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Preface

Two roads diverged in a wood, and I—
I took the one less traveled by,
And that has made all the difference.

Robert Frost

The purpose of this book is to collect recent developments in the use of mass
spectrometry in the field of clinical and biomedical research. Several broad areas
of research are described, including electrospray ionization, metabolism, phys-
iology, neuronal systems, and structural modifications of proteins. More specifi-
cally, the principles and applications of electrospray ionization are described, and
the use of mass spectrometry in the study of amino acids, platelet-activating
factor, muscle relaxants, acylcarnitines, neurotransmitters and neuropeptides,
cannabinoids, and glycoproteins is described.

This volume was prompted by the continuing use of mass spectrometry in
an expanding variety of research areas in the clinical and biomedical sciences
that require the combination of the efficient ionization of large and polar bio-
molecules with the high level of detection sensitivity and molecular specificity
that mass spectrometry and tandem mass spectrometry offer to those areas of
research. The chapters in this book continue to define the concepts of clinical and
biomedical mass spectrometry, and the data reported by the authors in this
volume reflect the very careful attention to experimental detail, the interaction of
mass spectroscopists with biological and clinical scientists, and the continued
development of mass spectrometric methodologies.

It has been a pleasure to work with this group of contributors, and I wish to
express my appreciation to them for writing their chapters and describing the
research done in their laboratories.

This book collects the state-of-the-art mass spectrometry research in the
areas of clinical and biomedical sciences into one volume, and it is hoped that a
newcomer to these fields of research will find this volume helpful to his or her
research.

Dominic M. Desiderio
Memphis, Tennessee

vii



Contents

Chapter 1

Electrospray Mass Spectrometry: Principles and Methods

Matthias Mann and John B. Fenn

1. Introduction ........ ... . i e
L1 History ..o e e
1.2. Electrospray vis-a-vis Other Ionization Methods ............
1.3. How ESMS Is Performed ..............................

2. The Component Processes of ESMS ..........................
2.1. Charged Droplets by Electrospray Dispersion ..............
2.2. Ion Formation from Charged Droplets ....................
2.3, Ion Transport .............oiuiiiiimiiiniiiiiiiiianas
2.4, Analysisof ESIons ............. ... ... ... ...

3. Some Practical Considerations ...................cooiiaan...
3.1. Sample Preparation and Introduction . .....................
3.2. Fouling Problems ..................... ... ol
3.3. Performance Diagnosis ............ ... i,
3.4. Data Systems and Software .............................

4. Summary and Conclusions .......... .. .. ... ... .. ... ...,
References ......... ... iiiiiiiiiiii i i

Chapter 2

The Analysis of Biomolecules by Electrospray Ionization-Mass

Spectrometry and Tandem Mass Spectrometry

Richard D. Smith, Joseph A. Loo, and Charles G. Edmonds

L. Introduction ............ciiiiiniiiii i

2. Experimental Methods and Considerations .....................
2.1. The Electrospray Source ..............c.coiviiiiionn.
2.2. The Atmosphere—Vacuum Interface ......................

W 00~ O\ W



X Contents

3. ESI-MS of Large Biomolecules .............................. 43
3.1. Molecular Weight Determination ......................... 43
3.2. Positive-Ion Spectra of Large Polypeptides and Proteins . .. ... 45
3.3. Higher-Order Protein Structure Effects .................... 52
3.4. Negative-Ion Spectra of Large Polypeptides and Proteins . .... 58

4. ESI-Tandem Mass Spectrometry of Polypeptides and Proteins .. ... 64
4.1. General Considerations ..................coiiiieenerann. 64
4.2, Melittin .. ... 64
4.3. Ribonuclease A ...... ... .. i e 73
4.4, Serum Albumins ........ .. ... . ... i i 76

5. Combined Separations and ESI-MS of Polypeptides and Proteins .. 84

6. Conclusions .............c i 91
SUMMATY ... e 91
References ..........c.ooiiiiiiiiiiiiiiiiii 92

Chapter 3

The Analysis of Muscle Relaxants by Mass Spectrometric Methods
Diane Rindgen and Paul Vouros

Lo Introduction . ........c..iinniiiiii i 99
2. Chemical Analysis . ......c.uuureinmineeiiin e, 102
2.1. Other Analytical Techniques ............................ 102
2.2. Mass Spectrometric Techniques .......................... 103
3. CONCIUSIONS ...ttt e e e e 127
References ............ooiiiiiiniiiii i 129
Chapter 4

Quantitative Analytical Mass Spectrometry of Endogenous Neuropeptides
in Human Pituitaries

Dominic M. Desiderio

1. Introductory Comments and Overview ......................... 133
2. Qualitative Analytical Mass Spectrometry ...................... 135
3. Quantitative Analytical Mass Spectrometry ..................... 136
4. Basic Principles of the Analytical Method ...................... 138
4.1. Tissue AcquiSition .......... ... oottt 139
4.2, EXtraction . ... .....uutiininintiit i 140
4.3. Reversed-Phase High-Performance Liquid Chromatography ... 140
4.4. Fast Atom Bombardment Ionization ...................... 141
45. ScanModes ......... . 142
4.6. Internal Standard ............. . ... il 148
4.7. Calibration Curves ..............coviiiiineeininnnennn. 148

4.8. Electrospray Ionization .................. ... .. ..oo.... 151



Contents xi

5. Examples of Measurements of Opioid Peptides in a Single Human

Pituitary ... .. 152
5.1. Method Development: Measurement of ME in 11 Human
Pituitaries ......... ... . e 152
5.2. Pituitaries: Control versus Tumors ........................ 154
5.3, Electrospray . ........ouiiiiiin i e 156
6. CoONCIUSIONS . ... . ittt it 156
6.1. Detection Sensitivity .............. ... . i ... 160
6.2. Nomenclature ...............c.iiiiiniunneinnennnenn. 160
6.3. Molecular Specificity .............. ... ... ... 161
6.4. Endogenous Neuropeptide Systems ....................... 161
References .......... ..o i 162
Chapter 5
Neurotransmitters
Kym F. Faull
L. Introduction .......... ..ottt e 167
1.1. History of the Recognition of Neurotransmitters ............ 167
1.2. Neurotransmitters and Their Role in Information Transfer .... 168
1.3. Characteristics of Synaptic Vesicles ...................... 171
1.4. Anatomic Localization ................................. 171
1.5. The Correlation between Sites of Release and Receptor
DEnSity . ..o e 173
1.6. The Relationship between Neurotransmitters and Clinical
Medicine .......... . ... . 176
2. Chemical Nature of Neurotransmitters ......................... 181
2.1. Comparison between the Nonpeptide and Peptide
Neurotransmitters ...............coouiiiinienniinnnenn. 182
2.2. Neurotransmitter Biosynthesis and Processing .............. 182
3. Mass Spectrometric Characterization of Neurotransmitters . ........ 183
3.1. The Nonpeptide Neurotransmitters ....................... 185
3.2. The Peptide Neurotransmitters ........................... 196
References ....... ... oo 199
Chapter 6
Cannabinoids
David J. Harvey
L. Introduction ............iuiiuniee et 207
2. Mass Spectrometric Characteristics of Natural Cannabinoids . ...... 210
2.1. Tetrahydrocannabinols ................. ... ... ... ..... 211

2.2. Cannabinol . . ... ... .. s 213



xii Contents
2.3. Cannabidiol .......... ... . ... 214
2.4. Minor Cannabinoids ..................cciiiiiiniiian.. 214

3. GC/MS Studies on Natural Cannabinoids ...................... 216

4. Cannabinoid Metabolites ............. ... ... ... . oL, 219
4.1. General Method for the Identification of Hepatic Metabolites 224
4.2. Metabolic Studies on Specific Cannabinoids ............... 234

5. Quantitative Studies ........... . i 247
5.1. Measurement of Delta-9-THC in Physiological Fluids ....... 247
5.2. Metastable Ion Monitoring ............... ... ..., 250

6. Conclusions ........... ..ot e 252
References ......... ... oo 253

Chapter 7

Inborn Errors of Amino Acid and Organic Acid Metabolism
Isamu Matsumoto and Tomiko Kuhara

1. Introduction ......... ... 259
2. Profiling Procedure ............ ..ottt 260
2.1. Analytical Methods .............. .. ... . oo, 260
2.2. Gas Chromatographic and Mass Spectrometric Analysis . ..... 262
3. Amino Acid and Organic Acid Metabolic Disorders ............. 262
3.1. Disorders of Aromatic Amino Acid and Organic Acid
MetabolisSm . ...t 262
3.2. Disorders of Branched-Chain Amino Acid Metabolism . ...... 271
3.3. Disorders of Multienzyme Defects ....................... 289
4. Problems Underlying the Chemical Diagnosis ................... 292
5. Conclusion ... e 293
References ....... ... it 294
Chapter 8

Carnitine and Acylcarnitines in Metabolic Disease Diagnosis
and Management
David S. Millington and Donald H. Chace

1.

Introduction and Background ......................... .. ..., 299
1.1. Biochemical Role of Carnitine ........................... 299
1.2. Carnitine Deficiency ........ ... ... ..., 301
1.3. Carnitine Therapy ............ociiiiiiiiiiiiinnnarnnn.. 301
1.4. Role of Mass Spectrometry .....................ccooun... 302
Methods for the Analysis of Camnitine ......................... 302
2.1. Enzymatic ASSays ...........oiiiiiiiiiiii e 302

2.2. Tandem Mass Spectrometric AsSay ....................... 303



Contents xiii

3. Methods for the Analysis of Specific Acylcarnitines ............. 305
3.1. High-Performance Liquid Chromatographic Methods ........ 305
32. GC/MSMethods . ...ttt 307
3.3. Tandem Mass Spectrometry Techniques ................... 308

4. Synthesis, Characterization, and Handling of Standards ........... 314

S.o8ummary ... e 315
References ......... ..o 316

Chapter 9

Platelet-Activating Factor and Related Compounds
Kunihiko Saito

1.
2.
3.

Introduction .......... ...t 319
Biochemical Background ............... .. .. ... . i, 320
Mass Spectrometry of PAF . ........... ... ... ... . o i 321
3.1. Gas Chromatography—-MS .......... ... ... .. ... ... ... 323
3.2. Fast Atom Bombardment MS .................... ... .... 327
3.3. Fast Atom Bombardment MS/MS ....... ... ... ... .. ... 328
Preparation of PAF from Animal Tissues ...................... 332
4.1. A Combination of Column Chromatography and Thin-Layer
Chromatography .......... ... . oo, 333
4.2. High-Performance Liquid Chromatography ................ 333
4.3. Procedures for Vinyl PAF from Rat Heart ................. 333
DiSCUSSION . ..ottt e 335
References .........coiiiiiiinei ittt 339



1

Electrospray Mass Spectrometry
Principles and Methods

Matthias Mann and John B. Fenn

1. INTRODUCTION

The objective in this chapter is to introduce the principles and methods of
electrospray mass spectrometry (ESMS), a relatively new technique for the anal-
ysis of complex, polar, and labile molecules. Based on electrospray (ES) ioniza-
tion at atmospheric pressure of solute species in volatile solvents, ESMS has
attracted widespread interest only since 1988, when it was shown capable of
producing and weighing intact ions of very large biomolecules (1). Along with
laser desorption (LD) (2-5), ES has now become an ionization method of choice
for MS analysis of molecules in the mass range above 10 kDa. It is also finding
increasing application in the analysis of smaller species and seems destined to
become an indispensable tool in the emerging discipline of biological mass
spectrometry (6). In this account we describe the essential features of ESMS in
an attempt to provide some perspectives on how it works and how it can be used.
The interested reader is referred to several recent reviews (7—10) for additional
information on results that have been obtained, comparisons with other methods,
and references to the literature.

1.1. History

The term electrospray refers to the dispersion of a liquid into small charged
droplets by electrostatic fields. This phenomenon was observed as early as the

Matthias Mann o European Molecular Biology Laboratory, 6900 Heidelberg, Germany. John
B. Fenn e Department of Chemical Engineering, Yale University, New Haven, Connecticut
06520.



2 Chapter 1

18th century and is today the basis of technology used in applications ranging
from applying pesticides to painting cars (11). Not until the late 1960s was it first
proposed and tried by Malcolm Dole and his colleagues as a method for produc-
ing ions of large molecules for mass spectrometric analysis. Their original pi-
oneering experiments were with samples of narrowly dispersed oligomers of
polystyrene ranging in molecular weight (M,) from 50 to 500,000 (12-15).
Solutions of these samples in a volatile solvent were passed through a hypoder-
mic needle into a cylindrical chamber through which flowed a bath gas (nitrogen)
at atmospheric pressure. A potential of several kilovolts was maintained between
the needle and the chamber walls to provide an intense electric field at the needle
tip that dispersed the emerging liquid into a fine spray of small charged droplets.
Dole recognized that evaporation of the solvent would increase the charge densi-
ty on a droplet surface until the so-called Rayleigh limit would be reached at
which electrostatic repulsion would be of the same magnitude as the surface
tension of the droplet liquid. The consequent strong instability would result in
disruption of the droplet into a progeny of smaller droplets by a process often
referred to as a Coulomb explosion.

