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Proverb

The universe

is made up

of stories,

not of atoms.
(Muriel Rukeyser)

We are the stuff of stars.
(Carl Sagan)

A man said to the Universe:
“Sir, | exist!”

“However,” replied the Universe,
“The Fact has not created in me
A sense of obligation.”

(Stephen Crane).

| would be the rock
about which the water is
flowing; and | would

be the water flowing
about the rock.

And | am both and neither
being flesh.
(Charles Reznikoff)

A man smiles by himself in the dark
perhaps because he can see in the dark
perhaps because he can see the dark.
(Yannis Ritsos)

“One of the greatest things in the world
is to train ourselves to see beauty

in the commonplace.”

(Charles Webster Hawthorne,

American realist painter)
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Abstract

Powerful new techniques in mass spectrometry (MS) provide an
unprecedented opportunity to develop methods that facilitate protein
characterization. This thesis utilizes matrix-assisted laser desorption/ionization
and electrospray ionization MS to explore protein structure. Starting at the
‘primary’ level of protein structure, an approach is developed to aid in the
characterization of posttranslational modifications and processing of mature
gene products. The approach involves the elution of picomole amounts of whole
proteins from SDS-PAGE gels in a form suitable for MS analysis. Application of
the elution method to the obesity factor leptin led to the characterization of the
endogenous form of leptin in obese humans.

A biochemical procedure is developed that permits ‘higher order
structural features of proteins to be probed. The method uses limited proteolysis
to distinguish regions within a target protein that are solvent exposed and flexible
from those that are solvent inaccessible or conformationally rigid. The DNA-
binding protein Max was investigated by the procedure and several structural
features were determined. The structural study of Max was extended in an
investigation of the effects of N-terminal phosphorylation. Limited proteolysis
was found to be of great utility in the determination of the ‘precise’ boundaries of
protein folding domains. This method of ‘domain elucidation’ is explored fully

and applied to proteins of unknown structure, including the Drosophila TAF



42/62 protein complex. Limited proteolysis/MS experiments permitted a rapid
design of a compact construct of the TAF complex, crystals of which X-ray
diffracted to 1.4 A resolution.

MALDI-mass spectrometric methods were absolutely crucial to every step
of the described research. However, before the methods could be effectively
applied, it proved necessary to develop new and practical MS sampling handling

procedures.



Chapter 1 — Introduction

What is ‘protein characterization?’ | asked this question before choosing
these words for the thesis tittle. Is characterization the same as analysis (an
alternate title)? Not really. The terms ‘characterize’ and ‘analyze’ have distinctly
different definitions. Analyze, according to Webster's Third Edition, means to
“ascertain the components of or separate into component parts” whereas
characterize means “to describe the essential character or quality of.” The
former is mechanical, the latter is intimate. Accordingly, protein analysis refers
simply to protein separation whereas protein characterization refers to the
measuring of more intrinsic properties of proteins, such as molecular mass,
amino acid modifications and structure.

| begin the thesis with a discussion of methodologies that are the
traditional ‘tools of the trade’ in protein analysis and characterization. Therein, |
introduce the ‘new player, mass spectrometry (MS) —a highly developed
‘mechanical’ methodology that can render ‘intimate’ details about a molecule.
For proteins, new mass spectrometric techniques can measure accurate
molecular mass, identify modifications of peptide residues, and provide structural
information. Finally, | present the concept of structural characterization via
proteolysis, a traditional biochemical method whose utility, when combined with

mass spectrometry, is greatly enhanced.



1.1 Protein Analysis

For biologists, the tool of choice to analyze proteins has been
polyacrylamide gel electrophoresis (PAGE). The most common forms of PAGE
are SDS (sodium dodecyl sulfate)-PAGE, isoelectric focusing (IEF), and
nondenaturing PAGE. In SDS-PAGE, proteins are separated spatially in one-
dimension, essentially according to their molecular masses. In IEF proteins are
spatially separated in one-dimension through a pH gradient according to their
isoelectric points or net charge. In two-dimensional PAGE, IEF is run in the first
dimension, followed by SDS-PAGE in the second dimension. The resolving
power of 2-D gels is unsurpassed, particularly in separating complex mixtures of
proteins from whole-cell lysates. In nondenaturing gels, electrophoresis is
performed under native conditions, important when the enzymatic activity or
structure of a protein or protein complex needs to be maintained during

separation.

1.2 Protein Characterization by Traditional Methods

To characterize proteins, PAGE methods are insufficient by themselves.
Molecular mass estimations by SDS-PAGE are often no better than 5-10%
accurate and many times grossly inaccurate. The isoelectric point, an intrinsic
property of the protein, is by itself of little value. However, if an antibody against
a target protein is available, Western electroblotting methods are useful to

recognize the presence of the protein on the gel.



Classical methods for characterizing proteins include amino acid analysis
and N-terminal sequencing. In amino acid analysis, a single, purified protein is
subjected to strong acid at elevated temperatures to hydrolyze all peptide bonds
and release the individual amino acid residues. Elution through an ion-
exchanger identifies and quantifies the different amino acid residues. However,
amino acid analysis provides no information about protein sequence, is prone to
errors and requires a considerable amount of protein (>10 pg).

