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Personal Note

Innovations in soft ionization mass spectrometry are young on the developer's time scale:
the landmark in Matrix-Assisted Laser Desorption/Ionization was set in the 1980s (almost
concomitant with the rediscovery of electrospray), both methods being extensively modi-
fied and finetuned ever since. Strong efforts in fundamental research, recognized by the
2002 Nobel Prize in Chemistry, led to numerous applications. The field grows every day,
current literature can only partially be followed. A remarkable amount of research groups
constructs a large mosaic, of which the final picture has been only slightly revealed yet.
The present thesis intends to add one stone to this mosaic: in color, it adds a new concept
to structural elucidation of biomolecules. In shape, it fits into a recently grown research
area on mass spectrometric analysis of noncovalent interactions. From initial complexation
studies in the 1990s to the mass spectrometric quantitative determination of binding con-
stants at the borderline of the new millenium, a young and vivid scientific community has
emerged. I am proud to be part of it!

Significant effort of many individuals was crucial to the successful completion of the pre-
sent thesis. In particular, I am deeply indepted to my supervisor for his support: his back-
ground, open mind, precise attention to detail, and his constructive criticism brought me
far beyond common demands. Most importantly, he gave me remarkable freedom to pur-
sue my own ideas and offered an outstanding infrastructure at the ETH laboratories and
the grand piano facilities. I would also like to warmly thank my co-referee for her willing-
ness in accepting the co-refereeship and for sharing her expertise in various moments of
my scientific education. Additionally, I thank all my collaborators who often promoted
and pushed my ideas, shared thoughts, or provided samples.
I owe sincere respect to my three office mates, who rapidely turned into personal friends.
The thesis benefited from their contributions; myself, I have substantially benefited from
their lasting friendship! I am more than happy to include two more fabulous chemists in
this appreciation, too.
A few persons have shaped more of my character and personality than any institution
could ever do: without my mentors and coaches, things would have turned out completely
different. In addition, my two personal shadows in Zurich and New York hopefully recog-
nize their strong influence, which is so precious to me.
Last but definitely not least, I realize that I have sometimes made it pretty hard for two in-
dividuals, but they have always believed in me and granted endless support, patience and
understanding. Yet critical and rarely fully convinced, they ultimately were in favor of my
often unconventional thinking. What else can a son ask for?!

Zurich, October 2003            Sebastian D. Friess
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Summary

Mass spectrometric methods are coming of age for probing some structural or topological
aspects of peptides and proteins. However, most of them require extensive chemical modi-
fication or covalent cross-linking. We present a novel strategy based on the formation of
noncovalent complexes between amino acid side chains and selective receptors. Matrix-
assisted laser desorption / ionization (MALDI) is employed to analyze the noncovalent
assemblies. Using a non-acidic matrix (4-nitroaniline), a layer sample preparation and low
laser power, the desorption / ionization becomes sufficiently gentle to transfer the intact
noncovalent assemblies into the gas phase. This offers considerable advantage over more
traditional biochemical methods in terms of stoichiometric information, speed of analysis,
and sensitivity.
The side chains of basic amino acids are probed by sulfonate based receptors which are
found to bind to arginine only, as opposed to expected binding to all basic sites. The inter-
action of sulfonates and guanidinium is shown to largely be of electrostatic nature, how-
ever, the shape complementarity of the motif and directional hydrogen bonding both have
to be taken into account, too. Additionally, naphthalene-disulfonate recognizes the amino
terminus, but discriminates this binding from recognition of lysine side chains. In several
control experiments, the specificity of receptor binding and the selectivity for arginine side
chains is unambigously confirmed; nonspecific receptor adduct formation in the gas phase
is safely ruled out.
The side chains of acidic amino acids are probed by several guanidinium based receptors,
however, none of the putative complexes could be detected by MALDI. Hence, the non-
covalent complexes between guanidinium and carboxylate are not stable in the gas phase,
which is evidenced by thermochemical considerations: proton backtransfer and thus, neu-
tralization in the gas phase is found to be an exoergic process. Additionally, the MALDI
matrix promotes proton transfer from the matrix itself to the carboxylate, i.e., charge neu-
tralization on the carboxylate results in further destablization of the complex.
All our MALDI spectra show that the number of receptor adducts found can be used to
derive structural information of the biomolecule in solution, since only accessible residues
on the exposed surface are complexed and hence detected. We present correlation of the
average number of detected receptors to surface accessibility parameters obtained from
computational methods. In a case study on lysozyme, this correlation is explored, and suc-
cessfully applied to other proteins, e.g., ribonuclease-A, myoglobin, and adenylate kinase.
It is also applied to the much larger proteins aldolase and albumin, however, the data cor-
relation is less obvious in these two examples.
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Correlating calculated topological accessibility with mass spectrometric data allows to re-
late gas-phase measurements of solution-phase protein structure to NMR and crystallogra-
phic data, adressing one of the primary issues in biochemistry.
In conclusion, the present thesis provides new insight into the applicability of MALDI
mass spectrometry to the study of noncovalent complexes. A novel method for the struct-
ural probing of biomolecules is presented, and explored by correlating mass spectrometric
results to calculated surface accessibility parameters. We finally discuss initial results of an
ongoing topology-probing study on recombinant prion proteins, carried out in a joint coll-
aboration of several institutes at both ETH and University Hospital Zurich. In a first phase,
we study recombinant material, in order to use the gained knowledge to eventually tackle
the conformation of infectious material.
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Zusammenfassung

In jüngster Zeit hat sich die Massenspektrometrie zu einer Technik (weiter)entwickelt, die
es erlaubt, neben einer reinen Massenbestimmung von Biomolekülen auch Informationen
struktureller Natur zu liefern. Leider benötigen die meisten hierzu etablierten Methoden
langwierige chemische Modifizierung oder kovalentes Verbrücken von Aminosäureresten.
Wir stellen hier eine neuartige Strategie vor, bei der nichtkovalente Komplexe zwischen
Aminosäure-Seitenketten und selektiven Rezeptoren ausgebildet werden und dann mittels
Matrix-unterstützter Laser Desorption / Ionisation (MALDI) Massenspektrometrie unter-
sucht werden. Der erfolgreiche Transfer von intakten nichtkovalenten Komplexen in die
Gasphase gelingt durch den Einsatz spezieller Matrices (zB. 4-Nitroanilin), durch eine ge-
eignete Probenpräparation im Schichtverfahren, und durch eine abgeschwächte Laserleist-
ung. Die Verwendung der MALDI Massenspektrometrie bietet entscheidende Vorteile im
Vergleich zu herkömmlichen biochemischen Analyseverfahren; speziell zu erwähnen sind
die ausgesprochen hohe Sensitivität sowie die zeitsparende Durchführung.
Die Seitenkette der basischen Aminosäure Arginin wird durch Sulfonsäure-Rezeptoren er-
kannt, obgleich eine Erkennung aller basischen Seitenketten (d.h. auch Lysin und Histidin)
zu erwarten gewesen wäre. Die hier ermittelte selektive Erkennung von Arginin wird
duch ausschliessende Kontrollexperimente nachgewiesen, und wir zeigen, dass die nicht-
kovalente Wechselwirkung von Sulfonsäure und Arginin-Seitenkette nicht nur durch elek-
trostatische Anziehung, sondern auch wesentlich durch die strukturelle Komplementarität
beider Interaktionspartner und durch gerichtete Wasserstoffbrücken zu beschreiben ist.
Überdies wird gezeigt, dass es dem Sulfonsäure-Rezeptor möglich ist, den N-Terminus
des Biomoleküls zu erkennen, jedoch nicht das (strukturell verwandte) terminale Amin
der Lysin-Seitenkette.
Die Seitenketten saurer Aminosäuren werden nach ähnlichen Kriterien untersucht, jedoch
zeigt es sich, dass die verwendeten Amidin- und Guanidin-Rezeptoren die sauren Seiten-
ketten wohl zu komplexieren vermögen, die resultierenden nichtkovalenten Komplexe je-
doch nicht mittels MALDI Massenspektrometrie nachgewiesen werden können. Einige
thermochemische Überlegungen lassen den Schluss zu, dass eine Rückprotonierung vom
Guanidinium-Rest auf die deprotonierte Säure energetisch begünstigt ist; somit sind die
untersuchten nichtkovalenten Komplexes nicht stabil in der Gasphase. Ferner kann ein
Destabilisierungsbeitrag durch die MALDI Matrix resultieren, welche unter Ausbildung
eines stabilen Matrix-Anions ebenfalls eine Protonierungsreaktion auslösen kann.
Unsere Daten zeigen, dass die Anzahl gefundener Rezeptor-Addukte für ein gegebenes
Protein Auskunft über die Anzahl oberflächenzugänglicher Aminosäuren, respektive über
deren Seitenketten, liefern. Somit ist es uns möglich, strukturelle Informationen über die
untersuchten Proteine aus unseren MALDI Massenspektren herauszulesen. Diese neue Art
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der Datenaufbereitung und -interpretation wird mit berechneten Oberflächenzugänglich-
keiten verglichen: wir zeigen anhand von Ribonuklease-A, Myoglobin, Lysozym und Ade-
nylat-Kinase, dass beide Datensätze (Massenspektren und berechnete Zugänglichkeiten)
zu einer ausgezeichneten Übereinstimmung gebracht werden können. Eine weitere Korre-
lation wird für die Datensätze der schweren Proteine Aldolase und Albumin durchgeführt
jedoch kann keine befriedigende Übereinstimmung erreicht werden.
Letztlich geben wir eine Reihe von neuen Beispielen, welche zeigen, dass MALDI Massen-
spektrometrie erfolgreich zur Untersuchung von nichtkovalenten Komplexen eingesetzt
werden kann. Wir präsentieren eine neue Methode zur strukturellen Untersuchung von
Biomolekülen mittels molekularer Erkennung von zugänglichen Aminosäure-Seitenketten
durch selektive Rezeptoren. In einer zur Zeit andauernden wissenschaftlichen Kollabora-
tion am Standort Zürich (ETH und Universitätsspital) versuchen wir, unsere massenspek-
trometrische Methode auf die strukturelle Untersuchung von Prionen anzuwenden. In der
ersten Phase dieses Projektes untersuchen wir hierbei rekombinantes nichtinfektiöses Ma-
terial, um mit dem dadurch gewonnenen Wissen letztlich auch infektiöse Prion-Proteine
auf ihre Faltungseigenschaften hin charakterisieren zu können.



CHAPTER 1

HISTORIC

INTRODUCTION
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The final -omics is Comics.

Hanno Langen

ass spectrometry, in particular soft ionization
mass spectrometry, is nowadays a prime technique for biomolecular and biophysical stu-
dies in any respect. Rooted in physics, it soon found its applications throughout the scien-
tific community, ranging from isotopic analysis in the 1920s, stepping into the Manhattan
Project, being commercialized after World War II, hyphenated with the time-of-flight
technology, and finding its application in peptide sequencing near the end of the 1950s.
Major technical contributions, such as chemical ionization, electrospray, the reflectron,
Fourier transform ion cyclotron resonance, plasma desorption, and fast atom bombard-
ment, followed in the subsequent thirty years. However, only within the last two decades,
the soft ionization techniques have truly revolutionized biosciences. Introducing absor-
bing compounds to assist laser desorption / ionization of nonabsorbing compounds in the
mid 1980s, MALDI (matrix-assisted laser desorption / ionization) mass spectrometry toge-
ther with the rediscovered ESI (electrospray ionization) mass spectrometry have led the
community into the new millenium, the initial efforts being recognized by the 2002 Nobel
Prize in Chemistry; "The World learns our Secret" [1].
The first chapter of the present thesis scetches a short historical overview on some of the
most significant developements in mass spectrometry. This focus is clearly on biochemical
applications, hence, the scetch is by far not complete. A rich source for old quotations is
the jubily edition book from the 50th ASMS conference [2]. Recent examples are referenced
from the original publications.

M
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1.1 Mass Spectrometry, Now and Then

A mass spectrometer determines the mass of a molecule by measuring its mass-to-charge
ratio (m/z). Ions are generated by inducing either the loss or gain of a charge from a neutral
species. Once formed, ions are directed into a mass analyzer where they are separated in
vacuo according to m/z and finally detected. The result of molecular ionization, ion separa-
tion, and ion detection is a spectrum that can provide molecular mass and/or structural
information.

The Language
Like any specialized field in science, mass spectrometry uses its own language: everybody
in the community talks in acronyms. The most important abbreviations are collected in the
appendix section, the most important expressions are described in the subsequent text.
The name "mass spectrometry" is misleading, since the mass is not the measured entity;
instead the mass-to-charge (m/z) ratio is determined. A mass spectrum is a plot of ion abun-
dance versus m/z. Its quality is typically adressed by two concepts: the signal-to-noise (S/N)
ratio increases with the square root of the number of averaged spectra. The mass spectro-
metric resolution is given either by the full width at half maximum (FWHM) for an indivi-
dual peak or by the M/∆M ratio to define separation of two signals.�

Typcial technical features of mass spectrometers are high-vacuum environments (down to
10-10 mbar), high-voltage supplies (5 - 30 kV), electron multiplier detectors and other detec-
tion devices, and oscilloscopes or acquisition boards. Nowadays, spectra are averaged and
edited by sophisticated software; the personal computer has become an indispensible de-
vice for any instrument.

The Roots of Mass Spectrometry
If there were a father of mass spectrometry to be named, it should probably be Sir Joseph J.
Thomson (1856-1940). Using photographic plates, he recorded parabolic curves from his
"mass spectrograph" [2] at the beginning of the last century. In that instrument, ions were
created in a gas discharge apparatus and accelerated through an opening in the cathode of
the tube, providing collimation of the ion beam. Once the ions passed through combined
electric and magnetic fields, they were separated simultaneously by energy and mass [4].
In early experiments, the photographic plate showed greater sensitivity to light ions than
to heavy ions. Thomson circumvented this problem by replacing the photographic plate
by a metal plate in which a parabolic slit had been cut. Ions passed through the slit onto a
second metal plate connected to an electroscope. By plotting the ion current during varia-
tion of the magnetic field, Thomson generated a graph of ion abundance versus mass: he

                                                  
� Mass resolution is a term often used inappropriately. Many journals still incorrectly require "high resolution mass spectro-
metry" data to support identification of newly synthesized compounds [3]. However, compound identity is not established
by resolution, but by the accuracy of the measurement, i.e., how close the measured mass corresponds to the theoretical mass.



3

had produced the first mass spectrum in what is today known
as the first mass spectrometer. In recognition of his fundamen-
tal contributions, m/z is now measured by the unit "Thomson".

Mass Spectrometry during World War II
After the discovery of the Neon isotopes in 1919 and the de-
scription of the uranium isotopes by Aston and Dempster in
1931, Hahn and Strassmann discovered nuclear fission of uran-
ium in 1938 and thereby had identified a process to liberate
enormous quantities of enery. Nier's investigations the subse-
quent years later identified the uranium 235 isotope (235U) to be
responsible for this process. In fear that the Nazis would exploit it first, America started a
tremendous industrial, financial, and scientific effort in 1942 to develop the first nuclear
fission weapon ("Manhattan Project"). The test was launched in July 1945 and soon after-
wards finished World War II with two nuclear bombs over Hiroshima and Nagasaki [5].
Mass spectrometry accompagnied these years. In order to enrich 235U, a gaseous diffusion
plant was constructed in Oak Ridge, Tennessee. Mass spectrometers were not only used as
a preparative tool to separate the uranium isotopes, but also to continously monitor the
principal constitutents in the process line. As conventional leak testing methods were not
sensitive enough to meet the strict requirements of leak prevention in the 235U process
stream, Nier adapted his sector mass spectrometer to work as a highly sensitive helium
leak detector (this innovation is still used nowadays to identify leaks in evacuated sys-
tems). The Nier design was applied to the first commercially sold mass spectrometers, the
working principle is schematically shown in figure 1.1.
The success of the Manhattan Project can be crucially attributed to mass spectrometry. The
technique moved rapidly from the laboratories into industry, where petroleum companies
recognized its unique analytical capabilities. They applied it primarily to the development
of synthetic rubber and aviation fuels, and hence promoted the mass spectrometric way
into hydrocarbon analysis.

New Instrumentation after World War II
While many of the Nier type instruments were sold in the 1950s, the large magnetic deflec-
tion mass spectrometers were gradually joined by smaller instruments that incorporated
other mass separation technologies such as time-of-flight (TOF) separation. The TOF prin-
ciple is very simple (see figure 1.1): after ions are formed in a source, they are accelerated
into the analyzer, basically a field-free evacuated tube. Lighter ions traverse the tube, from
source to detector, more rapidly than the heavier ions. A multi-channel plate detects the
arrival of the ions of different mass at different times, thus creating a spectrum in the time
domain, which is easily translated into the m/z domain. Since all ions are accelerated by
the same voltage and thus (theoretically) have the same kinetic energy at a given charge,
their velocities are inversely related to the square root of m/z.

J. J. Thomson. Photography re-
produced with permission from
ref. [2] © 2003 American Society
for Mass Spectrometry.
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Figure 1.1.  Pictorial diagrams of the common beam mass analysers viewed from above. (a) mass analysis in time-of-flight
(TOF) spectrometry is achieved because ions of different m/z values have different velocities and therefore reach the detector
at different times. (b) A double-focusing analyser provides direction pocusing through both the electric and magnetic sec-
tors. Ions with the same kinetic energy-to-charge ratio follow a common path through an electric sector, and ions can then be
dispersed according to their momentum-to-charge ratio in a magnetic sector. Overall analysis according to m/z is achieved.
(c) In a quadrupole mass analyser (top rod no shown), the correct magnitude of the radio frequency and direct current vol-
tages allplied to the rods allow ions of a single m/z to maintain stable trajectories from the ion source to the detector, whereas
ions with different m/z values are unable to maintain stable trajectories. Reprinted by permission from Nature Reviews Drug
Discovery [3] © 2003 Macmillan Publishers Ltd.

The first commercial time-of-flight mass spectrometers were introduced in the late 1950s,
soon afterwards equipped with a two-stage ion extraction geometry [6] and, later, with the
reflectron (an ion reflecting mirror) in the flight path to further improve resolution [7]. The
technology remained silent and remote over the next decades and was only rediscovered
in the mid 1980s with the advent of pulsed ionization methods (see below). Principles and
instrumentation in TOF mass spectrometry have been extensively reviewed over the last
years [8-11]. Recent developements include special designs for high resolution [12], mul-
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tiple reflection [13], and miniaturization to a complete TOF mass spectrometer of less than
25 cm length [14] and, very recently, down to 8 cm [15].
One of the most important technologies was the introduction of quadrupole mass analysis
by Paul in 1953. Quadrupole mass spectrometers were readily combined with chromato-
graphs, since they had unit mass resolution (typically up to m/z of 300 - 4000 Da) and fast
scanning capabilities. These parameters are ideal for following the rapidly changing eff-
luents from gas and liquid chromatography (GC and LC, respectively). The popularity of
quadrupole instruments is complemented by the relatively low cost and the ease of auto-
mation. Quadrupole mass spectrometers also use much lower voltages to accelerate the
ions from the source to the analyzer (2 - 50 V vs. kV) and are physically much smaller than
sector instruments or most TOF instruments.
Mass separation in a quadrupole is a result of ion motion in a dynamic (radio frequency,
"rf") electric field and is directly dependent on the m/z of the ion. Whereas the kinetic ener-
gy of the ion is a crucial parameter in sector and TOF instruments, it is not in quadrupole
instruments. Mass analysis in the latter is a function of rf voltages and direct current (DC)
voltages applied to four rods, which are typically cylindrical in geometry. As a result of
the time-varying nature of the rf voltage, the equations of motion ("Mathieu equations")
are second-order differential equations, as opposed to the more simpler descriptions for
sector and TOF instruments. General solutions to these differential equations ("Mathieu
ion stability parameters a and q") provide a straighforward way to determine which ions
pass through the quadrupole to the detector and which ions do not. While the parameter q
is related to the rf voltage, the parameter a is related to the dc voltage. Other variables
such as the physical size of the quadrupole, the frequency of the rf voltage and the m/z of
the ions of interest also determine the Mathieu parameters. The size of the quadrupole and
the rf frequency are usually kept constant, so that ions of different m/z can be sequentially
allowed to reach the detector by increasing the magnitude of the rf and dc voltage. For a
complete mathematical description of the Mathieu equations, see ref. [16].
Whereas a quadrupole has electric fields in two dimensions and the ions move perpendi-
cular to the field, the ion trap has the electric field in three dimensions, which can result in
ions being trapped in the field. In a linear quadrupole, detectable ions have a stable trajec-
tory through the quadrupole, whereas ion trajectories in an ion trap must be made
unstable in order to obtain a mass spectrum. This special mass-selective instability mode
of operation was only developed in the 1980s, and led to the ion trap's commercialization.
For a complete mathematical treatment of ion motion in ion traps, see ref. [17-20].
Quadrupoles are found nowadays throughout the world, and since the early 1990s, they
have been combined with TOF mass analyzers to represent the current variety of qTOF,
QqTOF, and triplequad instruments [21]. The ion trap technology has especially found its
way into biochemical research laboratories.
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Mass Spectrometry and Organic Chemistry
In the 1950s the most vigorously pursued research efforts in organic chemistry concerned
the study of the structure and chemistry of natural products and the elucidation of the de-
tailed mechanism of chemical reactions [22]. A search for pharmacologically useful plant
products (mainly alkaloids) was on all over the world. At that time, the structural elucida-
tion of alkaloids generally required degradation or conversion to known compounds and
using combustion and melting point determinations to establish their identity. Biemann
was the first to realize the enormous impact that mass spectrometry could have in this
field [23]: his fundamental work on sarpagine revealed the alkaloid's detailed carbon ske-
leton structure within a few weeks. Other researchers had tried to solve the structure over
several years.
In the following, several alkaloid structures were solved by mass spectrometry and put the
method on the map of organic chemistry. It was at that time when Djerassi, the inventor of
contraceptives, realized the potential of mass spectrometry; more than thirty years later, he
recounts his impression: "It was the elegant rationalization by Biemann et al. of the mass
spectral fragmentation behavior of alkaloids [...] that stimulated a serious effort at Stanford
on organic chemical applications of mass spectrometry" [24].

The Journey into Biochemistry
It took long to convince biochemists of the usefulness of mass spectrometry. Methodolo-
gies for peptide sequencing were slowly coming of age, when Sanger's peptide labeling
enabled him to establish the first partial sequence of insulin in 1953 [25]. At about the same
time, Edman began to develop the stepwise degradation of proteins from their amino ter-
minus [26]. Again, it was Biemann who realized that peptides should be ideally suited for
sequencing by mass spectrometry, as these linear biopolymers exhibit repeating backbone
units substituted with a small set of side chains, almost all of which differ in mass. In 1960,
the first example of sequencing peptides by means of mass spectrometry was reported
[27]; more than fifteen years later, the first sequencing of a small protein subunit was ac-
complished [28].
During the 1960s, Edman degradation had been essentially automated and had become the
standard method of protein sequencing. However, degradation did not work on blocked
amino terminal amino acids, and post translational modifications (PTM) were not amen-
able to the Edman procedure. For these two significant drawbacks, mass spectrometry
provided a solution and emerged as an alternative to Edman degradation. The impact on
the analysis of PTM has been dramatic: more than twenty PTM are nowadays readily ana-
lyzed by mass spectrometry, including methylation, acetylation, lipoylation, palmitoyla-
tion, and others [29].
The explosion of new and efficient ionization techniques and developments in instrumen-
tation in the late 1980s (see below), finally established mass spectrometry as the predomi-
nant technology in protein research. It is beyond the scope of this chapter to outline all of
the new ionization techniques; this has been done in a concise review on californium-
plasma-desorption, fast atom bombardment, and others [30].



7

Soft Ionization
The new techniques allowed large, non-volatile and thermally labile compounds to be con-
verted into gas-phase ions. Although several methods have been described that can avoid
harsh ionization, two have emerged as the primary methods of soft ionization today: ESI
and MALDI. Electrospray has been developed by Fenn and coworkers [31,32] and Matrix-
assisted Laser Desorption/Ionization by Hillenkamp and Karas [33,34]. The efforts related to
the development of these two techniques [35,36] were recognized by the 2002 Nobel Prize
in Chemistry. Excellent overviews on electrospray and MALDI and their significance for
biochemical research can be found throughout the last years [3,37-40]. Special issues of the
Int. J. Mass Spectrom. Ion Processes are dedicated to ESI [41] and MALDI [42].
Ions in electrospray are generated at atmospheric pressure by passing a sample solution
through a small capillary that is at a potential difference relative to a counter electrode
(voltages are usually in the range of 0.5 - 5 kV). Evaporation of the volatile solvent results
in increased Coulombic repulsion between the charges, which eventually results in frag-
mentation of the droplets, generating smaller droplets. There are two theories for ion for-
mation in electrospray [43]; one suggests that ionized sample molecules are expelled from
the droplets, the other one alternatively proposes that single ionized sample molecules re-
main after continuous solvent evaporation and droplet fragmentation. Ions generated by
electrospray usually carry multiple charges, therefore a whole signal distribution is obser-
ved on the m/z scale of the mass spectrum. This complexity at first confused scientists, but
Fenn realized that this adds to the information and can be used to improve the accuracy of
the molecular-weight determination [44].
Ions in matrix-assisted laser desorption/ionization are produced by pulsed laser irradia-
tion. The sample is cocrystallized with a compound that absorbs the wavelength of light
emitted by the laser. Usually, this matrix is mixed with the sample on a probe that is then
inserted into the vacuum system, and after irradiation the generated gas-phase ions are
directed towards the mass analyzer (typical extraction voltages are in the range of 20 - 30
kV). MALDI most often generates singly charged ions, the underlying mechanisms are
matter of ongoing debate: a kinetic model, a basically thermodynamic model, and recent
cluster models have been proposed throughout the last years. For details on different
matrices, sample preparations, mechanisms, and recent applications of the MALDI tech-
nique, see section 2.3.
A comparison of ESI and MALDI mass spectra of apomyoglobin is given in figure 1.2. The
multiple peaks in electrospray (left) are observed due to the m/z (z = charge) scale of the
mass spectrum. Accordingly, singly charged ions as produced by MALDI are observed at
much higher m/z values. Both techniques generate ions under very mild ("soft") conditions.
Therefore, they have soon been applied to the analysis of biomolecules and noncovalent
complexes; for the most comprehensive reviews, see [45-48] and the 1998 special issue of
Proteins Struct. Funct. Genet. [49]. In section 2.4, the capabilities of mass spectrometry to de-
rive molecular mass, stoichiometry, subunit composition, and many other features of non-
covalent complexes, are presented. Additionally, the question is adressed to which extent
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relative and absolute quantitation, i.e. quantitative determination of association constants,
can be achieved by soft ionization mass spectrometry.

Figure 1.2  Positive ion mode mass spectra of adenylate kinase generated using ESI (left) and MALDI (right). In electrospray,
multiply charged ions are detected as a charge distribution; in MALDI, the singly charged species is mainly produced. Note
the different m/z scale in both spectra.

Some Modern Examples
Today, extensive knowledge on phosphorylation and glycosylation patterns as PTM of
proteins can be gathered. These PTM are believed to play primary roles in signal trans-
duction and energy transport in the cell. Burlingame, Roepstorff and coworkers made sig-
nificant contributions in this field over the last years [50-55].
Sequencing of oligonucleotides [56-58] and polysaccharides [59,60] is achieved by mass
spectrometry, tools such as the "protein ladder sequencing" by Chait are nowadays rou-
tinely used [61]. Even cyclic peptides that comprise quite a large body of natural products
including antibiotics, toxins, ion-transport regulators, and enzyme inhibitors, can be adres-
sed today for deriving their sequence by mass spectrometry [62]. Generally, sequencing
has been one the main applications of soft ionization mass spectrometry throughout the
last years. Among other significant examples, the sequences of amyloid-β peptides that are
believed to play a major role in Alzheimer's disease have been of particular interest, in
both sequencing and development of therapeutically effective antibodies [63].
Many more dedicated applications are found in the literature. The key step in chlorophyll
breakdown in higher plants has been identified by mass spectrometry and is described in
full chemical detail [64]. Proline-rich proteins such as the collagen family or many salivary
components, have been structurally characterized by modern mass spectrometry [65]. Fur-
ther examples are given in section 2.3. MALDI's most important characteristic, its amena-
bility to high-throughput analysis, has soon been recognized and has placed it among the
prime techniques for the human genome and proteome project.
The last five years have seen the appearance of the omics world in biosciences, exemplified
by new concepts such as genomics, proteomics, or metabonomics generating compilation
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of large protein databases.� The new aspect of these concepts is the global view and the
large-scale investigations, in contrast to problem-oriented individual projects. It is now
possible to describe the whole genome of an organism, as impressively demonstrated by
the full sequencing of the human genome [66,67]. Similarly, the proteome of many orga-
nisms, i.e. the whole set of proteins that appear at a certain stage in a living cell of a given
organism, is considered. Proteomic studies on a wide variety of organisms are currently
pursued [68-73]; reviews on terminology and current opinion have recently been publis-
hed by the leading figures in the field [74-80].

Summary
At the edge of the new millenium, the field of mass spectrometry is flourishing, as instru-
mental innovations and creative applications continue at an accelerating pace [81]. This
chapter has shown that mass spectrometry has a long tradition in science, from hydro-
carbon and alkaloid analysis to automated peptide sequencing and protein analysis, ulti-
mately comprised under terms such as genomics and proteomics.
Without doubt, many important aspects are not described in the past paragraphs, such as
tandem mass spectrometry (the use of several stages of mass analysis), the use of collision
gas in dedicated cells in the flight path, or the ultrahigh resolving power of Fourier-trans-
form ion cyclotron resonance mass spectrometers. In order to mention some further signi-
ficant discoveries and developments that are mostly relevant to the today's role of mass
spectrometry, table 1.1 gives a historical overview. A detailed description on MALDI TOF
mass spectrometry will be given in chapter 2.3.

                                                  
� The omics community grows exorbitantly, new journals such as J. Proteome Res., Proteomics, OMICS, Mol. Cell. Proteomics,
and many others have been launched this or last year, and mass spectrometry conferences are literally flooded with posters
and application notes on the topic. Despite this proteomics hype (F. Lottspeich, personal communication), some scepticism
might be justified: First, the biggest problem of proteomics is standardization. Results from one laboratory are not useful for
another one, if the data is not concisely used and validated for an international standard. However, single case studies are
not suited for standardization; here, tens or hundreds of studies of the same system should be undertaken and compared to
equal programs in other laboratories. Such validation is essential, if meaningful correlations between diseases, potential the-
rapies and the protein expression pattern, e.g. on a gel, are to be made. Second, proteomics is inherently adressing long-term
understanding and learning. Long-termed programs, however, are only funded, if fundamental questions for new medica-
tion/therapy are answered. So far, such answers drastically lack behind. Third, it is still unclear whether the proteome of an
individual organism is a definite or an infinite system. Space shuttle missions to the moon were definite systems; identificaion
of the human genome was a definite system - the final goal was clear. The proteome goal, however, is not located yet and
may even remain unclear for many years.



10

1897 Discovery of the electron

1907 First mass spectrographs

1918 Electron ionization and magnetic focusing

1934 double-focusing mass spectrograph

1946 Time-of-flight mass spectrometry

1949 Ion cyclotron resonance

1953 Quadrupole analyzers

1955 Wiley-McLaren ion extraction geometry

1956 McLafferty rearrangement (γ-hydrogen transfer)

1959 Peptide and oligonucleotide sequencing

1966 Chemical ionization mass spectrometry

1968 Electrospray ionization (ESI)

1972 Reflectron technology mass spectrometry

1974 Fourier transform ion cyclotron resonance MS

1976 Plasma desorption mass spectrometry

1978 Hydrogen-deuterium exchange as a structural tool

1978 Triple quadrupole mass spectrometry

1981 Fast atom bombardment

1982 First mass spectrum of insulin

1984 Rediscovery of electrospray ionization for biomolecules

1985 Orthogonal injection

1985 Absorbing compounds assist laser desorption/ionization

1985 Stable fullerene (C60) clusters

1988 Matrix-assisted laser desorption / ionization (MALDI)

1990 Protein conformational changes observed by electrospray

1991 Intact noncovalent complexes studied by electrospay

1992 Post source decay

1993 Protein mass mapping

1994 Micro- and nano-electrospray

1995 Mass spectra of noncovalent complexes by MALDI

1996 Intact virus analyses

1999 Isotope-coded affinity tags for protein quantitation

2000 Mass spectra of noncovalent assemlies > 1 MDa

2002 Nobel Prize for electrospray and soft laser desorption

Table 1.1  Historical scetch of significant years in mass spectrometry (personal selection).
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The Nobel Prize 2002 in Chemistry - a Personal Comment
The nomination of John Fenn for the 2002 Nobel Prize in Chemistry has truly enlightened
the mass spectrometry community and it is without any doubt that he earns every reward
for his visionary breakthrough. However, the nomination of Koichi Tanaka to share this
honor has split the mass spectrometry community into those who respect the nomination,
and those who don't. Generally believed to recognize the MALDI technology, the honor
should be on Franz Hillenkamp and Michael Karas. The current president of the American
Society for Mass Spectrometry together with her prominent colleagues from Odense and
Heidelberg, and other well known mass spectrometrists have communicated their dis-
agree in public [82-84], a Danish professor even refrained from accepting an invitation to
the Stockholm ceremony.
The Royal Swedish Academy of Science states that the award is given to the development
of Soft Laser Desorption [85], a breakthrough for application of laser desorption methods to
large biomolecules. Its first report at a symposium in Osaka dates of 1987, the results were
presented by Tanaka and coworkers [86]. He showed that gaseous macromolecular ions
could be formed using a low-energy (nitrogen) laser, a fact that was not expected at that
time, but quickly thereafter inspired the laser desorption scientists. Without doubt, Tanaka
did not invent MALDI, this credit must go to Hillenkamp and Karas. But the question is
justified, to what extent the Tanaka results inspired the german scientists. In fact, Karas
himself stated in 2001, that Tanaka's group made them work harder: "[Our work] needed
some kind of external push. I think that's typical how life is." [87].
Since science is done by people, academic environments are full of personal animosities
and internal conflicts. Of course, every scientist is free to accept or reject the Nobel Com-
mittee's decision, but this should not find its way into any public campaigns or referee's
commentaries. The mass spectrometry community should be proud to be part of an inter-
nationally recognized research area; as a consequence, we today have a magnificent set of
methods and techniques on hand (and hence meet Alfred Nobel's intention "to the benefit
of mankind" [88]).
Besides this, a new research area has been founded anyway, since the Deutsche Presseagen-
tur has developed "mass spectronomy" [89]. Let's await its nomination for award.
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In theory, there is no difference between theory and practise. In
practise, there is.

E.W. Tannenbaum

he last chapter described the scientific journey of
mass spectrometry into biochemistry. However, even nowadays, many biochemistry labo-
ratories are not closely familiar with mass spectrometry and its powerful possibilities. Vice
versa, the mass spectrometry community has only recently adopted the concepts of pro-
tein structure and folding and currently learns the biochemists' language.
The following sections introduce some of these concepts. The fascinating field of noncova-
lent interactions ("the chemistry of the noncovalent bond") is introduced as well as some
basic vocabulary on protein structure and folding. Section 2.3 explains the concepts of ma-
trix-assisted laser desorption / ionization. Without doubt, electrospray ionization would
deserve an equivalent section, or even longer, as ESI is the most commonly used technique
for studying noncovalent interactions. The present thesis, however, does not deal with
electrospray, hence, it is not further detailed here. The chapter ends with an overview on
noncovalent interactions studied by mass spectrometry and a short visit into quantitation.
The tools and terminology presented here will be used in all subsequent sections.

