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ABSTRACT

MATRIX-ASSISTED LASER DESORPTION/IONIZATION
MASS SPECTROMETRY:
FUNDAMENTAL STUDIES AND -
ITS APPLICATION IN THE ANALYSIS OF PHOSPHOPROTEINS

By

Pao-Chi Liao

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) is a
new technique which allows for the analyses of large molecules with the molecular masscs
up to a few hundred thousand Daltons. While the fundamental aspects of MALDI are still
under investigation, it has proven to be a powerful analytical method. This dissertation

describes some fundamental studies of MALDI as well as its applications.

The relative signal intensities of [M+H]* vs. [M+Na]* ions of some small peptides
are found to be highly matrix-dependent in MALDI experiments. Presumably, this
observation results from the competition of two different ionization mechanisms. Possible
mechanisms for the formations of [M+H]* and [M+Na]* ions are proposed and discussed.
The study suggests that proton transfer from a matrix molecule to an analyte plays an
important role in the ionization step. The transferring proton may be derived from
photoionized or electronically-excited matrix molecules. In contrast, some data are most

consistent with a gas phase mechanism for [M+Na]* ions.



Mosf MALDI spectra reported in the literature represent the summation or average
of 20-200 mass spectral transients. It is found that the mass spectral transients of MALDI-
titne-of-flight (TOF)-MS rapidly change with time, and an evaluation of the component
spectra may yield different conclusions than evaluation of a single summed spectrum. This
tool of time-dependent MALDI is used to investigate details of the power-resolution
relationship. The study shows that, by changing how MALDI spectra are constructed,

"low power resolution" can be realized in "high power" MALDI experiments.

An approach is developed to locate phosphorylation sites in a phosphoprotein using
mass mapping by combinirig MALDI-TOF-MS with specific enzymatic degradation. To
perform mass-mapping, the primary structure of the protein must be known. The mass

accuracy requirement of this method is evaluated.

A baculovirus/insect cell expression system, which is used to produce large
amounts of the phosphoproteins amenable for phosphorylation site studies, is also

described.
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Chapter 1 - Introduction

L Matrix-AsSisted Laser Desorption/Ionization Mass Spectrometry

During the past two decades, a number of new desorption/ionization (D/I)
techniques have been developed to analyze large, nonvolatile, and thermally labile chemical
compounds. Among these techniques, electrospray ionization (ESI) and matrix-assisted
laser desorption/ionization (MALDI) show the greatest promise for the mass spectrometric
analysis of biopolymers in the mass range between a few thousand and a few hundred

thousand Daltons [1].

The first attempts to generate ions of organic molecules by direct laser
desorption/ionization (LDI) date back to the early 1970s [2,3]. However, the size of
molecules that can be desorbed and ionized was limited to ~ 1,000 Daltons for biopolymers
and up to 9,000 Daltons for synthetic polymers. When the size of the molecules increases,
more energy is required to be deposited into the sample to desorb them. However, such a
high energy flux leads to pyrolytic or photochemical decompositions of analytes. The main
breakthrough toward higher masses came in 1987 when Hillenkamp and Karas
successfully experimented with the use of a matrix, nicotinic acid (3-pyridine carboxylic
acid) [4,5]). In their initial experiments, the sample molecules were mixed in solution with
a large molar excess of UV-absorbing nicotinic acid matrix and the mixture was deposited
and air dried on a metal substrate. The deposit was then desorbed/ionized by a pulsed,
frequency-quadrupled 266-nm Nd:YAG laser. The ejected ions were analyzed by a

time-of-flight (TOF) mass spectrometer. They showed that the ions generated from



proteins with molecular mass range 10,000-67,000 Daltons could be formed and detected

from picomolar amounts of analyte.

After the pioneering discovery by Hillenkamp and Karas, a number of research
groups joined this research area. Among them, R. Beavis and B. Chait made important
contributions by the introduction of new matrices [6,7] and expanding the range of usable
laser wavelengths [8]. They discovered two new matrices, sinapinic acid and
a-cyano-4-hydroxycinnamic acid, which can be coupled to the use of 337-nm radiation
from a relatively inexpensive nitrogen laser. Today, the most commonly used matrices for
analyses of peptides and proteins are sinapinic acid, a-cyano-4-hydroxycinnamic acid, and
2,5-dihydroxybenzoic acid [9]. Although peptides and proteins are the main
biocompounds investigated by MALDI so far, the technique also can be applied to
oligonucleotides [10-14], oligosaccharides [15-17], glycoconjugates [18,19] and synthetic

polymers [20-22].