Protein sequencing has been made possible by the powerful, classical
method of N-terminal (Edman) sequencing. Edman sequencing requires the
prior steps of protein separation, usually one- or two-dimensional gels, and
electroblotting. However, a substantial portion of intact intracellular eukaryotic
proteins are ‘blocked’ at their N-terminus, usually with acetyl groups.
N-terminally block proteins cannot be directly sequenced. An alternate strategy
involves enzymatic digestion of the protein on the blotting membrane or in the
gel, elution of the resulting peptide digest fragments for reverse-phase HPLC
separation. The HPLC-separated fragments can be delivered to an automated
sequencer for identification using Edman chemistry. Despite automation, Edman
sequencing methods are time consuming and expensive. More significantly,
success rates fall drastically when analyzing low picomole amounts of protein. In
addition, although Edman sequencing can locate a covalently modified residue,
the Edman method cannot normally determine the exact identity of the

modification. Nonetheless, in the ‘pre-genome era’, Edman sequencing has



been the method of choice for providing sequence information enabling the

design of cDNA probes for gene cloning.

1.3 Protein Characterization by Mass spectrometry

From a biologist's perspective, mass spectrometry is a methodology that
seems to have appeared ‘out of the blue.” However there is a long history that
speaks of the efforts and advancements to bridge the biological community with
mass spectrometry. | survey some of that history in the following section,

providing some perspective and appreciation to the ‘pioneers’ of the field.

Mass Spectrometry

Simply put, a mass spectrometer measures the molecular mass of a
molecule, accurately and better than any other methodology. All mass
spectrometers consist of three principal components: an ion source, mass
analyzer and detector (Figure 1.1). Development of the mass analyzer and ion
source have had the most impact on mass spectrometry, particularly in biological

applications.

1.3.1 Mass Analyzer

Early in the development of mass spectrometry, attention was focused
principally on the mass analyzer. In the early 1900s electric and magnetic fields
were used to separate positively charged ‘rays’ onto a photographic plate. The

rays were generated by an electrical discharge. Aston developed the first mass
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Figure 1.1 The elements of mass spectrometry

The essential elements of mass spectrometry are sample
volatilization and ionization, followed by mass analysis and
ion detection. The resulting mass spectrum is a plot of
relative ion intensity vs. the mass-to-charge ratio.



spectrograph in 1919 (he coined the term). A photoplate was used to collect the
separated rays that were later identified to be charged atoms (i.e., ions). The
mass spectrograph represented a substantial breakthrough since it provided
accurate mass-to-charge (m/z) ratios of ions and a rapid means to determine
isotopic abundances of many of the elements.

In 1922 Dempster introduced the first ‘single focusing’ magnetic mass
spectrometer, equipped with an electrometer detector. It soon became apparent
that improvements in mass resolution were necessary, especially to satisfy the
growing needs of the rapidly developing field of synthetic organic chemistry.
Fulfilling the need was the double-focusing mass spectrometer, advanced during
the 1930s and 40s. Double-focusing instruments were equipped with electric as
well as magnetic sectors grouped in various arrangements and coupled together
with mechanical slits. The double-focusing instrument provided angular as well
as energy focusing of an ion beam, the combination of which produced
resolutions exceeding 10,000. Double-focusing instruments are still used today,

and though expensive, routinely provide high mass accuracy and resolution

measurements of small to intermediate organic molecules (M, <2000).

Another important group of mass analyzers, developed by Wolfgang Paul
in the 1950s, was the relatively inexpensive quadrupole ion filter and the
quadrupole ion trap. A much more expensive and high-performance analyzer is
the Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR/MS or

FT-MS), introduced by Comisarow and Marshall in the 1970s. FT-MS offers very



high resolution (exceeding 10° at m/z 100) and high sensitivity. Finally, the least
expensive analyzer (and conceptually the easiest to understand) is the time-of-
flight (TOF) mass spectrometer, developed into a practical device by Wiley and
McLaren during the late 1950s. A majority of the research presented in this
thesis was performed on a TOF mass spectrometer. The TOF mass
spectrometer consists of a long ‘field-free’ flight path (typically 0.5-2 m) through
which ions traverse in vacuo to the detector. Using fast electronics, transit times
of the ions through the field-free drift region are accurately measured of all ions
impinging on the detector. The result is a ‘time-of-flight’ (TOF) spectrum. The
m/z of an ion is directly proportional to the square of its flight time, thus the TOF
data is easily converted into mass-to-charge data. The TOF mass spectrometer
offers low to moderate resolution, high transmission and, in principal, an

unlimited m/z range.

1.3.2 Electron Impact lonization

Without a volatilization/ionization source, the mass analyzer is just a
heavy and expensive paperweight. On early commercial MS instruments,
ionization was commonly performed by bombarding a gaseous sample with ~70
eV electrons, a process that results in removal of an electron from the sample
atom or molecule (i.e., electron ionization, El). Involatile samples must be
vaporized prior to ionization, so that El is limited to molecules of low polarity and
molecular weights. For biological samples, small and relatively non-polar

molecules (e.g., fatty acids and steroids) can be analyzed by El. Chemical



derivatization methods have been extensively developed to increase the volatility
of polar compounds. A significant advancement resulted from coupling of the
eluant output of a gas chromatograph to the ion source of the mass
spectrometer (i.e., GC/MS). The practice of GC/MS has evolved into a large
field whose activities extend to forensic, environmental, and chemical sciences.
The Olympic Games is a good example of where GC/MS is applied to test
participating athletes for illegal use of anabolic steroids and other drugs
(Longman, 1996).