Dole further argued that if the original solution of macromolecules were
sufficiently dilute, a sequence of such explosions would result in ultimate drop-
lets so small that they would on average contain only one of the original solute
macromolecules. As the last of the solvent evaporated, those single mac-
romolecules would retain some charge on their containing droplets, thus giving
rise to a dispersion of macroions in the bath gas. A portion of this gaseous
dispersion of macroions could then be expanded as a supersonic free jet into a
vacuum system for mass analysis of the ions.

Because the ions he hoped to produce were much too heavy for weighing by
available analyzers, Dole sought to determine their masses by measuring the
potential required to prevent them from reaching a Faraday cup collecting elec-
trode in series with a sensitive electrometer. An ion’s mass could be deduced
from this measure of its kinetic energy together with a value of its velocity based
on the assumption that during free jet expansion into the vacuum system it
reached the readily calculable velocity of the bath gas. The results of these
ingenious experiments were intriguing and in some cases seemed to produce
plausible values of ion mass. However, the perspective of recent experience
raises serious questions about the interpretation of those results. It now seems
unlikely that the detected ions actually comprised individual charge-bearing mac-
romolecules (7). Moreover, evidence is accumulating that Dole’s charged residue
model (CRM) for ion formation from charged droplets applies only in relatively
rare circumstances. The ion evaporation model (IEM) of Iribarne et al. (16-18)
to be described later is much more widely accepted. Even so, Dole deserves full
credit for planting the seeds from which modern ESMS has grown.

Because of various experimental difficulties, Dole abandoned his MS ex-
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periments in the early 1970s. In spite of his intriguing preliminary results, the
technique failed to attract other investigators, so that for nearly a decade there
were no published papers on the subject. Activity in ESMS was renewed in the
early 1980s by Alexandrov and his collaborators in Leningrad (19) and indepen-
dently by our group at Yale (20,21). A few years later the groups of Smith at
Battelle (22) and Henion at Cornell (23) also began experimenting with the
technique. During the initial stages of this revival of interest in ESMS the focus
was on solute species whose ions had masses small enough for analysis by
conventional analyzers (quadrupole mass filters and magnetic sector instru-
ments). Then in 1987 our laboratory reported that ES could produce ions from
oligomers of poly (ethylene glycols) (PEGs) with M s up to at least 20,000 (24).
Moreover, because of extensive multiple charging, the mass/charge (m/z) values
of even the largest of these ions were always less than 1500, well within the
range of modest quadrupole analyzers. Even so, interest in ESMS remained at a
low level until a year later, when a report of analogous results with proteins
having M. s as high as 40,000 sparked the explosive increase in interest and
activity that is largely responsible for the inclusion of this chapter in this volume.

1.2. Electrospray vis-a-vis Other Ionization Methods

We have previously suggested (7) that the various ionization methods that
have been developed for labile and nonvolatile compounds could be conveniently
divided into two classes: (a) those depending on rapid addition of energy to
molecules of such species dispersed in or on the surface of a condensed phase
and (b) those based on the use of strong electric fields to extract ionic species
from a substrate. The idea behind the former or “energy-sudden” methods is that
sufficiently rapid energy addition to (“heating” of ) complex molecules can result
in vaporization and ionization before intramolecular energy transfer can bring
about decomposition. The rapid energy deposition is usually achieved by dis-
persing the analyte molecules on a surface or in a suitable matrix and then
exposing them to an incident flux of high-energy species: atoms in fast atom
bombardment (FAB); ions in fast ion bombardment (FIB), also known as liquid
secondary ion mass spectrometry (LSIMS); radioactive decay products of 252-
californium in plasma desorption (PD); and photons in laser desorption (LD). All
of these energy-sudden methods have played an important role in the develop-
ment of mass spectrometry for analysis of large molecules and still enjoy wide-
spread use. They generally suffer from one or more of such disadvantages as
small analyte ion currents, which, except for LD, decrease to the vanishing point
at M, s above 40,000 or less, high degrees of internal excitation in the product
ions, relatively high mass/charge ratios, chemical noise from matrix ions, and
difficult sample preparation.

Quite different in principle and practice from the violent energy-sudden
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ionization techniques are the more reversible methods that use strong electric
fields to desorb ions from a substrate. It is convenient to distinguish these field
methods in terms of whether they are carried out in vacuum or in gas at or near
atmospheric pressure. The vacuum methods include field desorption (FD) ioniza-
tion and electrohydrodynamic (EH) ionization. In FD the analyte is applied to an
array of sharp points or “whiskers” on a wire that is then placed at high potential
in a vacuum system. At the right combination of voltage and wire temperature,
the high fields at the sharp points desorb analyte species as ions. In EH a solution
of analyte in a nonvolatile liquid such as glycerol is introduced into the vacuum
system through a small hypodermic needle maintained at high potential relative
to nearby surfaces. The resulting field at the needle tip disperses the emerging
liquid into “droplets” or clusters so small that many of them are actually indi-
vidual analyte ions with or without one or more molecules of solvation. In FD the
preparation of arrays of points and dosing them with analyte is tedious. More-
over, the right combination of voltage and temperature is difficult to achieve
because it lies within a very narrow range and differs from species to species. In
EH it is often hard to find a liquid that is a good solvent for the analyte, has a
vapor pressure low enough to avoid “freeze-drying,” and provides an electrical
conductivity high enough to produce useful ion currents. Moreover, a substantial
fraction of the ions produced are more or less highly solvated. In both FD and EH
the absence of any moderating bath gas means that the voltages used to produce
the required fields result in ion energies so high that very expensive magnetic
sector instruments are the only suitable analyzers. For these and other reasons
neither FD nor EH has become widely used.

The second category of ionization techniques based on electric fields com-
prises what might be called the spray methods in which the field strengths
required for ion desorption are obtained by the evaporation of charged droplets.
The three important members of this family are thermospray (TS), aerospray
(AS), and electrospray (ES). Ion formation in all three seems to be based on the
field desorption mechanism embodied in the IEM of Iribarne and Thomson. The
techniques differ primarily in the method of droplet production.

In TS, ion-containing sample liquid flows at a rate of about 1 ml/min
through a tube with walls hot enough to vaporize 90% or more of the solvent
(25-27). The resulting rapid expansion disperses the remaining liquid into small
droplets entrained in superheated vapor that emerges as a supersonic free jet into
a heated chamber maintained at a few millibars. Because of statistical fluctua-
tions in the distribution of cations and anions, the droplets carry a net charge that
is positive in half of them and negative in the other half. The chamber is hot
enough to maintain the vapor in a superheated state so that solvent evaporates
from the droplets, thus increasing their surface charge so that they can undergo a
sequence of Coulomb explosions to produce very small droplets in the manner
described by Dole and outlined above.
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In AS the droplets are produced by the pneumatic nebulization effect used in
perfume atomizers and, as in TS, are charged by statistical fluctuations in the
distribution of cations and anions among the droplets (16—18). The ion currents
produced in pure AS are so small that a polarizing electrode at high voltage is
placed near the nebulizing region to provide a field that increases ion currents
and causes the charge on all the droplets to have the same sign, positive or
negative, depending on the polarity of electrode potential. Thus, AS as practiced
can be considered a hybrid of ES and pure AS. In addition to depending on
aerodynamic forces for nebulization, this technique differs from ES in that the
polarizing electrode provides a field but is not part of the circuit. That is to say,
the field it provides is not strong enough to drive the ions to the electrode.
Instead, they follow the streamlines of the gas flow to a downstream location
where an orifice admits some of them into a vacuum system containing the mass
analyzer. For whatever reason, the ion currents are always much smaller in AS
than in ES.

A somewhat different hybrid of ES and AS uses a configuration of elements
very similar to that shown for ES in Fig. 1.1 with the difference that a nebulizing
gas flow is introduced coaxially around the emerging liquid stream. This varia-
tion on the ES—AS hybrid theme was called ion spray (IS) by its originators (28),
a somewhat unfortunate choice of name because its two implications, that ions
are sprayed and that a new ionization mechanism is involved, are both mislead-
ing. In our view a term like aeroelectrospray (AES) would more nearly reflect
what it really is. We believe that much confusion could be avoided if the names
given to techniques were carefully chosen to reflect their operational charac-

Electrostatic
lenses

1
Quadrupole
mass spectrometer
|| Capillary ' .
2l Skimmer ’ ‘
1st Pumping 2nd Pumping
stage stage

Figure 1.1. Schematic representation of an electrospray mass spectrometry apparatus. See text for
details of operation.

Cylindrical
electrode
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teristics more faithfully than is often the case. In this perspective, SIMS, for
example, is an acronym for a kind of mass spectrometry, not an ionization
method that might better be called fast ion bombardment (FIB), as we noted
earlier. Similarly, what we have here called AS was dubbed by its inventors
atmospheric pressure ion evaporation (APIE), a term still widely used even
though it does not clearly identify any particular technique because it relates to a
mechanism of ion formation common to three different ones, TS, AS, and ES.

1.3. How ESMS Is Performed

Because ES is the central theme of this chapter, its operation and use in MS
is outlined in somewhat more detail than was the case for the other ionization
methods. To provide a framework for the discussion that follows, we identify the
essential features of the technique with reference to the ESMS apparatus that is
schematically displayed in Fig. 1.1 and has been previously described in detail
(7,8). Solution containing the analyte species of interest is injected, typically at a
rate of a few microliters per minute through the sharp-tipped hypodermic needle
into a countercurrent flow of drying gas, typically a few liters per minute of
warm dry nitrogen. The end wall of the chamber contains a glass capillary tube
with a length of several centimeters and a bore of a few tenths of a millimeter.
The metalized front face of the tube is maintained at a potential difference of
several kilovolts below the grounded needle in order to provide an electrostatic
field at the needle tip sufficiently strong to disperse the emerging sample solution
into a fine spray of charged droplets. Driven by the potential gradient, the
droplets migrate toward the capillary inlet against the countercurrent flow of bath
gas, shrinking as they go as a result of evaporation of solvent into the bath gas. In
the manner described earlier, this shrinking increases a droplet’s surface charge
density until the Rayleigh limit is reached, at which time electrostatic repulsion
overcomes the surface tension and a Coulomb explosion breaks up the droplet
into a multiplicity of smaller droplets. A sequence of one or more of these
explosions finally produces droplets so small that the combination of charge
density and radius of curvature at the droplet surface produces an electric field
intense enough to desorb solute ions from the droplets into the ambient gas.
These ions also migrate down the potential gradient toward the capillary entrance
where some of them are entrained in a stream of gas that enters the capillary to
emerge at the exit end as a supersonic free jet into the first stage of the vacaum
system. A core portion of that jet passes through the skimmer into the second
stage of the vacuum system that contains the mass analyzer.

Clearly, the ions entering the capillary are in a potential well whose depth
equals the potential difference between the grounded needle and the metalized
front face of the capillary. We have found that if the exit end of the capillary is at
ground, the drift velocity of the ions from the potential gradient in the capillary is
much less than the flow velocity of the gas relative to the capillary walls.



Electrospray Mass Spectrometry 7

Consequently, the ions are lifted by the gas flow out of the potential well at the
capillary inlet back up to ground potential at the capillary exit. Indeed, they can
be raised to the 10 kV or more above ground potential that may be required for
injection into a magnetic sector analyzer (29). Sometimes the aperture admitting
the ion-bearing gas into the vacuum system is a simple flat plate orifice instead of
a glass capillary. In that case the needle must be maintained at several kilovolts
above ground, thus posing a hazard to an operator. Any source of sample liquid,
e.g., a liquid chromatograph, must also be at the needle potential unless the
conduit leading from it to the needle has a combination of length, bore, and
solution conductivity providing an electrical resistance high enough so that the
current leak to ground will not overheat the sample liquid or overload the power
supply. It is noteworthy that in some commercial sources, for example, those
supplied by Analytica of Branford, CT, one or more preliminary vacuum stages
between the capillary exit and the high-vacuum chambers remove much of the
free jet gas at relatively high pressure with mechanical rotary pumps. Thus, a
much larger flux of ion-bearing gas can be admitted to the vacuum system with a
consequent increase in useful ion currents by factors of up to 100 or more.

The apparatus of Fig. 1.1 performs the same functions as did the original
apparatus of Dole and is similar in many ways. An important difference, apart
from the use of the glass capillary and conventional mass analysis, is the flow
direction of the bath or drying gas. In Dole’s apparatus the flow was concurrent
with the motion of the charged droplets and ions, i.¢., from left to right. In the
apparatus of Fig. 1.1, that flow is from right to left, countercurrent to the motion
of charged droplets and ions, and thus sweeps all material except pure bath gas
and high mobility ions out of the system at the back end of the apparatus. This
arrangement greatly increases the rate and effectiveness of solvent evaporation
from both droplets and ions and decreases fouling of the vacuum system and its
analyzer. More importantly, the absence of solvent vapor in the bath gas entering
the glass capillary avoids resolvation of the ions by the substantial cooling that
occurs during free jet expansion into vacuum. Such resolvation must have oc-
curred in Dole’s experiments and is one of the reasons for concern about his
results. It can be avoided, and solvent vaporization achieved, without recourse to
countercurrent flow if the system temperatures are high enough to insure that any
vapor is always superheated when ions or charged droplets are present. All TS
sources depend on high temperatures for this purpose, as do some ES sources
now on on the market, but they are more prone to fouling than when a counter
current gas flow is used in the desolvation region.