Figure 1.1 shows a schematic drawing of the VT2000 (Vestec Corp., Houston,
TX) linear MALDI-TOF mass spectrometer that has been used to perform many of the
experiments described in this dissertation. Due to the pulsed nature of the laser ionization
source, TOF appears to be the best choice of mass analyzer for MALDI. The unique,
theoretically unlimited, mass range of TOF gives the capacity to analyze large ions with
masses higher than 10,000 Daltons. This parallels one of the main benefits of MALD], the
capacity to generate ions from large biomolecules. Although recent advances in
Fourier-transform mass spectrometry (FT-MS) have shown great potential in analyzing
high-mass ions (i.e., >10,000 Daltons), its practical use is still currently under rapid
development [23-25]. Another advantage of the TOF mass analyzer is its capacity to
generate the entire spectrum for every single laser shot without losing information, in
contrast to scanning mass analyzers. The initial kinetic energy spread of ions generated by

MALDI is found to be large [26], so either a linear TOF with a high accelerating voltage
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(~30 kV) or a reflectron with an ion mirror (or both) is used to improve mass resolution.
The VT2000 is a linear MALDI-TOF mass spectrometer equipped with a 30-kV source
(Figure 1.1).

Sample preparation is a critical step in a successful MALDI experiment. However,
the simple and fast sample preparation procedure described below appears to work well.
Matrix compounds are dissolved in water, water/ethanol, or water/acetonitrile mixtures,
depending on their solubility, at a concentration of 5 to 10 g/L (about 40 mM) to give the
matrix solution. Suitable amounts of 1-10 uM solutions of analyte are mixed with 1-10 pLL
of matrix solution to yield a final analyte concentration of about 1 pmol/pL in the mixture
(0.1% trifluoroacetic acid is added sometimes to dissolve protein samples). An aliquot of
~1 pL of the mixture is applied to a flat inert metal (e.g., stainless steel or silver) probe and
dried at room temperature. Thus the fypiczil absolute sample amount used for analysis is in
the range of 1 pmol of analyte and 40 nmol of matrix [1,27]. The sample is introduced into
the vacuum chamber by a probe and a vacuum lock ih the VT2000 (Figure 1.1). Several
sophisticated sample introduction systems have been devised and used by commercial
instruments. For example, a sample introduction system which accommodates 100
samples on a single sample holder is currently used in our lab in a Voyager Elite
MALDI-TOF mass spectrometer (PerSeptive Biosystems, Vestec BioSpectrometry

Products, Cambridge, MA) and allows a much higher sample throughput.

In Figure 1.1, the sample is irradiated by a pulsed laser which is directed and
focused by a prism and optical lens. The irradiance is controlled by an attenuator and is
increased gradually until the MALDI threshold is reached. The irradiance of the laser has
proven to be one of the most critical parameters in the MALDI experiment. There is a
threshold irradiance, typically ~I MW/cm?2, necessary to produce ions from a sample.
Below this threshold, ion production falls off to the fifth power of laser irradiance [26].

Laser irradiances higher than the threshold dramatically decrease the mass resolution in the



spectra obtained. The size of the laser spot and the angle of incidence of the laser beam on
the sample surface seem to not be very critical. Laser spot sizes of 10-300 um diameters
and 30°-75° angles of incidence are typical. For focusing of the laser beam, a single quartz

lens of long focal length (10-30 cm) may be used [1].

P. Demirev and his coworkers reported the desorption/ionization of proteins from
different matrices by using an excimer-pumped dye laser generating ultra-short (560 fs full
width at half maximum, FWHM) pulses in the ultravioiet (UV, 248 nm) and visible
(496 nm) spectral ranges [28]. The existence of a threshold energy density for the MALDI
of insulin by ultra-short pulses has been established. These data are compared to the data
obtained by employing a nitrogen laser (337 nm, 3 ns FWHM). The threshold energies
from the two laser systems employed are of the same order of magnitude and do not
depend on the laser pulse length (the energy deposition time). Thus P. Demirev ez al. have
concluded that the amount of laser energy deposited into the sample, rather than the laser
power, is the important parameter in the MALDI process. The VT2000 employs a nitrogen

laser generating 3-ns pulse of radiation at 337 nm (Figure 1.1).

In Figure 1.1, the ions generated from MALDI are accelerated by a two-stage
30-kYV electric field toward a flight tube (field-free region). Because all ions have the same
kinetic energy gained from the accelerating electric field (assuming that initial kinetic energy
is zero), their velocities vary inversely with their masses, with lighter ions traveling faster
than heavier ones. Ions with different masses have different flight times, t, which are

related to the masses, m, by the following equation:

t = (time in ion source) + (time in flight tube) = |28 4+ L |2
zeV 2zeV

where V = accelerating voltage, V/d = electric field in ion source, z = the number of
charges, e = 1.609 x 10-19 C, and L = the length of the flight tube. In practice, the mass

of an ion species is not calculated by the above equation. Instead, it is achieved by



calibration. The square root of m/z is proportional to the flight time for a given mass

spectrometer with fixed values of d, V, and L. That is,

m
— o<,
z

m
or, ./[— =c1xt
z

The flight time, t, is the duration between when the ions were generated and when they
reach the detector. However, the actual starting time is difficult to measure, so a reference
point in time is registered by a photodiode which receives a split laser beam (Figure 1.1).
The time relative to this reference point, t', and the actual flight time, t, differ by a constant

value, ¢2. Therefore,

m 1
— =c1xt+c2
VA

At least two known points of (\/E , t'), usually obtained by the use of standard samples,
z

are necessary to calculate the values of c1 and c2.

