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Summary

The present thesis is divided into three main topics: instrumentation development,

application of electrospray ionization (ESI) mass spectrometery (MS) to measure non

covalent interactions, and design of coupling approaches for atmospheric pressure

matrix-assisted laser desorption / ionization (AP-MALDI) and atmospheric pressure

ionization from solution (AP-IRIS).

At the starting point of the present thesis, our in-house time-of-flight mass spectrome

ter exhibited rather low sensitivity and showed several artifacts. The source for the

artifacts was identified and could be eliminated using different approaches. The sen

sitivity of the instrument was improved enormously. In order to compare different

variants of electrospray, a nano electrospray source was built and successfully

applied to measure proteins.

Noncovalent interactions play an important role in biochemistry; many processes in

biology are controlled by noncovalent complexes, e.g. protein structure, drug - recep

tor interactions, and DNA base pairing. Different approaches and possibilities,

already employed by different research groups, are introduced. The interaction

strength of adenylate kinase with the two inhibitors pl,p4-di(adenosine-S')tetraphos

phate and pl,p5-di(adenosine-S') pentaphosphate was determined. Because the addi

tion of the inhibitors reduces the total ionization efficiency, the analysis method is

based on the relative intensities of the bare protein and the corresponding complex. It

is thus independent from the total ionization efficiency. Going from smaller proteins

to bigger ones, the width of the mass signals for the protein and its complexes gets

broader preventing the mass resolution of the bare protein and its complex. We have

thus developed a method where the bare protein signal and the signal of its com

plexes do not need to be fully resolved. As a proof-of-principle, the interaction

strength of chorismate mutase with a transition state analogue inhibitor was deter

mined.

Coupling continuous flow separation techniques to MALDI MS has been a challenge

for a long time and a lot of approaches have emerged. Using the benefit of AP-
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MALDI, i.e. the sample must not be vacuum stable, a novel coupling approach is pre

sented based on liquid samples containing co-dissolved matrices. The applicability of

the proposed method is shown for different classes of compounds, i.e. peptides, pro

teins, and polymers. The upper mass limit of 13'000 Da was defined by instrumental

limitations rather than by the desorption / ionization method. Since the effluent of

most of the separation methods used for biological samples consists of high fractions

of water, the use of water as the matrix for desorption / ionization is beneficial. The

characteristics of water employed as a matrix in AP-IRIS MS was investigated. A

novel coupling approach, based on single droplet AP-IRIS, is introduced and the prin

ciple is proven. The limit of detection for this method is yet not sufficient and will

need further improvement.

In conclusion, the present thesis shows that new experimental methods can largely

depend on instrumentation modification. Building new devices and/or setup designs

for mass spectrometric analysis may not be trivial, however, crucial for successfully

applying the personal research ideas.
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Zusammenfassung

Die vorliegende Doktorarbeit ist in drei Schwerpunkte aufgegliedert: instrumentelle

Entwicklungen, Anwendung von Elektrospray Ionisierung Massenspektrometrie

(MS) zur Bestimmung von nichtkovalenten Wechselwirkungen, und Planung und

Entwicklung von Methoden zur Kopplung von Fl-ussigchromatographie mit Matrix

untersmtzter Laser Desoption / Ionisation (MALDI) bei Atmospharendruck (AP

MALDI) und mit Infrarot Laser Desorption aus Losung bei Atmospharendruck (AP

IRIS).

Zu Beginn der vorliegenden Doktorarbeit besass das Flugzeitmassenspektrometer

eine limitierte Empfindlichkeit und fUr jedes Massensignal wurden kleine Artefaktsi

gnale beobachtet. Die Quellen dieser Artefaktsignale konnten lokalisiert werden und

wurden durch verschiedene Ansatze letztlich unterbunden, gleichzeitig konnte die

Empfindlichkeit enorm gesteigert werden. Um eine Auswahl an verschiedenen Elek

trospray-Varianten zur Verfiigung zu haben, wurde eine Nanoelektrosprayquelle

gebaut, mit welcher erfolgreich Proteine gemessen werden konnten.

Nichtkovalente Wechselwirkungen gehoren in der Biologie zu den wichtigsten Wech

selwirkungen. Viele biochemische Prozesse werden durch nichtkovalente Komplexe

gesteuert: Proteinstrukturen, Medikament-Rezeptor Wechselwirkungen, oder bei

spielsweise DNA Basenpaarung. Es wurden bereits verschiedene Moglichkeiten

erforscht, nichtkovalente Wechselwirkungen mit Hilfe von Massenspektrometrie zu

bestimmen; diese werden vorgestellt. Neu werden die Komplexbildungskonstante

der nichtkovalenten Komplexe von Adenylate Kinase mit den Inhibitoren p1,0_

di(adenosine-S')tetraphosphat und Pl,p5-di(adenosine-S') pentaphosphat mit Hilfe

der Massenspektrometrie bestimmt. Da das Hinzufiigen der Inhibitoren die Gesamt

intensitat der erhaltenen Spektren negativ beeinflusste, wurde eine Methode erarbei

tet, die nur auf dem Verhaltnis der Integrale des reinen Proteins und des

entsprechenden Komplexes aufbaut und damit von der totalen Signalintensitat unab

hangig wird. Bei der Messung grosserer Proteine beobachtet man eine starke Verbrei

terung der Signale durch unspezifische Anlagerung von Losungsmittel- und

Puffermolekiilen. Dadurch kann das reine Protein und sein Komplex mit einem klei-
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neren Molekiil nicht mehr massen-aufgelost werden. Die Starke der nichtkovalenten

Wechselwirkung von Chorismate Mutase mit einem Ubergangszustandsanalogon

wurde mit einer Methode bestimmt, die die Auflosung der Signale des reinen Prote

ins und des Komplexes nicht mehr voraussetzt.

Die Kopplung zwischen Flussigkeitschromatographie und Matrix-unterstiitzter

Desorption / Ionisierung stellt seit langerer Zeit eine Herausforderung dar und ver

schiedene Losungsansatzte wurden bereits prasentiert. Ein neuer Losungsansatz wird

hier vorgestellt, welcher den Vorteil der Matrix-unterstiitzten Desorption / Ionisie

rung unter Atmospharendruck ausnutzt, dass die Proben nicht vakuumstabil sein

mussen. Der Analyt wird zu einer Losung von Matrix zugegeben und direkt aus der

Losung desorbiert. Das Funktionieren dieses Losungsansatzes konnte fur verschie

dene Klassen von Analyten, z. B. Peptiden, Proteinen und Polymeren, gezeigt wer

den. Die experimentell bestimmte obere Massengrenze von 13'000 Da wurde durch

instrumentelle Parameter begrenzt und nicht durch die Methode. Da die Elutionsmit

tel fur Flussigchromatographie bei biologischen Proben meist einen hohen Wasseran

teil besitzen, ist es von Vorteil, Wasser als Matrix zu verwenden. Die Eigenschaften

von Wasser als Matrix in AP-IRIS wurden untersucht. Eine neue Kopplungsmethode,

basierend auf der Desorption von einzelnen Tropfen, wurde entwickelt und dessen

Funktionieren wurde bewiesen; allerdings ist die Empfindlichkeit noch ungenugend

und muss kiinftig noch verbessert werden.

Zusammenfassend zeigt die vorliegende Arbeit, wie wichtig Gerate-spezifische

Modifikationen fur massenspektrometrische Messungen sein konnen. Das Uberarbei

ten von bestehenden Bauteilen oder gar ein Neu-Design mogen zwar ein manchmal

schwerlicher Weg sein, dies ist aber letztlich der einzige erfolgsversprechende Ansatz

fUr neue Forschungsergebnisse.
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Mass spectrometry determines the mass-to-charge (m/z) ratio of atoms, molecules or

assemblies of molecules. A prerequisite for a successful measurement of the mass of a

species is the ionization of the latter, and their successful transfer into gas phase. Once

the conditions are fulfilled, the different masses are separated by magnetic and elec

tric fields in vacuum and detected by different kind of detectors.

Nowadays, mass spectrometry is employed in a wide range of applications and

research in industry as well as in academia. The applications covers elemental analy

sis, analysis of small organic and inorganic compounds, detection in gas chromato

graphy (GC) as well as in liquid chromatography (LC), and thanks to the soft

ionization methods, the detection of high mass biomolecules and of non-covalent

assemblies.

The present chapter introduces some of the most important developments, concepts,

and principles. Its is by far not complete, but covers all necessary basics for a compre

hensive reading of the following chapters.
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1.1 Motivation

With the development of pulsed ionization techniques and fast electronic devices,

time-of-flight mass spectrometry gained more and more attention. The challenge to

fully understand the technique and the ability to optimize mass spectrometric instru

ments deeply appealed to me. The work with mass spectrometers did not only pro

voke a profound technical understanding but also resulted in enforced practical skills.

The real driving force was entering new research fields, such as the analysis of non

covalent complexes by mass spectrometry. It is intriguing to obtain results by means

of own methods that are comparable with results obtained by well established meth

ods. Also the possibility to design new ionization sources and to practically imple

ment these did motivate me enormously. To see the own ideas and concepts growing

and ending up in yielding results, acquired by own developments, is definitively the

best motivation in science.
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1.2 Historical Development and Trends in Mass Spectrometry

This year, mass spectrometry (MS) is celebrating its 100 year anniversary, a surpris

inglyold technology. The improvements started very slowly but after World War 11

the interest in mass spectrometric methods increased and thus the research was inten

sified leading to new spectrometers and ionization methods. Soon, MS became a key

method for the investigation of inorganic and organic compounds, and later on also in

biological applications.

The First Mass Spectrometer

The experiments leading to the discovery of the first ionization source and to the

invention of the mass spectrometer were performed by the German physicist Eugen

Goldstein. In 1886, he discovered the Kanalstrahlen ("canal rays"). By passing an elec

tric discharge through a gas at low pressure in a glas tube equipped with a perforated

cathode, canal rays are produced. It has been shown that canal rays consist of posi

tively charged particles. In 1898, Wilhelm Wien showed that these particles can be

deflected by strong electric and magnetic fields [1]. He observed that particles with

different charge-to-mass (elm) ratio followed different parabolic curves. Fascinated

by Wien's experimental results, J. J. Thomson began his own studies of Goldstein's

canal rays in 1905. By reducing the pressure in the glas tube, he could achieve sharp

parabolic curves for different ions. By replacing the photographic plate (used so far

for detection) with electric plates, the first mass spectrometer was born. In the follow

ing years, mass spectrometry was mainly used to study isotopes.

The equations of ion motion for the parabolic mass spectrometer are expressed in

terms of charge-to-mass ratio. Accordingly, data from early instruments were

reported in the scientific literature. Only later did physicists and chemists adopt the

more physically meaningful unit mass-to-charge (m/z). In recognition of J. J. Thom

son's scientific contribution, mass-to-charge ratios are now measured by the unit

Thomson (Th).
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Instrument Development

In the early 1940ties, most researchers used magnetic deflection instruments of the

type introduced by Arthur Dempster [2,3]. These devices used massive electromag

nets and therefore were bulky and expensive. This motivated Alfred Nier in 1940 to

develop a new sector mass spectrometer which used smaller magnets based on 60 or

90 degree sectors. Both instrument types were employed in the first commercial mass

spectrometers available on the market.

In 1946, a new mass spectrometric technique was introduced [4]. The advances in

electronics made it possible to deal with electronic pulses in the time frame of micro

seconds. Stephens proposed that ions are pulsed every millisecond into a vacuum

tube (flight tube). The velocity of ions with different m/z ratios but with the same

acceleration energy vary. Their resulting different arrival times can be recorded on an

oscillograph and easily photographed. Note that this is the first description of a time

of-flight (TOP) mass spectrometer! In the following years this method was improved

by improved design of the ion source and by introducing electrostatic mirrors (reflec

tron).

Ju~t three years after the first proposal of a TOF mass spectrometer, HippIe, Sommer

and Thomas presented mass spectra recorded with a new technique called ion cyclo

tron resonance (ICR) mass spectrometery [5]. The ions are trapped in a magnetic field

and perform a cyclotron trajectory with a frequency depending on their m/z ratio. A

uniform rf-electric field of variable frequency accelerates ions of a selected m/z at res

onance until they strike the collector and the resulting current is measured. A big dis

advantage of this frequency sweep ICR mass spectrometer is the need for scanning

over the interesting mass range. In 1974 Comisarow and Marshall employed a fixed

frequency electric field pulse to excite all ions in the ICR cell and a broad-band detec

tion, digitalization of the transient response. The absorption spectrum was produced

by Fourier transforming the time response [6]. The Fourier transform ion cyclotron

resonance mass spectrometer (FT-ICR) was born.

But this was still not satisfying the current needs. A TOF analyzer needs very fast elec

tronics which was (and still is) very expensive; an ICR mass spectrometer needs a
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huge magnet, which is neither cheap nor convenient. In 1953 Paul and Steinwedel

proposed a new mass spectrometric method: the quadrupole mass filter (QMS) [7].

The mass filtering is based on the m/z dependence of a stable ion trajectory in a quad

rupole field. Today, this is probably the most widely used mass spectrometer type; it

is simple, smalt does not need very low pressure, and is not very expensive.

Figure 1.1: From left to the right: Wilhelm Wien, Arthur Dempster, and Nobel laureate

Wolfgang Paul. Reprinted with permission from [8]. Copyright 2002 American Society

for Mass Spectrometry.

Ionization of Molecules

In all mass spectrometric techniques the m/z ratios are determined which implies

that only ions can be measured. Therefore the first step to investigate molecules with

mass spectrometry is the ionization of the neutral molecules. Nowadays there are

many different ionization methods available depending on the actual molecules to

ionize, on degree of fragmentation desired and on selectivity.

The first ionization method, apart from canaL rays, was presented in 1918 by Dempster

[2]. Electrons produced by a heated cathode (filament) were accelerated within an

electric field up to an energy of 60-80 eV. The neutral molecules in the gas phase were

bombarded by this high energy electrons with the effects that the molecules got a pos

itive charge. This is called electron impact (El) ionization (figure 1.2). The high impact

energy of the electrons and the produced radical cations lead to a high degree of frag

mentation of the molecule, eventually leading to structural information and to

defined fingerprints for different molecules. Today, the El ionization is widely used in

GC-MS in order to identify and quantify substances.
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Figure 1.2: Electron impact ionization

source. The typical pressure within the

ion source is between 10-7 and 10-5 mbar.

Figure 1.3: Chemical ionization source.

The typical pressure within the ion

source is higher than in El ionization, it

is between 10-3 and 1 mbar.

The industry, in particular the petroleum industry, requested rather instruments with

shorter duty cycles and better sensitivities than the development of alternative ioniza

tion methods. Not until 1966, Munson and Field presented the chemical ionization

(Cl) method [9, 10] (figure 1.3). The source of the mass spectrometer is filled with an

auxiliary or "ionization" gas, e.g. methane, and with the analyte gas whereas the con~

centration of the analyte gas is usually 1000 smaller than the concentration of the ion

ization gas. Under these conditions practically all electrons, generated by an El source

and passing through the gas within the source, will ionize the ionization gas and

direct ionization of the analyte gas by electron impact will be negligible. The analyte is

mostly soft-ionized by proton transfer reactions of the ionization gas with the analyte

gas. The generated mass spectra are very different from those which are produced by

conventional El MS. The parent or quasi~parention has a much higher abundance and

the degree of fragmentation is much less pronounced. Thus Cl is better suited than

electron impact ionization for higher molecular weight compounds.

In 1968, Malcom Dole presented the first electrospray ionization (ESI) experiments: he

used ESI to generate a beam of polymeric macroions [11, 12]. The resulting ions from
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the ESI process were not yet measured by mass spectrometry but rather the ion cur

rent was recorded with help of a Faraday plate. The great benefit of spraying and ion

izing an analyte by spraying the analyte solution with high electric fields was found

much later. In 1984 John Fenn and Masamichi Yamashita began to investigate the

technique with mass spectrometry in more detail [13, 14]. They showed that ESI is

capable of spraying and ionizing large biomolecules [15]. In 1991, Matthias Wilm and

Matthias Mann introduced the nano-electrospray (nanoESI) and showed improve

ments in detection limits and salt tolerance [16]. In the same year, Bruce Ganem and

co~workerspublished the first mass spectrum of a noncovalent receptor-ligand com

plex by ESI MS [17]. In the following years, ESI developed to one of the key ionization

methods in organic, polymeric and especially bioorganic mass spectrometry.

Figure 1.4: The electrospray pro-

cess.

~ Gase

~ phase ion

Droplet Droplet
evaporation fission

t several
times

Droplet
ejection
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To mass spectrometric

r------- High voltage -------j interface

Spray
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An electrospray is induced by applying a high potential difference between a spray

needle and a counter electrode (figure 1.4). This results in a charge polarization and in

the formation of a Taylor cone from which small droplets are ejected. The emitted

droplets shrink due to solvent evaporation. When the charge repulsion overcomes the

surface tension (Rayleigh limit), the droplets undergo a fission process where smaller

droplets are generated. This process is repeated several times leading at the end to

gas~phase ions.

As the first method to desorb thermolabile and involatile compounds, Barber et al.

presented in 1981 the fast atom bombardment (FAB) ionization source for mass spec

trometry [18, 19]. Argon gas was ionized by a cold cathode discharge source. The pro

duced argon ions were accelerated onto a surface containing the analyte molecules.

The impact of the argon atoms induced the desorption and the ionization of the ana-
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lyte. They showed the possibility of investigating peptides, glycoside antibiotics and

organometallic compounds [20] by this method.

MALDI plate

-
Analyte ions Neutrals

Matrix ions 0 Analyte/matrix cluster

-

Extraction
grid

~
To mass
analyzer

Figure 1.5: The MALDI process. Please be aware

that the neutrals-to-ion ratio is about 104, Le.

there are 10'000 times more neutrals than ions.

Just a few years after the presentation of FAB and ESI for biomolecules, a third ioniza

tion method was developed. In 1987, Koichi Tanaka presented the first particle

assisted laser desorption / ionization measurements of proteins up to masses of

34'000 Da [21]. In the following year, Hillenkamp and Karas introduced matrix

assisted laser desorption / ionization (MALDI) (figure 1.5), where an organic matrix

instead of particles was employed [22,23]. In conventional MALDI the analyte and a

matrix are co-crystallized on a sample target. The co-crystallized sample is introduced

into the high vacuum of a mass spectrometer. By focusing a pulsed DV laser onto the

sample, analyte molecules are desorbed and ionized. Unfortunately, the ratio of neu~

trals~to~ionsejected was found to be in the order of 104 [24], limiting the sensitivity of

MALDI. MALDI is a soft ionization method, although not as soft as ESI, showing very

little fragmentation and high intensity of mainly singly charged the molecular ion. In

the year 2000, Victor Laiko discovered that a MALDI source may be effectively oper

ated at atmospheric pressure (AP-MALDI) [25,26]. The ions produced at atmospheric

pressure are guided by a differentially pumped interface into the mass spectrometer.

AP~MALDI simplifies the sample handling and is known to be softer [27] in compari

son to conventional MALDI. Since the results obtained for non-volatile compounds

are better for MALDI and ESI, nowadays, FAB is rarely employed anymore.

Koichi Tanaka and John Fenn were awarded the Nobel~Prize 2002 in chemistry for

their contribution to the development and investigation of the two ionization meth-
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ods soft laser desorption I ionization and ESI and their application in the field of bio

chemistry.

Some ionization methods such as field desorption (FD), plasma desorption (PD),

inductively coupled plasma (rCP) and others are not mentioned here. The description

of all ionization methods would go far beyond the scope of this introduction.

Trends in Mass Spectrometry

Cl) 1500c:
0

'';::;
ro
()

:c 1000:J
c.......
0
.....
Cl)
.c 500E
:J
c:

2000199019601950 1970 1980
year

Figure 1.6: Number of publications per year using ESI (blue), MALDI (green), FAH (red)

and El (black) as ionization methods in the experiments.

With help of a literature search, the trends of mass spectrometry mainly concerning

the used ionization methods are elucidated. To obtain the number of publications for

a specific method, the 151 Web of Science Database has been searched with specific key

words for the corresponding ionization method as summarized in table 1.1. The

enquiry is not complete and there are several papers that do not state the ionization

method used for the MS experiments, especially in GC-MS work. But nevertheless the

data obtained allow to show some trends in MS ionization methods and MS in general

(figure 1.6).
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Search String
ESI
MALOI

FAB

El

electrospray AND (Mass OR lon* OR spectrometry)

MALDI OR (matrix AND Laser AND desorption AND (ion* OR mass
spectrometry))

«fast AND atom AND bombardment) OR FAB) AND (mass OR ion* OR
spectrometry)

«electron impact) OR El) AND (mass spectrometry OR (ion* AND
mass»

Table 1.1: Used search strings to obtain the number of publication using a specific ion

ization method.

As already mentioned in the historical paragraph the interest in different ionization

methods evolved rather late (around the mid sixties) in the development of mass

spectrometry. New ionization methods stimulated the use of mass spectrometers for

novel scientific and industrial applications. The development of FAB in the beginning

of the eighties caused an increase in total publications. The real boost for mass spec

trometry, however, came with the invention of the two major soft ionization methods

ESI and MALDI. This opened an absolutely new field: the use of MS in biochemistry.

Since then, there is a real boom in MS indicated by the fact that nowadays almost

every better laboratory has its own mass spectrometers. The influence of the first soft

ionization method, FAB, is decreasing rapidly whereas publications with ESI and

MALDI are still increasing. Publications using electron impact ionization are remain

ing more or less constant indicating that this ionization technique still is and will be

further employed.
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Time-of-flight mass spectrometry (TOP-MS) is deceptively simple in concept; a packet

of ions with the same kinetic energy drift through an evacuated, field-free tube and

arrive at a detector in the order of their mass-to-charge ratios. The detector output

current, measured as a function of time, can easily be converted into a mass spectrum.

The physics as well as the instrumentation are both remarkably straightforward. In

this section, the basic principles and designs for TOF mass spectrometers are intro

duced. The mass spectrometer used for the experiments is explained in detail and the

improvements implemented in the spectrometer are illustrated. The ionization

sources used for electrospray ionization measurements are explained including a

home made nano electrospray ionization source.
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2.1 Time-of-flight Mass Spectrometry

Introduction

The simplest time-of-flight mass spectrometer consists of a short extraction region

(usually on the order of a few centimeters), a drift region, and a detector (figure 2.1),

all being kept under vacuum. In the source region, the electrical field is usually

defined by a voltage placed on the source backing plate and is used to accelerate ions

to constant kinetic energy.

i
'\ Figure 2.1: A simple TOF mass spectrom.
, ,

1.- '1,1:,' eter consisting of a source region s, a drift

- tube D, and detector.
E=O

1----- Drift path D -----.I

E=V1s 1.-
v

Ions may be formed in the gas phase (e.g. by electron impact or multiphoton ioniza

tion) or directly on the backing plate (e.g. by matrix-assisted laser desorption / ioniza

tion). If the ions are generated at the backing plate, they are accelerated throughout

the entire source-extraction region to the same final kinetic energy and the corre

sponding velocity (equation 2.1).

m·; = e.V
2

(Eq 2.1)

m mass of the ion

v velocity of the ion

e charge of the electron

V potential difference the ion is travelling through

The resulting flight time of the ions thus depend on the square root of their masses

(equation. 2.2).
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t= r-m. D
~~

t flight time

D drift length

Mass resolution in a mass spectrometer is defined as m/&:no In a TOF mass spectrom

eter in which ions are accelerated to constant energy its dependence on time resolu

tion can be derived as follows:

m t=!1m 2· M

.1m full width at half-maximum (FWHM) of the mass signal

.1t FWHM of the time signal

(Eq 2.3)

(Eq 2.4)

(Eq 2.5)

Thus, mass resolution depends on time resolution and therefore upon laser pulse

width, detector response, recorder bandwidths and digitizing rates.

Time, Space, and Energy Distributions

From the very beginning, TOF mass spectrometers were known as low resolution

instruments. Besides the specifications of the detector and digitizer, the spread in

time-of-flight reflects many properties of the ion in addition to its mass, including

uncertainties in the time of formation, its initial location in the extraction field, its ini

tial kinetic energy, and metastable fragmentation. All these factors contribute to an

overall low mass resolution.

Temporal distributions include actual distribution in the time of ion formation as well

as limitations of ion detection and time-recording devices. Distribution in the time of

ion formation results in a constant time difference (..dt) which remains constant as the

ions approach the detector. Because the mass resolution is given by t/L1t, the resolu

tion can be enhanced by increasing the length of the flight tube. The same holds true
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for time distributions arising from laser pulse width, detector response, and recording

bandwidth and digitizing rates. An early method to correct for distributions in time of

ion formations has been demonstrated by Wiley and McLaren [1]. The ions were

formed in a field-free source region and then extracted by a drawout pulse with a rise

time of only 40 ns (time lagfocusing). By using an extraction pulse it is also possible to

couple a TOF instrument with a continuous ion source (i.e. electrospray ionization,

electron impact ionization).

When the ions are produced within the source, they are formed with some initial

kinetic energy (Uo)leading to an initial kinetic energy distribution. But only the initial

kinetic energy along the time-of-flight axis influences the arrival times (equation. 2.6).

J mt = ·0
2· (e· V+ Vo)

Vo initial kinetic energy along the flight path

(Eq 2.6)

Ions with initial velocities in direction of the flight tube will arrive sooner at the detec

tor than those with no initial velocity, resulting in fronting of the mass spectral peak

towards the low-mass side. It is also possible that initial velocities for some ions are

directed away from the flight tube. These ions turn around in the source and exit the

source with the same energy as the ions with the initial velocity in direction of the

flight tube but with a constant time difference At (turn-around time). Arriving later at

Source s1f----- Drift path D -----.I

.M

v
E;V/s 1.- E=O

Figure 2.2: Scheme demonstrating the

effect of ions with initial velocities in the

opposite direction of the flight tube.

the detector, they contribute to a tailing of the mass spectral peak towards the high

mass side of the peak. The effect of the turn-around time can be reduced by longer

flight distances and thus longer flight times. The effect of initial kinetic energy spread

ing are in general reduced by higher acceleration voltages, that is by making eV»Uo.
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Ions formed at different regions in the source (spatial distribution) will be accelerated

through different distances in the extraction fields leading to a distribution of the final

kinetic energies. The ions closer to the exit of the source leave the source sooner but

have lower kinetic energies and thus arrive later at the detector. This distribution is

more pronounced in methods where the ions are formed in the gas phase (i.e. photo

ionization) than in methods where the ions are desorhed from a surface (i.e. MALDI).

The higher energy ions will catch up with the slower ions in the space-time focal plane.

The space-time focal plane is located in the drift tube at the point at which ions have

spent the same amount of time in the extraction and drift regions. The location of the

plane is independent of mass but is not exactly a plane but rather has also an expan

sion in direction of the flight path. The location of the space-time focal plane can be

calculated according to equation 2.7 [2].

d = 2· J52 + 5 . ~5 == 2 . 5 (Eq 2.7)

d distance of the space-time focal plane in the flight tube

s distance in the source from the flight tube of the first ion

Lis difference ofacceleration length for the second ion relative to the first one

Dual·stage Extraction

Eo,s IE"s,ID

Figure 2.3: Principle of a dual-stage

extraction. The distance d to the space·

time focal plane can be varied by choos·

ing the potentials Eo and El properly.

Because the space-time focal plane is independent of mass, ions with different masses

are focused at the plane at different time. However, mass dispersion at this short dis

tance from the source is usually not sufficient to allow the location of the detector at

this point. By using a dual-stage extraction [1], the space-time focus can be moved to a

plane much further away from the source. The distance d of the space-time focal

plane can be calculated according to equation 2.8,
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d - 2 312[ 1 2 . SI ]
- • er 5 112 - 112 (112 112)2

o SO' er + So

El
with er = So + E . SI

o

(Eq 2.8)

d distance of the space-time focal plane in the flight tube

So distance of the ions in the first extraction stage

s1 length of the second extraction stage

Eo first extraction field

E1 second extraction field

In instruments with dual-stage extraction, the second extraction field (El) is generally

much larger than the first (Eo), with larger ratios of El/Eo moving the space-time focal

plane further from the source. For arbitrary combinations of extraction fields, the

space-time focal plane will be of first-order, which is sufficient to focus ions with a

minimum initial spatial distribution. However, dual-stage extraction configuration

can be designed to produce a second order space-time focal plane [3,4] in order to

improve focusing and accommodate broader initial spatial distributions. Thus, the

second-order space-time focal plane is more appropriately used as the focal point for

a reflectron (where initial spatial distribution has been converted to a kinetic energy

distribution), than as a location for a detector.

