ICF II

B

B

e

B

q,

o

6
o
d.

C

C

4000 5000 ,olo,, 10000 12000 14000

Figure 2. MALDI mass spectra of the molecular ion region of (A) untreated intact preparation

A which was sequentially treated utith (B) neuraminidase and (C) O-glycosidase. The singly

and doubly charged ions are designated with upper and lower case letters respectiaely. The peak

designated IGF-II refers to mature IGF-ll (aa L-67) and i to peptidel-6s. Assignments for peaks A

to F are giaen in Table L

N euraminidase and O-glycosidase treated

A portion of the two preparations was first treated with neuraminidase to uncover the

degree of sialylation. This was followed by O-glycosidase treatment to give the naked

precursor IGF-II. O-glycosidase was chosen over N-glycosidase since there are no N-

Iinked glycosylation sites in the deduced sequence of pro-IGF-II. The desialylated and

deglycosylated preparations were remeasured by MALDI-MS. Table 1 summarizes the

MALDI mass values measured before and after keatment with neuraminidase and O-

glycosidase for preparations A and B.
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MALDI-MS analysis of glycosylated pro-lGF-ll

The MALDI mass spectra obtained for preparations A and B after treatment with
neuraminidase are shown in Figure 28 and 38. The number of major peaks was reduced

from four (peak B, C, D and E/F) to two (peak B and C) for preparation A and from
three (peak B, C and D) to two (peak B and C) for preparation B indicating the release of

Preparation B
A

Untreated

c

B

D

ICF II

B B
x

o

o

6
o

+ Neuraminidase

+ Neuraminidase
+ Gglycosidase

C

C

a

4000 6000 rorr, 10000 12000 i4000

Figure 3. MALDI mass spectra of the molecular ion region of (A) untreated intact preparation

B which was sequentially treated with (B) neuraminidase and (C) O-glycosidase. The singly

and doubly charged ions are designated with upper and lower case letters respectiztely. The peak

designated IGF-II refers to mature IGF-II (aa 1-67) and i to peptidel-65. Assignments for peaks A
to D are giaen in Table 1

two and one sialic acid respectively. Figures 2C and 3C show the MALDI mass spectra

obtained after treatment of preparations A and B with neuraminidase and O-glycosidase.

A new molecular ion signal (peak A) slightly shifted to a smaller mass appeared in the

spectrum for both preparations A and B, representing the deglycosylated precursor
IGF-II molecule. The molecular mass of peak A was determined to 9679 and 9675 for
preparations A and B respectively, corresponding to precursor IGF-II1-87, containing a

C-terminal extension of 20 amino acids. The average masses of the carbohydrates
attached to precursor IGF-II1-87 were calculated from the mass differences between peak
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B and A and peak C and B. These suggested the Presence of one or lwo HexNAc-Hex

groups and one or more sialic acids. The limited mass resolution at this mass range and

the possibility of confusion due to heterogeneity (e.9. see peak E/F) made it difficult to

proceed further on the intact material. Further evaluation of the type of glycosylation

and identification of the modified peptide(s) was carried out by mass spectromekic

peptide mapping. To avoid excessive duplication only the detailed results of the more

complex preparation A are presented in the following section.

Table 1 Calculated and MALDI MS observed molecular mass values of intact

preparations A and B prior and after neuraminidase and O-glycosidase treatment. The

peak designations refer to the denoted peaks in Figures 2 and 3.

peak assignment

mass observed
+ neuraminidase

mass calc untreated + neuraminidase + O-glycosidase

Preparation A
aa 66-87
aa 66-87+HexNAcl-Hex1
aa 66-87+HexN Ac2-Hex2

i aa 1-65
IGF II aa 1-67
A aal-87
B aa 1-87+HexNAcl-Hex1
C aa 1-87+HexNAcl-Hex1-SA1
D aa 1-87+HexNAcl-Hex1-SA2
E aa 1-87+HexNAcl-Hex1-SA3
F aa 1-87+HexNAc2-Hex2-SA2

Preparation B

aa 66-87
aa 66-87+HexNAcl-Hex1
aa 66-87+HexNAc2-Hex2

i aa 1-65
IGF II aa 1-67
A aaL-87
B aa 1-87+HexNAcl-Hex1
C aa 1-87+HexNAcl-Hex1-SA1
D aa 1-87+HexNAcl-Hex1-SA2

2808.9
3773.6

7478.8 7465.9

2444.7
2810.0
3775.4
7254.2
7470.4
9679.9
10044.2

10335.5

10626.7
1,0977.8

70992.1

2M4.7
2810.0
3775.4

7260.3

7470.4
9679.9
10044.2
10335.5

70626.7

10006.3
70370.7
70627.6

70957.2

7489.8

70007.6
10335.8

10570.8

10015.6
70347.1,

10633.8

2802.7
3773.2
7242.7

7476.7

10027.5
70340.7

2445.0

7264.9
7479.9
9679.2

2444.4

7254.0

9674.7

100

Peptide Mapping

The remaining portions of untreated, neuraminidase and O-glycosidase treated samples

were separately reduced by DTT and cleaved with Endo Glu-C. Mass spectrometric

peptide maps were established by MALDI MS analysis of the unfractionated peptide

mixtures. The calculated molecular masses of the Endo GIu-C (termed V) peptides and

those observed in the corresponding spectra for untreated neuraminidase and O-
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glycosidase treated preparation A and B are given in Table 2. The glycosylated peptide(s)

were identified by comparing the Endo Glu-C peptide maps of unkeated neuraminidase

and O-glycosidase treated preparations as illustrated for preparation A in Figure 44, B
and C.

Thble 2 Calculated and MALDI-MS observed molecular mass values of peptide
derived by Endo Glu-C cleavage of untreated, neuramindase and O-glycosidase treated

preparations A and B.

assignment

mass observed
+ neuraminidase

mass calc untreated + neuraminidase + O-glycosidase

Preparation A
aa 1-45 (V1-4)*
aa 46-57 (Y5)
aa 68-87
aa 66-87
aa 58-87
aa 58-87-HexNAcl-Hex1
aa 58-87-HexNAcl-Hex1-SA1
aa 58-87-HexNAcl-Hex1-SA2
aa 58-87-HexNAc2-Hex2
aa 58-87-HexNAc2-Hex2-SA1
aa 58-87-HexNAc2-Hex2-SA2

Preparation B
aa 1-45 (V1-4)
aa46-57 (Y5)
aa 68-87
aa 66-87
aa 58-87
aa 58-87-HexNAcl-Hex1
aa 58-87-HexNAcl-Hex1-SA1
aa 58-87-HexNAc2-Hex2
aa 58-87-HexNAc2-Hex2-SA1

5069.7
1373.7
2228.5
2M4.7
3280.7
3&6.0
3937.3
4228.5

4011.3

4302.6

4593.9

5069.7
t5/ 5./
2228.5
2444.7
3280.7
3646.0
3937.3
40t7.3
4302.6

3647.3
3937.8
4229.6

4070.7

4302.6
(45e2.e)

5069.4
1374.7

5069.8
7374.0

3645.5
3937.5
4070.7
(4301.8)

5069.3
t374.2

3647.3

4077.9

5069.4
1374.9

3646.4

4011.5

5069.4
1,374.7

2228.5
2M5.0
3280.9

5068.9
7374.8
2229.6
2445.2
3280.8

* Endo Glu-C peptides are named V, followed by a number indicating the position of the peptide
relative to the N-terminus.

Endo Glu-C cleavage of untreated preparalion A, followed by MALDI peptide mapping,
revealed peaks at masses corresponding to peptide V1-4 (aa 1-45) and peptide V5 (aa

46-57) and a complex dishibution of unknown peaks in the mass range from 3500 to
4500 daltons (Figure 4A). In this mass area the two most abundant peaks m/z 3647

(peak 1) and 3938 (peak 2) differed by 297 Da, indicating the presence of sialic acid. A
similar mass difference was observed between m/23938 (peak 2) and 4230 (peak 4) and
m/z 4077 (peak 3) and 4303 (peak 5). In comparison, the Endo Glu-C peptide map of the

101



Chapter 6

neuraminidase treated preparation A (Figure 48) only revealed the two peaks at m/z

3647 and 4012. The observed mass difference between these two peaks was 365 Da

which corresponds to the carbohydrate composition HexNAc-Hex. Finally, a major

peak at m/23281. and a minor atm/22445 was observed in the Endo Glu-C peptide map

of the neuraminidase and O-glycosidase treated preparation A (Figure 4C). In

combination with the deduced amino acid sequence for pro-IGF-II. the two

deglycosylated peptides were identified as the precursor IGF-II peptides&87 and the

precursor IGF-II peptide687, confirming the C-terminal extension of 20 amino acids.

The mass difference between the major peak in figure 4C and the two peaks observed

in figure 4B is consistent with the removal of one and two HexNAc-Hex residues. These

data, in association with the linkage specificity of O-glycosidase treatment, indicate

that precursor IGF-II peptides&87 contains a heterogeneous complex-type of O-linked

mono and disialylated oligosaccharides (Table 2).