The most common type of detector is composed of a conversion electrode and an
electron multiplier. The former generates electrons from impinging ions. The latter
multiplies the number of electrons to generate a larger electrical current. This configuration
of detector is also used by the VT2000, where the conversion electrode is a microchannel
plate and the electron multiplier is a focused-mesh electron multiplier (Figure 1.1). The
main problem in ion detection is that the high-mass ions generated by MALDI move too
slowly to generate secondary electrons efficiently at the conversion electrode. The yield of
secondary electrons from the conversion electrode is a function of the momentum of the
ions detected [1,29]. A high acceleration voltage in the ion source or post-acceleration

before the detector may be used to increase the momentum of ions and thus increase the



detection efficiency. Post-acceleration is often used in reflectron-TOF instruments, with

typical accelerating voltages of 3~5 kV [30,31].

MALDI spectra obtained by a linear TOF mass spectrometer are dominated by
peaks representing the intact protonated molecules. Peaks corresponding to fragmentation
of these large ions due to cleavage of covalent bonds in the protein backbone are rarely
observed in the spectra. Fragment ions due to the loss of small neutral molecules (such as
H70, NH3 and HCOOH) from protonated peptides and proteins are usually of low
abundance. The lack of fragmentation and the dominant singly-charged protonated
moleccule peaks in MALDI spectra make this technique ideal for mixture analysis
[27,31,32]. Later studies using a reflectron TOF mass spectrometer reveal that MALDI
ions do undergo postsource fragmentations [33,34], but they are not separated from the
protonated molecules by a linear TOF mass spectrometer. Peaks representing protonated
molecules are accompanied by satellite peaks at higher masses, which can be attributed to
addition of matrix molecules or, more often, parts of the matrix molecules. For example,
signals are observed for [M+207]* for sinapinic acid (MW = 224) and [M+136]* for
2,5-dihydroxybenzoic acid (MW = 153) [27]. The accessible mass range for MALDI has
been extended to ~300,000 Daltons [35,36]. In the high-mass range, the satellite peaks
due to adduct ions between analyte and matrix cannot be well resolved from the
quasimolecular ion peak. This will degrade the mass determination accuracy to some
extent. Considerable improvements have been achieved by the discovery of new matrices

which yield fewer adduct ions.

MALDI is a very sensitive technique. Typically no more than 1 pmol of analyte is
necessary to give a satisfactory MALDI spectrum [37]. If the analyte concentration is too
high, a decrease in signal quality is often observed. R. Beavis and B. Chait found that, by
using the éinapinic acid as matrix, even a large excess of inorganic salts, denaturation

agents (like urea and guanidinium hydrochloride, up to 2M in the protein solution),



commonly used buffering agents (citrate, glycine, N-[2-hydroxyethyl]piperazine-N'-[2-
cthanesulfonic acid] (HEPES), tris[hydroxymethyl]-aminomethane (TRIS), ammonium
bicarbonate and ammonium acetate up to 200 mM) do not interfere with the formation of

protein ions [8,27,32]. Thus elaborate sample purification is not necessary.
II. The Focus and Organization of the Dissertation

The introduction of MALDI has opened a new field for the application of mass
spectrometry to the problems of biological interests. MALDI offers certain advantages,
such as high mass range, high sensitivity, tolerance to impurities and mixture analysis
capability, some of which were not even possible to achieve before the discovery of
MALDI. MALDI has become a i'ery useful technique, however, its ionization mechanism

is not fully understood and is still a matter of considerable debate and research.

My dissertation research focused on MALDI-TOF-MS. The research interest has
been twofold: fundamental studies and applications. I have done some work and tried to
understand the chemistry which leads to the ionization process, described in Chapters 2 and
3. I have also discovered that dissecting MALDI mass spectra reveals some interesting
information. The relationship between laser power and resolution has been investigated
using the tool of dissecting MALDI mass spectra, which is described in Chapter 4. The
ultimate goal of these studies is to improve the technique by defining and understanding its

chemistry.