Energy Focusing with Reflectrons

An important invention in the field of energy focusing is the reflectron [5, 6]. Its most

characteristic feature is an ion mirror consisting of one (single-stage) or two (dual-stage)

electric fields. Consider a space focus of an ion source as a start point for the flight of

ions of one distinct mass, with no spatial or temporal distributions, but with different

kinetic energies. After the drift length, the ions with higher kinetic energy enter the

ion mirror first, followed by those with lower kinetic energy. While the former pene

trate deeper into the reflecting field than the latter, they exhibit in a longer residence

time within the reflector than the lower energy ions. By choosing the appropriate

potentials and geometry, the shorter flight time of high energy ions in the field-free

drift region is compensated for by their longer residence time within the reflector.
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Orlhogonal Extraction

As a pulsed teclmique, matrix-assisted laser desorption / ionization is easily compati

ble with time-of-flight mass spectrometry and has been responsible for renewed inter

est and active development in the field. In contrast, electrospray ionization is a

continuous ionization technique that, like electron impact, chemical ionization, and

fast atom bombardment is more compatible with scanning instruments such as qua

drupole and sector mass spectrometers. Furthermore, the ions generated by ESI are

multiply charged and have a wide energy spread. Therefore the approach of orthogo

nal extraction, where the initial kinetic energy spread is orthogonal to the flight direc

tion,leads to much better resolution as pulsed extraction teclmiques [1]. Dawson and

Guilhaus [7] showed the advantages of orthogonal extraction, improvement of both

duty cycle and resolution, for an electron impact mass spectrometer and Dodonov et

al. [8] reported the first orthogonal extraction ESI TOF mass spectrometer.

Lens

(±)
(±) ~----

JL i
(±)

(±)

Detectors

I~
.1lI
:0:
·w
: §,
'lJ..

I~ t.
(I),

Figure 2.4: Principle of orthogonal

extraction: after ions are generated

within the ion source, they are colli

mated by a lens and orthogonally

accelerated into the flight-tube by a

pulsed electric field.

After the ions have travelled along the flight path, they will reach the detector. The

detector registers the ion impact on its active surface and converts it into an electric

signal. Response and dead time of the detector are key figures which significantly

influence the resolution and sensitivity of the mass spectrometer. Most of the avail

able detectors exhibit a mass dependent sensitivity that is reduced with increasing

mass-to-charge ratio of the detected ions. An exception is the cryo tunnel junction

detectors [9] which shows equal sensitivity throughout the whole mass range and

additionally is able to measure the energy of the arriving ions. This opens the possibil

ity to determine the charge state of the arriving ions according to their energy. Thus it
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is possible to distinguish between singly and multiply charged ions with the same m/

z ratio.

There are two major kinds of detectors employed in mass spectrometry: electron mul

tipliers (EM) end microchannel plate (MCP).

~tDynOde

(~
~I
I )

i .~
\ ·1

)

Figure 2.5: Principle of an electron multiplier. The arriving ion is hitting

the first dynode (conversion dynode> and produces secondary electrons.

These electrons are accelerated and amplified by the following dynodes

leading to a strong output current for a signal.

In a electron multiplier, the ion is hitting an active surface causing the emission of sec

ondary electrons. These secondary electrons are then amplified in a cascade of elec

trodes, each producing more than one electron per impact. This results in an

avalanche of electrons leading in the output of an electric current signal.

Figure 2.6: SEM-image of the channels of a Mep detector.

The diameter of one channel is approximately 4-5 J.tm.

Reprinted from [ID).

The microchannel plate detector [11] consists of a large array of channels (5.5'105

channels in a 25 mm diameter MCP). Each channel can detect one ion at a time. If an

ion hits a channel, some electrons are emitted. These electrons hit again the wall of the

channel several times leading to an electron avalanche and to an electric signal at the

end of the channel. The MCP consists of many small detectors whereas the EM detec-
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tor consists of one large detector. The dead time of one channel is much larger than

the dead time of an EM detector. But since the MCP detector consists of many chan~

nels this usually does not influence the sensitivity of the detector. Because of the faster

rise time of the MCP detectors, there are nowadays more MCP detectors used in time

of~flight mass spectrometry than electron multipliers.

Pulse width (FWHM)

Recovery time

Maximum pulse amplitude

Maximum output current sustained

Dark count

EM (ETP 14824)

4.5 ns

<30 ns

500 mV into 50 £2

5~A

3 counts min-1

Mep (Burle)

350 ps

ms for a channel

N/A

N/A

5 counts min-1

Table 2.1: Specifications for typical EM and Mep detectors.
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2.2 Time-of-Flight Mass Spectrometer

A.
CC

Figure 2.7: Schematic representation of the time-of-flight mass spectrometer used for

ESI and AP-MALDI experiments. It consists of an atmospheric pressure interface, guid

ing the ions from atmospheric pressure to the high vacuum, and of the TOF main cham

ber where the ions are separated according to their mlz ratios. For a detailed

explanation, see the text.

The time-of-flight instrument used for electrospray (ESI) and for atmospheric pres

sure MALDI (AP~MALDI) experiments (figure 2.7) is a a-prototype instrument from

Agilent (USA). It can be divided into four major parts: an ionization source, the atmo~

spheric pressure (AP) interface, the time-of-flight mass analyzer, and the signal pro

cessing unit. The ionization source is separately discussed later on, the other three

parts are described in the following paragraphs.

Atmospheric Pressure Interface

The main function of the AP interface is the transport of the ions, generated at atmo~

spheric pressure (e.g. by ESI, AP-MALDI, API), into the high vacuum in the mass ana-
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lyzer. However, in order to achieve good mass resolution and good sensitivity in the

mass analyzer, the ions leaving the AP interface must be collimated and need to have

a defined kinetic energy.

f)

g)

Figure 2.8: Details of the AP inter

face: a) inlet, b) heatable transfer

capillary, c) skimmers, cl) rf-only

hexapole, e) einzel lens, f) Einzel

lens, g) orthogonal injection.

The following description of the ion flight path refers to figure 2.8. After the ions are

generated by the corresponding ion source, they are guided by electric fields through

a countercurrent of nitrogen heated to between 100 - 350 QC and with a flow rate of 0

4 slm into the heated transfer capillary (100 - 350 QC) and from there into the first vac

uum stage (p = 1 Torr). Flying through the transfer capillary, the ions are decelerated

to lower kinetic energies. Thereafter, the ions are accelerated through the second vac-

uum stage (p=8'1O-3 Torr) into the third one. The vacuum stages one, two and three

are separated by two skimmers. The third vacuum stage (P = 1.3'10-3 Torr) consists of

a rf-only hexapole and of three apertures defining an einzellens.

The mean free path for ions in the hexapole can be calculated according to Maxwell

[12]. Assuming a temperature of T = 20 QC = 293.15 K, a pressure of p = 1.10-3 Torr and

the collision cross section of the small peptide LIVTQTMK (933.2 Da, er = 2.44 nm2)

[15], the mean free path in the hexapole is 8.8 mm. Note that the ions oscillate in the

hexapole and therefore the effective travelling distance in the hexapole is much larger

than the length of the hexapole. By the resulting collisions in the hexapole the ions

loose energy and the ion beam is collimated in the hexapole (collisional cooling)

improving the resolution of the mass spectra. In our instrument, the hexapole was

operated at a frequency of 240 kHz and with an amplitude between 1 and 30 V. The

subsequent Einzellenses focus the ion beam further into the high vacuum chamber
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L 0.707 0.707· k· T
(Eq 2.9)= =

2 p.(Jn· d . n
L mean free path

d radius of the ion cross section

n ion density

k Bolzmann constant (1.38066 10-23 J K- 1)

T temperature

p pressure

(J collision cross section

(1'10-6 Torr). Then the ions are focused and accelerated by a cylindric lens assembly

into the mass analyzer.

By choosing the potentials at the end of the transfer capillary and of the first skimmer

accordingly, it is possible to define the harshness of the desolvation and transfer pro

cess. The transmission efficiency for the mass range of interest is optimized, too.

Higher potentials lead to harsher desolvation conditions. Thus, it is possible to deter

mine the relative gas-phase stability of noncovalent assemblies by cone voltage driven

dissociation [16]. Figure 2.9 shows a ESI mass spectrum of the noncovalent complex
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adenylate kinase with pl/p5-di(adenosine~5')pentaphosphaterecorded at (a) soft con

ditions and (b) harsh conditions. The latter lead to the dissociation of the complex.
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The TOF mass analyzer basically is unlimited in mass, however the AP interface is

not. The interface must be optimized for a certain mass range, and even then the mass

range is limited by the frequency and the precision of the hexapole. The highest m/z

ratio measured with the current instrument was 7344 Th, representing the +6 ion of

the trimer of chorismate mutase.

i I I I I I I I I I I I I I I I I I I I I I I I

J
i i i i I i i i i I i i i i I i i i I I I I i I

(b) AK

AK·Ap5A

,~. ~L~~~-~
2400 2450 2500 2550

m / z [Th]
2400 2450 2500 2550

m / z [Th]

Figure 2.9: Positive ion mode ESI mass spectra of 10 j.tM AK and 20 j.tM Ap5A in 5 mM

NH4AcO when a) soft conditions and b) harsh conditions in the AP interface had been

chosen. The strong tailing in the peaks in a) is induced by remaining solvent and buffer

adducts resulting from the soft conditions.
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Time-of-flight Mass Analyzer

Figure 2.10: Details of the TOF mass analyzer.

f) orthogonal injection, g) pusher, h) Faraday

;"t cup, i) acceleration, j) flight chamber, k) verti-

L:::====:::====:::===========~ cal deflection, l) reflectron, m) detector.

The time-of-flight mass analyzer can be operated in two modes: It can be used to mea

sure the total ion current injected into the analyzer. In this mode the potential at the

pusher plate remains constant assuring that the ions reach the Faraday cup. To deter

mine the total ion current, the current at the Faraday cup, a simple copper electrode, is

measured. Unfortunately, the measured currents are in the range of picoamperes and

therefore difficult to measure.

In the TOF mode the pusher plate is pulsed with a high potential (1.4 - 2.4 kV,

depending on the reflectron type used) with a repetition rate between 4 kHz and 2

kHz depending on the desired mass range of the measurement. To circumvent

switching of the pulser between too high potentials, the flight chamber is biased on-6

kV and the ions are accelerated by a Wiley-McLaren electrode arrangement into the

flight chamber. After entering the flight chamber the ions can be vertically deflected

by deflection plates in order to guide the ion beam onto the detector. Because the
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alignment of the instrument is very precise, no vertical deflection was usually neces

sary. Thereafter, the ions enter a reflectron and are reflected onto the detector.

Two types of reflectrons had been employed. First a dual-stage reflectron was used

leading to higher resolution (a resolution of 2400 could be achieved) but to less sensi

tivity because of two grids defining the two electric fields in the reflectron. In order to

enhance the sensitivity and to reduce fragmentation at the grids, the dual stage reflec

tron was exchanged by a single-stage reflectron leading to a final resolution of 1200.

For detecting the ions, an electron multiplier as well as an optically decoupled multi

channel plate detector had been employed. The reflectron as well the detector could

be tilted within the instrument in order to optimize the ion flight path and the resolu

tion.

Signal Processing

For signal acquisition a HP-743 mainframe computer equipped with an analog to dig

ital (AID) converter board and a TOF board, both prototype boards, were used. The

signal from the detector is DC decoupled and preamplified prior to digitalization by

the AID converter. An arbitrary number of transients is summed on the acquisition

mainframe and the result is sent to a personal computer for storage and further pro

cessing. The mainframe was controlled remotely by a personal computer.
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2.3 Improvements to the Time-of-Flight Mass Spectrometer

Ghost Peaks

When the instrument was taken over, its performance was not satisfactory. A number

of improvements were made during the course of this thesis, some of which are dis

cussed here in further detail. Ghost peaks series with slightly shorter flight times and