T
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2.1 Noncovalent Interactions and Molecular Recognition

In a simplified manner, molecules can be described as a collection of atoms that are con-
nected via covalent bonds (energies are in the range of 50 - 100 kcal·mol-1 for single bonds;
> 100 kcal·mol-1 for multiple bonds). Such covalent connectivities result from the partial
overlap of atomic orbitals (hybrid orbitals), and are broken or formed during the course of
chemical reactions [1]. However, molecules can also interact by weak noncovalent bonds
(energies are usually in the range of 0.1 - 5 kcal·mol-1). Table 2.1 summarizes the most im-
portant noncovalent interactions, such as electrostatic interactions, hydrogen bonding,
van-der-Waals- and dispersion forces, and contributions that are derived from hydropho-
bicity. In recent years, the cation-π interaction has been described as a new concept of non-
covalent interaction [2-5]. Noncovalent interactions are often seen as the information carrier,
whereas the covalent bonds are described as the construction skeleton.
At a molecular level, almost all biochemical functions involve noncovalent interactions [6]:
storage and replication of genetic information depends on hydrogen bonding and base
stacking in the DNA double helix. Reactions catalyzed by enzymes or their inhibition most
often require the reversible binding of substrates or inhibitors, although covalent catalysis
and inhibition are also reported in the literature. For the efficient transport of oxygen
through the blood stream, tetramers of hemoglobin are needed. Virus cages are noncova-
lent assemblies of multiple similar or identical subunits. In the case of the tobacco mosaic
virus, e.g., more than 2'000 identical proteins protect the genetic information stored on the
RNA strand, which itself forms the template for the selfassembly of the virus [7,8]. Finally,
cells are surrounded by a highly organized but still extremely flexible cell membrane.
Further examples of noncovalent complexes will be given in section 2.4, where their mass
spectrometric analysis is detailed.

Molecular Recognition
The selective noncovalent interaction between two or more components in a self-process is
called molecular recognition. The field was initiated by Pedersen in 1967 who reported alkali
metal ion binding to crown ethers [9,10]. These experiments inspired Cram and Lehn to
investigate the chemistry of synthetic receptors for small charged and neutral molecules;
their work pioneered the field of supramolecular chemistry and has been recognized by the
1987 Nobel Prize.
The process of molecular recognition involves both binding and selection of substrate(s) by
a given receptor molecule; mere binding is not recognition [11]. Lehn quoted that "recogni-
tion is binding with a clear purpose" [12]. It implies a structurally well-defined pattern of
intermolecular interactions, assuming geometrical and interactional complementarity bet-
ween the communicating partners, i.e., optimal information content of the receptor with
respect to the substrate.
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Table 2.1  Noncovalent interactions, their structural motifs, distance dependences, and some typical binding energies. For a
mathematical description, see ref. [274].

The partners of a supramolecular species have been named receptor and substrate [13]. In
the present thesis, these expressions are used as follows: the receptor is the recognizing
agent (small molecule) for the substrate which is the recognized entity (on the biomolecu-
le): hence, a sulfonate receptor consists of a sulfonate component as the information carrier
and is the receptor, e.g., for arginine residues. The amino acid side chain functions as the
substrate. Misleading terms such as ligand or amino acid receptor are avoided; and use of
host and guest is omitted, too.�

Relevant recognition patterns for the present work will be outlined in chapter 4, where the
selective recognition of amino acid residues is presented. These patterns have been part-
ially described in the literature, some are proposed for the first time. Generally, synthetic
receptors for the recognition of cationic, anionic, and neutral species of manifold kind have
been extensively described in the literature; overviews can be found in Nobel Lecture re-
prints [12,14] and in selected books on the topic [15-17].

Recent examples
Research on noncovalent assemblies is virtually found in all fields of life science and mate-
rials research: the focus on the chemistry of the antibody molecule [18] as well as studies
on heparin-protein interactions [19] are prominent biochemical examples. The latter play a

                                                  
� The herein used terminology is the logic consequence of our research. We develop small receptors for selective recognition
of amino acid residues on proteins. Hence, despite their much larger size, the proteins (or the amino acid residues, respect-
ively) are the substrates and the noncovalent recognizing agents are the receptors.

O H O N H O

N H O

N

N

O

H

N

H

H

N

N H

O

HN

N

NH

H

H

hydrogen bonding

A hydrogen atom is shared by a donor atom 
and an acceptor atom, forming a bridge.

distance dependence: r-2  

energies: 0.5 - 3 kcal mol-1

hydrogen bonding is most favorable, if the 
three involved atoms are co-linear:

R H

O H N

R H

O H N

H R

e.g., two polypeptide
chains

e.g., two nucleobases 
G and C in DNA

van-der-Waals interactions

At close distance, two atoms exhibit a weak interaction due 
to fluctuating electric charges, distance dependence: r-6

Each type of atom has an optimum radius for such an inter-
action, which is called van-der-Waals attraction, or 
repulsion, depending on the interatomic distance.

   
   

   
   

   
en

er
gy

at
tr

ac
tiv

e 
   

  r
ep

ul
si

ve

optimum

interatomic distance

energetically described by the Coulomb 
energy E:

        E =

with ε  = dielectric constant.

electrostatic interactions

ion-ion interaction, or ion-dipole interaction, 
needs charging.

distance dependence: r-1

energies: 4 - 10 kcal mol-1

δ+            δ-

e.g. Na+Cl- interaction
within crystal

δ+ δ-

r ε

e.g. carboxylate -
amidinium interaction

O

O

H

H

N

N

H

H

hydrophobic interactions

water forces hydrophobic groups together, 
in order to minimize their total surface

distance dependence: r-2

energies: 20 - 50 cal mol-1 A-2



18

key role in physiological processes such as cell growth and differentiation or lipid metabo-
lism, and its derivatives have found broad medical application as anti-coagulants [20].
The concepts of molecular recognition have opened new ways of synthetic thinking: self-
assembly has led to bottom-up synthesis of nanostructures. Apart from automated biopoly-
mer synthesis (oligonucleotides, peptides, and oligosaccharides), there are no straightfor-
ward covalent strategies for the synthesis of molecules of molecular weights of several
thousand Dalton or more; such nanostructures have dimensions of 3 - 20 nm and, hence,
are too small to be fabricated top-down, e.g., by means of lithography [21]. Therefore, nano-
fabrication by molecular self-assembly gives access to completely new materials incorpo-
rating high degrees of complexity. Noncovalent synthesis has already produced structures
that reach the size of small proteins (20 kDa) via the formation of several hundreds of
cooperative hydrogen bonds [22]. As another example, supramolecular cyclodextrin vesic-
les were shown to offer high affinity molecular recognition of synthetic polyelectrolytes
and are believed to be potential drug-delivery systems [23].
Even a step beyond are concepts termed supramolecular evolution. Here, the ability of mole-
cules to adapt to a given species is studied in analogy to what the immune system in
nature impressively employs; e.g., Ghadiri and coworkers have developed strategies for
the synthesis of molecules that catalyze their own formation [24,25]. Among other tech-
niques, the authors used MALDI mass spectrometry to analyze their systems.
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2.2 Protein Structure and Folding

Living organisms are self-replicating systems that are constructed from a small set of mac-
romolecules that themselves consist of a few building blocks, such as carbohydrates, fatty
acids, nucleotides, and amino acids. The overall concept of life originates from the infor-
mation that is carried by these macromolecules. Biological information, e.g., encoded in
the structure of a protein or DNA molecule, is read by interaction with other macromole-
cules. Although it encodes information for the construction of the cell, DNA itself does not
directly influence cellular processes. The gene that codes for hemoglobin has no possibility
to transport oxygen; it proposes the construction plan for the transporter protein. Hence,
nucleic acids are instructive software, whereas proteins execute the encoded program as the
physical hardware [26].
Cells consist to a large extent of proteins which are built from a set of 20 proteinaceous
amino acids and determine form and function of the cell.  Selenocystein is often described
as the 21st amino acid, and its incorporation into biomolecules can have significant conse-
quences; e.g., it is possible to change an enzyme's task from a protease to an acyl transfer-
ase upon conversion of an active sites serine into selenocysteine [27,28]. The great variety
of hundreds of different amino acid residues is derived from their posttranslational modi-
fication after the proteinaceous amino acids are incorporated into the polypeptide chain
(see also section 1.1).
The peptide backbone is built as the linear connection of several amino acids according to
the same binding motif, the peptidic bond. The amino acid sequence of the polypeptide
chain is usually described as the primary structure of proteins. The variability of possible
primary structures is incredible: considering a polypeptide chain composed of 61 amino
acids, a total of 2061 possible primary structures can be built.� This number is about three
times the estimated total number of atoms in our universe [17].
The amino acid sequence is the primary structure of a protein. Molecular interactions of
the amino acid side chains lead to the formation of secondary architecture, such as several
types of helices, sheets, and loops or turns of highly conserved design. Many extracellular
structures and building blocks for the cytoskeleton exhibit high contents of repeating se-
condary structure, which makes their amino acid composition characteristic: e.g., α-keratin
(hair, nail, feather) mostly consists of α-helices, collagen (cell tissue) is a triple helix formed
out of three individual peptide-helices of a triplet amino acid sequence [37]. The molecular

                                                  
� The calculation of 2061 = 2.3 x 1079 possibilities is even only part of the story, since amino acids have two enantiomers (L-
and D-form). In nature, 19 L-amino acids and the achiral glycine are found. Because there is no codon for a D-amino acid, the
incorporation of any D-configured residue into a naturally biosynthesized protein involves either a posttranslational modifi-
cation or a chemical process [29]. Additionally, the proteinaceous amino acids are all α-type molecules, i.e. peptidic bonds
alternate with one carbon building block carrying the side chain. As new alternatives, systems with two or even three carbon
building blocks (β- and γ-peptides, respectively) have been reported (among other research groups) by Seebach and cowor-
kers [30-34].
From a functional point of view, unnatural stereochemistry as well as the use of β-peptides, often means that many of these
compounds are much more resistant to enzyme-catalized breakdown than natural L-α-peptides, a property of considerable
pharmaceutical and microbiologic importance [35,36].
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structure of spider dragline silk has recently been reported and revealed a preferred secon-
dary structure for all domains of "nature's high performance fiber" [38]. The two most
relevant parts, the alanine-rich and the glycine-rich domains, were found in β-sheet con-
formations, where the glycine residues were partly incorporated and otherwise formed
helical structures.
Sheets and helices form the secondary structure of proteins. The highly organized three-
dimensional tertiary structure results from through-space interactions of all parts of the
polypeptide chain. These structures are called globular proteins and fibrilar proteins (depen-
ding on their shape), and characteristically have a well-defined conformation, which is
essential for their biological function.
Proteins can combine several compact structures to form an oligomeric, multimeric or multi-
subunit protein complex. Such assemblies are described in quaternary structures, and most
biomolecular machineries are built of such highly organized assemblies. For example, the
ribosome (the cell's translation unit) consists of two subunits 50S and 30S, built of about 30
and 20 different proteins, respectively. However, the proteins make only about one third
of the mass of a ribosomal subunits, whereas two-thirds are contributed by RNA [39-41].
The proteasome (the cell's waste disposal) is a multisubunit proteolytic complex of four
heptamers of the α7β7β7α7 type [42]. By assembling supramolecular complexes, proteins
can basically receive any shape, and insofar offer a selective interaction to any molecule of
life.
Covalently attached amino acids are not the only components of proteins. They may also
contain prosthetic groups, such as the heme in hemoglobin and cofactors such as biotin.
Others contain covalently attached phosphate (phosphoproteins) or sugar chains (glycopro-
teins), and many more posttranslational modifications are known; see section 1.1.

Folding concepts
Each protein has a three-dimensional fold, which is described as its native structure. �  The
unfolded structure represents the denatured protein.
Considering only water-soluble proteins, folding can be intuitively described as the "desire
of the hydrophobic amino acid residues to escape from the surrounding water environ-
ment" [45]. Such a collapse of the linear polypeptide chain yields a structure characteristic
for the native protein. Under physiological conditions of pH and temperature, most
proteins fold into this unique, highly ordered and compact structure, representing its biolo-
gically active conformation. Denaturants such as urea, high concentrations of guanidinium
chloride, or extreme pH and temperature, induce a transition to largely disordered random
coil conformations [46]. Unfolded proteins can spontaneously refold to their native confor-
mation, once the denaturant is removed [47,48]. This remarkable observation by Anfinsen

                                                  
� Not all proteins have unique native structures. Prusiner showed that the infectious agents of prion diseases are pure pro-
teins, however incorrectly folded [43,44]. His protein only hypothesis is a fundamentally new scientific concept and has been
recognized by the 1997 Medicine or Physiology Nobel Prize. It breaks the rule of one unique native structure per protein.
Prion proteins exist in two forms; the incorrectly folded protein causes correctly folded proteins to become misfolded itself,
hence the disease is communicated. More thoughts on prion proteins are described in section 6.2.
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(Nobel Prize 1972) implies that all the information needed to attain the native conforma-
tion is solely encoded in the primary amino acid sequence.
Proteins often need protection from misfolding, aggregation, or proteolysis when they are
newly synthesized. Especially larger proteins require help for folding, e.g. by protection of
their hydrophobic residues. These helping hands are large multisubunit protein complexes
termed chaperones and prevent the protein from being trapped in any intermediate folded
forms [49,50].
Despite several decades of research, the mechanistic mysteries of protein folding remain
largely unsolved [51]. Protein folding is not achieved by a random search of all conforma-
tional possibilities,� but rather by a process that evolves along defined pathways on com-
plex energy-landscapes; the new folding funnel descriptions are now widely accepted in
biophysics [55-57]. A folding funnel represents a multidimensional energy landscape of all
potential protein structures as a function of the possible conformations (see figure 2.1).
Folding is interpreted in terms of conformational ensembles that undergo a biased diffu-
sion on this energy landscape. The global minimum corresponds to the native state. Since
enormous conformational space is available to the unfolded polypeptide chain, every pro-
tein may start its folding process from a different point on the rim of the funnel and thus
follows a different trajectory towards the native state. Local minima on the funnel promote
the formation of folding intermediates; e.g., molten globules are believed to be such interme-
diates [58,59], representing conformations of pronounced secondary structure but poor
tertiary structure. Molten globules have been interpretated as "approximate solutions" to
the protein folding problem that simplify the conformational search for the native confor-
mation [60].
An incredibly large number of examples are published weekly on new insights in protein
folding; e.g., the assembly of hepatitis B virus capsids has been studied by size exclusion
chromatography [61], pressure dependent transition conformations of cytochrome c were
analyzed by optical spectroscopy [62], and recently, the role of water for defining energy
landscapes has been adressed [63,64].
Keeping in mind the enormous range of different native protein conformations found in
nature, it is not clear whether there will be any single mechanism to describe protein folding
at satisfactory detail.

                                                  
� A random search of the polypeptide chain through all possible conformations (i.e. all possible torsion angle combinations)
would eventually identify the lowest energy conformation. However, if we consider a polypeptide chain of only 50 amino
acids, and restrict each of the torsion angles to only three different values, our hypothetical protein would have to adopt in
worst case 3(2x50) = 5 x 1047 different conformations. If transitions between these conformations occured on the (realistic) time
scale of 1 nsec, then the protein would need about 1032 years to fold into its native conformation! This is in flagrant contra-
diction to experimentally found protein folding processes on time scales of milliseconds, or even faster [52]. The paradox has
been described by Levinthal, clearly identifying protein folding not to be a random search through all possibilities [53,54].
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Figure 2.1  A folding funnel describes the free energy of all potential protein structures for a given sequence as a function of
all possible conformations. Unfolded species diffuse downwards along the surface in order to minimize the amount of free
energy. Local minima can partially trap the protein on their way down to the native state. Some of these local minima ac-
tually represent folding intermediates such as molten globules. The global minimum corresponds to the native state. In this
example, the conformation of a misfolded protein is believed to be close in energy to the native one, however, high energy-
barriers between these conformations are exhibited. Reproduced with permission from ref. [55] © 2000 Nature America Inc.

Further insight into mechanistics from simulation [65,66] and radically new structural
principles [67-69] are currently established to move protein structure research from the
descriptive to a predictive status. Remarkably successful studies on predicting protein struc-
ture solely on using sequence information have been described [70], and some scientists al-
ready communicate "the integration of biological design in terms of protein-inspired
materials with a level of structural control approaching that of natural proteins" [71].

Representation and Terminology of Protein Structure
Various simplified ways exist to graphically represent proteins. If all the atoms were
shown simultaneously, the structures would become too complex and no useful informa-
tion would be conveyed. Hence, simplified representations of α-helices and β-strands have
been introduced as coiled ribbons and arrows, respectively. Hydrogen atoms are usually
completely omitted, as well as amino acid side chains that are not relevant for a given
study. The backbone is generally drawn as a linear tube without atomic detail. Space fill-
ing or surface plotting are used to define properties such as accessibility, e.g., to an active
site or residue.
The three space coordinates of each individual atom form the basis for all these graphical
tools and descriptions. Various formats have been accepted, the most common is the pdb
format of the Brookhaven data base [72].
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There are different illustrive descriptions for protein structure. Protein shape has been as-
sociated with spheres, fibers, rings, vaults, clefts, donuts, and many others. Characteristics,
such as surface accessibility or compressibility often annotate a certain structure type. The
stoichiometry of subunits and their exchange are structural features. Indices have been
created to describe breathing and shrinking; and contributions from hydrophobicity or the
disulfide bridge content are usually considered, too. All these concepts eventually help to
describe protein conformations and assembly, however, atomic space coordinates are the
only absolute structural description of proteins. As a consequence, mass spectrometry has
demonstrated broad applicabilities in structure comparison and qualification, but not proven
successful in routinely determining absolute protein structures.

Analyzing Protein Structure
Space coordinates are calculated from interatomic distances, usually determined from total
structural analysis of proteins by X-ray diffraction of protein crystals or two dimensional
nuclear magnetic resonance (2D NMR) spectroscopy.
The crystallographic methods use X-ray diffraction on highly organized protein crystals;
their electron density distribution can be determined at several Ångstrom resolution from
the diffraction patterns and, eventually, the structure of the original molecule can be calcu-
lated. The major challenge of X-ray diffraction is the successful growth of protein crystals,
which can easily take several years. The first protein structure studied at atomic resolution
and revealed by X-ray diffraction was the famous hemoglobin study by Perutz [73-75].
Ever since, structural biology has undergone tremendous growth. A real highlight has
been the structural determination of the photosynthetic reaction centre of bac. purpuris [76]
with a molecular weight of 145 kDa.
Protein structures in solution are determined by 2D NMR. Using crosspeaks that identify
protons of close proximity in space, proton-proton connectivities whithin the same amino
acid, or connectivities of different side chains can be derived, respectively.� Like this, sub-
sets of the protein structure are reconstructed and eventually refined to highest possible
resolution. The procedure of using crosspeaks for the assignment of resonances has been
pioneered by Wuethrich who was awarded the 2002 Chemistry Nobel Prize. New prin-
ciples for correlation studies on very large systems have been developed over the past
years [77]; huge multiprotein assemblies such as the GroEL-GroES chaperone complex
(900 kDa) have been structurally resolved by NMR [78].

                                                  
� The complicated interplay of protons in a protein structure reaches an utmost degree of complexity. Two stages are
eployed: First, the total experimental combination of COESY crosspeaks (proton-proton-connectivities within the same pep-
tidic bond) and NOESY crosspeaks (proton-proton-connectivity between adjacent peptidic bonds) yields the assignment of
signals to individual protons. Second, the interatomic distances are used as constraints in geometry algorithms to derive the
structure [79].
The main principle of protein structure determination by NMR has been demonstrated by Wuethrich during his Nobel Lec-
ture 2002 in a truly ingenious way: talking of a crosspeak of two peptide-terminal protons, Wuethrich stripped of his belt
and used it as a polypeptide backbone; he explained that crosspeaks in a NOESY 2D spectrum would show up if two pro-
tons on the backbone were brought into vicinity - and folded his belt to a loop. Crosspeaks render proton-proton connecti-
vities and hence, structural information. In the Nobel Laureate's case, the structural information was the loop of his own belt.
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In recent years, mass spectrometry has slowly penetrated overall structural analysis of
proteins, especially due to one highly sophisticated method using crosslinking agents, as
introduced by Young and coworkers [80,81]: selective covalent crosslinkers of different
length (and hence different mass) reacted with lysine residues of folded proteins. Upon
tryptic digestion, it could be determined which residues were crosslinked. Such distance
probing is very similar to what is employed in NMR, and Young's method indeed allows
to determine distance constraints, albeit at low resolution.
To date, this is the only mass spectrometric method to partially determine absolute atomic
space coordinates in proteins.
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2.3 Matrix-assisted Laser Desorption / Ionization

Matrix-assisted Laser Desorption/Ionization (MALDI) in its present form has been develo-
ped by Hillenkamp and Karas in the mid 1980s [82,83] as a consequence of earlier work
[84,85]. In combination with the time-of-flight mass analysis (see section 1.1), MALDI is
nowadays a prime technique for studying peptides and proteins, oligonucleotides and
oligosaccharides, polymers, organometal compounds, and many others.
The MALDI principle is very straightforward: Small organic chromophoric molecules (e.g.
benzoic acid derivatives) are easily desorbed and ionized upon laser irradiation due to
their light absorbing capability at the wavelength emitted by the laser. In contrast, many
large molecules (e.g. peptides and proteins) are thermally unstable and nonvolatile, hence,
they are not easy to desorb or ionize. In MALDI mass analysis, both compounds (the for-
mer termed matrix and the latter termed analyte) are mixed and cocrystallized on a surface,
usually a stainless steel plate; the sample plate is then transferred into high vacuum. Upon
laser irradiation, matrix molecules rapidly desorb into the gas phase and liberate the em-
bedded analytes. Matrix and analyte ions (and neutrals) form a dense package, known as
the MALDI plume. Ions in the plume are accelerated towards a detector by using electro-
static fields. In the most common Wiley-McLaren geometry, a two-stage potential is applied
to the extraction plates for focusing the ions onto the plane of the detector [86]. After ex-
traction, ions pass through a field free region, where they show different flight times: larger
ions need longer to reach the detector, smaller ions make it in shorter time. From the TOF-
equation, the characteristic flight-time of a given ion can be translated into its m/z value.
Many parameters of the MALDI process influence the experimental result; they have been
extensively studied during the last decade. Reviews on this subject have appeared almost
yearly [87-95], and several special issues of journals have been dedicated to MALDI as
well [96-98]. Some important aspects are further detailed below.

Matrix
MALDI matrices are usually small organic aromatic molecules and must meet several re-
quirements, such as a sufficient absorption at the laser wavelength, and vacuum stability.
They should be soluble in solvents compatible with the analyte and have suitable (co)crys-
tallization and (co)desorption properties. Many useful matrices have been reported since
the initial work on MALDI started; an overview is given in table 2.2.
Most matrices are solid compounds. Hillenkamp and Karas originally used nicotinic acid
[82,83]; the subsequent work of Beavis and Chait introduced pyridine- and pyrazine-
carboxylic acid, hydroxymethoxy-benzoic acid, and thiourea [99]. Very common MALDI
matrices are DHB, 2,5-dihydroxybenzoic acid [100], HCCA, α-cyano-hydroxycinnamic
acid [101], and HPA, 3-hydroxypicolinic acid [102]. Non-acidic compounds such as PNA,
4-nitroaniline and ATT, aza-thiothymine [103,104] are useful for pH neutral matrix solu-
tions (see below). Since the cheap nitrogen lasers (λ = 337 nm) are used in commercial



26

MALDI instruments, matrices with a strong absorption coefficient at that wavelength are
the most typically used ones.
Many more MALDI matrices have been reported during the last years [105-111], including
some unexpected approaches with sulfur [112] or fullerene derivatives [113]. Brilliant exam-
ples for the creativity in matrix development include the use of ionic liquids [114,115], and
sol-gel films of DHB [116] for successfully laser desorbing/ionizing proteins. In the latter,
matrix molecules are covalently embedded in a sol-gel network and are not liberated upon
laser irradiation. Hence, the spectra are essentially matrix signal free, which is especially
useful in the analysis of low molecular weight compounds.
Despite their somewhat less stringent requirements, only a few compounds have yet been
identified as effective liquid matrices, among them NBA, 3-nitrobenzyl alcohol [117] which
absorbs in the UV and glycerol [118] which absorbs in the IR. A few groups investigated
the use of solid-liquid matrix mixtures to generate binary or two phase matrices [119-123],
and hence followed the initial work of Tanaka and coworkers who used ultra fine cobalt
powder in glycerol/acetone to record MALDI mass spectra of lysozyme and chymotrypsi-
nogen [85].
Despite many efforts, there are no means to predict whether a compound is suitable as a
MALDI matrix or not; it is often by trial-and-error that new MALDI matrices are found.
Nevertheless, systematic screening studies have been presented, e.g., on substitution
patterns of known MALDI matrices [102,104].

Table 2.2  Several MALDI matrices and abbreviations. The
wavelengths reported correspond to the lasers used for de-
sorption/ionization, the reported analytes are typically (but
not exclusively) subjected to these MALDI matrices.
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Sample Preparation and Additives
The most critical step in MALDI analysis is sample preparation, since the choice of solvent,
additives, matrix-to-analyte ratio, vacuum- or nitrogen-assistance in evaporation, and
other parameters all directly influence crystallization on the sample target, ultimately de-
ciding on "signal or no signal".
Some techniques have been broadly accepted for routine applications, generally termed
the dried droplet [83], the crushed crystal [124], and the thin layer [125] preparation. The latter
is often equally quoted as the fast evaporation method. Sophisticated ways of applying crys-
tals on the sample target by spin-coating and electrospraying [126,127], condensation onto
aerosol particles [128], and methods for tolerating high contents of sodium dodecyl sulfate
(SDS, widely used in protein workup) have been reported [129]. In recent years, it became
accepted that solid-solid mixing of matrix and analyte, without the use of any solvent, can
yield substantial MALDI signals [108,130,131].
It seems that virtually every group in the world has defined and refined its personal
methods and preferences on how a MALDI sample can be prepared. Several groups use
additives such as fucose [132], ammonium dodecyl sulfate [133], or cobalt(III) hexamine
[134] to increase signal intensities; again others have shown that adding cetrimonium bro-
mide [135] or iodine [136] can significantly suppress matrix signals. This is applicable to
the analysis of low-mass molecules, since absent matrix signals cannot interfere with the
molecular ion signals of the investigated molecules. Cohen has presented a comprehensive
review on small molecule analysis by MALDI [137].
The effect of salt impurities in MALDI samples has been studied [138], since MALDI is
commonly known to be salt and buffer tolerant, which makes it a valuable alternative to
electrospray. Indeed, inorganic salts are often added to MALDI samples to enhance catio-
nization. This has been particularly applied to the analysis of polymers and fullerenes,
which are typically cationized by alkali metal cations [139,140], and to supramolecular
complexes, which were shown to intactly survive tranfer into the gas phase upon charging
by Ag+ attachment [141], see section 2.4.

Desorption/Ionization Mechanisms
Since the first MALDI experiment, there has been significant interest in the fundamental
mechanistic processes of MALDI. Although desorption and ionization may not be two in-
dependent events, it has been a fruitful approach to treat them separatedly for theoretical
descriptions.
A typical MALDI experiment starts with a laser shot onto a cocrystallized sample, consis-
ting of matrix and analyte. A MALDI plume is formed by an almost explosive solid-to-gas-
phase transition. In primary ionization processes (multiphoton ionization, energy pooling,
excited-state proton transfer, thermal ionization, desorption of preformed ions, and
others), the first charged species are generated by the laser pulse. Plume expansion starts
and secondary ion molecule reactions occur, e.g., proton transfer, electron transfer, cation
attachment, and others. During such secondary processes, the initial charged species can
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either be neutralized, or neutrals can be converted into the ions finally observed at the det-
ector.
There are currently three models under discussion to describe (MALDI related) ionization
processes: the lucky survivor model of Karas and coworkers [142-146] and the related
cluster model of Tabet and coworkers [147,148] describe the final ion distribution in the
plume as the remaining of several neutralization processes, or as evaporation from desor-
bed clusters, i.e. ion precursors, and subsequent liberation of singly charged ions in the gas
phase. Both approaches understand ionization as an "all-in-one" event.
A different approach by Knochenmuss and Zenobi [149-153] considers ionization as a
combined process of distinct primary events and secondary in-plume reactions. This kind
of "gas-phase modulation" includes a thermodynamic equilibrium within the MALDI
plume after several 100 ns of expansion; thus, the third model is commonly refered to as
the thermodynamic control model.
Among the extensive body of literature that has been reported on further features of
MALDI, a choice is mentioned here: Garrison, Zhigilei, and Dreisewerd have theoretically
described and simulated laser desorption and ablation (for overviews, see ref. [154-157]),
and many studies have been devoted to the role of analyte incorporation into the crystal
[143,158-160]. Krueger et al. have adressed anion adduct formation as a novel approach for
studying MALDI processes, while our own group has elucidated cationization processes.
In one publication, Zhang et al. showed that MALDI ions cationized by copper mostly con-
tained Cu(I) even if Cu(II) salts were added to the sample [161]. It was found that Cu(II)
was reduced to Cu(I) by gas-phase charge exchange with matrix molecules, i.e., a fragment
of matrix (in this case nicotinic acid) can loose an electron if an oxidant (in this case the
copper II) is available. The proposed charge exchange mechanism allowed to explain ob-
servations during MALDI mass analysis of several metal complexes.

Lasers and IR MALDI
By far most MALDI experiments are reported using a nitrogen laser (λ = 337 nm), how-
ever, different laser wavelengths have been applied, too. The 266 nm and 355 nm output of
the frequency-tripled and -quadrupled Nd:YAG laser were used in initial MALDI experi-
ments [84], a laser wavelength of  532 nm (frequency-doubled Nd:YAG laser) was success-
fully employed with rhodamine dyes as matrices [162]. In the latter experiment, the funda-
mental output of the Nd:YAG laser (λ = 1064 nm) did not produce any observable MALDI
ions.
In IR MALDI experiments, Er:YAG (λ = 2.94 µm) and CO2 lasers (λ = 10.6 µm) are typically
used [163,164]. The Er:YAG laser has been particularly employed in experiments using
glycerol as the matrix [118], tunable lasers such as the mid-infrared free-electron laser (FEL)
were applied for the successful desorption/ionization of polypeptides directly from a
polyacrylamide gel [165]. New strategies for using IR lasers to desorb/ionize analytes
directly out of water have been proposed [166] and are matter of current research in our
own group (J.M. Daniel, personal communication).
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The use of infrared wavelengths has recently found new applications with the advent of
DIOS, desorption/ionization on silicon [167-170]. DIOS is a matrix-free technique, where the
analyte molecules are trapped within a porous (= etched) silicon surface from which they
are laser desorbed and ionized. The absence of matrix interference allows for the analysis
of small molecules, and has led to a number of applications in protein digest analysis and
forensic science [171].

Sensitivity
The primary role of MALDI in studying complex biological samples derives from its very
high sensitivity. Less than 106 copies of a protein per cell can nowadays be detected, and
peptide fragments are routinely analysed down to pico- or femtomol amounts of material
[172,173].�

Empirically, the sensitivity of MALDI has been found to be greatly enhanced by special
types of sample supports, for example teflon [174], paraffin wax films [175], or other hy-
drophobic foils [176]. In some cases, superior mass resolution was achieved, too, in compa-
rison to standard gold or stainless steel targets. Explanations for such behavior, however,
were often not provided, or not based on any physical effect, apart from very recent work
in our own group: Frankevich et al. have proposed that electrons produced in laser desorp-
tion/ionization experiments play an important role [177]. In a set of FT ICR experiments
[178,179], it was earlier confirmed that substantial numbers of electrons are emitted from
typical MALDI samples and that they severly affect the charge balance in the ablation
plume. This data was extended by MALDI TOF experiments where our group showed
that photoelectron emission from the sample target can be significantly promoted or sup-
pressed by applying thin or thick sample layers of matrix, respectively, or alternatively
using nonmetallic sample supports. With the latter, signal intensities of bradykinin and
bovine serum albumin could be enhanced by more than two orders of magnitude.

                                                  
� There is a difference between typical experimental sensitivities and calculated detection limits. If we consider a (realistic) mic-
romolar solution of protein, then the analyte solution contains 1017 molecules per liter and, as typically 1 µL is used, a total of
1011 molecules are applied on the sample target. However, in many reports, this number is broken down significantly: the
laser spot size only hits about 1-10% of the sample spot (factor 102), and only about one out of ten thousand molecules is act-
ually ionized in MALDI (factor 104). By calculation, as few as 105 molecules, or even less, actually make it up to the detector -
a reason for many companies to report this attomolar concentration as being the current detection limit (105 molecules per
liter = 10-18 molar). Of course, this is misleading, since the originally prepared sample solution still is micromolar and hasn't
changed at all. 1011 molecules represent 10-12 mol per liter, which should be reported as a picomolar concentration.
At the ICMS 2003 meeting in Edinburgh, Hochstrasser presented a slide with an overview on current detection limits. One
scale of his plot reached down to yactomolar concentration, which would be less than one molecule per liter! Hochstrasser
answered a provocative question amusedly: "Think of it as four molecules in seven liters of blood. But of course, where do
we get seven liters of blood from one individual to answer a scientific problem?"
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Recent Applications
MALDI is the method of choice for several fields. In materials science, molecular weight
averages, repeat unit and end group masses of polymers are of high interest, as Williams
has excellently reviewed [180]. In addition, large polyaromatic hydrogcarbons [107], car-
bon nanotubes [181], and polyphenylen dendrimers [182] have been subjected to MALDI
analysis. The dendrimers were shown to work as highly fluorescent biomarkers, if an ad-
ditional biotin linker was attached.
In molecular biology, MALDI has been used to monitor solid-phase synthesis of oligonuc-
leotides [183], genetically modified proteins [184,185], and PCR (polymerase chain reac-
tion) products [186,187]. The innovative research of Schultz and coworkers on breaking
the degeneracy of the genetic code has included MALDI analysis of hundreds of unnatur-
ally substituted α-amino acids [188,189]. Extensive literature on MALDI analysis of large
biopolymers, e.g., lipids [190], glycoconjugates [191,192], and viral glycoproteins [193]
shows that the community has targeted highly complex analytes, too. In this context,
MALDI has proven to be a successful technology even for body fluids and cell suspensions,
illustrated by profiling blood serum [194], intact fungi spores [195], and the desorption/
ionization of protein sets of whole bacterial cells [196-199]. In such experiments, a whole-
cell suspension is mixed with matrix and directly applied onto to MALDI target without
further purification.
In all these examples, MALDI TOF MS demonstrates its capabilities as a popular qualita-
tive tool; its characteristic high sensitivity, principally unlimited mass range, speed of ana-
lysis, and the amenability to high-throughput may establish it also as a potentially useful
quantitative tool. However, signal intensities in MALDI are delicate, if not impossible to be
quantitatively correlated to analyte concentrations or protein expression levels. Neverthe-
less, intial progress and perspectives in this field have been described [200-203].
Most relevant to the present thesis is the application of MALDI to the analysis of noncova-
lent complexes, see section 2.4
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2.4 Soft Ionization of Noncovalent Complexes

Under carefully chosen conditions, soft ionization methods allow the transfer of intact
noncovalently bound complexes into the gas phase, and therefore the mass spectrometric
detection of their stoichiometry and, to some extent, mode and energy of interaction.
Ganem, Li, and Henion were the first to describe the use of ion spray mass spectrometry
for the identification of noncovalent host-guest interactions [204]. They presented data
where the noncovalent binding of macrolide immunosuppressors to a cytoplasmic recep-
tor was maintained upon transfer into the gas phase. Ion spray has since been replaced by
electrospray, which is the predominant method used today for mass spectrometric investi-
gation of noncovalent complexes (see below). Among the first desorption experiments,
Suckau and Przybylski have applied californium (252Cf) plasma desorption to an antigen-
antibody complex [205]. Some recent reports show that MALDI has also proven successful
in that respect (see below), however, it is applied much less frequently than electrospray.�

Several other methods have been proposed in the literature, two are mentioned here. Very
recently, Yamaguchi and coworkers have presented coldspray ionization mass spectrometry
[207-210]. Using a slightly modified electrospray source operating at low temperature, the
solution-phase structures of biomolecules, labile organic species, asymmetric catalysts,
and supramolecular assemblies have been investigated. Among other impressive exampl-
es, the Japanese group presented mass spectra of intact cage-type platinum complexes,
double-interlocking type copper-palladium complexes, Grignard reagents, self-assembled
porphyrin oligomers, and hyperstranded DNA architecture. Coldspray mass spectrometry
might revolutionize the field of noncovalent interaction analysis, first commercial instru-
ments have been launched this year.
Alternatively, a method called LILBID, laser-induced liquid beam ionization/desorption [211-
214] has shown promise for the detection of high mass biomolecules, their clusters, and
specific noncovalent complexes. In this method, a laser beam desorbs species directly from
a liquid jet of solution sprayed into a specially designed ion source. LILBID requires cus-
tom designed instruments and is, until now, in use only in the laboratory of its inventors.
The wide applicability of soft ionization mass spectrometry to noncovalent complexes has
been extensively reviewed, as exemplified for electrospray [215-220] and MALDI [221,222].
It is normally a greater challeng to apply MALDI to noncovalent complexes, because the
weak interactions have to survive both the sample crystallization as well as the laser de-
sorption/ionization event. MALDI is therefore believed to be somewhat less "soft" than
electrospray.