PreparationA
Untreated

1. HexNAcr -Hexr

2. HexNAcr -Hext-SAr
3. HexNAc2 -Hex2

4. HexNAcl -HexrSA2
5. HexNAca -Hex"SAl

+ Neuraminidase HexNAc I -Hexl
B

HexNAc r -Hexr

A

2

4

o

6

+ Neuraminidase
+ Gglycosidase

aa 58-87 C

N
60

N

a

2500 3000 3500

m/z
4000 4500

Figure 4. MALDI mass spectra of the molecular ion regions of Endo Glu-C precursor IGF-II

peptidds'87 containing O-linked oligosaccharides. Endo Glu-C precursor IGF-II glyco-peptidd*
87 

from (A) untreated followed by (B) neuraminidase and (C) O-glycosidase treated preparation

A. The corresponding type of mass aalues are giuen in Table 2.
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The second peak corresponding to precursor IGF-II peptide66-87 observed after
neuraminidase and O-glycosidase treatment, arose from a cleavage at the C-terminal
side of Lys6s. Two precursor IGF-II peptides, peptidel-6s(designated i in figures 2 and 3)

and peptide6687, derived as a result of the cleavage at Lys65, were already observed in
the spectra of the intact preparations after neuraminidase and after O-glycosidase
treatment (Figures 2-5 and Table 1). This suggest that the cleavage at Lys6s occurred

during neuraminidase treatment and prior to the Endo Glu-C digestion. Incubation of
recombinant mature IGF-II with the neuraminidase reagent resulted in the appearance

of degradation products, supporting the presence of a contaminating protease (result

not shown).

aa 66-87-HexNAc r-Hex,

aa 66-87

Untreated

aa
2

+Neuraminidase

+Neuraminidase

O-Glycosidase

@

o

OJ

.6
0)

+

2200 2400 2600 2800 3000 3200 3400

Figure 5. MALDI mass spectra of the lower mass region of intact preparation A (Figure 2).

The carbohydrate attached to precursor IGF-II peptide66'87 as determined from the obseroed mass

differences are shown for each step (untreated, neuraminidase and O-glycosidase treatment).

Linear mode measurement

Recently, loss of sialic acid in glycopeptides has been observed under MALDI conditions.
This fragmentation has been shown to be a post source decay (PSD) process that may
be detected by comparing the results for linear and reflector time-of-flight analysis [25].
When the linear mode became available in our laboratory, the comparison with reflector
mode was made for a third pro-IGF-II preparation, preparation C (preparations A and
B were no longer available). In reflector mode the mass spectrum (Figure 6A) was
identical to that of preparation B (Figure 3A). Similarly, the linear mass spectrum (Figure

68) acquired immediately after the reflector mass spectrum (Figure 6A) using the same

sample spot, showed several peaks in the molecular region. Both mono- and disialylated
species were present (peaks C and D), together with a third signal (peak E) atm/z
1,0901,.2, corresponding to the trisialylated species (Table 3).
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The non-sialylated form (peak B) obtained in the reflector mode mass spectrum was

poorly presented in the linear mode mass spectrum, indicating that this signal was

derived from the metastable loss of sialic acid(s). The occurrence of metastable

fragmentation is further confirmed by the presence of peak E in the linear mode mass

spectrum, but not in the reflector mode mass spectrum. Taken together, this indicates

that only the sialylated forms of pro-IGF-II are present in the preparations.

Reflector Mode

D

Linear Mode

D

C

B

o

o

6
o

B

c

E

B

8000 9000 10000

m/z
11000 12000 13000

Figure 6. Comparison of the (A) reflector and (B) linear mode MALDI mass spectra of the

molecular ion region of untreated intact preparation C. Assignments for the peaks are giaen in

Table 3.

Thble 3 Calculated and MALDI-MS observed molecular mass values of intact

preparations C in reflector and linear mode. The peak designations refer to the denoted

peaks in Figure 6

mass calc

mass observed
reflectron mode linear modepeak assignment

Preparation C
B

C
D
E

aa 1-87+HexNAcl-Hex1
aa 1-87+HexNAcl-Hex1-SA1
aa 1-87+HexNAcl-Hex1-SA2
aa 1-87+HexNAcl-Hex1-SA3

70044.2
10335.5
t0626.7
10977.8

10009.9
10315.2
10591.0

(10019.9)
70332.7

10619.5
70901.2
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Discussion

Treatment of preparations A and B with neuraminidase and O-glycosidase and

subsequent remeasurement of the molecular mass by MALDI-MS revealed a

heterogeneous mixture of glycosylated IGF-II precursor molecules, whose main

glycoforms are sialylated O-linked oligosaccharides. The heterogeneity of the

carbohydrate component together with the metastable loss of neuraminic acid and/or
small neutral molecules (such as NH, and HrO) resulted in significant peak broadening.

Therefore, the individual glycoform signals could not always be differentiated
unambiguously. More accurate information concerning the degree of sialylation, type

of glycosylation and the exact processing site of precursor IGF-II was obtained by mass

spectrometric analysis of Endo Glu-C generated peptide mixtures of the untreated,

neuraminidase and O-glycosidase treated preparations.

A comparison of the peptide maps obtained from Endo Glu-C digestion of untreated,

neuraminidase and O-glycosidase treated preparations, revealed the carbohydrate

compositions HexNAcr-Hex, and HexNAcr-Hex, together with their mono- and di-

sialylated components. Although metastable loss of sialic acid from sialylated

glycopeptides has been observed under MALDI conditions [25], the linear mode analysis

of preparation C confirmed the presence of both the mono-, di- and trisialylated

components.

All preparations were found to contain a C-terminal extension of 20 amino acids giving

the precursor IGF-II1-87. The majority of cleavages in precursors take place at paired

basic residues (Figure 1) and occasionally at single basic residues (Lys or Arg).

Surprisingly, human IGF II precursors obtained from preparations A and B were found

to terminate at the non- basic amino acid Gly87 and not at the more likely basic residue

Lys88. Amino acid compositional analysis of Endo Lys-C digest indicated that the C-

terminus could be either Gly87 or Lys88 [15]. Zumstein et al. [14] found that their variant

pro-form ended at Lys88. The results presented in this paper can only be explained by

assuming Gly87 as the C-terminal residue. The precursor IGF-II1-87form is most likely
generated from a cleavage at Lys88 followed by the action of a carboxypeptidase of the

type A or Y. These enzymes catalyze the release of unspecific amino acids from the C-

terminal position in peptides, while the cleavage of Gly is considerably retarded.

Alternatively, a basic carboxypeptidases in plasma could specifically remove Lys and

Arg from peptide [26]. The Cys-Gly-Asp,/Ser33 variant reported by Zumstein et al.l14l
and the Arg-Leu-Pro-Gly/Ser2e variant reported by others 173,76,27)were not observed.

The O-glycosylation was associated with precursor IGF-II peptide58-87. This precursor,

arising from an incomplete cleavage at Glu67, contains six potential O-glycosylation
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sites (Tht'8, Tht'2, Ser65, S er71 ,Thr72 and ThrTs) but only three within the E-domain, Ser71,

Thrz and Thr7s. Complete Endo Glu-C cleavage of the peptide at GIu67 would result in
two peptides (peptidess-67 and peptid"oa-az) each including three O-glycosylation sites.

The Endo Glu-C cleavage site at Glu67 was still preserved after prolonged digestion

time and further addition of Endo Glu-C. However, a peak corresponding to precursor

IGF-II peptides&87, obtained as a result of the cleavage at GIu67, was observed in the

peptide map after removal of the oligosaccharides by neuraminidase and O-glycosidase

(Figure 4C), indicating that Glu67 may be inaccessible for Endo GIu-C cleavage in the

presence of oligosaccharides.

A comparison of the spectra obtained from intact IGF II preparations prior to and after

O-glycosidase treatment (Figure 5), revealed the release of O-linked oligosaccharides

from peptide6sT of the same type as identified for peptides&87 (Figure 4). This observation

eliminates Th-t'8 and Th-t'2 as potential O-glycosylation sites. Since enzymatic or chemical

means of cleaving peptides at any selected residue are not available, the three potential

O-glycosylation sites within the E-domain could not be further distinguished by this

method.

Recently Hudgins et al.11.61purified high molecular mass precursors of IGF-II from

human serum Cohn fraction IV,, with apparent molecular masses of 15,000 and 11,500

obtained by SDS-PAGE (sodium dodesyl sulfate-polyacrylamide gel electrophoresis).

The C-terminus of these precursors were found to be near or at Lys88 and to be post

translationally modified by O-glycosylation at Thr75.

Although SDS-PAGE is an efficient protein separation technique, its accuracy of

molecular mass determination is currently limited to 5-10%. Furthermore, glycoproteins

show anomalous migration patterns and do not exhibit linear relationship to the

molecular mass of protein standard. The processing site, degree of sialylation and type

of Olinked carbohydrate could not be established by SDS-PAGE. The obtained mass

accuracy in the present study using MALDI MS was approximately 0.1-0.5% at the

intact level and 0.01-0.05% at the peptide mixture level. This improved accuracy is of
considerable value for the primary characterization of the glycosylated IGF-II precursor

molecules. The tolerance to buffer components which is a characteristic feature of
MALDI-MS allowed treatment of glycosylated IGF-II precursor with neuraminidase

and O-glycosidase followed by DTT reduction and Endo Glu-C digestion and

subsequent remeasurement of the molecular weight without removal of the different
incubation buffers. In addition, the method provided excellent sensitivity: less than 0.1

pg was required for a MALDI spectrum of the enzymatic digest.
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Identification of POMC processing products in single
melanotrope cells by MALDI-MS

The use of matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) in
identifuing proopiomelanocortin (POMC) processing products in melanotrope cells of the

pituitary intermediate lobe of Xenopus laeois was explored. Mass spectra were obtained with

such a high sensitiuity of detection that the peptides could be identified in a single melanotrope

cell. ln addition to known POMC processing products of the Xenopus melanotrope cell, the

presence of prer:iously unidentified POMC-deriaed peptides was demonstrated. Together these

POMC processing products accountfor the entire length of the POMCprecursor. Furthermore,

Xenopus possesses two genes for POMC and the sensitioity and accuracy of the MALDI-MS
technique alloued identification of processing products of both the POMC^and POMC.gene.

ln addition, dffirences were obtained between the mass spectra of melanotrope cells from Xenopus

lnetis adapted to different conditions of background illumination. These results show that MALDI-
MS is a aaluable tool in the study of the expression of peptides in single (neuroendocrine) cells.