less intensity than the mass signal were found for each mass signal (figure 2.11).

~~~~L
i i I i I i i I I i I I I I • i I i I i

69.5 70.0 70.5 71.0
flight time [115]

Figure 2.11: Positive ion mode ESI mass spectrum of HP-Tuning standard showing the

typical ghost peaks observed between 69.5 and 70 J.ts for the main peaks at 70.9 J.ts.

These ghost peaks resulted from secondary electrons generated at the exit grid of the

flight-chamber towards the detector. In the beginning, the potential of the detector

was more positive than the flight-chamber. This resulted in a deceleration of the ions

onto the detector surface and to an acceleration of any negatively charged species

generated at the exit grids. In this case, the secondary electrons generated by the colli

sions of the positively charged ions with the exit grid are accelerated to the detector

and generate the ghost peaks. In order to prevent the latter phenomenon and to

improve the detector signat i.e. acceleration of the ions onto the detector surface, the

potential of the detector surface must be more negative than the flight chamber. The

electron multiplier used in the instrument allowed a potential difference of -2.4 kV,
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whereas the flight chamber was on -6 kV. Using the electric circuit shown in figure

2.12, the entire detector was floated with a more negative potential such that the

active detection area could be kept at a potential of -6 kV. As a result, spectra without

any ghost peaks could be obtained (figure 2.13). The source of the secondary electrons

was identified and deleted.

MH\l
~6000V

Inteliace Box
for ESI Detector

TOF-MS
High Vaccum

11111~;2'i2n:F"T~~6kV
(Gold)
5MB

Figure 2.12: Electric scheme to put the detector on a floating potential between -3800

and ·4300 V.

Signal-to-noise ratio

Working with weak signal intensities, the signal-to-noise ratio improved far less than

with the theoretically expected factor of .,fn. As it can also be seen in figure 2.13, peri

odical noise was recorded due to oscillation of the high voltage source (HCN 140

12500, Fug, Germany). By adding a resistor to the entrance of the potential source (fig

ure 2.14) the periodical disturbance could be reduced by a factor of ~3. Nevertheless

the results were not yet satisfactory. Therefore the detector was changed to an opti

cally decoupled detector (Burle Bipolar TOF Detector, Burle, USA).

The optically decoupled detector consists of an multichannel plate detector, a scintil

lator, and a photomultiplier (figure 2.15). Ions hitting the MCP are converted to elec

trons which are amplified. The resulting electron avalanche is hitting the scintillator
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Figure 2.13: Positive ion mode ESI mass spectrum of HP·Tuning standard recorded with

the new detector setup showing no more ghost peaks.

MH\I.
-6000

Interface Box
for ESI Detector
1Mn

::.::...
2,2n en

5kV ::.::...
en

1,2Mn

1,2Mn

1,2Mn

1.2MO

2.2nF
6kV

TOF-MS
High Vaccum

Figure 2.14: Electric scheme to put the detector on a floating potential between ~3800

and -4300 V. In order to reduce disturbing oscillation from the potential source, a 1 MO

resistor has been added to the entrance.

surface inducing the scintillator molecules to emit light. The light is detected by the

photomultiplier whereas the photomultiplier is electrically decoupled from the other

elements. The potentials of the Mep (input and output potential) and the scintillator
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(c) (b) (a)

collector

Figure 2.15: Scheme of the bipolar detector: (a) MCP

detector, (b) scintillator, (c) photomultiplier tube. The

oV VPMT VSei VMCPin detector could be controlled by the potentials: VMCP,jOt

VMCP.out VMCP,out, VScj, and VPMT'

can be biased with ±10 kY. The analyte signal of the HP Tuning Standard could be

further improved by employing the new detector (figure 2.16).

(a) (b)

I i I i i I i I i I I i I i i I i i i .n. -.- ·'"1 I - i -T I "I I i I I

70.0

i f I ••

69.0 69.5
flight time [Ilsj

68.571.070.0 70.5
flight time [Ilsj

69.5

Figure 2.16: Positive ion mode ESI mass spectrum of HP-Tuning standard detected by

(a) the improved electron multiplier setup and (b) the optically decoupled MCP detec

tor. The signal-to-noise ratio could be further improved.

Ionization Source

The original ionization source delivered with the mass spectrometer was a pneumati

cally assisted electrospray or ionspray (figure 2.17) with an inner diameter of the

spraying capillary of 120 J..lm. In this setup the electrospray could be assisted by nitro

gen gas with a back pressure between 0 and 1 bar. Additionally the dry spraying gas

helps the evaporation of the droplet's solvent. This source compared to ESI sources
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without pneumatic assistance yields ESI spectra of high quality even with an unstable

Taylor cone. This allows the use of higher flow rates, e.g. when coupling to a HPLC is

employed, and can also simplify the measurement with samples in water at high

buffer content.

Figure 2.17: Ionspray spray assembly

consisting of (a) spray house, (b) union

to connect to liquid delivery source, (c)

ferrule, (d) spray capillary, and (e) con

nection for the spray gas.

Nevertheless, the tolerance of ionspray and of classical electrospray against remaining

salts is limited. Using nanoelectrospray (nanoESI) improves this tolerance and allows

higher buffer and salt contents to be used. The nanoESI was introduced by Mann [17,

18] and Caprioli [19,20] and their co-workers almost at the same time. Caprioli called

it microspray, referring to the inner diameter of the spray capillary in the range of sev~

eral micrometers. Mann called it nanospray referring to the droplet size emitted by the

electrospray. He also showed that the ionization efficiency is improved significantly

by using smaller inner diameters of the spray capillaries [17], thus reducing the flow

rate from several/ll to several hundred nl did not result in decrease in the detected ion

signal. Nowadays one distinguishes between on-line nanoESI, using spray capillaries

with inner diameters of 10 to 15 /lm, and off~linenanoESI using spray capillaries with

inner diameters of 1 to 4 /lm.

In order to check the suitability of off-line nanoESI for our own experiments, an off

line nanoESI source was developed (figure 2.18). Spray capillaries with inner diame

ters of 1 /lm were purchased from NewObjective Inc. (USA). To provide an electric

contact to the spraying solution the tips have a conductive coating on the tip. The elec

tric connection between the needle coating and the electric circuit was established by
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z

.Lx
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(d)

(c)

(a)

Figure 2.18: Scheme of the

nanoESI source developed con

sisting of (a) nanospray needle,

(b) atmospheric interface of the

MS, (c) electric contact to the

nanospray needle, (d) holder for

the nanospray needle, (e) x/y/z

translation stage, (f) CCD camera

mounted on a x/y/z translation

stage.

using silver glue and a micro clamp. Figure 2.19 shows a spectrum of native myoglo

bin recorded with nanoESI in positive ion mode. It is apparent that the peaks show

not as many buffer and solvent adducts as for classical e1ectrospray and thus are nar

rower. This is a direct result of smaller droplets being produced by the spray. How

ever, using off-line nanoESI means that spray needles can be used just once and

therefore the reproducibility is poor. What's more, filling of the needle is not easy and

needs some training. We found that the needles were best filled with help of a gel

loader pipette tip.

i II I I {-- ..j """'"I i
.L

i I i II I I

500 1000 1500
m / z rThj

2000 2500 3000

Figure 2.19: Positive ion mode nanoESI mass spectrum of 10 J.l.M myoglobin and 10 mM

NH4AcO in water. The signal shows no tailing indicating that there are no buffer or

solvent adducts.
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Because the signals obtained with classical ionspray were sufficient, the nanoESI was

not used for the experiments presented in the thesis.

In addition to the ESI sources, different sources for atmospheric pressure matrix

assisted laser desorption / ionization have been developed and are explained in this

thesis.
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2.4 Summary

Although TOF-MS is simple in concept, challenges in the implementation may arise.

In a set of technical changes, the poor signal intensities could be improved signifi

cantly and the ghost peaks could be avoided by introducing a new detector system

into the instrument. In order to enhance the flexibility for ionization by ESI, a nanoESI

source had been developed in addition to the present ionspray source. We have suc

cessfully shown that the nanoESI source is less sensitive against salts in the analyte

solution and leads to less buffer and solvent adducts for the ions observed. These

improvements led to a state-of-the-art instrument for mass spectrometric investiga

tions of current problems.
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For a number of years, soft ionization mass spectrometry has been used for studying

noncovalently bound complexes. An intriguing question in this context is whether MS

experiments can be used to measure the interaction strength. A number of recent

studies have addressed this question. The results of these studies, as well as the meth

ods employed are explained in the present chapter. It is distinguished between solu

tion-phase methods where the MS serves as detector for the solution phase and gas

phase methods, where interaction strengths in the gas phase are measured. With a

few exceptions, no agreement exists between solution-phase and gas-phase binding

energies. The main reason is that electrostatic and dipolar noncovalent interactions

are strengthened in the absence of solvent shielding, while other noncovalent interac

tions, i.e. hydrophobic interactions, become less important in the absence of solvent.

Adapted from:

J. M. Daniel, S. D. Friess, S. Rajagopalan, S. Wendt, and R. Zenobi, Int. ]. Mass Spec

trom., 2002, 216, 1-27.
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3.1 Introduction

A number of established analytical methods are being used for the quantitative study

of noncovalent macromolecular interactions. These all work in the solution phase and

include optical spectroscopy (e.g. DV absorption, circular dichroism (CD), and fluo

rescence), nuclear magnetic resonance (NMR), light scattering, differential scanning

calorimetry, and isothermal titration calorimetry [2]. Mass spectrometry is a novel

tool for studying biomolecular structures and noncovalent interactions; it can provide

data on the functional properties of biomacromolecules complementary to that

obtained from more traditional techniques. Smith and co-workers have discussed the

advantages of mass spectrometry compared to other biophysical methods for investi

gating noncovalent interactions [3, 4]. For example, mass spectrometry has undis

puted advantages over NMR for studying proteins with poor solubility and high

molecular weight. NMR is limited to studies of proteins with a molecular weight less

than 30'000 Da, while mass spectrometry has been used to study proteins and protein

complexes with molecular masses approaching 1'000'000 Da [5-8]. Unlike NMR or

CD, techniques that measure average of properties of biomacromolecules, soft ioniza

tion mass spectrometry in connection with H-D exchange can provide detailed and

quantitative information about the kinetics of protein folding [9].

McLafferty has often referred to the three "5" advantages of mass spectrometry: spec

ificity, sensitivity, and speed [10]. Most importantly, the sensitivity of MS based meth

ods (picomole to femtomole range) allows the investigation of very small quantities of

material, which renders MS a very useful method in cases where only a microgram or

less of a valuable protein may be available for a study. In addition, accuracy and mass

range of modern instruments are very useful. A fourth "5" advantage in the context of

noncovalent interactions should include stoichiometry [11]: the number of ligands

that form a unique and biologically relevant complex is an important issue in many

systems, a quantity that is easily obtained from mass spectrometry. Another great

advantage of mass spectrometry as an analytical tool, especially applicable to identifi

cation of unknown molecules, is the possibility to carry out tandem mass spectrome-

try experiments or even MSn, leading to an exponential increase in data and

information [12].
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3.2 N oncovalent Interactions

Atoms and molecules can interact together leading to the formation of either a new

molecule (reactive channel) or a molecular cluster (nonreactive channel). The former

is clearly a covalent interaction; the latter is termed a noncovalent, since no covalent

bond is neither formed nor broken. Noncovalent interactions were first recognized by

J. D. van der Waals in the nineteenth century [13], and are of primary importance in

our world (see below).

The properties of the original subsystems in a molecular cluster are relatively unper

turbed compared to the isolated molecules. Nevertheless, the stronger the noncova

lent interaction, the larger the changes in the properties of the subsystem. Most

pronounced changes occur in H-bonded systems, and the change of stretch frequen-

cies upon complex formation can be hundreds of wavenumbers (cm-I). Noncovalent

interactions are considerably weaker (by one or two orders of magnitude) than cova

lent interactions. The role of noncovalent interactions in nature was fully recognized

in the last decades; they play an important role in chemistry and physics, moreover,

are of key importance in biology. The structures of liquids, solvation phenomena,

molecular crystals, the structures of biomacromolecules such as DNA and proteins,

and molecular recognition are only a few phenomena determined by noncovalent

interactions.

kH + G _ 1 - H·G (Eq 3.1)
k.1

H host molecule

G guest molecule

HG host-guest noncovalent complex

k1 reaction rate constant for the complexing reaction (bimolecular)

k_1 reaction rate constant for the dissociation reaction (unimolecular)

The noncovalent complex formation shown in equation 3.1 is in any case reversible.

Given enough time and constant conditions, these complexing and dissociation reac

tions will lead to equilibrium concentrations of free host, free guest and complex. The
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equilibrium concentrations are defined according to equation 3.2, and are determined

by the kinetics of the forward and backward reaction.

K
A

= J(";.l = .!:J.. = rH· Gl
o k_1 [H][G]

(Eq 3.2)

KA association constant

Ko dissociation constant

k1 reaction rate constant for the complexing reaction (bimolecular)

k_1 reaction rate constant for the dissociation reaction (unimolecular)

[H' G] concentration of the noncovalent complex

[H] concentration of the free host

[G] concentration of the free guest

According to collision theory, the maximum theoretical reaction rate constant for

complex formation (k1) is about 1010 s':lM-l. This is the rate constant for diffusion con

trolled reactions. The k1 values for protein-protein interactions strongly depend on

the geometry of the interaction and on electrostatic parameters, and most of these rate

constants typically level around 103 - 104 s-lM-1. The k1 for protein - ligand (protein

and small ligand) complex reactions reach values around 106 - 109 s-lM-1. Table 3.1

shows the rate constants for different reactions.

a-Chymotrypsin I a-Chymotrypsin

Lactat dehydrogenase I NADH

Lysozym I (NAG)2

k1 =3.7x1 04 5-1M-1

k1 :=:: 109 5-1M-1

k1 :=:: 107 5-1M-1

Table 3.1: Association rate constants of protein ~ protein and protein - ligand systems.

NADH =nicotinamide adenine dinucleotide, NAG = N-acetylglucosamine.

The dissociation reaction rate constant (k_1) is much smaller than the diffusion con

trolled value because the noncovalent interaction energy has to be overcome. Design

ing drugs usually means to minimize the dissociation rate constant in order to block

the binding site of the target protein as long as possible. The half life time of com

plexes can be calculated according to equation 3.3. If the association rate constant (k1)

and the association constant (KA) is known or can be estimated, the loss of complex
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In2tll2 = (Eq 3.3)k_1

t112 half life time ofa noncovalent complex

k_1 reaction rate constant for the dissociation reaction (unimolecular)

during the transfer of the ions into the TOF-MS can be estimated. Note that the inter

action strength and therefore the rate constants in the gas phase differ from the one in

solution. With appropriate methods, the gas-phase stability as well as the solution

phase stability can be explored.

The relation between the Gibbs free energy and the association and dissociation con

stants is explained in equations 3.4 and 3.5. At equilibrium .dG=O and therefore the

(Eq 3.4)

(Eq 3.5)

LlG Gibbs free energy of the reaction

LlH reaction enthalpy

T temperature

LIS reaction entropy

LlGo Gibbs free energy of the reaction for all activities =1

KA association constant for the noncovalent complex

KD dissociation constant for the noncovalent complex

free binding energy of the noncovalent complex determines the equilibrium con

stantS. Note that association and dissociation constants are temperature dependent.

For an association constant KA =109 M, free binding energy of L\Go =-53 kJ mol-I (at

37°C) can be calculated. Such binding is very weak compared to the binding enthalpy

of a covalent C-C bond of 348 kJ morl . In order to obtain a change of KA of one order

of magnitude, the free binding energy must be increased by 5.9 kJ morl at body tem

perature and by 5.7 kJ morl at room temperature, respectively.
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Types of Noncovalent Interactions

Noncovalent interactions can come in many different flavours. Table 3.2 summarizes

the types of noncovalent interactions that occur between particles that are either

charged, carry a dipole moment, or are polarizable [14].

Type of noncovalent Formula
interaction

Na~e

Charge - charge

Charge - dipole (fixed
dipole)

Charge - dipole (freely
rotating dipole)

Dipole - dipole (fixed
dipole)

Dipole - dipole (freely
rotating dipole)

Charge - nonpolar

Dipole - nonpolar (fixed
dipole)

Dipole - nonpolar
(freely rotating dipole)

Nonpolar - nonpolar

Hydrogen bond

Hydrophilic interaction

Hydrophobic interac
tion

4 . 1t . E . EO . r

Q. u· cose

4 . 1t • E • EO • ?
Q2. u2 .

6· (4·1t· E' EO}2. k· T·l

(

UI • u2

4 . 1t . E • EO • ?

(2cosG, casGz - sinG I COS$SinGz)]

2 2
U 1 . u2

2 63 . (4 . 1t . E • EO) . k· T· r

2Q ·a
2 42 . (4 . 1t . E . EO) . r

2 2
U . a . (1 + 3 . cos e)

2 62 . (4 . 1t . E . EO) . r

2
U ·a

2 6(4 . 1t • E . EO) • r

3 aO I . a 02 'I . '2

2 2 6'!+T(4 . 1t . E . EO) . r 1 2

Special, directed interaction

Special interaction

Special interaction

Coulomb Energy

Keesom energy

Debye energy

London disper
sion energy

Table 3.2: Types of noncovalent interactions. Q= charge, u = dipole moment,

r = distance, a = polarizability, 8 = dielectric constant, I = first ionization potential,

()= angle between dipole and vector connecting the interacting particles, r/J= polar

angle of second dipole. Adapted from Israelachvili [14].
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The equations given in table 3.2 give the energies of interaction. Coulomb interactions

between two charges are long-range and strong, and can be attractive or repulsive,

dependent on the polarity of the charges involved. Dipole-dipole interactions can also

be attractive or repulsive, dependent on the relative angular orientation of the inter

acting dipoles. All other interactions are attractive because permanent or induced

dipoles can orient in order to accommodate the forces acting on them. Even particles

without any charge or dipole moment can attract themselves, by virtue of their polar

izability (London dispersion force). A rough classification can be made according to

the distance dependence of noncovalent interactions, which varies between a 1/r dis-

tance dependence for Coulomb energy to the well known l1r6 distance dependence

for all van der Waals energies. Another important fact to note is that all interaction

energies contain a lie term, i.e., in the presence of a medium with high dielectric con

stant such as water, the interaction energy drops by an appropriate factor. This is an

important consideration when comparing solution-phase with gas-phase interaction

energies, where the solvent medium is absent. Interaction energies based on charges,

dipoles, and polarizability are thus expected to increase when going from solution

into the gas phase (attractive and repulsive). A notable exception is the hydrophobic

interaction, which is an unusually strong attraction between two hydrophobic bind

ing partners in water. Conversely, in the absence of solvent, a hydrophobic interaction

is substantially weaker. Like hydrophobic interactions, hydrophilic interactions and

hydrogen bond interaction are not readily described by a simple formula. Hydrogen

bonds are directed interactions of primarily electrostatic nature, worth about 10 - 40 kJ

mor1. Both hydrophobic interactions and hydrogen bonds are of great importance for

the three-dimensional structure of biomacromolecules, as well as for the formation of

noncovalent complexes in nature.

Protein - Ligand Interaction

The interaction between proteins (e.g. enzymes, receptors) and ligands (e.g. agonist,

antagonist) must be described on a molecular level in order to understand the param

eters for these interactions. In biological systems, the binding of a ligand to a receptor

or enzyme can provoke different effects: signaling, transportation, openingI closing of

channels, and enzymatic reactions (e.g. phosphorylation or glycosylation). Already in

1913, Paul Ehrlich concluded that the surface properties of the receptor and the ligand
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must match in order to bind: Corpora non agunt nisi fixata. In 1956, Linus Pauling came

to the conclusion that for enzymatic reactions, the conformation of the transition state

of the reaction binds stronger to the enzyme as the substrate or the product. If the

product or the substrate would bind very strong to the enzyme, the enzyme would be

inhibited by the bound product or substrate (partial agonist).

100

90

80

70

c:: 600-...
:c

50E.=
~ 40•

30

20

10

10.7

ICoo

1~ 1~ 1~
inhibitor concentration [M]

Figure 3.1: Theoretical curve to calculate the ICso value. The model is based on a

enzyme concentration of 10 fJ.M and an association constant of 107 M't.

In biochemistry, the ICso method is often used to characterize the binding properties

of an inhibitor. The ICso method measures the inhibitor concentration at which the

enzyme activity drops to 50 % (figure 3.1). In contrast to the KA and KD, the ICso value

depends on the enzyme concentration used for the measurement. Cheng and co

workers calculated the correlation between the dissociation constant and the mea

sured ICso value for different binding mechanisms [15]. When a group of inhibitory

compounds have an identical mechanism of action, a direct comparison of the ICso

values among them will suffice to determine the relative efficacy, provided the assays

are performed under the same conditions. However, in certain cases, when the KA of

each compound is required, it may be impractical to perform the kinetic studies

required to determine the KA for each individual compound. In this situation, it is still

possible to calculate the KA values, provided one knows the KA of one compound, by

using the relationship described in equation 3.6.
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ICSO,l _ KO, 1

ICSO,2 - Ko, 2

ICSO 1 ICso concentration for the first inhibitor

ICso 2 ICso concentration for the second inhibitor (binding by the same

mechanism as inhibitor 1)

Ko, 1 dissociation constant for the first inhibitor

KO, 2 dissociation constant for the second inhibitor

This only holds true with certain assumptions. When comparing the ICso values of

compounds that inhibit a specific enzyme derived from the same source, but reported

from different laboratories, a few important factors must be considered: The assays

must be conducted under the same conditions and the compounds need to have the

same reaction mechanism for their inhibitory effect.
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3.3 Determination of Noncovalent Interaction Energies by MS

Soft ionization mass spectrometry, in particular matrix-assisted laser desorption /

ionization (MALDI) and electrospray ionization (ESI), is well known for its ability to

bring high molecular weight biomolecules into the gas phase. It has been shown that

the ionization is soft enough for preserving noncovalent complexes [16-19]. Review

articles by Smith and Zhang [3], Przybylski and Clocker [20], Winston and Fitzgerald

[9], Smith et a1. [21], Loo [11], Pramanik et a1. [22] on ESI-MS and by Hillenkamp [23]

on MALDI-MS as applied to noncovalent complexes have been published. It is nor

mallya greater challenge to apply MALDI-MS to noncovalent complexes, because the

weak interaction forces have to survive both the sample crystallization as well as the

laser desorption / ionization event. MALDI is therefore believed to be somewhat less

"soft" than ESI.

A recurring question concerns the applicability of mass spectrometric methods to

measure noncovalent interaction strengths. There are several approaches to measure

the stability of such complexes in the gas phase. However, the interaction strengths

changes by changing the solvation and thus these values are only applicable to the gas

phase and not to the solution-phase behavior. Even if only relative binding strength

were determined by gas-phase methods, it is not assured that the ranking of binding

strengths is the same in solution. There are also different solution-phase approaches

where MS is used as a detector for the conditions in the solution. As long as the ion

ization and measurement by MS does not influence the equilibria, it is possible to esti

mate the energies involved in the noncovalent interaction.
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3.4 Specificity of Noncovalent Interactions

A peak at the mass of an alleged complex is not a sufficient criterion to prove its spec

ificity, binding might in fact occur to a unexpected binding site and therefore be a

false positive [24]. Key to determining the specificity of noncovalent interactions are

suitable controls. Controllable factors need to directly influence the outcome of the

mass spectrometric measurement, otherwise the mass spectrum does not reflect the

investigated system properly [25]. There are several ways to probe the specificity of

noncovalent complexes [21], the two most important being chemical and experimen

tal strategies. For a comprehensive collection of the following and other examples, see

ref [26].

Chemical strategies most often involve judicious modification in the sequence of

biopolymers that weaken or disable the interaction, e.g., base mismatch in

oligonucleotides, covalent modification of amino acid residues in peptides, or the use

of mutant proteins. The corresponding signals of the complexes in the mass spectrum

must decrease or disappear completely. Selective covalent modification reactions

exist for a variety of amino acids: lysine residues can be converted to homo-argine

[27], cysteine thiols can be trimethylamino-ethylated to thialamine [28]. comparable

routines exist for histidine [29] and more general methods such as methylation or

acetylation have been applied as well [30]. Disulfide bonds generally survive enzy

matic digests, thus disulfide-bonded fragments and their reduced-free forms allow

verification of the cysteine locations [31]. Recently, an elegant way for masking the

amino terminus has been presented [32].

A simple alternative to covalent modification is the use of commercial mutants to scan

various sequences for their specific interaction [33]. Amide protons next to reactive

amino acid residues may sometimes participate in complex formation that involves

the protein backbone, thus the use of proline at such positions is a useful strategy to

disrupt backbone interactions [34]. An interesting example has been presented by

Rostom et a1. [35]: they characterized peptide binding properties of a periplasmic pep

tide receptor by using different amino acids, stereochemical features, different side

chain properties, and acetylation of the amino terminus of the peptides. Binding to the
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receptor was found to be insensitive to these chemical modifications, showing that the

suspected binding site could not be confirmed. The authors concluded that the bound

peptides were encapsulated by the receptor in a solvent-filled cavity and supported

this interpretation with further evidence from mass spectral peak widths and from the

charge state distribution in the ESI mass spectra.

Experimental strategies include different sample preparation techniques [36] or dena

turation as a tool to induce conformational changes [37]. Comparative experimental

strategies such as change in temperature or different buffer systems have been

described early by Smith and Light-Wahl [38]. Using this strategy, the specificity of

zinc finger peptide-oligodeoxynucleotide complexes was demonstrated [39], whereas

only unspecified binding between cyclodextrins and a variety of compounds that

could potentially form inclusion complexes was found in a MALDI mass spectrome

try study [40]. Recently, the comparison of MALDI and ESI data of identical systems

has been found to be attractive in this respect, too [34,41-44]. Clearly, if the mass spec

tral data should reflect solution conditions, the degree of complexation must not

depend on the ionization method used.

When reasoning about the specificity of a complex binding interaction in a mass spec

trometric experiment, an implicit assumption is that folded biomolecules participat

ing in this interaction retain a near-native conformation in the gas phase. This is,

however, difficult to prove directly. Usually, it is based on fairly indirect evidence,

although structurally sensitive MS methods are beginning to emerge [33,34,37,45

49]. An interesting, somewhat more direct way to demonstrate the existence of near

native structural elements in gas-phase biomolecules was described by Fenselau and

co-workers [50, 51]. They measured the kinetic energy release upon dissociation of

multiply charged polypeptide ions in a mass-analyzed ion kinetic energy (MIKE)

experiment. The relatively large kinetic energy release was thought to be due to Cou

lombic repulsion between the charges on the fragments. These authors compared

experimental values with calculated Coulombic repulsion obtained from molecular

dynamics models, and found a very good agreement. This led them to conclude that

the a-helical secondary structure of mellitin as well as multistrand l3-pleated sheets

survive in the gas phase, whereas single l3-strands, e.g., in a polyalanine 16-mer or in
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bombesin, forms collapsed structures. Another mass spectrometric technique, the ion

mobility spectrometer, was used by Cox and co-workers to select specific conformers

for mass analysis [52]. In an ion mobility spectrometer (IMS) the ions are not sepa

rated by mass, but by their cross section. The measured cross sections are compared

with calculated or known cross sections for different conformations of proteins. Clem

mer et al. showed ways to calculate the collision cross sections and found a very good

agreement between the calculated and the measured cross sections for over hundred

of polypeptides [53,54]. In this way it is possible to determine the different folding

states of a protein in the gas-phase. Purves et al. showed at least three different con

formations for ubiquitin in the +8 charge state [55]. These were dependent of solution

pH and solvent composition indicating that the solution-phase dictated or at least

influenced the gas-phase conformation.
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3.5 Solution-phase Methods with MS Detection

Conceptually, the simplest way of determining stability constants with a mass spec

trometer is to use it as a detector for solution-phase chemistry. It is necessary to

ensure that solution-phase parameters, and not gas-phase properties, are actually

determined in such an experiment. For instance, it must be avoided that a noncova

lent complex partially dissociates in the mass spectrometer after being transferred

into the gas phase. ESI-MS has been shown to meet these requirements; properly han

dled, ESI-MS can be used to determine solution-phase parameters [11, 56-62]. As a

second very important condition, the ion formation process shall not disturb the solu

tion-phase equilibria. In ESI-MS, for example, it can be imagined that the changes in

pH and ion strength in a shrinking microdroplet shift the position of the equilibrium

drastically. In an insightful study by Wang and Agnes [63], this question was

addressed using the complexation of strontium with EDTA (Sr2+ + EDTA4- t; Sr

EDTA2-), where the forward reaction rate is much faster (::j109 M-is-i) and the back

ward reaction rate is much slower (1 s-l) relative to the time scale of the ESI process

(10-2 s). A shift of the equilibrium to the right was expected, representing the dynamic

changes of the equilibrium due to passage through the ion source. However, these

authors found that the deviation in the position of the equilibrium compared to solu

tion phase was smaller than expected, and that monitoring of kinetically labile species

by ESI is straightforward. This is a very important issue and is currently under further

investigation in our research group of Zenobi.

Melting Curves

A common method to determine noncovalent interaction strength, most often used in

the field of oligonucleotide chemistry, is measuring the melting curve of a complex in

solution. The fraction of intact complex is determined as a function of temperature.

Detection is typically done using UV absorption, fluorescence, or circular dichroism.

From the slope of the melting curve, a transition enthalpy can be derived according to

equation 3.7 (see ref. [64]). A mass spectrometric analogue of this approach has been