Despite the many early efforts to facilitate volatilization, El is a high
energy process, producing radical ion species that tend to undergo significant
gas-phase fragmentation. Thus, the signal from an intact ‘parent’ ion is normally
weak or not detected when using El, particularly for Compounds with M, > 400
Da. However, most molecule ions exhibit a unique pattern of fragmentation,
driven mainly by gas-phase radical ion chemistry. Elaborate rules governing the
gas-phase fragmentation of small organic ions, pioneered by McLafferty and
others, have been enumerated and are still being actively studied (McLafferty
and Turecek, 1993). The fragmentation rules have permitted structural
elucidation by MS of an enormous number of organic molecules, especially
natural products. Today, the EI fragmentation pattern of an ‘unknown'
compound can be submitted to search large databases of El mass spectra using
pattern matching retrieval algorithms to facilitate identification or classification of

the compound.

10



1.3.3 Chemical lonization

Chemical ionization (Cl), developed by Field and Munson in 1966
(Munson and Field, 1966) represented a major breakthrough in ionization
methods. Cl is a lower energy (‘softer’) process than EI —much less
fragmentation is observed. Thus Cl provides a facile means to measure the
masses of intact, moderately volatile molecules. Usually a protonated or
deprotonated species is detected in Cl. For electronegative compounds,
electron capture Cl has proven to be a particularly sensitive method of MS
analysis. Cl has also bolstered the use of high resolution MS instruments for
determining elemental composition of organic molecules by measuring masses
to an accuracy better than 0.01 mass units. CIl was soon thereafter adopted by
instrument manufacturers and became, along with El, a standard mode of
ionization. The combination of gas-phase fragmentation patterns (from EI-MS)
along with an accurate molecular mass (from CI-MS) has become a powerful

means of analyzing organic molecules.

1.3.4 Early Desorption lonization Methods

To begin to make a significant impact on the analysis of intractable
biological molecules, a breakthrough in volatilization procedures was needed. It
came with the development of desorption methods —field desorption , pioneered
by Beckey and Schulten (Beckey and Schulten, 1975) and plasma desorption,

discovered by Macfarlane and Torgerson (Torgerson et al., 1974).
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In field desorption (FDMS), ionization of the sample precedes
volatilization. FDMS was a softer ionization method than El and showed promise
for qualitative analysis of picogram amounts of drugs and drug metabolites, small
sugars and other very polar molecules that failed to yield a parent ion by El or Cl.
However, FDMS never really developed ‘legs’ because of sample preparation
and operational difficulties associated with the method. FDMS soon became
over shadowed by more facile and powerful desorption methods, one of which
was plasma desorption (Torgerson et al., 1974).

In plasma desorption (PDMS) the sample is directly deposited onto a thin
metal surface. The reverse side of the surface is bombarded by MeV fission
fragments that originate from spontaneous decay of **°Cf nuclei mounted close
to the surface. The bombardment causes sample molecule ionization and
volatilization. Mass analysis is by TOF-MS since ion production is pulsed, based
on the random decay of #*Cf nuclei. Intact parent and fragment ions are
observed in PDMS. Despite technical complexities (e.g., data collection
sometimes can take hours for each sample), plasma desorption was adopted by
several groups around the world (including Field and Chait at Rockefeller
University). PDMS was much softer than EI-MS and has proven to be a rather
powerful tool in analyzing peptides (Chait, 1989) and other intractable molecules
such as synthetic porphyrins (Lindsey et al.,, 1992). Small molecules with
masses up to 24 kDa could be analyzed with this method, albeit with some
difficulty. Commercialization of PDMS lagged other methods, however, so

PDMS was never universally adopted by the greater mass spectrometry
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community. Dyed-in-the-wool sector-type mass spectrometrists were reluctant to
embrace the non-sophisticated pulsed ion source of PDMS and the low

resolution time-of-flight mass analyzer.

1.3.5 Fast-Afom Bombardment lonization

Desorption technology gradually led to the developed of new atom and
ion bombardment methods. In the late 1970s Benninghoven and others
introduced secondary ion mass spectrometry (SIMS), a method that provided a
means to study the molecular composition of solid surfaces. A major
breakthrough came with Fast Atom Bombardment (FAB) pioneered by Barber
(Barber et al.,, 1981). FAB is a liquid SIMS method in which the analyte is
dissolved in a low-volatility matrix such as glycerol. The analyte/matrix mixture is
bombarded in vacuo by keV energy heavy atoms or ions (e.g., Xe or Cs’).
Desorption and ionization of the analyte molecules from the liquid surface
produces a continuous, stable beam of ions that is suitable for analysis by
scanning sector instruments. FAB provided a means to analyze otherwise
intractable small and medium-sized polar molecules such as nucleotides, sugars
and peptides with greater reproducibility and ease than field desorption
techniques. FAB is a moderately low energy process producing parent ions
(protonated or deprotonated) of peptides with masses usually up to 6 kDa and in
some reports up to 25 kDa. The method was universally embraced by the MS