Introduction

In amphibians, the melanotrope cells of the intermediate lobe of the pituitary gland
secrete a melanotropic peptide, a-melanocyte-stimulating-hormone (cx-MSH), which
causes pigment dispersion in dermal melanophores. Thus, the pituitary melanotropes

play a pivotal role in the process of skin colour adaptation. In lower vertebrates, as in
mammals, cx-MSH originates from a high molecular mass precursor protein,
proopiomelanocortin (POMC). Based on the cDNA nucleotide sequence, the complete
amino acid sequence of POMC has been determined in various mammalian [1-6] and
non-mammalian vertebrates [7-10]. Through tissue-specific processing POMC can
generate a number of bioactive peptides including adrenocorticotropic hormone
(ACTH), cr-, B-, and y-MSH, BJipotropin (p-LPH) and B-endorphin [11].
The melanotrope cells of the amphibianXenopus laeuis are specialized in producing and

secreting POMC-derived products. Although in some studies MSH peptides and
endorphin end products[12-14]have been identified, little is known about the complete

profile of POMC processing products within the melanotrope cell. The complexity of
the POMC precursor makes identification of all processing end products using traditional
biochemical methods extremely difficult. The common practice of analysing
neuropeptides by radioimmunoassay becomes arduous when applied to entire profiles.
Moreover, this method can only be used for known peptide families.
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In recent years, mass spectrometry has developed into an important analytical tool in

the biological sciences. The introduction of ionization techniques such as electrospray

ionization (ESI)[15,16] and matrix-assisted laser desorption/ionization (MALDI) l77,l8l
has resulted in new strategies in the characterization of biopolymers. MALDI mass

spectromtry (MS) in particular enables the measurement of direct peptide profiles in

biological cells and tissues without prior peptide purification [19-21]. For proteins where

the sequence is (largely) known, mass spectrometry permits a rapid, detailed

confirmation of the sequence and the identification of possible protein modifications,

e.g., acetylation, amidation, glycosylation and phosphorylation [22].

In the case of the Xenopzs melanotrope cell, the majority of the peptides produced are

derived from POMC [23]. The complete amino acid sequence of this precursor has been

deduced from its nucleotide sequence [7]. Xenopus possesses two different POMC Senes/

named POMCA and POMC,, which are similar (but not identical) in their amino acid

sequences [24]. Furthermore, melanotrope cells of black background-adapted Xenopus

laeais are very active in synthesizing and processing of POMC whereas melanotrope

cells from white-adapted Xenopus serve as storage cells with an inactive biosynthetic

apparatus 125,261. The purpose of this study was (1) to identify the different POMC

(POMCA and POMC,) processing products and (2) to elucidate possible differences in

the contents of melanotrope cells from animals adapted to different environmental light

conditions. This was done by MALDI-MS, using single Xenopus melanotrope cells to

prevent interference with other cell types present in the pituitary gland.

Experimental

Animals

Adtrlt Xenopus laeais with a weight of approximately 35 g were obtained from from the

Nijmegen institute for Neurosciences (University of Nijmegen, the Netherlands)

Iaboratory stock. Toads were kept under constant illumination on a black or a white

background for at least 3 weeks at22"C. They were fed trout pellets (Trouvit, Trouw,

Putten, The Netherlands) once a week.

Preparation of single cells

The melanotrope cells of 8 animals were isolated from the pituitary neurointermediate

lobe as described previously 1271, with minor changes. In short, animals were

anaesthetized for 15 min in a solution containing 0.1 '/.lly'r5222 (Sigma; St. Louis, MO,

USA) and 0.15% NaHCO, (pH 6.8). After perfusing the animal withXenopus Ringer's

solution, containing 112 mM NaCt, 2 mM KCl, 2 mM CaCl, and 15 mM HEPES
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(Calbiochem;Lalolla, CA, USA; pH7.$ to remove blood cells, lobes were dissected

and incubated for 45 min in Ringer's solution without CaCl, to which 0.25% (w/v)
trypsin (Gibco, Renfrewshore, UK) had been added. Cells were subsequently dispersed

in Ringer's solution by gentle trituration of the lobes with a siliconized Pasteur's pipette.

The cells were readily identified on the basis of their characteristic round shape and

used immediately for mass spectromefy.

Sample preparation

Before MALDI-MS only minimal sample preparation was necessary. The matrix used

was 2,S-dihydroxybenzoic acid (DHB;Aldrich Chemie, Steinheim, Germany) dissolved

at a concentration of 10 mg/ml in 0.1 % trifluoroacetic acid (TFA; Merck, Darmstadt,

Germany). After deposition of 1 pl of the matrix on a stainless steel target, the cells

were placed in the matrix solution. The sample was dried in a cold air stream before

loading into the mass spectrometer. Calibration was performed using a mixtwe of bovine

insulin and horse cytochrome c (Sigma).

Mass spectrometry

The mass spectrometer used was a VISION 2000 (Finnigan MAT, Bremen, Germany).

This is a reflectron time-of-flight (TOF) laser desorption instrument equipped with a

nitrogen laser at 337 nm. The laser beam was focused by a quartz lens system to a spot

size of 70 mm in diameter. The ions generated were accelerated to a potential of 5 kV in
the ion source and post-accelerated by a conversion dynode to a potential of 20 kV. The

effective drift length of the instrument is 7.7 rn. Ions were detected by a secondary

electron multiplier and the signal was amplified and digitized by a high speed transient

recorder linked to a 486 personal computer. Molecular mass data were collected and

compared with computer-analysed POMC precursor fragments with known or predicted

molecular mass, using the "find mass" program (MacProMass, Beckman Research

Institute of the City of Hope, Duarte, CA, USA).

Results and discussion

This study is based on the rationale that molecular mass information is sufficiently
specific to tentatively identify all peptides that are either known to be present or can be

predicted to occur in a given cell or tissue. This approach reduces the number of peptides

that have to be analyzed by more rigorous, but also more laborious and time-consuming

methods. Prediction is on the basis of "classical" precursor processing through cleavage

at consecutive basic amino acids or by processing at "consensus" sequence sites that
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are present around monobasic cleavage sites [28-30]. With single cells, especially with a
homogeneous cell suspension such as the melanotrope cells of Xenopus laeuis, that only

express one major type of precursor molecule, mass accuracy becomes less important.

Mass profiles of melanotrope cells

The mass spectra of a single melanotrope cell from both white- and black-background

adapted Xenopus laeais revealed 20 to 25 significant ion signals (Figure 1). Reproducible

mass spectra were obtained in the 500 -10 000 Da mass range. The mass error was in

most cases better than + 1 Da. Increased peak broadening at higher mass slightly

decreases the mass accuracy.
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Several of the obtained mass values could immediately be assigned to a number of the

previous reported processing products of Xenopus POMC 172,73,377, ultimately

accounting for the entire length of the POMC precursor (see Table 1 and Figure 2).

Both desacetyl-o-MSH and u-MSH as well as p-MSH and Iys-y,-MSH could readily be

identified. However, the ct-MSH peak was small compared to the desacetyl-a-MSH

peak. This abundance of the desacetyl-a-MSH peak over the o-MSH peak is in line

with results obtained using radioimmunoassay for cr-MSH 11.4,32,331.

Table 1 Calculated and observed mass values (M+H*) of identified POMC^ and

POMCB processing products obtained fromXenopus melanotrope cells. Peak numbers

are related to the peaks shown in Figure 1. The amino acid position of the peptides

within the precursor is given. Amino acids 1-25 of the POMC precursor, form the signal

peptide, which is generally not found. The complete POMC^ precursor comprises 259

amino acids (260 for POMCr;Izal).6mis the differencebetween calculated and observed

mass values. Ac=acetyl, AIP=acidic joining peptide, NF=not found, ST=see text.