described in the literature. In its simplest implementation, the sample solution is at a

defined temperature that is slowly raised during the course of the experiment, and a
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!iH = (2 + 2 . n) .R . r: .(aa'\
m at) T== Tm

..1H transition enthalpy

n molecularity of the association reaction (n = 2 for bimolecular)

R molar gas constant

Tm melting temperature (normally defined for a = 50 %)

a fraction of intact complex

is measured mass spectrometrically. The same can be achieved by controlling the tem

perature of the spray capillary in an ESI source, an option that some manufacturers

provide for their instruments. This should not be confused with the "heated capillary

method" where the transfer capillary is at elevated temperature. The latter is a gas

phase dissociation method that will be discussed below, while the former is only

affecting the temperature of the spray solution, thus measuring solution-phase stabil

ity.

An early example of measuring oligonucleotide solution stability constants by MS has

been presented by Smith and co-workers [65]. They constructed complementary 2',5'

linked DNA strands and compared their dissociation behavior in solution with the

stability of the natural DNA duplexes of identical base composition. Observing het

erodimer formation through Watson-Crick base pairing, the authors determined the

relative stabilities of the 2',5'- and the 3',5'-linked duplexes by ESI-MS and found a

qualitative agreement with complementary solution-phase stability measurements.

They finally transformed their data into a melting curve, i.e. a plot of the spray capil

lary temperature vs. the mole fraction of single and double strands.

Another remarkable example has been presented by Hindrich et a1. [66] who studied

the effect of elevated temperature on the structure of the chaperone GimC/prefolding

homologue complex. The authors built a nanoflow device that allowed a reliable

adjustment of the temperature of the solution containing the hexameric analyte.

When increasing the temperature from 60 to 70 cC, the relative intensity of the signal

assigned to the intact hexamer decreased, while that of the dissociation products

increased. Peaks corresponding to the intact hexamer appeared between 4 and 5 kDa,

while those of dissociation products were found below this rn/z range.
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Figure 3.2: Thermal dissociation of MtGimC monitored by mass spectrometry. Each

sample was equilibrated at the desired temperature for 15 min before recording the ESI

mass spectrum. Peaks corresponding to intact MtGimC appear between m1z =4000 and

5000, while dissociation products mostly show up at lower m1z. The fraction of complex

was calculated from the sum of the intensity of the ions assigned to the complex signal

relative to the total ion counts in each of the spectra (inset). Reprinted with permission

from [661. Copyright 2000 National Academy of Sciences, U.S.A.

The inset in figure 3.2 presents the results from the ESI-MS spectra in the form of a

melting curve: the fraction of complex present was calculated from the sum of the

intensity of the ion assigned to the complex and expressed as the percentage of the ion

intensity of the hexamer (100%) under ideal physiological conditions. A solution melt

ing (denaturation) temperature of around 60°C was found for 50% intact complex, in

good agreement with data from CD and gel filtration experiments.
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Titration

-1

[GH]

[H]o Figure 3.3: Schematic of a Scatchard plot.

ESI-MS is typically used to monitor a solution-phase titration for the determination of

the equilibrium of a host-guest pair. Generally, the host concentration is kept constant

whereas the guest concentration is varied over a range of about two orders of magni

tude. The intensity of the complex is then compared to the intensity of the free host for

every ligand concentration. This will, however, only work under the assumption that

the ionization process does not affect the equilibrium. Often graphical linearization

such as Scatchard plots are used for the determination of association or dissociation

constants. The ratio of bound (G'H) over free guest (GF) is plotted against the concen-

tration of bound guest, which gives a linear relationship with slope -l/KD (equation

3.8). If there is more than one binding site, an analysis by a Scatchard plot assumes

that these are equivalent and independent.

~ = -l.[G.H]+~
[GF] • [H]o KD [H]o KD

[G'Hl concentration of bound host-guest complex

[GFl concentration of free guest

[Hlo total concentration of host

KD dissociation constant

n stoichiometry (number of bound guest molecules to one host)

(Eq 3.8)

One of the first examples using this method was presented by Henion and co-workers

[67]. They used negative mode ion spray mass spectrometry to study binding of the

antibiotics vancomycin and ristocetin to a peptide (Ac2KAA), representing the car-

boxyl terminus of a bacterial cell wall protein. The concentration of the antibiotic was

kept constant and titration was done by adding AC2KAA. From a calibration curve
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where the AczKAA ion signal intensity is plotted vs. [AczKAA] (found to be linear

over a range of 0.25 -20 IlM) the concentration of the unbound AczKAA could be

determined. From these data a Scatchard plot was constructed, which gave binding

constants (e.g., 6.25xlOs for ristocetin-AczKAA by MS) in good agreement with values

from solution-phase methods (5.0xIOs for the same system). The correct stoichiometry

of the complexes was also obtained. These authors observed a linear increase in com

plex signal with increasing concentration of the peptide AczKAA up to equimolar

stoichiometry. A problem of this early work was that 50 % acetonitrile was added

prior to analysis, representing conditions far from physiological ones. The agreement

between the solution-phase binding constant and the value determined by mass spec

trometry should thus be regarded with caution, and it should perhaps be clarified

whether this is not simply a coincidence.

In solution-phase methods, it is sometimes difficult to recognize binding to two or

more different sites, whereas the stoichiometry is easily obtained in MS experiments,

because it is the molecular weight that is measured. Using ion spray MS to study the

interaction of bovine serum albumin (BSA) with oligonucleotides, Greig et a1. [68]

identified two different, independent binding sites and determined the dissociation

constants using a fit to a second-order polynomial [69] (equation 3.9). They obtained

[H] + [H· G] + [H . Gz] rG'z rG'---- ----=- =~ + .L....::::J. + 1
[H] KDl . KD2 KDl

(Eq 3.9)

[H]

[H'G]

[H'G21

[G]

K01

K02

concentration of free host

concentration of H-G complex

concentration of G-H-G complex

concentration of free guest

dissociation constant for the first binding site

dissociation constant for the second binding site

KD values that compared reasonably well to solution-phase data. However, very high

charge states of BSA were observed, a possible indication of partial denaturation. A

more complex system was investigated by Ayed et a1. [70]: citrate synthase (CS) from

Escherichia coli was titrated with its allosteric inhibitor NADH. In a first step, the asso

ciation constant KA of the dimer to hexamer was determined by varying the subunit
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concentration of CS. Assuming a simple equilibrium between dimers and hexamers,

KA was determined to be 6.0xl010 M·2. This is the only study where differences in ion

ization efficiencies were explicitly taken into account.
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19+
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285000 290000
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Figure 3.4: In the upper spectrum an ESI-TOF spectrum of citrate synthase (9 J.LM sub

unit concentration) in 5 mM ammonium bicarbonate buffer at pH = 7.5 is shown.

Deconvolutions of the regions corresponding to the dimer and the hexamer are shown

as insets. A 300 V dec1ustering voltage was used to obtain the spectrum. The lower spec

trum shows the dependence of the dimerlhexamer molar concentrations [D]/[H] on the

citrate synthase subunit concentration. The integrated peak areas were corrected for

different transfer coefficients, as described in [70]. From a fit of the data (solid line) a

dimer-hexamer association constant KA=[D]/[H]=(6.9:t;0.7)x1010 M-2 is obtained.

Reprinted with permission from [70]. Copyright 1998 John WHey & Sons Ltd.
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In the same study, the KD for NADH binding to the dimer or the hexamer was deter

mined by titration a fixed concentration of protein with increasing concentrations of

NADH. Different binding sites could be distinguished: a loose binding site per sub

unit for the dimer (KD ::: 28.3 IlM), one tight binding site per subunit for the hexamer

(KD ::: 1.11lM) and two loose binding sites per subunit for the hexamer with a KD of

about 150 IlM. In addition, binding of NADH shifted the equilibrium between dimer

and hexamer towards the hexamer, which could be shown for the first time with these

mass spectrometric results.

Similar studies have been published by Griffey et al. [71], Sannes-Lowery et al. [69],

and Carte et al. [72]. The work by Sannes-Lowery et al. [69] is interesting because dif

ferent methods were tested for obtaining dissociation constants of RNA-aminoglyco

side complexes, e.g., keeping the RNA concentration constant and titrating with the

aminoglycoside, or fixing the amino-glycoside and titrating with RNA. This compari

son yielded different results, and the authors came to the conclusion that the best

method is holding the RNA concentration constant below the expected KD and titrate

with the ligand. This, however, shows that KD values determined by titration for an

unknown system have to be treated with caution.

Determination of Transfer Coefficients

Mass spectral peak intensities are often taken as a direct measure of solution-phase

concentrations. But, does the mass spectrum reflect the solution-phase concentrations

of the different species? This is a key question, and it depends on relative vaporization

and ionization efficiencies of the different involved molecular species. For a com

pound X, a transfer coefficient tx can be defined that accounts for all instrumental and

chemical effects that may decrease or enhance the mass spectrometric signal for com

pound X, Ix ::: tx[X]. Very few studies address this problem explicitly. Rather, similar

transfer coefficients for the free host and the host-guest complex are implicitly

assumed, in particular for systems where the guest is much smaller than the host. This

assumption is not generally fulfilled.
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Jolmstone and co-workers [73, 74] employed a correction procedure for taking into

account the varying sensitivities toward different noncovalent complexes occurring in

fast atom bombardment mass spectrometry (FAB MS). The study of Leize et a1. [59]

deals with the reasons for different ionization efficiencies. They found the solvation

energy of different species to be the key parameter for relative quantification by ESI

MS. For example, an equimolar mixture of LiCl, NaCl, KC1, RbCI, and CsCl yields

very different relative intensities in the mass spectrum, with Cs+ being the most

intense and Li+ being the least intense peak with only 2% intensity compared to Cs+.

The response factor of the metal ion M, kM' was found to depend exponentially on the

solvation energy EM of this ion (equation 3.10), whereas the constant C is depending

(Eq 3.10)

kM response factor of the ion

C constant taking the ion charge, ion concentration and instru-

ment parameters into account

EM solvation energy

on the ion charge, the ion concentration and the instrument parameter. In contrast to

this, spectra of equimolar mixtures of three or four of these cations in the presence of

the same amount of the cryptand 222 showed peak intensities that reflected the pro

portions calculated from well known solution-phase stability constants. The authors

explained these findings with the similar solvation energies of the cryptates, as com

pared to the different solvation energies of the alkali cations. This seems to argue for

the use of uniform transfer coefficients.

Young et a1. [75] also addressed the question of different transfer coefficients in titra

tion type experiments using crown ethers. The molar ratio of two salts, e.g., LiCl and

KCl was varied from 1:1 to 5:1 and to these solutions, an excess of crown ether was

added such that all alkali ions were complexed. Then the ratio of peak intensities of

K+ and Li+ was plotted against the ratio of concentrations, yielding a linear relation

ship with the slope representing the ratio of transfer coefficients. The transfer coeffi-

cients of the Li+-crown ether complex was only about half the transfer coefficient of

the K+-crown ether complex. This is in contrast to the study of Leize et a1. [59], where
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the peak intensities of cryptandes complexed with different metal ions were found to

reflect the expected solution-phase concentrations. Dubois et a1. [76] presented a

MALDI study of alkali-crown ether complexes using a special particle/liquid matrix

mixture, with glycerol as the liquid matrix. They first determined the transfer coeffi-

cients relative to the Cs+-crown ether complex, and were able to determine relative

stability constants based on this calibration. Good agreement with results from an ear

lier electro hydrodynamic mass spectrometry (EHMS) study [77] that had used glyc

erol as the liquid medium was found. Some of the transfer coefficients reported by

Dubois et a1. differed by a factor of 5.3, although the same crown ether was used for

all complexes. In the work of Ayed et a1. [70] the authors take different response fac

tors of citrate synthase dimer and citrate synthase hexamer into account. They cali

brate their measurements by measuring a known concentration of pure hexamer and

of a specially modified dimer that will not form hexamers. Based on this calibration,

peak intensities can be converted to concentrations of dimer or hexamer. This

revealed a sensitivity ratio of 1.3, which means that an equimolar mixture of dimers

and hexamers would give a peak area ratio of 1.3. These three studies clearly show the

importance of taking ionization efficiencies into account. In many cases, they will sig

nificantly affect the determination of association constants by mass spectrometric

methods.

Competition Methods

The term "competition methods" indicates that different host-guest complexes are

measured simultaneously. One can either use different hosts competing for one guest,

or one host and different guests that compete for the same binding site. Information

about the absolute binding affinities, relative binding affinities, or selectivities of the

different guest or hosts can be obtained.

An interesting technique to determine absolute binding constants of different guests

to one host was published by J0rgensen et a1. [78]. These authors determined the bind

ing constants of a number of guest molecules with vancomycin and risocetin; all were

found to be in good agreement with literature values. Figure 3.5 shows a measure

ment of the binding constants of vancomycin with three different peptide guests in a

single ESI-MS experiment.
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Figure 3.5: ESI mass spectrum obtained for an equimolar (50 J.LM) mixture of vancomy

cin (V), acetyl-D-alanyl-D-alanyl-D-alanine (AAA(DDD», acetyl-D-alanyl-D-alanine

(AA(DD» and acetyl-glycyl-D-alanine (GA(D» in 5 mM ammonium acetate buffer at

pH 5.1. Reprinted with permission from [78]. Copyright 1998 American Chemical Soci

ety.

The method is based on the measurement of the relative peak intensities of the free

host (vancomycin) and the three complexes of the host with three different guests. In

solution, the equilibrium concentration of the host and the three complexes is given

by equation 3.11. Note that the square brackets denote concentrations, therefore H,

[Hi] =

[HJ

[HJo

H·I

H

H'G1

H'G2

H'G3

H·· [H.]
I I 0

H + H· G1 + H . G2 + H· G3

concentration of any form of the host (H, HG1, HG2 or HGJJ

initial concentration of the host

peak intensity of any form of the host

peak intensity of the free host

peak intensity of the first host-guest complex

peak intensity of the second host-guest complex

peak intensity of the third host-guest complex

(Eq 3.11)

H'Gv H'G2, H·G3 refer to the peak intensities. For an equimolar mixture the binding
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constant for complex H·G1 can be expressed according to equation 3.12. Note that this

= [H· Gd = [H· Gd
KHG1 [H] . [Gd -[H-]-.-([""'H""']+-[H-.-G"';"2-]+-.,...[H-·-G,....3-n (Eq 3.12)

[H]

[H'G1]

[H'Gi/

[H'Gi/

binding constant for the first host-guest complex

concentration of the free host

concentration of the first host-guest complex

concentration of the second host-guest complex

concentration of the third host-guest complex

equation only holds if equimolar solutions are being used. The major advantage of

this method is its speed. Within seconds one can determine the binding constant of

several noncovalent complexes at once. A key assumption in this method is that the

ionization efficiencies of the host and the complexes are identical. This can only be

expected if the host is much heavier than the guest compounds and thus determines

the ionization efficiency. A different method for determination of absolute binding

constants of mixtures has also been published by J0rgensen et a1. [79].

Kempen and Brodbelt recently published a very useful competition method to deter

mine absolute binding constants by ESI-MS [80]. The same method has already been

used by Gokel et al. [81] to determine binding constants of Ca2+-crown ether com

plexes using ion selective electrodes and by Goff et a1. [82] to determine the binding

constants of Rb+-crown ethers by NMR. The binding constant of a complex is deter

mined indirectly, by following only the signal of a reference complex with known

binding constant. The reference complex must either contain the same guest or the

same host as the complex under investigation. The first step is to acquire a calibration

curve for the reference complex. The concentration of the reference complex [HRG]

can be calculated for each calibration point. The second step is the actual competition

experiment. A spectrum from a solution containing the reference complex and the

unknown complex is recorded, but only the concentration of the reference complex in

observed and determined with help of the calibration curve. From the concentration

of the reference complex in the competition experiment, the binding constant of the

unknown complex can be calculated. For the equilibrium in the competition experi

ment, equations 3.13-3.17 are used. By solving these five equations simultaneously
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(Eq 3.13)

(Eq 3.14)

(Eq 3.15)

(Eq 3.16)

(Eq 3.17)

KR

KN

[HFih

[HRlF

[HNlT

[HNlF

[Gh

[G]F

[HR'G]

[HN'G]

association constant for the reference complex

association constant for the unknown complex

total concentration of the reference host

concentration of the free reference host

total concentration of the reference host

concentration of the free reference host

total concentration of the guest

concentration of the free guest

concentration of the reference complex

concentration of the unknown complex

one can obtain the binding constant of the unknown complex. Stable spray conditions

must be found for obtaining a useful calibration curve for the reference complex, and

the stability of the spray must persist during the competition experiment. For proteins

this is sometimes difficult. Furthermore, the method assumes that the ionization effi

ciency of the reference complex is constant during the whole measurement, i.e., that

the presence of the unknown substance (host or guest) does not influence the ioniza

tion efficiency of the reference complex. This may not always be true. The greatest

advantage of this method is that the ionization efficiency of the unknown complex

does not matter and thus no transfer coefficient needs to be estimated. For example,

even if one of the species cannot be ionized (i.e. ionization efficiency =0), it is still pos

sible to determine the binding constants. Once the calibration curve has been estab

lished, the method is very fast, which is advantageous for screening a library of guest

for the same host. For reference and unknown complexes where the KA differs by up
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to two orders of magnitude, a 1:1:1 concentration ratio can be used in the competition

studies. If KA differs by more than that, the concentration ratio has to be adjusted.

Kempen has validated this method using different crown ether host with potassium

as the guest, and very good agreement with solution-phase association constants was

found.

Relative binding affinities or selectivities can also be determined with competition

methods. Experiments and validation studies with different crown ethers, their ana

logs, and cryptands [83-94], with self-assembling hosts [95], with single and double

stranded oligonucleotides [60, 96-102], and with several proteins [61, 62, 103-105]

have been reported in the literature.

Cheng et al. used ESI-FT-ICR-MS to determine the relative binding affinities of 16

inhibitors derived from para-substituted benzenesulfonamides to bovine carbonic

anhydrase 11 (BCA 11, 29 kDa) in a single competition experiment [106]. They found

that the relative abundances of the complex ions were consistent with the binding

constants of the inhibitors in solution. For control experiments they prepared a four

component mixture of inhibitors with their concentrations inversely proportional to

their KA values. The inhibitors formed 1:1 complexes with BCA 11, with approxi-

mately identical ion abundances, as expected. Cheng and co-workers also carried out

two control experiments to assure that the noncovalent complexes were specific. For

the determination of complexes with nearly identical mass they carried out tandem

mass spectrometric experiments. The relative intensities of the inhibitors were similar

to those obtained from spectra of the intact complexes and correlated with the relative

binding affinities in solution. For structural identification of the inhibitors they per-

formed MS3 experiments leading to distinctive fragmentation patterns indicative for

the structure of the compounds. In their experiments, they showed very carefully that

the ESI-MS method is suited for the determination of the selectivity.

Goolsby et al. [107] published an interesting article about the determination of alkali

ion binding selectivities of calixarenes by MALDI and ESI quadrupole MS. Because

MALDI is rarely used for this kind of work and since the authors compare the results

obtained by MALDI and by ESI, this article deserves some special attention. The
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results show some moderate differences in the specific ratio of K+ complexes to Na+

complexes in the MALDI vs. the ESI spectra for each calixarene, but preferences

towards K+ or Na+ for the various calixarene are consistent. The evaporation of sol

vent to dryness may exert some influence on the selectivity derived by MALDI-MS. A

problem was the alkali ion contamination of the MALDI matrices, and the large shot

to-shot fluctuations.



72

3.6 Gas-phase Methods

Most ESI-MS studies show that important structural features of large biomolecular

assemblies are retained in the gas-phase; even for MALDI this has been found under

certain conditions. On the other hand, biomolecules are desolvated upon transfer into

the vacuum of the mass spectrometer. This implies that electrostatic interactions and

hydrogen bonds, interactions that surely survive the spray process, are largely

responsible for maintaining structural features of the vaporized biomolecular ions.

Hydrophobic interactions are believed to be partly or completely lost in the gas-phase

[61, 108]. In general, therefore, no correlation between the gas-phase stability and the

solution-phase stability of noncovalent complexes can be expected. Results from most

of the methods discussed below support this conclusion. However, there are some

exceptions: in these latter cases it has to be assumed that the dominant interactions are

very similar in the gas phase and in solution, and that solvent mediation or screening

plays a minor role.

Cone Voltage Driven Dissociation

Dissociation induced by increasing the cone voltage (VC) of the ions in the source-ana

lyzer interface region of an ESI mass spectrometer is a rapid and fairly straightfor

ward method for evaluating relative gas-phase stabilities. This voltage determines the

kinetic energy acquired by the noncovalent assembly, and thus the excitation when it

collides with other gaseous molecules. Increasing VC allows to start an energetically

controlled dissociation. The dissociation of the chaperone GimC/prefolding homo

logue complex has been studied with this method [66]. The experiments revealed a

quaternary arrangement of two central and four peripheral subunits. Increasing VC

from 50 to 150 V led to disruption of the hexamer and the observation of a pentameric

species. This loss of a single (monomeric) unit as an initial dissociation step suggested

that these subunits were located at peripheral positions of the larger assembly,

thereby facilitating their selective release as the collision energy was increased.

The VC value needed to dissociate 50% of a noncovalent complex initially present

(VCso) is taken as a gas-phase stability parameter, e.g. of an enzyme-inhibitor complex

[109]. This method has been utilized by Van Dorsselaer in a very nice study: their
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Figure 3.6: Gas-phase stability study of the

enzyme - coenzyme - inhibitor complex

aldose reductase-NADP(H)-LCB3071. The

ternary complex gradually dissociates in

the gas phase when the cone voltage VCso

is increased. Spectra were recorded for four

different VC50 values, 65, 75, 85, and 95 V.

The pressure in the source-analyzer inter

face was kept constant at 2 mbar. Spectra

were not corrected for different ionization
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been shown to be irrelevant for the aldose

reductase example. Reprinted by permis
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methodology allows to rapidly supply information about how inhibitors interact with

their target enzyme. Figure 3.6 exemplifies how the VCso value correlates with the

energy of the electrostatic and hydrogen bond interactions of the aldose reductase

inhibitor noncovalent complex. The ESI mass spectra of an equimolar mixture of

aldose reductase, coenzyme (NADP+) and its inhibitor LCB3071 were recorded at var

ious cone voltages. Measuring the VCso values for different inhibitors, the relative
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order of gas-phase stabilities was compared to relative interaction energies obtained

from X-ray crystallography data. Van Dorsselaer reports a clear correlation between

the calculated binding energies and the gas-phase stabilities evaluated by the VCso

method. However, no quantitative correlation was found, as the investigated protein

may be partially denatured during the MS experiment. The authors point out the

striking fact that solution phase parameters (ICso values), giving key information

about the inhibition level of a drug, do not follow the order of VCso (= gas phase) val

ues of aldose reductase - inhibitor complexes. This has been postulated in other stud

ies, for example for the dissociation of heme from myoglobin and cytochrome b5 [110]

or for the dissociation of oligodeoxynucleotide duplexes [111]. As a general case, a

direct quantitative correlation between the gas-phase stabilities and the binding affin

ities in solution should not be expected.

Collision Induced Dissociation (CID)

CID is used to induce unimolecular decay of mass selected ions with sufficient inter

nal energy upon activation by collision with a neutral gas [112] in a collision cell. The

energy transfer is influenced by the collision gas pressure in the collision cell, the

molecular weight of the collision gas, the cross section of the ions, the injection energy

of the ions, and the loss of kinetic energy as they pass through the collision cell. Due

to Coulombic repulsion, higher charge state ions have higher collision cross sections;

they also experience greater acceleration than ions with lower charges states. Hence,

ions bearing more charges collide with more energy, leading to a faster increase in

internal energy.

Using ESI-MS/MS, Li et al. [62] compared the relative binding energies of rapamycin

and four of its analogs to the cytoplasmic receptor FKBP. They concluded that the gas

phase binding reflects the aqueous solution behavior in these complexes. Wan et al.

[113] have used CID in an ion trap mass spectrometer to study the various factors

influencing the stability of nucleotide duplex-drug complexes. Analogous to a VCso

value, a collision energy Eso for 50 % dissociation of the complex was used as a mea

sure of complex stability. The effect of number of charges, number of base pairs, loca

tion of the high proton affinity base pair and the number of hydrogen bonds on the
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stability of duplex was studied. When the charge states are identical, the stability is

proportional to the number of hydrogen bonds in the duplex, correlating well with

solution-phase measurements. The stability of noncovalent complexes between

duplex oligonucleotides and drug molecules was also studied. By comparing the £50

values, the relative stability of the complexes and the mode of binding of the drug

molecules were compared. The dissociation of the duplex bound to the drug results in

two single strands, one with the drug and one without the drug. Using E50 values, it

was even possible to differentiate between drugs that were binding in the minor

grooves and others that intercalate.

Blackbody Infrared Radiative Dissociation (BIRD)

BIRD is an interesting method that has been introduced by Dunbar and McMahon

[114]. It was more recently extended for the study of large molecules [115, 116],

including noncovalent complexes [117-120]. In this method, the blackbody radiation

of the heated vacuum chamber walls is employed to dissociate trapped ions. Strictly

speaking, only unimolecular dissociation is probed by BIRD. However, the rate of

energy exchange between the trapped ions and the chamber walls can greatly exceed

the dissociation rate such that the trapped ions have a Boltzmann distribution of inter

nal energy characterized by a temperature. From the temperature dependence of the

dissociation rate, activation energies and pre-exponential factors can be determined

from an Arrhenius plot. Direct information on the relative thermal stability is thus

available, and in the absence of a reverse barrier, the activation energy reflects a

threshold dissociation energy. Using the BIRD method, Gross et a1. [117] determined

the gas-phase dissociation rate of heme from holo-myoglobin to be considerably

lower than from holo-hemoglobin a-chain, and somewhat dependent on solution pH

and on the ion charge state.

Heated Capillary Dissociation (Thermal Dissociation in the Gas Phase)

A heated transfer capillary consisting of two independently heated segments can be

used to dissociate noncovalent complexes. The complex is first desolvated in the first

segment and then dissociated in the second segment. Under these conditions thermal

dissociation of the complex takes place in the gas phase. A stable temperature range
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of the first segment of the capillary, where desolvation is completed but no dissocia

tion occurs, is first established. Dissociation of the complex is then performed by

systematically raising the temperature of the second segment. Lebrilla and co-work

ers [121, 122] studied heated capillary dissociation (HCD) of cyclodextrin inclusion

complexes using this approach in an FT-ICR-MS. HCD graphs were obtained by plot

ting the normalized intensity of the complex vs. temperature in the second segment.

Other Gas-phase Methods

Numerous methods have been described in the literature for measuring binding

enthalpies and free energies of gas-phase complexes, for example, guided ion beam

tandem mass spectrometry [123-126], equilibrium methods for determining metal ion

affinities to various ligands [127], photodissociation methods [128-132], and Cooks'

kinetic method [133-135].
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3.7 Summary

Soft ionization mass spectrometry is increasingly used to determine binding constants

and binding energies of noncovalent complexes. As shown, one must distinguish

between MS methods that measure the dissociation energies of the gas-phase complex

ions, and MS-based methods used for monitoring solution equilibria. For the latter,

results generally agree well with known solution-phase thermodynamic values. On

the other hand, gas-phase MS methods yield interactions energies that typically do

not agree with solution-phase values. This is not surprising, because ionic or ion

dipole interactions will become stronger in the absence of solvent screening (lIE

dependence), while other interactions such as hydrophobic interactions are destabi

lized in the absence of solvent. A direct comparison should therefore not be

attempted, except in cases where one expects to learn something about the nature of

the noncovalent interaction itself. The determination of gas-phase binding energies is

expected to be very useful for rapid screening of therapeutic agents, since their mode

of interaction is designed to be mostly ionic or ion-dipole. In addition, experimental

values for gas-phase binding energies can be directly compared to quantum mechani

cal computations that are typically obtained without incorporating sophisticated sol

vent shells. Frequently, qualitative trends in binding strength are reported rather than

numbers for dissociation I association constants, binding enthalpies, or free energies.

The reason is that this field is in the early stages of development, or in a kind of vali