2. THE COMPONENT PROCESSES OF ESMS

It should be clear from this description of ESMS operation that it comprises
four principal steps or processes in succession: (a) formation of charged droplets
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by ES dispersion of sample liquid, (b) formation of ions from the charged
droplets by desolvation, (c) the transport of the ions from their origin at atmo-
spheric pressure to the mass analyzer in its vacuum chamber, and (d) mass
analysis of the ions. Each of these steps is discussed in the following sections.

2.1. Charged Droplets by Electrospray Dispersion

Although the ability of electrostatic fields to disperse liquids was observed
as early as the 18th century, the first serious experimental study of the phe-
nomenon was by Zeleny (30). In a series of communications beginning in 1914,
he provided a remarkably detailed description of the phenomenon, many features
of which have since been “rediscovered” by investigators who haven’t bothered
to read his papers. The configuration in Zeleny’s experiments was functionally
similar to that section of Fig. 1.1 in which liquid at a flow rate of a few
microliters per minute is passed through a small tube, e.g., a hypodermic needle
with a bore of 0.1 mm. If the needle is maintained at high potential relative to a
nearby counterelectrode, the resulting electrostatic field at the needle tip shapes
the emerging liquid into a conical meniscus. Zeleny was first to observe such
menisci and clearly recognized that they resulted from the balance of electrostatic
and surface tension forces. Many years later an analysis by G. I. Taylor (31)
predicted that the surface of a static dielectric liquid in a strong electric field
would assume a conical shape. His analysis does not really apply to a streaming
conducting liquid dispersing into droplets, as in the experiments of Zeleny and in
all subsequent applications of the electrospray phenomenon including ESMS.
Even so, the conical menisci that are observed at the needle tip in all these cases
are usually referred to as Taylor cones.

Some features of the structure and behavior of Taylor cones that could not be
discerned in Zeleny’s results have been revealed in recent flash photographs by
Takashi Nohmi in our laboratory and in much more extensive photographic
studies of ES characteristics by Gomez and Tang, also at Yale (32). Figure 1.2A
is a photograph by Nohmi of the cone at the tip of a stainless steel hypodermic
needle at a potential of 4 kV relative to a grounded plane electrode to the right of
the needle and outside the field of view. The needle has a bore of 0.2 mm through
which a very dilute solution of polyethylene glycol in 1 : 1 methanol-water is
flowing at about 2 pL/min. The picture clearly shows a filament or jet of liquid
emerging from the tip of the cone with a diameter of 2.9 pm and extending for
several tens of jet diameters before breaking up. As described in Rayleigh’s
classical analysis of laminar jets of uncharged liquids (33) and clearly shown in
the camcorder pictures by Gomez and Tang of flows emerging from somewhat
larger tubes and higher flow rates, varicose waves appear on the surface of these
jets and increase in amplitude until they disrupt the jet into a sequence of nearly
monodisperse droplets having a diameter about twice that of the jet. For the ES



Figure 1.2. Photographs illustrating some facets of electrospray dispersion of liquids. Panel A is
10-nsec flash photomicrograph of the region at the tip of a liquid injection with a bore of 0.2 mm,
which is the diameter of the base of the Taylor cone. The diameter of the liquid jet issuing from the
cone tip is 2.8 um, and the beginning of its break-up into a spray is hardly visible at the edge of the
picture. Panel B is a several-second exposure of a fully developed spray.
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case the droplets are charged so that Coulomb forces cause their trajectories to
diverge, thus forming a conical spray. The beginning of this divergence is barely
visible in the picture in Fig. 1.2A, but the whole spray is clearly portrayed in Fig.
1.2B, which was taken with white-light illumination and an exposure of several
seconds.

Figure 1.2C shows a droplet at near the Rayleigh limit in the process of
undergoing a Coulomb explosion, a phenomenon mentioned earlier that is dis-
cussed further in the section on Mechanisms of Ion Formation. To our knowl-
edge, this photograph by Gomez and Tang represents the first visualization of an
actual droplet caught in the act of breaking up as the result of the instability
caused by a near balance between electrostatic and surface tension forces. The
droplet in this case had a diameter of about 60 pm and was produced by
electrospraying heptane made slightly conductive by the addition of some anti-
static agent.

The characteristics of these sprays and their behavior depend strongly on a
number of variables including the properties of the liquid, especially its conduc-
tivity, surface tension, and flow rate. The strength and configuration of the
electric field are also very important and are determined by the potential applied
to the needle along with such geometric factors as the shapes of the tube tip and
the counterelectrode as well as the distance between them. Stable sprays can be
maintained only when the values of these variables are within an interdependent
range of values. In general, to maintain spray stability with a particular needle
size, flow rate must decrease as liquid conductivity increases, and field strength
(applied voltage) must increase as flow rate and/or surface tension increases. The
upper limit to field strength is determined by the onset of a corona discharge that
distorts the field at the needle tip and destroys the stability of the spray. As is well
known, a corona discharge will occur at a lower field strength when the needle is
at a negative rather than a positive polarity. Thus, to produce negative ions, it is
helpful to introduce near the needle tip a small auxiliary flow of a gas having a
high electron affinity, e.g., oxygen or sulfur hexafluoride, to scavenge free
electrons and suppress the onset of corona (21).

The best MS results are obtained when the spray is operating in a stable fog
mode, in which it looks like a cone of white mist, as shown in Fig. 1.2B. A
special case of the fog mode is the rainbow mode, so called because of the colors
that appear under illumination by white light. These colors are characteristic of
higher-order Tyndall spectra (HOTS) and indicate that the droplets are fairly
monodisperse, with diameters of around 2 pm or less. The rainbow mode is
characterized by a spray current somewhat higher than in the fog mode and is
most often achieved at the highest field strengths (applied voltages) that can be
reached without breakdown to corona. Once started, however, it can usually be
maintained at voltages below the onset value. It is important to realize that the
current in a stable spray, which is the total net charge per unit time available for
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ionizing analyte molecules, cannot be freely chosen by the operator. For a
particular liquid and electrode geometry, it is in effect a property of the spray and
is fairly constant in the region of stability, having only a small dependence on the
applied voltage or the liquid flow rate. For a particular solution, electrode config-
uration, and flow rate, the current in a stable spray reaches a maximum value
when the spray is in the rainbow mode.

Because spray stability depends on so many interacting variables, it some-
times happens that the combination of properties presented by a sample solution
are such that a stable spray cannot be maintained by conventional ES practice.
This problem is most often encountered when ESMS is used for species-specific
detection with separation systems. The flow rates are often too high in liquid
chromatography (LC) and too low in capillary zone electrophoresis (CZE) to
permit stable sprays. The mobile phase in either technique may have a conduc-
tivity and/or surface tension that is too high.

Various methods have been evolved to enhance sprayability in these difficult
cases. The pneumatic assist to nebulization used in the ionspray technique (23)
provides stable sprays with flow rates as high as 200 pl/min and with solution
conductivities much greater than ES alone can tolerate. Vestal and co-workers
(34) have reported that good results can be obtained with solutions having high
flow rates and conductivities by raising the temperature of the needle and its
surroundings. Another effective approach is the use of a sheath flow of a “well-
behaved” liquid around a core flow of sample liquid as introduced by Smith et al.
(22) for ESMS detection in CZE. The original purpose was to provide a good
electrical connection with the liquid emerging from the quartz capillary in which
the electrophoresis takes place. It turned out that the electric field at the needle
tip can effectively disperse the mixture of sheath and core flow of sample liquid
even when a stable spray cannot be formed from the sample liquid alone. More-
over, dilution with sheath liquid increases the total rate of liquid flow to conve-
nient values when the CZE flow alone is too small to provide a stable spray.
Some investigators claim that advantages can often be realized by combining the
sheath-flow and pneumatic-assist techniques.

By one or another of these devices it is now possible to practice effective
ESMS over a wide range of conditions with sample solutions embracing a wide
variety of properties. Even pure water containing trifluoroacetic acid, a long-
time challenge to ESMS, can now be effectively accommodated. However,
concentrations of nonvolatile buffers above 10 mM or so can still present difficul-
ties, as they do in all other ionization methods with the possible exception of LD.
The problem may be that such high solute concentrations prevent the evaporating
droplets from reaching dimensions small enough to allow ion formation. Also to
be noted is that these techniques for enhancing the sprayability of refractory
liquids generally exact a cost in the form of decreased analytical sensitivity, but
this cost is often tolerable because the innate sensitivity of ESMS is so high.
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2.2. Ion Formation from Charged Droplets

As yet there is no satisfactory theoretical description of the formation of
gas-phase ions from solute species in charged liquid droplets. Indeed, as may
have been inferred from the previous discussion, the basic mechanism is still in
dispute. In the absence of a satisfactory theory we have been dependent almost
entirely on experimental observations to provide some insight on various aspects
of the ionization process. In what follows we attempt to summarize what has
emerged from these experimental observations.

2.2.1. The Nature of ES Ions

In conventional ionization methods an initially neutral atom or molecule
becomes a positive ion by losing an electron, or a negative ion by attaching one,
usually as the result of a gas-phase encounter with an electron, a photon, an
electronically excited atom, or another ion. An ES ion, on the other hand,
comprises a species that is already an anion or cation in the droplet solution or is
an adduct of such an ion with an ordinarily neutral solute species. Such charged
adducts, for example, a peptide or protein with one or more adduct protons or a
glycol molecule with an adduct Na*, are often called quasimolecular ions.

2.2.2. Electrospray is “Extra Soft”

One of the most striking features of ES ionization is the absence of decom-
position for the most fragile of species, even those held together by weak non-
covalent bonds. Whatever the mechanism by which the ion and solvent are
separated, it does not involve excitation of the ion to a suprathermal energy state.
Its temperature in the droplet and after desolvation is never higher than the
maximum bath gas temperature, usually less than 350°K. Sometimes, during free
jet expansion, ES ions are deliberately accelerated by an applied field and be-
come heated by collisions with bath gas molecules in order to enhance desolva-
tion. Such collisions can be sufficiently energetic to cause rupture of the strong-
est covalent bonds, but they are not inherent or necessary in the ion formation
process. Recent findings indicate that conditions in the droplet are so benign that
proteins retain their tertiary structure up to the moment of desolvation (35).

2.2.3. Multiple Charging and Mass Range

Another characteristic and valuable feature of ES ionization is its ability to
produce intact ions with extensive multiple charging from large molecules. A
rule of thumb is that ES ions comprise roughly 1 kDa of mass for every charge,
but mass/charge (m/z) ratios from half to twice that value have been encoun-
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tered. It also happens that in a population of multiply charged ions of a parent
species the distribution of charges is always such that between some minimum
and maximum number of charges per ion every possible charge state is repre-
sented. Thus, the mass spectrum of such a population comprises a sequence of
peaks, the ions of each peak differing by a single charge from those of adjacent
peaks. Figure 1.3 shows some examples of such spectra for several proteins. It is
noteworthy that the distribution of peak heights is roughly Gaussian (more nearly
Gaussian on a z/m scale) and that the number of charge states increases with
increasing M, of the parent species. Also noteworthy is that both the width and
location of the m/z range spanned by the peaks can vary substantially from
species to species, but results to date indicate that the maximum m/z values are
always less than about 3000. Consequently, an analyzer with only a modest mass
range (for singly charged ions) can weigh the ES ions of parent species that are
very large indeed.

However, the m/z scale of the ordinate is not linear in z, the number of
charges per ion. Consequently, the distance between peaks on that scale de-
creases as the number of charges per ion increases. It follows that as the M, of the
parent species increases, the analyzer needs higher resolution (to distinguish
between adjacent peaks) but not higher mass range. Recent results showed that
intact ES ions can be formed from poly(ethylene glycol)s with Ms up to
5,000,000 (36). Because these very large ions had up to 4000 or more charges,
they could be weighed with a quadrupole analyzer having an upper limit to m/z of
only 1500. Unfortunately, the spectrum comprised a broad band of peaks that
could not be resolved, in part because adjacent peaks for the same oligomer are
so close together and in part because of congestion resulting from the superposi-
tion of a distribution of charge states for each oligomer on a distribution of
oligomer masses for each charge state.

2.2.4. Ionization Efficiency

In any consideration of efficiency it is important to distinguish between
situations in which the supply of charge might be a limiting factor and those in
which it is not. Clearly, it could well be limiting when there are more prospective
charge sites on the analyte molecules in a spray than there are charges in the
spray. Under typical operating conditions the solution flow rate might be 1
pl/min, and the spray current on the order of 100 nA. If, as noted above, the
analyte molecules can retain about one elementary charge per kilodalton, then
charge limitation might be expected when the sample solution contains around
0.1 g/liter of analyte. In this charge-limited case, the ES ionization efficiency
can be conveniently defined as the ratio of the total number of charges on all the
analyte ions to the number of charges in the spray, i.e., the fraction of charge
supplied to the source that leaves in the form of analyte ions. This ratio or
fraction can vary from zero in the worst case to unity in the best.
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On the other hand, when the supply of charge is not a limiting factor, a more
appropriate definition of efficiency would be the fraction of analyte molecules
entering the source that becomes ions. Although careful measurements of these
quantities have not often been made, experience in several laboratories suggests
that both of these efficiencies can be very high, up to substantial fractions of
unity for species that are ionized in solution. In practice, the determining factor
in analytical sensitivity is the fraction of ions produced in the source that can be
delivered to the analyzer. Values of this transport efficiency as low as 0.0001
have been reported for systems now in use (9). For sources with multistage
pumping mentioned earlier, values as high as 0.003 have been achieved. Clearly,
increasing this transport efficiency offers the greatest opportunity for improve-
ment in performance.