Peptide Peak No POMCA€OMCB) calculated mass observed mass 6m

N-terminusl 2

N-terminus2 14

N-terminus3 15

lys-y,-MSH 5

lys-yr-MSH 13

AJP 72

Des-Ac-cr-MSH 3

o-MSH 4

CllP-fragment 6

CLIP 8

N-fragment 9

o-MSH 7

Ac-0-Ep{1-8} 1

Ac-$-Epl1-271 10

Ac-p-Ep{1-31} 11

26-34

26-73

26-1,0L

75-86NH,

75-t01,

104-737 (104-138)

140-152NH, (141-153NHr)

140-152NH, (141-153NHr)

157-772 (158-173)

157-778 (7s8-179)

181-205 (182-206)

210-226 (211-227)

229-236 (230-237)

229-255 (230-256\

229-2s9 (230-260)

1070.2

s139.7 (s183.9)

ST

1657.0

ST

3885.1(4042.2)

1607.9

1649.9

1818.0

2s388 (2522.8)

2895.1, (2965.1)

2100.3

966.1,

3125.6 (3739.6)

3567.2 (3566.2)

7069.4

5139.7 (51827)

>10,000

7656.0

s006.8 (5050.2)

3882.7 (4041,.5)

7607.0

7648.9

78t7.2

2537.e (2522.4)

28e7.2 (NF)

2099.7

966.4 (+Na)

3723.6 (3139.1)

3s66.8 (3s64.8)

-0.8

-0.6 (-1,.2)

-1.0

+0.2(+0.4)

-0.1(-0.4

-0.9

-1.0

-0.8

-0.e (-0.4)

+2.1,

-0.6

+0.3

-2.0 (-0.5)

-0.4 (-1.4)
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The cr,N-acetylated-p-endorphin (1-8) (POMC 229-236) was present as sodium and

potassium ion signals, resulting in a mass shift of 22Da and 38 Da for the sodium and

potassium ion, respectively. This result was confirmed by analysing synthetic o,N-

acetylated-B-endorphin (1-8) under the same conditions which resulted in the

appearance of the sodium (966.1. Da) and potassium (982.2Da) ion adducts, but no

protonated ion signal QaaJ,Da).
Though it is known that the Xenopus melanotrope cells contain high amounts of o,N-

acetyl-pendorphin (1-8)(POMC 229-236) [13] only relatively low signal intensities were

obtained for the acetylated endorphins; o,N-acetyl-p-endorphin (1.-8), (1.-27) and (1-

31). The complexity of the peptide contents of the melanotrope cell could encount for a

possible signal suppression of the o,,N-acetyl-p-endorphins.

Although the absence of a signal does not prove that a peptide is not there, the absence

of nonacetylated endorphins in the melanotrope cells confirms previous findings 174,341.

These results support the observations concerning the spatial difference in acetylation

of cr-MSH and endorphins, while the endorphins are rapidly acetylated after synthesis

(so, no nonacetylated endorphins can be found within the cell), acetylation of desacetyl-

cr-MSH occurs at the moment of secretion, which explains the small amount of ct-MSH

present within the cell [31-33,34].

POMC A

2591, 26 73 178137 226

N-teminus

!
I
I

= signal peptide

= dibasic amino acid

= glycosylationAJP a-MSH CLIP N-fragmentp-MsH p-endorphin

Y;MSH ACTH

YlMSH

Figure 2. Schematic representation of the POMCoprecursor of the amphibian Xenopus laeuis.

The structure of the POMC gute was deduced from nucleotide sequence analysis [7 ] . The position

of the glycosylation is shown by the open circle. Sites where two or more basic amino acids occur

are indicated by filled boxes. Processing products formed oia processing at dibasic amino acids

are indicated by horizontal lines.
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Different P OMC A and P OMC, processing end products

Several peptide products, unique to either the POMC^ or the POMC, gene, were found.

Only small differences in the intensity of the POMCA and POMC, end products signals

were visible, indicating similar amounts of POMC^ and POMC" end products and

similar processing. This is in agreement with the biosynthesis and the level of expression

of the two POMC genes [35]. The corticotropin-like intermediate peptides (CLIPs)

derived from POMCA and POMC, have a difference in mass of only 18 Da, both peptides
were clearly present (Figure 3A). Interestingly, no evidence for posttranslational
modification of this produ ct inXenopus laeois melanoLropes could be obtained, although
it has been shown that both rat and human CLIP can be phosphorylated as well as

glycosylated 136,371. Two different peaks were also observed to match t\e N-terminal
26-73 pepnde of the two POMC genes (N-terminus2, Figure 3B). Recent biosynthesis

studies have shown that this N-terminal peptide is a secretory product rapidly formed
from a larger y-MSH-containing POMC product [38].

y-MSH peptides in Xenopus melanotropes

The POMC precursor protein of Xenopus laeais conlains only one glycosylation site,

which is present in the y-MSH region (Figure 2) 1241. However cleavage near this site

results in several glycosylated products (lys-yr-MSH and the N-terminal peptides
containing this y-MSH). Since the carbohydrate structures of the intermediate
glycopeptides are not known, the identification of these peptides is not straightforward.
Nevertheless, both POMC^ lys-y3-MSH and POMC, lys-yr-MSH havebeen isolated and
their molecular weights identified by electrospray mass spectromeky [38]. Although
only low intensity ion signals were obtained for the melanotrope cells, the molecular
masses for the lys-yr-MSH peptides are here confirmed by MALDI-MS. Consistent with
earlier reports 139-411 lys-y-MSH and noty-MSH was observed. Apparently, the dibasic
argJys is used as a monobasic processing site. It remains an unanswered question as to
why the cleavage procedure for Iys-y-MSH is different from that occurring at other
dibasic sites.

Unexpected POMC peptides

The usefulness of the "find mass" program for the recognition of unexpected peptides
was demonstrated for C-terminally shortened forms of CLIP, of the so called N-fragment
(POMC 787-207), and of the N-terminal peptide (POMC 26-73, N-terminus2). On the

basis of the computer analysis the ion signal at m/z L877.2 (peak 6) corresponds to the

C-terminally truncated CLIP peptide (POMC 157-172). Furthermore, the ion signals at
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m/z 1.069.4 and2897.2 could be assigned to the C-terminally shortened products of the

N-terminal(N-terminusl) and the N-fragment respectively (peak 2 and 9). CLIP, the N-

terminal peptide and the N-fragment are both acidic and contain high molecular

percentages of proline, glutamic acid, aspartic acid and threonine. This has been linked

to fast proteolytic degradation in vivo [42] and explains the presence of the truncated

forms of the N-fragment, the N-terminal and CLIP in this study.
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Unidentified products

Some peaks could not be identified as POMC processing products by MALDI-MS (M,
1388.9, 2002.2, 2422.3). Possibly, these peaks represent posttranslationally modified
POMC end products (e.9., by amidation, acetylation, phosphorylation or glycosylation).

Alternately, they may be non-POMC peptides produced by the Xenopus melanotrope

cell. The post source decay technique, which is currently in a developmental stage, will
probably allow the extraction of sequence information from these products [43]. Other
POMC peptides deduced by computer analysis matching ions present in the spectrum
were judged to be poor candidates either because they (1) contain dibasic cleavage sites

not expected to survive in the intermediate pituitary or (2) their processing would require

the unlikely cleavage of a dibasic cleavage site next to a proline [44].

Background adaptation

Although the MALDI-MS profiles of cells derived from black background- adapted
animals (Figure 1A) and those of whitebackground- adapted animals (Figure 1B)showed

little qualitative difference, the relative intensity of several peaks was quite different.
Major differences were found, for instance, in the higher molecular mass region, where
the 10 kDa product (peak 15, N-terminus3) was more pronounced in cells derived from
black-adapted animals compared to the peak in cells of white-adapted animals. This
ion signal might be identified as a POMC processing product. The N-terminal processing

product of POMC (POMC 26-701, N-terminus3) contains the lys-yr-MSH and has a
molecular mass of 10 kDa. Previous findings have reported the existence of large
intermediates in the processing of POMC to its end products in melanotrope cells from
black background-adapted Xenopus [23] and such a N-terminal product has been

identified as a major processing product on SDS gel electrophoresis [39]. It seems likely
that the 10 kDa ion (N-terminus3) is this product. Some other products in the mass

profile with lower molecular mass (peak 2 and an unidentified ion signal at m/z 1388.9)

were more pronounced in melanotrope cells of white-adapted than in cells of black-
adapted animals. The physiological significance of this difference in processing end

products is not known. However, these findings are in agreement with the idea that
melanotropes of black background-adapted animals are very active in the biosyrrthesis

and processing of POMC and thus will contain larger intermediates, while melanotropes

of white background-adapted animals serve as storage celIs, containing completely
processed POMC end products [74,26,451.
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Conclusion

Single pituitary melanotrope cells can be efficiently charted by MALDI-MS and reveal

a complete profile of the POMC-derived peptides. Although the samples are in

physiological environment, neither sample pretreatment nor separation steps are

necessary. This offers a fast screening which is minimizing artifacts caused by extraction

or separation procedures of conventional methodologies, and offers the possibility to

directly mass analyse proteins present in naturally occurring biological fluids. All

previously identified and several new POMC end products in melanotrope cells of

Xenopus laeais were identified by MALDI-MS. In addition, the differences in processing

end products of POMC^ and POMC, could be resolved. While little can be said of the

absolute quantity of the peptides in the profiles, clear differences between the relative

intensities of the peaks show that MALDI-MS can be used to demonstrate different

peptide contents in melanotrope cells from animals under different physiological

conditions.
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Direct sequencing of neuropeptides in biological tissue
by MALDI-PSD mass spectrometry

Dissected tissue pieces of the pituitary pars intermedia from the amphibian Xenopus laeuis was

directly sublected to matrix-assisted laser desorption/ionization (MALDI) mass analysis. The

obtained MALDLpeptideprofile reaealedboth,preuiously known aswell as unexpectedprocessing

prodttcts of the proopiomelanocortin (POMC) gene. Mass spectrometric peptide sequencing of a

few of these neuropeptides was performed by employing MALDI combined with post-source

decay (PSD) fragment ion mass analysis. The potential of MALDI-PSD for sequence analysis of
peptides directly ftom unfractionated tissue samples was examined for the first time for the

known desacetyl-a-MSH-NHrand thepresumedaasotocin neuropeptide. ln addition the sequence

of an unknorun peptide which was present in the pars intermedia tissue sample at molecular

mass 1392.7 Da was determined. The MALDI-PSD mass spectrum of precursor ion 1392.7 Da

contained sufficient structural information to uniquely identifu the sequence by searching protein

sequence databases. The determined amino acid sequence corresponds to the oasotocin peptide

with a C-terminal extension of Gly-Lys-Arg ("aasotocinyl-GKR") indicating incomplete

processing of the aasotocin precursor protein in the pituitary pars intermediate of Xenopus

laeais. Both oasotocin and uasotocinyl-GKR are non-linear peptides containing a disulfide (S-S)

bridge between two cysteine residues, Interpretation of the spectra of these two peptides reaeal

three dffirent forms of characteristic fragment ions of the cysteine side chain which are: peptid.e-