dation phase. One obvious problem is that ionization efficiencies I transfer coeffi

cients are not generally taken into account. However, it has been shown for many

systems that they significantly affect the determination of association constants by MS

methods. Another shortcoming is that some presumably representative peaks in the

mass spectrum are used to determine such trends, whereas taking all relevant peaks

(higher order adducts, fragments, other charge states in ESI, etc.) belonging to a cer

tain species would be accurate to quantitatively account for it.

By changing experimental parameters such as the cone voltage in a ESI experiment, a

mass spectrometric analog to a melting curve can be constructed. From the slope of

this melting curve at the point of 50% dissociation, it should be possible to derive a

~H value in complete analogy to equation 3.7 [64]. For this purpose, a number of pos-
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sibilities exist: thermal dissociation by HCO is one that has been already discussed.

Furthermore, it is known that the plume temperature in MALOI is very close to the

sublimation temperature of the matrix used [136]. Thus, different MALOI matrices

could also lead to different degrees of complex dissociation by virtue of their sublima

tion temperature. The result will always be a kind of (gas-phase) melting curve.

Advice for planning future experiments and for appropriate data evaluation includes

the following points: (i) assumptions must always be stated explicitly; this is often not

the case in published studies. In order to obtain reliable results and for statistical rea

sons, measurements should be repeated several times. (ii) MALOI should be devel

oped more vigorously for studying noncovalent interactions of biomacromolecules.

MALOI is more tolerant to salts and buffers, often necessary ingredients for stabiliz

ing complexes, and has thus some advantages over ESI in special situations. There is

even more potential since the development of atmospheric pressure MALOI [137,

138], which is believed to be softer than conventional (vacuum) MALOI. (iii) Last but

not least, the time is ripe for combining high accuracy methods such as the kinetic

method or guided ion beam mass spectrometry with MALOI or ESI ion sources to

study higher molecular weight complexes of biochemical interest.
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Noncovalent complexes between chicken muscle adenylate kinase and two inhibitors

were investigated with electrospray ionization mass spectrometry under non-dena-

turing conditions. The two inhibitors used were pl,p4-di(adenosine-S')tetraphosphate

(Ap4A) and pl,pS-di(adenosine-S') pentaphosphate (ApSA). The noncovalent nature

and the specificity of the complexes are demonstrated with a number of control exper

iments. Titration experiments allowed the association constants for inhibitor binding

to be determined. Since ion yields related to the concentration of the investigated sys

tem, a new data evaluation method is presented that is insensitive to the overall ion-

ization efficiency. The KA values found were 9.0 104 M-I (Ap4A) and 4.0 107 M-I

(ApSA), respectively, in very good agreement with the literature.

Adapted from:

J. M. Daniel, G. McCombie, S. Wendt, and R. Zenobi, J. Am. Soc. Mass Spectrom., 2003,

14, 442-448.
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4.1 Introduction

Soft ionization mass spectrometry is currently involving into a more accepted and

robust method for studying noncovalent interactions quantitatively. A method to

quantitatively ascertain the noncovalent interaction strength is presented where only

the relative signal integrals of a protein and a noncovalent protein-inhibitor complex

are determined. In other words, a varying overall ionization efficiency does not affect

the results. Furthermore, we present a set of control experiments to verify the specific

ity of the complex and to rule out any unspecific adducts, i.e. in the gas phase. The

system studied in this work was adenylate kinase (AK) from chicken muscle and its

two noncovalent inhibitors p1,p4-di(adenosine-5')tetraphosphate (Ap4A) and p 1,p5_

di(adenosine-5')pentaphosphate (Ap5A) (figure 4.1).

Figure 4.1: Chemical struc·

lure of Ap4A for x=4 and

for Ap5A for x=5.

AK is a phosphotransferase that catalyzes the transfer of the y-phosphate group of

magnesium-adenosine-triphosphate (Mg ATP) to adenosine-monophosphate (AMP)

and therefore plays an important role in the energy metabolism of cells [2]. There are

five major types of AK: AK1 (from cytosols of mammalian or vertebrate muscles, with

c, h, p and r designating chicken, human, porcine, and rabbit, respectively), AKe

(from Escherichia coli), AKy (from yeast), AK2 (from mammalian mitochondrial inter

membrane space), and AK3 (from mammalian mitochondrial matrix, specific to GTP

instead of ATP). AK1 differs from AKe and AKy in lacking a 3D-residue loop near

position 132 [3]. In all other aspects of structure and function, AK1, and AKe are

largely homologous [4]. AK has a molecular weight of 21.6 kDa and its inhibitors are

well studied. Therefore this protein-inhibitor system has been chosen for the present

study.



Figure 4.2: 3D representation of

AK (sus scrofa) at 2.1 A resolution

(PDB ID: 102L).
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4.2 Experimental Section

Instrumentation

All experiments were conducted on the u-prototype electrospray orthogonal injection

time-of-flight mass spectrometer from Agilent (Palo Alto, California, USA) described

in chapter 2. Infusion rates of 3 to S J.lI min-1 with a pneumatically assisted ESI source

were used ("ion spray"), spray potentials were between 2700 and 3000 V. The source

conditions of the instrument were optimized for the transfer of high molecular weight

ions and for gentle desolvation conditions by adjusting the different source and trans

fer potentials. For low energy dissociation experiments the voltage between sampling

cone and skimmer was increased from 32 V to 140 V which is sufficient to dissociate

noncovalent complexes. Spectra were recorded at a repetition rate of 4 kHz and sev

eral100'OOO spectra were summed and transferred to a PC for further processing.

Materials and Methods

Adenylate kinase (M=21'689 Da) from chicken muscle and myoglobin from horse

heart were obtained from Sigma (St. Louis, USA) and used for the titration experi

ments without prior purification. Since a batch dependent amount of magnesium was

found, the samples were treated by adding EDTA, primarily to allow comparison of

our results with the literature. All samples were dissolved in water. Ammonium ace

tate (H4NOAc) and triethylammonium hydrogencarbonate ((HNEt3)HC03) were

used to buffer the protein-inhibitor solutions; these are well known for conserving

noncovalent interactions in ESI [5].

The titration samples contained 10 J.lM AK, 0 - 8 J.lM p1,pS-di(adenosine-S')pentaphos

phate or 0 - 12 J.lM p1,p4-di(adenosine-S')tetraphosphate, 50mM (HNEt3)HC03, and

500 J.lM EDTA. Inhibitors were from Huka (Buchs, Switzerland) and from Sigma

(USA), respectively. 8-azido-adenosinetriphosphate (8-N3-ATP) was obtained from

Biolog Life Science Institute (Bremen, Germany).
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AK was denatured in four different ways: a solution containing 10 "",M AK in 10 mM

NH4AcO buffer was incubated with 50% MeOH (HPLC grade) or 5% AcOH (reagent

grade), prior as well as after adding the 10 "",M Ap5A.

For low energy dissociation experiments, several different solutions were used,

including 10 "",M AK / 10 "",M Ap5A in 50mM (HNEt3)HC03 buffer and 10 "",M AK /

20 "",M Ap5A in 5mM NH4AcO buffer.

AK was covalently modified in its binding pocket according to a slightly adapted

method originally published by Olcott [6] and David [7].0.3 "",15 mM 8-NT ATP in 10

mM NH4AcO, 0.5 "",120 mM MgClz, 12 "",1250 "",M AK in 10 mM NH4AcO, and 87 "",150

mM Tris/HCl (pH=7.2) were mixed on ice and incubated for 30 seconds. The solution

was exposed to DV radiation at a wavelength of 254 nm (Westinghouse Electric Corp.

Fluorescent & Vapor Lamp Division, Broomfield, NJ., USA) for 75 seconds. Another

0.3 "",15 mM 8-N3-ATP in 10 mM NH4AcO was added and again exposed to DV radia

tion for 75 seconds. The Tris/HCl buffer was exchanged with a NAP-5 gel permeation

column (Pharmacia Biotech AB, Sweden) to 10 mM NH4AcO. The remaining activity

of the treated AK sample was probed by an assay of Wallimann et al. [8] and was

found to be reduced by (25 ± 5) %. The mass of the modified AK was 22'259 Da.
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4.3 Protein Conformation and Charge State Distribution

Electrospray ionization produces intact and multiply charged, usually protonated,

gas-phase ions from proteins in solution. During positive ion mode ESI, unfolded pro

teins in solution form higher charge states than those in tightly folded conformations.

The width of the charge state distribution (CSD) is often about half the CSD of the

highest charge state [9]. Figure 4.3 shows an ESI mass spectrum of unfolded myoglo

bin with a maximum charge state of z = 19 and a width of the CSD of 15 charges. A

striking feature of ESI-MS of unfolded proteins is that the average charge state

increases in an approximately linear fashion with the molecular mass of the protein.

Thus, it is observed that denatured multiply charged proteins show up between 800

and 2000 Da.

Based on the empirical finding that the observed charge states for folded proteins are

lower, ESI-MS has become a standard method to probe protein conformational

changes in solution. It is often claimed that the ESI CSD is determined by the accessi

bility of basic sites (Arg, Lys, His, amino-terminus) for protonation during electro

spray [10]. However, the correlation of the protein conformation and ESI charge state

distribution is still a matter of ongoing debate. Relevant factors include the steric pro

tection of basic sites in tightly folded conformations, their intramolecular spacing, and

the accessible surface area of the protein. Grandori has recently put forward the inter

esting hypothesis [11]: the lower charge states observed for folded proteins in positive

mode ESI may be related to negatively charged side chains (Asp, Glu) that are buried

within the protein interior core. There is evidence that gas-phase protein ions can

retain at least some of their solution structure [12-15]; i.e. unfolded proteins in solu

tion are generally expected to produce more extended conformations in the gas phase.

Consequently, extended protein conformations have a greater capacity to stabilize

protons that become attached to basic sites on the protein surface. Most likely, this

charge stabilization occurs through intramolecular solvation and through the greater

spatial separation of individual charges, both of which serve to reduce electrostatic

repulsion. In this sense, the ESI charge state distribution may be considered to be a

probe of the overall compactness of a protein in solution. Konermann and Douglas

observed that CSD changes of cytochrome c selectively reflected alterations of the
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protein's tertiary structure, but remained insensitive to secondary structural changes.

Comparative results were obtained for a number of other proteins. A general relation

ship between structural properties of a protein in solution and its ESI CSD, however,

cannot be established with certainty at this time.

a)

b)

1000 2000 3000
m / z [Th]

4000 5000

1000 2000 3000
m / z [Th]

4000 5000

Figure 4.3: (a) Positive ion mode ESI of 11 !!M myoglobin in 48% MeOH and 2% acetic

acid. A broad CSD is observed with highest abundance of charge state +12. (b) Positive

ion mode ESI mass spectrum of 11 !!M myoglobin in H20 buffered with 50 mM HNEt3

HC03. A very narrow CSD is observed with highest abundance of charge state of +5.

The peak width is broad due to incomplete evaporation of buffer and water molecules.

Nevertheless, the CSD of an ESI mass spectrum allows a quick control whether the

protein has unfolded during the preparation or is still in a folded state. The latter does

not mean that it is in its active state! Whether a protein remains in its active form or

not is determined by the pH, temperature, ionic strength, and the presence of counter

ions. Luckily most of the proteins remain folded for a long time at room temperature

and even at slightly elevated temperature. But it is necessary to use experimental con

ditions that preserve the native state of the proteins during transfer from solution into

the gas phase. For this purpose, the pH is usually maintained at near-neutral value by

using a buffer solution. The volatility of buffer salts is of primary importance for lim-
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Buffer

Ammonium acetate

Trieethylammonium acetate

Triethylammonium hydrogencarbonate

Structure

o
)l

H3C 0 NH/

o

A-CH3 0 +HN(CH3CH2h
o

OHAO +HN(CH 3CH2h

pH

6.5-7.5

7.0

8.4-8.6

Table 4.1: The three commonly used buffers in ESI-MS.

iting the addition of metal ions or solvent molecules. Commonly used buffers are

ammonium acetate, triethylammonium acetate, or triethylammonium bicarbonate

buffers (table 4.1) [16]. The differences in pH as well as in volatility of the buffer's

components influence the CSD of the resulting spectra. In all cases the width of the

CSD for the native proteins is narrow but the average number of charges per ion can

differ significantly (figure 4.4).

a)

b)

1000 2000 3000
m / z [Th]

4000 5000

I I I i i i I I I i I i I , , , , i ' i , , I , , i i I i i i i i , , , , I ' , i i I i i i , I ' i , , I i , ,

1000 2000 3000 4000 5000
m/z [Th]

Figure 4.4: Positive ion mode ESI mass spectra of 10 IlM AK in a) 5 mM NH4 AcO, and

b) 50 mM HN(CH3CH2)3 HC03t respectively. In the more acidic buffer (NH4 AcO) the

multiply charged ion with the highest abundance has charge +10 whereas in the more

basic buffer it has charge +5. In a) the CSD at lower intensity (*) indicates a small

degree of denaturation of the protein.
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4.4 Chemical Control Experiments

For the analysis of large noncovalent complexes, suitable instrumental conditions

must be found where desolvation is sufficiently complete to allow mass resolution of

all different species, without disruption of the noncovalent complex. This compro

mise leads to a fairly low signal-to-noise ratio (SIN) which was found to drop even

further with increasing inhibitor concentration. Figure 4.5 shows mass spectra of 8.8

~M AK with 8 ~M Ap4A (a) and Ap5A (b), respectively. Since the inhibitors carry

many phosphate groups, the SIN ratio decreases with higher inhibitor concentration.

It is a known behavior in ESI-MS, and it has been described that phosphorylated spe

cies reduce the ionization efficiency of the investigated systems.

a)
AK·Ap5A

+5 charge state

AK

11 i i I i i i i I i i i' i 11111' i i i I i i i i I i i i i i i i i i I ' I i i (i i i i I i i i i i i i i i I i'l i I' I i, I i i i i I i i i

b)

3400 3600 3800 4000 4200
m / z [Th]

4400 4600

+5 charge state

AK·Ap4A

AK

3400 3600 3800 4000 4200
m / z [Th]

4400 4600

Figure 4.5: Positive ion mode mass spectrum of 8 J,lM AK with a) 8 J,lM Ap4A and b) 8

f.1M Ap5A, respectively, in 50 mM <HNEt3)HC03• Ionization and desolvation are very

soft, leading to broad peaks. Many salt and buffer adducts are observed.

The observed peaks are all quite broad, probably due to an incomplete desolvation

leading to remaining water and buffer adducts. However, the signals of free AK and

of the complexes are clearly resolved. Dependent on the sample batch, a second, less
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abundant peak for AK and for AK·ApXA was detected in some of the spectra. Lack of

the possibility to perform MS/MS experiments, the peak could not unambiguously

identified, but it is assumed to be due to a contamination from a sequence variant of

AK. Since these peaks originate from an AK variant of comparable activity, they are

included in the evaluation of the titration experiment as well.

When a signal at the mass of a complex is detected by mass spectrometry, it does not

automatically imply that the complex is indeed noncovalent and specific. Therefore a

number of control experiments were performed to prove the specificity and the non

covalent nature of the suggested interaction. Figure 4.6 shows spectra of AK with the

inhibitor Ap5A at physiological pH. Trace (c) was recorded with soft ionization and

desolvation conditions preserving the noncovalent complex, whereas trace (d) repre

sents harsher conditions (increased cone - skimmer voltage) leading to low energy

dissociation of the complex. It is obvious that the total ionization efficiency and espe

cially the transfer efficiency is decreased for harsher conditions. This is explained by

more ions scattered into the vacuum due to higher energy collisions in the source. The

present data shows the +5 charge state and was recorded using 10 ~M AK and 10 ~M

Ap5A in 50 mM triethylammonium bicarbonate. Identical behavior was found for

other solution conditions, e.g., 10 ~M AK, 20 ~M Ap5A in 5 mM ammonium acetate.

The complex was always dissociated under harsher interface conditions, while the

protein itself remained intact. We can thus safely assume that this complex is of non

covalent nature.

Further control experiments included methanol or acetic acid induced denaturation of

AK both prior to and after adding Ap5A to the solution. An intact tertiary structure of

the protein is needed to form and maintain the noncovalent complex. Upon denatur

ation, no complexes could be observed, giving additional strong evidence for its spec

ificity (see figure 4.6).

The last control experiment should confirm the binding of the inhibitor in the active

site of the protein. Therefore, AK was covalently modified as outlined in the experi

mental section. In brief, the active site is blocked by a covalently bound ATP mimic

with proven binding within the active site. Because the modification reaction was not
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AK+14 AK+13 AK·Ap5A
a) c)

(AK'Ap5A)+14
AK

~
"I' , i , I i i I I I I i I i I i i i i I , , , 'I' i i i I i i I i i i i

1500 1600 1700 2400 2450 2500 2550
m / z [Th] m / z [Th]

AK+14 AK+13 AK
b) d)

(AK'Ap5A)+14
AK-Ap5A

~
• i i i I i i i , i i i i , I I • i i I i i i i

1500 1600 1700 2400 2450 2500 2550
m / z [Th] m / z [Th]

Figure 4.6: Positive ion mode mass spectra of 10 flM AK, 16 JlM Ap5A whereas the pro

tein has been denatured with 64% MeOH prior a) and after b) adding the inhibitor. The

lack of complex signal indicates that the structure of the protein is essential to the bind

ing of the inhibitor. Positive ion mode mass spectrum of 10 flM AK and 20 JlM Ap5A in

5 mM NH4AcO whereas the collision energy in the source is kept low c) and is set to

higher values for d). The lack of complex signal in d) indicates that the binding is

indeed of noncovalent nature.

complete, the resulting sample contained both modified and unmodified AK which

were easily identified by their different masses. Figure 4.7 shows the mass spectrum

of this modified AK sample in the presence of Ap5A at physiological pH. Almost no

inhibitor binding of the modified AK is observed, suggesting that the inhibitor Ap5A

binds exclusively in the active site of the unmodified protein. The results of all control

experiments are fully consistent with specific noncovalent inhibitor binding in the

active site of the protein. The second inhibitor, Ap4A, is much less well studied than

Ap5A. For example, no crystal structure data exist for AK-Ap4A complexes. It is

assumed that Ap4A also forms a similar complex with AK, as suggested by other

studies [17, 18].
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AK-Ap5A

AK
m(Ap5A)

4300 4400 4500 4600
m / z [Th]

4700 4800

Figure 4.7: Positive ion mode mass spectrum of a reaction mixture (l0 IlM total protein)

of AK and covalently modified AK (AK') with 10 IlM Ap5A (with respect to the total

concentration of AK and AK') in 50 mM (HNEt3)HC03' Almost no binding to AK' is

observed.
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4.5 Titration Experiments

In the following section, the equations of complex formation of AK with its inhibitor

ApXA are described. Square brackets denote concentrations of the different species.

K - JAK· ApXAl
A - [AK]. [ApXA]

[AK]o = [AK] + [AK· ApXA]

[ApXA]o = [ApXA] + [AK· ApXA]

KA association constant

[AK]o total concentration AK

[AK] concentration of free AK

[ApXA]o total concentration ApXA

[ApXA] concentration of free ApXA

[AKApXA]concentration ofnoncovalent complex

(Eq 4.1)

(Eq 4.2)

(Eq 4.3)

Experimentally, the ratio RAK of complex and bare protein is determined (equation

4.4), assuming that the measured intensities reflect concentrations in solution. These

R - [AK· ApXA]
AK - [AK]

RAK ratio of complex to free AK

(Eq 4.4)

equations can be solved for KA for known values of [AK]o and [ApXA]o (equations

4.5-4.6).

(Eq 4.5)

A more robust global data evaluation takes into account all data points, and can be

achieved by a least square fit of experimental values RAK vs. known [ApXA]o values

to an expression which is obtained by solving the above equations for RAK. This

yields equation 4.6, where KA is the only adjustable parameter.
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1RAK = 2(- 1- (KA . [AKl o) + KA . [ApXAlo

+ J4 . KA . [ApXAlo+ (KA . [ApXAlo - (KA . [AKl o) - 1)2)
(Eq 4.6)

The fit described in equation 4.6 is preferable to a Scatchard plot (see, for example

[19]) or other form of data linearization that are used for graphical evaluation of pro

tein inhibition, especially for statistical error analysis. A similar approach was chosen

by Greig et al. [20] who used a fit to a second order polynomial in order to determine

two dissociation constants of a BSA-oligonuc1eotide complex. In the present

approach, the ratio RAK of peak areas for the [AK] and [AK-ApXA] signals is used to

determine the association constant. A good baseline correction is important to obtain

reliable results, particularly when one of the peaks is hardly visible. Several different

baseline correction methods were therefore tested. In the simplest approach, a con

stant value was subtracted from the data. In a more refined method, a line was fitted

to the baseline allowing the correction of a sloping baseline. In the third method, a lin

ear baseline was calculated for each peak, allowing correction for different slopes in

the baseline. In the most sophisticated method, an arbitrary mathematical form of the

baseline was allowed. The differences between these methods were found to be negli

gible. Therefore the simplest baseline correction method was used throughout.

For the determination of solution-phase binding constants by means of mass spec

trometry, it is necessary that the experiment fulfills two conditions. First, the ioniza

tion efficiency of the protein and the complex should be identical. Second, the

noncovalent complex must survive the ionization process, the transfer into the vac

uum, and the acceleration in the TOF instrument. The first condition is probably ful

filled in the present case: identical charge distributions were found for the bare

protein and the protein-inhibitor complexes. Also, the tertiary structure and the mass

of the bare protein and the complex are similar. During the titration experiments, the

total ionization efficiency decreased with increasing concentration of the inhibitor.

Since we only determine the ratio of the complex and the bare protein, this has no

effect on the titration results as long as the assumption of equal ionization efficiencies

for both species holds. The second condition should be fulfilled, too. For this particu

lar case, electrostatic and dipolar interactions are involved in the stabilization of the
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complex [21,22]; these are forces that are expected to increase upon removal of the

solvent.

2 4 6 8 10x10·6

total concentration ApXA [M)

Figure 4.8: Result of the titration experiments of AK with ApSA (filled triangle, KA =

4.0'107 M-I) and AK with Ap4A (filled circle, KA = 9.0'104 M-I). The lines are fitted data

with eq. 4.6.

The association constants for the AKApXA system were determined as described

above. The experimentally obtained R-values are plotted against the total inhibitor

concentrations used for the titration. In Figure 4.8, this plot is shown for both nonco

valent inhibitors. The lines represent a fit for the association constant obtained by

solving equation 4.6. The association constant for AK and Ap5A is KA = 4.0xl07 M-I,

for AK and Ap4A KA = 9.0xl04 M-I. Because the KA value for this particular system

depends on the magnesium concentration of the solution, any remaining magnesium

was masked by adding an excess of EDTA (see experimental section). The relative

standard deviations for the specific inhibitor concentrations were between 1.6 and

5.0 %. The confidence interval for KA is difficult to estimate, but it will most probably

be less than an order of magnitude. In Table 4.2, the experimentally obtained values

are compared to previously published data. Values determined by mass spectrometry

for AK from chicken muscle lie in the same range as literature values for different spe

cies and are therefore in very good agreement. These results also validate the condi

tions for the titration. It shows that the postulated conditions and assumptions are

justifiable.
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Complex Species KA [M-1] Refere¥e

AK1-Ap4A Chicken muscle 9.0 x 104 This work, [1]

AKe-MgAp4A Escherichia coli 2.3 x 104 [2]

AKe-Ap4A Escherichia coli 7.7 x 104 [2]

AK1-MgAp4A Pig muscle 9.1 x 104 [18]

AK1-Ap5A Chicken muscle 4.0 x 107 This work, [1]

AKe-MgAp5A Escherichia coli 6.7 x 107 [2]

AKe-Ap5A Escherichia coli 1.0 x 107 [2]

AK1-MgAp5A Rabbit muscle 2.8-5.0 x 108 [23]

AK1-MgAp5A Pig muscle 3.4 x 107 [18]

Table 4.2: Comparison of the association constants measured and published in the lit·

erature
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4.6 Summary

The successful determination of solution-phase association constants of noncovalent

protein-inhibitor complexes by ESI mass spectrometry has been demonstrated. Mass

spectrometry has great potential for becoming a widely used method in this area due

to its sensitivity and speed. This method allows screening of drug libraries with

respect to their association constants towards a target protein. In this case, control

experiments to confirm the noncovalent nature and the specificity of the complexes

are only necessary to prevent overestimations of association constant due to unspe

cific aggregation or covalent binding. For "misses", i.e. inhibitors with low KA, such

control will usually not be necessary. Furthermore, the present analysis assumes that

all complexes formed in solution survive in the mass spectrometer during the mea

surement, and that the ionization efficiency of the uncomplexed protein and of the

protein-inhibitor complex are identical. These assumptions are true for the present

system, but must be validated when investigating unknown systems.
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Another case study of the present thesis is the chorismate mutase system. The dissoci

ation constant of chorismate mutase and a transition state analogue (TSA) inhibitor

were quantitatively determined by electrospray ionization mass spectrometry. The

enzyme forms a homotrimer in its native state with three identical and independent

substrate binding sites; therefore the system presents a complex stoichiometry. By

choosing appropriate conditions in the ESI source, the chorismate mutase trimer as

well as the noncovalent chorismate mutase - inhibitor complexes were detected. How

ever, the spectra exhibited broad peaks, which originated from the chosen soft ioniza

tion and desolvation conditions, the high protein mass (43.5 kDa), and the low charge

states. This is a typical challenge in analyzing noncovalent protein complexes. Due to

the low molecular weight of the transition state analogue (226 Da), the homotrimer

and the protein - inhibitor complexes with one, two, or three inhibitors bound cannot

be resolved. To obtain relative peak areas of the different species, appropriate peak

shapes were fitted to the deconvoluted signals corresponding to the free enzyme and

its complexes with the inhibitor. Hence, the dissociation constants could be calculated

from the relative peak areas and were in good agreement with known solution-phase

data. In order to verify the specificity of the interaction, titration experiments with dif

ferent enzyme variants as well as different inhibitors were performed. A plot of the

number of bound inhibitors versus added inhibitor concentration revealed a satura

tion behavior at a 3:1 (inhibitor: functional trimer) stoichiometry for the TSA. This

method may be generally useful for the interpretation of mass spectra for noncovalent

complexes that exhibit broad peaks in the high m!z range.

Adapted from:

S. Wendt, G. McCombie, J. Daniel, A. Kienhofer, D. Hilvert and R. Zenobi, J. Am. Soc.

Mass Spectrom., 2003, 14 (12), 1470-1476.
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5.1 Introduction

With the rapid progress in genomic sequencing and proteomics, noncovalent interac

tions of proteins with their binding partners are becoming a major focus of attention.

A straightforward method for the determination of relative binding strengths with

low sample consumptions is desirable, especially in drug development, where large

libraries of potentialligands (e.g. inhibitors) are often screened.

Soft ionization mass spectrometry, such as electrospray ionization, is able to provide

useful information about noncovalent assemblies involving biological macromole

cules, including their complexes with smallligands and inhibitors. Numerous studies

have been published on this topic, and a number of good reviews have appeared [2

4]. Increasingly, the quantitative determination of dissociation constants of noncova

lent complexes by mass spectrometry is being addressed, too (see chapter 3 and ref.

[5]). In order to employ a mass spectrometer successfully as a detector for solution

phase chemistry, the complexes must survive the ionization and desolvation process.

Only a small number of studies have appeared in the literature reporting the quantita

tive investigation of protein inhibition by mass spectrometry [6-10]. Among these, the

studies by Greig et a1. [9] and Ayed et a1. [11] discussed interactions with larger pro

teins and enzymes.

The most obvious advantages of mass spectrometry include the possibility of obtain

ing the mass and stoichiometry of a complex in a straightforward way, the short mea

surement times, and the small amount of analyte required. It could represent a useful

method for determining binding constants of mutant proteins, where classical activity

measurements cannot distinguish between residual activity of the mutant and activity

due to wild type enzyme still present as an impurity. A difficulty of mass spectrome

try using very soft ionization is that adducts from solvent and buffer can survive the

ionization process: this is not in favor, since these will broaden the signals such that it

becomes difficult or impossible to fully resolve the protein and its complexes in the

spectrum. In the present thesis, this challenge is addressed by a new data evaluation

procedure.
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In the current study, we have used chorismate mutase (E.C. 5.4.99.5) from Bacillus sub~

tilis (BsCM), a model for protein assembly as well as ligand binding. BsCM catalyzes

the rearrangement of chorismate to prephenate, the first step in the biosynthesis of the

aromatic amino acids phenylalanine and tyrosine. Since chorismate mutases are

found in bacteria, fungt and higher plants, the design of novel inhibitors for this

enzyme might be of importance for the development of new herbicides and antibacte

rial therapeutics. The structure and function of BsCM are well characterized [12, 13]:

the crystal structure shows a homotrimeric pseudo-l3-barrel surrounded by a-helices

with three solvent accessible binding sites at the subunit interfaces. In solution the

three binding sites are all identically shaped and independent. A BsCM monomer has

a molecular weight of 14'489 Da, leading to a molecular weight of 43'467 Da for the

functional trimer (the abbreviation BsCM represents the functional trimeric enzyme).

Several inhibitors have been reported for chorismate mutases, including the endo

oxabicyclic transition state analogue (TSA) designed by Bartlett and co-workers [14]

that is used in this study (figure 5.1). This system allows the investigation of the stabil~

ity of the noncovalent trimer as well as the stability of BsCM-inhibitor complexes with

mass spectrometry.

(a) (b)

H

OH

COO-

Figure 5.1: (a) 3D representation of BsCM trimer in a view looking down the barrel I

pseudothreefold axis (PDB ID: lDBF). (b) The endo-oxabicyclic transition state ana

logue (TSA).
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5.2 Experimental Section

Instrumentation

All experiments were conducted on the a-prototype electrospray orthogonal injection

time-of-flight mass spectrometer from Agilent (Palo Alto, California, USA). The mass

resolution of the instrument is around 1100 in the mass range employed here. Infu-

sion rates of 1 to 5 ,..tl min-I with a pneumatically assisted ESI source were used. The

spray potentials were between 2700 and 3000 V. The source conditions of the instru

ment were optimized for transfer of high molecular weight ions and for gentle desol

vation conditions by adjusting the different source and transfer potentials. 1'000'000

transients per spectrum were summed and transferred to a PC for further processing.

The potential applied to the exit of the transfer capillary is variable and is referred to

Vex below; the potential at the first skimmer is denominated VskI'

Chorismate Mutase

Wild-type BsCM was produced in E. coli and purified as described by Hilvert and co

workers [15]. The truncated mutant BsCMI-120 was generated by PCR amplification of

the gene segment encoding residues 1-120 of BsCM using plasmid pKET3-W [16] as

template and T7PR02 (TAATACGACTCACTATAGGG) and SVSF-7-L121* (AACTC

CTCGAGTTAGCTTAAATCGGGCCTCAATA) as the forward and reverse primer,

respectively. The nucleotides for the stop codon replacing the triplet encoding LeuI2I

are shown in bold. The gene fragment was purified, digested with BsrGI and XhoI,