                                                  
� It may be safely assumed that nine out of ten examples use electrospray, and only a small number employ MALDI, which
has been illustrated in the recent special issue of J. Am. Soc. Mass Spectrom. (focus on noncovalent interactions) [206].
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Electrospray examples
It is impossible to describe all contributions to the field of noncovalent complexes studied
by electrospray. Nevertheless, two important areas are presented here: studies that basical-
ly analyse oligomeric structures and / or binding modes, and studies dealing with nonco-
valently bound metal ions.
The interactions in SH2 binding interfaces of the tyrosin kinase family have been adressed
early on in Robinson's group [223]. Further examples from her laboratory will be presen-
ted later, since they largely deal with protein conformations (see section 3.2). Inhibition of
glutathione S transferase with thiol inhibitors [224], α-amylase inhibition with tendamistat
[225], and inhibitors of yeast hexokinase [226] have been analysed by electrospray mass
spectrometry. Additionally, quadruplex oligonucleotide - drug interactions [227] and pro-
tein-RNA complexes [228] were also subjected to electrospray ionization. A recent high-
light has been presented by Julian et al.: they sprayed "molecular mousetraps" as sophisti-
cated host-guest complexes [229].
As nature forms many noncovalent complexes by arrangement around metal cations, it is
obvious that many electrospray studies on such systems have appeared: calcium induced
oligomerization [230] as well as chelation by zinc ions [231], and the interaction of cisplatin
with transferrin [232] have been shown. The fundamental role of iron was further investi-
gated by high resolution analysis of multimeric metalloproteins [233], heme-globine com-
plexes [234], and related porphyrin-iron and porphyrin-manganese systems [235].
Biologically relevant guanine quartets were formed by addition of alkali metal cations
[236], and other specific nucleoside clusters [237] have been reported, too. The formation
of negative ion adducts was evaluated by Cole and coworkers in a mechanistic study [238],
and revealed extended hydrogen networks to stabilize the interaction between saccharides
and bridging chloride ions.
Electrospray ionization has been used quite frequently to determine stereochemical pro-
perties of chiral compounds. For example, chiral differentiation of amino acid guests in cy-
clodextrin hosts has been reported by Lebrilla and coworkers [239-241]; stereoselectivity is
obtained by determining the dissociation of such complexes, or from measuring the rate of
guest exchange equilibria, since exchange reaction rates depend on the chirality of the ana-
lyzed amino acid guest.

MALDI examples
Although noncovalent complexes have to survive crystallization and laser desorption
steps in MALDI, several successful investigations have been reported: peptide-enzyme
and peptide-metal ion compexes [242], membrane-bound proteins as well as their nonco-
valent aggregates [243], quaternary protein ensembles [244], protein-oligonucleotide inter-
actions [245], and oligomerization and stoichiometry analysis of alcohol dehydrogenase
[246] have all been studied by MALDI. Crucial matrix chemistry was adressed in an im-
portant contribution from Glocker and Przybylski [247], who found 6-aza-thio-thymine to
be the matrix of choice to detect intact noncovalent protein complexes such as RNAse S
and specific dimers of coiled-coil leucine zipper polypeptides. Recent publications include
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mass spectrometrically determined models for calcium-induced folding-patterns of the
myeloid related proteins [248] and oligomerization as well as substrate binding studies of
adenylate kinase [249].
Our own group has investigated noncovalent complexes of dye-peptide and dye-protein
complexes [131,250,251], and successfully demonstrated the detection of specific zinc fin-
ger peptide-oligodeoxynucleotide complexes [252,253] and intact gas-phase ions of specific
DNA duplexes [254].
A general discussion of detecting noncovalent complexes by MALDI was first presented
by Hillenkamp [221], and Farmer and Caprioli [222]. The latter have extensively described
protein complex dissociation under typical laser desorption conditions and adressed the
role of matrix acidity; many matrices exhibit extreme pKA values, since their acidity facili-
tates ion production [255]. Of course, such an environment is detrimental to gentle preser-
vation of weak noncovalent interactions. Hence, nonacidic matrices� have been proposed
early on [104], among them pyridine-derivatives such as AMNP, 2-amino-4-methyl-5-
nitropyridine, anilines such as PNA, 4-nitroaniline, and the heteroatomic structure of ATT,
6-aza-2-thiothymine.
A known phenomenon in MALDI is the generation of unspecific protein clusters [117,147,
257-260]. These occur, if proteins are not desorbed slightly above laser treshold, but at
much higher fluences. Cluster formation has been reported for many proteins such as in-
sulin, lysozyme, β-lactoglobulin, and others; up to several dozens of clusters per protein
were reported. Another study showed unspecific protein clusters of bovine immunoglo-
bulin G (IgG), which formed unspecific trimers [126]. The latter work is remarkable, since
an IgG trimer has a mass of about 450 kDa.
Mechanistic explanations have been proposed for the unspecific cluster formation. It is
commonly believed that they result from preformed clusters on the sample target that are
possibly desorbed as "intact" entities [126,142,148,261]. They may have been formed while
in solution and/or during the sample preparation process, but could also aggregate in the
gas phase, e.g., by molecular collisions in the MALDI plume. It is also possible that the
presence of impurities like dust particles or remains of previous sample desposits on the
sample target may act as seeds for such clustering.
Our group has observed unspecific cytochrome c, apomyoglobin, and aldolase clusters.
Figure 2.2 shows a positive ion mode MALDI mass spectrum of cytochrome c, prepared
according to a standard sinapic acid layer preparation and desorbed at high laser fluence
(see protocol in section 7.3). Up to 16 cytochrome c proteins aggregate to clusters, reaching
masses to nearly 180 kDa; comparative data has been obtained in positive ion mode, and
for other proteins as well. The observed oligomers result exclusively from unspecific clus-

                                                  
� It is still not clear whether the use of nonacidic matrices is really crucial for successful detection of noncovalent complexes,
since there has not been found a convincing correlation between the pH of the matrix solution and the utility of the matrix
for noncovalents, respectively [256]. However, their use makes sense, if pH contributions can be circumvented accordingly.
MALDI is thought to be "soft" enough, and for sure it is useful to choose as many "gentle" sample preparation conditions as
possible, i.e., nonacidic matrices.
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tering, since none of the investigated proteins has an epitope or recognition site for specific
oligomerization.
Given the occurence of nonspecific clustering, the detection of specific protein oligomers is
not straightforward. Special sample preparation is needed to achieve this. In this context,
the first shot phenomenon in MALDI has received particular attention: first laser shots on
parts of the sample not previously irradiated enable the successful detection of intact oli-
gomers, e.g. protein trimers, whereas irradiation of the same spots by subsequent laser
shots only reveals monomers or unspecific gas-phase clustering. The phenomenon is wide-
ly known [244,248,249], and typically explained in terms of matrix crystal morphology and
layer formation of the analyte on top of fine matrix crystals [143,158,160,262]. It should be
noted that first shot behavior is not always observed, hence, it should not be seen as a
general prerequisite for successful detection of noncovalent complexes by MALDI.

Figure 2.2  Negative ion mode MALDI mass spectrum of cytochrome c, prepared as a layer of sinapic acid in
acetonitrile/water; desorption was carried out at elevated laser fluence, see experimental section. Extensive clustering can be
observed for cytochrome c, as evidenced by the signal of the 14-mer, see inset. Comparative data has been obtained in
positive ion mode.

Our own group has recently examined oligomers of streptavidin and chorismate mutase
by MALDI TOF MS (Friess, Alves, and Zenobi, unpublished results). An aqueous solution
of streptavidin was crystallized on top of a homogeneous layer of ferulic acid (see chapter
7.3). Intact streptavidin tetramers could be desorbed, but only with first laser shots, see
figure 2.3. Comparatively, the specific trimer of the chorismate mutase system could be de-
sorbed intactly into the gas phase, but only by first laser shots on spots that were not pre-
viously irradiated. Subsequent laser shots resulted in increased, but unique desorption of
the monomer only (see figure 2.4). To the best of our knowledge, these are the first MALDI
spectra of intact streptavidin tetramers and chorismate mutase trimers.
The present thesis shows the successful detection of specific noncovalent complexes that
were not desorbed by means of first laser shots (see chapter 4/5 and sample preparation in
section 7.3). This partially questions the general applicability of the first shot phenomenon;
the topic remains controversely discussed.
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Figure 2.3  Average of 20 positive ion mode MALDI mass spectra (single laser shots) of streptavidin (a), desorbed as a layer
from ferulic acid/THF. Signals correspond to the mass of the monomer (M) and the tetramer (T). Unspecific streptavidin
clusters for comparison (b). To the best of our knowledge, spectrum (a) is the first presentation of a MALDI mass spectrum
of specific streptavidin tetramers.
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Figure 2.4  Positive ion mode MALDI mass spectra of chorismate mutase, presented as first shot spectra (a), and subsequent
second and third shot specra (b) on the same sample locations. Spectra were prepared as a layer of ferulic acid/THF and
protein/water. Trace (c) shows a high laser fluence spectrum of unspecific chorismate mutase clusters, for comparison.
These spectra demonstrate that a first shot behavior of specific chorismate mutase trimers is observed, see text.
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Quantitation
A recurring question concerns the applicability of soft ionization methods to determine
noncovalent interaction strengths. It has been eventually accepted that such quantitative
determinations are indeed possible by mass spectrometric means. First significant attempt
has been presented in the mid 1990s using titration experiments, i.e., varying the concen-
tration of one component while the concentration of the binding partner is kept constant.
By such means, binding of biotin to streptavidin has been evaluated [263], protein-protein
and protein-ligand equilibria of citrate synthase with its inhibitor was presented [264], and
comparable strategies have been used to determine the association constants of glycoside
binding to RNA [265] and of adenylate kinase with two noncovalent inhibitors [266]. Al-
ternatively, competition experiments were introduced [267,268]; these authors determined
binding constants of a number of guest molecules with vancomycin and risocetin. The
analysis of melting curves derived from thermal dissociation of noncovalent complexes and
monitoring by mass spectrometry is a third method to determine interaction strengths in
solution [269,270]. Several of these strategies have been applied this year to the relative
determination of calmodulin binding to peptide analogs of myosin light chain kinase
[271].
Very recently, two new methods for the quantification of protein-ligand interactions have
been described: SUPREX [272] and PLIMSTEX [273] both measure dissociation constants
with highly sophisticated mass spectrometric protocols including titration and hydrogen/
deuterium exchange. PLIMSTEX is somewhat more straightforward, since it is far more
tolerant to salts and buffers, allows broad pH and temperature ranges, and avoids a dena-
turation step.
Determination of noncovalent gas-phase binding strengths, e.g., by temperature changes
in a transfer capillary, is excluded in the present discussion, since the topic has been exten-
sively reviewed last year by our group [274]. Equally, the quantitative description of metal
ion binding is not adressed here, but has seen fruitful advancement [275-278] and a bril-
liant review [279].
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Of course, certain caveats exist when one seeks to establish a cor-
respondence between obtained mass spectral information and ...
reality.

Richard B. Cole

any studies nowadays report solution-phase
conformations, but talk of gas-phase structures, simply because they employ mass spectro-
metry. Hence, a differentiation is necessary: section 3.1 discusses the question of whether
mass spectrometry should be seen as a means for solution-phase investigation or, rather as
a pure gas-phase method; section 3.2 reports the use of mass spectrometry as a readout of
solution-phase protein structure, i.e., its relevance and general applicability for studying
meaningful "biological reality" [1]. The paragraphs describe monitoring of folding/unfol-
ding and subunit exchange, and present examples on structural information as a result of
covalent modification, cross-linking, or hydrogen/deuterium exchange (HDX). Again, it is
explicitely stated that these examples investigate solution-phase conformations, although
the analyzing technique is a gas-phase method.
Section 3.3 gives a short glimpse at true gas-phase structural readout; mainly, the techni-
ques of collision-induced dissociation (CID) and of ion mobility spectrometry (IMS) are
presented. It is beyond the scope of this thesis to comprehensively discuss all methods;
therefore, recent work on blackbody infrared radiative dissociation (BIRD), or electron-
capture dissociation (ECD) is touched, but not outlined in great detail.
Chapter 3 overall presents protein conformation terminology emergeing from mass spec-
trometry. It is surely not covering the field completely, yet it possibly gives an impression
of the current feasibilities in mass spectrometric structural analysis. The terminology will
be used afterwards, upon introduction of the selective recognition of amino acid residues
(chapter 4), to explain a novel noncovalent strategy for the readout of solution-phase pro-
tein conformations (chapter 5).

M
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3.1 A short comparison: in solution or in vacuo?

In a typical mass spectrometric study on noncovalent complexes, the two binding partners
are incubated in solution, transfered into the gas phase, e.g., by means of soft ionization,
and subsequently mass analyzed. It it therefore important to ask whether such analysis
describes a situation in solution or, rather, in the gas phase. When using MALDI, the ques-
tion should be further extended to contributions from the condensed phase, since a crystalli-
zation step is involved.
There are several aspects to be discussed when comparing solution and gas phase; how-
ever, the two most important factors in terms of noncovalent interactions concern electro-
static and hydrophobic contributions. As earlier shown in table 2.1, both strongly depend on
the surrounding medium: electrostatic interactions are much stronger in vacuo than in so-
lution, since the attraction of two charges depends on ε−1 (where ε is the dielectric constant;
ε = 80 for water, ε = 1 for vacuum). Hence, an absence of solvent screening strongly increa-
ses electrostatic contributions. On the other hand, hydrophobic interactions are virtually
lost in the gas phase, since the driving force for their existence, i.e. the solvent, is no longer
forcing the hydrophobic surfaces or regions together.
Smith and coworkers analyzed solution- and gas-phase binding of carbonic anhydrase to a
set of benzenesulfonamide inhibitors [2] that covered a wide range of binding affinities
and varied in the length of their amino acid tails and aromatic content. The results demon-
strated that relative stabilities of the noncovalent complexes differed substantially between
the gas phase and the solution phase. The dissociation rates in solution were found to be
mainly affected by hydrophobic interactions between one amino acid of the inhibitor and
the enzyme (and not by the total hydrophobicity of the inhibitor tail), while corresponding
gas-phase stabilities were primarily determined by polar surface regions, i.e., electrostatic
interactions.
Nesatyy has recently shown that gas-phase complexes between bovine pancreatic trypsin
inhibitor and its target enzymes were not at all reflective of their solution behavior [3,4], as
attributed to the special binding which mostly included hydrophobic contributions.
In 1997, Loo (and others) asked: "Can a gas-phase measurement reveal solution-phase bin-
ding characteristics?" [5,6]. At that time, the question was cautiously answered with "yes",
but rapidly adding that carefully chosen conditions are necessary to reveal complexes that
show solution-phase behavior instead of unspecific gas-phase clustering. It is interesting
to see that, in its essence, this answer still holds its validity today. A signal at the expected
m/z value for a noncovalent complex does not necessarily mean that the specific complex
has been formed in solution. It might be a false positive, and hence, an unspecific gas-phase
artifact of presumably no structural relevance.



49

Control Experiments
The mass spectrometric analysis of noncovalent complexes has come of age in the last
years, partly due to the design of stringent control experiments. The following two strategies
are commonly used: the presence of a specific complex is shown by altering the solution-
phase conditions - if changes lead to corresponding changes in the mass spectral data, the
complex is probably formed in solution. In other words, signals corresponding to specific
complexes will disappear as soon as their formation in solution is prevented, e.g., by pH,
temperature, buffer components, or organic solvents. Accordingly, unspecific gas-phase
complex formation can be shown: if the signal for the complex is still observed even when
the solution-phase conditions are chosen to clearly prevent its formation, the mass spectro-
metric data does not reflect the investigated system properly. Of course, both strategies
yield the same information; proving specificity of noncovalent complexes or correspond-
ingly ruling out unspecific gas-phase formation both are suitable control experiments.
Some examples in the literature have explicitely adressed the question whether the nonco-
valent complexes of interest were formed in solution or not. Most of them have presented
control experiments: Among others, Berman and coworkers showed specific binding of
heme in myoglobin [7]. The authors simulated the electrospray abundance pattern of the
noncovalent complex and found a qualitative match with the experimental spectrum.
A significant contribution to the comparison of solution- versus gas-phase analysis has
been presented by Faendrich et al. [8]: the authors reported assembly and disassembly
pathways of the MtGimC chaperone complex and employed both thermal stability in solu-
tion and thermal dissociation in the gas phase. As a real breakthrough, they additionally
monitored the assembly of the two subunits into the biologically relevant hexamer in real
time (see section 3.2). Robinson and coworkers have recently also shown thermal dissocia-
tion of multimeric heat shock protein complexes by applying thermally controlled spray
solutions, and a gas-phase activation. The thermocontrolled solution experiments revealed
the dissociation of the protein complexes into suboligomeric species and an increase in
size and polydispersity at elevated temperatures; an equilibrium between dodecamers and
monomers and dimers was suggested. The gas-phase dissociation, however, yielded a fun-
damentally different dissociation pathway leading to the observation of highly charged
monomers and undecamers with much less charge. Interestingly, the solution behavior
could at least partially be compared to independent earlier work. The experimental strate-
gies included control experiments; e.g., the influence of ionic strength in the initial spray
solution was investigated.
In quantitation studies, one must also clearly distinguish between mass spectrometric me-
thods for the study of noncovalent complexes in the gas-phase (i.e., measuring dissociation
energies of gas-phase complex ions), and methods used for studying noncovalent com-
plexes in solution (i.e., the monitoring of solution equilibria). For the latter, results general-
ly agree well with known solution-phase thermodynamic values. On the other hand, gas-
phase methods yield interaction energies that typically do not agree with solution-phase
values. Furthermore, mass spectral signal intensities are often taken as a direct measure of
solution-phase concentrations. This is very much prone to errors, since such a direct cor-



50

relation strongly depends on relative vaporization and ionization efficiencies of the differ-
ent molecular species. Thus, for a compound X, a transfer coefficient tX can be defined that
accounts for all instrumental and chemical effects that decrease or enhance the mass spec-
trometric signal for compound X, IX = tX[X]. This problem is often not adressed explicitly;
rather, similar transfer coefficients for a binding partner and the noncovalent complex are
implicitly assumed. As our group has reported, this assumption is not generally fulfilled
[9,10].

Solution-phase relevance in MALDI
Most of the noncovalent complexation studies employ electrospray ionization, especially
in cases where protein conformations in solution are studied; MALDI is only sporadically
used. This is partially due to the above mentioned fact that MALDI involves an interme-
diate step before noncovalent complexes are transfered into the gas phase for mass analys-
is: in MALDI, samples are cocrystallized with matrix, i.e., the condensed phase in the
MALDI crystal must be taken into account, too. Additionally, it is not clear how much
energy is deposited into noncovalent complexes upon laser desorption / ionization, and
whether part of this energy may contribute to complex dissociation.
It should be noted that the correlation of the solution- and gas-phase properties of non-
covalent complexes still produces vigorous scientific discussion, although electrospray
seems to be widely accepted nowadays for such experiments. MALDI has several advan-
tages over electrospray, since it conventionally produces singly charged species. Hence,
data interpretation is much more straightforward than in electrospray, where sophistica-
ted charge deconvolution methods must be applied. Additionally, MALDI has the unique
amenability to highthroughput screening which could be of particular interest in ligand
design of pharmaceutical relevance. For the time being, MALDI is much less established in
the field of noncovalent complexes, and hence, many further examples will have to be pre-
sented to significantly broaden its acceptance in such analyses.
MALDI mass spectra can yield relevant information on what happens in solution: Nelson
et al. probed solution-phase binding of a histidine-rich peptide [11]. After washing a
sample containing matrix, peptide, and metal salt, copper-peptide adducts were still
observed in the MALDI spectra, whereas sodium and potassium adducts disappeared.
This observation was attributed to the fact that the copper adducts already existed in
solution, but not the sodium and potassium adducts.
Lehmann et al. showed the solution-phase behavior of zinc finger peptide complexation by
MALDI [12], and presented several controls, such as varying peptide sequences or apply-
ing a novel preparation technique without any solvent. Subsequent work on cyclodextrin
inclusion complexes [13] revealed a nonspecific electrostatic adduct, if an ion-dipole inter-
action was possible, e.g., between the cyclodextrin and a protonated amino group. The
control experiment here was remarkable: the use of the linear maltoheptaose instead of the
corresponding cyclodextrin molecule prevented the formation of the noncovalent complex
in solution. However, the signal for the complex was found in the mass spectrum at about
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the same relative intensity than before. This unambigously showed that no specific inclu-
sion complex was formed.
Further MALDI experiments on the preservation of noncovalent complexes upon their
way into the gas phase were described above in section 2.4. Our group has made signifi-
cant efforts to investigate the specificity issue in MALDI [14-17]; in the present thesis,
amino acid recognition in solution will be exemplified in section 4.2, and several experi-
mental controls such as a direct comparison of MALDI and electrospray data, a denatu-
ration monitoring, or further solid preparation methods will be shown in section 5.6.
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3.2 Solution-Phase Conformation and Techniques

The basic idea for studying solution-phase conformation has recently been described in a
very straightforward manner [18]: "You have to create a situation where in solution some-
thing happens to the protein that reflects its structure. Then you analyze it with mass spec-
trometry. If you know the rules for what affects the mass spectrometry result, you can
infer structural implications from that mass measurement". In other words, mass spectro-
metric methods can be used to "read" solution-phase structures, if mass changes in solu-
tion do reflect the structure of the analyte in any respect. Of course, this does not mean
that a protein structure is classically determined, e.g., by yielding atomic space coordina-
tes. But such methods provide a fast and sensitive way of generating structural informa-
tion and are typically refered to as structure probing, rather than structure determination.
When protein conformations are studied by mass spectrometry, two different strategies
can be applied: either folding/unfolding as well as assembly / disassembly is induced by
altering the experimental conditions (e.g., temperature or pH) and the change in the mass
spectrum is directly monitored; or alternatively, the protein is covalently modified in its
folded/unfolded form.� The former strategy is refered to as "monitoring conformational
change" or "subunit exchange", the latter is described in the "covalent modification" and
"cross-linking" section.

Monitoring Conformational Change
A well-known mass spectrometric way to study protein conformations involves monitor-
ing charge state distributions (CSD), the series of peaks produced during the electrospray
ionization process [19-21]. Folded and unfolded proteins produce a different CSD: native
conformations tend to have narrow CSDs with a low net charge, whereas proteins sprayed
from denaturing solution conditions produce a broad series of charged peaks centered
around a much higher charge (see figure 3.1).
Three excellent reviews have summarized most of the examples [5,6,23] and have shown
that the protein's solution conformation indeed has dramatic effects on the distribution of
signals observed in the corresponding mass spectrum. As a representative example, Stan-
ding and coworkers studied oligomeric 4-oxalocrotonate tautomerase (4OT) [24], and
could confirm its homohexameric structure, while an octamer or a pentamer had previous-
ly been hypothesized by gel electrophoresis and ultracentrifugation, respectively. Interest-
ingly, closely related enzyme analogs of the homohexameric 4OT yielded completely
different ESI mass spectra [25], although the analogs contained only very subtle differen-
ces in their covalent structure. These small changes, however, dramatically effected the
CSDs observed.

                                                  
� A covalent modification of a protein is intrinsically accompagnied by a change in mass. A modified protein, compared to the unmodi-
fied one, thus differs in mass by ∆M, i.e. the mass of the modification.
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Figure 3.1  Positive ion mode ESI mass spectra of myoglobin, sprayed solutions under near-native conditions (lower trace)
and under denaturing conditions (upper trace). The charge states differ significantly, the deconvoluted nominal mass differs
by ∆M = 614, which is the mass of the noncovalently bound heme group. Adapted from ref. [22] with permission of the
authors © 2001 Swiss Chemical Society.

There is an ongoing debate on the origin of the different CSDs as observed from spraying
proteins out of different solution conditions. Generally, the phenomenon is believed to be
related to the accessibility of ionizable groups during the electrospray process, i.e., the
basic sites of a protein are more accessible in an unfolded state and, hence, more likely to
carry a proton (= charge) than in the more compact, native state. As an alternative expla-
nation, Grandori and coworkers have presented experiments that describe the origin of
CSDs being derived from the number of acidic residues buried within the folded protein
instead of the number of accessible basic residues accessible on the surface [26-28].
Kebarle has early on shared the view that the observed degree of protonation in ESI is re-
lated to the number of basic sites that are protonated in solution [29]. However, he also
mentioned that this degree of protonation may be modified by changes of pH due to sol-
vent (and volatile acid) evaporation from the charged droplets [30,31]. His charged residue
model takes into account that multiply charged proteins may be located near the surface of
a droplet and thus, are not charge neutralized by counterions in solution. Subsequent ion
evaporation from the droplet would then create macroions, some charges of which may
move some distance outside the droplet. There, repulsion from the charged droplet sur-
face becomes significant, so that the macroion is eventually expelled from the droplet.
Protein folding studies based on CSD are equilibrium experiments: the conformation of the
protein is studied as a function of denaturant concentration, temperature, or other contri-
butions. The protein is allowed to adapt to its new environment. In kinetic experiments,
conformational changes are monitored as a function of time, rapidly following alteration
of the solvent conditions. Konermann et al. have studied the denaturation of myoglobin
and cytochrome c using a time-resolved electrospray approach [32,33]. While it was shown
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in the cytochrome c experiments that the mass spectra provided snapshots of the confor-
mational changes induced during refolding, the myoglobin study additionally revealed
the presence of an intermediate species during its acid-induced denaturation. In similar
experiments, Cunsolo et al. monitored the denaturation of metallo-proteins (copper azurin,
zinc azurin, and amicyanin) at different pH [34]. The authors followed the unfolding pro-
cess with increasing time and at equilibrium, and were able to derive its equilibrium
constants. Such time-resolved monitoring provides an excellent illustration of how (elec-
trospray) mass spectrometry can be used to detect intermediates in protein folding proces-
ses and to directly monitor distinct populations.

Subunit exchange
Mass spectrometry has been used actively in recent years to characterize the quaternary
structure of many proteins, although most studies focused on establishing the stoichiome-
try of multi-protein complexes [5,35,36]. Nevertheless, some studies characterize subunit
interactions, subunit exchange, and topology within such complexes. Studying assembly
and dynamics of multi-unit protein complexes shows the unique capabilities of mass spec-
trometry to gather information unavailable from other biophysical techniques. Recently,
virus particles, which exhibit high overall stability combined with remarkable flexibility at
certain folding phases, have become of particular interest to mass spectrometrists. Suizdak
and coworkers used time-resolved proteolysis to probe the flexibility of the viral capsid of
flock house virus [37]. Interestingly, the first proteolytic fragments were invariable from
interior parts of the subunit, suggesting transient exposure of these segments to the capsid
surface. Another investigation on limited proteolysis revealed the structural properties of
the transcription factor Max, bound to its cognate DNA as well as free in solution [38].
That study is significant, since it provides information on the structural properties of Max
uncomplexed with DNA, a structure not yet solved by NMR or X-ray crystallography.
Many more examples on limited proteolysis and time-resolved mass mapping of viruses
are given in Siuzdak's latest book [39].
A highlight has been the real time assembly monitoring of the chaperone MtGimC com-
plex [8]: aqueous solutions of the individual subunits were electrosprayed, and their de-
tailed assembly was observed on a time scale of a few milliseconds after ionization. Here,
mass spectrometry provides a perfect detection system, since the ion residence time in a
TOF instrument is on the order of microseconds; hence, changes on a millisecond time
scale can be readily resolved. The composition of the MtGimC complex was unequivocally
established to be a hexamer composed of two subunits α2β4. Further examples include sub-
unit exchange and thermal dissociation of multimeric heat shock proteins [40,41] and the
successful ionization of  intact E. coli ribosomes [42]: variation of the solution conditions,
e.g., concentration of magnesium cations, resulted in the facile dissociation of the intact
ribosome (70S) into the 30S and 50S subunits. The ribosome example was quoted by Kalta-
shov to be "the most impressive demonstration of [...] MS to decipher composition and ar-
rangement of multi-protein assemblies thus far" [23].
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Covalent Modification and Cross-linking
Presently, mass spectrometry does not provide a direct means of identifying secondary
structural motifs within proteins, i.e., like circular dichroism techniques do. However, it is
capable of probing protein backbone flexibility, a parameter that is often linked to the pre-
sence of stable elements of secondary structure [43,44]. Tertiary structure appears to be
even more amenable to characterization by mass spectrometry, in particular by using se-
lective covalent modification chemistry and chemical cross-linking.
One approach for analyzing higher order protein structures involves selective covalent
modification of functional groups, followed by digestion and peptide mapping of the
resulting fragments. This covalent surface probing reveals which residues are exposed and
which are buried within the core of the structure [45,46]. Selective covalent modification
reactions exist for a variety of functional groups, e.g., the conversion of an amino group by
O-methylisourea yields a guanidino group [47], and many similar protocols have been op-
timized for MALDI mass analysis [48]. Once a modification reaction selectively works for
a given functional group, it can be easily applied to amino acids in peptides and proteins:
thus, the field is actively explored, and modification reactions have been described for
lysine [49-56], cysteine [57,58], serine [59], histidine [60,61], and tryptophane residues [62].
Of course, more general methods such as methylation or acetylation have been applied as
well [63,64], and an unspecific methylation has been proposed by Scaloni et al. who probed
the reactivitiy of nucleophilic residues in human diphosphoglycerate/deoxy-hemoglobin
complexes [65]. Disulfide bonds generally survive enzymatic digestion, thus, disulfide-
bridged fragments and their reduced free forms allow verification of the cysteine locations
[66,67].
Several other covalent modifications have been proposed; e.g., phosphorylation of serine
and threonine has been studied for its potential of selective chemical modification [68],
stable isotope-labeled amino acids have been incorporated into biomolecules [69,70], and
sophisticated modifications involving oxygen have been used, i.e., 18O isotopes [71], epox-
ide probes [72], and hydoxyl radicals [73-77]. In the latter technique, proteins are treated
with a high flux of hydroxyl radicals on short time scales, which results in limited oxida-
tion without damage to the protein's tertiary structure. Since the observed level of oxida-
tion is highly dependent on the accessibility of the involved amino acid, a correlation to
the folding and accessibility of the investigated protein is feasible. Additionally, oxidation
of cysteines and methionines occurs much faster than for other amino acids, such as phen-
ylalanine, tyrosine or tryptophane.
Remarkable progress in structural probing has been achieved by cross-linking, i.e., establi-
shing covalent bonds between noncovalently interacting partners. Some recent examples
highlight the usefulness of this approach: using ethanedinitrile, Winters and Day success-
fully determined amino acid residues that participated in intermolecular salt bridges bet-
ween self-associating proteins [78]; the dimeric structure of aminoacylase has been probed
in that respect [79], and cross-linking between two cysteinyl residues has enabled hairpin
formation of self-templating peptides [80]. Young and coworkers have ingeniously recog-
nized that the geometry of a selective cross-linker is a direct measure of distance between
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the two linked groups, since two residues will only be cross-linked if they are within the
distance dictated by the length of the cross-linker. After cross-linking, the protein of
interest is digested, and the fragments are analyzed by mass spectrometry. The team syn-
thesized a variety of bifunctional cross-linkers of different lenghts, and thus developed se-
veral "molecular rulers". Young's distance constraint determination [81,82] has received great
attention and might revolutionize the mass spectrometric structural probing of proteins,
since it has the potential to be a real high-throughput method for determining a 3D protein
structure, albeit at low resolution [18].

Hydrogen/Deuterium Exchange
The analysis of hydrogen/deuterium exchange (HDX) kinetics of protein backbone amide
protons has long been used as a source of structural and dynamic information; since it in-
volves a change of the protein's mass, HDX is included in the present section on covalent
modification as a readout of solution conformation.�

The idea of solution-phase HDX as a structural probe is that some of the solvent exposed
hydrogen atoms in proteins are capable of switching places with hydrogen atoms from the
solvent molecules. If deuterium oxide is used as the solvent, deuterium gets incorporated
into the protein and the change in mass can be monitored. The exchange of hydrogens
occurs at a specific rate, which is mainly a function of solvent accessibility (and, thus, pro-
tein structure), temperature, and pH. There are three kinds of hydrogens in proteins: those
covalently bound to carbons essentially do not exchange, whereas the ones on functional
groups (side chains of amino acids) can exchange very fast (in fact too fast to be detected
by mass spectrometry). Only amide hydrogens within the backbone exchange at rates that
are observable by mass spectrometry. These amide hydrogens are of particular impor-
tance, because they represent a continuous structural probe along the whole protein. A
labile hydrogen can only undergo exchange if it is accessible to the solvent, and if it is not
involved in a stable hydrogen bond. Thus, the HDX behavior of a protein is determined by
its conformation; unfolded regions of a polypeptide chain will undergo more rapid ex-
change than tightly folded regions, and reflect structure or structural stability; hydrogens
buried within the protein core may exchange slowly, on a time scale of hours or days, or
even slower. Hence, the movements of proteins and the rate of such movements can be
studied by HDX.
One of the first mass spectrometric HDX examples was published by Katta and Chait [89]
on the conformational changes in ubiquitin induced by addition of organic solvents to pro-
tein solutions. Since then the method has been successfully used in studies on protein fol-
ding/unfolding and structure elucidation. Among other examples, the conformations of
cytochrome c [43,90] and myoglobin [91,92] have been reported, and exchange rates of
protonated serine dimers [93], hydrophobic peptides [94], and the amyloid-β peptides [95]

                                                  
� HDX has also been used in gas-phase ion-molecule reactions using gaseous deuterium oxide [83,84], e.g. on gas-phase un-
folding studies on cytochrome c [85-87]. However, since gas phase HDX is related to physical properties of biomolecules in
the gas phase (e.g., gas-phase basicity of a peptide), it is not further detailed here in the section on solution-phase modifica-
tion methods. An excellent chapter on gas-phase HDX has been presented by Jarrold [88].
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have also been studied by HDX analysis. Both ESI and MALDI are nowadays used [96,97];
Nazabal et al. probed the conformation of Het-s infectious prion protein of a fungal species
by HDX MS [98], and found that the soluble noninfectious form of HET-s displayed a high
surface accessibility at the carboxyl terminal domain, while the solvent accessibility was
drastically reduced in the infectious amyloid form. In another MALDI example, in connec-
tion with post-source decay analysis, one example investigated the metastable decay of
DNA under typical MALDI conditions [99]. Very recently, it has been shown that protein
zinc clusters could be successfully subjected to HDX in combination with high resolution
mass spectrometry [100]. The latter work is remarkable, since these measurements allowed
direct determination of the metal-to-protein ratio by analysing the isotopic pattern, without
the need for separate measurements of individual metal and protein concentrations.
Heck and coworkers reported a major drawback in studying protein conformation by
HDX MS: they systematically investigated the possible occurence of scrambling, i.e. intra-
molecular migration of hydrogens and deuteriums, and elucidated such redistribution of
the isotopes [101]. The extent of scrambling was found to be dependent on the nature of
the charge carrier (i.e. protonated versus sodiated versus cesium-cationized species) and
the amino acid sequence, whereas it was found to be largely independent of the type of
mass spectrometer used, as well as on the type of fragment ions studied.
It is impossible to cover HDX exhaustively in this chapter, since the field has rapidly ex-
panded, and many studies employ HDX in a side experiment. The widespread use of HDX
MS is also reflected in a large number of excellent reviews [23,102-106] that have described
its applicability in detail.