CH r-SH (regular mass of Cys-containing fragment ions) , peptide-CH r-S-sH (regular mass +32

Da) and peptide=CHr(regular mass -34 Da) due to cleaaage on either side of the sulfur atoms,

Until recently matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI TOF MS) was thought to produce little fragmentation which
could be used for structural analysis. Although only limited prompt fragmentation has

been observed in the MALDI process [1-3] Spengler et al.havedemonstrated that analyte
ions formed by MALDI undergo extensive spontaneous decomposition in the first fietd
free region (caIled "post source decay") and that the resulting fragments can be detected
and analysed using a reflectron instrument [4-6]. Since its introduction MALDI post
source decay (PSD) has gained interest as a very promising tool for sequencing peptides
and successful applications in this area have appeared in recent years. Confirmation of
the primary structure of several linear peptidesl4,5,7-731 has been demonstrated. In
addition the practical use of this approach provide valuable sequence information and,/
or confirms additional structural features of peptide in enzymatic digests [i4-18].
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Amongst the more complex samples examined by MALDI MS is the successful analysis

of neuropeptides directly from intact biological cells and tissue samples dissected from

animal brains, initially demonstrated for neurons from the freshwater snail Lymnaea

stagnalis.I79,2O).In a recent study MALDI MS was used for the identification of

proopiomelanocortin (POMC) processing products in melanotrope cells of the pituitary

pars intermedia of Xenopus laeois [21]. Peptides were defined by their mass and their

identities assigned to the predicted masses of peptides deduced from the cDNA

nucleotide sequence of the PoMC gene 121-231. The Presence of known POMC-

processing products, as well as of previously unexpected POMC-derived peptides were

demonstrated. Moreover, the peptideprofile spectra revealed the presence of mass peaks

which could not be directly identified as POMC processing products. The classic

approach towards the structural identification of such unidentified neuropePtides

requires pooling and extraction of large numbers of cells from the region of interest,

followed by several separation steps and subsequent identification and sequencing by

mass spectrometry and Edman degradation.

In the present study, pars intermedia of the pituiatary of Xenopus laeztis were used to

show the feasibility of obtaining sequence information of neuropepLides directly from

tissue samples using MALDI MS combined with PSD fragment ion mass analysis.

Initially the sequence of the known peptide desacetyl-a-MsH (1606'8 Da) and an

unknown but suspected vasotocin peptide (1050.5 Da) were verified by comparing the

MALDI-PSD specka with the theoretical fragment patterns. Finally the sequence of an

unknown peptide at mass 1.392.7 Da was determined, using partial sequence

informations, obtained from the MALDI PSD spectrum, as the "peptide sequence tag"

l24l for screening protein databases.

Experimental

Animals

Adult Xenopus laeois with a weight of approximately 35 g were obtained from the

Nijmegen institute for Neurosciences (University of Nijmegen, the Netherlands)

Iaboratory stock. Toads were kept under constant illumination on a green background

for at least three weeks at22"C. They were feed trout pellets (Trouvit, Trouw Putten,

The Netherlands) once a week.

Sample preparation

Animals were decapitated and pituitary neurointermediate lobes were rapidly dissected.

Small pieces of the pars intermedia (containing melanotrope cells, folliculo stellate cells

and nerve endings) were cut from the pituitary neurointermediate lobe and placed in
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small vials containing 10-20 pl of matrix. The matrix used was 2,S-dihydroxybenzoic

acid (DHB; Aldrich Chemie, Steinheim, Germany) dissolved at a concentration of 10

mg/ml in 0.17o trifluoroacetic acid (TFA; Merck, Darmstadt, Germany). Approximately
1 pl of the sample-matrix solution was deposited on a stainless steel target and allowed
to dry before loading into the mass spectrometer.

MALDI-P SD, instrumentation and method

MALDI-PSD time-of-flight mass spectrometry measurements were performed on a new
home built reflector instrument (Institute of Laser Medicine, Duesseldorf) especially

optimised for post-source decay (PSD) analysis [8,9]. The mass spectrometer was

operated under delayed extraction conditions [25] and the attainable mass resolution
(FWHM definition) was close to 7000 on the molecular ions which provides a unit mass

resolution across the entire PSD ion mass range for precursor ions up to 3000 Da. Under
these experimental conditions and in the considered mass range, the mass accuracy on

the molecular ion is in the order of 30 ppm and the maximum error on the mass

assignment of the PSD ions was of + / -0.3 D a. PSD ion data acquisition was performed

by PC-based software ("ULISSES" version 7.5, Chips at Work GmbH, Bonn, Germany).
Approximately 200 spectra were accumulated per PSD ion spectrum. The PSD ion
spectra were compiled and edited by home built software ("PepSeq" ,F. Lr.itzenkirchen,
Institute of Laser Medicine, Duesseldorf).

Protein data base analysis

EMBL's (European Molecular Biology Laboratory) non-redundant protein database
(nrdb) was used in the interpretation of the PSD spectra for the precursor ion at 7392.7

Da. The database was searched by the "PeptideSearch" software available at:

http:/ /www.marur.embl-heidelberg.delService/PeptideSearchPeptideSearchlntro.hfrnl.

The search parameters were as follows: The protein mass range was set from 0 to 300

kDa, monoisotopic (neutral) peptide mass = 1397.7 with a mass accuracy: of 3 Da,

peptide sequence tag, b type sequence ions (723) PRGGK/QR (1374.5), peptide mass

cysteine is Cys, isoleucine equals leucine and glutamine equals lysine.

Nomenclature.

The peptide fragment ion nomenclature is as proposed by Roepstorff and Folhman126l
and by Johnson and Biemann[27]. Small letters denote dissociation sites and subscript
numbers specify the number of the amino acid residues on the ion. For internal ions

formed by cleavages from both ends of the peptide chain the ions are indicated by
standard one letter symbols for their amino acid residues. Immonium fragment ions

are characteristic signatures of the presence of a certain amino acid.
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Results and discussion

Peptide profiling of pars intermedia tissue

Dissected pars intermedia tissue from the amphibian Xenopus laeais was directly

subjected to MALDI mass analysis. The obtained mass spectrum, shown in Figure 1,

revealed the presence of peaks with masses corresponding to the previously identified

peptides, desacetyl-o-MsH-NHr. Lys-y,-MSH-NH2, P-MSH, CLIP POMCB and CLIP

POMCA [21] which are derived from the two related proopiomelanocortin POMC^ and

POMCrprecursors 122,231.In addition, two unidentified putative pePtide peaks, at mass

1050.4 Da and 1,392.7 Da, were obtained as the most prominent signals in the spectrum.

In contrast to the previously obtained MALDI MS peptide profiles of melanotrope cells

from Xenopus laeais [21] the spectrum in Figure 1 was obtained using a reflectron

instrument equipped with delayed extraction (DE) of ions. DE provides substantially

improved mass resolving power and signal-to-noise ratio over that obtained from

electrostatic operation[28]. The obtained mass resolving power in the range of 7000

(FWHM definition), provided for the assignment of monoisotopic masses throughout
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Figure l. Mass profile of peptides in pars intermedia tissue from the amphibian Xenopus laeuis,

obtained by direct MALDI-TOF-MS analysis under delayed extraction conditions. The spectrum

is confirming the presence of preuiously known POMC-processing products, as well as unexpected

POMC-derioed peptides (see Table L).
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the whole mass range (up to 3000 Da). With the use of internal calibration the mass

accuracy was in the range 20-70pprn,which is a factor of 10 better than the mass accuracy

obtained previously [21] with electrostatic extraction (Table 1).

The abundances of mass peaks at m/z 1,050.4 and m/z 1392.7 (Figure 1) are different from
the peptide profiles obtained previously 1211, in which the identified POMC derived

peptides dominated the spectra. This is most probably due to differences in sample

preparation. In the previous study,95% of the cells were POMC producing melanotrope

cells, the remaining were biosynthetically inactive folliculo stellate cells. The pars

intermedia tissue used in the present investigation, though mainly consisting of
melanotrope cells (and folliculo stellate cells) also included nerve endings. These nerve

endings are known to contain a number of different neurotransmitters, which might
explain the differences in the two peptide profile spectra. The observed mass peak at

m/z 1050.5 corresponds to the calculated mass of one such widely distributed
neurotransmitter in amphibians, vasotocin 129 ,301, whereas the mass peak al m/z 1392.7

could not be directly assigned to any well-known neurotransmitters.

Amino acid sequence informations of both the presumed vasotocin peptide and the

unknown peptide at m/z 1392.7 were obtained by employing MALDI TOF MS with
post-source-decay (PSD) fragment mass analysis. The performance of MALDI-PSD for
sequence analysis of peptides directly from unfractionated tissue samples was initially
tested for the known desacetyl-o-MsH-NH, peptide (1606.8 Da). A pulsed ion gate

with a selectivity m/dm of about 150 allowed preselection of the precursor ions of
interest directly from the unfractionated tissue sample spot.