and ligated into the acceptor fragment obtained by digesting pKET3-W with the same

enzymes. The insert in the resulting plasmid, pAK-L121*, was verified by sequencing

using primer 04-T7TR (CAGCAGCCAACTCAGCTTCCTTTC) [17]. The chorismate

mutase deficient E. coli strain KA13 [18] transformed with pAK-L121* afforded 40 mg

of purified BsCMI-120 per 1liter of culture. The molecular weight of the mutant pro

tein was confirmed by ESI-MS (experimental result 13'691 ± 2 Da; calculated 13'689

Da). By polyacrylamide gel electrophoresis no impurities were observed. ESI-MS

showed that the N-terminal methionine is partially removed, as it is often observed in

bacterial proteins, but this has no effect on the enzymatic activity. However, it leads to
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a low-mass shoulder that can be seen in some of the ESI mass spectra presented

below.

Prior to ESI-MS measurements, the proteins were desalted three times by gel filtration

(NAP-5 column, Amersham Pharmacia Biotech, Uppsala, Sweden). ESI measure

ments were made with a concentration of 10 J.LM protein monomer, corresponding to

3.3 J.LM BsCM in the active trimeric form, dissolved in 10 to 20 mM triethyl ammo

nium bicarbonate buffer (pH"" 8). Protein concentrations were determined by DV

spectroscopy prior to desalting. Recovery factors of the desalting columns were ~

97%, thus uncorrected values of protein concentration were used.

Inhibitors

The transition state analogue (TSA) was synthesized according to literature proce

dures [14]. In addition, adamantyl-1-phosphonate (AP), synthesized according to a

previously published procedure [19], was used as a very weak BsCM inhibitor. Both

inhibitors were generous gifts of the group of Prof. Hilvert.

Inhibition Assays

The enzymes were assayed as previously described [15] at pH = 7.5 in 50 mM potas

sium phosphate buffer or in triethylammonium bicarbonate (TEAB) buffer, respec

tively. The estimation of the KD values for the different inhibitors is based on the

classical Michaelis Menten equation for competitive binding (eq. 5.1). The Dixon

method [20,21], used for estimation of KD values, arises from linearization of eq 5.1

Vmax ' [S]
V = --....:..:.;.;:~ --

Km . ( 1 + %;) + [S]

V reaction rate of the enzyme catalyzed reaction

vmax maximum reaction rate (vmax=kcadEltotal)

[Si substrate concentration

Km Michaelis constant

[1]0 inhibitor concentration

Ko dissociation constant of the enzyme - inhibitor complex

(Eq 5.1)
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1
v (Eq 5.2)

KD = -[1]0 (Eq 5.3)

(eq 5.2). A plot of l/v versus [1]0 yields a straight line. When l/v = l!vmax' eq 5.2

reduces to eq 5.3, allowing an estimation of Kn based on the absolute value of the

inhibitor concentration at this point. The Dixon method requires an assumption of

enzyme stability and of a strictly reversible binding mechanism, as it is expected for

transition state analogues [22]. The enzyme was used at a concentration of 10 nM and

the substrate between 25 and 400 IlM for BsCM and between 20 and 2000 IlM for

BsCMl -120. The inhibitor concentration was varied between 0.5 and 50 IlM depending

on the experimentally determined Kn value. Kn values obtained by this method are

reported per binding pocket, whereas in our analysis of the mass spectrometric data,

Kn values refer to the concentration of the total trimer concentrations. Thus, the Kn

values obtained by mass spectrometry were divided by a factor of 3 for suitable com

parison with literature and measured solution-phase data.

Modeling of the Deconvoluted Peak of the Bare Chorismate Mutase Trimer

To model the shape of the deconvoluted peak of the bare chorismate mutase trimer a

function is needed which closely follows the data but rejects the noise. A smoothing

spline function as described in reference [23] was used to achieve the smoothest curve

that lies within the given tolerance of the measured data. Empirically, it was found

that a tolerance corresponding to 1% of the total amplitude gave satisfactory results

for the data sets.

Calculating the Ratio of Peaks

As long as binding sites are identical and independent, as is the case for BsCM [13], a

probability P of a binding site being occupied by an inhibitor can be defined (0 < P <

100%). The concentration of the various enzyme-inhibitor complexes can then be

expressed as described in equations 5.4 to 5.7, where the factor 3 accounts for the sta

tistical permutations of the complex. Since the total enzyme concentration [BsCM]o is
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known, the entire complex distribution is defined by P. In other words, only a single

fitting parameter describes the relative peak areas.

[BsCM] = (1- p)3 . [BsCM]o

2
[BsCM· I] = 3 . (1- P) . p. [BsCM]o

[BsCM ./2] = 3· (1- P)· P2. [BSCM]o

[BsCMJa total enzyme concentration

[BsCMJ concentration of free enzyme

[BsCMI,J concentration of BsCM with n inhibitors bound (n=1, 2, 3)

P probability of a binding site to be occupied

Calculating Dissociation Constants

(Eq 5.4)

(Eq 5.5)

(Eq 5.6)

(Eq 5.7)

The dissociation constants were calculated based on the general theory of multiple

equilibria using only peak ratios. For the three equilibria, three dissociation constants

Ki can be defined and expressed with the KD for binding to an individual site of the

enzyme as described in equations 5.8 to 5.10 [24].

K -~-!.K
1 - [BsCM. I] - 3 0

K - Ul...:JBsCM · I] - K
2 - [BsCM. 1

2
] - 0

_ [I]· [BsCM· 12] _ . K
K3 - [BsCM. 1

3
] - 3 0

[IJ free inhibitor concentration

Ko dissociation constant

Kj dissociation constant for binding to an individual binding

sites i of the protein where already i-1 inhibitors are bound

(i=1,2,3)

(Eq 5.8)

(Eq 5.9)

(Eq 5.10)
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The peak ratios can be calculated according to equations 5.11 to 5.13, where P is

obtained from the fit to the data.

[BsCML = I-P
[BsCM· I] 3 . P

[BsCM·/] = I-P
[BsCM ./2 ] P

[BsCM· ' 2 ] _ 3· (I - P)
[BsCM· ' 3] - P

(Eq 5.11)

(Eq 5.12)

(Eq 5.13)

The total concentration of the enzyme [BsCMlo and the total concentration of the

inhibitor [1]0 are given by equation 5.14 and 5.15. Inserting equations 5.11, 5.12, and

[BsCM]o = [BsCM] + [BsCM· I] + [BsCM· ' 2] + [BsCM· ' 3 ] (Eq 5.14)

[1]0 = [I] + [BsCM· I] + 2· [BsCM· ' 2 ] + 3· [BsCM· ' 3] (Eq 5.15)

5.13 into equation 5.14 and solving for [BsCMl, and inserting equations 5.11,5.12,5.13,

and 5.16 into equation 5.15 and solving for [I], the calculated concentrations for the

enzyme and inhibitor are found:

[BsCM] = (1 - p)3 . [BsCM]o

[I] = [1]0 - 3 . p. [BsCM]o

(Eq 5.16)

(Eq 5.17)

By inserting equation 5.12 and 5.17 into equation 5.9, KD can be calculated from one

single measurement (equation 5.18). KD was determined for seven titration points in

(/0 - 3 . p. [BsCM]o) . (l - P)
KD = --:;,.----p----.....;;;..--- (Eq 5.18)

the range from 0 to 50 ~M TSA where satisfactory fits were obtained. From these

seven KD values the mean and the standard deviation were calculated.
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5.3 Observation of Chorismate Mutase Trimers

(a)
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Figure 5.2: Positive ion mode ESI mass spectra of a solution of 3.3 JLM BsCM. By

decreasing Vskl (a~c) and hence going to softer conditions, peaks corresponding to the

trimer (.) become the abundant species detected, peaks corresponding to the monomer

(4) disappear. In all spectra, we observed a small fraction of dimer (0).

In order to detect specific noncovalent interaction between proteins and bound inhib

itors, the preservation of a near-native structure of the protein during transfer from

solution into the gas phase is essential. As the active form of BsCM is a homotrimer, it

is necessary to observe the trimer in the mass spectrum. Lemaire et al. showed that

multiply charged ions generated in triethylammonium bicarbonate (TEAB) buffered
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solutions were significantly more stable than those formed in other buffers such as

ammonium bicarbonate or ammonium acetate [25]. Our own experiments confirmed

this observation and generally TEAB was used at concentrations between 10 and 20

mM. Furthermore, spectrophotometric assays confirmed that BsCM retains its full

activity in this buffer. Using soft desolvation conditions, i.e. low Vskl, the homotrimer

was detected whereas using harsher conditions (at increased Vskl)' the trimer partly

dissociated into monomers that were not previously observed in solution under phys

iological conditions (figure 5.2). Negligible amounts of dimers could be observed.

However, no signals for tetramers or pentamers could be observed under any of the

employed conditions. The low signal intensities of the dimers and the absence of

higher multimers than trimers led us to the conclusion that only specific native-like

protein-protein interactions account for the observation of trimeric species at low

VskI' The latter conclusion is further supported by the binding constants determined

by mass spectrometric methods described later in this chapter and the comparable

results to solution-phase data.
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5.4 Detection of Trimer - Inhibitor Complexes

To be able to detect noncovalent complexes, very soft conditions in the ESI source

must be chosen in order to prevent the complex from dissociation. However, reason

able desolvation of the complexes is required in order to obtain a reasonable signal-to

noise ratio and to avoid extensive adduct formation. Therefore a compromise

between softness and completeness of desolvation must be found for the operating

conditions of the electrospray source. Figure 5.3 presents the [BsCM + 8'H+]8+ peak of

the BsCM trimer from spectra of a solution (3.3. J..lM BsCM and 10 J..lM TSA in 10 mM

TEAB) recorded at different Vex and VskI values. Using harsh desolvation conditions

(high voltages), the peak of BsCM is very intense and the detected mass is only

slightly larger than the calculated one of uncomplexed BsCM trimer (5.3a). The small

mass differences arise from incomplete desolvation of the native trimer and buffer

molecule adducts, as described by Kebarle and co-workers [26]. Going to softer condi-

(a)

(b)

I I i , , I , , , , i i i i , I i i I I I I ,: i :, I ,:, i , I i i I I I , i i i I i I I i I i i I I I

5000 5200 5400 5600
m / z [Th]

5800 6000

Figure 5.3: Positive ion mode ESI mass spectra ([BsCM+8'H]8+ charge state) of a solu~

tion of 3.3 JAM BsCM and 10 J.LM TSA inhibitor at different desolvation conditions.

From top to bottom conditions become increasingly softer: (a) Vex = 250 V, VskI = 138;

(b) Vex =150 V, VskI =83; (c) Vex =100 V, VskI = 55; (d) Vex =50 V, VskI = 28. The verti~

cal lines represent the mass of bare BsCM trimer and the calculated peak positions of

BsCM with one, two and three inhibitors bound. Note the mass shift towards the

BsCM·I3 complex as the conditions become softer. The low-mass shoulder is due to par

tial removal of N-terminal methionine, as often observed in bacterial proteins.
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tions by decreasing Vex and Vski, a clear shift to higher masses is observed. The peak

also becomes broader but nevertheless shows partial resolution of the different

BsCM-inhibitor complexes (figure 5.3b). With even softer conditions the peak shifts

further into the direction of higher mass (figure 5.3c) with the maximum close to the

theoretical mass of the BsCM·I3 complex, while the resolution of the different complex

peaks, however, is lost. A further decrease in Vex and Vski does not result in a further

shift towards higher mass but only to a loss in signal intensity (figure 5.3d). The latter

observation indicates that the complexes are preserved during the desolvation. The

titration experiments are carried out under the conditions used for spectrum 5.3c

since under these conditions the complex does not appear to dissociate in the gas

phase, while signal intensity is still reasonable. It should be noted that the monomeric

enzyme subunit is not evident in any of the spectra shown in figure 5.3.

-
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5.5 Titration Experiments with Different Inhibitors and Choris

mate Mutase Mutants

In mass spectrometry not only specific noncovalent complexes are observed but

unspecific adducts may be detected as well. Therefore prior to estimate any binding

constants from mass spectrometric data, the specificity of the observed complex must

be verified. Since the mass is the main observable in the mass spectrum, it cannot be

decided from one single experiment whether the inhibitor is located in the binding

pocket or simply bound non-specifically onto the surface of the protein. In the present

case BsCM mutant in addition to wild type BsCM, as well as the much weaker AP

inhibitor (KD > 4 mM) were used to address this question. The mutant species

(BsCMl -120) was shorter by the last seven C-terminal amino acids in the sequence and

exhibited reduced enzyme activity and ligand affinity, as reported previously for

other randomly truncated BsCM mutants [27].

A series of experiments was performed by varying the concentration of the TSA or AP

inhibitors in the presence of 3.3 J.tM BsCM or BsCMl
-
120. Since the peaks correspond

ing to the free enzyme and its complexes with one, two or three inhibitor molecules

could not be clearly resolved, the statistical number of bound inhibitor molecules was

determined. The recorded spectra were deconvoluted to represent +0 charge state

only; then the spectra were smoothed, and the average mass at every inhibitor con

centration was obtained. The mass difference &n between this average mass and the

mass of the free protein was finally divided by the mass of the inhibitor to yield the

number of bound inhibitor molecules. In figure 5.4 the results for BsCM'TSA,

BsCMl -120·TSA, and BsCM·AP are plotted against the added inhibitor concentration.

In the case of wild type BsCM binding TSA, a saturation curve is found, while a upper

limit at a 20 fold molar excess of inhibitor, which slightly exceeds the theoretical max

imum of three bound inhibitors. At this excess and under the conditions of low salt

concentration and soft ionization, some nonspecific binding can apparently occur.

However, the clear saturation behavior at a value of three inhibitors per trimer is

taken as evidence for a specific binding to the binding pocket. The results for

BsCM1-120'TSA and for BsCM'AP show a lower increase in binding of inhibitor, which

can be attributed to weaker binding.



124

•
3.0 ••
2.5

lii •E
E 2.0 •
~ •
B •:c 1.5
:i:
.5 •"t:> •<: •,. 1.0
..8 • •

0.5 •
• • •0.0 • •
0 20 40 60 80

inhibitor concentration [IlMj

Figure 5.4: The number of bound inhibitors vs. inhibitor concentration for BsCM·TSA

(black) and BsCM1•120. TSA (blue), and BsCM·AP (red). Protein concentration was 3.3

J.LM in all cases. The number of bound inhibitors was determined from the deconvo

luted spectra, see text.
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5.6 Calculation of Ko

The binding of the inhibitor to BsCM showed an apparent dependence on the charge

state, i.e. peak intensity ratios of complex relative to bare enzyme appeared to be dif

ferent for every charge state. A reasonable explanation for this observation is that the

change in charge state distribution in the ESI mass spectrum is caused by a conforma

tional change induced upon binding of the inhibitor into the active site. Additionally,

the amino acids within the binding site are not accessible upon binding and therefore

cannot be protonated. Consider, for example, a most abundant charge state of

[BsCM+10·H]1O+ for the naked protein and a maximum charge state of

[BsCM·I+9·H]9+ after binding the inhibitor. An overlay of the two ESI mass spectra

will then result in different intensity ratios at every peak, showing an apparent charge

state dependent inhibitor binding. Therefore all charge states have to be taken into

account for the evaluation of the dissociation constants and thus all spectra were

deconvoluted prior to the analysis (representing the charge state z=O; without any

protons attached).

The resulting deconvoluted peaks of some selected spectra are shown in figure 5.5.

For the evaluation of the data the relative contributions of the free enzyme and the

individual complexes, i.e. the ratio of BsCM/BsCM'I, BsCM·I/BsCM·I2 and BsCM'I2/

BsCM'I3, need to be determined. Due to large overlapping peaks, these ratios cannot

be read out directly from the spectra. Therefore the data were fitted as follows: The

deconvoluted peak of a spectrum of free BsCM was modeled by a smoothing spline

function. The assumption that the peaks of the protein-inhibitor complexes differ only

in their position on the mass scale and their amplitude but not in their shape allows

the contribution of all four BsCM/BsCM-inhibitor species to be determined from the

shape of the previously determined BsCM signal. For fitting the spectra, two addi

tional parameters were needed, one to account for the baseline level and a scaling fac-.

tor that accounts for the absolute intensity of each spectrum. Since all binding sites are

identical and independent and therefore do not show any allosteric or cooperative

effect [13], only a single fitting parameter, a probability P that describes the occupa

tion of a binding site by an inhibitor, fully determines the ratio of all four peaks.
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Figure 5.5: Deconvoluted ESI mass spectra of BsCM (black), BsCM plus 2.5 J.LM TSA

(blue) and BsCM plus 10 J.LM TSA (red). BsCM concentration was 3.3 J.LM. The vertical

lines represent the peak position of bare BsCM determined by ESI·MS and the calcu

lated peak positions of BsCM with one, two, and three inhibitors bound.

Figure 5.6 depicts an example of such a fit. As it is readily observed the raw data are

matched very well. At higher inhibitor concentrations, starting from 50 J..lM which cor

responds to a IS-fold excess, the fits were less good, probably due to the onset of

unspecific binding of inhibitor to the enzyme. Therefore only data for inhibitor con

centrations below 50 J..lM were used to calculate the KD value. The fitting parameter

affords the relative peak areas for BsCM, BsCM'I, BsCM'I2, BsCM'I3, allowing a disso

ciation constant to be calculated for each titration point as explained in the experimen

tal section.

For the wild type enzyme BsCM and the TSA inhibitor a KD of 1.7±1 J..lM was deter

mined, which compares well with the value of 1.0±O.2 J..lM determined in the solution

phase assay. In the literature values, between 1.7 J..lM [28] and 3 J..lM [13], have been

reported. For the truncated enzyme BsCM1-120 and TSA, a KD of 37±6 J..lM has been

determined by mass spectrometry whereas a standard solution assay gave 2s±1.7 J..lM.

Again, the KD values determined by mass spectrometry and the solution-phase assay

are in good agreement. Systematic errors can be introduced if the actual initial

enzyme concentration used for the measurements is lower than quoted, due to losses
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during the desalting process or precipitation while freezing and thawing the protein

solutions.

I
43.5

I
44.0

I I
44.5 45.0

m / z [Th]

I
45.5x10

3

Figure 5.6: Representative figure of the fitted mass spectra. The blue line represents the

function fitted to the deconvoluted mass spectrum of bare BsCM. The dotted lines are

this function scaled and shifted by the inhibitor mass zero, one, two, or three times. The

solid line is the sum of these four functions fitted to the deconvoluted spectra of BsCM

plus 10 JLM TSA. BsCM concentration was 3.3 JLM.

Complex

BsCM - TSA

BsCM1•120 - TSA

KD (JA.M]
1.7 ± 1

1.0 ± 0.2

1.7

3

37 ±6

25 ± 1.7

i
Source!
mass spectrometry

solution phase assay

Cload et al. [28]

Gray et al. [13]

mass spectrometry

solution phase assay

Table 5.1: Dissociation constants measured in the present work, and compared to liter

ature values.
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5.7 Summary

Broad peaks impose a true challenge when measuring noncovalent protein complexes

by ESI-MS. Since it is necessary to maintain the native structure of the protein for sub

strate or inhibitor binding, the number of charges on the protein is usually low, lead

ing to high m/z ratios, representing a region where the instrumental resolution

drops. In addition, the preservation of weak noncovalent interaction obligates the use

of very soft desolvation conditions in the ESI source which leads to a further increase

in peak width due to solvent and buffer adducts. It has been shown that such obsta

cles can be overcome by modeling the signal of noncovalent protein-inhibitor com

plexes as the sum of four signal peaks derived from the signal of the bare (trimeric)

enzyme. Dissociation constants for BsCM and TSA as well as for BsCMl -120 and TSA

could be obtained. The absolute KD values determined by MS are in good agreement

with solution-phase and literature data.
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A new technique is presented for the coupling of atmospheric pressure matrix

assisted laser desorption / ionization (AP-MALDI) mass spectrometry with liquid

delivery systems. Mass measurements of a wide variety of analytes, including poly

mers, peptides, phosphopeptides, glycopeptides, and oligosaccharides, are demon

strated using a co-dissolved matrix, i.e. a-cyano-4-hydroxycinnamic acid (HCCA).

Improvements in terms of sensitivity are achieved by optimizing the position and the

shape of the exit capillary and by using a Nd:YAG laser (355 nm) at 1 kHz repetition

rate. Two calibration experiments promise a good applicability of the presented cou

pling method for quantitative measurements. The limit of detection achieved by opti

mizing the setup is 50 nM for peptides in a methanol solution containing 25 mM

HCCA.

Adapted from:

J. M. Daniel, S. Ehala, S. D. Friess and R. Zenobi, Analyst, 2004, 129, 574-578.
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6.1 Introduction

Matrix assisted laser desorption / ionization coupled with time-of-flight mass spec

trometry is, besides electrospray ionization, one of the most important analytical tools

in the investigation of proteins, peptides, nucleic acids, organometallic compounds,

and synthetic polymers. Since the development of the technique by Hillenkamp and

Karas [2-4] as well as initial efforts by Tanaka [5], significant improvements of the

method have been achieved. A wide variety of different matrices have been devel

oped: solid matrices [6-12], including unconventional approaches with sulfur [13] or

fullerene derivatives [14], ionic liquids [15, 16], covalently modified sol-gel films [17],

solid-liquid two-phase matrices [18-23], liquid matrices [24-29], including water, and

co-dissolved matrices in different solvents [30,31]. Sze and co-workers [30] prepared

different matrix solutions by mixing a solid matrix (e.g. HCCA) with glycerol and

adding a compound to enhance the solubility of the matrix in glyceroL They observed

analyte signals with excellent shot-to-shot and sample-to-sample reproducibility. The

high-mass limit achieved was serum bovine albumin at 67'000 Da. Matrix-free tech

niques, such as desorption / ionization on silicon (DIGS) [32, 33] are gaining popular

ity. Despite the many possible matrices, organic matrices that are co-crystallized with

the analyte, still remain the standard for mass spectrometric measurements. Conven

tional MALDI sources are operated under high vacuum to achieve a large mean free

path of ions in the spectrometer. Thus all materials employed have to be vacuum sta

ble in order to allow the high vacuum to be maintained, limiting the matrices and sol

vents used for the experiments.

Laiko et al. [35,36] recently discovered that a MALDI source may be effectively oper

ated at atmospheric pressure (AP-MALDI). AP-MALDI produces results that are

largely comparable to those of conventional vacuum MALDI. However, there are

additional advantages, such as the simplified sample handling and the possibility to

use a wide variety of liquid matrices. There is also some evidence that AP-MALDI

produces molecular ions with lower internal energies than those generated by vac

uum MALDI, which is beneficial for the analysis of noncovalent complexes or fragile

analytes. For example, Burlingame and co-workers obtained mass spectra of several

phosphorylated peptides (conotoxins) from the venom of the marine gastropod con-

---- --------- ---------------------------
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nus pennaceus [37]. They observed that the mass spectra obtained by vacuum MALDI

in positive ion mode generally produced dephosphorylated ions, whereas those from

atmospheric pressure MALDI produced molecular ions of intact phosphorylated spe

cies. AP-MALDI has experienced significant improvements [38-43] and is now com

mercially available for most mass spectrometers with atmospheric pressure

interfaces, e.g. ESI instruments. However, it should not be neglected that the sensitiv

ity in AP-MALDI is still far from satisfactory. The transport of the ions generated at

atmospheric pressure into the high vacuum automatically includes ion losses in the

different stages of the atmospheric pressure interface and therefore the sensitivity is

drastically lowered.
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The different approaches coupling to liquid chromatography (LC) and capillary elec

trophoresis (CE) to MALDI MS have been comprehensively summarized in recent

review articles [44-47]. They can be divided into two categories: off-line and on-line

coupling methods, Off-line coupling is already well established and widely used, It

offers the possibility to collect fractions for analysis and to store them over long peri

ods of time for archiving. There are several reports on off-line coupling of CE or LC

separation techniques with MALDI MS: the effluents were either collected in fractions

in an array of cups [48], on a coaxial fraction collector [49], on a moving belt like sys

tem [50] with the matrix solution being subsequently added to the sample, or they

were applied continuously onto a MALDI target previously coated with matrix [51

53],

On-line coupling provides immediate results and therefore reduces the time of analy

sis. The on-line delivery of liquid samples to MALDI MS is continuously improved

and several approaches have emerged [28,46,54-57], including the use of special frits

[57, 58], aerosol liquid introduction [59], operation at elevated pressure [60] and a

rotating ball inlet (ROBIN) [61],

Using the key benefit of AP-MALDI, i.e. no high vacuum has to be maintained, a new

and simple, yet powerful on-line coupling procedure is introduced in the following

section. The dissolved analytes, e.g. delivered by a liquid chromatographic system, are

mixed with co-dissolved matrix. The analyte / matrix mixture is directly desorbed
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and ionized at the exit of a capillary at atmospheric pressure and the ions are intro

duced into a time-of-flight mass spectrometer by orthogonal extraction [62]. The great

benefit of this method is that the parameters of the separation, such as solvents and

flow rates, do not have to be altered because there is no need for vacuum compatibil

ity. The matrix is added after the separation, and the overall flow rate can be regu

lated by using splitting valves prior to the desorption.
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6.2 Experimental Section

Instrumentation and Development of an Optimized Set-up

All experiments were conducted on the a-prototype electrospray orthogonal injection

time-of-flight mass spectrometer from Agilent (Palo Alto, California, USA) described

in chapter 2. The source conditions of the instrument were optimized for the transfer

of the singly charged ions and for gentle desolvation by adjusting the different source

and transfer potentials. Spectra were recorded with a repetition rate of 4 kHz and a

couple of 100'000 spectra were summed and transferred to a PC for further process

ing. The mass spectrometric interface exhibits a cut-off for masses below 120 Da and

therefore data in this mass range is not shown in the following figures.

laser beam

Figure 6.1: Schematic of our home~builtAP-MALDI source

used for co-crystallized samples. The analyte / matrix mix~

ture is co-crystallized onto the sample plate. The analyte is

desorbed and ionized by focusing a pulsed laser onto the

sample plate. The ions are guided by electric fields to the

interface of the mass spectrometer.

I V,=.Q.2 .. -4 kV

sample
plate

Three home-built AP-MALDI sources were used in the experiments. Figure 6.1 shows

the AP-MALDI source used for co-crystallized samples. The matrix / analyte mixture

is deposited and co-crystallized onto the stainless steel sample plate. The sample plate

is kept at 0 V whereas the inlet of the mass spectrometer is between -200 and -4000 V.

A pulsed laser is focused onto the target surface and used for desorption.

The first generation AP-MALDI source used for the desorption of liquid matrix / ana

lyte / solvent mixture is shown in figure 6.2. The analyte / matrix mixture is con

nected to the exit capillary by a HPLC coupling. The mixture is delivered through the

exit capillary with a syringe pump (Harvard Apparatus, USA) or a micro flow pump

(ISCO, Germany) at flow rates between 1 III min-1 and 10 III min-1. A small droplet is



139

formed at the end of the capillary. A pulsed laser beam is focused from below onto the

surface of the droplet, desorbing and ionizing matrix and analyte. The ions produced

are guided by electric fields to the inlet of the mass spectrometer interface. Two differ~

ent exit capillaries were employed: A static fused silica capillary (50 Ilm Ld., 360 Ilm

o.d., Upchurch Scientific, USA), and a piezo driven micro pump (Gesim mbH, Ger

many) with which droplets can be ejected up to a frequency of 1 kHz.

HPLC
coupling I

Vo=O V J'---!~::::~a~1
V,=O..-1.5 kV I MS interface

...........
ion
trajecto~ I V,=-O.2 .. ", kV

laser beam

Figure 6.2: Schematic of the first genera

tion flow-injection setup. The liquid is

connected by a HPLC coupling to the ion

ization source, the laser is focused to the

end of the exit capillary and the liquid

analyte / matrix mixture is desorbed and

ionized. The ions are guided by electric

fields to the interface of the mass spec

trometer.

The second generation liquid AP-MALDI source (figure 6.3) is slightly modified: the

desorption and ionization is performed closer to the mass spectrometer's interface

and the inlet to the mass spectrometer is changed in order to enhance the ion collec~

tion efficiency by using a counter current of heated nitrogen (2 slm). The ions gener~

ated close to the source are attracted by the electric potential but also by the nitrogen

stream. Only static fused silica capillaries were employed as exit capillaries in this

setup.

A nitrogen laser (337 nm, 20 Hz, 200 IlJ pulse-I, Laser Science Inc., USA) and, alterna~

tively, a "Power Chip" Laser (Nd:YAG, 355 nm, 1 kHz, 15 j..tJ pulse-I, JDS Uniphase,

USA) were employed to generate the ions. To obtain the analyte / matrix mixture,

either the analyte solution was premixed with matrix solution and infused, or the ana

lyte and matrix were mixed online by a mixing T.
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HPLC
coupling

Figure 6.3: Schematic of the second generation flow

injection setup. The liquid is connected by a HPLC

coupling to the ionization source, the laser is focused

to the end of the exit capillary and the liquid analyte I

matrix mixture is desorbed and ionized. The ions are

guided by electric fields and by the stream of nitro

gen to the interface of the mass spectrometer.

MS inlet
capillary

~\I;=O.2 .. 2.()1<\1
V,=O.2 .. 1.5 kV

I "

___11__......[ Vo=O V

~ . heat:: N,exit capillary

Materials

The MALOI matrices a-cyano-4-hydroxycinnamic acid (HCCA, M == 189.2 Oa), 2/5

dihydroxybenzoic acid (OHB, M == 154.1 Oa), protoporphyrin IX (M == 562.7 Oa), 6

aza-2-thiothymine (ATT, M == 143.2 Oa), 4-nitroaniline (PNA, M == 138.1), 3,5

dimethoxy-4-hydroxycinnamic acid (sinapic acid, M == 224.2 Oa), and 3/4-dihydroxy

cinnamic acid (caffeic acid, M==180.2 Oa) were purchased from Fluka (Buchs, Switzer

land). Harmane (M == 182.2 Oa) was obtained from Acros (Geet Belgium). The liquid

matrix N-(4-methoxybenzylidene)-4-butylaniline (MBBA, M == 267.4 Oa) was pur

chased from Aldrich (ST. Louis, USA). The peptide analytes angiotensin Il (M == 1046

Oa), [Ile7]-angiotensin III (M== 897 Oa), a-casein(90-96), bradykinin(1-7), P14R, as well

as the proteins insulin, ubiquitin, and cytochrome c were purchased from Sigma (St.

Louis, USA). The phosphorylated and non-phosphorylated form of the peptide pp60

c-src(521-533) were obtained from Bachem (Bubendorf, Switzerland), the glycopep

tide actinomycin 0 and the polyethylene glycol (PEG1000, M == 800-1200 Oa) were

from Fluka. The oligosaccharides a-, P-I and y-cyc1odextrin were purchased from

Sigma. All solvents, matrices and analytes were obtained at the highest purity avail

able and used as received.
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6.3 Results and Discussion

In order to get familiar with atmospheric pressure MALDI and to optimize the atmo

spheric interface of the mass spectrometer, experiments with co-crystallized matrix /

analyte mixtures were performed. Figure 6.4 shows a spectrum of bradykinin frag

ment 1-7, angiotensin II and P14R with PNA as matrix.

Bradykinin(1-7)

Angiotensin 11

600 800 1000 1200 1400
m / z [Th]

1600 1800 2000

Figure 6.4: Positive ion mode AP·MALDI mass spectrum of 100 JAM bradykinin(1-7), 100

JLM angiotensin 11, and 100 JLM P14R in H 20 co-crystallized with 0.1 M PNA in H 20/

ACN (l:l/v:v).

To explore the applicability of flow-injection atmospheric pressure MALDI, liquid as

well as solid matrices dissolved in different solvents were investigated. Starting with

the known system of polyethylene glycol in MBBA, it could be shown that the basic

principle of flow injection AP-MALDI is feasible with our setup, using a static fused

silica capillary and a nitrogen laser. Fig 6.5a shows a positive ion mode flow-injection

AP-MALDI of 1 mM PEGI000 in MBBA:MeOH (1:I/v:v). The flow rate was 5 J-tl

min-1; no additional sodium was added to the sample. For PEGI000 the intact Na+

cationized oligomer distribution is observed. It is not a prerequisite that the matrix is

a liquid, since dissolved solid matrices can also be successfully employed [30]. Fig

6.5b shows a spectrum of 20 J-tM a-casein(90-96) and 15 J-tM angiotensin II in 25 mM