2.2.5. Sensitivity and Dynamic Range

For analytical purposes it is important to know the dynamic range and the
linearity of a system’s response to the amount of sample introduced. Figure 1.4
shows the measured ESMS signal for doubly charged ions of the peptide gram-
icidin S and its dependence on liquid flow rate and analyte concentration. The
indicated behavior for a given flow rate in Fig. 1.4A, noted early on (37) and
typical of essentially all analyte species, shows that the signal is linear over about
four decades in concentration up to some critical value at which there is a rather
abrupt change in the slope of the curve. On the other hand, as Fig. 1.4B shows,
at a given analyte concentration, the signal is almost independent of flow rate. It
follows that detectability, in terms of minimum total amount of material, be-
comes maximal when liquid flow rate and analyte concentration are at the lowest
possible values. It also follows that the most informative measure of ESMS
sensitivity is the minimum detectable concentration of analyte.

To provide some perspective we cite an example of results routinely
achieved by S. Shen (personal communication), who obtained a spectrum of
myoglobin with a signal/noise ratio of 30 in a 15-sec scan over the entire m/z
range of the quadrupole (0 to 1500) during injection of a 0.8 nM solution in
methanol—water at a rate of 1 pl/min. These numbers translate into the consump-
tion of 200 amol of analyte while the spectrum was being recorded. By using ion
counting instead of analogue detection and inserting another stage of pumping,
one could hope to improve this sensitivity by another one or two powers of ten. If
the application were such that single-ion monitoring of one or two peaks would
suffice for detection, or if array detection were to be used with a magnetic sector
instrument, then another ten- or 100-fold increase in sensitivity might be ex-
pected. Ultimately, in a Fourier transform ion cyclotron resonance (FTICR)
instrument, one could obtain a spectrum with perhaps 100 ions or less in the cell
because each ion has so many charges. Of course, these estimates of ultrahigh
sensitivities are based on the amount of material introduced into the instrument
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Figure 1.4. The effects of liquid flow rate (A) and analyte concentration (B) on the ESMS signal
for the peptide gramicidin S in a 50: 50 methanol-water solution.
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while the spectrum is being recorded. Much more material is generally needed to
carry out an actual analysis because of handling losses in preparing and transfer-
ring the sample to the instrument, e.g., by adsorption on tubing walls. Indeed,
the practical limits of sensitivity in ESMS are generally determined by the extent
of such handling losses during sample preparation and processing, not by the
inherent sensitivity of ion formation and mass analysis.

2.2.6. Selectivity

Investigations of the types of molecules that ES can transform into ions have
not been sufficiently systematic or comprehensive to permit definitive predic-
tions of ionizability in any particular case. However, experience has revealed
some patterns that are helpful in making educated guesses. All ES ions that have
thus far been identified comprise species that are already ions in the sample
solution or are adducts of such ions with nonionic solute species. Because ion—
dipole interactions are the most likely source of adduct-bonding force, one would
surmise that nonionic species must have a relatively high polarizability if they are
to form strong attachments to prospective adduct ions. Available experimental
results strongly support this expectation. Most species ordinarily considered to
be nonionic that have been found to form ES ions by attaching other ions, for
example, poly (ethylene glycols), are in fact polar. Indeed, in our view the
appearance of such nonionic molecules in ESMS spectra as adducts with other
solute ions constitutes direct evidence that the “adduction” takes place in solu-
tion, so that these species are already ions before ES dispersion of the solution
into charged droplets.

Van Berkel et al. have recently shown that charge transfer agents can make
possible the formation of ES ions from nonpolar compounds (38). For example,
they found that polyaromatic hydrocarbons in solution could donate electrons to
acceptors with a strong electron affinity such as some quinones and thus give rise
to positive ES ions. The many implications of this intriguing result remain to be
explored. Meanwhile, for the purposes of this book, the species that can readily
and effectively be transformed by ES into “free” ions in vacuo fortunately
include most important classes of biomolecules including peptides and proteins,
nucleotides, carbohydrates, and glycoproteins. In general, it seems that almost
any species having a sufficient number of polar charge-bonding sites to result in
m/z values under 3000 can form ES ions for mass analysis. However, no positive
evidence has yet appeared that ions with even larger m/z values cannot be
produced.

2.2.7. Interference Effects

It is early for firm conclusions, but results thus far suggest that interference
between components of analyte mixtures is less likely in ES ionization than in
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some other techniques, e.g., FAB and PD. A fair amount of evidence does
suggest that when the number of charges on a droplet is less than the total number
of accessible charge sites on solute species in the droplet, those available charges
attach to the sites on the most polarizable of those solute species. As a general
rule for species of similar composition, polarizability increases with size. Thus,
for example, background peaks from impurities of small mass in an injected
solvent will disappear when an analyte species of high M, is added to the
solution. Moreover, interaction might occur in solution between one analyte
species and another; for example, a chemical reaction that consumes one or both
of them. In that event ES ions could not be expected for the species that is no
longer present when formation of “free” gas-phase ions begin. Much remains to
be learned about such interference effects and the possible suppression of ion
formation from one species by the presence of another.

2.2.8. Cluster Formation

At high initial concentrations of some analyte species, an ES mass spectrum
shows peaks corresponding to cluster ions, aggregates containing more than one
analyte molecule per charge. We have found that such clustering can be extensive
with amino acids and nucleotides. For example, cluster ions containing up to 24
arginine molecules with up to four charges (H*) have been observed (39). The
extent of clustering depends very much on the solvent as well as the analyte
species. Moreover, the presence of some cosolutes can have a strong effect.
Addition of small quantities of NaCl or HCI to the initial solution completely
suppresses the clustering of arginine, whereas similar amounts of NaOH or NaAc
have little or no effect. Other complexes held together by noncovalent bonds have
been observed. We recently found that when cyclosporin A and gramicidin S
were cosolutes in methanol-water, the dominant ions were doubly charged
mixed dimers of the two species. Henion et al. have identified spectral peaks of
enzyme—substrate complexes and have obtained information on the reaction
kinetics by monitoring the time dependence of the peak height in samples from
enzyme digests of the substrate (40).

2.2.9. Mechanisms of Ion Formation

We indicated earlier that unanimity has not yet been reached on the mecha-
nism of ES ion formation from charged droplets. Most investigators identify
themselves with one of two main schools of thought on how the ions are pro-
duced. One school holds that the charged residue model (CRM) originally pro-
posed by Dole (12—15) embodies the essential features of what really happens.
According to that model, the evaporation of solvent from the droplets leads to
one or more Coulomb explosions that ultimately produce droplets small enough
to contain only one analyte molecule. As the last of the solvent evaporates from
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its containing droplet, that molecule retains some of the droplet’s charge to
become an ion.

The other principal school of thought believes that a more satisfactory
explanation of observed behavior is embodied in the ion evaporation model
(IEM) of Iribarne and Thomson (16—18). This model presumes the Dole scenario
for the production of very small charged droplets by a combination of solvent
evaporation and Coulomb explosions, but it does not require production of
droplets containing only one analyte molecule. Instead, it holds that solvent
evaporation increases surface charge density, thus producing a strong elec-
trostatic field at the droplet surface. When the droplet size becomes small
enough, the combination of small radius of curvature and high charge density
produces a field sufficiently strong to overcome the solvation forces holding an
ion to the droplet and to “lift” it from the surface into the ambient gas. After a
substantial fraction of the net charge on the droplet has been carried off in this
way, the remaining analyte molecules and other involatile solutes form a weakly
charged residue as the last of the solvent evaporates.

We cannot engage here in a detailed discussion on the pros and cons of the
two models but point out that in the IEM model the number of charges required
to desorb an ion from the droplet depends only on the structure of the ion and the
properties of the solution gas interface, including its radius of curvature and
surface charge density. Therefore, within a fairly broad range of variation, the
average charge state of the desorbed ions should not depend appreciably on the
flow rate or the analyte concentration in the solution. Experiment confirms this
and other implications of the desorption model that the charged residue model is
hard put to account for. The main objections to the IEM stem from the fact that
observed analyte ion currents are much higher than can be accounted for by
calculated rates of ion desorption (41,42). Such rate calculations depend on the
magnitude of the free energy change for the desorption process, and those that
have been carried out thus far use a value for the free energy change estimated by
Iribarne and Thomson for small ions like Na* that are very hydrophilic (16—18).
Peaks for such ions do occasionally appear in ES mass spectra, but only under
very special circumstances and always with very small amplitudes. In our view
the much larger currents that are obtained for ions of the bigger and more
complex species of biological interest are not evidence of shortcomings in the
IEM. They simply reflect smaller free energies of desorption than are assumed in
the calculations. In sum, we believe that the available experimental evidence
seems to favor the desorption mechanism of the IEM for ion formation. How-
ever, the details of the process remain shrouded in mystery.

2.2.10. Molecule-Ion Charge Capacity

A very natural question with implications as to ionization mechanism con-
cerns the maximum number of charges that can be retained by an isolated analyte
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molecule in the gas phase. An analysis has been carried out for poly (ethylene
glycols) (PEGs) that relates this maximum number to a balance between the
Coulomb forces repelling a charge from the ion and the ion—dipole forces bind-
ing it to a site (24). The essence of that analysis is that the maximum number of
charges is reached when the energy of that ion—dipole bond equals the elec-
trostatic repulsion energy of the centermost charge on the ion, i.e., the one for
which the repulsion energy is greatest. For a PEG oligomer with Na* as the
adduct charge, the site is an oxygen atom, and the bonding energy is 2.05 eV. It
is assumed that the electrostatic repulsion forces stretch the molecule into its so-
called zig-zag configuration, for which the distance between oxygen atoms is
known to be 0.35 nm. The solid curve in Fig. 1.5 shows that for oligomers with
molecular weights above up to 20,000 this model leads to a nearly linear depen-
dence of the maximum number of charges on oligomer mass. The experimental
data indicated by the square points also show a linear dependence of charge
number on mass in this size range but are only about 60% of model predictions.

We believe the reason for this difference is that an oligomer ion desorbs
from the droplet before the surface charge density is high enough to deposit all
the charges the oligomer can hold. This speculation finds support in recent
experiments with PEGs having molecular weights up to 5 million (36). The
results showed that these very large oligomers could form ES ions only with
solutions so dilute that each initially formed droplet had a diameter of about 2.8
pm and contained only a single oligomer. When stretched out, that oligomer
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Figure 1.5. The dependence of charge state on molecular weight for oligomers of poly (ethylene
glycols). The solid line shows the predictions of the electrostatic model for the maximum number of
charges that an oligomer can hold. The points are measured values.
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would have a length of about 40 pum, so it had to be highly folded in order to fit
in the droplet.

Even more interesting and provocative was the finding by mass analysis that
the actual number of charges on these very large oligomer ions was almost
exactly equal to the maximum number predicted by the model. Because the
initial droplet had about ten times that many charges, enough charges were
always present to “saturate” the oligomer’s charge-holding capacity. Thus, as
the last of the solvent evaporated, the oligomer simply retained all the charges it
could hold, the excess charges being dissipated in the ambient gas, probably in
the form of charged solvent clusters. Such charged solvent clusters are always
found when “pure” solvent is electrosprayed and indeed constituted most of the
ions that were observed in the first bona fide mass spectra of ES ions (20,21). On
the other hand, as suggested above, the smaller oligomer ions were able to
desorb as soon as they acquired enough charges to lift them from the droplet
surface, apparently about 60% of the number they could hold. The most straight-
forward rationalization of these observations is that the very large oligomer ions
are formed by the charged-residue mechanism of Dole. The small oligomer ions,
on the other hand, are formed by the ion-evaporation mechanism of Iribarne and
Thomson. In the former case, solvent abandons the ion. In the latter, the ion
deserts the solvent. In sum, ES ions can be produced by either the IEM or the
CRM, but the former applies in most cases.

2.3. Ion Transport

When ions are formed at atmospheric pressure, whether by ES or any other
technique, they must somehow be transported through a billionfold or so change
in pressure into the vacuum environment required for mass analysis. Any aper-
ture that will pass ions into the vacuum system will also pass the neutral gas in
which they are dispersed, and that gas must be removed by the system’s pumps.
The pressure ratio across that aperture will almost inevitably greatly exceed the
critical value required to reach sonic velocity (between 2 and 3, depending on
C,/C, for the gas) so the gas enters the vacuum system as a supersonic free jet in
which the temperature, density, and pressure drop very rapidly. The distribution
of gas properties in such a jet is scaled by the diameter of its source orifice or
aperture. Thus, at an axial distance of ten diameters, the ratios of jet gas tem-
perature and density to their stagnation (source) values are, respectively, about
0.015 and 0.002 for a monatomic gas, 0.08 and 0.001 for a diatomic gas. In
order to avoid exorbitant pumping speed requirements, one must use aperture
diameters that are generally less than 1 mm. Consequently, the jet gas reaches the
ambient pressure in a very short distance. It is noteworthy that the jet charac-
teristics are essentially the same whether the aperture is a sharp-edged orifice,
the throat of a contoured nozzle, or the exit end of a long tube or capillary, so
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long as its minimum diameter (where the flow velocity equals the local speed of
sound) is at the exit plane. If there is any diverging section downstream of this
minimum diameter where the flow goes supersonic, a viscous boundary layer of
thermalized gas grows very rapidly, filling the diverging section and destroying
the isentropic character of the flow. The only way to avoid such boundary layer
effects in small nozzles is to allow unconfined, “free” expansion by dispensing
with a diverging section on the nozzle.