Table 1. Observed and calculated masses for identified neuropeptides obtained from
pars intermedia tissue in Xenopus laeais. The absolute and relative mass deviations are

given in Da and ppm, repectively. The corresponding delayed-extraction MALDI mass

spectrum is shown in Figure 1.

observed 6m

(Da)mass

calculated

mass (iso)

accuracy

(pp-)
assignment

1050.48

1108.48

7236.58

7392.68

r606.77

1655.84

2098.97

2527.22

2537.22

0.08

0.08

0.08

0.02

0.03

0.06

0.13

0.12

0.12

76

7)

65

74

1q

36

62

48

47

CYIQNCPRG-NH,

CYIQNCPRGG

CYIQNCPRGGK

CYIQNCPRGGKR

desacetyl-a-MSH-NH,

Lys-g1-MSH-NH,

b-MSH

CLIP POMCB

CLIP POMCA

729

1050.4

1108.4

7236.5

1392.7

1606.8

7655.9

2099.1

2521.1

2537.7
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Figure 2. MALDI-PSD fragment ion spectrum of precursor ion 1606.8 Da from Figure 1,

confirming the structure of the desacetyl-a-MSH-NH rpeptide.l-abeled are the ion signals assigned

as N-terminal and C-terminal ions.

Desacetyl-a-MSH-NH,

The fragment mass spectrum obtained by MALDI-PSD analysis of the precursor ion

1606.8 Da is shown in Figure 2. In the low mass range (m/z 50-750) of the PSD spectrum/

immonium ions formed from amino acids with large side chains, indicate the presence

or absence of specific residues in the peptide stretch. Eight of the thirteen amino acid

residues present in the desacetyl-cr-MSH-NH, peptide (AYSMEHFRWGKPV-NHr) can

be identified. Besides the immonium ions, the N-terminal fragment ions predominate

the PSD spectrum forming an almost complete series of b-type ions. C-terminal fragment

ions were observed as y-type ions. The fragment ions containing the Arg residue are

accompanied by satellites due to loss of ammonia (-17 Da). The majority of the remaining

fragment ions appear to originate from internal fragmentations. The obtained masses

are in good agreement with the calculated masses for the theoretical fragment ions,

confirming the structure of the desacetyl-cx-MSH-NH, peptide.
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Figure 3. MALDI-PSD fragment ion spectrum of precursor ion 1050.4 Da from Figure 1,

confirming the structure of the presumed aasotocin peptide, CYIQNCPRG-NHrincluding an

intrinsic disulfide (S-S) bridge between the two cysteine residues. Labeled are the ion signals

assigned as N-terminal and C-terminal ions (see Figure 4)

Precursor ion 1050.4 Da

The MALDI-PSD spectrum of the 1050.4 Da precursor ion is shown in Figure 3 and the

identified fragment ions are summarized in Figure 4. The occurrence of immonium
ions at m/z 70,86, 10L,772,729,136 indicate the presence of amino acid residues Pro,

IIe/Leu, Cln, Arg and Tyr respectively. This is in agreement with the amino acid sequence

for vasotocin, CYIQNCPRG-NH2. Vasotocin is a non-linear peptide, with a disulfide (S-

S) bridge between the two cysteine residues, making interpretation of the spectrum
more difficult. A specific pattern of fragment ion peaks, however, was observed for the

disulfide-bridged peptides investigated, which was found to be useful for interpretation

of such non-linear peptides. Three different forms of characteristic fragment ions of the

cysteine side chain were observed: peptide-CH2-SH (regular mass of Cys-containing
fragment ions), peptide-CHr-S-SH (regular mass +32 Da) and peptide=CH, (regular
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mass -34 Da) due to cleavage on either side of the sulfur atoms. All fragment ions that

contained one of the two Cys residues were found to express this fragmentation pattern

more or less completely (see Figure 4). All fragment ions which include both cysteine

residues, on the other hand, were observed in the non-reduced form (S-S) only.

Except for the b, ion, the complete series of b. ions (n=2-9) and five of the a. ions (n=5-

9) could be assigned to the vasotocin sequence (Figure 4). Again the only C-terminal

fragment ions observed were the y. ions (n=2-6). From these data the sequence of

vasotocin from position 3 (Ile/Leu) to position 9 (Gly-NHr) could be confirmed. The

sequence of residues one and two (CY) could only be clarified by the help of the internal

fragment ions. The most pronounced internal fragmentation corresponded to ions

extending in the C-terminal direction from proline and internal ions derived from the

residues located between the two cysteines.

NHz
I

c
I

267 2
299.2
346.1
380.2
412.1

b2 (CHr-SH)
b2 (cH2-S-SH)

b3 (=61111
b3 (CHI-SH)

b3 (cH2-S-SH)

446.1
508.1
560.5
577.2
605.4
622.3
678.3
695.4

a4 (=CH2)
b4 (CHz-SH) o

y6
v6
i6
y5
v5
y5

y4
y4
y4

y3

(CHz-SH)
(CHr-SH)-NHe
(=cHd
(CHz-S-SH)
(CH:-SH)-NHe
(=clld

(CH2-S-SH)-NH3
(CHz-SH)
(CHz-SH)-NH:

673.4
656.5

a5
b5

a5 (=CH2)
(CHr-SH)-NHe
icu2-sni-ruHi

b5 (CHz-SH)

639.6

577 2
528.2
511 .4

706.3
aaa a

aG

b6

(S-S)-NHr
a6 (S-S)

(S-S).NH:
b6 (s-s)

c
I

446.1
431.4
414.2

328.3
792.1
803.3

a7 (S-S)
b7 (S-S)-NH3

a8 (S-S)
b8 (s-s)

I

P
y2-NH3 214.1

948 4
976.4

988.2
1005 5
1016.3
1033.4

a9

b9

(S-S)-NHa
as (S-S)

(S-S).NH:
b9 (s-s)

G

c(o)
NHz

Figure 4 Known sequence of the ztasotocin peptide (N-terminal end on top) including an

intrinsic disulfide (S-Sir bridge between the two cysteine residues. lndicqted are the a, b and y

typed ions obseraed in the MALDI-PSD fragment spectrum shown in Figute 3.
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Precursor ion 1392.7 Da

Figure 5 show the PSD spectrum obtained from the unknown precurs or ion at m/z lgg2.7 .

Immonium ions in the low mass range of the spectrum indicate the presence of the
amino acids Pro (70Da),IlelLeu (86 Da), LyslGln (101 Da), Arg (112 Da and 129Da)
and Tyr (136 Da). Corresponding fragment ions b. and yi_" &oth arise from the cleavage
of the n*peptidic bond c(o)-NH-, n=0 being the N-terminus, j being the number of
amino acids of the peptide) can be identified using the formula:

m(b) + m(y) =m(precursor) + 1

where m(b), m(y) and m(precursor) are the masses of the b- and y-type fragment ions
and the protonated precursor peptide, respectively. Correspondences between N- and
C-terminal ions were found for mass signal pairs at m/z 774.9/1219.2,203.7/logo.s,
360.0/7033.4,477.0/976.2 and 670.2/723.0. Except for the first ion pair, a-type ions at
m-28 Da were found for mass signals 1090.5, 1.023.4,976.2 and 723.0 Da, which were
therefore assumed to be of fragment ion type "b". The corresponding mass peaks at
303.1,,360.0,417.0 and 670.2u were assumed to be y-type ions accordingly. Furthermore.
the fragment ion at m/z 174.9 was accompanied by a mass peak due to loss of ammonia
(-77 Da) suggesting arginine as the C-terminal y, ion. The second C-terminal residue
could be determined from the mass difference 303.1-174.9 = 128 Da, corresponding to
either a lysine or a glutamine residue. The third and fourth dm = 57 Da were found to
correspond to two glycine residues. The following 6m = 253Da is too large for any of
the 20 amino acid residues and must therefore represent the sum of two amino acid
residues. With proline present in the sequence usually no intense signals of N- or C-
terminal fragment ions are observed starting from this residue. Proline (increment mass
of 97 Da) at the N-terminal side of the amino acid doublet leaves a mass difference of
756 Da, which corresponds to arginine. In summary, the above data suggest that the
Iast six residues of the peptide are PRGGK/QR. This sequence proposition is further
confirmed by five proline-directed internal fragments pR (254 Da), pRG (311 Da), PRGG
(368 Da), PRGGK/Q @96Da) and PRGGK/QR (6s2 Da).
Since no further sequence information could directly be assigned to the remaining
abundant signals, the partial sequence PRGGK/QR was used as a sequence tag to search
the protein database. Database search utilizing this sequence tag in combination with
the mass of the precursor ion resulted in the same sequence CYIQNCPRGGKR derived
from the vasotocin precursor found in fourteen different species. The observed PSD
fragment ions matched the calculated fragment ions for CYIQNCPRGGKR, containing
a disulfide bridge between the two cysteine residues and a free carboxylic acid (COOH)
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Figure 5. MALDI-PSD fragment ion spectrum of precursor ion 1.392.7 Da from Figure 1.