methanolic HCCA. In Fig 6.5c, a mass spectrum of 50 J-tM angiotensin II and 80 J-tM
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harmane in water is presented. Figure 6.6 shows three injections of 500 nl4 J-lM angio

tensin 11 in 25 mM methanolic HCCA. 25 mM methanolic HCCA was used as eluent

for this measurement. The result clearly shows the applicability of the proposed

method for coupling liquid chromatography to AP-MALDI.

I
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m / z [Th]

I
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(b)

(a)

II .~ I I I I III I
I I I I I
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Figure 6.5: Positive ion mode flow-injection AP-MALDI mass spectra of different ana

lytes, matrices, and solvents. (a) 1 mM PEG 1000 in MBBA:MeOH 1:1 with a flow rate of

5 J.l.I min-I. (b) 20 J.l.M a-casein(90-96) (C), 15 J.l.M angiotensin 11 (A) and 25 mM UCCA in

MeOU with a flow rate of 1 J.LI minI. (c) 50 J.LM angiotensin 11 (A) and 80 J.LM harmane in

H20 with a flow rate of 10 J.LI min-I.
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Figure 6.6: Three flow injections of 500 nl 4 ~M angiotensin 11 in 25 mM methanolic

HCCAi the mobile phase consisted of 25 mM methanolic HCCA and the flow rate was 1

~ min-t • A loss in sensitivity is observed during the measurement.

The suitability of different matrices in methanol and water was investigated and the

results are summarized in table 6.1. One of the major drawbacks encountered using

DV-MALDI matrices is their solubility. While many of them show a fairly good solu

bility in methanol, the solubility in water is often poor, leading to low matrix concen

trations in the final analyte / matrix mixtures. Nevertheless, it was possible to

measure angiotensin 11 with all matrices in water and methanol, except with proto

porphyrin IX in methanol (table 6.1). Although angiotensin 11 could not be detected in

the latter experiment, a strong matrix ion signal was detected, indicating that desorp

tion / ionization occurs but that the analyte signal may be suppressed by the matrix.

The overall signal-to-noise ratio for water samples is worse than the ones achieved in

methanol, but both solvents can be successfully employed for measurements. To

enhance the matrix concentration in water samples and to further improve the signal

to-noise ratio, it will be necessary to find new matrices with better solubility in water

in order to achieve a better desorption / ionization.

The above experiments were carried out with a nitrogen laser (337 nm) at a repetition

rate of only 20 Hz and with a static fused silica exit capillary. To make better use of the

fast data acquisition of the time-of-flight mass spectrometer (4000 transients per sec

ond in our instrument), a Nd:YAG laser (355 nm) with a repetition rate of 1 kHz was

employed. The signal-to-noise ratio of 50 JlM angiotensin 11 and 25 mM HCCA in
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Matrix MeOH H2O

HCCA ++ +

DHB + ++

Protoporphyrin IX +

ATT ++ +

Harmane + ++

PNA ++ ++

Sinapic acid ++ +

Caffeic acid ++ +

Table 6.1: MALDI mass signal response of angiotensin 11 with different matrices in

methanol and water: ++ good signal response, + detectable signal, - no analyte ion

detected.

methanol improved by a factor of > 2 (figure 6.7a and 6.7b). Although the pulse

energy of the high repetition rate laser is lower (15 J.lJ pulse-I), the better beam profile

allowed to achieve a comparable laser fluence, which is the relevant parameter for

successful MALDI experiments [63-65].

Using a static fused silica capillary, the droplets formed at its end have dimensions of

millimeters. Because the laser must be focused exactly onto the surface of the droplet,

either the focus needs to be adapted according to the droplet size, or optics with long

working distance must be employed, respectively. It is, however, more convenient if

each laser shot is focused onto a droplet of defined and constant size. Therefore the

fused silica exit capillary was changed to a piezo pump usually employed for pipet

ting picoliter volumes. The piezo pump allowed to eject the droplets after each laser

shot and to provide for each laser shot a fresh droplet of defined size. The improve

ment achieved is encouraging: the signal-to-noise ratio improved by a factor of three

in comparison with the fused silica capillary (figure 6.7b and 6.7c).

In liquid MALDI, no co-crystallization of analyte and matrix is necessary, the analyte

and matrix are equally distributed within the droplets, at least if neither of them is a

surfactant. This is in contrast to conventional MALDI samples, where segregation

effects of matrix and analyte often occur, leading to the formation of "sweet spots".

The liquid AP-MALDI also allowed us to perform quantitative measurements, as

shown in figure 6.8. Angiotensin 11 was used as an internal standard to account for
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Figure 6.7: Positive ion mode flow-injection AP-MALDI mass spectra with different

lasers and exit capillaries. (a) 50 lAM angiotensin 11 and 25 mM HCCA in MeDH, flow

rate 10 J.l.l min'1, nitrogen laser (20 Hz, 337 nm). (b) 50 J.l.M angiotensin 11 and 25 mM

HCCA in MeDH, flow rate 5 J.l.I min'1, Power Chip Laser (1 kHz, 355 nm). (c) 50 J.l.M angi

otensin 11 and 25 mM HCCA in MeDH, flow rate 5 J.l.I min-1, Power Chip Laser (1 kHz,

355 nm), droplet ejection at 1 kHz. Note the increasing signal-to-noise ratio from exper

iments (a) to (c).

fluctuations in the total ion current. To estimate the standard deviations and confi

dence intervals, each concentration was measured ten times. The remarkably small

deviations indicate that the error of preparing the calibration solutions is larger than

the error of the measurements. For a-casein(90-96) the measured concentrations are as
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Figure 6.8: Quantitative measurement with flow injection AP-MALDI. (a) 0.1 J.LM to 20

J.LM a-casein(90-96) with each 15 J.LM angiotensin 11 and 25 mM HCCA in MeOH. (b) 1

J.LM to 20 J.LM [Ile7]-angiotensin III with each 15 J.LM angiotensin 11 and 25 mM HCCA in

MeOH. The middle lines indicate the linear fit, the upper and lower lines the 95 % con

fidential intervals, respectively.

low as 500 nM or 83 fInol consumed, for a clearly detectable analyte ion signal. Thus

with the current setup, concentrations down to 500 nM or 83 fmol are accessible.

In order to achieve comparable sensitivity to conventional AP-MALDI and ESI mass

spectrometry, the limit of detection must be further improved. The lower detection

limit of AP-MALDI for compounds in the mass range of 800 to 1700 Da was estimated

by Moyer et al. [41] to be 10 to 50 fmol. By improving the setup for ion collection,

resulting in the second generation AP-MALDI interface (figure 6.3), the limit of detec

tion (LoD) could be lowered by one order of magnitude to a final LoD of 50 nM or 8.3

fInol analyte (figure 6.9). The ions generated by the impact of the laser are dragged
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into the mass spectrometric interface not only by electric forces but also by the aero

dynamic flow of the dried nitrogen enhancing the ion transmission significantly.

[An+Nat

i I i
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i i I I I

1000

[AcD+Ht

i i i I i i i

1200
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i i I ' i I

1400
i i I i i
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Figure 6.9: Positive ion mode flow-injection AP-MALDI mass spectrum of 0.05 J.l.M acti

nomycin D (AcD), 10 J.l.M angiotensin 11 (An), 25 mM HCCA in methanol. 8.3 fmol AcD

was consumed during the acquisition.

To show the wide applicability of flow-injection AP-MALDI, different classes of com

pounds were measured with HCCA co-dissolved in methanol. Figure 6.10 shows a

spectrum of a mixture containing the oligosaccharides a-, J3-, and y-cyclodextrin. As

expected from the structure of the compounds, no protonated species can be

observed. Sodiated as well as potassiated molecular ion peaks can be detected for all

three species. The sodiated matrix adducts were also detected for J3- and y-cyclodex

trin.

In recent years, a major interest arose in the posttranslational modification of proteins

and peptides. Two of the major posttranslational modifications are glycosylation and

phosphorylation. To determine the site of the modification, the proteins are often

digested and the fragments are analyzed. Figure 6.11a shows the spectrum of the gly

copeptide actinomycin D (13 J,lM in methanol with 25 mM HCCA). Due to the lack of

any favorable protonation sites, the sodiated and potassiated molecular ion peaks

were again detected with a very good signal-to-noise ratio. Very low fragmentation is
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Figure 6.10: Positive ion mode flow-injection AP-MALDI mass spectrum of 10 IJ.M a-,

~, and y-cyclodextrin, 25 mM HCCA in methanol delivered with a flow rate of 1 !J.l

min-t . The sodiated molecular ion peaks can be observed for all species. Also he sodi

ated matrix adducts are observed for ~- and y-cyclodextrins.

observed. Figure 6.11b shows a spectrum of a mixture of pp60 c-src(521-533) non

phosphorylated (H3256), and phosphorylated (H3258), 5 JlM each with 25 mM HCCA

in methanol. For both species the protonated as well as the sodiated molecular ion

peaks were observed. Although the signal of the non-phosphorylated peptide is about

4 times higher, the phosphorylated peptide shows a good signal as well. This proves

that the method is suitable for proteomic applications.

In the previous paragraphs, we have shown that our flow-injection AP-MALDI setup

is suitable for many different classes of analytes. However, the upper mass limit of the

ionization method is equally important. Figure 6.12 shows spectra of ubiquitin (8565

Da) and cytochrome c (-13000 Da). For both proteins only the doubly and triply

charged molecular ion peaks could be observed. This is due to the upper mass limit of

the atmospheric transfer interface for the TOF instrument, which is around 7500 Th.

The low ion yield of the doubly and especially triply charged ions prevented the mea

surement of higher mass analytes. Sze et al. [30] showed spectra of bovine serum

albumin (67000 Da) recorded from a solution of glycerol, HCCA, and 2-aminoqui

niline with conventional vacuum MALD!. This supports our expectation that the

upper mass limit is not yet reached. Unfortunately most atmospheric pressure mass
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Figure 6.11: (a) Positive ion mode flow-injection AP-MALOI mass spectrum of 13 J.l.M

actinomycin 0, 25 mM HCCA in methanol delivered with a flow rate of 0.5 J.l.I min"!. A

very good signaJ.to-noise ratio could be achieved. (b) Positive ion mode flow-injection

AP-MALOI mass spectrum of 5 J.l.M pp60 c-src(521-533) phosphorylated (H3258), 5 J.l.M

pp60 c-src(521-533) non-phosphorylated (H3256), 25 mM HCCA in methanol delivered

with a flow rate of 1 J.l.I min"!. The protonated as well as the sodiated molecular ion

peaks could be observed.
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Figure 6.12: Positive ion mode flow-injection AP-MALDI mass spectrum of a) 15 JLM

ubiquitin, 50 mM HCCA in methanol delivered with a flow rate of 1 JLI min-1 and b) 10

JLM cytochrome c, 25 mM HCCA in 60% methanol, 32% acetonitrile, and 8% water deliv-

ered with a flow rate of 1 JLI min-1. Because of the mass limit of the AP interface, only

the doubly and triply charged molecular ion peaks could be detected.

spectrometric interfaces, especially the electrospray interfaces are optimized for a m/

z ratio between 1 and 6000 Th and do not transmit high mass ions efficiently, making

it difficult or impossible to detect high mass compounds by AP-MALDI.
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6.4 Summary

The teclmique of flow injection ahnospheric pressure MALDI as a novel way for on

line coupling of liquid sample delivery to AP MALDI mass spectrometry is presented

and successfully applied to a variety of matrices and different solvents, polymers as

well as peptides. The current limit of detection achieved is about 50 nM. Due to the

homogeneous distribution of matrix and analytes within the droplets, quantification

becomes feasible. These are important prerequisites for a detector for liquid chroma

tography (Le). Besides the fact that the concentration of known effluents can be cali

brated and quantified and the information about the effluents is monitored on-line, it

should be possible to collect spare sample droplets on a target and to use them for fur

ther mass spectrometric analyses or to archive samples. Furthermore, it is well known

that water can be employed as matrix in IR-MALDI experiments (see chapter 7). If

water can indeed be directly used as matrix, no additional matrix has to be added to

the sample solution. This is especially interesting for measuring biological samples

under non-denaturing conditions. Taking advantage of the benefit of liquid MALDI,

i.e. of the homogeneous distribution of matrix and analyte within the sample droplets,

liquid MALDI may be employed to further investigate the first shot phenomenon

observed when measuring non-covalent complexes with conventional MALDI. In

contrast to conventional MALDI measurements with liquid matrices in vacuum, the

solvents, matrices and analytes do not need to be vacuum stable and therefore a new

field of applicable systems arises.
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Pure water as well as water containing glycerol and 3-nitrobenzyl alcohol (NBA) were

investigated with respect to their function as matrices in atmospheric pressure infra

red ionization from solution (AP-IRIS). Water containing 20 % glycerol was found to

be the best composition for a matrix to measure the small peptides angiotensin II and

bradykinin from a deposited droplet. Results obtained from single droplet AP-IRIS

are presented for these peptides. It could be shown, that the desorption and ionization

of single droplets with a infrared laser is feasible. In contradiction to the results for

deposited droplets, the addition of glycerol did not improve the signal for single

droplet AP-IRIS: pure water was found to be the best matrix.
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7.1 Introduction

Interestingly, the first method to desorb and ionize non-volatile, thermally labile bio

molecules was neither electrospray ionization (ESI) nor matrix assisted laser desorp

tion / ionization (MALDI) but laser desorption ionization (LDI), a precursor of

MALD!, where a pulsed CO2 laser was employed [1]. Posthumus and co-workers

showed spectra of peptides showing very low fragmentation without using any

matrix. Further development of LDI by Tanaka [2] and Hillenkamp [3-5] led to the

discovery of MALDI, essentially associated with the use of pulsed DV lasers. After a

short time of method and instrumentation development, DV-MALDI MS has become

an established technique for the analysis of a wide range of biomolecules and poly

mers.

Hillenkamp and co-workers presented the first results for MALDI with a pulsed

infrared (IR) laser in 1990: they showed the applicability of an Er:YAG laser with an

emission wavelength of 2.94 ~m (pulse width 200 ns) for desorption of large biomole

cules [6], induding results for a monodonal antibody (M =: 150'000 Da). They

employed a wide variety of matrices in their study, e.g. caffeic acid, succinic acid,

glycerol, and urea. Shortly after this first study, they compared the former results

with results obtained by using a CO2 laser with an emission wavelength of 10.6 ~m

(pulse width 70 ns) [7]. Both methods provided similar results. A tendency of IR

MALDI to generate higher charge states compared to DV-MALDI could be observed.

In the meantime, IR-MALDI has been employed in a wide variety of applications

induding the detection of proteins [8-10], oligonudeotides [11-16], double stranded

DNA [17], sialylated carbohydrates [18], the probing of phospho- and glycopeptides

[19], and the investigation of noncovalent sugar complexes [20]. An interesting appli

cation is the investigation of proteins electroblotted after polyacrylamide gel electro

phoresis by IR-MALDI [21, 22].

In order to achieve desorption and ionization by IR irradiation, different vibrations

can be excited: the stretching vibrations O-H, N-H, and C-H in the range of 2.7 - 4.0

~m, the stretching vibration of the carbonyl group C=O in the range of 5.5 - 6.5 ~m, or

the bending vibration O-H or the stretching vibration C-O around 10 ~m. Different
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lasers were used to excite at these wavelengths: Er:YAG (2.94Ilm) [18,23,24], optical

parametric oscillators (OPO) [25-27], free electron lasers (PEL) [28-30], and CO2 (10

J.lm) lasers [7,31,32]. The many possible excitation wavelengths opened up possibili

ties to employ a wide variety of matrices, e.g. succinic acid, fumaric acid, nicotinic

acid, glycerol, and water. With respect to the measurement ofbiomolecules, especially

to the investigation of noncovalent complexes, physiological conditions are desirable.

Therefore the investigation of liquid matrices, in particular water, is of great interest.

Several publications appeared using glycerol/water mixtures [26, 33-35] and frozen

water [8, 22, 32, 36-38] as matrix for IR-MALDI experiments. The introduction of AP

MALDI by Laiko et a1. [39,40] allowed the use of non-vacuum stable liquid matrices,

e.g. liquid water, as matrices for IR-MALDI. Doroshenko and co-workers presented

results for IR-AP-MALDI using a pulsed OPO infrared laser where glycerol and water

were used as matrices [26]. Cotter and co-workers utilized this approach to investi

gate intact, fully sialylated molecular species [18].

The comparison of UV- and IR-MALDI reveals that IR-MALDI can be essentially used

for all fields for which UV-MALDI has proven to work, whereas the current UV

MALDI performance is, however, generally not reached [41]. Nevertheless, IR

MALDI has been demonstrated to be advantageous whenever particularly large and

/ or labile compounds are analyzed; samples which are often not amenable to UV

MALDI mass analysis. IR-MALDI is generally regarded as the softer desorption

method and leads to lower degree of metastable ion fragmentation. Hillenkamp and

co-workers demonstrated the generation of intact protein ions with molecular

weights exceeding 500 kDa by IR-MALDI [42].

The possibility to employ liquid matrices, however, offers inherent advantages: liquid

matrices provide homogeneous sample morphology and a high shot-to-shot signal

stability should result [42]. With solid state matrices in IR-MALDI, higher laser flu

ences are needed due to the smaller absorption coefficients for IR and the resulting

higher penetration depth of the laser irradiation. The sample consumption is much

higher than in the case of UV-MALDI, which frequently allows only a very limited

number of laser exposures per sample spot. However, the spectra recorded by UV

and IR-MALDI have a high degree of similarity, although electronic (DV-MALDI)
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and vibrational excitation (IR-MALDI) occurs. Therefore a similar mechanism was

originally proposed [10]. However, Dreisewerd et a1. recently presented results indi

cating that the desorption / ionization mechanism for solid and liquid state matrices

in IR-MALDI may be different [41,43]. Doroshenko and co-workers introduced the

new term atmospheric pressure infrared ionization from solution (AP-IRIS) in order to dis

tinguish between the different mechanisms [44]. They found that the sensitivity of

AP-IRIS is even better than the sensitivity of AP-UV-MALDI. These findings strongly

increase the interest in IR-MALDI and IRIS. There is one major drawback to use these

methods: IR lasers are very expensive and exhibit a considerably lower long-term sta

bility and therefore still require more efforts for maintenance (e.g. adjustment of the

laser resonator).

Several coupling techniques to connect chromatographic systems, e.g. high perfor

mance liquid chromatography (HPLC) or capillary electrophoresis (CE), to IRIS MS

have been presented. Murray and co-workers presented the coupling of CE with IR

MALDI [45]. In this work, ethanol mixed with low concentrations of glycerol were

used as effluents for CE, delivered on-line to a stainless steel frit forming the MALDI

target in the vacuum of the mass analyzer, and finally desorbed / ionized directly

from this frit. Twerenbold et a1. described a micro-machined silicon injector device

with which small droplets were transferred into the high vacuum of the mass spec

trometer [46]. By desorbing these droplets by a CO2 laser, they showed spectra of

insulin and lysozyme. Very recently Niemeyer and co-workers reported a method

where a water filament with a diameter of 10 J.Lm is generated in vacuum and irradi

ated by a pulsed IR laser [47]. They showed spectra of polymers and proteins.

Our present experiments focus on a flow-injection AP-IRIS source to couple any liq

uid chromatographic system to MS. In order to eliminate the need for mixing the ana

lyte solution with matrix, we focus on using AP-IRIS with water as the main matrix

component. For that purpose the suitability of water containing small amounts of

additives are elucidated. We present a possible coupling method based on single

droplet desorption / ionization which provides an identical target for each laser shot.
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7.2 Experimental Section

Instrumentation

All experiments were conducted on a LCQ Classic QIT (Thermo Finnigan, USA) mass

spectrometer. For "deposited droplets" measurements a substantially modified Mass

Tech (USA) Model 110 AP MALDI source was used [48]. For single droplet measure

ments the AP-IRlS source described in figure 7.1 was used. Droplets are generated by

a piezoactuated flow through cell (Picology AB, Sweden) and directed towards the

mass spectrometer interface. The laser, synchronized to the droplet ejection, is

focused onto the flying droplets shortly before the interface. For ionization, a power

ful Yb:YAG pumped optical parametric oscillator infrared laser was used (SESI,

USA). The laser provided 30 ns pulses with an energy of 0.5 - 0.8 m] per pulse with a

repetition rate of 5 Hz. The wavelength of the laser was tunable in the region of 2.8 

3.1 Jlm, but the laser was utilized at 2.94 Jlm in this work. In previous IR-AP-MALDI

studies [18, 26, 49], an electric potential between the sample target plate and the intake

capillary of the mass spectrometer was applied. According to previous finding [44]

this is not necessary for AP-IRlS and therefore no potential differences between sam

ple target plate and intake capillary were applied.

laser beam

---+-]piezo actuatedftOw-throU:..:.eI~
Figure 7.1: Schematic of the source

droplet MS inlet capillary .
""""I:"",'",:,"",,,,,,,:,,I),,lwtil"""M;NmU'"'IIa"i.~"""".;.,,'m'IW''''Iff/''"'_fflli used for slngle droplet AP-IRIS
':II!i:'N'li·:\;,~:I~':;rl':IWIN,~i1.i':l:\it.!:·W!lilif/~i/lll':1flt1Hii!1W,f,ili/iiLi!Wi,ril!II!ftWliilii1 t.hllI#lI/!lli1l11fflfi/llitl":;

V = 50 V experiments. Droplets are gener-

ated by a piezoactuated flow

through cell and directed towards

the mass spectrometer interface.

The laser, synchronized to the

droplet ejection, is focused onto the

flying droplets shortly in front of

the interface.
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Materials

Glycerol and 3-nitrobenzyl alcohol (NBA) were purchased from Fluka (Buchs, Swit

zerland). The peptides angiotensin 11 and bradykinin were obtained from Fluka.

Molecular biology grade water was purchased from Cambrex (Rockland, USA). All

solvents, matrices, and analytes were obtained at highest purity available and used as

received.
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7.3 Results and Discussion

We have previously shown that AP-MALDI, using co-dissolved matrices, e.g. HCCA,

is feasible (see chapter 6 and ref [50]). Such a strategy, however, is not well suited to

couple LC instrumentation to AP-MALDI on-line; no co-dissolved matrix should be

needed. Rather, the effluent itself should be used directly as the matrix. Especially if

low flow rates are employed (e.g. ~-HPLC), homogeneously mixing two liquid

streams at flow rates smaller than 1 ~l min-1 is quite challenging.

(a) [A+Ht[B+Ht

[A+Nat

[B+Nat

200

(b)
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m/z [Th]
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[B+2-H]2+

m/ z [Thl
800 1000 1200

200 400 600
m/ z [Th]

800 1000 1200

Figure 7.2: Positive ion mode AP-IRIS spectrum of 5 ~M bradykinin (B), 5 ~M angio

tensin 11 (A) and a) 0 % glycerol, b) 20 % glycerol, and c) 1% NBA. The signal-to-noise

ratio of angiotensin increased by a factor of 8 by adding 20 % glycerol and by a factor of

3 by adding 1 % NBA compared to the results obtained with pure water.
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In the field of proteomics and noncovalent complexes, water as the main component

and therefore as matrix has to be considered. As previously reported the addition of

small amounts of glycerol can enhance the signal intensity of the measured analytes

enormously. Figure 7.2 shows spectra of an aqueous peptide mixture consisting of 5

J,lM angiotensin 11 and 5 J,lM bradykinin with different amounts of either glycerol or

NBA. In all spectra, the protonated as well as the sodiated molecular ion peaks are

observed. The addition of 20 % glycerol improves the signal-to-noise ratio of angio

tensin 11 by a factor of 8, and already a content of only 1 % NBA gives a improvement

by a factor of 3. The relative abundance of angiotensin 11 and bradykinin are different

when using glycerol or NBA as additives. Actually, even a high intensity of the dou

bly charged molecular ion signal of bradykinin can be observed when adding 1 %

NBA. This could be interesting regarding CID-MS/MS experiments, because the con

fidence level of protein identification is raised if doubly charged ions are used as par-
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Figure 7.3: Infrared absorbance spectra of a) glycerol and b) NBA. Whereas fewabsor

bance is observed for glycerol at 2.94 J.lm (red lines), there is no absorbance observed for

NBA at this wavelength.
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ent ions [51]. According to the infrared absorbance spectra (figure 7.3), there is

observed a slight absorbance for glycerol at 2.94 J-Lm but not for NBA. NBA improves

the obtained signal for IRIS with water but does not absorb any laser radiation at the

wavelength used. This indicates that not only the absorbance of the matrix but also

the inherent properties of the sample solution, e.g. surface tension and viscosity, play

an important role for successful desorption and ionization. In order to find the best

conditions, the glycerol content was increased systematically and the integral of the

signal of angiotensin 11 and bradykinin were used to observe the signal response (fig

ure 7.4). The best conditions could be found for 20 % glycerol content. Unfortunately,

200

:::i
~
1!! 150

$'
.5

100

50

605010o 20 30 40
glycerol concentration [IJ.M]

Figure 7.4: Signal integral for angiotensin 11 (black) and bradykinin (red) observed for

AP-IRIS measurements of 5 J.l.M angiotensin 11, 5 J.l.M bradykinin in water with differ

ent contents of glycerol. The best conditions are observed for 20 % glycerol in water.

the same experiments could not be performed using NBA as an additive because the

solubility of NBA is only about 1 % in water. These findings are not very encouraging

since it is even more difficult to mix water with glycerol than with methanolic solu

tions of HCCA due to the high viscosity of glycerol.

A problem arising in on-line coupling is the contamination and the resulting memory

effects in the detection system: the performance of the detector, i.e. AP-IRIS interface,

needs to stay constant. The best way to guarantee high reproducibility is to provide

identical conditions for each desorption / ionization event. This is achieved by using

a piezoactuated droplet generation: A constant flow of analyte solution is connected
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to the piezoactuated flow-through cell. By applying a potential pulse to the piezo ele

ment of the cell, a droplet is ejected with a velocity around 1 m s-l orthogonal to the

sample flow in the direction of the mass spectrometric interface (figure 7.1). By syn

chronizing the droplet ejection and the laser pulse, it was possible to focus the laser

onto the flying droplets. Figure 7.5a shows a spectrum of 15 ~M angiotensin 11, 15 ~M

bradykinin in water and figure 7.5b shows a spectrum of 15 ~M angiotensin 11, 15 ~M

bradykinin, 10 % glycerol in water. In 7.5a, a weak signal of the molecular ions could

be observed and astonishingly little chemical noise is recorded. Surprisingly, the

addition of glycerol did not improve the signal-to-noise ratio whereas much more

chemical noise was detected (figure 7.5b). This is in contradiction with the results

(a)

600

(b)
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m / z [Th]

1000 1100

600 700 800 900
m / z [Th]

1000 1100

Figure 7.5: Positive ion mode single droplet AP-IRIS of 15 JLM angiotensin 11, 15 JLM

bradykinin in a) pure water and b) water with 10 % glycerol. The addition of glycerol

did not improve the signal as expected; a higher abundance of chemical noise was

induced.

found for deposited droplets. There are two major differences for deposited droplet

and flying droplet desorption experiments which may be accountable for the different

behavior: a) The shape of the irradiated surface. While the surface of the deposited

droplet is approximately flat, the flying droplet's surface is spherical. b) The depos-
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ited droplet interacts with the sample target plate whereas the flying droplet does not

have any interaction with a solid support. There is more need for knowledge about

the exact mechanism and more experiments necessary to fully explain this behavior.

According to the manufacturer's specifications of the piezoactuated flow-through cell,

the diameter of the emitted droplets is 50 ~m [52). Using a concentration of 15 ~M

peptide, the resulting amount of analyte is as low as 980 amol per droplet. Therefore,

only a very weak signal is expected. We are confident that the signal-to-noise ratio

could be improved by enhancing the repetition rate of the IR laser. Once the sensitiv

ity is improved, this setup could be used for standard measurements and for coupling

liquid chromatography to AP-IRIS.
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7.4 Summary

The performance of pure water and water containing different amounts of glycerol

and NBA as a matrix for AP-IRIS was investigated. It was found that for a deposited

droplet, water with 20 % of glycerol gives the best results. The addition of 1 % NBA to

water evenly improves the signal significantly. However, the limited solubility of

NBA in water prevents the addition of higher amounts. A single droplet AP-IRIS

experiment revealed that for single droplet desorption / ionization, the addition of

glycerol is not beneficial. The overall sensitivity using an IR laser with a repetition

rate of 5 Hz is too low. We believe that the use of higher repetition rate IR lasers could

improve the signal-to-noise ratio remarkably, whereas high repetition rate IR lasers

are unfortunately not commercially available. However, a high repetition rate IR laser

could be possibly built by using a Raman shifter or an OPO pumped with a high rep

etition rate DV laser. Another interesting approach would be to use a continuous

working IR laser instead of a pulsed one. By ejecting droplets with a velocity of 1

m's-1, they would cross the laser focus within around 100 MS. It would be interesting if

similar results could be obtained as with a pulsed IR laser. Obtaining higher sensitiv

ity, this coupling approach would offer a stable detector showing high reproducibility

for liquid chromatography without any memory effects.
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After improving the electrospray ionization (ESI) mass spectrometer, ESI mass spec

trometry was successfully applied to investigate noncovalent interactions and to

determine the association constant of complexes. Additionally, two methods to cou

ple liquid chromatography to atmospheric pressure matrix assisted laser desorptionl

ionization (AP-MALDI) were presented. The first is based on UV-AP-MALDI and co

dissolved matrices; it shows a wide applicability including the possibility for quantifi

cation. The second method is based on atmospheric pressure infrared ionization from

solution and on single droplet desorption; a aqueous peptide solution was measured

successfully with a limit of detection in the fmole range.
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8.1 ESI-MS of Noncovalent Complexes

Two examples demonstrated that ESI-MS can successfully be applied to determine

the interaction strength of proteins with noncovalent inhibitors. The specificity of

these interactions was proven by carefully selected control experiments. The associa

tion constants are in good agreement with literature values.

Although these results are very encouraging, there are several factors that need fur

ther investigation. Following the electrospray process, the initial droplet shrinks due

to solvent evaporation and the concentration of all species is increasing. Therefore, the

equilibrium concentrations for a bimolecular complex reaction may change, too.

Agnes and Wang found that the observed association constant measured by ESI-MS

for the reaction of EDTA and Sr reflected the solution conditions, little or no shift of

the equilibrium due to the droplet shrinking process could be observed [1]. This initial

finding is perhaps not be valid for other reactions, and must be investigated further.

Moreover, the droplets produced in the electrospray process have been hypothesized

to consist of two phases: the charged surface layer and the inner, electroneutral bulk

solution. It is believed that the measured signal intensities reflect the concentration of

the analyte in the surface layer rather than in the bulk solution of the droplets. There

fore hydrophobic compounds show higher abundance than hydrophilic compounds.

Assuming identical ionization efficiencies for a host and the host-guest complex

means that their partitioning between surface layer and bulk solution be identical. If

not, this can influence the measured association constants significantly. Brodbelt and