community and was quickly commercialized.
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Following historical trends, the notion of structural determination using
FAB-MS took hold. In particular, peptide (and oligosaccharide) sequencing and
the characterization of posttranslational modifications were actively explored.
PDMS of peptides was already shown by several groups to provide sequence
information due to a significant degree of fragmentation associated with the
method. Peptide sequencing by FAB-MS required the use of tandem MS.
Tandem MS, first conceptualized by McLafferty in the 1960s and then developed
by MclLafferty, Biemann and others, offered a means to selectively analyze
components of a mixture using two mass spectrometers joined in series. In the
first mass spectrometer, an ion is mass selected, energetically ‘activated’ by
collisions with an inert gas and subsequently allowed to undergo unimolecular
dissociation, the product ions of which are analyzed by the second mass
spectrometer. Fortuitously, gas-phase peptide ions fragment primarily along the
peptide backbone, providing a means to sequence the peptide. Through
extensive research, the gas-phase fragmentation of peptide ions was found to be
a complex function of the mode of ionization, collision energy, and the peptide
sequence. Groups headed by Biemann, Cooks, Hunt, Yost & Enke, and others
developed tandem MS instrumentation for sequencing peptide ions generated by
FAB-MS. Despite its widespread appeal, however, FAB-MS offers only
moderate sensitivity (barely subnanomole) and the sensitivity sharply falls off for
large (> 2 kDa) peptides. In addition, the mass analysis of large peptides
requires expensive (> $ 200,000) and intricate magnetic sector instruments. In

order to compete with existing N-terminal Edman sequencing methods, the MS
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sensitivities provided by existing ionization methods required about a thousand-
fold improvement. This came with two concurrent ionization breakthroughs in
mass spectrometry —matrix-assisted laser desorption/ionization (MALDI) and
electrospray ionization (ESI). MALDI and ESI revolutionized biological MS,
catapulting mass range accessibility, sample sensitivity, mass accuracy, and
turn-around times to unprecedented levels. They are the main players in

biological mass spectrometry today.

1.3.6 Matrix-Assisted Laser Desorption/lonization (MALDI)

MALDI-MS was introduced by Hillenkamp and Karas in 1988 (Karas and
Hillenkamp, 1988). Figure 1.2 shows a simplified schematic of the MALDI-TOF
instrument designed and constructed by Chait and Beavis at Rockefeller
University (Beavis and Chait, 1989). The ‘magic’ in MALDI occurs between the
laser and the sample. A laser beam directed at ‘bare’ protein deposited on the
probe surface would result in charring of the sample and no signal from intact
protein. Hillenkamp and Karas originated the idea to embed the protein in a
solid organic matrix. (A second group developed an alternative laser desorption
method that made use of a viscous liquid matrix, but due to poor sensitivities,
was never adopted (Tanaka et al., 1988).) For MALDI-MS, the solid matrix is a
small, inert organic molecule, the crystals of which are capable of absorbing

laser light followed by sublimation. The crystals are grown from solutions
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MALDI-MS

matrix-assisted laser desorption
(time-of-flight) mass spectrometry

laser beam ( 355nm)

detector

sample
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high | L2
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\

matrix & sample analyte & matrix ions

Figure 1.2 The basic components of MALDI-TOF-MS.

The essential elements of MALDI-TOF-MS consisting of a sample probe,
laser, time-of-flight analyzer, and detector (not to scale).

(1) A pulsed laser beam is focussed on the matrix-sample co-crystals
(deposited on a probe that is placed in vacuo at high voltage). (2) Molecules
are desorbed by the laser into the gas phase. lonization occurs producing
ions (circlular shapes) of differing mass-to-charge (m/z) ratios (denoted by
the circle size). (3) With each laser pulse and starting at the same time, ions
accelerate out of the source into the 2 m flight tube. Transit time down the
flight tube is proportional to the square-root of m/z (lower m/z ions have
higher velocities, denoted by arrow lengths). (4) lons strike the detector,
producing an electrical signal that is amplified and sent to the computer
where the precise flight time of all detected ions are stored as a time-of-flight
spectrum. Mass conversion of the data results in a mass spectrum.

16



consisting of analyte (e.g., proteins or peptides) and the matrix dissolved in water
(usually acidified) along with a portion of miscible organic solvent. The matrix
must exhibit at least partial solubility in the solution. It is believed that co-
crystallization of the analyte with the matrix is critical for the MALDI process. In a
simple but elegant experiment, Beavis showed that protein incorporates into
sinapinic acid matrix crystals in a well defined manner (Beavis and Bridson,
1993).

The precise mechanism of the MALDI process remains a mystery. In
short, the matrix acts to ionize as well as transport analyte molecules into the
gas phase and to provide a ‘cushion’ against charring by the high energy laser.
In one possible scenario, the laser photon (normally a 5-10 nsec pulse) is
‘absorbed’ by the matrix, the result of which leads to sublimation (or ablation) of
matrix molecules forming a dense matrix plume. In this ablation event, analyte
molecules embedded in the matrix are entrained in the plume. Experiments
done in the Chait lab as well by others indicate that the matrix plume is highly
‘forward’ directing, suggesting that the plume may consist of a fast moving
supersonic jet of molecules. A large number of collisions within the jet would
lower the internal energies of the molecules in the plume and foster analyte
ionization, two events that ultimately permit the detection of intact analyte ions.