Why Mass Spectrometry?
It should be noted here that the combination of several conformation-probing methods re-
presents a true mass spectrometric alternative to more traditional structure probing techni-
ques, such as NMR or fluorescence studies. The main relevance of using mass spectro-
metry is in gaining complementary information, which might not (or only partially) be ac-
cessible through the established techniques. Additionally, mass spectrometry is a highly
competitive method in terms of sensitivity. It definitely competes with NMR in terms of
sample amounts needed for a typical study (see below).
Of course, mass spectrometrists tend to solve virtually any problem by MS, however, the
technique is not widely spread in biochemical laboratories. Thus, it is important to point
out its advantages. Mass spectrometry indeed has options to offer, as the following exam-
ple may show.
The nature of the noncovalent interactions between a series of coenzyme A (CoA) deriva-
tives and the CoA binding protein was explored by many of the above presented ways
[107]: different CSDs were obtained by spraying the complexes under a variety of condi-
tions, covalent modifications were introduced by variation of the chain length of the CoA
ligand, the protein binding site was mutated, and HDX measurements revealed an increa-
sed protection against hydrogen exchange for the protein when bound to the acyl CoA
ligands. These results were found to be in good agreement with earlier NMR experiments
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on the same system, however, the mass spectrometric experiments needed a significantly
smaller amount of material. According to the authors, 20 µM protein sample solutions
were used; if we assume typical stock solution volumes of 200 µL, and a molecular weight
of 20 kDa for the investigated protein, as few as 10 µg of purified sample were used in the
acyl CoA study. Compare this to typical gramm quantities used in NMR studies!
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3.3 Gas-phase conformation and Techniques

Over the past years, there has been an increasing interest in biomolecular structure and
conformation in the gas phase; since mass spectrometry transports proteins and complexes
into the gas phase, behavior of these biomolecules in such an environment must be under-
stood. Williams has described the interest in gas-phase conformations [18]: "By taking
away the solvent, it becomes feasible to find out what is intrinsic to the molecule and what
properties are a function of the solvent itself. Gas-phase studies allow one to isolate and
explore the intramolecular interactions within a protein." However, interest in biomolecu-
les in the gas-phase is not only academic; many experiments show that gas-phase environ-
ment actually resembles fairly well the behavior of molecules in membranes (this is not
surprising, since the dielectric constant ε is almost identical for vacuum and the interior of
membranes).
A variety of experimental techniques for studying gas-phase conformations have been
described. Some of them are outlined in the following section, namely dissociation and
fragmentation methods,� ion mobility spectrometry, and two very sophisticated approaches
for studying gas-phase structures.

Dissociation
Breaking noncovalent interactions between binding partners allows to follow the break-
down of noncovalent assemblies in the gas phase. Among others, three methods have been
established: collision-induced dissociation (CID), cone voltage-driven dissociation (VC50

method), and Blackbody Infrared Radiative Dissociation (BIRD).
CID employs a collision gas in a dedicated part of a time-of-flight mass analyzer ("collision
cell") and is normally used to produce molecular fragments of mass selected ions (MS/MS
experiments, as exemplified in the fragmentation section); however, several examples exist
on the successful dissociation of noncovalent complexes by means of a collision gas. CID is
then used to disrupt the noncovalent complex, initiated by converting some of its kinetic
energy into internal energy [108,109].
Using electrospray MS/MS, Li et al. studied binding of rapamycin to the cytoplasmic re-
ceptor FKBP [110], and compared the relative binding energies of several protein analogs.
The gas-phase binding was found to reflect the aqueous solution behavior of these com-
plexes. Lebrilla and coworkers [111] subjected complexes between several peptides and
cyclodextrins to CID, and determined treshold values of complex dissociation in an FT
ICR analyzer cell using N2 as the collision gas. The treshold values were compared with

                                                  
� In the present thesis, the terms dissociation and fragmentation are distinguished: dissociation describes the separation of in-
tact noncovalent complexes into its individual binding partners, i.e., the rupture of the noncovalent interactions. According-
ly, the term fragmentation will be used solely for methods that break covalent bonds, e.g., the peptide backbone.
Such definition does not follow international trend in the literature, where both terms are used for both methods. However,
the differentiation between breaking covalent and noncovalent bonds helps to structure the present section.
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dissociation temperatures obtained using heated capillary dissociation, and the stability of
the complexes was found to follow the same order in both experiments.
Among other examples, tandem mass spectrometry was used to study the heme binding
in holo-myoglobin [112], to eludicate molecular recognition of glycopeptide antibiotics
and bacterial receptor peptides in the gas phase [113,114], and to investigate noncovalent
gas-phase complexes between the bovine pacreatic trypsin inhibitor (BPTI) and its target
enzymes (trypsin, trypsinogen, chymotrypsin) [3,115]. In the latter work, the order of dis-
sociation tresholds of these complexes in the gas phase did not correlate well with the
order of treshold values determined in solution. This was explained by the different non-
covalent interactions of these complexes in either medium: hydrophobic interactions were
found to dominate binding in solution, whereas only the electrostatic contributions were
correctly reflected in the gas-phase experiments. For further examples on CID to induce
dissociation of noncovalent complexes, see [4,9].
In VC50 methods, dissociation of noncovalent complexes is induced by increasing the cone
voltage (VC) of the ions in the source-analyzer interface region of an ESI mass spectro-
meter, and the method provides a straighforward way of evaluating relative gas-phase
stabilities. The dissociation of the chaperone MtGimC complex has been studied with this
method [8]. Increasing the VC from 50 to 150 V led to a disruption of the hexamer and the
observation of a pentameric species. This loss of a single (monomeric) unit as an initial dis-
sociation step suggested that these subunits were structurally located at peripheral posit-
ions of the larger assembly, thereby facilitating their successive release as the collision
energy was increased.
The VC value needed to dissociate 50% of a noncovalent complex initially present (VC50) is
taken as a gas-phase stability parameter, e.g., binding of an enzyme-inhibitor complex.
This new method was utilized by Van Dorsselaer and coworkers in a very nice study [116]:
their methodology allowed to rapidly supply information about how inhibitors interacted
with their target enzyme. ESI mass spectra of an equimolar mixture of aldose reductase,
coenzyme, and inhibitor were recorded at various cone voltages;  the derived VC50 value
correlated qualitatively well with the energy of the electrostatic and hydrogen bond inter-
actions of the aldose reductase inhibitor noncovalent complex. However, no quantitative
correlation between the calculated binding energies and the gas-phase stabilities was
found, as the investigated system may be partially denatured during the mass spectrome-
tric experiment. Similar conclusions have been drawn by other groups, for example when
studying dissociation of heme from myoglobin and cytochrome b5 [117] or for the disso-
ciation of oligonucleotide duplexes [118].
A third approach for dissociating gas-phase complexes is blackbody infrared radiative disso-
ciation (BIRD) [63]. In the low-pressure environment of an FT ICR cell, ions can be stored
and exposed to a variety of reagents, collision gases, or laser light. For instance, internal
equilibrium of the ions can be attained through adsorption and emission of infrared
photons. Weakly bound ions may be driven to dissociate by the radiation field; large ions
equilibrate with the radiation field faster than they dissociate, and thus Arrhenius activa-
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tion energies can be determined from measurements of dissociation rates as a function of
the temperature of the ICR cell.
In a excellent contribution, Williams and coworkers have adressed the question of specific
Watson-Crick base-pairing in the gas phase by measuring gas-phase activation parameters
for strand separation [119]. The authors found that the gas-phase barriers followed linearly
the same trend as the melting enthalpies determined with UV methods in solution, and
hence concluded that the Watson-Crick base-pairing was conserved in the gas phase. Mo-
lecular dynamics calculations agreed with this conclusion.
Current knowledge about peptide and protein structure in the gas phase has been review-
ed by Lebrilla [83], Clemmer [120], Jarrold [88], and Schalley [121] and coworkers. More
examples, e.g., on the fundamental research of amino acid zwitterions in vacuo, and fur-
ther experimental approaches are referenced therein.

Fragmentation
In the present context, any method that breaks a covalent bond of a molecule in the gas
phase is refered to as a fragmentation process, although the corresponding techniques
carry the term "dissociation" in their abbreviations. Breaking covalent bonds may not be
closely related to the topic of noncovalent interactions, however, one paragraph is inclu-
ded here, since the shown ECD examples indeed have strong implications on the study of
noncovalent interactions in the gas phase.
In fragmentation experiments, the typical reaction observed is an unimolecular fragmen-
tation, which is generally enhanced by some form of ion activation. This activation is nec-
essary in order to increase the internal energy of a parent ion so that it will collapse into
smaller daughter ions. In practice, the activation process cannot be separated from the frag-
mentation process, so the activation techniques are typically referred to as fragmentation
techniques (termed dissociation techniques, see above).
Ion activation can be achieved by several means, e.g., introducing the selected ion into a
collision cell where it collides with a neutral gas, resulting in fragmentation (see above).
This method is called collision induced dissociation (CID), and fragments are then monitored
via mass analysis [122]. Although CID is essentially universally used across all types of
mass spectrometers, ion activation (and hence fragmentation) can also be pursued by
infrared photon absorption, or by abstraction of an electron. The latter technique is called
electron capture dissociation (ECD), while the former is refered to as infrared multiphoton
photodissociation (IRMPD).
In fragmentation studies, the covalent chain along the backbone of peptides and proteins
is of particular interest. In this respect, scheme 3.1 shows which fragmentation method
typically results in which ions. Depending on the site of the charge, peptidic fragments are
classified into a,b,c ions (the charge is retained on the amino terminus), or into x,y,z ions
(the charge is located on the carboxyl terminus), respectively.
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Scheme 3.1  Peptide backbone fragmentation pattern, as obser-
ved by several techniques.
The fragment ions are classified according to the localization
of the charge (a,b,c: charge on the amino terminus / x,y,z:
charge on the carboxyl terminus). Abbreviations: CID collision
induced dissociation, ECD electron capture dissociation,
IRMPD infrared multiphoton dissociation.

With IRMPD [123,124], the internal temperature of the ions is increased by photon absorp-
tion, irrespective of the kinetic energy of the ions. By absorbing multiple photons upon IR
laser irradiation, ions gain enough internal energy to collapse, and the resulting fragments
are mainly of the b, y• type (see scheme 3.1). Until now, IRMPD has not reached the
routine application level; reports typically present instrumentation and / or technical re-
finement [125]. So far, it is exclusively used to analyze primary structure, as shown by
Marshall and coworkers who characterized posttranslationally modified peptides [126]
and a protein library [127].
Similarly, ECD fragmentation of the backbone is also used to derive primary structure (i.e.,
sequence [128-131] or amino acid side chain losses [132,133]). However, disrupture of the
covalent backbone by electron capture is a process that does not significantly affect the
noncovalent bonds present in the fragmented assembly [134,135]. Capture of an electron at
a protonated site is exothermic, and the high H• atom affinity of a backbone carbonyl
group leads to immediate fragmentation (a "nonergodic" process, i.e. the bond breaks be-
fore the energy is distributed over the entire molecule), producing mainly c, z• ions. How-
ever, if two fragments were initially involved in noncovalent bonding, they will still be
linked together after ECD. This allows to infer structural information on the protein's
conformation as present in the gas phase, exemplified by McLafferty and coworkers in the
detailed folding / unfolding characterization of gaseous ubitiquitin ions [136] and studies
on its helix propensities [137]. Additionally, the group has reported top down characteriza-
tion of many proteins that could be unambigously assigned to several folding families and
tryptic maps from independent work [138-140].

Ion Mobility Spectrometry
The mobility of a gas-phase ion is a measure of how rapidly it moves through a buffer gas
under the influence of a weak electric field, and it depends on the ion's average collision
cross-section with the buffer gas. At a given pressure, large ions with open structures will
undergo more collisions than those with compact geometries. The measurements are per-
formed in a drift tube, which contains the buffer gas (typically several mbar of helium)
and has a uniform electric field along its length. A packet of ions is injected into the drift
tube and guided through. Ions exiting at the other side of the drift tube are (sometimes)
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mass analyzed and detected. Since the arrival time ("drift time") of the ions is a function of
the molecular cross-section, a discrimination for different gas-phase conformers is feasible,
see scheme 3.2.
Bowers and coworkers have initially analyzed carbon cluster ions by IMS [141]. Since then,
they expanded the field significantly: by comparing experimentally determined drift time
distributions with those derived from computer simulation, they have successfully analy-
zed the gas-phase conformations of molecular semiconductor molecules (oligo-phenylen-
vinylenes) [142], small peptides [143], and oligonucleotide duplexes [144]. Recently, the
Bowers group has started to explore the mobility of misfolded aggregates observed in bo-
vine spongiform encephalopathy ("mad-cow disease") or Alzeimer's disease (M.T. Bowers,
personal communication). The basic idea behind all these studies is the comparison of a
calculated mobility for a trial conformer with experiment. If in good agreement, then this
trial conformer becomes a candidate for the structure of the investigated ion.

Scheme 3.2  Principle of ion mobility spectrometry (IMS) to separate ions according to their different collision cross-sections.
Ions of the same mass have the same flight time tTOF (left), although they might have different gas-phase conformations. The
latter can be separated by introducing the ions into a drift cell at low buffer gas pressure (middle), where they are guided
through by a weak electric field U. Since the drift time tdrift (= the mobility in the drift cell) is a function of the molecular
cross-section, different conformations will be resolved in a drift time spectrum that represent different mobilities of the ions.

Many further IMS studies have exlored gas-phase conformations; among them, the gas-
phase behavior of bovine pancreativ trypsin inhibitor [145], cytochrome c [145,146] and the
helical conformation of melittin [147] have been analyzed. Jarrold and coworkers have ex-
tensively contributed to the understanding of gas-phase secondary structures in unsolva-
ted peptides [148-152]. A large fraction of the amino acids in proteins establish α-helices
and β-sheets, and Jarrold's work has provided insight into the role of solvent and intramo-
lecular interactions in stabilizing these secondary structure elements. Since the drift times
of the unsolvated peptides have been compared to molecular dynamics simulations of
putative structures, unusual gas-phase conformations, e.g., peptide "pinwheels", have
been postulated and experimentally confirmed.

tTOF tdrift

drift cell

p (He)

U
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Clemmer and coworkers have successfully separated more than 600 compounds of a ran-
domized peptide library [153]. Their approach of combining ion mobility with TOF MS
allowed them to resolve many compounds that could not be distinguished by mass spec-
trometry alone. Many different instrumental setups and hyphenation of IMS to various
mass spectrometric and separation techniques have been achieved by Clemmer's group.
For example, they have built an ESI Ion Trap IMS TOF MS setup for the rapid and extre-
mely sensitive analysis of a complex biomolecular mixture of tryptic fragments [154]. The
authors complemented m/z measurements with experimental mobilities, which significant-
ly helped to assign peaks. Furthermore, a 2D contour plot of flight time vs. drift time
allowed to classify individual charge states: and the plots slightly resemble data obtained
with 2D gel separation methods [120]. Most importantly, these findings have unambigous-
ly shown that different charge states of proteins have distinctly different conformations in
the gas phase. Most recently, the instrumental hyphenation in Clemmer's laboratories has
included the coupling of IMS TOF MS to liquid chromatography [155,156]. This adds the
retention time of different compounds as a third dimension to the flight time / drift time
plot.

Two unusual approaches
McLuckey and coworkers have formed protein-protein complexes in the gas phase via the
interactions of multiply charged proteins of opposite polarity [157,158]. Both cytochrome c
and ubiquitin gas-phase ions were stored in a quadrupole ion trap, and allowed to form
1:1 noncovalent complexes. Interestingly, a net charge 3+ was always obtained, irrespec-
tive of whether ubiquitin homodimers, cytochrome c homodimers, or mixed heterodimers
were formed, respectively. In further experiments, the same group compared gaseous pro-
tein-protein complexes with those formed initially in solution, and showed that complexes
formed in the gas phase could retain a memory of their method of formation.
Reimann and coworkers used atomic force microscopy and scanning tunneling micros-
copy to examine the defects in graphite generated by the high-energy impact of multiply
charged protein ions [159,160]. Low charge states of myoglobin produced by electrospray-
ing a nonacidic solution gave nearly circular defects, whereas the defects generated by the
higher charge states from an acidified solution were elongated, and became even more
elongated as the charge increased. Comparative data was obtained for insulin, trypsin,
and albumin [161]. These experiments are remarkable, since they provide true "imaging"
of protein conformations in the gas phase, and thus, a straightforward method for provi-
ding molecular cross-sections.
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3.4 Summary

The stability of gas-phase protein structures must be conceptually distinguished from
solution-phase stabilities, since folding intermediates in the latter are short-lived, whereas
folding intermediates in the gas phase are stable over longer time periods. Yet, this is the
strongest argument why gas-phase analysis of proteins is pursued actively. Their isolation
and manipulation in the gas phase provides a means of differentiating intramolecular
interactions from solvent contributions. As widely observed and predicted from theory,
electrostatic interactions are stabilized in the gas phase, while hydrophobic contributions
are virtually lost.
Noncovalent complexes are amenable to mass spectrometric analysis, since soft ionization
allows to transfer them as intact ensembles into the gas phase. There, they can be dissocia-
ted of fragmented, in order to derive structural information, e.g., their site of complexa-
tion, stoichiometric order of assembly, or the binding constant. Currently, the degree of
similarity between protein structures in vacuo and in solution is matter of vigorous dis-
cussion; it is accepted that electrosprayed protein ions can (and do) retain a memory of
their solution structures. From molecular modeling studies, it appears that many structur-
al details (e.g. secondary structure elements) within large proteins in solution are conser-
ved in the gas phase, especially in low charge state ions. MALDI is much less established
in the field of noncovalent interactions, since a crystallization step is involved, and the in-
fluence of energy deposition during laser desorption / ionization on the stability of the
noncovalent complexes is not well understood. Hence, many further examples will have to
be presented to significantly broaden the acceptance of MALDI in such analyses.
Generally speaking, experimental strategies to correlate the mass spectrometric results to
either solution-phase or gas-phase behavior should always include stringent controls. The
mass spectrometric data only reflects the assumed situation accordingly, if chemical or ex-
perimental changes/modifications of the system are fully reflected in that data. Of course,
the ultimate test of the similarity of gas-phase ions to native solution conformations is bio-
logical function. So far, no results have been presented that indicate gas-phase ions to be
capable of biological function, e.g., enzymatic action.
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A fact in science is not more fact, but an instance.
Bertrand Russell

n section 3.2, the selective covalent modification of
amino acid residues has been summarized. The present chapter presents comparative
ways using noncovalent modification chemistry. Of course, this is closely connected to the
concepts of molecular recognition (section 2.1), and several interaction motifs will be des-
cribed here. At the beginning, the selective recognition of basic residues, e.g. arginine and
the amino terminus, will be explored. Detailed control experiments were designed to un-
ambigously confirm this selectivity; further experiments explain why the proposed recep-
tors discriminate the amino terminus from the lysine side chain (section 4.2). A route for
noncovalent complexation of lysine is considered in section 4.3.
In section 4.4, the recognition motif is reversed in order to selectively probe acidic sites,
however, only negative results can be reported here. Some thermochemical considerations
explain why noncovalent complexes between carboxyl groups and guanidinium based re-
ceptors have been found to not survive the gas-phase environment (section 4.5). Interest-
ingly, cysteic acid residues can be detected in this fashion, whereas the successful identifi-
cation of glutamic and aspartic acid still awaits further investigation.
Using noncovalent recognition is much more straightforward than covalent modification,
since it does not require lengthy chemistry or crosslinking, and it avoids digestion and
purification steps. In simple terms, the two solutions (protein and receptor) are just shortly
incubated, and the sample is subsequently mass analyzed.

I
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4.1 Basic Residues and the Special Interaction of Arginine

Earlier work in our group has investigated basic residues in peptides and proteins em-
ploying sulfonate based dyes, such as Cibacron Blue F3G-A (CCB) or Direct Yellow 50 [1],
which are commonly used in affinity chromatography [2]; for structures see table 4.1A.
These complicated polyfunctional molecules form noncovalent complexes with peptides
and proteins, however, their mode of interaction is not fully understood.

Salih et al. have found that the number of
noncovalent CCB adducts corresponds to the
total number of basic residues in polypep-
tides [1]. For example, insulin forms a total of
five CCB adducts (∆m/z  = 773 for the free
acid) in agreement with the number of basic
residues. Small peptides such as substance P
formed peptide-dye complexes of multiple
stoichiometry, i.e. several peptides encom-
passing one dye molecule, probably due to
several sulfonate groups present in the mo-
lecular structure of the dye. Further, the data
obtained with CCB showed that the distance
between two residues played a role: if they
were too close with respect to each other,
Coulombic repulsion limited the number of
positive charges (e.g., the case of two lysines
in direct neighbourhood in the peptide se-
quence of melittin).
We verified Salih's data by choosing the insu-
lin/CCB system. Besides the protonated mo-
lecular ion signal (m/z = 5'734) there are five

CCB adducts in total, reflecting five basic sites. All of the basic amino acid residues (one
arginine, one lysine, and two histidines) are located in the B-chain and are quite far from
each other. Steric hindrance will thus be minor. Insulin consists of two polypeptide chains
linked together via disulfide bonds and a salt bridge between the amino terminus of the A-
chain and the carboxyl terminus of the B-chain. This ionic interaction is probably not dis-
rupted during MALDI sample preparation, such that the expected number of adducts
adds up to five (one arginine, one lysine, two histidines, one amino terminus) in perfect
agreement with the mass spectrum. Interestingly, we found the related Coomassie dyes
(see table 4.1B) to not yield any adducts detectable by MALDI mass spectrometry.
The interaction of polyfunctional dyes with proteins is believed to largely be electrostatic,
however, these molecules carry many different functional groups and might exhibit spe-
cial reactivity. For several decades, the interaction between CCB and proteins has been of
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interest. Immobilized sulfonate dyes are widely used for dye-ligand affinity chromatogra-
phy of proteins, and CCB shows affinity to a broad range of proteins and enzymes. Biell-
mann et al. have published the crystal structure of a CCB-bound horse liver alcohol dehy-
drogenase [3], and Lowe et al. have found that different parts in the molecular structure of
CCB exhibit completely different reactivities, except for two sulfonate groups [4]. The ter-
minal and the sulfonate group in the linking diaminobenzene-unit were found to always
interact with two arginine residues of the dehydrogenase.
About ten years ago, Burton et al. considered the role of the third sulfonate group bound to
the anthraquinone system [5]. Too close proximity to the amino group inhibits a strong
interaction via the sulfonate group. Additionally, influence to the reactivity of CCB by the
triazine linker and the heteroatoms is assumed, too.

Small Sulfonate Receptors
In order to better understand the mode of noncovalent interaction exhibited by sulfonate
receptors, we examined a wide range of compounds with distinctly simpler structure and
more predictable reactivity than CCB. In table 4.2, the chemical structures of these trial
compounds are given; anthraquinone-monosulfonate (AQMS), aminonaphthyl-monosul-
fonate (AYMS), and aminonaphthol-monosulfonate (AOMS) were of interest to us because
they resemble several parts of CCB's structure. MPYBS and MOPS are protein buffers, and
were chosen for their prominently exposed sulfonate group. However, none of these sys-
tems formed noncovalent complexes detectable by MALDI MS; and much to our surprise,
AYMS was found to be completely insoluble in water, even after extended ultrasonication.

Table 4.2  Sulfonate receptors employed in the present experiments: AQMS anthraquinone-monosulfonic acid, AOMS
aminohydroxynaphthalene-monosulfonic acid, AYMS aminonaphthyl-monosulfonic acid, SLS sulfanilic acid, MPYBS me-
thylpyrazolone-benzenesulfonic acid, MOPS morpholinohydroxy-propanesulfonic acid, NMS naphthalene monosulfonic
acid, NDS naphthalene disulfonic acid, NTS naphthalene trisulfonic acid.
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Figure 4.1  Upper panel: negative ion mode MALDI mass spectra of bombesin (a) and insulin (b) with NMS. Lower panel:
negative ion mode MALDI mass spectra of bombesin (a), melittin (b), and insulin (c) with NDS. In all spectra, M represents
the biomolecule and D represents the sulfonate dye (free acid). The data was obtained using PNA as matrix. The number of
adducts does not correspond to the total number of basic residues in the biomolecules (weak additional signals result from
nonspecific matrix adducts). Reprinted by permission of Elsevier Science from ref. [10] © 2001 by the American Society for
Mass Spectrometry.
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Figure 4.2  Negative ion mode MALDI mass spectra of ACTH F1-10 (a), bombesin (b), melittin (c), and insulin (d) with NTS.
M represents the biomolecule and D represents NTS as the free acid. The data was obtained using PNA as matrix. There are
no further signals above the mass range shown. Reprinted by permission of Elsevier Science from ref. [10] © 2001 by the
American Society for Mass Spectrometry.

Sulfanilic acid (SLS) formed nonspecific adducts with the MALDI matrix to yield clusters
over a broad mass range, so this compound was excluded as well. We also tried to detect
complexes of melittin with SLS in the absence of any MALDI matrix, by gradually increa-
sing the relative concentration of SLS while decreasing that of the matrix. Signals corres-
ponding to peptide-dye adducts were never observed, and peptide signals were only ob-
served if the matrix concentration was high enough. This behavior shows that SLS itself is
not acting as a MALDI matrix.
Finally the compounds of choice were mono-, di- and trisulfonated naphthalenes (see table
4.2), all being readily soluble in water. Free acids were obtained by ion exchange [6], spec-
tra were recorded using 4-nitroaniline (PNA) as a nonacidic MALDI matrix [7-9] (see also
section 2.4). A complete sample preparation protocol and further details are given in the
experimental section in chapter 7.
Figure 4.1 presents the negative ion mode MALDI mass spectra of several peptides/pro-
teins in the presence of the mono- and disubstituted sulfonate derivatives of naphthalene
(NMS and NDS, respectively). With bombesin/NMS and insulin/NMS, a total of two
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adducts can be identified. NDS forms two adducts with bombesin and melittin, and three
adducts are found for the insulin/NDS system, respectively.
The experimentally found number of adducts does not correspond to the total number of
all basic sites. Surprisingly, relative signal intensities differ dramatically for the investiga-
ted systems and there is no regular signal distribution pattern: insulin exhibits a decrea-
sing intensity of the higher adducts, whereas melittin shows a bell-shaped distribution. In
our experiments, the molar ratio of peptides vs. sulfonates is kept constant (at 10fold ex-
cess of sulfonate) and thus cannot have caused these different distribution patterns.
Noncovalent complexes of peptides/proteins and naphthalene trisulfonate (NTS) were
also investigated, the resulting MALDI mass spectra are shown in figure 4.2. Apparently,
two peptides (M) can react with the same NTS molecule (D), as evidenced by the observa-
tion of the 2M + D complex for all systems. Triple complex assemblies of the 3M + D type,
however, were never observed. Up to two peptide molecules, but not more, can thus
attach to one NTS molecule. This is probably due to Coulombic repulsion (three negative
charges on a small peptide), and also steric hindrance, which prevents three peptides from
binding to the relatively small NTS molecule simultaneously.

Arginine
After investigating a large number of complexes between peptides/proteins and sulfona-
tes, it became clear that for no single system the number of noncovalent sulfonate adducts
corresponded to the sum of all basic sites. Nevertheless, a systematic pattern was found: in
every case, the number of adducts in the mass spectra seemed to correlate with the num-
ber of arginine residues plus the amino terminus (see table 4.3).
This is surprising in two respects: (i) naphthalene sulfonates react different than the affini-
ty dyes, although both classes of compounds are hypothesized to bind electrostatically via
the sulfonate group; (ii) NDS discriminates between the amino terminus in peptides/pro-
teins and the terminal amino group of lysine.
The correlation of the number of adducts found with the number of arginine residues plus
amino terminus can be tested by suitable chemical control experiments; as outlined in sec-
tion 3.1, the noncovalent complexes can be subjected to changes in the solution environ-
ment - a change in solution must result in a corresponding change in the mass spectrum,
otherwise the MS data does not reflect the system properly. A variety of control experi-
ments was designed to unambigously confirm the arginine selectivity and the discrimina-
tion between amino terminus and lysine, see section 4.2. Naphthalene sulfonates indeed
do selectively recognize arginine residues and amino termini.
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compound R K H Nterm ∑expected ∑observed

ACTH f 1-10 1 - 1 1 3 2

LHRH 1 - 1 1 3 2

[K6]-LHRH 1 1 1 1 4 2

[W1,F2,W3,R6,A10]-LHRH 2 - - - 2 2

bombesin 1 - 1 1 3 2

melittin 2 2 - 1 5 3

insulin 1 1 2 1 5 2

[R18]-GIP 1 5 1 1 8 2

[H18]-GIP - 5 2 1 8 1

cytochrome c 2 5 - 6 1 8 - 9 3

Table 4.3  Compounds subjected to noncovalent complex formation with naphthalene sulfonates, number of basic sites, sum
of expected adducts (∑expected), and number of observed adducts (∑observed).

Guanidinium - Sulfonate Interaction
The interaction between arginine residues and sulfonates has been explained in terms of
an electrostatic motif [1]. Among all amino acids, arginine has by far the highest gas-phase
basicity [11] and the highest pKA-value (pKA = 12.5 for guanidinium [12]), hence it is safe
to argue that arginine will be protonated under the pH neutral sample preparation condi-
tions used in our experiments. Accordingly, the sulfonates (typical pKA < 0 [13]) will be
fully deprotonated. However, mere electrostatic interaction does not account for the fact
that arylsulfonates, e.g., found in MOPS, do not interact at all. It seems that only sulfonates
bound to a larger aromatic system exhibit selective interaction. This could be rationalized
by enhanced resonance stabilization of the sulfonate, i.e. the negative charge can be delo-
calized over an extended aromatic system. It is unclear whether some kind of cation-π int-
eraction, i.e. between the positive charge on the guanidinio side chain and the naphthalene
system, contributes to further stabilization [14].
As evidenced in the control experiments in section 4.2, NDS does detect the amino termin-
us but not the amino group in lysine which has a similar pKA-value [12]. Thus, our results
cannot be explained by electrostatic interactions alone. Additional interactions, such as hy-
drogen bonds must be taken into account.
In scheme 4.1, the guanidinium - sulfonate interaction, as proposed by us recently [15], is
depicted. After a search in the literature, it was found that a similar interaction had been
described before: in 1994, Juhasz and Biemann found that highly acidic carbohydrates
such as suramin are readily ionized in the MALDI process after addition of a basic poly-
peptide to form a noncovalent complex [16]. Suramin is a drug containing two trisulfona-
ted naphthalene moieties and therefore fairly close to our own investigations. The authors
demonstrated that the extent of complex formation was correlated with the number of sul-
fonate groups in the acidic component and with the number of arginines in the basic com-
ponent. Neither the acidic amino acid residues aspartic and glutamic acid nor the basic
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lysine or histidine residues contributed to complex formation, and thus, did not influence
the experimental results. The authors provided several application examples of the pheno-
menon, but did not adress the question of why their sulfonated compounds should exhibit
a special interaction with arginine, but not with the other residues. Comparative results
have been found for heparine complexes with arginine-rich peptides [17]; heparin is an oli-
gosaccharide exhibiting many sulfonate groups, and the strong binding to arginine was
largely attributed to extensive hydrogen bonding [18].

Scheme 4.1  The molecular recognition of guanidinium by naphthalenesulfo-
nate. This interaction consists of a strong electrostatic contribution and two
additional hydrogen bonds, and forms a near-perfect shape complementarity
between the interaction partners.

Ward and coworkers described the hydrogen bond geometries of guanidinium - arenesul-
fonate complexes as a key interaction in molecular design of layered materials [19], such as
crystals for second harmonic generation. In an FTIR study, Paleos et al. reported that the
binding of two complementary molecules, e.g., aromatic sulfonates and terminal guanidin-
ium groups, was attributed not only to electrostatic interactions, but also to "directional
hydrogen bonding" effects [20]. Related work added that incorporation of the guanidin-
ium group into the bicyclo[4.4.0]decane framework (resulting in a compound commonly
refered to as "triazadecalin") yielded a highly preorganized binding site for sulfonates
through hydrogen bonding as well as electrostatic interactions [21].
In conclusion, the naphthalene disulfonate (NDS) has been shown to be a receptor for the
molecular recognition of N-alkyl-guanidinium, i.e., the side chain of arginine. Despite our
own first scepticisim, the guanidinium - sulfonate interaction has been explored in several
examples, and the complementarity of size and shape provides the observed selectivity.
The phenomenon can be used to determine the number of arginines in proteins; since only
arginines exposed on the surface of the folded biomolecule will be complexed ("probed"),
NDS complexation can be used as a structural protein topology measure. Residues that are
buried within the folded protein will not form noncovalent complexes with NDS, because
their arginines are not accessible for this kind of interaction. The concept of protein topolo-
gy probing with NDS will be detailed in chapter 5, and first applications are shown there
as well.
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4.2 Chemical Control: Selectivity and Specificity

Control experiments are vital to verify the specificity of proposed noncovalent interact-
ions, since a signal at the mass of an alleged adduct or complex is not a valid criterion to
prove its specificity - it might be a false positive, and thus nonspecific.
In the previous section, NDS has been proposed to be a suitable receptor for arginine resi-
dues plus amino terminus. To test this new hypothesis, we developed several control ex-
periments. Among other features, they adress both selectivity and specificity.�

Control I: Concentration Effects
Does the concentration of the sulfonate solution influence our results? In such cases, the
number of adducts would depend on the relative molar ratio between analyte and sulfo-
nate. If the concentration of the sulfonate is increased, more adducts might be detected
because more basic sites can be complexed. On the other hand, by lowering the concentra-
tion a lot, not all possible complexes may be formed. In the present experiments, we
typically use a ten-fold molar excess of sulfonate (10-3 M) over the analyte (10-4 M). By pro-
bing a concentration range of 10-5 M up to 10-1 M of sulfonate while keeping the analyte
concentration constant at 10-4 M, we found no additional adduct signals to arise for the
system melittin/NDS/PNA. However, very low concentrations resulted in extremely low
signal intensities and / or partial loss of peaks. Choosing a ten-fold molar excess, we thus
can safely rule out any concentration effects for the present experiments.

Control II: Arginine Selectivity
By far the most powerful control is derived from chemical modification. This either means
a covalent modification, e.g., methylation, or simply the substitution of amino acids in
various sequences of the polypeptide. Following the latter strategy, we chose a bioactive
peptide that is commercially available in different modifications and found luteinizing
hormone releasing hormone (LHRH) to be ideally suited for this purpose. LHRH constists
of ten amino acids and has one arginine and one histidine in its sequence; we thus expect
two adducts in the mass spectrum (one for arginine and one for the amino terminus). In
[Lys6]-LHRH, a non-basic amino acid is replaced with lysine at position 6; according to our
theory, this should not change the number of adducts, since NDS is not expected to form

                                                  
� A receptor is selective, if it exclusively recognizes a given species, although simultaneously offered several other putative
binding sites. For example, NDS is selective for guanidinium groups and amino termini, although other positively charged
groups such as lysine and / or histidine moieties are present in the same substrate. A receptor binds specifically, if the
assumed interaction pattern must be fully established, in order to enable strong binding. For example, the guanidinium
group is specifically recognized, if the receptor does not bind to a related motif, such as N,N'-dialkylguanidinium or N-
methyl-triazadecalin. Among other parameters, complementarity of size and shape typically provides selectivity; a pattern
of directional hydrogen bonds typically implies specificity.
Nonspecific binding is observed, if two molecules form a complex despite the lack of any recognition or complexation site;
such clustering without recognition is often seen in the gas phase, and thus, has to be ruled out by suitable controls (see sec-
tion 5.5).
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complexes with lysine residues. Finally, the third modification, [Ac-Trp1, p-Cl-Phe2, Trp3,
Arg6, Ala10]-LHRH, has an acetylated amino terminus and an additional arginine residue,
while all other amino acids are replaced by non-basic ones. From the sequences, we postu-
late that all three mass spectra should in principal look identical, exhibiting the molecular
ion signal and two NDS adducts for selective noncovalent complexes.
The data fully confirms our hypothesis (figure 4.3). All three spectra show two adducts;
the additional lysine does not influence the number of adducts, and the acetylated amino
terminus no longer forms a noncovalent complex. Relative signal intensities are very simi-
lar in all three spectra. The noncovalent 1:1 peptide-sulfonate complex shows the most in-
tense signal, whereas the 1:2 assembly exhibits a weaker intensity.