Although intense research activities are still ongoing to study the fundamental
aspects of MALD], it has offered many research opportunities - application of this new
technique to problems that previously were not possible to solve by mass spectrometry.
I have developed a method to locate phosphorylation sites in a phosphoprotein using
mass-mapping through combining specific enzymatic degradation with MALDI-MS, which
is described in Chapter S. Through an arrangement made by Professor Douglas A. Gage,



Professor John L. Wang in the Biochemistry Department became interested in the method
that I have developed. Professor Wang wanted to apply my method to study a
phosphoprotein which he had been working on, but he needed a graduate student to
prepare phosphoprotein samples using molecular biology methods. I was interested in the
proposed project and also was encouraged by Professor John Allison. So I went to
Professor Wang's lab and used a baculovirus/insect cell system to successfully express the
target protein. This experience was very valuable to me. It enabled me to communicate
effectively with biochemists and broadened my research interests into the life sciences.
Although the project has not been completed, this stimulating adventure is discussed in

Chapter 6.

Since a part of the dissertation research has been published, the publication reprints
are included. The information already contained in the reprints will not be restated in the
chapters. The reprints will be mentioned in the proper chapters and will appear as

Appendices.



Chapter 2 - Ionization Mechanisms in Matrix-Assisted Laser

Desorption/Ionization Mass Spectrometry

Several possible ionization mechanisms for the MALDI process, including those
proposed in the literature, have been postulated and evaluated. The work has been
submitted and accepted for the publication. The preprint is included as Appendix 1. The
relative signal intensities of [M+H]™* vs. [M+Na]* ions of some small peptides are found
to be highly matrix-dependent in matrix-assisted laser desorption/ionization (MALDI)
experiments when sinapinic acid, a-cyano-4-hydroxycinnamic acid and
2,5-dihydroxybenzoic acid are used as matrices. Presumably, this observation results from
the competition of two different mechanisms for the ionization steps. Both the formations
of protonated and sodiatéd molecules were discussed in Appendix I. The results suggest
that proton transfer from a matrix molecule to an analyte plays an important role in the
ionization step. The transferring proton may be derived from photoionized or
electronically-excited matrix molecules. In contrast, some data are most consistent with a

gas phase mechanism for [M+Na]* ions.

I have also discovered enhanced detection of peptides in MALDI-MS through the
use of charge-localized derivatives. Triphenylphosphonium derivative is one of them.
Some peptides do not yield signals in MALDI expeﬁmcms, but their triphenylphosphonium
derivatives do. This finding was initially submitted as a part of the publication in
Appendix I. The reviewers suggested that it should be published separately. A preprint of
the resulting publication is included as Appendix II.

10
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In addition to its potential use as an analytical method, the precharged
triphenylphosphonium derivatives may be used as a probe to study independently the
factors contributing to the desorption process and those contributing to the ionization
process. In Chapter 3, a survey of new MALDI matrices is described, aiming to
understand how and why some compounds function as successful matrices. While trying
to deduce some rules accounting for desorption and/or ionization processes, I realized a
fundamental difficulty in my general approach: both desorption and ionization must occur
to observe signals in MALDI. The precharged triphenylphosphonium derivatives, on the
contrary, only require desorption. A compound that is not a working MALDI matrix for a
peptide may work for its triphenylphosphonium derivatives because only desorption is
required. Such compounds may allow us to deduce some rules accounting for the

desorption process alone.



Chapter 3 - A Survey for New MALDI Matrices

1. Introduction

The search for new MALDI matrices has been an important research topic since the
discovery of the technique. Only a few compounds are useful as matrices for protein and:
peptide analyses. R. C. Beavis pointed this out in a review article in 1992: "Out of more
than 300 materials tested (to my knowledge), only seven matrices that are practically useful
have been found." Up to date, there have not been many matrices reported in the literature.
The most commonly used three matrices are sinapinic acid, 2,5-dihydroxybenzoic acid and
a-cyano-4-hydroxycinnamic acid, which were discovered in 1989 [6], 1991 [9] and
1992 [7], respectively. Adding new chemical compounds to the list of successful MALDI
matrices may not only improve the practical aspects of the technique, but form a basis to
give researchers hints on how and why these compounds function as successful matrices.
The search for new MALDI matrices taken here was mainly motivated by the latter issue.
In consideration of this, the scope of chemical compounds being tested is relatively broad
and extensive. The procedures for testing the physical properties of matrix compounds,
representative mass spectral data by using successful MALDI matrices, and their

implication are reported here.

II. Experimental

Insulin was used as an analyte to test whether a compound is a successful MALDI
matrix. It was dissolved in water/acetonitrile (2:1) to give a concentration of 100 pmol/uL.
The test for successful matrices was herein limited to peptides. Compounds to be tested as

matrices were dissolved in water/acetonitrile (2:1 or 1:1) or acetone. About 30 pug of matrix