Hillenkamp and Karas originally used 266 nm UV light from an expensive
Neodymium/YAG laser and the matrix nicotinic acid. The MALDI mass spectra
of proteins run in nicotinic acid matrix exhibited poor resolution and extensive

matrix photochemically generated adduct peaks. Chait and Beavis discovered a
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group of cinnamic acid derivatives (such as sinapinic acid) that permitted the use
of longer wavelength photons (355 or 337 nm) generated from a Nd/YAG laser
or from a less expensive nitrogen laser. The cinnamic acid matrices yielded
improved resolution and much less matrix adduction (Beavis and Chait, 1990a).
Application of cinnamic acids matrices also revealed a great strength of MALDI
—the ability to analyze complex mixtures of polypeptides (Beavis and Chait,
1990b). The power of MALDI-MS towards biological applications became
immediately apparent with its high mass accuracy (0.01% for peptides),
sensitivity (subpicomole) and analysis speed (minutes) (Hillenkamp et al, 1991;
Chait and Kent, 1992; Beavis and Chait, 1996).

Despite the rapid growth of the MALDI-MS technique, there has been a
need to better understand and improve the sample preparation stage of the
analysis. In this regard, | undertook an extensive study of the influences of
various sample preparation parameters that significantly effected the MALDI-MS
of peptides and proteins (see chapter 2). The results of the matrix study directly
influenced all of my subsequent research, permitting the development of a
method to elute proteins from gels for high sensitivity MALDI-MS analysis
(chapter 3) and the optimization of protein digestion analysis for protein structural

studies (chapter 4) and domain elucidation (chapter 5).
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1.3.7 Electrospray lonization (ESI)

Electrospray ionization (ESI) MS was the other ‘revolution’ in biological
MS analysis, sweeping through the MS community about the same time as
MALDI-MS. ESI-MS was innovated by Fenn and coworkers (Fenn et al., 1989).
The great appeal in ESI-MS is the ability to generate gas-phase peptide and
protein ions directly from solution, in a simple and highly reproducible way. ESI-
MS was also ideal for interfacing to the liquid chromatograph. For years, a major
challenge was the interfacing of liquid chromatography (LC) to the mass
spectrometer. Through the early 1980s, two methods showed some promise for
an LC/MS interface —continuous-flow FAB and thermospray. Both methods,
however, were beset with technical difficulties and were quickly supplanted by
the development of ESI-MS. With ESI, a practical LC/MS interface was finally
possible.

Figure 1.3 depicts the general features of ESI-MS. The idea of ESI is
rather simple. A solution containing analyte (such as protein) is infused through
a metallic hypodermic needle that is kept at a high electrical potential (~4 kV).
The solution emerges from the needle at ambient pressure as a mist of small,
highly charged droplets that contain the analyte. The droplets are entrained by a
gas flow into the vacuum of the mass spectrometer. On the original Rockefeller
electrospray design (Chowdhury et al., 1990), the flow is directed through a
heated 20 cm long, 0.5 mm i.d. stainless steel capillary tube. The heating assists

in droplet evaporation and ion formation. The exact mechanism of ion formation
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Figure 1.3 Basic components of electrospray ionization (ESI).

The essential elements of ESI-MS (not drawn to scale) consist of an analyte
dissolved in an appropriate solution, the electrospray, a heated capillary tube,
the skimmer, mass analyzer and detector.

A solution is infused through a fine needle that is placed at 4-5 kV. Under the
proper flow conditions, the solution emerging from the needle forms an
‘electrospray’ at the tip of the needle under atmospheric pressure. Guided by
an electric field, the spray is directed into a heated stainless steel capillary
tube. The spray droplets are entrained into a gas flow through the capillary
(due to the vacuum of the MS instrument). The heat of the capillary
evaporates and shrinks the droplets, eventually leaving individual analyte ions
of multiple charges and a few solvating water molecules. Passing through the
skimmer, the hydrated ions collide with residual gas. The collision energy is
controlled by the gap voltage. The collisions completely desolvate the ions
that are then focused into the mass spectrometer for analysis and detection.
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remains in dispute. One scenario envisions ion formation through a series of
‘Coulombic explosions’ occurring from the drop. Through evaporation, the highly
charged droplet shrinks to a critical size —the so called Raleigh limit— where
electrostatic repulsive forces exceed the surface forces keeping the drop
together. At this point, an asymmetric Coulombic explosion occurs from the
surface of the drop, releasing smaller droplets containing the analyte. Following
several cycles of evaporation and Coulombic explosions, the droplet will have
almost completely evaporated, leaving the analyte in a highly charged (i.e.,
protonated or cationized) state and surrounded by a small number of solvent
molecules. Exiting the heated capillary tube, the solvated analyte ion collides
with residual gas in the vacuum (now at ~1 torr) in transit to the skimmer. The
skimmer is at the entrance of the mass analyzer. An adjustable electric field,
maintained between the exit of the capillary and the skimmer, controls the
collision energy. At low to moderate collision energies the analyte ion can be
completely desolvated (Chowdhury et al., 1990), whereas at higher energies the
analyte, if it is a peptide ion, is collisionally activated and made to undergo

fragmentation (Katta et al., 1991).