In siﬁgle-stage systems, the jet expands directly into the high-vacuum
chamber housing the mass analyzer, where the ambient pressure must be no
higher than a few tens of microtorrs. In this situation even a very small orifice
admits enough gas to require very large pumping speeds. For example, the Sciex
TAGA 6000E uses cryopumping speeds of 20,000 liters/sec or more in order to
accommodate the flow through an orifice having a diameter of only 0.10 to 0.15
pm. Alternatively, one may resort to staged pumping systems in which a conical
skimmer passes only a core portion of the free jet from the first vacuum chamber
into one or more successive stages. In this way much of the jet gas can be
removed from the first stages at pressures substantially higher than could be
tolerated by the mass analyzer. In the system of Fig. 1.2, for example, each of
the two stages is exhausted by a baffled diffusion pump with an effective speed of
about 1000 liters/sec.

If the ratio of ions to neutrals remains constant during transport from the ES
chamber to the mass analyzer, i.e., is the same in the gas entering the mass
spectrometer chamber as it was in the gas leaving the ionization chamber, then
the ion current into the analyzer chamber is determined only by the amount of gas
entering that chamber. Therefore, staging would offer no advantages because
analytical sensitivity would be determined by the pumping speed in the last
chamber no matter how many stages may have preceded it. However, ions
entering one stage can be focused by judicious arrangement of electrostatic fields
so that gas leaving for the next stage is richer in ions than when it entered. Thus,
in the three-stage systems based on ES sources produced by Analytica of Bran-
ford, CT, most of the ion-bearing gas leaving the electrospray chamber through a
glass capillary with a bore of 0.4 mm (see Fig. 1.1) is removed at relatively high
pressure in a first vacuum stage by rotary mechanical pumps. The second and
third vacuum stages are each pumped by small (350 liters/sec) turbo pumps.
Because ion focusing in the first two stages is so effective, up to one of every 500
ions produced in the ES chamber is delivered to the analyzer chamber. In the
one-stage system described above, only one in 10,000 of the ions formed makes
it that far, even though the pumping speed in the analyzer chamber is 20,000
liters/sec (9).

In addition to its role in ion transport, the free jet expansion can perform
another useful function. Application of a potential difference between the source
aperture and the skimmer accelerates the ions, bringing about collisions with the
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unaccelerated neutral carrier gas molecules. The energy of such a collision is
determined by the kinetic energies and masses of the ion and its neutral collision
partner. In turn, the kinetic energy of the ion is determined by the distance it
travels between collisions (its mean free path) and the strength of the field. The
latter depends on the voltage difference between aperture and skimmer, which
can be readily varied over a wide range. Thus, one can choose collision energies
just sufficient to desolvate ions or high enough to break chemical bonds and
produce offspring fragment ions for MS—MS studies of identity and structure
with a single analyzer (43). Such collisional excitation in the free jet can also be
used to advantage for “preheating” large ions so that they can be collisionally
dissociated after selection by the first analyzer (see Chapter 2). It is noteworthy
that this collisional heating and/or dissociation can be carried out at jet densities
high enough to bring about very rapid thermalization of the ion translational
energies almost immediately after they enter the skimmer and “escape” the field.
Consequently, the effective injection energy of an ion entering the analyzer is
determined by the potential of the skimmer relative to the analyzer and is inde-
pendent of any fields upstream of the skimmer.

2.4. Analysis of ES Ions

The new and unique feature of ES ions is the extensive multiple charging
that can occur when their molecular weights rise substantially above 1000. To
generations of mass spectrometrists accustomed to dealing with singly charged
ions, the implications of multiple charging have sometimes seemed surprising
and confusing. In this section we examine some of these strange and wonderful
implications. "

2.4.1. Mass Analyzers

Quadrupole mass filters have been the workhorse analyzers responsible for
the majority of ESMS results thus far reported. This analyzer—ion combination
has been a “natural,” in part because quadrupoles are relatively inexpensive,
easy to use, capable of excellent mass accuracy, and, therefore, by far the most
common analyzers in laboratories throughout the world. Moreover, quadrupoles
are relatively easy to interface with high-pressure sources, and the disadvantage
of their relatively limited nominal mass range was overcome by the multiple
charging of ES ions. For these same reasons quadrupoles will no doubt continue
to be the most popular analyzers for some time to come. However, they suffer
from limited resolution as well as from the inefficiency inherent in all dispersion
instruments because of their small effective duty cycle. These handicaps have
stimulated an increasing use of other kinds of analyzers for ES ions.

In the past 2 years ES sources have been successfully coupled to double-
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focusing magnetic sector instruments (44—46). Interface design is somewhat
more complicated in these combinations because the high acceleration voltages
required for ion injection make it difficult to avoid corona discharges in the
regions of intermediate pressure that are always encountered between the source
chamber at atmospheric pressure and the analyzer chamber at relatively high
vacuum. Sector instruments offer much higher resolution than quadrupoles. Fig-
ure 1.6 comprises a portion of the spectrum for bovine insulin showing clearly
resolved isotope peaks for the quintuply charged ions. This spectrum was ob-
tained with a sector instrument and exhibits a resolution of 10,000 (P. Dobber-
stein, personal communication). Also noteworthy is that, when used with array
detectors, sector instruments can detect and distinguish ions of different mass
simultaneously, thus avoiding some of the *“waste” of signal inherent in purely
dispersive instruments. lon trajectories are longer in sector machines than in
quadrupoles, and it has emerged that the large, multiply charged ions provided
by ES seem to have large cross sections for collisional dissociation at the high
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Figure 1.6. A portion of an ES mass spectrum for bovine insulin showing the quintuply charged
ions. Peaks for molecules with differing numbers of carbon-13 peaks are clearly resolved. The
spectrum was recorded with a magnetic sector analyzer having a resolution of 10,000. (Courtesy of P.
Dobberstein, Finnigan-MAT.)
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energies used for injection into magnetic analyzers. Consequently, vacuum re-
quirements are more stringent in sector instruments than in quadrupoles or ion
traps.

The quadrupole ion trap, or guistor, is a relative of the conventional quad-
rupole that operates by trapping and storing a batch of ions by means of RF fields
having a combination of frequency and amplitude that maintains all the ions in
stable orbits. An operator can destabilize the orbits of ions with progressively
increasing values of m/z, for example, by scanning the amplitude of the fields,
thus releasing them successively to an external detector to produce a spectrum.
By this procedure all the ions stored in the trap contribute to the spectrum.
Clearly, the overall analytical sensitivity thus depends on the fraction of the ions
produced that become trapped. If ion production is batchwise on a schedule that
can be synchronized with the schedule of filling and scanning times, then the
analytical sensitivity can be quite high and will depend largely on the efficiency
of capture. Internal batchwise production, for example, by laser desorption,
seems to be most promising in this regard. Ion production by ES, on the other
hand, is inherently continuous and must be external to the trap. Even so, the
combination of ES ionization with an ion-trap mass analysis has already provided
some impressive results (47). Long considered to be a low-resolution analyzer for
ions with m/z values of 600 or less, the ion trap has shown an ability to extend its
mass range to m/z values of 70,000 and to achieve resolutions of 30,000 or more.
Because its hardware is simple and inexpensive, and its vacuum requirements are
modest, many investigators believe that the ion trap is destined to become the
most widely used analyzer of all. However, problems with mass accuracy, dy-
namic range, and software development remain to be solved before its promise
can be fully realized.

In terms of resolution and sensitivity, analyzers based on Fourier transform
ion cyclotron resonance (FTICR) seem to promise the ultimate in performance
(48). Time-of-flight (TOF) instruments may well emerge as the simplest and
most economical of analyzers (49). Both have been used for analysis of ES ions,
but results thus far are very preliminary, and it seems a bit early to speculate on
how important a role either of them may play in the future.

2.4.2. The Nature and Interpretation of ES Mass Spectra

As has already been discussed, ES ions consist of analyte molecules with
varying numbers of small “adduct” charges attached. Thus, a substance of
molecular weight M, will give rise to a spectrum that is a sequence of peaks at
positions K; on the m/z scale such that:

K, = (M, + im)li = MJi + m,

(Ki —_ ma) — KI — M,y/i (1'1)
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where m,, is the mass of an adduct charge and i is the number of such adducts on
the ion. It is clear from the second part of Eq. 1.1 that the symbolism becomes
simpler if the adduct ion mass is subtracted from the mass scale, i.e., if the K;
values are replaced by their K, counterparts. To determine M, in Eq. 1.1, one
must first determine i, the charge states (number of adduct charges) of the ions
giving rise to the peaks. This determination is readily achieved by simultaneous
solution of Eq. 1.1 for any two peaks. If the difference between the charge states
of the two peaks is represented by j (e.g., j = +2 for a peak whose ions have i +
2 charges, i.e., the second peak to the left of the peak whose ions have i charges),
the solution is:

i=j+ K;+j/(Kt{ - K1{+j) (1.2)

That is to say, we know ab initio that the ions of any one peak differ by one
charge from those of either adjacent peak, so long as those adjacent peaks
represent ions of the same parent species. It follows that the adduct ion mass m,,
can in principle be determined from Eq. 1.1 after i has been determined. How-
ever, the value of the peak location K; must be measured with very high accuracy
to obtain an acceptable value of m,. Consequently, it is often convenient to
assume a value. For proteins and peptides the adduct charges are usually protons,
but not always. For other species they can vary substantially, depending on the
nature of the species and the composition of the solution. When the identity, and
therefore the mass, of m, is in doubt, one can assume an identity and then
“spike” the solution with some of the assumed species and consider what hap-
pens to the spectrum. If no change occurs in peak positions, then the guess was
right. If the peaks shift, or if new peaks appear, one can frequently deduce the
value of m,, in the original spectrum from the magnitude of the shift or from the
displacement of the new peaks relative to those in the original spectrum.

Having determined i from Eq. 1.2 and having arrived at or assumed a value
of m,,, one can then estimate M, from Eq. 1.1:

M, = (1/n) % (i K) (1.3)

that is to say, by straightforward averaging of the values obtained from each of
the n, individual peaks that have been considered. Experience with proteins of
known M., reveals that the estimate of M., from one of the peaks in the middle
of the sequence is often better than one obtained from peaks at either end. The
reason is, of course, that the K values for the peaks in the middle have a higher
signal/noise ratio. To obtain the best possible mass estimate, it is therefore
advantageous to weight the contributions of the peaks, for example, by their
relative height. A more reliable weighting makes use of the coherence of the
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sequence. It is clear from Eq. 1.1 that the K] values of any two peak locations
must be a ratio of small integers. This feature can be used to weight the contribu-
tion of a peak by its proximity to a straight line defined by:

Vi = UpIKIK] ) = 1] (1.4)
which comes from solving Eq. 1.1 for any two peaks. Mann et al. (50) describe
an algorithm for obtaining such a weighted average. (Note that Eq. 6 in that
paper should read: w1 = . . .. .. and that the second part of the formula is
simply a statement that the sum of the weighting factors must be unity.) Similar
algorithms can be devised to identify the peaks belonging to the sequence for a
particular parent species in the apparent hodge-podge of peaks that sometimes
characterized the spectrum of a mixture of such species.

Another way to extract information on M., is to “deconvolute” the spectrum
(50). In this procedure one resorts to a mathematical function that transforms the
sequence of peaks from ions of a single species and maps it into a single peak that
would have been obtained if all the ions had the mass of the parent species and
the adduct charge had zero mass. Figure 1.7 shows the application of this
algorithm to the mass spectrum of the protein cytochrome C (horse heart). To
perform the deconvolution one must assume a value for the mass of the adduct
ion, taken to be a proton in this case. Such processing of spectral data is
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Figure 1.7. An ES mass spectrum for cytochrome C (horse heart). The insert shows the result of a
deconvolution procedure that transforms the multiple peaks of the measured spectrum into a single
peak that would be obtained if all ions had comprised the parent molecule with a single adduct charge
with negligible mass. Note that the ordinates of both spectra have the same scale.
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particularly useful for analyzing mixtures because in their spectra it can be very
difficult to identify visually the peaks belonging to particular components, es-
pecially if those components are numerous and unknown a priori. This ability to
resolve mixtures has been very helpful in identifying carbohydrate adducts in
glycoproteins (I. Jardin, personal communication).