The obtained partial sequence PRGGK/QR was used to perform a protein databases search,

resulting in the unique sequence CYIQNCPRG GKR containing an intrinsic disulfide (S-S)

bridge between the two cysteine residues. Labeled are the ion signals assigned as N-terminal

and C-terminal ions (see text and Figure 6)

at the C-terminal end (Figure 6). Though the presence of the disulfide bridge made the

interpretation of the spectrum more difficult, fragment ions containing either of the

cysteine residue could be assigned to the same type of (S-S) fragmentation Pattern as

described above for vasotocin. As for vasotocin, fragment ions which include both

cysteine residues were only observed in the non-reduced form (S-S)'

The found sequence corresponds to the above identified vasotocin Peptide with the C-

terminal extension Gly-Lys-Arg. Vasotocin is linked in its precursor-Protein to a

neurophysin peptide (MSEl-neurophysin) through the processing signal sequence Gly-

Lys-Arg. Complete processing involves endopeptidase cleavage at the carboxylic side

of the arginine, removal of arginine and lysine by carboxypeptidase, followed by cr-
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amidation and dismutation of the glycine[31]. In previously published results this

peptide, vasotocinyl-GKR, was isolated from the neurointermediate lobe in Xenopus

laeais together with vasotocinyl-GK and vasotocinyl-G [31,32]. The peptide profile

spectrum shown in Figure 1 revealed in addition to vasotocinyl-GKR precursor ion,

signal with mass values corresponding to the calculated mass for vasotocinyl-GK and

vasotocinyl-G (Table 1) indicating incomplete processing of the vasotocin precursor

protein.
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Figure 6. Final sequence determined for precursor peptide ion at 1392.7 Da (N-terminal end

on top) including an intrinsic disulfide (S-S) bridge between the ttuo cysteine residues. lndicated

are the a, b and y typed ions plus the proline-directed internal fragments ions obseraed in the

MALDI-PSD fragment spectrum shown in Figure 5.
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Conclusion

The mapping and sequencing of peptides directly from tissue samples was performed

by MALDI-TOF mass spectrometry and MALDI post source decay fragment ion

analysis. Although the peptides were in physiological environment, neither sample

pretreatment nor separation steps were necessary.

Delayed extraction MALDI-TOF MS provides substantial improvement in resolution

and mass accuracy over that obtained under electrostatic conditions. With the use of

intemal calibration the mass accuracy was in the 20-70 ppm range, a factor 10 better

than the mass accuracy obtained with electrostatic extraction, allowing confident

assignment of the POMC derived peptides.

Confirmation of the complete sequence of desacetyl-a-MSH and the presumed vasotocin

peptide was possible by comparing the MALDI-PSD spectra to the predicted fragment

ion masses for the two peptides. The average mass accuracy of the fragment

determination with delayed extraction was better than + 0.3 Da, sufficient to differentiate

all common amino acid residues except for Leu versus IIe and Lys versus Gln.

The complete sequence of the unknown precursor ion7392.7 Da could not be directly

interpreted from the MALDI-PSD mass spectrum. However identification of a partial

sequence of six amino acids was sufficient to obtain a unique match, when used as

sequence tag in screening the protein sequence databases. MALDI-PSD combined with

databases searching is shown to be a promising method for rapid structural

characterization of specific neuropeptides directly from tissue samples.
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Conclusions and perspectives

Remarkable progress has been made during the first decade of the matrix-assisted laser

desorption/ionization (MALDI) mass spectrometry history. It is becoming a

indispensabie tool in the analysis of a wide range of compounds, with new levels of

sensitivity, mass accuracy, mass range and ability for mixture analysis. MALDI has

become an important technique in biological science, not only because the molecular

mass of the native material at the level of accuracy is in itself very useful information,

but also because the changes thereof upon chemical or enzymatic treatment provide

further insight into the structure or biological significance of parts of the native molecule.

Recent developments, together with ongoing research into protein analytical technology,

are fundamentally changing the role and the scope of protein characterization. The

exponentially growing contents of sequence databases are resulting in a rapidly

increasing fraction of biologically significant proteins for which the complete sequence

has been determined at the genetic level. In these cases the task of sequencing a protein

is reduced to the task of correlating the sequence of the protein under investigation

with the relevant mass entry in a sequence database.

Post source decay fragment-ion mass analysis has largely extended the analytical

capabilities of MALDI-TOF-MS so as to make this technique a valuable approach for

mass spectrometric based structural elucidations of large analytes, in perticular peptides.

Routine MALDI PSD application requirer; increased knowledge of the type of

fragmentation, translated into more comprehensive computer programs, which convert

spectral patterns into structural information.

The major disadvantage of MALDI TOF has traditionally been low mass resolution.

The latest and superior improvement in TOF resolution has been achieved by

incorporating delayed extraction. Delayed extraction has only recently become available

in research laboratories and it is reasonable to expect further development. With the

success of delay extraction it is likely that this will lead to unit mass resolution in the

high mass range (>10 000).

MALDI TOF has greatly contributed to the development of a routine mass spectrometer

for the analysis of biomolecules. Because the instrumentation is significantly simpler

than conventional mass spectrometers, low cost, user-friendly and commercially

available mass spectrometers can now be operated by scientists with no profound

training and background in mass spectrometry. Once mass spectrometers are made

more accessible to nonspecialists, they could become integral parts of modern biological

research laboratories.
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Continuation of the efforts aimed at, understanding the desorption/ionization process,
improving the sensitive and high resolution analysis of biopolymer as well as sustained

Progress in sample preparation will not only improve practical aspects, such as the
choice of new matrices, but is expected to have direct impact on the inskumental design
and its optimization.
In view of development in pharmaceutical science where more focus is on the
understanding at the single cell level, the MALDI technique will play an increasingly
important role, especially since the technique opens the possibility to study the
interaction of bioactive molecules at the protein level as well as profiling the multi-
factorial effects. A good example of the latter is the proteomic field, in which this
technique enables the simultaneous detection of proteins, providing a monitoring tool
for novel drug interactions.
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Summary

Matrix-assisted laser desorption/ionization (MALDD mass spectrometry has emerged

as a highly sensitive and versatile method in biological science. The introduction in

Chapter 1 describes the principles of the MALDI technique. The current understanding

of the desorption/ionization process is presented, together with the fundamental aspects

of post-source decay (PSD) and delayed extraction. Finally a short overview of possible

applicability of MALDI focused on the analysis of peptides/proteins is given.

The amount of analyte actually consumed during a MALDI analysis is much less than

the amount loaded into the mass spectrometer. The so-called picoliter vials are

introduced in Chapter 2 as a new sample handling approach for reduced sample/matrix

volume in MALDI mass spectrometry. The absolute detection limit for proteins in
MALDI mass spectrometry is shown to be significantly improved by the application of

the picoliter vials. When reducing the sample volume from a microliter down to 250

picoliter and simultaneously reducing the sample spot area from a few mm2 down to

0.01 mm2, low attomol detection limits are obtained for bradykinin and cytochrome c.

Quantitative aspects of MALDI mass spectrometry are presented in Chapter 3. The

method relies on the normalization of the analyte ion signal to that of an internal

standard. Best linear response is found belween the measured peak height ratio and

the applied amount of analyte when an appropriate internal standard was used. The

potential of MALDI mass spectrometry as a quantitative tool for biological application

is demonstrated with the analysis of amperozide in plasma, using the 13Ce stable

isotopically labelled amperozide as internal standard.

Whereas MALDI-MS has been successfully applied to determine the molecular mass

and primary structure of biopolymers, non-covalently bound complexes almost always

dissociate into individual components during the MALDI analysis. A number of

potential matrix candidates is investigated with regards to the importance of the pH in

the MALDI mass spectrometric analysis of non-covalently bound protein complexes

(Chapter 4). The ability to detect non-covalently bound complex ions in MALDI-MS

seems to be highly dependent on the choice of matrix rather than the pH of matrix

solution.

The second part of this thesis (Chapter 5-8) takes advantage of MALDI-MS ability to
analyse complex mixtures in the presence of large molar excesses of ionic contaminants

and common buffer.

The valuable and efficient mean of peptide mapping in the characterization of protein

is demonstrated in Chapter 5 and 6. The basic premise of peptide mapping is to
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enzymatically or chemically cleave a protein into a number of smaller peptides, directly
followed by mass spectrometric analysis. The ability to measure the molecular mass of
each peptide permits further examination of the primary structure of the protein
allowing chemical and post-translational modifications to be localized.

A strategy for identification of modification sites in proteins, combining comparative

peptide mapping of unmodified and modified proteins and site directed mutagenesis

is described in Chapter 5. This approach is demonstrated through the mapping of
glutathione-S-transferases (GSH transferases) before and after inhibition with the

glutathione conjugate 2-(S-glutathionyl)-3,5,6-trichloro-1,4-benzoquinone (GSTCBQ).

In Chapter 6, structural characterization of the glycosylated precursors of IGF II was

obtained by peptide mapping prior to and after enzymatic release of carbohydrates.

The sequence and linkage of individual carbohydrates can be obtained by successive

digestion of the glycoprotein with specific exoglycosidases, followed by MALDI mass

spectrometry. The Olinked carbohydrates were found to be associated with the C-

terminal extension and the heterogeneity was identified as varied sialylated forms of
one and two HexNAc-Hex groups.

Amongst the more complex samples examined by MALDI MS is the analysis of
neuropeptides directly from intact biological cells and tissue samples dissected from

animal brains (peptide profiling). Chapter 7 and 8 show the feasibility of profiling and

sequencing peptides directly from tissue samples by MALDI TOF mass spectrometry

and MALDI post-source decay (PSD) fragment ion analysis. Although the peptides

were in physiological environment, neither sample pretreatment nor separation steps

were necessary. The sequence of an unknown peptide was determined, using partial

sequence information, obtained from the MALDI PSD spectrum, as the "peptide

sequence tag" for screening protein databases.