12
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in 1-pL volume (roughly 100 nmol, depending on the molecular weight, and if the
solubility is too small to completely dissolve the matrix using any of three solvent systems,
then saturated solutions of highest concentration using one of three solvent systems was
used) was mixed with an equal volume containing 100 pmol of insulin, applied to a
stainless probe, dried and analyzed by MALDI-TOF-MS. Analyte and matrix must
co-dissolve in the solvent system. The instrument and experimental conditions were the
same as described in Appendix I except that the laser power may be much higher when it is
necessary to meet the threshold condition for certain matrices. The threshold laser power
will be abbreviated as Pt (m, A) for later discussions, where Pt is the threshold power at
which the analyte, A, generates observable signals (S/N > 5) while power increases using
the matrix, m. Therefore, 10 times of Pt (m, A) will be abbreviated as 10 Py (m, A). The
appearance of signal representing "insulin ions", was used to indigate a successful MALDI
matrix. The generic term, "insulin ions", is used because the MALDI—TOF—MS used for
these experiments does not provide enough mass resolution and mass accuracy to
differentiate between protonated insulin molecules, insulin radical cations, and sodiated

insulin molecules.

Molar absorptivities at 337 nm were measured for the tested compounds in dilute
methanol solution using a Hitachi UV spectrophotometer (model U-2000). The

concentrations of solutions varied from 0.02 to 2 mM.
III. Results and Discussion
A. Chemical compounds which have been tested

The chemical compounds tested were selected according to the criteria described
below from the shelves in the laboratory rather than purchased or synthesized. They have
to be solid, or at least with low vapor pressure, to sustain in vacuum and codissolve with

insulin in a solvent system to validate the test. Most of the compounds selected for testing
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were organic compounds and UV chromophores. The chemical compounds which have
been tested are tabulated in Table 3.1 with their physical properties, such as molecular
weight, melting point and molar absorptivity, as well as the results of the test. If a
compound is reported to sublime or decompose at its melting point under atmospheric
pressure or in vacuum, it is specified. Accurate UV absorption coefficients for solids are
difficult to measure. The molar absorptivities of compounds were measured in dilute
methanol solution at 337 nm. For those compounds which function as successful MALDI
matrices, the mass spectral peaks representing insulin ions were reported in terms of peak
intensity and peak resolution. The peak intensities were classified as strong, medium,

weak and very weak. The resolution was defined by m/Am (FWHM).

It is generally believed that successful MALDI matrices are strong absorbers for the
laser radiation used in the MALDI experiment [1,27,38]. The wavelength of the nitrogen
laser used in this experiment was 337 nm. In Table 3.1, a comparison between the molar
absorptivities of successful MALDI matrices and those of non-successful matrices roughly
agrees with this trend, and most successful MALDI matrices show high molar
absorptivities at 337 nm. However, in some cases, the successful MALDI matrices have
low molaf absorptivities. For examples, ninhydrin and salicylic acid have low molar
absorptivities of 38 and 50 L-cm~1mole-1, respectively, but both matrices gave very strong
peaks representing insulin ions, indicating that they are successful MALDI matrices. When
ninhydrin was used as matrix, very intense laser power, about 10 x Pt (sinapinic acid,
insulin), was necessary to generate insulin ions. On the other hand, a strong absorbance
alone cannot make a successful MALDI matrix. For example, the molar absorptivity of
1,4-diphenyl-1,3-butadiene was measured to be as high as 27000 L-cm-1mole-1, but it is
not a successful MALDI matrix. It was also found that most of the successful MALDI
matrices sublime or decompose at their melting points, which may indicate they possess the

characteristics that facilitate the physical desorption process.
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B. Examples of new successful MALDI matrices

Several compounds have been newly discovered to be successful MALDI matrices

which were not reported in the literature.
1. 2,4-Dihydroxybenzophenone

Figure 3.1 shows the MALDI spectrum resulting from the mixture of insulin and
2,4-dihydroxybenzophenone. The peak representing the insulin ion is very intense but has
a very poor resolution (~ 80) using this high laser power. When the laser power was
lowered, the resolution was improved (~ 280) with a less intense peak. No significant
matrix adduct ions were observed. A matrix adduct ion is formed by the addition of matrix

molecules or parts of the matrix molecules to an insulin ion.
2. 5-Methylsalicylic acid, ninhydrin, p-nitrophenol, and salicylic acid

These four compounds were successful MALDI matrices and produced intense
peaks representing insulin ions, but also generated multiple strong matrix adduct peaks at
the higher mass end of the spectrum. These adduct ions may be due to the photochemical
reactions of insulin and maﬁix molecules. The mass differences between insulin ions and
adduct ions may not necessarily match multiples of the mass of the matrix molecules,
indicating the reactions may be more than simple additions of matrix molecules to insulin
ions. Figure 3.2(a) shows the MALDI spectrum resulting from the mixture of insulin and
5-methylsalicylic acid. The laser power used to obtain Figure 3.2(a) was relatively low,
comparable to the Py (sinapinic acid, insulin), to yield better resolution with a less intense
peak. When higher laser power was used to obtain Figure 3.2(b), the peaks representing

insulin ions became more intense with lower resolution.