Also noteworthy is that the algorithm sums contributions to signal only at
m/z values that match the coherence of the sequence of peaks from a particu-
lar species. Therefore, it discriminates against random contributions so that the
signal/noise ratio is higher in the deconvoluted spectrum than in the measured
one. Several groups have made refinements in the original algorithm that im-
prove its performance, for example, by suppressing side bands. One new version
even avoids the need to assume a value for the adduct ion mass m,,. Instead, it
treats m,, as an independent variable so that the deconvoluted spectrum becomes
a three-dimensional surface (51). Maximum entropy methods have also recently
been applied to the interpretation of ESMS spectra (52). Although a twofold
increase in resolution is claimed, experience with this approach is not yet suffi-
cient to determine whether the improvement that this interesting development
can provide will be worth what it costs in complexity and time of compu-
tation (52).

One of the attractive features of ESMS (partly shared by LDMS) is the
ability to determine M, values with high accuracy even for large species. Pre-
vious techniques such as gel electrophoresis could achieve an accuracy of no
better than 5% for unsequenced proteins. Electrospray MS spectra typical of
those that can be obtained with a good quadrupole analyzer provide a precision of
0.01% and on occasion have determined M, for proteins to within one unit at
values of 20,000 or more. Reasons for this remarkable precision include the
absence of fragmentation and the multiplicity of peaks for a single species. The
m/z value of the ions for each peak constitutes an independent measure of
the parent ion mass. Consequently, averaging these m/z values substantially
decreases the random error. In contrast to the case of FAB and other energy-
sudden techniques, there seem to be no losses of small neutral fragments that can
lead to distortion of peak shapes.

Another reason for the precision is the fact that the ions always have rela-
tively low m/z values, for which measurements and calibrations are easier. In
addition, random errors are reduced by the averaging of m/z values for several
peaks in the same spectrum. On the other hand, to achieve accuracies commensu-
rate with achievable precision requires very exact calibration of the m/z scale
because an error in absolute peak location is multiplied by the number of charges
on the ion. For example, a systematic etror of only 0.05 units on the m/z scale
becomes a 5-unit error in M, if the median number of charges on the ions is 100.
Comparison of values obtained from different peaks can provide an estimate of
random error, but the absolute error includes contributions from both random and
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calibration errors. This still-new ability to achieve high accuracy in M, is rapidly
finding practical applications. For example, a single and nearly instantaneous
ESMS determination of M, for a batch of recombinant protein could confirm the
identity of the product and provide information on the masses and, therefore, the
identities of contaminants.

3. SOME PRACTICAL CONSIDERATIONS

For routine use of ESMS in analysis of biological samples, it might be
valuable for an investigator to understand its principles, but it is imperative that
he or she observe some practical rules that have evolved from experience. Unfor-
tunately, there is yet very little literature available on what constitutes good
ESMS practice, but we will briefly mention some things to be kept in mind.

3.1. Sample Preparation and Introduction

In selecting reagents, one should take the same precautions that have been
found effective in HPLC. Solvents should be of HPLC grade and degassed to
avoid bubble formation during passage through the injection needle, which may
have been heated somewhat by contact with warm bath gas. It is now possible to
maintain stable sprays with liquids having high surface tensions, conductivities,
and flow rates, but when other constraints permit, solutions with low surface
tensions, conductivities, and flow rates are easier to work with. Because low
flow rates are desirable and often used, special care must be exercised to mini-
mize dead volume in fittings and injection valves in order to avoid broadening of
LC or CZE peaks as well as memory effects. Because ESMS is so sensitive, the
small quantities of sample that adsorb on walls of inlet tubes and fittings can give
rise to persistent memory effects. Removal is usually achieved quite simply by
“washing” the walls with a flow of appropriate solvent, e.g., mild acid in the
case of proteins. In the case of small samples one must be concerned that much
or all of some analyte species may be “lost” to these wall effects. Also to be
remembered is that the small conduits often used are prone to plugging by small
particles that may be present initially or be precipitated from solution en route to
the spray zone. Liquid injection flow should be pulse-free and constant. Positive-
displacement syringe pumps are more satisfactory than double-barrel plunger
pumps.

3.2. Fouling Problems

Sample liquids having high concentrations of analyte or nonvolatile buffers
can cause spray instabilities by forming insulating deposits that accumulate
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charge and distort the distribution of electric fields. These deposits can form at
the tip of the needle, on the inside walls of the spray chamber, and in the
intermediate vacuum stages. In systems using a glass capillary as in Fig. 1.1,
incomplete evaporation of droplets can sometimes result in wetting of the inside
surface of the capillary, making it conductive so that the MS signal drops,
sometimes very rapidly. We attribute this signal loss to the discharging of analyte
ions on the conducting wall. However, such an explanation loses some credibility
in the face of the successful use of heated metal tubes by Chait’s group to transfer
ions from the source into the vacuum system (53). The susceptibility of ESMS
systems to these kinds of fouling problems varies widely and is apparently less of
a problem when a countercurrent flow of bath gas is used to sweep out nonionic
material. In our experience, sources that are well designed and carefully operated
can be down for cleaning as little as 1% of the time. Poor design and careless
operation can keep a system out of use for as much as half the time or more.
Sources that are prone to foul easily should at least be easy to clean.

3.3. Performance Diagnosis

It is a great advantage to be able to monitor the spray by visual inspection
and/or by measuring the spray current. For example, if the spray is stable and the
analyte is known to behave well, one should start troubleshooting on the MS end
of the apparatus. Conversely, if the spray is unstable, the trouble is likely to be
found in the spray chamber. Especially useful is the ability to check spray
behavior during operation under unfamiliar conditions, as with new solvents or
flow rates. An ideal system would allow one to isolate each operating stage so
that spray behavior, ion formation, ion transport, and mass analysis could be
diagnosed independently.

3.4. Data Systems and Software

In practice, an especially important feature of an ESMS apparatus is its data
system, because in principle hundreds of samples can be analyzed per day. In a
well-designed and well-behaved system, only a small fraction of operating time
and effort would be required for introducing samples. A much larger fraction
would be required for interpreting results. Thus, the system for collecting and
processing data should be very fast, efficient, and user-friendly. Data-system
capability will become increasingly important as MS analysis becomes more
widely applied and carried out by operators who are not experienced mass
spectrometrists. In the particular case of ESMS, the data system should at least
be able to deconvolute a multiple peak spectrum for a single species and provide
its M, value “on line.” Indeed, the ability to acquire and interpret the complex
spectra for mixtures of species, rapidly and efficiently, has been demonstrated so
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often that one should probably refrain from purchasing an ESMS instrument for
which such capability is not at least prospectively available. Effective data pro-
cessing and operating systems are becoming so vital for the effective use of
modern instruments that a system’s software may be on its way to becoming
more important than its hardware.

4. SUMMARY AND CONCLUSIONS

We have attempted to describe the principles and methods of ESMS, an
analytical technique that comprises four principal component processes or steps,
each with its own challenges and opportunities for improvement. (a) The first is
the spraying or dispersion of the liquid into charged droplets. This step deter-
mines compatibility with sample sources. Methods have been developed that can
provide stable spray operation over a wide range of flow rates and compositions.
(b) The second step is the formation of analyte ions from charged droplets.
Experiments have established that ions are formed intact from a wide variety of
polar and parent species, efficiently and in relative abundance. A unique feature
is the ability of ES to produce from very large and fragile parent species ions that
have extensive multiple charging. An important consequence of this multiple
charging is that the mass spectrum for a single species comprises a coherent
sequence of peaks whose number and charge state depend on the size and
chemical nature of the parent. (c) The third step is transport of ions from the
atmospheric pressure environment in which they are formed to the high-vacuum
environment of the mass analyzer. The efficiency of this transport step plays a
major role in determining the analytical sensitivity of the system. (d) Mass
analysis of the ions and interpretation of the spectra follow. All types of mass
analyzers can be used, including quadrupole filters, magnetic sector instruments,
ion traps, Fourier-transform ion cyclotron resonance, and time-of-flight instru-
ments. More experience has been accumulated with the first three of these types
of analyzers, but there is no reason to believe that use of the last two will not
increase substantially. The ESMS spectra are unique in that multiple peaks are
obtained for large species so that the spectra are complex. Data-processing
procedures have been developed that greatly simplify the interpretation process
and promise to become increasingly user-friendly.

Up to now, ES ionization has been more rapidly embraced by the communi-
ty of manufacturers and users of mass spectrometers than has laser desorption
(LD) ionization. This apparent “preference” may well be transient and seems
largely to result from the greater availability of ESMS systems. In turn, that
availability results in part from the fact that ES sources can be readily adapted to
the types of mass analyzers that are most familiar and have the greatest sales
volume. It seems highly likely that LD will grow rapidly as the TOF analysis
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methods to which it is best adapted become perfected. The really large-volume
markets await the development of robust “benchtop” systems that can provide
the advantages of mass spectrometric analysis at moderate cost. It will be in-
teresting to see which type of system will capture that market.
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The Analysis of Biomolecules by
Electrospray Ionization—Mass
Spectrometry and Tandem Mass
Spectrometry

Richard D. Smith, Joseph A. Loo, and
Charles G. Edmonds

1. INTRODUCTION

Electrospray ionization—mass spectrometry (ESI-MS) has its origins in research
that long preceded the current flurry of activity. The study of electrospray phe-
nomena extends back over perhaps two and one-half centuries to the work of
Bose (1) and certainly to that of Zeleny early in this century (2). The seminal
research into the use of electrospray as an ionization method was done by
Malcom Dole and co-workers (3,4), who, more than 20 years ago, performed
extensive studies into the electrospray process and defined many of the important
experimental parameters. The purpose of Dole’s studies was to use ESI to pro-
duce gas-phase macroions. Dole’s approach was largely an adaptation of the
electrospray studies performed in the 1930s by Chapman, who conducted ion
mobility studies of low-molecular-weight salts formed from the evaporation of
charged droplets (5). Experimental evidence was presented for ionization of zein
(M, ~ 50,000) (6) and lysozyme (7). Interpretation of Dole’s results was prob-
lematic, however, because a mass spectrometer was not available, and only ion
retardation (3,4,6) and ion mobility (7) measurements were obtained. However,
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the importance of Dole’s contributions cannot be overstated; his research clearly
presaged the ESI-MS of macromolecules, arguably the multiple charging phe-
nomenon, as well as many of the instrumental methods currently utilized (3,4,6-
8). In 1984 ESI-MS experiments were reported essentially simultaneously by
both Yamashita and Fenn (9) and Aleksandrov et al. (10,11). Fenn and co-
workers also demonstrated ESI-MS in the negative-ion mode (12), building on
the original negative-ion work by Dole and co-workers (3,4,6). Using a magnetic
sector instrument, the Russian researchers independently demonstrated the on-
line combination with liquid chromatography in 1984 (11) and over the next few
years applied ESI-MS to oligosaccharides (13) and intact polypeptides with M,
to 1500 Da (14) and developed chemical-digestion-based methods for their se-
quence determination (15).

The multiple charging of lysozyme by ESI was deduced by Dole on the
basis of ion mobility measurements (7), but difficulties in data interpretation led
them to suggest a level of charging substantially lower than that shown by
subsequent MS studies. In 1985 Fenn and co-workers (16) and Aleksandrov et
al. (13,14,17) reported dominant contributions of multiply charged molecular
ions for polypeptides. Later, Fenn and co-workers reported the ionization of
polyethylene glycols of average molecular weights up to 17,500 with as many as
23 charges (from associated sodium ions) (18). Because the polyethylene glycol
samples had relatively broad molecular weight distributions, only unresolved
“humps” of ions from m/z ~550 to >1400 were observed for higher-molecular-
weight samples. In 1988, Fenn and co-workers (19) first reported ESI-MS
spectra of intact multiply protonated molecular ions of proteins up to 40 kDa
having as many as 45 positive charges. Fenn’s initial results were quickly dupli-
cated and extended by our group (20,21) and Covey et al. (22).

Since its introduction in 1988 as a tool for the ionization of large bio-
molecules, the practice of ESI-MS has grown impressively. Although its incep-
tion was nearly simultaneous with the introduction of matrix-assisted laser de-
sorption/ionization (MALDI) methods for similar applications (23), the number
of ESI-MS applications has been substantially greater. One reason for this
difference is the speed with which commercial instrumentation became available,
and particularly the ease of retrofitting existing quadrupole instruments. Such
was not the case for MALDI methods, and commercial instrumentation has been
slower to appear. Although it is not yet possible to compare ESI and MALDI
quantitatively, it appears that MALDI may well have sensitivity advantages for
high-molecular-weight proteins. However, ESI has clear advantages for analysis
of liquids, particularly the effluents from microscale or “nanoscale” capillary
separation methods. In addition, tandem mass spectrometry has been shown to
be useful for dissociation studies of the multiply charged biomolecules produced
by ESI, allowing much greater dissociation efficiencies than for singly charged
molecules (24,25). The combination of these capabilities potentially constitutes
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an enabling technology capable of profoundly affecting the practice of mass
spectrometry and its role in significant areas of biochemical research.

2. EXPERIMENTAL METHODS AND CONSIDERATIONS

The following discussion is divided into two parts based on the functional
components of the ESI-MS instrumentation. These factors are the electrospray
source, or tip, where electrostatic nebulization of a liquid stream occurs, and the
atmosphere—vacuum interface, where the droplets and resulting ions are desol-
vated and transferred from near atmospheric pressure to the vacuum environment
of the mass spectrometer.