Finally, delayed extraction MALDI-TOF MS provides substantial improvement in
resolution and mass accuracy over that obtained under electrostatic conditions. The

peptide profile obtained with delayed extraction in Chapter 8 compared to that obtained

without delayed extraction (electrostatic extraction) in Chapter 7 resulted in a factor 10

better mass accuracy.
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Samenvatting

145

Matrix-assisted laser desorption/ionization (MALDD mass spectrometry heeft zich

ontwikkeld tot een zeer gevoelige en veelzijdige methode in bioanalytische

massaspectrometrie. In Hoofdstuk 1 worden de principes van de MALDI techniek

beschreven. De huidige opvattingen van het desorptie/ionisatie proces worden, samen

met de fundamentele aspecten van post-source decay (PSD) en vertraagde extractie

behandeld. Tenslotte wordt een kort overzicht gegeven van de toepasbaarheid van

MALDI toegespitst op de analyse van peptides,/eiwitten.

De hoeveelheid stof die daadwerkelijk gedurende een MALDI analyse wordt verbruikt,

is veel minder dan de hoeveelheid stof die gerntroduceerd wordt in de

massaspectrometer. De zogenoemde picoliter vials worden in Hoofdstuk 2

geihtroduceerd als een nieuwe benadering in monstervoorbewerking ten behoeve van

een verkleind monster/matrix volume in MALDI massa-spectrometrie. Door de

toepassing van deze picoliter vials wordt de absolute detectielimiet voor eiwitten in

MALDI massaspectrometrie significant verbeterd. Door het monstervolume te

verkleinen van een microliter naar 250 picoliter en tegelijkertijd het monsteroppervlak

te verkleinen van enkele mm2 tot 0.01 mm2, werden detectielimieten verkregen in het

lage attomolgebied voor bradykinine en cytochroom c.

Kwantitatieve aspecten van MALDI massaspectrometrie worden behandeld in

Hoofdstuk 3. De methode is gebaseerd op de normering van het monstersignaal ten

opzichte van een interne standaard. Het beste lineaire verband tussen het gemeten

signaal en de opgebrachte hoeveelheid stof werd verkregen wanneer een geschikte

interne standaard werd gebruikt. De kracht van MALDI massaspectrometrie als een

kwantitatief gereedschap voor bioanalytische toepassing wordt aangetoond met de

bepaling van amperozide in plasma, waarbij 14Ca gelabeld amperozide als stabiele

isotoop is gebruikt als interne standaard.

Waar MALDI-MS met succes is toegepast op de bepaling van de moleculaire massa en

de primaire structuur van biopolymeren, dissocidren niet-covalent gebonden complexen

vrijwel altijd in de individuele componenten tijdens de MALDI analyse. Een aantal

matrix kandidaten is onderzocht ten aanzien van het belang van de pH in de MALDI

massaspectrometrische analyse van niet-covalent gebonden complexen (Hoofdstuk 4).

De mogelijkheid niet-covalent gebonden complexen te detecteren in MALDI
massaspectromeLrie schijnt meer afhankelijk te zijn van de keuze van de matrix dan

van de pH van de matrix-oplossing.

In het tweede deel van dit proefschrift (Hoofdstuk 5-8) wordt gebruik gemaakt van het

vermogen van MALDI massaspectrometrie complexe mengsels in de aanwezigheid
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van eenhoge molaire overmaat van ionogene verontreinigingen en van normale buffers.

Het waardevolle en efficiente middel van peptide mapping in de karakterisering van

eiwittenwordt gedemonstreerd in Hoofdstuk 5 en 6. De werkwijze van peptide mapping

is om enzymatisch of chemisch een eiwit te splitsen in een aantal kleinere peptiden,

gevolgd door directe massaspectrometrische analyse. De bepaling van de moleculaire

massa's van ieder peptide maakt verder onderzoek naar de primaire structuur van het

eiwit mogelijk, waardoor chemische en post-translationele modificaties gelocaliseerd

kunnen worden.

Een strategie voor identificatie van modificatie-posities in eiwitten, door de combinatie

van vergelijkende peptide mapping van niet-gemodificeerde en gemodificeerde eiwitten
en positiegerichte mutagenese wordt beschreven in Hoofdstuk 5. Deze benadering

wordt gedemonstreerd met de mapping van glutathion-S-transferases (GSH

transferases) voor en na remming met het glutathion-conjugaat 2-(S-glutathionyl)-3,5,6-

trichloro-1,4-benzochinon.

In Hoofdstuk 6 werd structuurkarakterisering van de geglycosyleerde precursors van

IGF II verkregen door peptide mapping voor en na enzymatische afsplitsing van suikers.

De volgorde en de aard van de binding van individuele suikers kan worden verkregen

door opeenvolgende splitsing van het glycoproteine met specifieke exoglycosidases,

gevolgd door MALDI massaspectromefrie. De O-gebonden suikers bleken geassocieerd

te zljn met het C-terminale uiteinde en de heterogeniteit werd geidentificeerd als

verschillende gesialeerde vormen van een en twee HexNAc-Hex groepen.

Tot de analyse van meer complexe monsters, onderzocht met MALDI
massaspectrometrie behoort de succesvolle analyse van van neuropeptiden direct in
intacte biologische cellen en weefselmonsters afkomstig van de 'peptide profilering'
van dierlijke hersenen. Hoofdstuk 7 en 8 tonen de haalbaarheid van profilering en

sequenfie-analyse van peptiden, direct van weefselmonsters met behulp van MALDI
massaspectrometrie en MALDI post-source decay (PSD) fragment-ionen analyse.

Hoewel de peptiden zich bevonden onder fysiologische omstandigheden, waren

monstervoorbewerkings- noch scheidings-stappen noodzakelijk. De sequentie van een

onbekend peptide werd bepaald, waarbij gebruik gemaakt werd van parti€le sequentie

informatie, verkregen van het MALDI MS spectrum, als het'peptide sequentie label'

voor de screening van eiwit databases.

Tenslotte levert vertraagde extractie MALDI-TOF MS een substantiele verbetering van

de resolutie en massa-nauwkeurigheid op ten opzichte van de resultaten verkregen

onder electrostatische omstandigheden. Het peptide-profiel verkregen met vertraagde

extractie zoals beschreven in Hoofdstuk 8, vergeleken met dat verkregen zonder
vertraagde extractie (electrostatische extractie) (in Hoofdstuk 7) resulteerde in een

verbeterde massa-nauwkeurigheid met een factor 10.
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7

Stellingen

behorende bij het proefschrift

Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry

in Biological Sciences

Quantitation in Matrix-assisted laser desorption/ionization mass spectrometry

(MALDI-MS) without the use of a closely related internal standard can generate

erroneous results.

(this thesis)

2. There is not a strong correlation between the matrix solution pH and the ability of

the matrix in the analysis of non-covalent bound complexes, by MALDI-MS.

(this thesis)

L. R. H. Cohen, K. Strupat and F. Hillenkamp, j. Am. Soc. Mass Spectrom., 1'997 ,8,7046-7052

J. PSD MALDI mass spectrometry offers sufficient peptide sequence information to

sucessfully search protein and nucleotide databases.

(this thesis)

4. Although MALDI peptide maps can be generated very quickly from samPle probes

which have been activated through the covalent immobilization of enzymes, the

substantial time and effort required to prepare the active probe surface should

also be taken into account.

(this thesis)

D. Dogmel, P. Williams and R. W. Nelson, Anal. Chem. 7995,67,4343-4348

The additional information that UV MALDI-MS peptide mapping of proteins

directly from gels offers over the IR MALDI-MS analysis of intact proteins directly

from membranes is underestimated.

C. Eckerskorn, K. Strupat, D. Schleuder, D. Hochstrasser, J.-C. Sanchez, F. Lottspeich and

F. Hillenkamp. Ana1. Chem., 1,997 , 69, 2888-2892
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6.

7

The sudden drop in mass resolution above the 20 kDa mass range, in delayed

extraction MALDI-MS, can be avoided if extraction conditions and matrix are

optimized.

U. Bahr, J. Stahl-Zeng, E. Gleitsmann and M. Karas, J. Mass Spectrom.,1.997,32, 1111-7116

The definition of "normality" for packet-cell volume setby the international sports

controlling authority, encourages the elite athletes with a physiologically lower
packet-cell volume to increase their level by doping products such as epoetin (EPO).

J.J.M. Marx and P.C.J. Vergouwen, The Larrcet, 1998,352,451-451

8. The finding that neurons in the adult human brain can be regenerated after all, is

no argument to drink too much.

P.S. Eriksson, P. Perfilieva, T. BjorkEriksson, A.M. Alborn, C. Nordborg, D.A. Peterson and

F.H. Gage, Nat. Med., 1998,4,1313-'1317

Outbreaks of infections with the vero cytotoxin producing Escherichia coli 0157

can be prevented by educating the public to send back pink undercooked

beefburgers.

S.M. Parry, R.L. Salmon, C.A. Willshaw and T. Cheasty, The Lancet, 1998,351 7019-7022.

10. Product of science and technology is mainly what separates our modern way of
life from that of our cave dwelling ancestors.

11. The tolerance towards the admittance of illegal drugs (cocaine, XTC, etc.) is in

sharp contrast to the admittance of legalized pharmaceuticals.

1.2. Though we might not find it appealing to get old, the alternative "dying young"
seems a much worse destiny.

S. jespersen

Leiden, 18 Februari 1999
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