Among these four successful MALDI matrices, ninhydrin was a special case

because a "preheat process” by laser radiation was necessary prior to the MALDI process
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Figure 3.1 The MALDI spectrum resulting from the standard mixture of
insulin and 2,4-dihydroxybenzophenone matrix (molar ratio ~ 1: 1000).
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Figure 3.2 The MALDI spectra resulting from the standard mixture of
insulin and 5-methylsalicylic acid matrix (molar ratio ~ 1: 1000) using a

laser power (a) comparable to, and (b) higher than the Pt (sinapinic acid,
insulin).
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for the generation of insulin ions. It took at least 300 laser shots using relatively high
power, 10 x Pt (sinapinic acid, insulin), to preheat the sample before the insulin ions could
be observed. When a pure insulin sample without matrix was irradiated by the same laser
using this high power, no insulin ions were observed. The "preheat process” may generate
reaction products which are the functioning MALDI matrix instead of intact ninhydrin
molecules. Figure 3.3 shows the MALDI spectrum resulting from a mixture of insulin and

ninhydrin (molar ratio ~ 1: 1000) after 300 "preheat" laser shots were applied.

3. 9-Anthracenecarboxylic acid, N-phenylmaleimide, 2-naphthol, and
4-hydroxybenzaldehyde

These compounds also were found to be successful MALDI matrices, yet the
intensities of observed peaks for insulin ions were smaller. Figure 3.4 shows the MALDI

spectrum resulting from a mixture of insulin and N-phenylmaleimide.
IV. Conclusions

Several chemical compounds were found to be successful MALDI matrices which
have not been reported in the literature. However, the resulting quality of MALDI spectra
was not good enough to give the newly discovered matrices advantages over commonly
used matrices, such as sinapinic acid and a-cyano-4-hydroxycinnamic acid. These new
matrices tend to generate analyte peaks of poor resolution or with strong matrix adducts,
which may prevent practical use of the technique. However, the pursuit of understanding
of how matrix molecules play a role in the MALDI process never ends. When more
successful MALDI matrices are discovered, we will have a better chance to unveil the

operating principles behind them.

The data presented here are preliminary. The experiments were done before we
could appreciate what variables were most important and necessary to be documented. For

example, the exact laser powers used to work on the successful MALDI matrices were not
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Figure 3.3 The MALDI spectrum resulting from the standard mixture
of insulin and ninhydrin matrix (molar ratio ~ 1: 1000), after 300

"preheat” laser shots were applied.
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Figure 3.4 The MALDI spectrum resulting from the standard mixture
of insulin and N-phenylmaleimide matrix (molar ratio ~ 1: 1000).



24
recorded. If this study were undertaken today, the "results” would be in quite a different
form. Nevertheless, it is important to document these preliminary observations to assist

those who are willing to pursue this topic in the future.



Chapter 4

Is There a Relationship Between Laser Power and Resolution?

I. Introduction

When MALDI-MS is applied to solve analytical problems, mass spectral resolution
is a very important performance characteristic because it not only sets the limitation of
accessible mass accuracy but also determines the ability to separate ions of similar mass in
the spectrum. To date, time-of-flight (TOF)-MS is most commonly used for m/z analysis
with MALDI. Several publications have discussed factors affecting signal resolution, and
how to improve resolution in MALDI-TOF-MS [39-45]. A dominant factor that influences
the mass spectral resolution in a MALDI-TOF experiment is the laser irradiance [46]. Laser
irradiance must be above a threshold value for the MALDI process to occur. Laser
irradiances much higher than the threshold value dramatically decrease the resolution in the
spectra obtained. The peak widths of signals generated from a peptide, for example, are a
function of the applied laser irradiances [44].

For simplicity, we will discuss "power" instead of "irradiance" in this report.
Irradiance (power per unit area) is proportional to power if the beam profile remains the
same. Most of the commercial MALDI instruments employ a nitrogen laser and a beam
attenuator to vary laser power, however, the beam profile is not measured or controlled. A
study using ultra-short laser pulses has shown that the amount of energy deposited into the
sample, rather than laser power or irradiance, is the important parameter in the MALDI

process (as long as the irradiation time is short) [28].
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There is an unfortunate dilemma in MALDI-TOF-MS; both high intensity
(high power) and high resolution (low power) cannot be achieved under the same
conditions. There is also a power dependence to the MALDI process as a function of MW.
The higher MW analytes require higher powers than do low MW analytes, for
desorption/ionization (D/I) to occur (see Appendix I). When MALDI is used fo investigate
a mixture with a large MW range, it is necessary to use high laser power just to generate a

signal at the high m/z values - at the expense of resolution throughout the spectrum.