2.1. The Electrospray Source

The ESI source may be simply a metal capillary (e.g., stainless steel hypo-
dermic needle) at elevated voltage relative to a counterelectrode having an orifice
where ions and/or charged droplets entrained in a flow of gas enter the mass
spectrometer. Liquid flow is generated by infusion syringes, separation devices,
or other liquid sources. The ESI source requires production of a high electric
field at the capillary tip. The electric field causes charge to accumulate on the
liquid surface at the capillary terminus and disrupts the liquid surface. The ESI
liquid nebulization process can be pneumatically assisted (5) using a high-
velocity annular flow of gas at the capillary terminus, as originally described by
Dole and co-workers (3).

Our interest in coupling high-resolution capillary electrophoresis (CE) sepa-
ration methods with ESI-MS led to the development of the liquid sheath elec-
trospray source (26). An organic liquid sheath (often pure methanol, methoxy-
ethanol, or acetonitrile, but frequently augmented by small proportions of acetic
acid, water, and/or other reagents), flows through the annular space between a
~200-pm o.d. fused silica capillary, which delivers analyte solution to the ion
source, and a stainless steel capillary (=250 pmi.d.). A detailed view of a recent
version of the interface in a configuration developed and optimized for combined
CE-MS is shown in Fig. 2.1; a 300-pm i.d. fused silica capillary surrounds the
smaller-diameter CE analytical capillary. For positive-ion ESI, a voltage of +4 to
+6 kV is applied indirectly to the sheath liquid from which the fused silica tube
protrudes approximately 0.2 mm. For experiments in which sample solution is
directly infused to the ESI source, syringe pumps deliver controlled flows of
analyte and sheath liquids at rates of 0.1—1 wl/min and 2—5 pl/min, respectively.
Potential problems from the formation of bubbles in the connecting lines are
minimized by the inclusion of a trapping volume. Additional stability is obtained
by degassing the organic solvents used in the sheath and by minimizing heating
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(e.g., due to the countercurrent gas flow). These steps are particularly useful for
CE-MS, as are cooling of the entire assembly to ~15°C (27) and the use of less
volatile sheath solvents such as methoxyethanol (28).

For the positive-ion mode, sample solutions of proteins and peptides are
typically prepared in 1-5% v/v acetic acid in good-quality (>16 M{}/cm) de-
ionized water. For the negative-ion mode, good performance has often been ob-
tained with sample solutions prepared in 1-2% ammonium hydroxide/water or in
deionized water (if strongly acidic groups are present). In addition, an electron
scavenger is generally required to inhibit electrical discharge at the capillary
terminus (29,30). Sulfur hexafluoride has proven particularly useful for suppress-
ing corona discharges and improving the stability of negative-ion production.
Introduction of this gas is most effectively accomplished using gas flow (~100-
250 ml/min) through an annular volume surrounding the sheath liquid (Fig. 2.1).

Greater flow rates of more highly conductive liquids lead to unstable perfor-
mance (“spitting”) and larger droplet sizes. The dependence of ESI ion current
(D on solution conductivity (o) is relatively weak (I « ¢9-22) (30). The ESI
currents for a typical water/methanol/5% acetic acid solution are in the range of
0.1-0.3 pA.

Evidence exists that heating is useful for manipulating the electrospray
process. For example, slight heating allows aqueous solutions to be readily
electrosprayed (31), presumably because of the decreased viscosity and surface
tension. Thermally assisted (32) and pneumatically assisted (33) electrosprays
allow higher liquid flow rates but decreases the extent of droplet charging.
Studies with conventional and “electrically assisted” thermospray indicate that
on electrical “assistance” the extent of multiple charging for large molecules
increases (32). Thus, the average charge state may be continuously adjustable
between the limiting cases of electrospray ionization (electric field, no heating)
and thermospray ionization (heating, no electric field). The maximum extent of
charging likely results from the pure electrospray process, and any method aimed
at “assisting” ESI is expected to decrease charging (34).

2.2. The Atmosphere—Vacuum Interface

The formation of macromolecular ions requires conditions promoting sol-
vent evaporation from the initial droplet population. This evaporation can be
accomplished at near-atmospheric pressure by a countercurrent flow of dry gas at
moderate temperatures (~80°C), by heating during transport through the inter-
face, and by (particularly in the case of ion-trapping methods) energetic colli-
sions at relatively low pressure. Droplets shrink to the point at which repulsive
Coulombic forces approach the level of droplet cohesive forces (e.g., surface
tension). There is also direct evidence that small droplets emit “microjets” of
smaller droplets as they become unstable (35). On the basis of light scattering
and residual particle measurements, an initial droplet size of ~1 pwm has been
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deduced. Evidence for “second-generation” droplets in the 0.01- to 0.1-pm size
range has also been obtained (36). As we suggested earlier (37), a process
yielding jets of very small droplets by Rayleigh fission may be mechanistically
indistinguishable from a process involving the field evaporation of highly solv-
ated ions.

An important attribute of an ion source operating at atmospheric pressure is
the efficiency of sampling and transport of ions into the mass spectrometer. The
simplest method utilizes a 100- to 130-um orifice to a vacuum region maintained
by a single stage of high-speed cryopumping (Sciex, Thornhill, Ontario, Cana-
da). Charged droplets formed by ESI drift against a countercurrent flow of dry
N,, which serves to speed desolvation and exclude large droplets and particles.
As the ions pass through the orifice into the vacuum, further desolvation is
accomplished by collisions as the ions are accelerated into a radiofrequency-only
focusing quadrupole region of the mass spectrometer.

Alternatively, many instruments have been developed based on differen-
tially pumped interfaces. The capillary inlet-skimmer interface developed by
Fenn and co-workers (34) is widely used and is commercially available (Analyt-
ica, Branford, CT). A countercurrent flow of bath gas (typically N, at a pressure
slightly above atmospheric) assists solvent evaporation and sweeps away
high-m/z residual particles and solvent vapor from the mass spectrometer inlet.
Ions migrate toward the sampling orifice, where some fraction of them are
entrained in the gas flow entering a glass capillary (metalized at both ends to
establish well-defined electric fields). Although some loss occurs, ions can be
transmitted through capillaries with good efficiency. Ions emerge from the capil-
lary, in the first differentially pumped stage, as a component of a free jet expan-
sion. A fraction of the ions is then transmitted through a skimmer and additional
ion optics into the m/z analyzer. The electrically insulating nature of the glass capil-
lary provides considerable flexibility because ion transmission does not depend
strongly on the voltage gradient between the conducting ends of the capillary.

An alternative approach to droplet desolvation relies solely on heating dur-
ing droplet transport through a heated metal (38) or glass capillary (34,39). A
countercurrent gas flow is not essential and, in fact, may decrease obtainable ion
currents. The electrospray source is positioned nearer to the sampling capillary
orifice (typically 0.3 to 1.0 cm). The charged droplets are swept into the heated
capillary, which provides effective ion desolvation, particularly when augmented
by a capillary-skimmer voltage gradient. The disadvantage of this approach, and
of all sources not using a gas “curtain” or countercurrent flow, is that much more
solvent and residual material (i.e., solute particles) enter the mass spectrometer.
Advantages of the heated capillary, however, are the ease with which it can be
adapted to a variety of MS configurations, potentially higher transport efficiency
(which arises from the proximity to the electrospray tip), and the ability to heat
ions for either desolvation or dissociation (40) in a manner largely independent of
m/z.
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Considerable doubts remain concerning the detailed mechanism of ESI,
particularly related to the identity of the charged species desorbed, evaporated,
or “ejected” from the surface of the highly charged and rapidly evaporating
droplets. Such questions are difficult to resolve using mass spectrometry because
only the end result is observed and only after transport through, and perturbation
by, the atmosphere—vacuum interface. However, an advantage of ESI interfaces
using countercurrent gas flow is that the dry nitrogen environment will minimize
the condensation effects caused by cooling when gas expands into the vacuum.
With this approach, differences between the detected ion population and that
present at atmospheric pressure (€.g., the extent of desolvation) will generally be
caused by the greater activation (i.e., temperature) of the former.

The greatest success to date with ESI-MS has been obtained using quad-
rupole mass spectrometers. The combination with magnetic instruments was
accomplished several years ago by Russian researchers (10,11,13-15) and more
recently by others (41-51). Initial results with time-of-flight instrumentation
have been reported and suggest that improved sensitivity (by ion storage and
accumulation) will be necessary to yield results comparable to quadrupole instru-
ments (52). Such improved sensitivity appears practical in designs utilizing
orthogonal extraction, where most of the ions may be effectively utilized. Quad-
rupole ion-trap (i.e., ITMS) results appear particularly encouraging, although the
mass measurement accuracy is currently much poorer than with quadrupole mass
spectrometers (53—57). The ITMS sensitivity is comparable to or better than
quadrupole mass spectrometers, suggesting very efficient injection and trapping,
and significant advantages in tandem MS (MS/MS) sensitivity appear obtain-
able. McLafferty and co-workers have pioneered the combination of ESI with
Fourier transform-ion cyclotron resonance mass spectrometry (FT-ICR) (58—-60).
Laude and co-workers have demonstrated that substantial gains in sensitivity are
obtainable by having the ESI interface in the high magnetic field of an ICR
superconducting magnet (61). The potential for higher-order mass spectrometry,
MS” (n = 3), and perhaps efficient photodissociation is promising. High resolv-
ing power at moderate m/z, a capability of ion-trapping devices, has been dem-
onstrated for proteins and appears to have considerable potential, although tech-
nical difficulties remain to be solved. At least for the next few years, it appears
that quadrupole mass spectrometers will be the most widely used analyzers with
ESI because of factors that include lower cost and ease of interfacing.

3. ESI-MS OF LARGE BIOMOLECULES

3.1. Molecular Weight Determination

Molecular weight measurements for biopolymers can be obtained because
ESI mass spectra generally consist of a distribution of molecular ion charge states
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without contributions from dissociation (unless induced during transport into the
MS vacuum). The envelope of charge states for proteins, arising generally from
protonation, yields a distinctive pattern of peaks because of the discrete nature of
the electronic charge; i.e., adjacent peaks vary by addition or subtraction of one
charge. As first reported by Fenn and co-workers (19,62), the relative molecular
mass, M., of a macromolecule may be determined from mass spectra, given
several assumptions. One often assumes for proteins that charging is caused by
protonation of the molecular ion. Although this process is not invariably the
case, it has been found correct for most proteins studied to date. It is also
generally assumed that ESI is an extremely “soft” ionization technique and will
yield, under appropriate conditions, intact molecular ions. In the case of nonco-
valently bonded species, such as multimeric proteins, mass spectra are typically
obtained under conditions in which only the individual subunits are observed.

Equation 2.1 describes the relationship (for positive ESI-MS) between a
multiply charged ion at m/z p, with charge z; and M,:

Pz = M, + Mgz, = M, + 1.0079z, 2.1

where the charge-carrying species (M,) is a proton. The molecular weight of a
second multiply protonated ion at m/z p, (where p, > p,) that is j peaks away
from p, (e.g., j = 1 for two adjacent peaks) is given by:

po(zy — j) = M, + 1.0079(z, - j) 2.2)
Equations 2.1 and 2.2 can be solved for the charge of p,:
zy = j(p, — 1.0079)/(p, — py) 2.3)

The molecular weight is obtained by taking z; as the nearest integer value.
Additional measurements derive from each peak in the distribution. For example,
thioredoxin from E. coli (37) gives M + 9H)°+ to (M + 13H)!3+ molecular
ions at m/z 1298.0, 1168.27, 1062.27, 973.74, and 898.88, respectively. A
calculated M, of 11,672.9 = 0.5 Da is in close agreement with the expected M,
of 11,673.4.

Similarly, for negative ESI-MS:

z, = j(p, + 1.0079)/(p, — p,) 2.4)

As shown by C. M. Whitehouse ( personal communication), the approach to M,
determination can be generalized to include the mass of the added charged
species, M, (e.g., H*, Na*, K+). Automated approaches for deconvolution of
ESI-MS spectra have been developed that give increased accuracy if adducted
species are resolved.
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Measurements of M, for proteins greater than 100 kDa have been demon-
strated, and in favorable cases precisions better than 0.005% have been obtained,
far superior to more traditional techniques such as denaturing gel electrophoresis
(5-10%). High accuracy is required for >20-kDa proteins to differentiate single-
residue mutations that produce, for example, 1-Da mass differences (e.g., Asp
and Asn, Leu/Ile, and Asn, Glu, and Gln). Feng et al. (63) have demonstrated
0.001% (10 ppm) M, precision (i.e., M, 10,000 £ 0.1) by a Gaussian curve-
fitting method.

The majority of the reported ESI-MS results have utilized relatively low-
resolution quadrupole analyzers. With higher resolution, charge state assignment
in even complex mass spectra is possible by measurement of isotopic peak
separations. Henry et al. (60) have demonstrated resolving powers >60,000 with
a 2.8 Tesla FT-ICR instrument, readily resolving up to the 18+ charge state for
equine myoglobin and the 16+ charge state for equine cytochrome C, with a
precision and mass accuracy of 0.1 Da. This combination of high resolution and
high accuracy may be particularly useful for identification of unknowns and for
analysis of complex mixtures. Accuracies on the order of 1 ppm (0.0001%) or
better should eventually be obtainable by a combination of ESI with double-
focusing or FT-ICR mass spectrometers.