1.3.7.1 Observing Non-Covalent Interactions by ESI-MS
Normally a protein analyzed by ESI-MS is dissolved in an acidic solution
with a high amount of miscible organic solvent (i.e., largely denaturing

conditions). If the acid and organic solvent is omitted (i.e., a pure water solution)
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the native, folded state of the protein can be maintained in solution. Through
careful adjustments of the capillary temperature and skimmer potential it is
possible to observe non-covalent protein interactions in the gas phase (Katta
and Chait, 1991). This can be achieved if the desolvation thermal energy
(capillary temperature, Figure 1.3) and the skimmer (gap) voltage are sufficiently
reduced. One example of one of the earliest non-covalent complex observed in
the gas phase by ESI-MS was the heme-globin complex in native myoglobin
performed in the Chait lab (Katta and Chait, 1991). The study of non-covalent
interactions in the gas phase by ESI-MS (Smith and Light-Wahl, 1993) is being
undertaken by several groups including Robert Anderegg (protein-peptide), Brian
Chait (protein-ligand), Jack Henion (protein-ligand), Sheena Radford (protein-
protein) Richard Smith (protein-DNA complexes), and Ken Standing (protein
oligomeric complexes). (An excellent review of noncovalent interactions can be
found in Przybylski and Glocker, 1996.) The mass analyzer used by most
groups to study non-covalent interactions is the quadrupole ion filter, instruments
that tend to have a limited m/z range. Non-covalent complexes sprayed from pH
7 aqueous solutions are less charged than if they were sprayed from acidic
solutions (a pH at which non-covalent complexed tend to dissociate.) Low
charge (z) means high m/z values (e.g., m/z > 3000) so quadrupoles that only
scan up to say m/z 2400 cannot be used. Some quadrupole instruments scan
up to m/z 4000. As an alternate mass analyzer to the ion filter, Richard Smith
has used an FT-ICR MS device and Ken Standing has demonstrated excellent

results with a less expensive ESI-time-of-flight device.
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1.4 Structural Characterization of Proteins

A principal application of mass spectrometry in this thesis is focused on
the characterization of protein structure. The most powerful techniques available
today to study protein | structure are the high-resolution methods of X-ray
crystallography and multidimensional nuclear magnetic resonance (NMR)
spectroscopy. X-ray crystallography has been particularly fruitful, since the early
heroic efforts of Max Perutz (hemoglobin) and John Kendrew (myoglobin). The
three dimensional structures of >1000 proteins have been now determined.
Simultaneous advances in the technologies of recombinant DNA cloning, DNA
synthesis, and the expression of foreign DNA in heterologous systems as well as
powerful x-ray sources, phase-determination strategies and powerful computers
have paved the way to the explosive growth in protein structure determination of
the 1990s (Eisenberg and Hill, 1989). Although the atomic resolution details of
protein structure provided by X-ray crystallography and NMR are unsurpassed,
there are a large number of other methods that have been used to obtain protein
structural information. These techniques are considered as ‘low resolution’
approaches that include genetic (e.g., mutational), spectroscopic (e.g., circular
dichroism),  chemical methods (e.g.,, chemical modification and
hydrogen/deuterium exchange) and biochemical methods (e.g., proteolysis).
The last method has played a prominent role throughout the research described

in this thesis.
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1.5 Proteolysis

Proteolysis is a phenomenon recognized from early times. The first
protease to be isolated was trypsin by Kiihne in 1890 from pancreatic extractions
(Mihalyi, 1978). A better understanding of proteolysis at the molecular level
came only after the purification of proteases in the 1920s. In the 1930s
Linderstram-Lang recognized that the peptide bond was hydrolyzed during
proteolysis (Linderstram-Lang et al., 1938). By the end of the 1950s, the
concept of partial or ‘limited proteolysis’ evolved from a structural study of fibrous
proteins (Harrington et al., 1959). The authors of this short study (one of whom
was Peter Von Hippel) cleverly foresaw a use of proteolytic enzymes as a way of
distinguishing ‘ordered’ and ‘disordered’ regions of proteins.

There are two categories of proteases based on their mode of cleavage.
Exoproteases cleave amino acid residues sequentially from the N-terminal
(aminopeptidases) or C-terminal (carboxypeptidases), whereas endoproteases
cleave the peptide bond between residues within a polypeptide chain. Cleavage
specificity of a protease varies from highly specific (e.g., endoprotease Lys-C
targets lysines) to broadly specific (e.g., subtilisin targets almost any amino acid)
(Hames and Rickwood, 1989)