Most MALDI spectra reported in the literature represent the summation or average
of 20-200 mass spectral transients, which may be obtained from multiple locations on the
MALDI target or obtained with a variety of power settings. Conclusions such as the high
power-low resolution relationship seem to evolve from the analysis of such summed
spectra, or from the spectrum resulting from a single laser shot. We recently showed that
the mass spectral transients of MALDI-TOF-MS rapidly change with time, and an
evaluation of the component spectra may yield different conclusions than evaluation of a
single summed spectrum (The preprint of this publication is attached as Appendix III in this
thesis). We use this. tool of time-dependent MALDI to invéstigate details of the
power-resolution relationship here. We will show here that, by changing how MALDI
spectra are constructed, "low power resolution” can be realized in "high power" MALDI

experiments.
II. Experimental

All MALDI results were obtained on a ResearchTec TOF mass spectrometer (Vestec
Corp., Houston, TX), used in linear mode, equipped with a nitrogen laser (model VSL-
337ND, Laser Science, Newton, MA, 337 nm, 3-ns pulse, 250 pJ/pulse). Laser light is
attenuated using a variable attenuator (model 935-5-OPT, Newport, Fountain Valley, CA)

with a computer-controlled stepper motor. That is, the laser power is software controlled
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by setting the stepper motor position, corresponding to an on-screen number ranging from
0 to 2,400. A larger number results in a higher laser power. Laser powers are not
expressed on an absolute scale, but relative to the value at the D/I threshold. The threshold
laser power will be designated here as Pt (m, A), where Py is the threshold power at which
the analyte, A, generates observable signals (S/N > 5), using the matrix, m. To measure
the laser power threshold, multiple samples were prepared using the procedure described
below. Each fresh sample was irradiated consecutively, with laser power varied in
increments of 100 units, until the analyte signal was observed. The threshold laser power
Pt (aCN, I), where a.CN represents a-cyano-4-hydroxycinnamic acid and I represents
insulin, corresponds in our instrument to a stepper motor position of 1200. When the
stepper motor position is set at 1800, the corresponding laser power is expressed in the text
as 1.50 P;. A laser spot size of ~ 0.8 mm?2 was used to irradiate sample on a 3.5 mm?
target ("Big Spot MALDI") (see Appendix III). The nitrogen laser was pfewarmed and
then maintained firing for 15 minutes before any data were obtained; this has been found to
decrease shot-to-shot variations. The accelerating voltage in the ion source was 26 kV.
Data were acquired with a transient recorder with 2-ns resolution. All spectra shown
represent unprocessed data. When resolution was measured, a Savitsky-Golay method
was used to smooth raw data (second degree polynomial, 30 point smooth). The mass

spectral resolution is defined by m/Am (FWHM).

The matrix used was a-cyano-4-hydroxycinnamic acid. A water (with 0.1%
trifluoroacetic acid)-acetonitrile (1:1, v/v) mixture was used as the solvent system to
prepare a saturated matrix solution (~ 70 mM) and a stock solution containing both
bradykinin and bovine insulin (10 pmol/pL for each analyte). A sample solution was
prepared by diluting the peptide stock solution with the matrix solution to give a final
concentration of 2 pmol/uL for each analyte. To prepare samples for MALDI analysis,
2 uL of the sample solution were applied to a flat stainless steel probe tip. The sample

mixture was then allowed to air dry, leaving 110 nmol of matrix, 4 pmol bradykinin, and
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4 pmol insulin on the target, before introduction into the ion source. Time-to-mass
conversion was achieved by either external or internal calibration using peaks for Na+ and

K*, most abundant matrix peaks, and peaks from bradykinin and insulin.

Bradykinin and bovine insulin were purchased from Sigma Chemical Co.
(St. Louis, MO). a-Cyano-4-hydroxycinnamic acid was purchased from Aldrich Chemical
Co. (Milwaukee, WI). Acetonitrile and trifluoroacetic acid were purchased from EM
Science (Gibbstown, NJ). The compounds were used as purchased without further

purification.
III. Results and Discussion

If we use the typical approach of evaluating summed data, results shown in Figure
4.1 are obtained. Figure 4.1a and 4.1b show the mass spectral peaks representing insulin
ions (presumably, protonated insulin molecules) obtained at two different laser powers;
both represent the sum of 300 transients. The peak obtained using higher laser power
exhibits lower resolution. From such spectra obtained at a variety of laser powers,
resolution can be calculated. The results are summarized in Figure 4.1c. The resolution
decreases considerably with increasing laser power for both bradykinin and insulin signals.

This observation parallels that reported by Ingendoh et al. [44].