Figure 4.3  Negative ion mode MALDI mass spectra of LHRH (a), [Lys6]-LHRH (b), and [Ac-Trp1, p-Cl-Phe2, Trp3, Arg6,
Ala10]-LHRH (c) with NDS. Peak series are assigned to [M + nD -H]-, where M represents LHRH and its modifications and D
represents NDS as the free acid. The data was obtained using PNA as matrix. A total of two NDS adducts can be identified
in the three spectra; they thus reflect arginine selectivity (weak additional signals result from nonspecific matrix adducts).
Reprinted by permission of Elsevier Science from ref. [10] © 2001 by the American Society for Mass Spectrometry.
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Figure 4.4  Negative ion mode MALDI mass spectra of [Arg18]-GIP (upper) and [His18]-GIP (lower) with NDS. Peak series are
assigned to [M + nD - H]-, where M represents the GIP-modification, and D represents NDS as the free acid. The data was
obtained using PNA as matrix. The two systems differ by one sulfonate adduct (weak additional signals result from non-
specific matrix adducts). Adapted from ref. [10] by permission of Elsevier Science © 2001 by the American Society for Mass
Spectrometry.

To go beyond the peptide mass range, we carried out another control experiment with two
modified proteins. The gastroinhibitory polypeptide (GIP) meets all our requirements for
this control, since it has a known tertiary structure and contains all basic amino acids in its
sequence. GIP was available in two modifications and the two sequences differ in exactly
one amino acid residue: histidine in human GIP is replaced by arginine in porcine GIP,
which is denoted by the amino acid mutation "R18H". The helical structure of both modifi-
cations [22] guarantees full accessibility to all residues, so steric hindrance will be of minor
importance. Both proteins are stable under common MALDI experimental conditions and
are easy to ionize. Besides the R18H exchange, both modifications additionally contain 5
lysines and 1 further histidine in their corresponding sequences. If our assumption of argi-
nine selectivity is correct, we expect [Arg18]-GIP/NDS mass spectra to exhibit two adducts,
while [His18]-GIP should only form one NDS adduct.
Figure 4.4 presents the experimental findings for the two GIP/NDS systems, which differ
by one sulfonate adduct; weak additional signals are not due to complex formation with
the sulfonate but result from nonspecific matrix adducts.
The experiments with LHRH and GIP demonstrate the selectivity of NDS for arginine resi-
dues of selected peptides and proteins. Neither lysines (LHRH experiments) nor histidines
(GIP experiments) are complexed. NDS can thus be used to count the number of accessible
arginines in a sequence.
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Control III: Discrimination of Amino Terminus and Lysine
As presented in table 4.3, NDS detects the amino terminus, but not lysine. This is surpris-
ing, since the two functionalities have similar pKA-values [12]. Thus, observed binding of
NDS cannot be explained by electrostatic interactions alone.
In this third control experiment, we have investigated the discrimination of amino termi-
nus and lysine; only recently, we have reconsidered the LHRH experiments (see control
II), since we learned that the oligopeptide has an amino terminal pyroglutamic acid
(pGlu), which is common in many bioactive peptides such as neurotensin, bombesin, and
other gastrointestinal hormones. Amino terminal pGlu prevents protonation at the amino
terminus under mild conditions: pKA-values for protonation at the pyrrolidinoyl oxygen
are below zero [23,24], and the nitrogen lone pair is delocalized into the amide bond. Ne-
vertheless, the noncovalent complex between the pGlu - amino terminus of LHRH and
NDS can be readily observed, see figure 4.4(a). Introduction of an additional lysine at posi-
tion 6 does not alter the spectrum, see figure 4.4(b), so all putative complexes have already
been detected. Considering the complex with the amino terminus, we think that the subse-
quent amide proton of the backbone can be used for complex formation (see scheme 4.2).

Scheme 4.2  A. The molecular recognition of naphthalene sulfo-
nic acid and amino terminal pyroglutamic acid. Left: The com-
plex is formed due to a cooperative hydrogen bond with an adja-
cent amide proton. Right: Absence of the amide proton (arrow)
after introduction of proline at position 2 in the sequence does
not permit the formation of the noncovalent complex.
B. Discrimination of amino terminus and lysine. Left: The com-
plex is formed due to a cooperative hydrogen bond with an adja-
cent amide proton, in analogy to the structure presented above.
Right: Lysine residues lack any additional atoms for hydrogen
bonding (see arrow), thus, they do not form the noncovalent in-
teraction.

The overall complexation now comprises an ion-dipol interaction and an additional coope-
rative hydrogen bond, which should be sufficiently stable to survive the MALDI process.
As two control experiment for the interactions proposed in scheme 4.2, we searched for
peptides that do not contain subsequent cooperative hydrogen atoms in their backbones.
First, we synthetized a LHRH peptide containing no subsequent cooperative hydrogen
atom in its backbone, [Pro2]-LHRH, and thus significantly changed its structural interac-
tions. Now, all factors for amino terminal complexation have been ruled out. The mass
spectrum of [Pro2]-LHRH with NDS shows the protonated molecular ion signal and only
one adduct for arginine detection, but not more. The data in figure 4.5 confirms that the se-
cond NDS adduct of LHRH has disappeared in [Pro2]-LHRH.
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Figure 4.5  Negative ion mode MALDI mass spectra of [Pro2]-LHRH (upper trace) and LHRH (lower trace) with NDS. Peaks
are assigned to [P + nL - H]-, where P represents the peptide and L represents the NDS receptor in free acid form. The abscis-
sa is a mass scale, but because the two peptides differ in their molecular weight (∆M = 40 Da), the spectrum of [Pro2]-LHRH
has been shifted up for better comparison. The expected m/z values for all three species P, P + L, and P + 2L are marked by
dotted lines. LHRH exhibits one adduct more than the proline modification [Pro2]-LHRH. Reprinted from ref. [15] © 2002,
with permission from Elsevier.

The control experiment also explains the discrimination in the NDS complexation of lysine
versus amino terminus: the additional cooperative hydrogen bond is only possible at the
amino terminus (see scheme 4.2 B). Lysine residues do not have adjacent amide protons to
be involved in complex formation.
As a second control for elucidating the role of an adjacent hydrogen atom at position 2
from the amino terminus, we examined β-peptides. In a collaboration with the group of
Prof. Seebach, we have investigated several β-peptides that are ideally suited for the pur-
pose of control experiments. Scheme 4.3 presents the structure of β-peptide YM126, and in
analogy to scheme 4.2, the amino terminus of YM126 is structurally much closer to a lysine
residue.

No adjacent cooperative hydrogen bond is available for any complexation, and hence, the

amino terminus of β-peptides should not be identified by NDS receptors. This is fully con-

firmed in the MALDI mass spectrum of YM126 complexed with NDS, see figure 4.6.

LH-RH

[Pro
2
]-LH-RH

R
el

at
iv

e 
In

te
ns

ity

massP P + L P + 2L



86

Scheme 4.3  A. The molecular structure of YM126.
The β-peptide has two arginine residues and ex-
hibits a special amino terminus without a subse-
quent hydrogen atom in the backbone.
B.  A β-peptidic amino terminus does not allow
for any complexation via a cooperative hydrogen
bond in the backbone (arrow), since the β-poly-
peptide chain is rather rigid in its conformation.
The additional C1 repeating unit in the backbone
and the lack of flexibility exhibit an amino termi-
nus that is structurally much closer to a lysine
side chain (compare to scheme 4.4).

Figure 4.6  Negative ion mode MALDI mass spectrum of β-peptide YM126 with NDS. Peaks are assigned to [P + nL - H-,
where P represents the β-peptide and L represents the NDS receptor. Spectra were recorded using PNA as matrix. Only two
adduct peaks are observed, corresponding to complexation of the two β-arginine residues in the sequence. The amino termi-
nus is not recognized (no third adduct signal at the mass indicated by the arrow), in contrast to the case of (conventional) α-
peptides.

Clearly, only two adducts are observed, corresponding to the two β-arginine residues in
the sequence. The amino terminus is not recognized. Comparative results have been ob-
tained with another β-peptide YM95 that only had one β-arginine residue. As expected,
the MALDI mass spectrum of YM95 with NDS did only exhibit one adduct.

Control IV: Steric hindrance
We have also studied the phenomenon of steric hindrance in arginine residue complexa-
tion. As earlier hypothesized [1,10,15], two adjacent arginines in a peptidic sequence might
not be complexed by two NDS receptors due to steric hindrance and Coulombic repulsion
that limits the number of positive charges in too close proximity.

H2N N
H

N
H

N
H

N
H

O O O O

N
H

N
H

O O

NH2

O

NH

NH2HN

NH

HN NH2

YM126

α-peptide

A

B
R

S

OO

O

N

HH

N

O

N
H

O

R2R1

H

H
H
N

R3

O R4

N N
H

O

H

H

H

N
H

R1 R2 O R3

β-peptide

R
el

at
iv

e 
In

te
ns

ity

200018001600140012001000800
m / z

P

P+L

P+2L



87

We have studied steric hindrance on [R8]-amide peptides, and found that complexation
with NDS was not possible at all eight arginines in the sequence. Only about half of the ex-
pected number of adducts were formed.
To further study crowding and steric hindrance during complexation of poly-arginines,
we used β-peptides to perform a control experiment: by subjecting poly-β-arginine to NDS
complexation, the role of steric hindrance should be easily deciphered, since the β-peptide
exhibits a rigid structure of low flexibility. Figure 4.6 shows the MALDI mass spectrum of
β-[R10]-amide with NDS in both positive and negative ion mode.
As it is readily observed, the number of NDS adducts does not correspond to the total
number of arginines. Again, only about half of the β-arginine residues are detected, presu-
mably corresponding to complexation of every other β-arginine residue in the sequence.
The negative ion mode mass spectrum exhibits one more adduct than the positive ion
mode spectrum; this difference is not straightforward to explain. Salt bridge formation (i.e.
charge arrangement of the + - + or - + - type, respectively) may contribute to the observed
number of adducts. Scheme 4.4 suggests how the β-[R10]-amide complexes with NDS
might look like.

Scheme 4.4  Hypothetical chemical structu-
res of β-[R10]-amide complexed with NDS.
A. Salt bridged complex yielding one NDS
adduct per arginine.
B. Salt bridged complex yielding one NDS
adduct per two arginines.
C. Net charge calculation: Structure B may
be positively charged and can only become
negatively charged upon complexation of
an additional NDS molecule. This explains
the difference between positive and negati-
ve ion mode MALDI mass spectra.
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Of course, these structures are hypothetical, nevertheless, they explain the experimentally
found behavior of five adducts in the positive, and six adducts in the negative ion mode
MALDI mass spectra, respectively. Only crystal structures of the employed complexes will
be able to confirm these suggestions, however, X-ray data on these β-peptides are not avai-
lable for the moment. The salt bridged interconnected network of guanidinium - sulfonate
- guanidinium structures has been described before [19], and exhibits remarkably high sta-
bility.

Figure 4.6 MALDI mass spectra of free β-[R10]-amide (green trace),
and with NDS in positive ion mode (black trace) and negative ion
mode (red trace). Peaks are assigned to [P + nL - H]-, where P repre-
sents the β-peptide and L represents the NDS receptor. Spectra were
recorded using PNA as matrix. 5 out of 10 possible adducts are obser-
ved in the positive ion mode, 6 out of 10 adducts are seen in the nega-
tive ion mode, close to complexation of every other β-arginine residue
in the sequence (see text). This strongly indicates crowding or steric
hindrance to play a dominant role.

Experimentally, not every arginine residue in β-[R10]-amide has been found to be complex-
ed by NDS; and comparative results have been obtained for β-[R6]-amide and [R8]-amide
peptides. This strongly indicates steric hindrance to play a dominant role in the molecular
recognition of arginine residues. The origin of this behavior, however, is not clear. Cou-
lombic repulsion certainly limits the number of protonated β-arginines in too close proxi-
mity. Nevertheless, it could also be simple crowding of NDS receptors that is observed.
Probably, both effects contribute to the observed steric hindrance phenomenon.
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Summary
All the above observations lead to the conclusion that the interaction between protonated
basic sites in peptides/proteins and deprotonated sulfonate receptors is not only a matter
of electrostatic, but also of ion-diploe and cooperative hydrogen bonding interactions. Fur-
thermore, shape complementarity favors the formation of these noncovalent complexes, as
evidenced in the near-perfect bidentate binding to arginine residues. Steric hindrance and
crowding must be taken into account as well.
In the present experiments, the mode of interaction has been explained for NDS receptors.
However, the complex formation with Cibacron Blue F3G-A is still beyond a straightfor-
ward explanation, due to its more complicated structure that includes three sulfonates of
completely different reactivity. Perhaps, this polyfunctional dye works as a chelating lig-
and and thus probes all basic amino acid residues.
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4.3 Lysine

Since naphthalene disulfonate selectively recognizes the arginine residues, it is attempting
to ask whether selective receptors could be found for lysine, too. There are two prerequi-
sites for such receptors: (i) the receptor needs to selectively identify the lysine side chain;
(ii) the noncovalent complex formed must survive MALDI sample preparation steps and
analysis in the gas phase.

Lysine Recognition
Despite numerous methods for the selective covalent modification of primary N-alkylami-
nes (see section 3.2), only a small number of strategies have been established for the non-
covalent complexation of lysine, almost all of them being related to the crown ether motif.
The applicability of crown ethers has been recognized early on [25], and led to the devel-
opment of chiral analogues for stereospecific recognition of N-alkylammonium [26], and
to the exploration of a cryptand binding motif [27]. The naturally occuring nonactin binds
tightly to ammonia, and this strong interaction is currently used in commercial ion selec-
tive electrodes [28,29]. Further artifical receptors for N-alkylammonium include molecules
based on a threefold symmetry of dimethylpyrazole units covalently arranged around a
central benzene [30,31], and related structures with surrounding dialkoxybenzene units
[32]. These latter molecules are of special interest, since their interaction is based on cation-
π interactions in addition to the triangular hydrogen bond motif encoded in the structure.
It is primarily the appropriate size of the cavity in [18]crown-6 ether (18C6) and its sym-
metry that allows it to preferably bind protonated primary N-alkylamines by hydrogen
bonds with the three coplanar alternating oxygen atoms [33]. The proposed interaction is
depicted in scheme 4.5.

Scheme 4.5  The molecular recognition of N-alkylamine by the [18]-
crown-6 ether. This interaction is based on the appropriate size of the
cavity formed by the circular molecule and the planar threefold sym-
metry of the alternating oxygens.

Noncovalent complexes of [18]crown-6 ether with ammonium or primary N-alkyl-ammo-
nium, respectively, have been studied in the gas phase [34-36]. Julian and Beauchamp re-
corded mass spectra of noncovalent complexes between primary N-alkylamines and 18C6
by using electrospray ionization [37]. Upon addition of 18C6 to an aqueous solution of
tetralysine, the observed most abundant charge state was a quadruply charged complex of
the M + 4D type. However, the authors found that the complexation behavior of 18C6 to
count lysine residues in peptides is limited, as competitive formation of adducts with 18C6
was observed, e.g., with the protonated side chains of histidine and arginine as well as
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with the amino terminus of peptides that do not contain lysine. Further investigations by
Julian and Beauchamp employed aza-18C6 and lariat derivatives in order to add chemical
functionality to the 18C6 molecule. However, aza-18C6 was found not to bind to lysine
residues [38], and hence, the lariat type molecules were not able to transfer functionality
onto the lysine containing peptides.
To elucidate the applicability of 18C6 complexes in our own investigations, we subjected
an aqueous solution of lysine and 18C6 to MALDI mass analysis. Adducts representing
18C6 complexes were not readily found, or only with very low abundance. We also tried
to detect noncovalent complexes of 18C6 and lysine containing peptides, however, we
were not successful. It seems that the complexes, if formed, do not survive the sample de-
sorption/ionization step in MALDI. This is in agreement with earlier findings that 18C6 -
lysine complexes dissociate, when subjected to high temperatures, and the interaction has
been reported to be extremely sensitive to even minor pH changes [37]. Both effects may
apply in a desorption/ionization event. Interestingly, metal ion complexes of 18C6 can be
readily detected by MALDI, as recently reported [39].
In conclusion, lysine residues were hypothesized to be readily complexed by 18C6, how-
ever, the interaction was not successfully detected by MALDI mass spectrometry. Never-
theless, the molecule is not well suited as a receptor for noncovalently probing lysines in
peptides and proteins, since 18C6 has no exclusive preference for binding lysine residues.
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4.4 Acidic residues

Probing carboxylic sites in peptides includes all acidic residues, i.e., glutamic acid, aspartic
acid, and the carboxyl terminus. All of them have comparable acidities (pKA ~ 4 [12]) and
should be readily deprotonated under physiological conditions. In addition, recombinant
synthesis of compounds containing cysteine often leads to residual sulfonic acids ("cysteic
acids") which are strongly acidic sites, too [23]. Hydroxyl groups of serine and tyrosine
residues and sulfhydryl groups of cysteines are usually not deprotonated under physio-
logical conditions, nor are amide carboxyl termini.

Sodium
The simplest imaginable probes for deprotonated acidic residues are alkali cations [40,41]:
sodium or potassium ions are ubiquitous in MALDI, thus, we usually desalt all analyte so-
lutions prior to use. In contrast, the probe solution for this experiment constists of satura-
ted aqueous sodium chloride. Following the regular MALDI sample preparation protocol
(see chapter 7), we studied the formation of complexes between acidic residues and
sodium cations. Adducts can be identified by increments of ∆M = 22 Da per sodium incor-
porated in the biomolecule.
The negative ion mode MALDI mass spectrum of insulin A-chain after incubation with
sodium chloride is shown in figure 4.7. Up to seven adducts can be clearly identified for
insulin A-chain, corresponding to the seven acidic sites found in its sequence (two gluta-
mic acids, one carboxyl terminus, and four cysteic acids, respectively).

Figure 4.7  Negative ion mode MALDI mass spectrum of insulin A-chain after incubation in a saturated aqueous sodium
chloride solution. Peaks are assigned to [P + nL - H]-, where P represents the peptide and L represents the sodium. Up to se-
ven adducts can be identified. Reprinted from ref. [15] © 2002, with permission from Elsevier.
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Comparable results have been obtained for insulin B-chain, and for other polypeptides,
such as the epidermal growth factor receptor (EGFR). In the latter, three sodium adducts
were detected, corresponding to the three glutamic acid residues; the carboxyl terminus of
EGFR is masked, and thus not complexed.
At this point it is, however, not clear whether sodium complexes are specific adducts for-
med in solution, or whether they partially originate from collisions in the MALDI plume.
Cationization is a process that has often been observed as a result of (nonspecific) plume
reactions [42]. Without further substantiation, we cannot unambiguously assign the so-
dium adducts to specific complexes formed in solution.
We also carried out complexation experiments with sterically demanding ruthenium com-
plexes, such as Ru(Aryl)(OAc)2, and found that they form selective complexes with carbox-
ylic acid sites, after loss of diacetate. The resulting R-COO-•Ru2+(Aryl) complex is now sin-
gly charged; this adds one positive charge to the system for each identified carboxylic site,
which complicates but not prevents identification in the mass spectra. However, such
complexation strategies are better discussed in organometallic studies than in noncovalent
receptor terminology. Hence, we have refrained from further investigations in ruthenium
complexes.

RR - Motif
Receptors that allow hydrogen bond formation, e.g., peptides that contain guanidinium
groups, may be more suitable to probing acidic residues: they are protonated under phy-
siological conditions and thus, an inversion of the previous concept (see section 4.1) may
apply. Among several examples reported in the literature on peptide-peptide interactions,
two are closely related to our research: ionization efficiencies of highly acidic biomolecules
were shown to largely depend on the extent of noncovalent complex formation with basic
polypeptides [16], and a recent study explored the interaction between basic peptides such
as dynorphin and acidic peptides [43]. In the latter work, Woods et al. have identified the
structural elements that drive the noncovalent complex formation: the "RR-motif", a di-
arginine in the sequence of the basic polypeptide, was claimed to probe carboxylates. The
authors described the formation of salt bridges between dynorphin and two or more adja-
cent glutamic and aspartic acid (e.g., minigastrin, sequence LEEEEEAYGWMDF amide).
We have tried to use the RR-motif as a selective receptor for a single carboxylate and chose
the phosphate acceptor polypeptide (PAP, sequence LRRASLG) for this purpose. Figure
4.8 (left panel) presents the mass spectrum of EGFR (three glutamate residues) with PAP
as a putative receptor: there are definitely no adducts observed. The above sodium experi-
ments have proven that EGFR easily exchanges acidic protons against sodium, i.e., its car-
boxylates should be deprotonated under the present physiological conditions (pKA = 4.07
[12] for γ-COOH of glutamic acid). We conclude that the RR-motif is not a specific receptor
for carboxylates, although it may allow to complex several adjacent acidic residues like in
the sequence of minigastrin.
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Figure 4.8  Positive ion mode MALDI mass spectra of EGFR f661-681 with PAP (left panel) and 5SP (right panel); sequences
of these two receptor peptides read LRRASLG (PAP) and LRAGLALRG (5SP), respectively. Spectra were obtained using
PNA as matrix. In both data sets, protonated molecular ion signals for the peptide P and the receptor L are found, but no
adducts can be identified. Reprinted from ref. [15] © 2002, with permission from Elsevier.

To further elucidate the potential role of two chelating residues, we have synthesized a
peptide containing two arginines separated by five spacing amino acids (5SP, sequence
LRAGLALRG). Mass spectra of EGFR with 5SP again do not exhibit any adducts either, as
evidenced in figure 4.8 (right panel). Identical negative results have been obtained for sub-
stance K (one aspartic acid) with both ligands and in both positive and negative ion mode.
Thus, neither two adjacent arginines nor two arginine functionalities within a sequence of
a putative receptor peptide can probe single carboxylates in model peptides.

Synthetic Receptors
Targeting carboxylates is, of course, not limited to probing by sodium or complexation by
peptides. A wide variety of synthetic receptors for carboxylates has been explored over the
past years [44-48], among them cage-like [49] and calix[4]arene based motifs [50], molecu-
lar clefts [51-54], binapthalenes [55], catechols [56], and others. Two of the most important
recognition motifs for carboxylates, however, are molecules based on the amidine and gu-
anidine motif.

Carboxylate - Amidinium / Guanidinium Interaction
In biological systems, carboxylate functionalities, i.e. aspartate and glutamate, often inter-
act with guanidinium, i.e. represented in the protonated side chain of arginine, in order to
internally stabilize tertiary structure [57-61] or influence enzyme activity [62-66]. This type
of binding appears to form also the basis for the biological activity of quite a number of
alkaloids and toxins [67,68]. Scheme 4.6 depicts the interaction of carboxylate with amidin-
ium and guanidinium.
The reason for the strong interaction originates from the peculiar binding pattern featuring
two parallel hydrogen bonds in addition to the electrostatic attraction, and two favorable
secondary interactions have been reported for the corresponding interface [69,70]. This
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makes it an attractive motif for the design of potent inhibitors, as impressively exemplified
by the novel thrombin inhibitors dysinosin A and related nonpeptidic benzamidine struc-
tures [71-73]. Schmidtchen and Berger have comprehensively reviewed amidinium/guani-
dinium based receptors for carboxylates [74] and presented numerous examples that con-
firm guanidinium to be ideally suited for carboxylate recognition. Among other impres-
sive examples, Hamilton and coworkers used a rigid scaffold to orient two guanidinium
groups for interaction with two carboxylates in a spatially fixed arrangement [75], and
Schmidtchen and coworkers have successfully embedded the guanidine in a bicyclic frame
work, yielding the triazadecalin moiety [76,77].
By employing the above motifs on carboxylate recognition, we have investigated a variety
of receptors for the selective noncovalent complexation of carboxylic residues in different
peptides. In table 4.4, the chemical structures of the receptors are given, table 4.5 presents
the investigated peptides. It can be seen that our choice was driven by diamine-, amidine-,
and guanidine based structures for the receptors, and the peptides were chosen for their
content of carboxylate functionalities, respectively.
Following the same sample preparation protocols as used earlier with the sulfonate recep-
tors, several carboxylate containing peptides were incubated with the diamine, amidine,
and guanidine receptors, and the samples were subsequently analyzed by MALDI mass
spectrometry. Much to our surprise, none of the assumed noncovalent complexes could be
identified by MALDI. Spectra of such systems consist of molecular ion signals of both the
peptide and the receptor, but no adducts were detected, neither in positive nor in negative
ion mode. This is representatively shown in figure 4.9 with the spectra of the substance K/
TAD and the [Di-Ac]-α-melanocyte stimulating hormone/MAD systems.

Scheme 4.6  The molecular recognition of carboxylate by amidinium (left) and guanidinium (middle). A strong electrostatic
interaction is further increased by two directional hydrogen bonds; the motif is widely observed in intramolecular salt brid-
ges and often used in biochemical inhibitor design. Right: Schmuck's motif for carboxylate recognition.
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Table 4.4  Amidinium/guanidinium receptors and related molecules employed in the present investigations. Abbreviations:
MGN methylguanidinio-naphthalene, GBA guanidinio-benzoic acid, MU-GBA guanidinio-benzoic acid methylumbiferryl
ester, NP-GBA guanidinio-benzoic acid nitrobenzyl ester, DAT diaminotriazine, DDA diphenyl-diamine, TCD bis(triphenyl-
ethyl)-cyclohexane-diamine, DBD dibenzyl-binaphthyl-diamine, MBA methoxybenzamidine, TAD triazadecalin, MAD
pentamethyl-diazadecalin. Schmuck's receptors are based on a 2-(guanidiniocarbonyl)pyrrol system and -amide derivatives.

compound # COOH

substance K 1

[Di-Ac]-α-MSH 1

melittin 1

angiotensin II 1

angiotensin I 2

EGFR f 661-685 3 (+ 4)*

insulin A-chain 3 (+ 2)*

insulin B-chain 3

insulin 5

gastrin f 1-14 6
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DAT DDA TCD DBD

MBA TAD MAD

Schmuck's receptors

Table 4.5  Investigated peptides and their total number of carboxylate func-
tionalities in the sequence (*additional cysteic acids). Abbreviations: MSH
melanocyte stimulating hormone, EGFR epidermal growth factor receptor.
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Figure 4.9  Positive ion mode MALDI mass spectra of substance K / TAD (upper spectrum) and [Di-Ac]-α-melanocyte sti-
mulating hormone / MAD (lower spectrum). Spectra were recorded using PNA as matrix. The data consists of molecular ion
signals for the peptide (P) and the receptor (L), but no adducts can be identified.

Figure 4.10  Positive ion mode MALDI mass spectrum of [Di-Ac]-α-melanocyte stimulating hormone (MSH) and Schmuck's
receptor (SR). The spectrum was recorded using PNA as matrix. The molecular ion signals of the peptide and the receptor
are clearly seen, however, no adducts can be identified (arrows). Comparative spectra showing "negative" results were ob-
tained for all the other Schmuck receptors.
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We assumed the guanidine receptors to be closely matching in terms of shape complemen-
tarity, as previously proposed in the literature. However, these complexes are not obser-
ved in MALDI. In changing the matrix from 4-nitroaniline (PNA) to other nonacidic com-
pounds, such as aminomethylnitropyridine (AMNP) or azathiothymine (ATT), this did
not result in any changes in the spectra, nor did the choice of acidic MALDI matrices such
as dihydroxybenzoic acid (DHB) or α-hydroxy-cyanocinnamic acid (HCCA).
We additionally investigated the receptors synthesized by Schmuck and coworkers as pro-
bes for carboxylates [78-80]. These 2-(guanidiniocarbonyl)pyrrole based receptors make
use of a sophisticated preorganized recognition site (see scheme 4.6), by adding several
hydrogen bonds to the guanidinium - carboxylate interaction via the pyrrole NH as well
as suitable donor sites in the amide side chain. In a collaboration with Prof. Schmuck, we
have performed complexation experiments of several of his receptors (table 4.4) with pep-
tides containing aspartate and glutamate residues. However, we were again not successful
in detecting adduct signals in the MALDI mass spectra, see figure 4.10. Schmuck's recep-
tors have never been subjected to MALDI mass analysis before, but in one of his publica-
tions, an electrospray experiment [80] indicated that such receptor - carboxylate complexes
may be stable in the gas phase. We therefore recorded electrospray mass spectra of [Di-
Ac]-α-melanocyte stimulating hormone (one glutamate) after incubation with several of
Schmuck's receptors, however, we found no significant adduct formation. Only signals of
very low abundance represented noncovalent complexes of the [P + L]2+ type in two cases.
It is unclear whether these electrosprayed complexes were due to specific interactions, or
rather unspecific gas-phase adducts.
All these negative results can be interpreted in two different ways: either, the noncovalent
complexes are not formed in solution, and thus, the chosen receptors are not amenable to
carboxylate recognition. Or, alternatively, the noncovalent complexes are indeed formed
in solution, but do not survive the desorption into the gas phase. Of course, MALDI mass
spectrometry cannot distinguish between these two options, since a missing signal in the
mass spectrum could result from either possibility. Nevertheless, the receptors are known
to readily complex carboxylates, so the second explanation seems much more probable to
us.
In order to explore the gas-phase stability of the noncovalent guanidinium - carboxylate
complexes, we have considered some relevant gas-phase dissociation reactions, e.g., repro-
tonation of the complex and concomitant formation of a neutral pair of binding partners;
this thermochemical discussion is presented in section 4.5

Identification of Cysteic Acids
During the course of our experiments, we found that cysteic acid sites are readily probed
by arginine-containing receptor peptides. A noncovalent complex, consisting of cysteic
acid in the biomolecule and arginine in the receptor peptide, has been described before:
Gaskell and coworkers have studied several gas-phase peptide ions and showed that their
energetically preferred conformations incorporated an intramolecular electrostatic inter-
action between the arginine and the cysteic residue [81,82].
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Figure 4.11 (left panel) shows a MALDI mass spectrum of insulin A-chain and 5SP. Identi-
cal results were obtained with using PAP.
Up to three adducts can be identified upon complex formation with insulin A-chain that
exhibits four cysteic acids. Two of these are directly adjacent, originally resulting from an
intrachain disulfide bridge, so Coulombic repulsion may limit the number of charges on
these residues. To test this hypothesis, we also investigated the complexation behavior of
the small organic triazadecalin (TAD) receptor, see figure 4.11 (right panel). Interestingly,
TAD forms four adducts with insulin A-chain, and thus, readily recognizes all of the four
cysteic acid residues. Identical results have been obtained using the structurally related
pentamethyl-diazadecalin MAD. This observation leads to the conclusion that Coulombic
repulsion is not limiting the number of negative charges on insulin A-chain, but rather
steric hindrance prevents four 5SP peptides to be bound simultaneously to one insulin A-
chain molecule. Vice versa, insulin A-chain can be surrounded by four TAD molecules,
hence, the two adjacent cysteic acid residues can be complexed specifically, even by two
neighboring triazadecalin receptors. To the best of our knowledge, this represents the first
MALDI example of noncovalent adduct formation, where steric hindrance can be exclu-
sively confirmed to be the relevant contribution, and not Coulombic repulsion to be the
adduct limiting factor.

Figure 4.11  Positive ion mode MALDI mass spectrum of insulin A-chain with 5SP (left panel) and TAD (right panel). Peaks
are assigned to [P + nL - H]-, where P represents the peptide and L represents the recognizing receptor. Spectra were
recorded using PNA as matrix. Up to three adducts can be identified upon complexation with 5SP, the small organic TAD
forms four adducts, respectively. Left panel reprinted from ref. [15] © 2002, with permission from Elsevier.
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4.5 Thermochemical considerations

The noncovalent complexes between guanidinium receptors and carboxylates are not de-
tectable in MALDI mass spectrometry. One possible explanation is that the complexes are
indeed formed in solution, but do not survive in the gas phase. The relevant gas-phase dis-
sociation reaction would then include a reprotonation, i.e., of guanidinium to the carboxy-
late, and concomitant formation of the neutral pair of binding partners, see scheme 4.7.

Scheme 4.7  Schematic dissociation reactions  within
the gas phase.
A. Deprotonation reaction of amidinium.
B. Protonation reaction of carboxylate.
C. Net reaction: neutralization and concomitant dis-
sociation of the noncovalent complex, effected by
"reprotonation" of the latter.

If the neutralization reaction C is exoergic (i.e., energetically favored) in the gas phase, the
noncovalent complex might be unstable in the latter medium, hence, not detectable by any
means of mass spectrometry.

Carboxylates
The energetics of the two reactions A and B can be derived from the gas-phase basicity for
the individual compounds: The gas-phase basicity (GB) of a species X is defined as the
negative of the free energy change ∆G of the protonation reaction at 298 K:

X  +  H+  →  XH+ ∆G = - GB(X)

In other words, reactions A and B can be energetically characterized by the gas-phase basi-
cities of the guanidine (Gnd, 224 kcal·mol-1 [11])� and the carboxylate (COO-, 338 kcal·mol-1

for benzoate [83]), respectively.
Since reaction A can be seen as the backward reaction of the gas-phase basicity definition,
the two free energy changes can be characterized by

∆Greaction A = - [ - GB (Gnd)] = 224 kcal·mol-1 ref. [11]

∆Greaction B = -GB (COO-) = - 338 kcal·mol-1 ref. [83]

                                                  
� The gas-phase basicity of arginine is 13 kcal·mol-1 higher than that of guanidine, the gas-phase basicities for MAD and TAD
have been reported by Decouzon et al. [84] to be 237 kcal·mol-1 and 241 kcal·mol-1, respectively.
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and hence, the reprotonation/neutralization reaction C becomes exoergic in the gas phase:

∆∆Gneutralization GndH
+

•COO
-  = ∆Greaction A + ∆Greaction B = - 114 kcal·mol-1

∆∆Gneutralization GndH
+

•COO
-  <  0

The dissociation of the GndH+•COO- complex is energetically favored in the gas phase,
the noncovalent complex does not survive. This gives a first indication on why guanidin-
ium - carboxylate complexes are not detected by MALDI mass spectrometry.

Sulfonates
Of course, thermochemical considerations can be equally applied to the guanidinium - sul-
fonate complexes, if the GB for the carboxylate is substituted for GB of the sulfonate anion
(SO3-, 315 kcal·mol-1 for methylsulfonate [83], data for naphthalene sulfonates are unfortu-
nately not available).

∆Greaction A = - [ - GB (Gnd)] = 224 kcal·mol-1 ref. [11]

∆Greaction B = -GB (SO3-) = - 315 kcal·mol-1 ref. [83]

∆∆Gneutralization GndH
+

•SO3
-  = ∆Greaction A + ∆Greaction B = - 76 kcal·mol-1

∆∆Gneutralization GndH
+

•SO3
-  <  0

Much to our surprise, the neutralization reaction of guanidinium and sulfonate in the gas
phase is also energetically favored; in other words, noncovalent complexes between argi-
nine residues and sulfonates should not survive in the gas phase. From our experiments,
we know that this is not the case, since the complexes have been readily observed in the
corresponding mass specta.