The active site of a protease is where substrate peptide bond hydrolysis
occurs. A great deal of effort has been devoted to understanding the precise

mechanism of hydrolysis (Hames and Rickwood, 1989). Important for the thesis
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research is the ‘size’ of the active site. In a seminal study, Schecter and Berger
employed biochemical means to probe the size of the active site of the protease
papain (Schechter and Berger, 1967). From their findings and guided by the
X-ray analysis of another enzyme, lysozyme, the authors proposed a general
model of the proteolytic enzyme-substrate complex (Figure 1.4) (Schechter and
Berger, 1967). The model suggested that the active site of papain protease
extends beyond the catalytic site (C in Figure 1.4) to include seven enzyme
subsites (S) that coordinate interaction between the enzyme and an extended
form of the substrate peptide (P) that includes six residues. The intermolecular
interactions were shown to increase enzyme-subtrate binding. More recent
experimental (Fontana, 1989) and modeling studies (Hubbard et al., 1994)
support the notion that a substantial amount of conformational flexibility of the
substrate is a prime determinant for limited proteolysis. In contrast, another
modeling study downplays the significance of substrate flexibility and suggests
that surface exposure of the polypeptide substrate is a better determinant for
predicting sites of limited proteolysis (Novotny and Bruccoleri, 1987). These
differences notwithstanding, a survey of the literature generally favors the notion
that a combination of surface exposure and polypeptide flexibility of the substrate
are highly correlated to the sites of limited proteolysis of proteins (Mihalyi, 1978;
Fontana, 1989).

When a protein is subjected to denaturing conditions, the protein unfolds,

exposing the polypeptide backbone to solution. Because many proteases will
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Figure 1.4 Protease-extended substrate interactions.

Schematic representation of a possible papain protease-substrate
interaction.

The active site of papain protease is composed of seven subsites,S
located on and numbered from both sides of the catalytic site, C. The
‘primed’ sites are on the C-terminal side of the catalytic site. The
hexapeptide substrate positions, P, have the same numbering as the
papain subsites they occupy. The arrow points to the target of
proteolytic activity in the substrate (P,/P’, scissile peptide bond) by the
enzyme. The dotted lines imply general protease-substrate binding
interactions required for complex formation and efficient hydrolysis.
The length of the complex (25 A) is based on a fully extended substrate
peptide chain. (Adapted from Schechter and Berger, 1967.)
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remain folded and active under mild to moderate denaturing conditions (Hames
and Rickwood, 1989), the target protein will eventually give way to complete
digestion by protease action. This form of digestion, usually referred to as
peptide mapping, has for years facilitated protein identification, cDNA probe
design, and protein sequence verification.

Conversely, subjecting a protein to proteolytic attack under non-
denaturing (native) conditions greatly limits the activity of the protease. Under
non-denaturing conditions, the protein is folded, and relevant protein-protein
interactions are maintained. Polypeptide chain that is buried within the protein
structure (such as a globular domain) is inaccessible to proteolytic attack.
Residues that are exposed on the surface of the protein, however, may or may
not resist proteolytic hydrolysis. According to the models discussed above,
conformational flexibility of the polypeptide chain adjacent to the cleavage site is
an important determinant for proteolysis. Thus solvent exposed residues within
an a-helix or B-sheet should show resistance to proteolytic cleavage, whereas
residues within extended flexible loops are expected to be highly susceptible.

The factors discussed above form the basis for using proteases to probe
proteins for structure. There is a long history employing proteases as probes for
structure, from studying conformational changes, protein unfolding and refolding
events as well as for domain elucidation (Mihalyi, 1978; Hames and Rickwood,
1989). A majority of these studies relied on SDS-PAGE and N-terminal

sequencing methods to analyze the digests. In this thesis, MS analysis is used

27



instead. Because of the speed and mass accuracy of MS, a large number of
digests can be performed, revealing a deeper a more complete ‘picture’ of

proteolytic action on a protein.
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Chapter 2 — Experimental

This chapter details the materials and methods for MALDI-MS analysis
used throughout my thesis research. It continues with the presentation of two
studies concerning properties of the MALDI matrix and the matrix preparation
step, a fundamental stage in the MALDI-MS analysis of peptides and proteins.
Study I concerns the influence of matrix solution conditions on the MALDI-MS
analysis of peptides and proteins. Study II discusses special properties of the

matrix solution.

2.1 Materials
2.1.1 Proteins, Peptides and Oligonucleotides

Max, USF, Hairy, SREBP1, Mef 2C, TAFs 42/62, leptin, TBP, TFIIB, and
elF-4C recombinant proteins were provided by various members of the
laboratory of Stephen K. Burley (Rockefeller University) (see chapters 4 and 5
for sequences of selected proteins). Additional recombinant leptin samples also
came from the Ilaboratory of Jeffrey M. Friedman. Synthetic DNA
oligonucteotides were from the Burley laboratory. Sequences of the proteins
and DNA oligonucleotides and details of their preparation are given in the
material sections found at the beginning of chapters 4 and 5. Dynorphins 1-11,

1-13, and 1-17 (mass calibrants) were provided by the Kreek laboratory. Bovine
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cytochrome C, ubiquitin and equine myoglobin (protein controls and mass

calibrants) were from Sigma (St. Louis, MO).

2.1.2 Proteases

Sequencing grade endoproteases Arg-C (Clostripain; Clostridium
histolyticum), Glu-C (Staphylococcus aureus V8), Lys-C (Pseudomonas
aeruginosa); and modified trypsin (bovine pancreas) were purchased from
Promega (Madison, WI). Sequencing grade endoproteases Glu-C, Asp-N
(Pseudomonas fragi) chymotrypsin (bovine pancreas), and subtilisin (Bacillus
subtilis) were obtained from Boehringer Mannheim (Indianapolis, IN). A second
form of sequencing grade Arg-C (mouse submaxillary gland) was purchased
from Sigma. Preparation, storage and specificities of the proteases are given in

Chapter 4.