Figure 4.2 shows the MALDI-TOF mass spectrum obtained at a laser power of
1.33 P¢ (aCN, I) by averaging 500 transients. Figure 4.3 shows a series of component
spectra obtained by dissecting the spectrum shown in Figure 4.2. To generate these
spectra, the experiment was configured so the laser fires 10 times in 2.5 seconds. The
laser then stops while the transient recorder downloads the file representing the average of
these ten (a "component spectrum”), and a new file representing the next 10 mass spectral
transients is generated (see Appendix III). Each single component spectrum in Figure 4.3

is the sum of 10 sequential mass spectral transients. Figure 4.3 contains 50 component
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Figure 4.1 The mass spectral peaks representing insulin ions (presumably, protonated
insulin molecules) at two different laser powers (a) 133 Pt (aCN, I) and
(b) 1.67 Pt (aCN, I); (c) resolution vs. laser power is plotted; all data represent the sum

of 300 transients. 4 pmol of bradykinin, 4 pmol of insulin, and 110 nmol of matrix were
used to prepare each MALDI sample.
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spectra. A few component spectra are shown in Figure 4.4. Consider Figure 4.4a and
4.4b, which show. component spectra #2 and #12. In the earliest spectrum, #2, peaks
representing alkali ions are prominent; these quickly disappear by the twelfth component
spectrum. While many peaks are saturated in component spectrum #2, they are all
"on scale” by spectrum #12. Also note, dramatic changes in relative intensities of the
analyte peaks occur. In spectrum #2, the insulin peak is only slightly smailer than that for
bradykinin, with the ratio of intensities for IH*: BH* equal to 0.7. By spectrum #12, this
value drops to 0.2; the insulin peak decreases much more quickly than does that for
bradykinin in the data set. As the data show, many peaks at low m/z values are initially
saturated. The signal intensities decrease with increasing component spectrum number,
however, they may then increase at some later time and decrease again. The changing peak
height vs. component spectrum number is quantitatively documented in Figure 4.5a for the

insulin peak.

Peak heights were measured and are used here to represent ion abundances. If peak
areas are used, which are proportional to peak heights divided by resolution, then Figure
4.5a will look somewhat different. Data from experiments using three different laser
powers are shown to demonstrate the relationship of laser power and signal intensity. As
shown, the intensity of the insulin signal decreases with component spectrum pumber
(increasing number of laser shots), regardless of which laser power is used. The initial
(first component spectrum) intensity of the insulin signal is higher when higher laser power
is used. The initial peak height of the insulin signal obtained at 1.83 P (aCN, I) is smaller
that what is obtained at 1.50 Py (&CN, I). This is because the initial resolution obtained at
1.83 P¢ (aCN, I) is much poorer that what is obtained at 1.50 P (aCN, I). Figure 4.5a
shows that, when a laser power of 1.33 P (aCN, I) is used, about 20 useful spectra with
reasonable intensities (for the insulin peak) are generated. When a laser power of
1.80 P¢ (aCN, I) is used, more than 60 useful spectra with reasonable analyte peak

intensities are generated. So the signal lasts longer when higher laser powers are used.
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Figure 4.5 The (a) peak height and (b) resolution of the insulin signal obtained at different
laser powers are plotted against component spectrum number.
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The total ion current (TIC), which is proportional to the summation of insulin peak
intensities over all the component spectra (area under the curves in Figure 4.5a), is also
larger when higher laser power is used. The data in Figure 4.5a correlate with experience -

signals "last longer" and are more intense at higher powers.

The resolution in each component spectrum can also be measured. It is found that
the resolution in all of the component spectra is not constant. In Figure 4.5b, insulin signal
resolution is plotted against component spectrum number. When the laser power is
1.33 Pt (aCN, 1), the data show the highest resolution. The resolution begins at
approximately 200 and increases with component spectrum number to 300 ~ 400, but
considerable scatter of measured resolution appears when the component spectrum number
is larger than 20. This kind of scatter of measured resolution is often observed when the
peak intensities are small. The initial resolution of the insulin signal is lower when higher
laser power is used. When the laser power is 1.50 or 1.83 Pt (aCN, I), the data show that
the resolution increases with component spectrum number. When the laser power is
1.80 P (aCN, I), the measured resolution starts at ~ 100 and increases to ~ 300, while the
intensity falls with increasing component spectrum number. That is, the "low power

resolution” (300 ~ 400) can be realized when "high power" is used.
Experimental Implications

When the data of MALDI-TOF-MS are evaluated in the form presented here, one
may envisage some variations in how the experiment is done, and possibly different
approaches for obtaining the most useful data from an experiment. For example, when we
used a smaller, focused laser spot (as our commercial instrument was supplied), we would
frequently move the spot around so that most of the transients would contain strong
signals. We now see that we are collecting transients with the lowest resolution in this

way, and there are advantages to using a larger fixed spot, and accumulating more
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transients. However, if it is not resolution but signal intensity that is most important, then

moving the laser while summing is a good approach.

With a set of spectra representing the experiment, one can evaluate spectra and
decide which may be summed to yield a single spectrum, of higher quality, representing the
MALDI analysis of a compound or mixture. For example, Figure 4.6 shows the peak
shapes and corresponding resolution of insulin signals, from summing different ranges of
component <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>