Solvation Effects
Since a simple thermochemical consideration does not support the experimental observa-
tions, the above calculations do not comprehensively describe the energetics involved in
formation and / or dissociation of the noncovalent complexes employed here. In his re-
view, Jarrold has described a reverse activation barrier of the proton transfer reaction due
to Coulomb interactions of the charged binding partners [85], and mentioned that the re-
protonation reaction may not occur even if it is thermodynamically allowed. Thus, further
effects have to be taken into account; e.g., charge solvation of the ion pair might be a signi-
ficant contribution to the stabilization of the complex in solution.
Solvent molecules stabilize interacting pairs in both the neutral (A•B) and the charged
form (A+•B-), and typically shift the equilibrium towards the latter [86]. Solvation effects
can be significant enough to override mere electrostatic effects between two charged parts.
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This has been impressively demonstrated by the unusual stability of the GndH+•GndH+

complex in water [87,88]; molecular dynamics simulations showed that the solvation of the
guanidinium dimer is able to compensate the 50 kcal·mol-1 electrostatic repulsion in the di-
cationic complex.
Solvation of GndH+•COO- has been described by Fuelscher and Mehler [86] who also have
assigned an affinity contribution ∆Eaff for charge separated ion pairs in solution (i.e., an
affinity for favoring the proton transfer reaction Gnd•COOH → GndH+•COO-). The value
∆Eaff (GndH+•COO-) was calculated to be about - 20 kcal·mol-1 in water, in comparison to a five
times smaller value in the unsolvated complex. Upon transfer into the gas phase, the sol-
vation of the complex is lost, and thus, its overall energetic contribution has to be taken in-
to account. Thompson and Smithrud have defined this phenomenon as a "desolvation
penalty" [89]; the desolvation penalty ∆∆Eaff for GndH+•COO- is about 16 kcal·mol-1.
Adding the desolvation penalty to the free energy change (∆∆Gneutralization GndH

+
•COO

-), the
neutralization reaction of the guanidinium - carboxylate complex is still exoergic, and
thus, energetically favored.
∆Eaff (GndH+SO3-) values for the GndH+•SO3- complex are not available; a desolvation penalty
∆∆Eaff for GndH+•SO3- may be lower than for the carboxylate complex, due to the lower
charge density and additional delocalization in the SO3- anion, see below. Thus, solvation
effects in the GndH+•SO3- complex may be less important, which results in a lower desol-
vation penalty.

Charge Density and Delocalization
In a sulfonate, the negative charge is distributed over three bonds, whereas in a carboxyl-
ate, it is distributed only over two bonds. Hence, the overall charge density on a sulfonate
is smaller than on a carboxylate, leading to better solvation of the individual COO- ion.
Correspondingly, noncovalent complexes involving carboxylates are weaker in solution,
compared to complexes involving sulfonates.
Additionally, the deprotonated naphthalene disulfonic acid, after having transferred its
proton to the arginine residue, allows the negative charge to be delocalized over the exten-
ded aromatic system of the naphthalene moiety. Hence, the charged form is stabilized and
a reprotonation reaction becomes more unfavorable.
In other words, NDS complexes at guanidinium sites should be more stable than cysteic
acid complexes, which is qualitatively reflected in the different abundances of the adduct
signals; compare figures 4.1/4.5 and 4.11 (right panel), respectively. In cysteic acids,
charge delocalization has no additional stabilizing effect, albeit it is unclear, whether the
peptide backbone may fulfill an adequate role for stabilizing the negative charge on the
cysteic sulfonate.
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Intermolecular Distance
The solution stability of guanidinium - carboxylate complexes has been observed to be
strongly dependent on the intermolecular distances of the two functional groups [86]. At
intermolecular distances greater than 4.1 Å, the neutral pair is lower in energy than the
charged pair, but at 4.1 Å, the interaction potential curves cross, and for shorter distances,
the charged pair becomes more stable than the neutral one. In other words, the (charge se-
parated) GndH+•COO- complex is only stable in solution, if the two binding partners are
forced to be close to each other, e.g., when being embedded in a large covalent backbone
network.
This explains, why glutamates and arginines strongly interact in proteins, as ubiquitously
observed [57-61]: they are constantly kept in close proximity. However, this means that
noncovalent complexes between carboxylates on a peptide and guanidine based receptors
may virtually never interact with each other, since the intermolecular distance of the two
partners is not restricted to low values.

Role of MALDI Matrix
Even though the exact details of the ionization mechanism in MALDI are matter of current
debate (see section 2.3), it is clear that the matrix plays an essential role. Proton transfer re-
actions have been studied in this respect [9,90-92], and Cai et al. [93] have recently recon-
sidered the possibility of proton transfer between neutral matrix molecules and small
anions (A-) to result in stable matrix anions and charge neutralized species A:

matrix  +  A-  →  [matrix - H]-  +  AH

Upon laser desorption, both neutral matrix molecules and anionic species will be transfer-
red into the MALDI plume where a complex series of ion - molecule reactions takes place.
The gas-phase basicities of the two species ([matrix - H]- or A-) will determine which of the
two abstracts the proton. If [matrix - H]- has a lower gas-phase basicity than A-, the above
reaction is favored, because A- can easily abstract the proton from the neutral matrix mole-
cule. This is particularly relevant in cases where a resonance stabilized matrix anion can be
formed.
In other words, to avoid the matrix to play a significant role in protonation/deprotonation
reactions in the MALDI plume, the deprotonated form of the matrix should have the high-
er gas-phase basicity than the competing anion A-, i.e., the carboxylate or sulfonate anion
within the noncovalent complexes.
Our noncovalent complexation experiments have been carried out with 4-nitroaniline
(PNA); the gas-phase basicity of the [PNA - H]- species (i.e. 4-nitroanilid) has recently been
determined to be 337 kcal·mol-1 [94]. Comparing this to the values for the carboxylate
(COO-, 338 kcal·mol-1 for benzoate [83]) and the sulfonate (SO3-, 315 kcal·mol-1 for methyl-
sulfonate, 299 kcal· mol-1 for trifluoromethylsulfonate [83]), it becomes obvious that the
matrix PNA can destabilize the carboxylate complex, but not the sulfonate complex. The
gas-phase basicities of the [PNA - H]- and COO- anions are identical within experimental
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error, hence, PNA could significantly enhance proton transfer onto the carboxylate. On the
other hand, the gas-phase basicity of the methyl-SO3- anion is significantly lower com-
pared to the [PNA - H]- anion, and will be even further decreased for the sulfonate in a
NDS receptor environment. Hence, proton transfer from the matrix to the sulfonate is
energetically unfavorable; PNA does not influence the noncovalent complex between gua-
nidinium and sulfonate.
This also explains why the use of matrices other than PNA did not alter the mass spectro-
metric results; the gas-phase basicities of (the deprotonated form of) these matrices are all
lower than that of [PNA-H]- [94]. In fact, PNA is already the most suitable matrix for
analyzing noncovalent guanidinium - carboxylate complexes, at least according to the
above considerations.

Summary
Despite many proposed interactions on how to noncovalently recognize acidic amino
acids, selective complexation of glutamic and aspartic acid residues awaits further investi-
gation. Detecting such sites is much less straightforward than initially expected. A simple
1:1 stoichiometry in complex formation between guanidinium and carboxylate was not de-
tectable by MALDI, in agreement with earlier reports [95,96]. However, it is not clear
whether the assumed complexes are not at all formed in solution, or whether the com-
plexes do not survive the transfer into the gas phase. Our thermochemical considerations
support a favorable reprotonation and concomitant dissociation of the GndH+•COO- com-
plex in the gas phase, however, paradoxically also indicate that the arginine - sulfonate
receptor complexes should not survive in the gas phase. Solvation effects of the charged
pair in solution may thus be taken into account. Additionally, the role of the MALDI
matrix should be considered. We have shown that gas-phase competition reactions of the
matrix with a carboxylate anion may be significant, whereas a competition reaction with a
sulfonate may be of minor importance.
We are strongly confident that the stability of noncovalent complexes between amino acid
residues and small organic receptors is determined by a delicate interplay between stabili-
zing and destabilizing effects in both solution and the gas phase. Individually, such an
effect may be small, on the order of a few kcal·mol-1, however, taking into account all ener-
getic effects, it may be assumed that the GndH+•COO- complex does not survive the gas
phase, whereas the GndH+•SO3- complex is stable in the latter medium (as evidenced in
our experiments), or at least the reprotonation reaction is close to thermoneutrality.
In chapter 5, arginine complexation by NDS receptors will be used to introduce a novel
concept of protein topology probing, since only residues exposed on the surface of the
folded protein will be available for noncovalent complexation.
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It may be years before our understanding of molecular structure
becomes great enough to encompass in detail such substances as
proteins [...]; but the attack on these substances by the methods of
modern structural chemistry can be begun now, and it is my be-
lief that this attack will ultimately be successful.

Linus Pauling 1939

he last chapter presented several ideas on how to
selectively recognize and probe amino acid side chains without the need of covalent modi-
fication chemistry or cross-linking. Recognition is achieved via noncovalent receptors, and
the number of receptor adducts in the corresponding mass spectrum correlates with the
number of the recognized amino acids. Of course, only exposed residues that are accessib-
le for the receptor, will result in an adduct, hence, a structural measure for the protein's
topology becomes feasible. In section 5.1, this principle is described in detail, and first ex-
amples are given. In several control experiments (shown in section 5.2), the mass spectra
are confidently presented to be a readout of solution-phase protein conformation, and not
the result of unspecific gas-phase reactions.
Since mass resolution becomes increasingly challenging in studies at higher masses, sec-
tion 5.3 presents an alternative approach using heavier sulfonate receptors; for some, the
mode of interaction is comparable to the NDS receptor, others form only about half as
much adducts as NDS. Several interaction patterns are discussed.
If the number of adducts is a measure of accessible residues exposed on the protein's sur-
face, then data correlation to calculated surface accessibilities may apply. This is described
in section 5.4 and exemplified in a case study on lysozyme.
As a summary, section 5.5 presents some relevant model proteins that we have studied in
the course of the present thesis, and adresses the scientific relevance of noncovalent pro-
bing of proteins.

T
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5.1 Noncovalent Receptors as a Readout of Structure

None of the traditional advantages of mass spectrometry (i.e., speed, sensitivity, specificity
[1-3]) translates conventionally into anything that approaches protein conformation. Nev-
ertheless, structure can be reflected by an observed change in mass, e.g., typically by
specific or unspecific covalent modification of amino acid residues, deuterium incorpora-
tion, chemical cross-linking, covalent attachment of distance constraint rulers, and others
(see chapter 3).
We here present a novel strategy for obtaining topological information on biomolecules [4-
6]. It eliminates the need for ultrahigh mass resolution (as often needed in hydrogen/deut-
erium exchange experiments) and preceeding chemical modification. The method is based
on the formation of noncovalent complexes between the side chains of amino acids and se-
lective receptors (see chapter 4).

Principle
Consider a protein; it will have a number of arginines #arg and amino termini #term. These
are the relevant residues in the present thesis, since we have a selective receptor on hand
(see chapter 4). The sum of all arginines in the sequence plus all amino termini is defined
as #sum,

#sum = #arg + #term.

Now consider a folded protein in solution. Several arginines are buried within the folded
core of the biomolecule, whereas others are more exposed to the solvent: their accessibility
is directly correlated to the folding of the protein. An unfolded protein allows full accessi-
bility to the residues, whereas in a folded protein, certain residues will be either fully
buried, or not accessible due to shielding by another part of the protein. Thus, the number
of exposed arginines X#arg and the number of exposed amino termini X#term both yield infor-
mation about the protein's conformation. Again, a total number X#sum of exposed residues
can be defined,

X#sum = X#arg + X#term.

In the present chapter, we show that X#sum can be obtained from mass spectrometric expe-
riments, and that it is a measure of the protein's conformation. In earlier work, this was
achieved by selectively attaching covalent groups to the arginine residues (see section 3.1).
Here, we make use of noncovalent receptors, since naphthalene sulfonates selectively re-
cognize arginine residues and amino termini. As a straightforward experimental protocol,
protein and receptor solutions are simply co-incubated, and the resulting noncovalent
complexes are mass analyzed. The method circumvents extensive modification chemistry,
and does not need a purification.
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Scheme 5.1 shows how a theoretical mass spectrum will look like, when a protein with two
accessible arginines is probed (X#arg = 2). These two residues form noncovalent complexes
with the sulfonate receptor, whereas the buried (= not accessible) arginines and all other
amino acid residues literally remain untouched. The corresponding mass spectrum exhi-
bits the molecular ion signal for the protein, and two equidistant adduct signals at higher
mass. The mass difference reflects the mass of the noncovalent receptor for each individual
adduct signal.

Scheme 5.1  Principle of probing the number of arginines exposed on the surface of folded biomolecules. In this protein, only
two arginines are accessible (red), whereas the others (blue) are fully buried within the core of the biomolecule; note that the
amino terminus is not taken into account here. The noncovalent assembly of protein and two adducts is intactly transferred
into the gas phase and mass analyzed, resulting in the molecular ion signal of the protein itself, and two equidistant adduct
signals, separated by the mass of the receptor.

In early experiments, we have typically assigned signal series with [M + nL + H]+ or [M +
nL - H]-, where M represents the mass of the protein, L the mass of the receptor, and n
indicates how many receptors are bound to the protein (note that n = X#sum). H and the
corresponding charge describe whether the noncovalent complex is protonated (positive
ion mode MALDI mass spectrometry) or deprotonated (negative ion mode MALDI mass
spectrometry), respectively. For simpler nomenclature, charging and (de)protonation are
omitted in the following, and spectra are then assigned with M + nL, implicitely assuming
singly charged complexes. Sometimes, an even shorter denomination n = 0, n=1, n=2, ... is
used.
Protein conformations can be probed by the above principle, and related earlier work in
our group has already employed initial experiments. Salih and Zenobi showed that the
number of noncovalent receptor adducts in the mass spectra may reflect the number of ac-
cessible basic sites in model peptides and proteins [7]. For instance, a good correlation was
found for ubiquitin and cytochrome c, when the number of adducts (reflecting the number
of basic sites) was compared to the location of the corresponding amino acids in the crystal
structure. Similarly, McLuckey and coworkers identified the basic residues of a wide vari-
ety of oligopeptides by counting the number of hydroiodic acid molecules that attach to

PP
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the analyte ion [8,9]. The sum of the ion charge state and the maximum number of "recep-
tors" (hydroiodic acid) reflected the total number of basic sites of the analyte. The authors
reported gas-phase adduct formation, but their strategy is conceptually similar to ours.
In chapter 4, we studied the noncovalent complexation of sulfonate receptors and small
peptides. Here, the noncovalent receptors are used to probe proteins, ranging in mass
from 8.5 kDa (ubiquitin) up to 66 kDa (albumin). As the spectra will demonstrate, adducts
can only be mass resolved up to a certain mass range.

Initial Examples
As first results, we obtained negative ion mode MALDI mass spectra of ribonuclease-A,
myoglobin, and lysozyme after complexation with a 10fold excess of naphthalene disulfo-
nate (NDS, see figure 5.1). The four adducts in the mass spectra of ribonuclease-A and my-
oglobin are interpretated as X#sum = 4, hence four bound receptors represent four accessible
residues. Lysozyme exhibits 8 - 9 adducts in the present spectra.
In all three cases, the number of accessible residues is smaller than the total number of ar-
ginines plus amino terminus (X#sum < #sum). This means that not all residues are accessible
for complexation, hence the mass spectra may reflect biomolecules that already have ado-
pted some kind of folding; for experimental controls on this hypothesis, see section 5.2.
We also applied the probing principle to systems with higher masses, up to 70 kDa. The
corresponding spectra are shown in figure 5.2, where NDS complexation of adenylate kin-
ase (AK), aldolase, and albumin is employed.
In these three spectra, individual adduct signals are no longer resolved, due to the broader
individual signals and the decreasing resolving power of the instrument in that mass
range. Rather, a signal shift is observed, notably with different peak widths. The most pro-
bable numbers of adducts X#calc can be calculated from the formula

X#calc  =  (m2 - m1) / mR

where m2 represents the center-of-mass of the signal at higher mass, m1 represents the
center-of-mass of the signal at lower mass, and mR corresponds to the mass of the used re-
ceptor. This formula implicitely assumes singly charged ions; for multiply charged species,
mi needs to be replaced by mi/z.
The X#calc values in figure 5.2 correspond to 5 adducts for AK (mass shift ∆M = 1'480 Da), 8
or 9 adducts for aldolase (mass shift ∆M = 2480 Da), and about 11 adducts for albumin
(mass shift ∆M = 3'360 Da), respectively. Again, the number of accessible residues is smal-
ler than the total number of arginines plus amino terminus (X#calc < #sum), indicating that
not all residues are accessible for noncovalent complexation.
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Figure 5.1  Negative ion mode MALDI mass spectra of ribonuclease-A (a), lysozyme (b), and myoglobin (c) with NDS. Lower
traces are mass spectra of the free biomolecules, upper traces are systems complexed with NDS. n represents the number of
receptors bound, hence n=0 is used for the free biomolecule. The data was obtained using PNA as matrix. Four adducts can
be clearly identified for ribonuclease-A and myoglobine, and 8 - 9 adducts can be identified for lysozyme.
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Figure 5.2  Negative ion mode MALDI mass spectra of adenylate kinase AK (a), aldolase (b), and albumin (c) with NDS.
Lower traces are mass spectra of the free biomolecules, upper traces are systems complexed with NDS. The data was obtain-
ed using PNA as matrix. Individual adducts are not observable, however, the complexed species appear at distinctly higher
mass. Indicated differences correspond to 5 adducts (AK), 8 - 9 adducts (aldolase), and 11 adducts (albumin), respectively.
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First Conclusions
From the results in figures 5.1 and 5.2, several initial observations can be withdrawn:
(i) MALDI mass spectrometry can be used to mass analyze these systems, and PNA is
found to be a suitable matrix for successful desorption/ionization of the intact noncova-
lent complexes.
(ii) the observed number of adducts is smaller than the total number of possible adducts
(X#sum < #sum). This is a nontrivial result since it shows that an adduct series is limited, i.e.,
proteins do not form an arbitrary number of noncovalent complexes with the receptors.
(iii) mass resolution of adduct signals is of overriding importance. While the noncovalent
NDS complexes in ribonuclease-A are readily mass resolved, systems > 15 kDa, e.g., lyso-
zyme/NDS, already become problematic; individual adduct signals are no longer easily
distinguishable. The mass spectra in chapter 4 did not reveal this problem, since the repor-
ted peptides were all small in mass (up to 6 kDa), compared to the protein systems in the
present chapter.
(iv) at high masses (several 10 kDa), no adduct series can be resolved, at least not for NDS.
Instead, a broad mass-shifted signal is observed; in the final data, two signals are thus pre-
sent, one each for the free as well as the complexed biomolecule, respectively. An average
adduct number must thus be derived from the corresponding mass shift.
The subsequent sections will experimentally adress the above observations: experimental
controls (section 5.2) will confirm adduct formation to happen in solution and to generally
reflect conformation, section 5.3 will adress the issue of resolving adducts in larger sys-
tems, and the final sections will discuss in detail whether the number of adducts can be
used as a readout of solution-phase conformation.
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5.2 Experimental Control: in solution or in vacuo?

In the context of the past chapters, the overriding importance of control experiments has
been expressed several times. Here, three additional controls are presented, adressing con-
cerns of adduct formation in solution vs. gas phase.

Experimental Control I: Ruling out Nonspecific Gas-Phase Adducts
We believe that the detected sulfonate adducts are preformed in the condensed phase,
thus reflecting solution-phase complex formation, and that our data is not the consequence
of post-desorption reactions. Many publications have discussed nonspecific gas-phase
adduct formation, but relatively little effort has been made to truly demonstrate that the
formation of noncovalent complexes really takes place in solution prior to desorption [10].
We therefore designed a control experiment to rule out gas-phase formation of nonspecific
adducts. In order to fully mass resolve adducts, we chose a peptide rather than a protein
for this control: lyophilized melittin was dissolved in an aqueous matrix solution of PNA
and crystalline NDS was dissolved in a solution of PNA in methanol, respectively. Both
mixtures were dried separately in a rotatory evaporator and the resulting yellow powders
were mixed without the use of any solvent. The mixture was then attached to the probe tip
using double-sided adhesive tape, but no pressure was applied (i.e., no pellets were pres-
sed). Molar ratios used for the different components were comparable to earlier experi-
ments, see section 4.1. Low laser power was used, in order to minimize the amount of
particles ejected from the sample to avoid unnecessary contamination of the MALDI
source.
Samples prepared without solvent, i.e. mixing analyte and matrix powders, indeed can
yield MALDI mass spectra [11,12], however, these are of much lower quality than usual.
Nevertheless, the information obtained is easy to interpret: figure 5.3 presents negative ion
mode MALDI mass spectra of melittin and NDS in a PNA matrix.
In the upper trace, analyte and sulfonate were not cocrystallized, so noncovalent complex-
es cannot form in solution. Accordingly, if any adducts were observed, they would result
from nonspecific gas-phase reactions. The spectrum shows no NDS adducts at all, proving
that the complexes are not formed in the gas phase. A 1 µL droplet of methanol was then
added to the sample and a mass spectrum was again recorded (lower trace). By adding
solvent, analyte and sulfonate can react for a short period within the same solvent and
then cocrystallize on the same probe tip: by now, at least two of three expected adducts
can be identified in the spectrum. The X#sum value for melittin is X#sum = 3 (see figure 4.2c),
hence a total of three adducts would principally have been expected, but since the experi-
mental conditions of complex formation were far from ideal, we only conclude that some
adducts are formed.
With this experiment, we have confidently proven that the noncovalent complexes are pre-
formed in the condensed phase: we have safely ruled out contributions from nonspecific
gas-phase adduct formation.
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Figure 5.3  Negative ion mode MALDI mass spectra of the melittin/NDS system in a PNA matrix by choosing a non-cocryst-
allizing sample preparation technique. Upper trace: dried samples of analyte/matrix- and sulfonate/matrix-mixtures were
placed on the probe tip by mixing the powders without addition of any solvent. Lower trace: The same sample on the same
tip, after addition of 1 µL methanol and recrystallization. Reprinted by permission of Elsevier Science from ref. [4] © 2001 by
the American Society for Mass Spectrometry.

Experimental Control II: Denaturation
At the beginning of this chapter, we have defined the X#sum value to reflect the expected
number of receptor adducts in the mass spectra. In fully unfolded protein systems, howev-
er, this value is identical with the sum of all arginines plus all amino termini within the se-
quence of the biomolecule,

X#sum,d = #sum,d

where the suffix d stands for the denatured biomolecule. Denaturation is a drastic change
in protein conformation, and thus allows us to apply our probing principle to two extrem-
es: folded vs. fully unfolded conformation.
We have carried out a denaturation experiment with ubiquitin, since this protein will ex-
pose additional arginine residues upon denaturation. Katta and Chait observed conforma-
tional changes in ubiquitin by proton exchange ESI mass spectrometry [13]. According to
these authors, only Arg-74 and Arg-72 are clearly exposed to the solvent. Arg-54 may be
only partially exposed to the solvent [7].
Figure 5.4 shows the mass spectrum of ubiquitin - NDS complexes before and after denat-
uration. We find 2 - 3 noncovalent complexes for folded ubiquitin with NDS, so up to two
exposed arginine residues are complexed; the third adduct (corresponding to the amino
terminus) is of too low intensity to clearly be identified. After three hours incubation in a
1:3 mixture of water-methanol containing 2% acetic acid, the MALDI mass spectrum of
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freshly denatured ubiquitin reveals 4 - 5 adducts, so previously inaccessible arginine resi-
dues are recognized as well.
The denaturation experiment allows some interesting conclusions. Ubiquitin retains a fol-
ded conformation in the gas phase, where the same number of basic residues is exposed as
for the native state, even after being subjected to MALDI sample crystallization and desor-
ption/ionization steps. This is not meant to indicate that the protein is in its native form in
the gas phase. Other interactions stabilizing a native conformation, such as hydrophobic
interactions, will certainly be much less important or even completely absent in the gas
phase. However, chemical changes (in this case denaturation) carried out in solution are
fully reflected in the mass spectral data: upon denaturation, buried arginine residues be-
come accessible to complex formation with sulfonate moieties. This indeed indicates that
the protein has changed its shape from a higher order structure to a completely accessible
and barely structured molecule. And more, this indicates that the different shape is main-
tained throughout the crystallization and desorption/ionization steps. Hence, the denatur-
ation experiment shows that MALDI can be a readout of solution-phase conformation.

Figure 5.4  Negative ion mode MALDI mass spectra of ubiquitin - NDS complexes in PNA, before denaturation (upper trace)
and after denaturation (lower trace) of ubiquitin using a 1:3 mixture of water-methanol containing 2% acetic acid. Before
denaturation, ubiquitin exhibits 2 - 3 adducts, whereas upon unfolding, 4 - 5 adducts can be identified. Reprinted by per-
mission of Elsevier Science from ref. [4] © 2001 by the American Society for Mass Spectrometry.
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Figure 5.5  Positive ion mode ESI (upper trace) and MALDI (lower trace) mass spectra of cytochrome c with NDS. Peak series
are assigned to [P + nL + zH]z+, where P represents the protein, L represents NDS as free acid, and z represents the charge
state of the observed species. Weak additional signals in the MALDI mass spectrum result from nonspecific matrix adducts.
Identical results are obtained from both ionization techniques. Reprinted from ref. [5] © 2002, with permission from Elsevier.

Experimental Control III: ESI vs. MALDI
The transfer of a noncovalent complex from solution or condensed phase into the gas
phase is typically accompanied by some structural changes. However, the extent of such
changes as a result of solvent removal and the interactions that govern stability of the dis-
tinct species remain poorly understood. Many studies have suggested that some aspects of
the higher order structure of proteins can be retained after transfer into the gas phase [14,
15]. Complementary or even identical results can usually be obtained from MALDI and
ESI mass measurements: calcium-induced tetramer formation of calcium binding proteins
was monitored by first shot MALDI spectra [16] and confirmed by ESI experiments [17].
Earlier, the aldose reductase system and the binding to its cofactor was studied to yield
comparative results: in MALDI, the cofactor lost a residual part [18], whereas the intact
noncovalent complex was successfully detected by electrospray [19].
We compared different ionization methods in order to eliminate the possibility that the
degree of NDS complexation depends on the ionization method used. Probing the exposed
amino acid residues in cytochrome c by the NDS receptor reveals three adducts, reflecting
complex formation with both Arg-38 and Arg-91, and with the highly flexible amino
terminus. Identical results can be obtained from both MALDI and ESI experiments (figure
5.5): the MALDI mass spectrum consists of the protonated molecular ion signal of cyto-
chrome c and three noncovalent complexes.
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Unlike MALDI, electrospray tends to produce multiply charged ions. The gas-phase struc-
ture of cytochrome c has been extensively studied [20-25], revealing a CSD in electrospray
experiments arranged around +8 for a near-native conformation. The ESI mass spectrum
of cytochrome c and NDS shows three distinct charge states (+6, +7, and +8) with +7 giv-
ing the most abundant signals (see figure 5.5, upper trace). This CSD indicates that cyto-
chrome c has adopted a near-native conformation and that desolvation/ionization has not
significantly altered the structure, although minor changes may have occured. Neverthe-
less, triple adduct formation of NDS can be demonstrated for all three charge states. Thus,
both ionization methods give identical results as expected. The binding of NDS to the argi-
nine residue has been proposed to consist of an electrostatic contribution and hydrogen
bonding interactions (see section 4.1), mainly being preserved after transfer into the gas
phase. Structural characterization of cytochrome c with Cibacron Blue F3G-A to probe all
basic sites has previously been published [7]: up to nine ligands reacted with the same bio-
molecule in agreement with CSD arranged around +8 for the near-native conformation.

Summary
The three control experiments have shown that adduct formation is not the result of un-
specific gas-phase reactions; the number of adducts reflects conformation in solution. A
comparison of MALDI to ESI data has shown that both ionization methods yield identical
results with respect to the number of adducts detected. Thus, the crystallization step in
MALDI does not significantly influence the outcome of our results.
This is schematically summarized in scheme 5.2: in solution, the biomolecule is probed by
noncovalent receptors, and only accessible residues form a complex. When MALDI is em-
ployed as the ionization method, the intact entity (in this case a protein and four receptors)
is incorporated into the MALDI crystal, i.e., the condensed phase. Finally, the assembly is
transferred into the gas phase by laser desorption/ionization. In the latter process, the as-
sembly becomes charged and thus, can be mass analyzed according to its m/z ratio.
As it is schematically shown, the number of adducts X#sum is established in solution, where
the protein exhibitis a conformation close to its relevant conformation for bioactivity. Fur-
thermore, the recognition chemistry of the noncovalent receptors also happens in solution,
hence, the suggested probing principle is a mass spectrometric readout of solution-phase
conformation.
It should be noted here that ionization of the intact assembly P + nL does not depend on
the number of noncovalent complex adducts, since the interaction between an arginine
side chain and the sulfonate receptor yields a zero net charge. Charging of the assembly
happens at a different site. Since proteins carry a large number of sites amenable to proto-
nation / deprotonation, ionization is not related to adduct formation. This is the reason
why identical results can be obtained in positive and negative ion mode, when structural
probing is employed.
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Scheme 5.2  Graphical representation of the origin of adducts in a typical MALDI experiment. Adduct are formed in solution,
followed by incorporation of the noncovalent assembly into the MALDI crystal, and final desorption/ionization into the gas
phase, where the assembly becomes charged. As it is schematically shown, the final number of adducts X#sum is established
in solution, and does not change during transfer into the gas phase.

solution phase condensed phase gas phase

infer structural information
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5.3 Resolving Adducts in Large Systems

As observed in figure 5.2, the mass of the receptor (compared to the mass of the biomole-
cule) may determine whether adducts can be mass resolved in the corresponding spectra.
To test this simple idea, we have investigated a variety of sulfonate receptors of heavier
molecular weight than naphthalene disulfonate, see table 5.1.
We assumed similar reactivity (and thus comparable recognition characteristics) to the na-
phthalene sulfonates, but had to exclude some of these receptors during the course of our
studies: sulfo-[4]-calixarene (SCX) and hydoxy-[4-(phenylazo)-phenylazo]-naphthalene di-
sulfonate (HPPNDS) were found to be unstable under laser desorption / ionization condi-
tions, whereas sulfo-rhodamine 101 (SRH) formed an extensive number of clusters with
the matrix PNA. Methylthymol blue did not yield any detectable adducts.
The sulfonates of choice were anthraquinone disulfonate (AQDS), an alkylether pyrene tri-
sulfonate derivative (P3S), pyrene tetrasulfonate (P4S), and the reactive dye sulfonazo III
(SAZ). Structurally, AQDS and NDS are closely related, since both molecules exhibit two
sulfonate groups that are linked in a linear fashion by an aromatic core. The pyrene deri-
vatives are somewhat more complex in reactivity, and SAZ may have an arginine recogni-

tion motif closely related to what
we have hypothesized earlier du-
ring the β-[R10]-amide peptide ex-
periments (see page 87).

Table 5.1  Sulfonate receptors of higher mole-
cular weight than NDS.

AQDS  anthraquinone disulfonate
HPPNDS  hydroxy-[(phenylazo)2]-NDS
P3S  pyrene trisulfonate tetradecanylether
P4S  pyrene tetrasulfonate
SCX  sulfo-[4]-calixarene SCX
SAZ  Sulfonazo III
SRH  Sulforhodamine 101
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AQDS receptor
The noncovalent complexation of insulin and lysozyme with anthraquinone disulfonate is
shown in figure 5.6, where mass resolved adducts can be derived. Note that the spectrum
representing lysozyme / AQDS is much better adduct-mass resolved than the correspon-
ding NDS data in figure 5.1. Larger biomolecules are probed in figure 5.7, where the com-
plexation of adenylate kinase, aldolase, and albumin is presented.
As in the case with NDS, insulin forms two adducts with AQDS, thus reflecting similar re-
cognition characteristics; a comparable number of adducts is also found in the case of lyso-
zyme. For adenylate kinase, aldolase and albumin, AQDS forms less adducts than NDS,
presumably related to more steric requirements to access arginine residues in these large
biomolecules.

Figure 5.6  Negative ion mode MALDI mass spectra of insulin (a), and lysozyme (b) with AQDS. n represents the number of
receptors bound, hence n=0 is used for the free biomolecule. The data was obtained using PNA as matrix. Two adducts are
baseline resolved for insulin, and 7 - 8 adducts can be identified for lysozyme.
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Figure 5.7  Negative ion mode MALDI mass spectra of adenylate kinase (a), aldolase (b), and albumin (c) with AQDS. Lower
traces are mass spectra of the free biomolecules, upper traces are systems complexed with AQDS. The data was obtained
using PNA as matrix. Indicated mass differences correspond to 3 - 4 adducts (AK), 5 adducts (aldolase), and 6 - 7 adducts
(albumin), respectively.
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P3S and P4S
The pyrene derivatives are interesting receptors in several respects: (i) they are much hea-
vier than other receptors; (ii) the delocalized aromatic core resembles the reactivity of the
naphthalene sulfonates; (iii) they may react with more than one sulfonate group, or even
form some kind of intercalation complex with the biomolecules.
While (i) and (ii) were found to be desirable characteristics, the polyfunctionality (iii) has
proven to be counterproductive: figure 5.8 and 5.9 present spectra of AK and albumin,
upon complexation with both P3S and P4S.
The higher mass of the two pyrene sulfonates, as compared to NDS or AQDS, allows to
produce mass resolved spectra. As readily observed, P3S and P4S form less adducts than
the two smaller sulfonate receptors. This may be due to steric hindrance of several of the
large pyrene receptors on a folded protein surface; but it is also possible that P3S and P4S
exhibit a different mode of interaction with the biomolecule. In fact, a simultaneous com-
plexation of two arginines (see scheme 5.3) per pyrene receptor may apply. P4S could even
recognize three arginines on a biomolecule. Such interactions resemble noncovalent cross-
linking, a strategy that was envisioned by Lehn [26] and has already been employed in su-
pramolecular chemistry [27-29].

Scheme 5.3  Simultaneous complexation of two (left) and three (right) arginine residues by pyrene tetrasulfonate; Arg-X,
Arg-Y, and Arg-Z are part of a large biomolecule (not shown). These assemblies are best characterized by noncovalent cross-
linking, see text. It should be noted that the presented interactions are merely speculative; we do not have experimental evi-
dence, since crystal structures are not available from these complexes.

Of course, structures like the ones shown in scheme 5.3 remain merely speculative; there is
no experimental evidence in the present mass spectra for such interactions. However, this
interpretation explains why the pyrene sulfonates exihibit less adducts than initially ex-
pected. As a direct consequence, we have refrained from using P3S and P4S receptors in
the present work.
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Figure 5.8  Negative ion mode MALDI mas spectra of ad-
enylate kinase with P3S and P4S. The lowest trace is the
mass spectrum of free AK, the middle trace is AK com-
plexed with P3S, and the upper trace is AK complexed
with P4S, respectively. The data was obtained using
PNA as matrix. As much as 4 individual mass resolved
adducts are identified for P3S, and 2 adducts can be seen
for P4S, respectively.

Figure 5.9  Negative ion mode MALDI mas spectra of albu-
min with P3S and P4S. The lowest trace is the mass spec-
trum of free albumin; in the middle trace, albumin is com-
plexed with P3S, and the upper trace is albumin complexed
with P4S, respectively. The data was obtained using PNA
as matrix. The indicated mass difference corresponds to 3
adducts (aldolase), and 4 - 5 adducts (albumin), respective-
ly.

Sulfonazo III
We also performed complexation experiments with sulfonazo III, a chromophore that is
widely used in the spectrophotometric determination of barium and strontium [30,31].
Sulfonazo has been reported as a probe for the quantitative determination of the anti-
cancer drug doxorubicin [32], and has recently been used as a staining dye for proteins
[33]. In the latter work, the authors compared the amenability of sulfonazo III to staining
characteristics typically observed for Coomassie Blue derivatives, but did not elucidate the
molecular interaction of sulfonazo III with the proteins.
Since sulfonazo III (SAZ) may be an ideal probe for guanidinium groups (see scheme 5.4
for a putative interaction), we investigated several protein systems upon complexation
with the dye. Sulfonazo III is commercially available as the tetrasodiated salt which can be
converted into the free acid by drop dialysis [34]. The ion exchange can be easily followed,
since the free acid results in a light orange solution, whereas sodiated SAZ is dark violet.
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Following our usual experimental protocol, we recorded MALDI mass spectra of ubiqui-
tin, lysozyme, aldolase, and albumin after incubation with a 100fold excess of SAZ. The
spectra are reported in figures 5.10 and 5.11, respectively.