2.1.3 MALDI Matrix and Matrix Solutions

The matrix used in a majority of the experiments to analyze peptides and
proteins by MALDI-MS was 4-hydroxy-a-cyanocinnamic acid (4HCCA) obtained
from Aldrich (Milwaukee, WI). 4HCCA was used almost exclusively throughout
the studies because of its excellent sensitivity (Beavis et al, 1992; Chou, et al,
1994). In addition, | found that 4HCCA consistently yielded highly reproducible
results. The 4HCCA was purchased several years ago (lot #4X06228PV) and

was used without further purification. All other lots of 4HCCA from Aldrich or
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Sigma were found to contain hi.gh levels of sodium and potassium salts that can
be removed by recrystallization in water-methanol (1:1 v/v).

Other matrices employed were sinapinic (sinapic) acid (SA) (Aldrich) and
2,5-dihydroxy benzoic acid (DHB) (Sigma) that required no further purification.
SA was best for proteins and peptides >2 kDa. DHB was best for analyzing
phosphorylated peptides. Despite the popularity of DHB by some practitioners of
MALDI-MS, | found DHB difficult to use for peptide analysis. The MALDI-MS
signal, when using the DHB matrix, varied from spot-to-spot. | list some of my
observations: (1) The MALDI-MS of a mixture of peptides from an enzyme digest
gave ion peaks for the peptides whose relative intensities differed significantly
from one spot to another of the same analyte-DHB sample. (2) The use of DHB
matrix required much higher laser power than required for 4HCCA to observe
peptide signal —higher laser intensities give rise to broader peaks and lower
resolutions. (3) In contrast to 4HCCA, DHB crystals can neither be ‘washed’ nor
used in slow crystallization. MALDI-MS of oligonucleotides were usually
performed in 3-hydroxypyridine-2-carboxylic acid (3-HPA) (Lancaster, Windam,
NH). The water for the matrix and sample solution preparations was supplied by
a MilliQ UV Plus water purification system (Millipore, Bedford, MA). Formic acid
(100% HPLC grade) was from Sigma and trifluoroacetic acid (TFA,
HPLC/spectrograde) was from Pierce (Rockford, lll). All other acids and organic

solvents were HPLC grade or better.
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2.1.4 Other Materials and Equipment

Cyanogen bromide was from Sigma. n-Octylglucoside was from
Boehringer Mannheim. Pre-weighed amounts of N-octylglucoside were
lyophilized into small Eppendorf tubes and stored desiccated at 4°C until
needed. When DTT and urea was required, solutions were prepared fresh.
Stock solutions of buffers and salts (analytical grade or better) were prepared
and stored at 4°C or RT, normally in 125 mL glass bottles or 20 mL borosilicate
glass scintillation vials (VWR) with plastic caps (avoid aluminum or paper lined
caps). Some buffers required fresh preparation such as ammonium bicarbonate.

Microtubes and pipet tips were of the highest quality. This is a particularly
important point when handling small volumes (few uL) of sample and matrix
solutions. Mass spectrometry (ESI or MALDI) has a great ability to detect trace
quantities of impurities and contaminants that can interfere partially or completely
with the detection of the analyte. Two sizes of microtubes were used throughout
—0.65 mL polyallomer micro-centrifuge tube (PGS Scientifics, Gaithersburg,
MD) and 1.5 mL microtube (Starsedt, Newton, NC). Avoid the use of colored
microtubes; they appear to contain high levels of contaminants that interfere with
MALDI-MS. Three sizes of microtips (in racks) were used: 100-1000 pL
(RT200) and 20-250 pL (RT20) tips and 1-10 L tips (Eppendorf brand, Fisher
Scientific). Less expensive 1-10 pL microtips are available (USA/Scientific

Plastics, Ocala, Fl)but are not as rugged as the Eppendorf brand.
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2.2 Methods

2.2.1 Proteolysis

A complete description of the proteolysis protocols is given in the methods
section of Chapter 4. All protein digests were conducted in 0.65 puL
microcentrifuge tubes. Typically, 15-30 uL of a 30 pM sample of recombinant
protein in a solution containing buffer and salt was subjected to enzymatic digest
at 25-37°C without any agitation. Enzyme:protein ratios ranged from 1:20-1:100
(w/w). For MALDI-MS analysis, 0.5 pL aliquots of the digest solution were mixed
with 15 ulL of MALDI matrix solution (see below) after a specified time of
digestion, ranging from 30 s to 2 days. The acidity of the matrix solution (pH < 3)

was sufficient to completely quench any further digestion.

2.2.2 Matrix Solution Preparation

Solutions of cinnamic acid derivatives (4HCCA, SA) were prepared
saturated. They were made at room temperature by adding the solid matrix to
organic solvent, followed by the addition of water and acid (as required).
Microcentrifuge tubes (1.5 mL) were used for the solution preparation. Each
mixture was thoroughly vortexed and centrifuged, leaving a clear, working matrix
solution. The solubility of 4HCCA was dependent on the solvent compositi<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>