coworkers address this problem in a recent publication [2] but further investigations

are needed.

In our work, it is assumed that the noncovalent complex is not dissociated in the gas

phase. Due to the lower permeability in the vacuum, electrostatic and dipolar interac

tions get stronger. Because the investigated interactions are mainly of this kind, the

above assumption is justified. In contrast, hydrophobic interactions can be lost in vac

uum due to the absence of solvent. The question arises if it is possible to observe

hydrophobic complexes at all and if yes, wheter the observed signal intensities reflect

the concentrations in solution.
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8.2 Liquid Chromatography Coupled to AP-MALDI

For UV-AP-MALDI we have shown good sensitivity as well as a wide applicability of

the method, including quantification. Nevertheless, the mixing of effluent with co

dissolved matrix is not satisfying. In recent years, it has been shown that ionic liquids

can be employed as MALDI matrices [3-5]. Further more, He et al. showed that ionic

liquids can be added to the eluents in liquid chormatography to enhance the chro

matographic resolution [6]. The interesting question arises whether ionic liquids

could be used to enhance the chromatographic resolution and at the same time be

used as matrix for the desorption/ionization. This should be studied.

The single droplet desorption/ionization approach with an infrared laser is very

promising. The method still lacks in sensitivity, but there are three suggestions how to

improve it. First, instead of droplets with a diameter of 50 !lm, bigger droplets could

be employed to generate more ions per desorption event. Secondly, instead of using

single droplet desorption, desorption out of an open channel could be implemented.

We obtained some preliminary results by using the piezoactuated flow through cell.

The piezo element was turned off and the laser was directed into the nozzle directly

onto the liquid flow. The results were encouraging but unfortunately the nozzle disin

tegrated within several minutes, probably due to the stress waves generated by irradi

ating the water sample. Finally, by employing an infrared laser with a high repetition

rate (e.g. 1 kHz) and the same repetition rate for the droplet generation, a higher frac

tion of the effluent could be used for detection. Unfortunately, high repetition rate IR

lasers are not commercially available in the 3 !lm range. But they could be built by

using an optical parametric oscillator (OPO) or a Raman shifter pumped with a high

repetition rate laser. Instead of using a high repetition rate infrared laser, one can

imagine to use a continuous wave infrared laser. By directing droplets through the

laser beam, a laser pulse would be generated.
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A.I Instrumental Layout
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Figure A.I: Layout of the a~PrototypeTOP. For a detailed description see text.

The atmospheric pressure interface of the mass spectrometer consists of a) the sam

pling aperture, having a counter current of heated nitrogen, b) the heatable transfer

capillary leading to the first pumping stage Pl, c) the first skimmer dividing the first

and second pumping stage P2, d) the second skimmer dividing the second and the

third pumping stage P3, e) the rf-only hexapole, and f) three ring electrodes defining

an Enisle lens. The flow rate of the nitrogen is set between 2 slm for AP~MALDI and

nannies experiments to 4 slm for conventional ESI experiments. The temperature of

the nitrogen can be varied between room temperature and 350°C.

The main chamber of the TOF instrument consists of g) an Einzel lens, h) the pusher

plate to accelerate the ions into the TOF, i) the acceleration electrodes to accelerate the

ions, j) the Faraday cup to measure the total ion current, k) the vertical deflection
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plates, 1) the single stage reflectron, and m) the bipolar MCP detector (Bude Industries

Inc., USA). The field-free flight path of the ions is within a flight chamber at elevated

potential.

The instrument consists of four pumping stages. Pumping stage one is pumped by a

rotary vacuum pump with 30 m3 h-1 (Duo 030A, Pfeiffer Vacuum Technology AG,

Germany). The second pumping stage is pumped by connecting it to a turbomolecu

lar pump (Ext250HIIS0100, BOC Edwards, UK), pumping stage three, at 3/4 height

of the rotors. The turbomolecular pump is connected to a rotary vacuum pump

(Trivac 0168, Leybold Vacuum GmbH, Germany) providing a pumping speed of 16

m3 h-1. The forth pumping stage P4 is the main chamber of the TOF instrument and is

pumped by two turbomolecular pumps (Ext250HIIS0100, BOC Edwards) connected

to rotary vacuum pumps with 10 m3 h-1 (Trivac DlOE, Leybold Vacuum GmbH) and

12 m3 h-1 (Duo 012A, Pfeiffer Vacuum Technology AG), respectively. Table A.1 sum

marizes the typical pressures achieved using a capillary temperature of 300°C. The

pressure in PI can be enhanced by limiting the pumping speed of the pump with a

needle valve. The pressure in P3 can be enhanced by introducing nitrogen with a leak

ing valve.

P1

1.3,10° mbar

P2

1.1,10-2 mbar

P3

1.7.10-3 mbar

Table A.I: Typical pressures achieved in the different pumping stages using a transfer

capillary temperature of 300°C.

The reflectIOn as well as the detector are mounted on tilting devices: they can be tilted

by micrometer screws from outside the main chamber in order to optimize the peak

shape and sensitivity.
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A.2 Potentials

Vex V.k2

VOC,Pk

Voc,of

VT1 ,3 V.GC

VT2J Vp

V l2 VT2R! Vnp

VMep,out VPMT, (

I !
V I !

MCP,in\ VSCi f
{

Figure A.2: Definition of the different potentials. For a detailed description see text.

The explanations and the typical settings for the various potentials are shown in table

A.2. Not all of the mentioned potentiaIs are applied directly to the electrodes as

shown in the scheme. In fact, most of them are controlled by different controllers and

computer boards explained in the following paragraphs.

Many of the potentials are controlled by a computer board managed by a personal

computer and the software TOF -VOLTS, which is a beta release software. The output

for the different channels of the computer board is between 0 and 15 V. If potentials

higher than 15 V are required, the output is connected to a high voltage element

(Ultravolt Inc., USA) delivering potentials in the desired range. Unfortunately, the
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Potential Explanation Typicf Setting
Vch inlet potential; used in ESI as spray potential 0 .. -5 kV

Vcap transfer capillary inlet potential 0 .. -5 kV

Vex transfer capillary exit potential 200 V

Vsk1 potential of skimmer 1 110 V

Vsk.2 potential of skimmer 2 OV

Voc,of offset potential of the hexapole OV

Voc,pk amplitude potential of the hexapole 1 .. 30V

VL1 potential of the first and third electrodes of the -50 V
first einzellens

VL2 potential of the second electrode of the first -56 V
einzellens

VT1 ,3 potential of the first and third electrodes of the -87 V
second einzel lens

VT2L potential of the second electrode of the second 346 V

VT2R einzel lens; the second einzel lens consists of
two electrode providing the possibility to deflect
the ions

Vp potential of the draw out pulse 1.4 kV

Vnp potential when no draw out pulse is applied -54 V

Vacc potential of the extraction electrode -54 V

VTL potential of the second acceleration electrode -980 V

IF current output when measuring the total ion cur- in the range of pA
rent

Vdef potential difference of the vertical deflection OV
plates

Vexit potential of the flight box -5760 V

Vbk potential of the back plate of the single stage 1408 V
reflectron

VMCP,in potential of the active surface of the MCP detec- -6 kV
tor

VMCP,out potential of the backside of the MCP detector -5.1 kV

VSci potential of the scintillator -3 kV

VpMT potential of the photo multiplier tube 700V

Ic collector current of the photo multiplier tube 100 .. 3000 mV into
500

Table A.2: Definition of the various potentials used in the abnospheric pressure inter~

face and the TOF mass analyzer.

units selected in TOF-VOLTS on the computer are arbitrary: the number of steps

between 0 and 15 V can be defined by the programmer. Table A.3 summarized all

potentials controlled by the computer, their units in TOF-VOLTS, their high voltage

element (if any), and their effective output potential.



Potential
Vch

Vcap

Vex

Vsk1

Vsk2

Voc,of

VL1

VT1 ,3

VT2L

VT2R

Vexit

Vbk

Units TOF-YOLTS
750 .. 0

750 .. 0

0 .. 750

0 .. 750

0 .. 1500

0 .. 1500

0 .. 1500

750 .. 0

750 .. 0

750 .. 0

0 .. 750

HY..Element
-6500 V

-6500 V

500 V

275 V

direct output

direct output

direct output

-270 V

-530 V

-6400 V

6400 V

0 .. -6500

0 .. -6500

0 .. 500

0 .. 275

0 .. 15

0 .. 15

0 .. 15

0 .. -270

0 .. -530

0 .. -6400

0 .. 6400
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Table A.3: Conversion of TOF-VOLTS units to the effective potentials.

The hexapole is controlled by a home-built rf-generator where the offset and ampli

tude potentials, i.e. Voc,of and Voc,pk, can be externally controlled. The frequency of

the hexapole is fixed at 240 kHz. Whereas V oc,of is controlled by the computer, Voc,pk

is controlled by an external power supply (EA 3002R, Elektro Automatik, Germany),

because of the higher current consumption of the rf-generation.

The potential VL2 of the second electrode of the first einzel lens is controlled by an

external power supply (HCN14-150, Fug Elektronik GmbH, Germany).

The potential at the pusher plate is controlled by a high voltage switch (figure A.3).

The working scheme is shown in figure figure A.4. When the TTL input on the high

voltage switch is low, the potential applied on the electrode is Vnp' and when the TTL

input is high, the potential Vp is applied. The TTL signal is generated by a pulse delay

generator (DG535, Standford Research Systems Inc., USA) triggered by the acquisi

tion board (prototype, Agilent, USA) of the acquisition computer. In all experiments a

drawout pulse of 4.5 IlS was applied. To measure the total ion IF current arriving in

the TOF instrument by the Faraday cup, the high voltage switch must be turned off

and the potential Vnp must be maintained at the pusher plate. Because of the higher

current consumption during pulsing, the potentials Vnp and Vp are controlled by

external power supplies (HCN14-650 and HCN140-3500, Fug Elektronik GmbH).
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Figure A.3: Electric scheme of the high voltage switch.

Behlke 3000V
Schalter

HTS31-GSM

to pusher plate

5V

OV
5V

OV

V.

Vn•

time

Figure A.4: Working scheme of the high volt

age pulser to provide the potentials at the

pusher plate.

In order to guarantee that the ions can be injected into the extraction source without

any deflections, the potential Vacc is not set by a power supply. It is generated by a

potential adder which adds to the potential of Vnp ±15 V. It has been shown that the

geometry of the instrument is precise and no potential difference between Vnp and

Vacc must be applied.

Because the flight chamber is on a high potential Vexit' the potential difference Vdef,

set to the vertical deflection plates, must be added to the potential Vexit prior to be

applied to the electrodes. This is achieved by using a home-built high voltage adder
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where the potential difference Vdef between the deflection plates can be selected. It

has been shown that the geometry of the instruments is precise and no potential dif

ference between the deflection plates is needed.

In order to prevent any sparking in the detector assembly, the potentials for the detec

tor are controlled by a specialized power supply (PF1055, Burle Industries Inc.). The

potential difference between the MCP (VMCP) and between the MCP output and the

scintillator (VSci) are specified. To these potentials a bias potential (Vbias) between -10

to 10 kV is added prior to be applied to the detector. Because the detector is optically

decoupled, the potential of the photomultiplier tube (VpMT) and therefore the gain of

the PMT can be selected independently.
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A.3 Signal Processing

TOF I HP 743 I
I

Idetector

0L : Preamplifier : :AID converterI a..
:::::::a..

I u
I-ITOF summer I

board
---l ~

Figure A.5: Scheme of the signal processing: the detector signal is preamplified and

digitized by a AID converter. An arbitrary number of transients is summed on the HP

743 mainframe computer and the transferred to a personal computer for storage and fur

ther processing.

The signal of the detector is preamplified prior to analogI digital conversion by the

AID converter (250 MHz) of the HP mainframe computer. An arbitrary number of

transients are summed prior to be transferred to the personal computer for further

processing. The length of the transients can be specified and therefore the duty-cycle

as well as the upper mass limit can be selected.

The mainframe computer, HP 743, is a unix based computer consisting of a processor

board, an AID converter board, a TOFsummer board (prototype board), and an exter

nal hard drive. The mainframe computer is usually controlled over a TCP lIP connec

tion by the personal computer. If no network connection can be established, a

connection can be initiated by a RS232 interface. Unfortunately this interface can just

be used for troubleshooting since the TOF software, TOFAcquire, only supports TCPI

IP connection. The trigger to initiate a measurement cycle is provided by the

TOFsummer board.

On the personal computer, the beta-release software TOFAcquire is used to remote

control the mainframe and to acquire mass spectra.
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B.1 Batch Processing of Spectra

In order to simplify and accelerate the analysis of the spectra obtained by titration

experiments, a software for batch processing of any count of spectra has been imple

mented. With this application it is possible to apply the same operations (e.g. integra~

tion, background correction) on a set of specified files. The software is written in

Java™ and therefore compatible to most operating systems including Windows,

Macintosh, Linux and Unix. Figure B.l shows the use case diagram for the applica~

tion.

Researcher

Starting the Application

Figure 8.1: Use case diagram of

the application. The user can

select a set of spectra and perfonn

a series of operations.

In order to start the application, Java must be installed. It is recommended to use Java

2 Runtime Environment, Standard Edition version 1.4.2. A free download is offered at

http://java.sun.com/downloads/index.html.
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If the application is not yet precompiled, i.e. there are no *.c1ass files, it is necessary to

precompile the application prior to start it. Open a command shell and use the follow

ing steps to compile the program.

!l!l,!rq!~lg~o;;;sxP--Tver!lijl-"~]'~~I~IJJ~~~J'''J ,",I~~~I
'CC) Copyright 1985-2001 Micro~oft Corp. '

-C: \Ookumente und Ei nstell ungen\daniehcd c: \Spectrum/-lani pulator

iC: \Spectrum/·lan i pul ator>javac SpectrunFlan i pul ator . j ava
~ote: .\RunningBatchRunner.java uses or overrides a deprecated API.
~ote: Recompile with -deprecation for details.

!c: \spectrumr"lani pul atop•
.., ,_ ,--

Open a command shell and use the following steps to run the application.

-C: \Ookumente und Ei nstel hll1gen\daniel>cd c: \Spectruml"l.;lni pulator

!c: \spectrumJ'lani pul ator> java spectrumMan;pul ator
""""""""""""""",

After the startup the application window shown in figure B.2 will appear.

'Spectra "'Actions
ic:\SpectrumManipula1on001213.21.csv

Define a Set of Files

define import filter
Figure B.2: 5tartup window

of the application.

To define a set of files containing spectra the tab spectra has to be selected. The spectra

need to be in a delimited ascii format. There are five different commands that can be

performed by pressing the according buttons at the bottom of the window (figure

B.2).
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By pressing the add button, a file selection dialog with multiple selection capabilities

(figure B.3) is opened. Spectra files that shall be included into the analysis can be

selected and by approving the dialog, the files are included into the file list. By select~

ing different files in the file list and pressing the remove button, the previously added

spectra files are removed from the file list. File lists can be stored and loaded by press

ing the buttons export or import, respectively.

To define the import filter to read the spectra files, press the button define import filter.

Please be aware that for all files in the file set the same import filter is employed. In

the import filter dialog (figure BA), the delimiting character as well as the number of

lines, that are skipped prior to read the mass spectral data, are specified.

Figure B.4: Definition of the import filter for the spectra. The

delimiter as well as the number of lines to skip can be speci

fied.

Define the Operations

To define the operations to be performed on the specified spectra, the tab Actions has

to be selected. By pressing the add button, a new action is added and by selecting an

action and pressing remove, the action is removed. By selecting an action and pressing
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Background Correction (10000 Points for Histogram)

Integr<ltion

properties

Figure B.5: Window to spec

ify the actions to be per~

formed.

properties, the settings for the action are specified. Different actions are implemented:

Constant Background Correction, Dynamic Background Correction, Moving Average, Trapez

Integration, Reset Spectrum to Original. Please be aware that the sequence of operations

can be essential to the outcome of the results. All manipulations on the spectra are

stored and the following action will employ the modified spectrum to perform its

action.

Constant Background Correction

Figure B.6: Properties for the constant background correction.

The constant background correction calculates a histogram of intensities occurring in

a spectrum whereas the number of histogram points (x-axis) can be defined (figure B.6).

Assuming that there is more noise in a spectrum than peaks, the constant background

is chosen at the maximum of the histogram and is subtracted from the spectrum. The

constant background corrected spectra are saved at the location output directory. Fig

ure B.7a shows a spectrum of 11 IlM myoglobin whereas the red line denotes the

determined constant background level. In figure B.7b the histogram used for determi

nation is presented.
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Figure B.7: (a) Positive ion mode EST of 11 IJ.M myoglobin in 50 % water, 48% MeOH,

and 2% acetic acid. The red line denotes for the determined constant background level.

(b) Histogram of the spectrum shown in (a). The x·value of the maximum (red line) is

taken as constant background level.

Dynamic Background Correction

Number of points for the histogram:

Figure B.8: Properties for the dynamic background correction.

The dynamic background correction calculates for each data point individually a

background correction taking a number of neighboring points into account (width of

the dynamic range) (figure B.8). For the data point and its neighboring points a histo

gram of its intensities is calculated and the intensity at the maximum of the histogram

is subtracted from the data point, similar to the constant background correction.

Please note that this correction only works if the assumption remains true that in the

mass range is more noise than signal peaks. Therefore the width of the dynamic range

has to be significantly larger than the peak width. Figure B.9a shows an enlarged
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spectrum of 11 MM myoglobin in 50 % water, 48 % MeOH, and 2 % acetic acid,

whereas the red line denotes for the calculated background. In figure B.9b the final

result is shown. Using this method also chemical background, as it is observed for

myoglobin, can be corrected.
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Figure B.9: (a) Positive ion mode ESI of 11 J.lM myoglobin in 50 % water, 48% MeOH,

and 2% acetic add. The red line denotes for the determined background. (b) Resulting

background corrected spectrum of (a).

Moving Average

Middle index: 0

Upper index: 1
Output directory. 6\.!3rl~,:i;i'~~··~~·~~lr';II~I~,~ .. .

Figure B.10: Properties for the moving average.

The moving average allows to smooth the spectra. A trapezoidal moving average

function can be defined by selecting the number of points used with smaller (lower

index) and higher (upper index) mass (figure B.IO). For the three points (lower index,
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upper index, data point) a weight can be specified. For a standard moving average the

lower and upper weight will be 0 and the middle weight will be 1. The averaged spec

tra are stored at the location output directory.

Trapez integration

Output to file:

Figure H.ll: Properties for the trapez integration.

In the trapez integration a whole set of peaks, including upper and lower integration

limits, can be chosen for integration (figure B.11). The output of the integration for all

spectra are summarized in the file specified in Output to file. Integration ranges are be

added and removed by pressing the add or remove button, respectively. The list of inte

gration ranges can be stored for later use by selecting the entries to store and press

export. By pressing import previously stored integration ranges are loaded. By specify

ing the resolution of the mass spectrum and pressing Calc limits by Res. the integration

ranges for peaks are automatically calculated according to the resolution.
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Reset Spectrum to Original

This action does not have any properties. This action resets the spectrum to its initial

state, thus all modifications are discarded.

Below there is the source code of the classes used for the manipulation and interpreta

tion of the spectra. All code dealing with thread control, data storage, and the graphi

cal user interface (GUI) are omitted.

DynamicBackgroundCorrection.java

import java.util.*;

import java.io.*;

import java.awt.*;

public class DynamicBackgroundCorrection implements Action {

protected int nPointsHistogramm~1000;

protected int nPointWidth~100;

protected File baseDir~Settings.getLastFile();

public DynamicBackgroundCorrection() (}

public String getName() { return "Dynamic Background Correction";

public int getNPointsHistogramm() { return nPointsHistogramm;}

public void setNPointsHistogramm(int n) { nPointsHistogramm ~ n;)

public int getNPointWidth() { return nPointWidth;}

public void setNPointWidth(int n) ( nPointWidth ~ n;}

public File getBaseDir() { return baseDir; )

public void setBaseDir(File baseDir) {this.baseDir baseDir;}

public void startSequence() {}

public void stopsequence() {}

public void runCalculation(Spectrum spec) {

double y[] ~ new double [spec.getArrayY () .length];

double yOrg[] ~ spec.getArrayY();

for(int i~O; i<y.length; i++) (

y[i] ~ yOrg[i] - getNoiseLevel(spec, i-(int) (nPointWidth/

2), i+ (int) (nPointWidth/2));

spec.setArrayY(y);

spec.calculateMinMax();
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saveResults(spec.getArrayX(), spec.getArrayY(), new

File(baseDir.getPath()+ File.separator +

spec.getSourceFile() .getName()));

protected doubler) subarray(double xl), int startlndex, int stoplndex) {

if (startlndex < 0) {startlndex=O;}

if (stoplndex > (x.length-l)) {stoplndex=x.length-l;}i

double y[) = new double[stoplndex-startlndex+l);

for (int i=startlndex; i<= stoplndexi i++) {

y[i-startlndex) = xli);

return y;

protected void saveResults(double[) x, doubler) y, File file)

try {

Logger.getLogger() .info("Store output to: " + file.getPath());

PrintWriter pw = new PrintWriter(new FileWriter(file));

for (int i=O; i<x.length; i++) (

pw.println("" + xli) + "\t" + y[i]);

pw.close();

catch (IOException e) (

Logger.getLogger() .error("IO during store of

LinearBackgroundCorrection result: " + e);

protected double getMin(double xl])

double min = Double.MAX_VALUE;

for (int i=O; i<x.length; i++)

if (x[i) < min) {min = xli);}

#

return mini

protected double getMax(double xl))

double max = Double.MIN_VALUE;

for (int i=O; i<x.length; i++)

if (x[i) > max) (max = xli);}
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return max;

protected double getNoiseLevel(Spectrum spec, int lowerlndex,

int upperlndex)

int y[] = new int[nPointsHistogramm];

double xl] = new double[nPointsHistogramm];

double minX = spec.getMinY(), maxX = spec.getMaxY();

II set boundaries

if (lowerlndex < 0) { lowerlndex = 0; )

if (upperlndex >= spec.getArrayY() .length) { upperlndex =

spec.getArrayY() .length-I;

II generate Histogramm

double specY[] = spec.getArrayY();

for (int i=lowerlndex; i<=upperlndex; i++) {

y[ (int)Math.round((specY[i]-minX)*(nPointsHistogramm-l)1

(maxX-minX))] += 1;

double maxY=Double.MIN VALUE;

int indexMaxY = ~l;

for (int i=O; i<y.length; i++) {

if (maxY < y[i]) { maxY = y[i]; indexMaxY i;)

return minx + (maxX-minX) I (nPointsHistogramm-l)*indexMaxY;

public boolean showproperties(Frame parent) {

DynamicBackgroundCorrectionProp prop = new

DynamicBackgroundCorrectionProp(parent, this);

return prop.showDialog();

public String toString() {

return "Dynamic Background Correction (Width: " +

nPointWidth + "; Points Histogramm: " + nPointsHistogramm + ")";

ConstantBackgroundCorrection

import java.util.*;

import java.io.*;

import java.awt.*;
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public class ConstantBackgroundCorrection implements Action {

protected int nPointsHistogramm=lOOOO;

protected File baseOir=Settings.getLastFile();

public ConstantBackgroundCorrection() {}

pUblic String getName() { return "Constant Background Correction";}

public int getNPointsHistogramm() { return nPointsHistogramm;}

public void setNPointsHistogramm(int n) { nPointsHistogramm = n;}

public File getBaseOir() { return baseOir; }

public void setBaseOir(File baseOir) {this.baseOir baseOir;}

public void startSequence()

public void stopSequence() {}

public void runCalculation(Spectrum spec) {

double noiseLevel = getNoiseLevel(spec);

double y[] = spec.getArrayY();

for(int i=O; i<y.length; i++)

y[i] -= noiseLevel;

spec.calculateMinMax();

saveResults(spec.getArrayX(), spec.getArrayY(), new

File (baseOir.getPath() + File.separator +

spec.getSourceFile() .getName()));

protected void saveResults(double[] x, doubler] y, File file) {

try {

Logger.getLogger() .info("Store output to: " + file.getPath());

PrintWriter pw = new PrintWriter(new FileWriter(file));

for (int i=O; i<x.length; i++) {

pw.println("" + xli) + "\t" + y[i]);

pw.close();

catch (IOException e) {

Logger.getLogger() .error("IO during store of

ConstantBackgroundCorrection result: " + e);

protected double getNoiseLevel(Spectrum spec) {

int y[] = new int[nPointsHistogramm];

double xl] = new double[nPointsHistogramm];
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double minX = spec.getMinY(), maxX spec.getMaxY();

double specY[] = spec.getArrayY();

II generate x-axis

for (int i=O; i<x .length; i++) {

x[i] = minX + (maxX-minX) I (nPointsHistogramm-1)*i;

}

II generate Histogramm

for (int i=O; i<specY.length; i++) {

y[(int)Math.round((specY[i]-minX)*(nPointsHistogramm-1) I

(maxX-minX))] += 1;

double maxY=Double.MIN_VALUE;

int indexMaxY = -1;

for (int i=O; i<y.length; i++) {

if (maxY < y[i]) { maxY = y[i]; indexMaxY i;}

return x[indexMaxY];

public boolean showProperties(Frame parent) {

ConstantBackgroundCorrectionProp prop = new

constantBackgroundCorrectionProp(parent, this);

return prop.showDialog();

public String toString() {

return "Linear Background Correction (" + nPointsHistogramm + "

Points for Histogram)";

MovingAverage.java

import java.util.*;

import java.io.*;

import java.awt.*;

public class MovingAverage implements Action

protected int lowerlndex=-l, upperlndex=l, middlelndex=O;

protected double lowerWeight=O.O, middleweight=1.0,

upperWeight=O.O;

protected File baseDir=Settings.getLastFile();



public MovingAverage() {}

public String getName() { return "Moving Average";

public File getBaseDir() { return baseDir; }

public void setBaseDir(File baseDir) this.baseDir

public void setLowerlndex(int index)

if (lowerlndex > -1) lowerlndex=-l;

lowerlndex = index;

public int getLowerlndex() { return lowerlndex;

public void setUpperlndex(int index)

if (upperlndex <= 0) upperlndex=l;

upperlndex = index;

baseDir; }
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public int getUpperlndex() { return upperlndex; }

public void setLowerweight(double w) {lowerWeight w;

public double getLowerWeight() { return lowerweight;

public void setUpperWeight(double w) { upperWeight = w;

public double getUpperWeight() { return upperWeight;

public void setMidd1eweight(double w) {middleWeight w;

public double getMiddleWeight() { return middleWeight;

public void startSequence() {

public void stopSequence() {}

public void runCalculation(Spectrum spec) {

double y[] = spec.getArrayY();

double y2[] = new double[y.length], f;

double count = 0;

for (int i=O; i<y.length; i++) {

y2 [i] = 0;

count =0;

for (int n=-l; n>=lowerlndex; n--) {

if ((i+n) >= 0) {

count += f -n*(middleWeight-lowerWeight)/lowerlndex+

middleWeight;

y2 [i] += f*y[i+n];

} else {break;}

y2[i] += y[i]*midd1eweight;

count += middleWeight;

for (int n=l; n<=upperlndex; n++) {
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if ((n+i)<y.length) {

count += f=n*(upperWeight-middleweight) 1

upperIndex+middleWeight;

y2[i] += f*y[i+n];

else { break;}

y2[i] 1= count;

spec.setArrayY(y2);

spec.calculateMinMax();

saveResults(spec.getArrayX(), spec.getArrayY(), new

File (baseDir.getPath() + File.separator +

spec.getSourceFile() .getName()));

protected void saveResults(double[] x, double[] y, File file) {

try {

Logger.getLogger() .info("Store output to: " + file.getPath());

PrintWriter pw = new PrintWriter(new FileWriter(file));

for (int i=O; i<x.length; i++) {

pw.println("" + x[i] + "\t" + y[i]);

pw.close();

catch (IOException e) {

Logger.getLogger() .error("IO during store of

MovingAverage result: " + e);

public boolean showProperties(Frame parent) {

MovingAverageProp prop = new MovingAverageProp(parent,this);

return prop.showDialog();

public String toString()

return "Moving Average (lowerIndex=" + lowerIndex + ";

lowerWeight=" + lowerWeight + "; middleIndex=O;

middleWeight=" + middleweight + "; upperIndex=" +

upperIndex + "; upperweight=" + upperweight + H)";
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ResetSpectrum.java

import java.util.*;

import java.io.*;

import java.awt.*;

public class ResetSpectrum implements Action {

public ResetSpectrum() {}

public String getName() { return "Reset Spectrum"; }

public void startSequence() {}

public void stopsequence() {}

public void runCalculation(Spectrum spec) {

spec.releaseSpectrum();

public boolean showProperties(Frame parent) {

return true;

public String toString()

return "Reset Spectrum to original";

TrapezIntegration.java

import java.awt.*;

import java.io.*;

import java.util.*;

public class TrapezIntegration implements Action {

protected Vector peaks=new Vector();

protected File outputFile=new File(Settings.getLastFile(),

"untitled.txt");

protected Vector temporaryOutput;

public TrapezIntegration() { }

public String getName() { return "Trapez Integration";

public File getOutputFile() { return outputFile;

public void setOutputFile(File outputFile)

this.outputFile = outputFile;

public Vector getPeaks() { return peaks; }
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public void setPeaks(Vector peaks) {this.peaks peaks;}

public void startSequence()

Peak peak;

String temp;

II Temp output

temporaryOutput new Vector();

II header

temporaryOutput.add("Automatic Integration (Trapezoid)

(c)2002 by J. Daniel\n");

II write integration informations

temporaryOutput.add("peak Informations\n\nPeak\tlower

limit\tupper limit");

temp" "Spectrum\ttotal integral\tIntegral(all peaks) ";

for (int i"O; i<peaks.size(); i++)

peak" (Peak)peaks.elementAt(i);

temporaryOutput.add(""+peak.peak+"\t"+peak.lowerLimit+

"\t"+peak.upperLimit);

temp += "\t" + peak.peak;

temporaryOutput.add("\nResult of the Integration\n");

temporaryOutput.add(temp);

public void stopSequence()

II write results to file

Logger.getLogger() .info(" save integration results to 11 +

outputFile.getPath());

try {

PrintWriter pw = new PrintWriter(new FileWriter(outputFile));

for (int i=O; i<temporaryOutput.size(); i++) {

pw.println«String)temporaryOutput.elementAt(i));

pw. close () ;

catch (IOException e) {

Logger.getLogger() .error("Integraton results could not be

saved: 11 + e);

public void runCalculation(Spectrum spec) {

double xl] = spec.getArrayX();



double y[] ~ spec.getArrayY();

II calculate total integral

double total Integral integrate (x, y, 0, x.length-l);

double peakIntegrals 0;

double integral[] ~ new double[peaks.size()];

Peak peak;

for (int i~O; i<peaks.size(); i++)

peak ~ (Peak)peaks.elementAt(i);

peakIntegrals +~ integral[i] ~

integrate(x,y,spec.getlndexForX(peak.lowerLimit),

spec.getIndexForX(peak.upperLimit));

}

II generate output

String temp spec.getSourceFile() .getName()+ "\t" +

total Integral + "\t" + peakIntegrals;

for (int i~O; i<peaks. size (); i++) {

temp +~ "\t" + integral[i];

temporaryOutput.add(temp);

public static double integrate(double xl], double y[],

int lowerIndex, int upperIndex)

double integral ~ 0;

if (lowerlndex ~~ upperlndex) { return 0;

for (int i~lowerIndex; i<upperIndex; i++)

integral +~ (y[i]+y[i+l])/2*(x[i+l]-x[i]);

return integral;

public boolean showProperties(Frame parent) {

TrapezIntegrationProp dIg = new TrapezIntegrationProp(parent, this);

return dlg.showDialog();

public String toString() {

return "Trapez Integration";

class Peak {
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public double peaki

public double lowerLimiti

public double upperLimiti

lowerLimiti

upperLimitithis.upperLimit

public Peak(double peak, double lowerLimit, double upperLimit) (

this.peak = peaki

this.lowerLimit

public static double getLowerLimit(double peak, double resolution) (

return peak-(peak/resolution)i

public static double getUpperLimit(double peak, double resolution) (

return peak+(peak/resolution)i
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