Scheme 5.4  Proposed molecular recognition of guanidinium by sulfonazo III., consist-
ing of a strong salt bridge (R-SO3

-•GndH+•-O3S-R) which can be intactly transferred
into the gas phase. Although sulfonazo III is reported to be a protein staining dye, the
mode of interaction between the dye and a protein is not understood in molecular
detail. E.g., it is unclear whether the two hydroxyls of the naphthalene diol unit take
part in the complexation.

Ubiquitin forms two adducts of high abundance with SAZ, a third adduct may be present.
This is in agreement with results obtained for the NDS receptor, where two adducts were
found (see figure 5.4). In the case of aldolase, SAZ forms five adducts, again in good agree-
ment with complexation by AQDS. We thus conclude that SAZ is capable of arginine com-
plexation, as proposed. In lysozyme, the number of SAZ adducts does not readily compare
to the number of NDS or AQDS receptors.
It is very unlikely that NDS, AQDS and SAZ exhibit totally different interactions, and we
are confident that SAZ can be used to determine the number of accessible residues X#sum.
However, SAZ may be sterically more demanding than the other two receptors: NDS and
AQDS can be described as linear receptors with the recognizing group at the end, whereas
SAZ may be much closer related to a "gripper" motif, forming a salt bridge with the guani-
dinium entity. Such salt bridge motifs have been reported before (see section 4.2), and can
be readily transferred into the gas phase [35-37]. We conclude that SAZ recognizes argini-
nes, but the receptor is more sensitive to steric hindrance. In section 5.4, this will be further
exemplified.

NN

OH OH NN

HO3S SO3H

S S
O

O

O

O

H H

HH

N

N N

H
R

O O



128

Figure 5.10  Negative ion mode MALDI mas spectra of ubiquitin (a) and lysozyme (b) with SAZ. Lower traces are mass
spectra of the free biomolecules, upper traces are systems complexed with SAZ. n represents the number of receptors bound,
hence n=0 is used for the free biomolecule. The data was obtained using PNA as matrix. Three adducts are baseline resolved
for ubiquitin, and 5 adducts can be identified for lysozyme.
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Figure 5.11  Negative ion mode MALDI mass spectra of aldolase (a), and albumin (b) with SAZ. Lower traces are mass spec-
tra of the free biomolecules, upper traces are systems complexed with SAZ. The data was obtained using PNA as matrix. The
indicated mass difference corresponds to 5 adducts (aldolase), and 10 adducts (albumin), respectively.
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Summary
We have probed a variety of proteins with a choice of sulfonate receptors. The latter are
larger in mass than in earlier experiments, however, some are found not to be suitable pro-
bes for individual arginine residues. The pyrene tri- and tetrasulfonates are hypothesized
to be noncovalent cross-linkers, with one receptor being capable of binding several resi-
dues. Since we do not have crystal structures of the corresponding noncovalently cross-
linked assemblies, the behavior of P3S and P4S remains speculative. AQDS is found to be
closely related to NDS, in both structure and reactivity. Sulfonazo III probably forms a
"gripper" like salt bridge with arginine residues. Since the latter complex is sterically more
demanding, sulfonazo III forms less adducts on the proteins investigated than the two li-
near receptors.
The presented mass spectra lead to the conclusion that mass resolved NDS adducts can be
obtained for systems up to about 14 kDa, AQDS spectra are receptor mass resolved up to
about 16 kDa. This means that the mass difference of these two receptors is not helpful in
improving resolution when high molecular weight proteins are probed. NDS (mass = 288
Da for free acid) and AQDS (mass = 368 Da for free acid) differ by only ∆M = 80 Da; thus a
suitable receptor may need to be significantly heavier. P3S and P4S fulfill this requirement
(472 and 522 Da for free acid, respectively), but exhibit different recognition characteristics.
Sulfonazo III is the heaviest receptor investigated (688 Da for free acid), but its size con-
comitantly means that it is also more sensible to steric hindrance. We thus conclude that
increasing the mass of the receptor does help to mass resolve adducts, but this may even-
tually be compensated by other effects, e.g., different reactivity. The present experiments
have only elucidated the influence of increasing the mass of the receptor. Other ways,
based on instrumental modifications, are discussed in chapter 6.
Section 5.5 discusses the experimentally found number of adducts for all receptors, and a
correlation to accessibility values for each individual residue is reported there, too. For
such data evaluation, structural information in the neighborhood of each arginine and
each amino terminus must be taken into account. As section 5.4 explains, this can be achie-
ved by calculating surface accessibility parameters for each residue, provided that atom
coordinates of the corresponding biomolecule are available.
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5.4 Correlation to Surface Accessibility: a Case Study

Surface accessibility (SA) is a measure of structure; individual amino acids are assigned a
value that characterizes them with respect to their solvent exposure. Sophisticated algor-
ithms exist for detailed SA value calculation and refinement, but often, residues are just di-
vided into two states (buried or exposed) [38]. In between are several intermediate states
of accessibility, depending on the chosen percentage of the SA treshold.
The solvent-accessible area of a protein was originally defined and computed by Lee and
Richards as "the area traced out by the center of a probe sphere (representing a solvent
molecule) as it is rolled over the surface of the molecule of interest" [39]. Conolly has refi-
ned this approach by assuming a probe sphere of 1.4 Å radius, which is approximately the
radius of a water molecule, and defining a molecular surface of the protein as being relevant
for accessibility studies [40,41]. The difference between the two approaches is explained in
scheme 5.5: while the accessible surface is defined by the center of the probe sphere, the
molecular surface (often termed Connolly surface) is defined by the van-der-Waals contact
of the probe sphere.

Scheme 5.5  Different types of surface representation. The van-der-Waals surface describes the contact surface of each atom,
based on their individual van-der-Waals radii. Rolling a probe sphere (typical radius 1.4 Å, represents a solvent molecule)
over the molecule, the molecular surface is defined as the area that can be reached with the surface of the probe sphere. The ac-
cessible surface is described by the center position of the probe sphere.
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SA values are intrinsically related to protein structure: during the folding process, hydro-
philic residues of a protein become exposed to the aqueous solvent, while the contact bet-
ween hydrophobic residues and the solvent is minimized [42,43]. Thus, hydrophobic resi-
dues typically exhibit low SA values, whereas solvent exposed residues are characterized
by high SA values.
Studies of SA in proteins have led to new insights into protein structure [44-46]. However,
the number of SA studies has only increased with increasing number of resolved protein
structures, since the algorithms need atomic coordinates of the investigated systems. Yet,
there is still an enormous gap between the relatively small number of resolved protein
structures and the huge number of available protein sequences [47]; SA studies are cur-
rently believed to at least partially fill this gap, by de novo predicting protein structures
from sequences [48].

Calculations
For the systems presented here, we calculated SA values for all arginine residues and
amino termini, by using the public domain program DeepView [49,50]. In this program, a
group of atoms is defined as accessible if a 1.4 Å probe sphere can be brought into van-
der-Waals contact; thus, DeepView calculates the Connolly surface of the proteins. Indivi-
dual SA values are obtained by assuming a treshold for accessibility, i.e., a parameter from
0...1 is calculated for residues being fully buried (SA = 0), fully exposed (SA = 1), or
intermediate (0 < SA < 1), respectively. In practice, SA values typically range from SA =
0.85 down to SA = 0.10, since higher values are only observed for very small molecules of
presumably no tertiary structure, whereas lower values are close to the experimental error
of the method, and somewhat lack biological relevance [51].
The calculated SA values for our protein systems are collected in the appendix. For details
on the use of the DeepView program, the origin of the coordinates, and the individual cal-
culation steps, see the experimental section in chapter 7. Since the individual SA values are
not straightforward to use, we transformed them into accessibility plots, i.e., diagrams of the
SA value versus the number of residues in decreasing order of accessibility. By employing
this transformation, the residues are not characterized by their position in the sequence,
but by their accessibility.
The accessibility plots are a straighforward way of representing SA values of individual
residues, without taking the sequence position into account. As shown below, this is key
to correlating SA tresholds to mass spectrometric receptor adducts.

Relevance for Adduct Spectra
If the number of receptor adducts in a mass spectrometric study is supposed to be a suit-
able measure of accessible residues, then the MS data should correlate with the surface
accessibilities calcutated above. In the following, we explain how to achieve this:
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First, it should be noted again that the abscissa of an accessibility plot can be interpreted as
the number X#SA of residues (arginines + amino termini) in the order of decreasing accessi-
bility. A correlation to the mass spectrometrically determined number of receptor adducts
exists if

X#SA ≈ X#sum.

In other words, mass spectrometric probing results in a number X#sum of adducts, which is
hypthesized to be similar to the number X#SA of accessible residues. Then, a SA treshold
can be read from the accessibility plot, which represents the SA treshold of a given recep-
tor. This correlation is exemplified for lysozyme (see below), and two alternative data in-
terpretations are employed. In section 5.5, other protein examples are given, in order to
further evaluate both ways of data interpretation.

Accessibility Study: Lysozyme
For a detailed case study, we have chosen lysozyme, since this biomolecule has been ex-
tensively characterized with respect to its conformation in solution [52-57], in the crystal
[58-60], and in the gas phase [61]. Lysozyme (14.3 kDa) consists of 11 arginines and an
amino terminus of low accessibility. The enzyme forms a highly compact structure, being
mainly stabilized through 4 disulfide bonds [62].
A graphical representation of the lysozyme structure and its computed molecular surface
are shown in figure 5.12; the eight most accessible residues are drawn in red, the remain-
ing three arginines and the amino terminus are drawn in green. It can be easily seen that
the residues labeled in red stick out of the computed surface, whereas the residues labeled
in green are located in more concave areas.

Figure 5.12  Graphical representation of hen eggwhite lysozyme. Left: Crystal structure in grey ribbons, only arginine residu-
es and the amino terminus are indicated. Surface exposed residues are drawn in red, others are shown in green. Right: Com-
puted molecular surface ("Connolly surface") of lysozyme. Residues are again color-coded with red and green, according to
surface exposure. Graphics were generated with DeepView according to the experimental section.
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A straightforward interpretation of accessibility becomes feasible, if SA values are calcula-
ted for all individual arginines and the amino terminus. Figur 5.13 presents these values
and the corresponding accessibility plot.

Figure 5.13  Calculated SA values for the eleven arginine residues plus amino terminus of hen eggwhite lysozyme. Left: Cal-
culations based on tresholds, see appendix. Right: accessibility plot, as derived from the SA values vs. the number of residues
in decreasing order of accessibility.

Typical SA values for exposed residues are in the range of SA ~ 0.4, i.e., about 40% of the
residue are identified through a probe sphere [51]. The accessibility plot of lysozyme
shows a plateau around SA = 0.4, and a second one at SA = 0.36, so these are putative tres-
holds of accessibility.
Reconsider the receptor adduct spectra. The negative ion mode MALDI mass spectra of ly-
sozyme after complexation with NDS, AQDS, and SAZ receptors are given in figure 5.14.
This data has been reproduced from earlier experiments, and shows a similar number of
adducts for NDS and AQDS, whereas SAZ forms less receptor adducts with lysozyme.
In the following, two alternative interpretations are given on how to correlate figures 5.13
and 5.14, respectively.
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Figure 5.14  Negative ion mode MALDI mass spectra of lysozyme with NDS (top panel), AQDS (middle panel), and SAZ
(bottom panel). Lower traces are mass spectra of the free biomolecules, upper traces are systems complexed with the sulfon-
ate receptor. The data was obtained using PNA as matrix. NDS forms 8 - 9 adducts, AQDS forms 7 - 8 adducts. SAZ forms a
total of 5 mass resolved adducts.
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Correlation of SA Values to Receptor Adduct Spectra (I)
Starting at the molecular ion signal of the free biomolecule (n = 0), a maximum of 8 - 9
adducts can be counted for NDS (n = 8 - 9), whereas counting of AQDS adducts reveals 8
noncovalent complexes with the receptor (n = 8). Thus, both receptors can be assumed to
recognize the same exposed groups on the surface of lysozyme. The SAZ receptor forms
up to 5 adducts with the biomolecule. In the present spectra, receptor adducts are mass re-
solved, however, individual signals are broader than expected from the resolving power
of a linear time-of-flight mass spectrometer in the mass range of 16 kDa. The signals even
seem to exhibit a fine structure. We attribute both the broadening and the fine structure to
matrix and salt adducts or residual water molecules bound to the protein.
For NDS and AQDS, the total number of adducts compares well with six residues of SA ≥
0.41 (Arg-128, Arg-14, Arg-21, Arg-45, Arg-73, and Arg-114) plus two residues of SA = 0.36
(Arg-68 and Arg-125). As observed in the accessibility plot, residues 3 - 6 form a plateau of
similar accessibiliy. It is reasonable to include residues 7 and 8 (Arg-68 and Arg-125), des-
pite their slightly lower accessibility, since the SA difference of these two arginines is very
small (SA = 0.36), compared to the plateau of the preceeding residues (SA = 0.41). Further-
more, Arg-68 has recently been reported to be located in a structurally disordered region
of the protein [56]. Thus, its calculated SA value may be afflicted with some uncertainty.
Arg-125 is located within an α-helical domain of the protein, which are known to be rather
flexible [58]. Thus, Arg-125 is expected to be recognized as well.
For residues 9 through to 12, the SA decreases significantly (see accessibility plot). These
residues are therefore not exposed on the surface, and thus not observed in the mass spec-
trum, either. Lysozyme forms eight sulfonate receptor adducts (NDS and AQDS) under
standard nonacidic MALDI sample preparation. According to the above explanations, this
is correlated to a (reasonable) SA treshold of SA = 0.36 - 0.41 for the these two sulfonate re-
ceptors.
Considering five SAZ adducts, a treshold of SA = 0.41 is assumed. This is in agreement
with the previous hypothesis, that SAZ is more sensitive to steric hindrance, which is com-
parable to a higher SA treshold for this receptor. However, there are three residues at SA =
0.41 (Arg-45, Arg-73, and Arg-114) at the relative order of residues 4 through to 6, but SAZ
only recognizes residues 4 and 5 (remember five SAZ adducts in the mass spectra). So we
cannot explain why SAZ may recognize only two of three residues at identical SA. As
shown below, a different data interpretation of our MALDI mass spectra can resolve this
contradiction.

Correlation of SA Values to Receptor Adduct Spectra (II)
Adduct spectra in figure 5.13 can also be interpreted in a different way, by assuming the
most abundant signal of the adduct series to be the relevant number of receptor adducts. This
may be more convenient, since adduct spectra are not mass resolved for larger systems. As
pointed out in section 5.1, the mass difference of two signals (representing free and com-
plexed biomolecule, respectively) can be used to calculate the most probable number X#calc

of receptor adducts, which is assumed here as the most abundant signal of the adduct seri-
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es. Correlating this average number of adducts to surface exposed residues is represented
by the correlation

X#SA ≈ X#calc.

Thus, SA thresholds are derived from accessibility plots by assuming the most probable
number of mass spectrometrically detected adducts, as opposed to the total number of ad-
ducts.
If we follow this alternative data interpretation, then NDS forms 6 adducts, AQDS reveals
4 adducts, and SAZ identifies 3 residues (reconsider figure 5.10, but only take the most ab-
undant signal of the adduct series into account). Again, we subject these three findings to
the accessibility plot. Interestingly, the three sulfonate receptors now readily follow the
first plateau at SA = 0.41 - 0.42 (see figure 5.15), which may indicate that the latter inter-
pretation is more straightforward.

Figure 5.15  Accessibility plot of lysozyme.
The marks indicate the average number of
receptor adducts found for NDS (blue),
AQDS (green), and SAZ (red). The three
sulfonate receptors nicely follow the plat-
eau around SA = 0.41 - 0.42.

Furthermore, NDS and AQDS now exhibit similar reactivity (SA = 0.41), whereas SAZ is in
the same SA treshold range, but slightly more sensitive to steric hindrance. This is reflec-
ted in the slightly higher treshold (SA = 0.42).

Evaluation
The case study of lysozyme has shown that a correlation of mass spectrometrically deter-
mined receptor adducts and calculated SA values may be feasible. Determining the total
number of adducts can be difficult or impossible, especially in adduct series of low mass
resolution, i.e., for systems larger than lysozyme. In such systems, e.g., aldolase (39.2 kDa)
or albumin (66 kDa), individual receptor adducts are not observed; only signal shifts can
be derived.
From the case study, it becomes obvious that mass spectrometric data and SA calculations
are best correlated when the most probable number of receptor adducts is employed (see in-
terpretation II). For lysozyme, correlation to the total number of adducts may be reasonab-
le for NDS and AQDS, but not for the sulfonazo III receptor.
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To further substantiate whether we should interpret our adduct series by the first or the
second interpretation, we performed a short simulation experiment. An algorithm simula-
ted the expected intensity distribution of our systems, by assuming a fully established
equilibrium between all sites and receptors (at 10fold and 100fold excess of receptor), inde-
pendent binding sites, and an estimated association constant� of Ka = 104 M-1.
From this simulation (see experimental section), the highest abundance in an adduct series
is observed at the upper limit of putative adducts. In other words, a protein with 5 accessi-
ble binding sites forms an adducts series, with the highest abundance at the fifth adduct,
see figure 5.16. This simulation agrees with our experimental findings, if the most proba-
ble number of receptor adducts is taken.

                                                  
� Binding constants for guanidinium - sulfonate complexes are not known, but may be approximated as follows: Noncova-
lent interactions of the guanidinium - carboxylate type are on the order of 5 - 10 kcalmol-1, including shape complementarity
and hydrogen bonding (see table 2.1). Since sulfonates are more acidic than carboxylates, the interaction may be stronger;
estimations go up to 12 kcalmol-1, which is a reasonable value for strong electrostatic interactions. On the other hand, deloca-
lization of the charge (as observed for the present sulfonate receptors) may result in a weaker interaction, since the electro-
static contribution is strongly distance dependent (∝ r-1, with r being the distance of the two charged partners).  Ion-dipole
interactions, as exhibited by the pGlu - sulfonate complex, have been calculated to have an approximate binding energy of 4
kcalmol-1 (Friess and Zenobi, unpublished results).
Assuming these data to be the upper and lower limit values, we estimate the guanidinium - sulfonate binding energy to be
on the order of 10 kcalmol-1, which approximately corresponds to an association constant of Ka = 104 M-1.
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Figure 5.16  Simulated adduct spectrum of a 15 kDa protein with 5 receptors (∆M = 300 Da). Assumptions: 5 independent
and accessible binding sites, Ka = 104 M-1, protein concentration 10-5 M (for simulation details, see experimental section). Up-
per trace: 100fold excess of receptor. Lower trace: 20fold excess of receptor. The highest abundance is clearly observed at the
fifth adduct. Thus, mass spectrometric receptor adduct series may best be interpreted by taking only the signal at highest
abundance into account, in order to derive an average number of adducts.



139

In the case of lysozyme, one of the lowest accessibilities was calculated for Arg-5 (SA =
0.17), which is a crucial residue for the catalytic activity of lysozyme [52]. This is particu-
larly interesting because one might expect the functionally relevant arginine within the
catalytic site to be recognized, not only by the enzyme's substrate (murein) but also by the
sulfonate receptors. We do not know whether the active site is simply too tight for the sul-
fonate receptors to enter, or whether Arg-5 is buried within the interior surface of the cleft
itself and therefore not "visible". The low SA value of Arg-5 would agree with the latter
interpretation, and consequently, Arg-5 is not probed by the sulfonate receptor, either. As
shown below for other enzymes, crucial arginines in catalytic sites were never identified
by the sulfonate receptor.
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5.5 Noncovalent Surface Topology-Probing: Fact or Artifact?

We performed several accessibility studies with other biomolecules, apart from lysozyme.
As shown below, some of these examples perfectly fit the correlation principles proposed
in the previous section. For others, the correlation is less obvious.

Ribonuclease-A
The small monomeric enzyme ribonuclease-A (13.7 kDa) consists of an amino terminal α-
helix and two shorter helices packed against a central, twisted antiparallel β-sheet [63,64];
the compact structure is further established through 4 disulfide bridges. Since the amino
terminus is terminating an α-helix, it is the highest accessible residue in the enzyme which
exhibits a total of 4 arginines.
The MALDI mass spectrum of ribonuclease-A after complexation with NDS revealed 4 - 5
receptor adducts, with 2 bound receptors giving the signal at highest abundance, and a si-
milar abundance for the signal representing 3 bound receptors (remember figure 5.1). The
correlation to the accessibility plot of ribonuclease shows that the mass spectrum is best in-
terpreted by taking these two signals at high abundance into account, see figure 5.17.

Figure 5.17 Accessibility plot of ribonu-
clease. Indicated is the average number
of receptor adducts found for NDS.
Note that the accessibilities of residues
2 and 3 are very similar.

Residue 2 represents Arg-39 with an accessibility of SA = 0.40, residue 3 represents Arg-85
with SA = 37. According to the mass spectrum, these residues form the noncovalent com-
plexes with NDS at high abundance. This is in excellent agreement with previous results:
Patthy and Smith covalently modified the arginine residues in ribonuclease-A and found
that Arg-39 as well as Arg-85 reacted most rapidly with the covalent modification reagent,
whereas Arg-10 (SA = 0.20) reacted significantly slower. No reaction was found for Arg-33
(SA = 0.18).
It is interesting to note that the sulfonate receptor does not recognize Arg-33 (SA = 0.18, no
distinct fifth adduct in the mass spectrum), which is the most relevant residue of the enzy-
me, located within its catalytic site. Single-stranded RNA substrates bind in the deep cleft
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of the kidney-shaped ribonuclease-A, where the enzyme hydrolyzes the RNA molecules
by cleaving the phophodiester linkage, leaving terminal 3'-pyrimidine nucleotide mono-
phosphates [65]. Since terminal phosphates may be structurally related to terminal sulfo-
nates, binding of the sulfonate receptors could be assumed simply based on considering
the enzymatic reaction. However, NDS does not bind to Arg-33, indicating that the recep-
tor indeed provides a probe for accessibility.

Adenylate Kinase (AK)
The phosphotransferase AK (24.1 kDa) catalyzes the transfer of the γ-phosphate group of
magnesium-adenosine-triphosphate to adenosine-monophosphate and thus plays an im-
portant role in the energy metabolism of the cell [66]. In our laboratories, the enzyme is of
special interest, since our group has recently determined the association constants of two
AK - inhibitor complexes (AK-Ap4A and AK-Ap5A) by a novel mass spectrometric method
[67].
AK exhibits 17 arginines in its sequence, most of them being buried within the cleft of the
catalytic site. The catalytically relevant arginines are Arg-36, Arg-88, Arg-127, Arg-160,
and Arg-171, since these residues form hydrogen bonded / salt bridged noncovalent com-
plexes to the bound substrates ATP and AMP [68]. High accessibilities are only found for
Arg-217, Arg-116, Arg-69, Arg-55, and Arg-131 (SA = 0.63, 0.46, 0.42, 0.39, and 0.39), res-
pectively, see accessibility plot. Thus, these are the putative binding sites for the sulfonate
receptors.

Figure 5.18  Accessibility plot of AK. Indica-
ted are the average numbers of the receptor
adducts found for NDS (blue), and AQDS
(green). The sulfonate receptors follow the
plateau at SA 0.39, with NDS identifying
one more adduct than AQDS.

From a correlation of the receptor adduct mass spectra to the accessibility plot of AK (figu-
re 5.18), it is readily observed that NDS and AQDS both describe the first plateau of acces-
sibility (SA = 0.39). Since the mass spectra of AK/NDS and AK/AQDS are not receptor
mass resolved, we can only use the most probable number of adducts. Nevertheless, this
number perfectly matches the calculated accessibilities in AK. Note that the amino termi-
nus is not at all recognized, since it is one of the least accessible residues in the enzyme
(SA = 0.17).
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The above discussion on ribonuclease-A, lysozyme, and AK has pointed out that a
correlation of accessibility parameters and mass spectrometric results can be readily
achieved. Noncovalent receptor probing on aldolase and albumin does not support this
finding in a straighforward fashion.

Aldolase
In figure 5.19, the accessibility plot of aldolase (39.2 kDa) is correlated to the most probable
number of receptor adducts, using NDS, AQDS, and SAZ as receptors. Figure 5.20 similar-
ly presents the correlation for albumin.

Figure 5.19 Accessibility plot of aldola-
se. Indicated are the average numbers of
receptor adducts found for NDS (blue),
AQDS (green), and SAZ (red).

The molecular structure of aldolase corresponds to an (α/β)8 barrel fold with the active
site located in the β-barrel center [69]. A total of 19 arginines is found in its sequence, 10 of
which exhibit low accessibility (SA < 0.3). The amino terminus of aldolase is highly expos-
ed (SA = 0.73), thus needs to be taken into account.
According to figure 5.19, AQDS and SAZ recognize a similar number of residues (X#sum =
5), while NDS forms up to about 8 adducts. In the former case, 5 adducts correspond to an
accessibility treshold of SA = 0.30 (Arg-21, Arg-172); the substantially larger number of ad-
ducts found for the NDS receptor (9 adducts, Arg-148, SA = 0.23) is surprising. This could
be explained by additional binding of the small NDS receptor to the anion binding site of
aldolase, which is formed at the intersubunit cleft of adjacent homotetramers. Nonspecific
anion binding at this site has been reported by Blom and Sygusch [70]: the authors found
that phosphonate substrate analoga bound with almost identical affinity than the substrate
dihydroxyacetone phosphate. Since sulfonate and phosphate binding involves similar mo-
lecular recognition [71-73], binding of the small NDS receptor may be possible. However,
the notable difference in NDS adducts compared to the other sulfonate receptors lacks a
straighforward explanation.

Albumin
Serum albumin (66.4 kDa) is the most abundant protein found in plasma and extensive
studies on its pharmacological properties have revealed that the protein has a high affinity
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to a wide range of materials, including fatty acids, amino acids, metabolites such as biliru-
bin and to many drug compounds [74-76]. Albumin is a single polypeptide with almost
600 residues containing 17 pairs of disulfide bridges and a total of 24 arginines, again most
of them with low accessibilities (SA < 0.3).

Figure 5.20 Accessibility plot of albumin.
Indicated are the average numbers of recep-
tor adducts found for NDS (blue), AQDS
(green), and SAZ (red).

Figure 5.20 shows an attempt of correlating NDS, AQDS, and SAZ adducts to the accessi-
bility plot of albumin. While AQDS recognizes residues with SA = 0.2, about 10 - 11 resi-
dues are identified with the other two sulfonate receptors. This corresponds to a treshold
of SA = 0.15, which seems to be unreasonably low. Additionally, the sulfonate receptors
do not describe any typical feature of the accessibility plot, e.g., no plateaus are followed.
Since albumin incorporates two rather unspecific binding pockets for salicylates, sulfon-
amides, and a number of other compounds [69], it may be possible that the NDS receptor
can be placed unspecifically in such pockets. However, it is unclear why SAZ behaves so
similarly to NDS, while AQDS identifies only about half as much adducts than the small
naphthalene receptor.
It should be noted here that the mass spectra of the albumin/AQDS and albumin/SAZ
systems were extremely difficult to record. The overall signal intensity is very low, where-
as the noise level is unexpectedly high. Aldolase and albumin samples were extremely
difficult to crystallize on the MALDI target, and it took numerous attempts to finally pro-
duce a detectable MALDI mass signal. We are not confident that these two mass spectra
can be readily reproduced.

Fact or Artifact?
We have described a strategy to selectively recognize arginine residues and amino termini
that are exposed on the surface of folded proteins. This surface topology-probing allows to
derive conformational information of the proteins in solution, since the number of exposed
residues is a measure of their accessibility. We then correlated mass spectrometrically de-
termined numbers of noncovalently bound receptors to independently calculated surface
accessibility values of the involved residues. As some examples have shown, such a corre-
lation can be straightforward in order to describe the accessibility, e.g., in an accessibility
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plot. A SA treshold for positive residue identification was found at SA ~ 0.4, which is in
agreement with earlier reports. For two high molecular weight proteins, such a correlation
has not proven to be amenable.
The correlation between mass spectrometric data and SA calculation was only possible,
when the most probable number of adducts was used, not the total number of adducts. We
have only recently adopted this new view, since this alternative data interpretation was
not necessary for the small peptides. There, receptor adducts were always well resolved,
and their total number always reflected the total number of residues in the sequence (see
chapter 4).
The examples of aldolase and albumin teach us that SA correlations may not always be as
straightforward as we thought. With these two large biomolecules, the accessibility tres-
hold for positive identification of residues is not even near SA ~ 0.4, and the mass spectro-
metric data does not describe the accessibility plot in any respect. Thus, we have to
identify reasons for such behavior: Where does this apparently different (= low) treshold
come from?
Strictly speaking, calculated SA values reflect static accessibilities, whereas the current
mass spectrometric method actually represents solution-phase chemistry, i.e. observes dy-
namic behavior. However, an X-ray crystal analysis determines the average structure of a
macromolecule, one that is averaged over time of data collection and over the unit cells in
the crystal(s) used to collect the data. For fairly compact, rather rigid proteins, it is there-
fore reasonable to correlate such crystallographic data to solution-phase data. This is per-
fectly illustrated in the lysozyme example (see above). The enzyme's globular structure has
been described as constrained and compact, being remarkably unsensitive to even mode-
rate denaturing conditions [57]. Additionally, a recent high resolution study revealed that
the most significant differences of lysozyme crystal vs. solution structure were found in
domains that do not contain arginines [56]. Lysozyme is thus a textbook example for the
surface topology-probing presented here.
For aldolase and albumin, the mass spectrometric data does not support a clear correlation
to SA values. In figure 5.21, the accessibilities derived for NDS, AQDS, and SAZ are plot-
ted against the mass of the investigated proteins.

Figure 5.21  Accessibilities as a function
of mass. The values derived for NDS
(blue), AQDS (green), and SAZ (red)
are shown to be mass dependent. Note
that this trend is amenable to ribonuc-
lease-A, lysozyme, AK, aldolase and al-
bumin, but not to the myoglobin exam-
ple.
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It is obvious that the SA tresholds for the sulfonate receptors are dependent on the mass of
the probed protein. Thus, defining a stringent SA treshold per receptor may not be rele-
vant, since the receptors can recognize lower accessibilities than the given treshold, corres-
ponding to the mass of the investigated protein. It is clear to us that a correlation of SA
treshold and protein mass can only be meaningful, if many more protein examples are in-
cluded. Then, figure 5.21 may serve as a guide for accessibility, i.e., it can be derived which
receptor will recognize how many residues.
So far, we have only subjected model proteins to surface topology-probing, as we need
high resolution crystal structures in order to adress a correlation of mass spectrometric
data and SA values. Of course, the method has the potential of characterizing new protein
systems, where structural data is not available. The presented concept will never yield ab-
solute structural data, i.e. atomic coordinates. But it presents a new alternative of deriving
relative conformational information, e.g., it can distinguish conformations close to the na-
tive one from fully denatured conformations. Most importantly, such information is best
described as being complementary to data obtained from more traditional techniques. Mass
spectrometry will never be competing with the detailed informational level of NMR, or
with diffraction methods. Nevertheless, mass spectrometric probing provides a rapid and
sensitive way of gaining some structural information.
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Often mistaken for a kid's domain, playing opens up new fields of
experience. Dealing playfully with known ideas provides new
ways of thinking. Scientists are no exception.

Christoph A. Schalley

n all the previous chapters, we have shown that
amino acid residues can be selectively recognized by small organic molecules. The binding
motifs of such "receptors" are related to concepts that we derived from molecular recogni-
tion. Hence, we observed the formation of noncovalent complexes between receptors and
peptides, in order to study the adduct formation itself and to derive interaction motifs. We
also studied complexes between receptors and proteins, in order to find novel ways of
conformational probing. The latter seems feasible since only exposed residues on the sur-
face of the folded biomolecules are recognized. Using nonacidic matrices, we have success-
fully subjected the noncovalent complexes to MALDI mass spectrometry. Several control
experiments have unambigously shown the specificity of the noncovalent complexes,
ruled out nonspecific gas-phase formation, and they have shown that the receptor adducts
qualify conformations in solution. Finally, we have presented new ways of correlating the
number of receptor adducts in the mass spectra to calculated surface accessibility values
obtained by computational methods.
The present chapter summarizes and critically evaluates some of our findings. At the end,
a perspective is provided in order to propose future experiments, new data readout, and
further thoughts that may be related to the present work. Furthermore, initial experiments
on the structural probing of prion proteins are presented, which we have started in a joint
scientific collaboration with the institute of molecular biology and biophysics at ETH, and
the institute of neuropathology at University Hospital Zurich.

I
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6.1 Noncovalent Probing of Amino Acids  -  a Summary

On our journey through the playground of molecular recognition, noncovalent complexes,
soft ionization mass spectrometry, and data correlation to calculation and simulation, we
have encountered many interesting problems and (sometimes) surprising experimental re-
sults. Without any doubt, mass spectrometry unfolds a huge methodologic potential in de-
riving conformational information, if ways are found on how a change in mass becomes a
measure of structure. In the majority of reports, this is achieved by covalent modification
or cross-linking. We have presented a novel concept, employing noncovalent recognition
chemistry. Small organic receptors selectively recognize amino acid residues, and thus
offer an alternative way of changing the mass of the investigated system. Since the surface
exposure of the residues is a prerequisite for complex formation, identified complexes in-
trinsically carry a conformational information: since only the exposed residues form a
complex, only these result in receptor adducts. Soft ionization, i.e. a way to transfer and
ionize the intact assembly of biomolecule and bound receptors into the gas phase, is then
combined with mass spectrometry to derive the number of noncovalent receptor adducts
exhibited. Finally, this number is correlated to known conformational data, e.g., to calcula-
ted surface accessibility parameters of the involved residues.
In the following, several observations and general considerations are adressed: among
them, the difference of probing peptides versus proteins is elaborated, some thoughts on
adduct formation and data readout are given, and we adress the ubiquity and significance
of arginines in biomolecules.

Noncovalent Amino Acid Probing in Peptides
Our work has shown that arginine residues and amino termini can be selectively recogniz-
ed upon complexation by naphthalene sulfonates. A set of stringent control experiments
confirmed this selectivity and the observed discrimination between amino termini and lys-
ines.
Naphthalene sulfonates are not typical receptors for arginine residues. Instead, recognition
via inclusion by cyclophanes [1] and biphosphonates [2,3] has been proposed. Bell et al.
have presented a receptor based on a planar phenanthrolino-phenantroline dicarboxylate
structure ("arginine cork") [4,5]. In the latter work, the authors pointed out that the preor-
ganization of specific hydrogen bonding, i.e. encoding of the arginine recognition motif in
the planar receptor molecule, was of overriding importance to form stable noncovalent
complexes with N-alkylguanidinium in aqueous media. Julian et al. have tried to use di-
benzo[30]crown-10 ether (D30C10) to probe arginines in small peptides [6], however, their
experiments did not show a clear correlation of adducts and number of arginines, hence
the applicability to probing multiple arginine residues was limited.
The naphthalene sulfonates perform extremely well: they are readily water soluble, do not
influence laser desorption/ionization, and - most relevant to the present thesis - selectively
form noncovalent complexes with arginines, but not with lysines. For the latter, we have
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investigated crown ethers as putative receptors, however, found that the [18]crown-6 enti-
ty did not form adducts that can be detected by MALDI MS.
To the best of our knowledge, noncovalent receptors for histidine residues have never
been investigated. Although several receptors have been reported for imidazoline [7,8], the
imidazole unit of the histidine side chain has not been subjected to selective complexation,
probably due to its pronounced binding to metal cations. The latter is widely observed in
zinc-finger motifs [9-13], and polyhistidines are often used as tags in nickel affinity chro-
matography. Thus, a selective receptor could be based on such chemistry.
Detecting acidic residues has been successful, if the number of sodium adducts was count-
ed (one sodium adduct was formed per carboxylate present in the biomolecule). All other
efforts to detect acidic residues, e.g., by means of arginyl-/diarginyl-peptides or synthetic
receptors based on amidines/guanidines, were not successful. The latter is surprising,
since the noncovalent interaction between amidines/guanidines and carboxylates is found
among the most relevant binding motifs for amino acid recognition, protein oligomeriza-
tion, and enzyme catalysis. Jorgensen and coworkers have pointed out that the secondary
interactions within such assemblies are most favorable when "one of the two binding part-
ners has all of the hydrogen-bond donor sites, while the other has all of the acceptor sites"
[14,15]. Since this is fully established in amidine/guanidine - carboxylate complexes, they
are probably formed in solution, but do not survive the transfer into the gas phase. Indeed,
thermochemical considerations showed that a reprotonation reaction (= neutralization) of
the guanidinium - carboxylate complex in the gas phase is energetically favored. Further-
more, a calculation showed that the gas-phase basicity of the MALDI matrix is not high
enough to prevent proton transfer from the matrix to the carboxylate.
However, the same thermochemical considerations predicted that guanidinium - sulfonate
complexes should not be stable in the gas phase; experimentally, we found that this was
not the case. This paradox� is not yet explained and we are confident that, based on an im-
proved thermodynamic insight into complex formation and stability, the search for other
receptors to selectively recognize amino acid residues should continue.

Noncovalent Amino Acid Probing in Proteins
While the peptide examples have all been used for studying the noncovalent interaction
motif, amino acid probing of proteins had a completely different focus. There, the selective
complexation of arginine residues was used for conformational studies. Since the exposure
of the arginine residues is a measure of conformation, the number of receptor adducts in
the corresponding mass spectra is a measure of conformation, too. A change in mass at the
surface exposed residues can be followed by mass spectrometry, and if the change in mass
is the result of the formation of noncovalent complexes, then soft ionization mass spectro-
metry is a suitable detection device. For the related covalent strategy, Przybylski and co-
workers proposed the term surface topology-probing [16] in order to describe a concept, in

                                                  
� The paradox reminded us of the famous bumble-bee paradox: according to its body weight and the span of its wings, it
must be totally impossible for a bumble-bee to fly, since the corresponding physical calculations from gravity and buoyancy
say so. The bumble-bee, however, does not know any physics, and thus is flying happily.
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which selective covalent modification of exposed residues is employed. We have adopted
this terminology and call our method noncovalent surface topology-probing. It should be not-
ed that this method probes the conformation of proteins in solution. Conformational chan-
ges in the gas phase are not reflected, since they do not influence the number of receptor
adducts (see below). In a number of protein examples, we have successfully shown that
both the total and the average number of receptor adducts can be derived from mass spec-
tra of the corresponding protein - receptor complexes. But which of the two data interpre-
tations, if any, is meaningful?
For a long time, we have only worked with the total number of receptor adducts. Salih and
coworkers have initially proposed that this total number reflects the total number of ex-
posed residues [17]. Our studies with peptides did not require any different interpretation.
With the present protein experiments, however, we have shown that a correlation to calcu-
lated accessibilities is much better if the average number of receptors bound is used, and
not the total number of receptor adducts. While the latter may be anyway difficult to be
determined with confidence, the former is easy to derive from the spectra by the signal at
highest abundance. Using the average signal at highest abundance implicates that this sig-
nal is believed to reflect an equilibrium of receptor binding in solution. While such an as-
sumption has been repeatedly reported for electrospray, it is not conventionally accepted
for MALDI. According to our present understanding, the noncovalent complexes between
protein and receptors are formed in solution, and these solution-phase complexes are in-
corporated into the MALDI crystal. We cannot be sure that the initial assumption is
correct, since the kinetics of guanidinium - sulfonate complexation are not known; how-
ever, our mass spectra indicate that all putative receptor adducts are formed by the time
the sample is crystallized on the MALDI target.

Relevance to Solution-Phase Conformation
The degree of similarity between protein structures in vacuo and in solution is matter of
ongoing debate, and several examples have shown that a correlation is often feasible, but
sometimes prone to error. In cases where structure is largely constituted of hydrophobic
interactions, the gas-phase conformations may not be reflective of an initial situation in
solution. From the instrumentation point of view, it is broadly accepted that electrospray-
ed protein ions can largely retain their solution-phase structures (especially in low charge
state ions), while MALDI is much less established in that respect. Not only does MALDI
sample preparation involve a crystallization step, and thus a condensed-phase environ-
ment, but also the influence of laser desorption / ionization is not fully explored with res-
pect to protein structure.
With noncovalent surface topology-probing, a conformational change of the protein after
incorporation into the MALDI crystal is irrelevant. Conformational changes after crystalli-
zation are not reflected in the mass spectra, since this does not influence the number of re-
ceptor adducts (see scheme 6.1):
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Scheme 6.1  A conformational change in the gas phase (middle) after incorporation of the whole assembly into the MALDI
crystal (left) is not altering the receptor adduct mass spectrum (right). Thus, a real solution-phase readout becomes feasible.

Although the conformation of the protein may partially change in the gas phase, the num-
ber of receptor adducts remains the same. Thus, a real solution-phase probing is achieved,
which helps to further establish MALDI among the techniques to study solution-phase
conformations.
In this context, it is interesting to ask whether adducts could be "lost" during mass analys-
is. Since the stability of the guanidinium - sulfonate interaction is increased upon transfer
into the gas phase (due to the absence of solvent screening in the latter medium), we do
not think that adducts can be lost. However, the MALDI mass signals of protein - receptor
complexes are surprisingly broad, which could be the result of considerable metastable de-
cay. What the spectra reflect may therefore be the situation in solution and how much of it
is retained during the acceleration phase in the TOF instrument.
It should be noted that MALDI has some considerable advantages over electrospray: (i)
MALDI mainly produces singly charged ions, making data readout and interpretation
much easier than for ESI mass spectra; (ii) MALDI is largely tolerant to salts and buffers,
which makes it an attractive tool in studying biomolecular systems and conformation; (iii)
MALDI has the possibility for real high throughput, hence, the analysis of a large number
of systems is much more straighforward. For the latter, most modern MALDI TOF instru-
ments are nowadays equipped with 16x24 well sample plates, allowing for mass analysis
of hundreds of samples within shortest time. This is particularly interesting, if an establi-
shed probing method is subjected to many systems, or vice versa, if many receptors are in-
vestigated for their putative selective binding to one amino acid side chain.
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Relevance of Arginine Residues
The molecular recognition process of arginine side chains is a key process in many vital
biological control mechanisms [18-23]. Generally speaking, the role of arginines can be di-
vided into three categories:
(i) arginine residues are key to enzyme activitiy, best illustrated by the three essential argi-
nines in the catalytic site of the E. coli chorismate mutase [24]. Arginine is also (partially)
determining the fragments produced by serine proteases: e.g., trypsin cleaves peptides di-
rectly after an arginine residue [25,26].
(ii) arginines are structural determinants, i.e. by noncovalently interacting with a variety
of other amino acids, mainly carboxylic functionalities, or by intermolecularly mediating
complexation with phosphate groups. This behavior can be largely attributed to the posi-
tive charge on the guanidinium group. The highly efficient self-organization of a long
DNA double helix, when winding around histone proteins, strongly relies on electrostatic
contacts between the negatively charged phosphate moieties and positively charged basic
amino acids, mainly arginines [27]. Arginine-rich regions in regulatory proteins often bind
sequence-specifically to the phosphodiester backbone of RNA and DNA molecules [28-30].
In small heat shock proteins, Arg-108 represents one of the most conserved sites [31] and
its mutation can cause a variety of neurodegenerative diseases.
(iii) arginines may also fulfill tasks which are not mediated by its charge. This third possi-
bility, although not well characterized, has been hypothesized about early on, and is sup-
ported by the finding that the charge conserving mutation of arginine against lysine can
significantly affect a protein's bioactivity without affecting its conformation [32].
Due to the ubiquity of arginines, noncovalent surface topology-probing is thus best achie-
ved by adressing these omnipresent arginine residues which can be selectively complexed
by simple sulfonate receptors.
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6.2 Outlook

During the course of the present thesis, many new questions have come to our attention,
and we have initiated several new research projects and scientific collaborations.

Noncovalent Receptors and Amino Acid Probing - Quo Vadis?
As a first general suggestion, noncovalent surface topology-probing should be subjected
not only to further systems, but also to different instrumentation: e.g., it will be interesting
to study the noncovalent complexes of proteins and receptors by FT ICR MS. Its mass reso-
lution would be high enough to unambigously determine the number of adducts to given
protein systems, and maybe the "correct" number of adducts could then be simply derived
from isotopic distributions, provided that unit mass resolution can be achieved.
All studies should be repeated using cold-spray ionization (CSI) mass spectrometry. The
initial results of this novel "supersoft"-ionization are extremely promising, and we are con-
fident that the guanidinium - carboxylate complexes can be successfully detected by CSI
MS (K. Yamaguchi, personal communication).
The conformational probing of proteins opens a variety of new research fields: without
doubt, the "safe" field of known and well characterized model proteins should be left soon.
Since there are so many different systems of biomolecular interest waiting for conforma-
tional probing, we here suggest some experiments.
By far the most relevant research in the field of noncovalent complexes will adress dimen-
sion, control, and molecular understanding of protein - protein interactions. Since most
molecular machineries encompass a broad set of proteins, understanding their assembly
and studying the individual mediating residues will become increasingly important. Many
proteins are known to fold exclusively with the help of other proteins, so-called chapero-
nes. Again others only fold in the presence of "partner" proteins. However, it is not under-
stood which particular residues are involved. Further insight into the selective molecular
complexation of amino acid residues could shed light on such functionalities.
Future inhibitors will specifically lock a conformation of a biomolecule: such "allosteric
keys" will make use of molecular recognition, but bind anywhere on the enzyme, e.g., on
the backbone, and not within the catalytic site. This allows to produce new pharmaceuti-
cals, which are not prone to genetically modulated resistance. Here, a fast and sensitive
conformational probing method could easily become a standart tool in high throughput
analysis. Additionally, the sulfonate receptors themselves may be suitable to act as alloste-
ric binding partners.
Generally, new sulfonate receptors should be studied. We have restricted our choice of
receptors to commercial sources. Of course, synthesis of new sulfonate receptors allows to
design a molecule that specifically recognizes arginines (or other residues), that is defined
in shape to exclude influences from steric hindrance, and that is heavy enough to result in
reasonable and reproducible mass spectra. We are curious to learn whether such a novel
receptor could function as a MALDI matrix itself.
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The experiments with the polysulfonated pyrene receptors have shown that a new concept
of noncovalent cross-linking could be feasible: linear sulfonate receptors are then designed
as "molecular rulers" (related to the covalent concepts of Young and coworkers), in order
to determine the distance between two arginine residues in the native conformation of a
folded protein or protein complex.
Finally, noncovalent surface topology-probing may become a suitable tool in predicting
protein structural information, i.e. the number of surface exposed residues. This informa-
tion could be used in structure prediction of proteins, where no X-ray or NMR structures
are available. The number of surface exposed residues can become a relevant parameter in
molecular modelling studies, and may be a valuable additional information in protein fol-
ding simulations.
Our own most important ongoing study is the conformational probing of prion proteins.
This is shortly described in the final section of the present thesis.

Probing the Conformation of Prion Proteins
There are a number of diseases which mainly occur through the ingestion of brain tissue
from a diseased person or animal. Creutzfeld-Jacob has been transmitted in hormone me-
dicines isolated from cadavers and then given to women to stimulate fertility. Kuru was
prevalent in New Guinea tribes and was transmitted as a result of cannibalism. The most
recent concern has involved the mad cow disease (BSE, bovine spongiform encephalopa-
thy) which was transmitted as a result of feeding cattle on sheep and cattle brains.
Prion proteins are either noninfectious cellular proteins PrPC, or infectious agents essenti-
ally consisting of PrPSc, an abnormally folded, protease-resistant, β-sheet rich isoform. The
prion (which comprises both isoforms) does not contain any informational nucleic acids
[33,34], and its infectivity propagates by recruitment and autocatalytic conformational con-
version of cellular prion protein into disease-associated PrPSc [35]. This theory is called the
protein-only hypothesis, and a large body of experimental and epidemiological evidence is
compatible with it. Additionally, very stringently designed experiments have failed to dis-
prove it, thus prions are nowadays accepted as being exclusively composed of proteins.
PrPC and PrPSc share an identical chemical composition [36], i.e. an identical amino acid se-
quence and a similar glycosylation pattern. The most important difference between PrPC

and PrPSc is conformation: while the cellular form is readily soluble in water, the infectious
PrPSc forms large, unsoluble aggregates, which are known as amyloid-plaques [37]. The
structures of the noninfectious cellular forms of different species have been recently solved
by Wuethrich and coworkers [38-43], molecular structures of infectious material, however,
are not available.
If the most significant differences between PrPC and PrPSc are related to change in confor-
mation, then noncovalent surface topology-probing could add further insight to the field.
We thus have established a joint collaboration with the groups of Proff. Wuethrich and
Aguzzi, since both of them are leading the field of prion protein research. From Wuthrich's
laboratory, Dr. Hornemann provided samples of noninfectious recombinant prion pro-
teins. Since most of the existing structural information on PrPC has been obtained by such
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recombinant material, we are able to directly compare mass spectrometric results to the
published crystal and solution structures [38,39]. Aguzzi will offer a platform to work with
infectious material, since such kind of research requires special infrastructure that meets
strict governmental safety regulations.
In a first step, we have successfully recorded mass spectra of recombinant murine and bo-
vine prion proteins, mPrP23-231, bPrP23-231, and bPrP121-231, respectively. This shows
that the three biomolecules are amenable to MALDI mass spectrometry. Only minor frag-
mentation was observed in the spectra, and we have been able to confirm the expected
masses of the three species according to their sequence.
In a second step, we have subjected all three recombinant species to sulfonate receptors.
The three prion proteins have a molecular weight comparable to our earlier lysozyme and
adenylate kinase studies (14 - 25 kDa), and consist of many arginines (12 arginines for
mPrP23-231, 11 for bPrP23-231, and 8 for bPrP121-231). Thus, the three systems are ideal
candidates for noncovalent surface topology-probing by means of sulfonate receptors.
However, the sample solutions of free protein precipitated immediately upon addition of
the sulfonate receptor, and adduct spectra could not be recorded. We have repeatedly
tried to prepare prion protein - sulfonate complexes in solution, however, have not been
successful so far. Future experiments will show whether suitable sulfonates can be found,
or whether the initial pH of the sulfonate solution may influence precipitation behavior of
the prion samples.
Studying the conformation of prion proteins by noncovalent receptors and soft ionization
mass spectrometry is a new approach, and conformational probing has so far only been
applied in one amyloid aggregation study on fungus prion protein of Podospora anserina
[44]. In the latter work, Nazabal et al. have used hydrogen / deuterium exchange mass
spectrometry to monitor conformational transitions occuring upon amyloid aggregation of
the [Het-s] infectious element of the fungus. Previous analyses had suggested that only a
limited region of the [HET-s] protein is involved in amyloid formation and prion propaga-
tion, which could be fully confirmed by the HDX experiments. Generally, the use of mass
spectrometry is highly promising, since only minute amounts of material are available:
while the recombinant prion protein samples are extremely valuable in terms of synthesis
and purification, infectious material is (by law) restricted to tiny volumes per study.
We are highly confident that the initiated collaboration will provide a fruitful platform for
the noncovalent surface topology-probing of prion proteins, with studying recombinant
material in a first phase, and using the herein gained knowledge to eventually tackle the
conformation of infectious material.
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7.1 Instrumentation

MALDI
Mass spectra were recorded on several TOF instruments: Initial experiments were perfor-
med on a home-built 2 m linear TOF mass spectrometer equipped with a UV nitrogen
laser (model VSL-337 ND-T, λ = 337 nm, pulse width 3 ns). The laser was focused onto the
sample surface forming an elliptical spot of 0.1 mm x 0.2 mm. Laser pulse energies were in
the range of 20 - 60 µJ. An acceleration potential of 26 kV was used in the source region for
ion extraction; the source constisted of a two-stage acceleration / extraction optics. The
working pressure was typically 5 x 10-7 mbar, effected by two turbomolecular pumps. Ions
were detected with a pair of microchannel plates (chevron configuration, post-acceleration
3.6 kV), and the output signal was amplified (Analog Modules Inc., #322-1-B-50) and ac-
quired by a 500 MHz digital oscilloscope (LeCroy 9450). Via GPIB protocol, the signal was
transferred onto a personal computer for further editing.
One spectrum (figure 5.5, lower trace) was acquired on a commercial instrument (Voya-
ger-DE Elite, PE Biosystems, Framingham, MA) equipped with a similar laser and delayed
extraction (delay 350 ns). The spectrum was recorded in positive linear ion mode with an
acceleration voltage of 25 kV, and was exported in the ASCII file format for further edit-
ing.
All other MALDI mass spectra were recorded in linear positive or negative ion mode on a
commercial TOF mass spectrometer (Axima CFR, Shimadzu / Kratos Analytical, Man-
chester / UK) equipped with a nitrogen laser (337 nm, 3 ns pulse width, maximum pulse
rate 10 Hz) and delayed extraction. The latter was adjusted to an optimized mass (typical-
ly m/z = 8000 for protein measurements), and not to a delay time. The laser power was at-
tenuated according to the manufacturer's instructions: laser power setting 0 resulted in
maximum attenuation, while laser power setting 180 gave minimum attenuation. Typical
laser power settings for receptor adduct spectra were in the range of 70 - 80 (i.e. about 55 -
85 µJ, the transmission formula is described in [1]). For aldolase and albumin data, the
laser power setting was typically 100. For cluster experiments, the laser power setting was
> 150. Ions were extracted by a final acceleration voltage of 20 kV. Mass spectra were ob-
tained by signal averaging of several consecutive laser shots on the instrument software
package Kompact®. Peaks were processed with non-gaussian averaging; all spectra were
baseline corrected, but not baseline substracted. Peak processing parameters generally
were at 1/1000 widths of the measured masses. Averaged and peak processed spectra
were exported in the ASCII file format for further editing.
For single laser shot spectra, the averaging algorithm of the instrument was disabled, and
spectra were acquired without any curve smoothing or additional peak correction. Single
shot spectra were directly exported in the ASCII file format.
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ESI
Positive ion mode mass spectra were acquired on a home-built prototype reflectron TOF
mass spectrometer. It constisted of a commercial atmospheric pressure electrospray inter-
face (Agilent, Palo Alto, California / USA), two skimmers, and an octapol ion guide for
collisional cooling. Analyte solutions were diluted to a concentration of 10-5 M, and ions
were sprayed at a potential of 4 kV and orthogonally accelerated into the flight tube (po-
tential 7.2 kV, frequency 4 kHz). Ions were guided via a single stage reflectron to the detec-
tor (ETP Electron Multipliers AF831H, Ermington, Australia). A total of 20'000 transients
were averaged on a data station (HP430), transferred onto a personal computer, and ex-
ported in the ASCII file format fur further editing.

7.2 Materials

Peptides
Generally, all peptides were purchased as lyophylized powders at highest purity avail-
able. [Pro2]-luteinizing hormone releasing hormone and the peptide LRAGLALRG were
obtained from custom synthesis (Pineda Peptide and Antibody Service, Berlin, Germany).
The β-peptides (YM95, YM126, β-[R6]-amide, and β-[R10]-amide) were a generous gift of
Dr. Yogesh Mahajan (group of Prof. Dieter Seebach, Laboratory of Organic Chemistry, D-
CHAB, ETH Zurich). All other biomolecules were from Fluka or Sigma (Buchs, St. Gallen).

Proteins
Generally, all proteins were purchased as lyophylized powders or crystals at highest puri-
ty available. Bovine insulin (A- and B-chain), bovine insulin, ubiquitin from bovine red-
blood-cells, cytochrome c from horse heart, ribonuclease-A from bovine pancreas, lysozy-
me from hen eggwhite, myoglobin from sperm whale, streptavidin from s. avidinii, adeny-
late kinase from bac. stearothermophilus, aldolase from rabbit muscle, and human serum
albumin were from Fluka or Sigma (Buchs, St. Gallen). Chorismate mutase from bac. subti-
lis was a generous gift of Dr. Alexander Kienhoefer (group of Prof. Donald Hilvert, Labo-
ratory of Organic Chemstry, D-CHAB, ETH Zurich). Recombinant prion proteins mPrP23-
231, bPrP23-231, and bPrP121-231, respectively, were a generous gift of Dr. Simone Horne-
mann (group of Prof. Kurt Wuethrich, Institute for Molecular Biology and Biophysics, D-
BIOL, ETH Zurich).

Sulfonates
Reactive Cibacron, Coomassie, and Sulforhodamin dyes, and other sulfonates were from
Fluka or Sigma (Buchs, St. Gallen). Methylthymol Blue and Sulfonazo III were from Al-
drich (Buchs, St. Gallen). Most sulfonates were obtained as sodium salts and desalted with
using the drop dialysis method [2,3]: 20 mL of a sulfonate solution were dialyzed against a
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100 mM solution of diammonium hydrogen citrate using a 0.025 pore size membrane (Mil-
lipore, Volketswil / CH).

Other Receptors
Amidine and guanidine compounds and crown ethers were obtained from Fluka or Sigma
(Buchs, St. Gallen). 1-Naphthylmethylguanidine was prepared synthetically by guanyla-
tion [4] of 1-naphthylmethylamine with N,N'-bis(tert-butyloxycarbonyl)-thiourea that was
received after protection of thiourea with di-tert-butyldicarbonate [5].
Diphenyl-, bis(triphenylethyl)-cyclohexane-, and dibenzyl-binaphthyl-diamines were a ge-
nerous gift of Dipl.-Chem. Patrick Aschwanden (group of Prof. Erick Carreira, Laboratory
of Organic Chemistry, D-CHAB, ETH Zurich). The 2-(guanidinio-carbonyl)pyrrole recep-
tors were a generous gift of Prof. Carsten Schmuck (Institute of Organic Chemistry, Uni-
versity of Wuerzburg, Germany).

MALDI matrices
4-Nitroaniline (PNA) was obtained as a dark yellow powder from Sigma (Buchs, St. Gal-
len) and purified by slow crystallization from a previously hot filtered saturated methanol
solution. Ferulic acid and sinapic acid were both obtained from Fluka (Buchs, St. Gallen)
and used as received.

Solvents
All solvents were of spectrophotometric grade. Distilled water was demineralized and pu-
rified to a resistivity of 18 MΩ•cm (STAN Nanopure 3-column supply).

Stock Solutions
PNA matrix solution was prepared at 10-3 M concentration in water/methanol (1:1), sinap-
ic acid matrix solution was prepared at 0.1 M concentration in acetone or acetonitrile/
water (1:1), ferulic acid matrix solution was prepared at 0.1 M concentration in tetrahydro-
furane.
Receptor solutions were prepared at 10-4 M or 10-3 M concentrations in water. Peptide and
protein solutions were at 10-5 M concentrations in water; 0.5 - 1.5 µL of trifluoroacetic acid
were added to support solubility, if needed. All stock solutions were prepared on a 5 mL
basis and stored as 100 µL aliquots in a freezer. Regularly used solutions were stored in
the refrigerator, MALDI matrix solutions were freshly prepared on a weekly basis. All so-
lutions were handled by using Gilson® micropipette devices.
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7.3 MALDI Sample Preparation

MALDI samples were typically prepared by mixing 3 µL of the protein and receptor solu-
tions (1:1 v/v), and direct addition of an identical volume of matrix solution. 1 µL was
then applied onto the stainless steel MALDI target and rapidly dried in vacuo. If needed,
this procedure was repeated several times to yield a dense microcrystalline layer on the
sample target. Drying and crystallization of aldolase and albumin samples were supported
by a gentle stream of nitrogen. Generally, MALDI samples dried within several minutes;
more homogeneous crystals were obtained at low temperature, i.e. cooled sample solu-
tions. Therefore, solution aliquots were taken out of the refrigerator and kept on ice.
Chorismate mutase and streptavidin samples were prepared as layers: 2 µL of the protein
sample were spotted onto a dense crystalline layer of ferulic acid, and slowly dried at am-
bient pressure.
Cytochrome c samples for cluster experiments were prepared onto a layer of sinapic acid
in acetone and the protein in acetonitrile.
For a denaturation experiment, ubiquitin was incubated for 3h in a 1:3 mixture of water/
methanol containing 2% acetic acid.
For a solid preparation control experiment without cocrystallization, matrix/analyte solu-
tions and matrix/sulfonate solutions were dried separately in a rotatory evaporator and
the resulting powders were mixed without the use of any solvent. The powder mixtures
were then affixed to the probe tip using double-sided adhesive tape.

7.4 Calculations and Data Handling

Connolly Surface and Accessibility
Surface accessibility parameters for all arginine residues and amino termini were calcula-
ted with the public domain program DeepView [6] from the ExPASy Molecular Biology
Server of the Swiss Institute of Bioinformatics SIB, Geneva. A tutorial for the program is
available on the web [7]. Pdb entries (1FS3 for ribonuclease-A, 193L for lysozyme, 1DXD
for myoglobin, 1ZIP for adenylate kinase, 1ADO for aldolase, and 1AO6 for albumin, resp-
ectively) were taken from a protein data base [8] and directly imported into DeepView.
The program offers features to calculate the accessibility of individual residues in a given
protein data set: the molecular surface ("Connolly surface") was computed, and accessibili-
ty tresholds for arginines and amino termini were derived from 90% accessibility (SA =
0.90) to 5% accessibility (SA = 0.05) by gradually decreasing the treshold in steps of 1%.
Accessibility plots for individual proteins were obtained by plotting the SA values versus
the number of residues in decreasing order of accessibility.
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File Editing
All spectra were exported from the data acquisition computers in the ASCII file format
(flight time or m/z versus intensity, one column, two decimals, tab separation). ASCII files
were imported into the editing software IGOR Pro v4.0 by using home-made macros. The
accessibility plots were generated in IGOR by importing x,y coordinates from commercial
wordprocessors.

Simulation
Two equations for the initial total concentrations of peptide P and receptor R were defined
as:

P0  =  [P] + [PB] + [PB2] + [PB3] + [PB4] + [PB5]

R0  =  [R] + [PB] + 2[PB2] + 3[PB3] + 4[PB4] + 5[PB5]

with [PBi] reflecting the concentration of the noncovalent complex between the protein
and i receptors. The corresponding association constants for binding of i receptors (i = 1..5)
were derived from

Ki, i = 1..5 = [PBi] / ([PB(i-1)]•[B])

By solving the final equation with six unknowns in Mathematica®, individual concentra-
tions for proteins and receptors were obtained for all systems. Assumptions: protein mass
15 kDa, receptor mass 300 Da, 5 accessible independent binding sites, association constants
Ki = 104 M-1.
Relative final concentrations were translated into signal intensities, and mass spectra were
obtained through the spec generator, written by Dipl.-Chem. Juerg M. Daniel, assuming a
mass resolution of 1000, and applying a lorentzian profile to each signal. A printout of the
receptor adduct simulation can be found in the appendix.
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List of abbreviations

# number of
18C6 [18]crown-6
4OT 4-oxalocrotonate tautomerase
5SP arginine spacer peptide
Å Ångström
ACTH adrenocorticotrophic hormone
AK adenylate kinase
Ala alanine
AMNP amino-methyl-nitropyridine
AMP adenosine-monophosphate
AOMS aminonaphthol-monosulfonate
AQDS anthraquinone-disulfonate
AQMS anthraquinone-monosulfonate
Arg arginine
ASMS American Society for Mass Spectrometry
ATP adenosine-triphosphate
ATT aza-thiothymine
AYMS aminonaphthyl-monosulfonate
BIRD blackbody infrared radiative dissociation
cal calory
CCB Cibacron Blue F3G-A
CID collision-induced dissociation
cm centimeter
CM chorismate mutase
CoA coenzyme A
COO- carboxylate
COOH carboxylic acid
CSD charge state distribution
CSI cold-spray ionization
D30C10 dibenzo[30]crown-10
Da Dalton
DAT diamino-triazine
DBD dibenzyl-binaphthyl-diamine
DC direct current
DCD bis(triphenylethyl)-cyclohexane-diamine
DDA diphenyl-diamine
DHB dihydroxybenzoic acid
DIOS desorption/ionization on silicon
DNA desoxyribonucleic acid
ECD electron capture dissociation
EGFR epidermic growth factor receptor
Er:YAG Erbium:YAG
ESI Electrospray
FEL free-electron laser
FT ICR Fourier Transform Ion Cyclotron Resonance
FT IR Fourier Transform Infrared
FWHM full width at half maximum
GB gas-phase basicitiy
GBA guanidinio-benzoic acid
GC gas chromatography
GIP gastro-inhibitory polypeptide
Gnd guanidine
GndH+ guanidinium
HCCA α-cyano-hydroxycinnamic acid
HDX hydrogen/deuterium exchange
His histidine
HPPNDS hydroxy-[(phenylazo)2]-naphthalene-

disulfonate
IgG immunoglobulin G
IMS ion mobility spectrometry
IR infrared

IRMPD infrared multiphoton photodissociation
Ka association constant
kcal kilocalory
kDa Dalton x 1000
kV kilovolt
LC liquid chromatography
LHRH luteinizing hormone releasing hormone
LILBID laser-induced liquid beam ionization/

desorption
Lys lysine
M mol per liter
m/z mass-to-charge ratio
MAD pentamethyl-diazadecalin
MALDI Matrix-Assisted Laser Desorption/Ionization
MBA methoxy-benzamidine
MDa Dalton x 106

MGN methylguanidinio-naphthalene
MOPSP morpholinohydroxy-propanesulfonate
MPYBS methylpyrazolone-benzenesulfonate
MS mass spectrometry
MSH melanocyte stimulating hormone
MU-GBA GBA methylumbiferryl ester
Nd:YAG Neodym:YAG
NDS naphthalene-disulfonate
nm nanometer
NMR nucleic magnetic resonance
NMS naphthalene-monosulfonate
NP-GBA GBA nitrobenzyl ester
ns, nsec nanosecond
NTS naphthalene-trisulfonate
P3S pyrene trisulfonate tetradecanylether
P4S pyrene tetrasulfonate
PAP phosphate acceptor polypeptide
Phe phenylalanine
PNA 4-nitroaniline
Pro proline
PrPC cellular (noninfectious) prion protein
PrPSc scrapie (infectious) prion protein
PTM posttranslational modification
r distance
ref reference
rf radio frequency
RNA ribonucleic acid
S/N signal-to-noise ratio
SA surface accessibility
SAZ Sulfonazo III
SCX sulfo-[4]-calixarene
sec second
SLS sulfanilic acid
SO3- sulfonate
SO3H sulfonic acid
SR Schmuck's receptor
SRH Sulforhodamine 101
TAD triazadecalin
THF tetrahydrofurane
TOF time-of-flight
Trp tryptophane
UV ultraviolet
VC cone voltage
YAG Yttrium-Aluminium-Granat
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Accessibility Calculations

Ribonuclease-A (13.7 kDa, bovine pancreas, pdb entry 1FS3)
SA calculations (residue and SA value): Nterm 0.82, Arg-10 0.20, Arg-33 0.18, Arg-39 0.40,
Arg-85 0.37

Lysozyme (14.3 kDa, hen eggwhite, pdb entry 193L)
SA calculations (residue and SA value): Nterm 0.30, Arg-5 0.17, Arg-14 0.56, Arg-21 0.42,
Arg-45 0.41, Arg-61 0.13, Arg-68 0.36, Arg-73 0.41, Arg-112 0.27, Arg-114 0.41, Arg-125
0.36, Arg-128 0.67

Myoglobin (17.4 kDa, sperm whale, pdb entry 1DXD)
SA calculations (residue and SA value): Nterm 0.66, Arg-31 0.27, Arg-45 0.32, Arg-118 0.31,
Arg-139 0.11

Adenylate Kinase (24.1 kDa, bac. stearothermophilus, pdb entry 1ZIP)
SA calculations (residue and SA value): Nterm 0.17, Arg-36 0.15, Arg-55 0.39, Arg-69 0.42,
Arg-71 0.15, Arg-88 0.02, Arg-105 0.14, Arg-116 0.46, Arg-123 0.03, Arg-127 0.02, Arg-128
0.17, Arg-131 0.39, Arg-160 0.09, Arg-171 0.00, Arg-193 0.23, Arg-209 0.25, Arg-217 0.63

Aldolase (39.2 kDa, rabbit muscle, pdb entry 1ADO)
SA calculations (residue and SA value): Nterm 0.73, Arg-21 0.31, Arg-42 0.16, Arg-55 0.07,
Arg-56 0.10, Arg-59 0.01, Arg-68 0.29, Arg-91 0.25, Arg-133 0.18, Arg-148 0.23, Arg-172
0.30, Arg-203 0.25, Arg-257 0.36, Arg-258 0.46, Arg-303 0.12, Arg-330 0.04

Albumin (66.4 kDa, human serum, pdb entry 1AO6)
SA calculations (residue and SA value): Nterm 0.20, Arg-10 0.08, Arg-81 0.51, Arg-98 0.06,
Arg-114 0.54, Arg-117 0.30, Arg-144 0.07, Arg-145 0.14, Arg-160 0.20, Arg-186 0.42, Arg-197
0.08, Arg-209 0.37, Arg-218 0.13, Arg-222 0.11, Arg-257 0.08, Arg-336 0.05, Arg-337 0.11,
Arg-348 0.04, Arg-410 0.22, Arg-428 0.15, Arg-445 0.15, Arg-472 0.15, Arg-484 0.06, Arg-485
0.03, Arg-521 0.11
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Accessibility Plots
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Adenylate kinase

Aldolase
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Graphical Protein Representations

          Ribonuclease-A lysozyme

      myoglobin (with heme)            adenylate kinase (with Ap5A)

                  aldolase            albumin
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Receptor Adduct Simulation

© Juerg M. Daniel, October 2003

In[1] := A0 == A + AB+ AB2 + AB3 + AB4 + AB5
In[2] := B0 == B + AB + 2*AB2 + 3*AB3 + 4*AB4 + 5*AB5
In[3] := K == AB / A / B
In[4] := K == AB2 / AB / B
In[5] := K == AB3 / AB2 / B
In[6] := K == AB4 / AB3 / B
In[7] := K == AB5 / AB4 / B

In[8] := K := 10^4
In[9] := A0 := 10^-5
In[10] := B0 := 2*10^-4
In[11] := NSolve[{%1, %2, %3, %4, %5, %6, %7}, {A, B, AB, AB2, AB3, AB4, AB5}]

Out[11] A � 3.58531 x 10-7

B � 0.000162548
AB � 5.82787 x 10-7

AB2 � 9.4731 x 10-7

AB3 � 1.53984 x 10-6

AB4 � 2.50298 x 10-6

AB � 4.06855 x 10-6 all other result data sets negative or imaginary

In[12] := K := 10^4
In[13] := A0 := 10^-5
In[14] := B0 := 4*10^-4
In[15] := NSolve[{%1, %2, %3, %4, %5, %6, %7}, {A, B, AB, AB2, AB3, AB4, AB5}]

Out[15] A � 1.29287 x 10-8

B � 0.000353908
AB � 4.57558 x 10-8

AB2 � 1.61933 x 10-7

AB3 � 5.73095 x 10-7

AB4 � 2.02823 x 10-6

AB � 7.17806 x 10-6 all other result data sets negative or imaginary
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In[16] := K := 10^4
In[17] := A0 := 10^-5
In[18] := B0 := 10^-3
In[19] := NSolve[{%1, %2, %3, %4, %5, %6, %7}, {A, B, AB, AB2, AB3, AB4, AB5}]

Out[19] A � 1.14936 x 10-10

B � 0.000951175
AB � 1.09325 x 10-9

AB2 � 1.03987 x 10-8

AB3 � 9.89096 x 10-8

AB4 � 9.40803 x 10-7

AB � 8.94868 x 10-6 all other result data sets negative or imaginary