3.2. Positive-Ion Spectra of Large Polypeptides and Proteins

The net number of charged sites under solvation conditions appears to be
one of the principal factors affecting the maximum extent of charging observed in
ESI mass spectra. For most proteins (prepared in aqueous solution, pH < 4), an
approximately linear correlation is observed between the maximum number of
charges and the number of basic amino acid residues (e.g., arginine, lysine, and
histidine) plus the N (amino) terminus (37,64) for protein standards. Under
typical acidic solution conditions used for ESI, most if not all basic residues will
be protonated in solution. For example, methionyl-human growth hormone (Met-
hGH, M, 22,256) contains 11 arginines, 3 histidines, 9 lysines, and the N-
terminal methionine residue, for a total of 24 likely protonation sites in solution.
Correspondingly, the (M + 24H)?4+ molecular ion at m/z 928 is the most highly
charged species observed by ESI-MS. The acidic residues can be deprotonated
in solution at pH greater than ~5, and such conditions would be expected to
lower the observed ESI positive charge state distribution.

Many proteins contain disulfide bridges in their native state that signifi-
cantly affect higher-order structure. Native bovine a-lactalbumin (A, 14,175) has
17 basic residues and four cysteine—cysteine disulfide bridges, yet a maximum of
only 13 charges is observed in the ESI mass spectrum. As shown in Fig. 2.2b,
reduction of disulfide bonds with 1,4-dithiothreitol (DTT, Cleland’s reagent)
results in molecular ions up to 19+. The number of disulfide bonds can be
determined by the increase in M, on reduction. For a-lactalbumin, an §-Da
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Figure 2.2. Electrospray ionization mass spectrum of bovine a-lactalbumin (a) before and (b) after
reduction with DTT and (c) mass spectrum of the reduced/carboxymethylated form.

increase is consistent with four Cys—Cys bonds. Carboxymethylation of Cys
residues (after DTT reduction) with iodoacetate results in the expected 472-Da
increase in M, for a-lactalbumin (64) as well as a similar extent of protonation
(Fig. 2.2c). As found in other cases, the maximum number of charges observed
in the ESI mass spectra exceeds the number expected on the basis of the number
of highly basic residues (37,63). Bojesen’s data (65) indicate that glutamine has a
similar gas-phase proton affinity as lysine. Lactalbumin contains five such Gln
residues as possible protonation sites. More recent results (66,67) are supportive
of our earlier speculation (64) that glutamine residues may contribute to the
extensive protonation observed.

Another example of “overcharging” is demonstrated in Fig. 2.3. Proinsulin
is the precursor to insulin with an additional C peptide joining the A and B
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Figure 2.3. ESI-MS spectra of bovine proinsulin (M, 8681): native protein (top) and after the
reduction of disulfide bonds with 1,4-dithiothreitol (DTT) (bottom).

chains. The polypeptide from the bovine species is composed of 81 residues (M,
8680.8) and three disulfide bonds linking residues 7—67, 19-80, and 66-71.
Thus, the majority of the polypeptide chain is enclosed by disulfide bonds, with
the exception of the first six residues from the N terminus and the C-terminal
asparagine residue. A measured molecular weight of 8680.5 + 0.46 agrees
closely with that expected from its sequence. Reduction of the three disulfide
bonds with DTT leads to the appearance of more highly charged molecular ions
extending to the 12+ state. The experimentally measured M, of 8686.4 = 0.67 is
consistent with the reduced form of proinsulin (M, 8686.9). Again, although the
primary structure of bovine proinsulin contains only nine basic amino acid sites
(four Arg, two His, two Lys, and the N terminus), protonation at other sites
(e.g., glutamine residues) apparently contributes upon disulfide reduction.
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The ESI mass spectra of noncovalently bound protein subunits generally
show multiply charged ions characteristic of their respective subunits. Lactate
dehydrogenase from rabbit muscle (M, ~ 140 kDa) is an enzyme composed of
four identical 36-kDa subunits. Over 50 positive charges indicative of the subunit
molecular weight are detected by ESI-MS. Similarly, human hemoglobin is a
tetrameric protein consisting of two o and two B chains; its ESI mass spectrum
shows multiply charged ions for the a (M, 15,126) and the 8 (M, 15,867) chain
units.

The ESI mass spectra of noncovalently bound heme-containing proteins
obtained under typical acidic conditions generally do not exhibit molecular ions
for the heme—polypeptide complex. Such an iron—porphyrin group is associated
with hemoglobin; however, ions characteristic of only the subunit minus the
heme are found. The same is true for myoglobin from lower-pH solutions (68),
but under certain solution conditions the noncovalently bound heme—peptide
complex is observed (68,69). The 5% aqueous acetic acid (pH = 2.4) solution
used for ESI-MS of myoglobin yields only multiply protonated molecular ions
for the polypeptide chain (i.e., apomyoglobin). An additional peak for heme ™ is
observed in 1: 1 H,0O/alcohol solutions with 5% acetic acid. Myoglobin in
unbuffered aqueous solution yields contributions of (M + heme + (n — 1) H”*+
and apomyoglobin molecular ions in addition to heme*, with relative abun-
dances depending strongly on interface conditions. The dependence on solution
conditions appears to be correlated to changes in protein structure; certain condi-
tions (including lower pH) result in denaturation and loss of the heme (see the
following section). At low pH, myoglobin is known to unfold in solution, expell-
ing the heme group (70). At more basic pH, myoglobin remains globular, par-
tially retaining the heme in the negative-ion spectra (see Section 3.4) (71). In
contrast, the heme—protein cytochrome ¢ is covalently linked to the iron—por-
phyrin group through thioether bonds to two cysteine residues. Thus, the M,
determined by ESI-MS is consistent with the polypeptide—heme species.

The utility of ESI-MS for larger proteins can be illustrated by examining
the results obtained for a range of serum albumins: acidic, stable, 66-kDa mono-
meric proteins that are among the most studied in biochemistry (72). Complete
sequences are available for human, bovine, rat (72), sheep (73), and porcine (74)
albumin, and partial amino acid sequences (typically the N-terminal residues) are
known for other species. Albumin amino acid sequence alignment is well con-
served between species: 63% total conservation is maintained among the se-
quences for human, rat, and bovine albumins. Relative molecular weights with
precisions on the order of 0.01% or better can be obtained, as shown in Table 2.1
for ten different albumin species (75). Although precision was similar to that
determined for smaller polypeptides and proteins, some M, measurements were
high by as much as 0.27% compared to values based on reported sequences. The
purity of the commercial albumins may be as high as 96% based on the nitrogen
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Table 2.1
Molecular Weights and Peak Widths from ESI-MS Spectra
of Serum Albumins

Species M, (exptl.) M, (seq.)® FWHH (50+)&
Bovine 66,443 + 5 66,430 4.3
Human 66,605 = 7 66,438 8.2
Rat 66,000 = 6 65,870 5.0
Porcine 66,770 = 5 66,731 4.3
Sheep 66,385 = 6 66,293 5.0
Horse 65,667 = 6 — : 8.7
Rabbit 66,148 = 6 —_ 4.0
Dog 65,854 = 7 —_ 10.7
Goat 66,304 = 5 — (8.9)

66,578 = 8
Guinea pig 65,962 *+ 8 — (15.8)

66,284 * 8

66,586 = 7

“Average molecular weights calculated from available complete amino acid (or nu-
cleotide) sequences.

®Full width in m/z units at half the peak height for the (M+50H)*** multiply charged
molecule. Values in parentheses indicate that more than one molecular ion component is
partially resolved in the peak cluster.

content. However, heterogeneity may still arise from various contributions, in-
cluding adducts (fatty acids, bilirubin, glycans, etc.), structural modifications,
cleavages by traces of proteolytic enzymes in the preparation, and amino acid
modifications (72). Moreover, errors in sequence determination may occur;
Hirayama et al. (76) recently corrected the amino acid sequence of bovine serum
albumin, giving an M, in close agreement with the measured value (63,75).
The relative purity of the serum albumins can be qualitatively assessed with
ESI-MS based on the molecular ion peak width. This assessment requires that
spectra be obtained under conditions that result in sufficient collisional activation
to remove residual solvent and noncovalently associated molecules. Table 2.1
lists the measured widths (in m/z units) at half the height of the peak maxima for
the M + S50H)3°+ species (between m/z 1310 and 1340) for ten albumins.
Porcine albumin, which gave the closest agreement with the measured molecular
weight, also gave one of the narrowest peak widths. A few of the albumins,
notably goat and guinea pig albumin, showed additional partially resolved com-
ponents (75). Figure 2.4 compares a portion of the ESI spectra for porcine and
guinea pig albumin, showing the greater heterogeneity of the latter (where at
least three components are evident). Because the reported M, measurements are
based on peak maxima, sample microheterogeneity can cause a shift in peak
maxima sufficient to partially explain the difference from M, values based on the
sequence. Thus, a properly deconvoluted peak shape (i.e., corrected for instru-
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Figure 2.4. Partial mass spectra of porcine (top) and guinea pig (bottom) albumins illustrating the
greater microheterogeneity of the latter.

mental contributions) may provide information on purity or heterogeneity. A
recent ESI-MS study by Geisow and co-workers (77) of commercial and recom-
binant human albumin samples also showed similar M, values. However, the
spectrum for the recombinant form showed much narrower peak widths (~2 m/z
units versus ~7 m/z units for the commercial sample).

In biotechnology, protein purity (and impurity) determination is crucial for
certification and control of product potency, stability, and safety. The presence of
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trace protein contaminants at the part-per-million level may cause a biological
immune response in the recipient. Impurities may also include DNA, residual
host proteins, proteolytic clips, and residual cellular proteins (78). Additionally,
“a concern in the recombinant DNA manufacture of proteins is the potential for a
single point mutation or mistranslation of the complementary DNA, which
would cause single or multiple amino acid substitutions in a protein™ (79).

The ESI-MS technique has already found application for the molecular
weight determination of recombinant proteins such as human growth hormone,
interleukin-2, and interferon-y. A protein with M, 131 Da higher than expected
because of an N-terminal methionine is often detected in the protein products.
This modification arises from the start codon (AUG for methionine in eu-
karyotes) used for the translation process. Van Dorsselaer et al. (80) applied
ESI-MS to verify the identity of recombinant proteins up to 44 kDa. Analysis of
HIV proteins (15-26 kDa) has shown cleavage products and proteins (with loss
of C-terminal residues) in addition to the expected proteins. Acetylation of the N
terminus and truncated products were easily identified for o, -antitrypsin variants
expressed in E. coli and Saccharomyces cerevisiae (80). M, measurement ac-
curacy of 0.01% allows for evaluation of such mixture products from a single
ESI mass spectrum.

As noted for albumins, the relative heterogeneity of protein preparations can
be qualitatively evaluated by ESI-MS. Witkowska and co-workers (81) deter-
mined the purity of their preparation of thioesterase II, an enzyme used to
hydrolyze acyl chains of intermediate-length fatty acids. Two products were
detected, one in which the full-length protein (263 residues, M, 29,513) has an
N-terminal acetylmethionine residue and a second in which the C terminus is
truncated (261 residues, M, 29,299) and the N terminus is also acetylated.

Electrospray ionization MS has also been used to examine proteins isolated
from biological matrices. Lens crystallins, structural proteins found in the eye
lens, were subjected to ESI-MS for detection of possible posttranslational modi-
fications (82). Spectra from HPLC fractions of -bovine lens crystallins (M,
20,000 to 25,000) have indicated acetylation of the N-terminus (83). Protein
variants of trypsin (84) and hemoglobin (85-87) have been studied by ESI-MS.
Over 400 variants of human hemoglobin chains (c, B, 3, y) are known, many of
which arise as a result of a single nucleotide base substitution, and variants have
been identified by M, measurement with accuracy routinely within +1 Da (at M,
~ 15 kDa).

Structure analysis of glycoproteins and their many possible carbohydrate
structural isomers is a major analytical challenge (88,89). Several examples of
electrospray ionization of glycopeptides and glycoproteins exist. Although ESI
mass spectra for glycoproteins such as ribonuclease B, ovalbumin, and transfer-
rin have been reported, the difficulty in analysis and lack of sensitivity for many
glycoproteins have previously been noted (90). Many glycoproteins do not yield
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interpretable mass spectra. Peptide mapping by LC/MS/MS of enzymatic digests
of glycoproteins has been successfully used to determine the sites and identity of
carbohydrate binding (91-93). Gillece-Castro and co-workers (94) reported the
mass spectra of bovine fetuin and DNAse, but only after removal of N-linked and
O-linked oligosaccharides with enzymes such as neuraminidase, N-glycosidase F
(PNGase F), and O-glycanase. Several other groups (95,96) have reported mod-
erate success in glycoprotein analysis by ESI.

It is clear that the extent of charging of the protein in the ESI process is
generally constrained by the number of charge sites in solution. Solution condi-
tions (e.g., other possible charged species, charged adducts) likely play a role,
but mechanisms have not yet been well defined. The maximum extent of charg-
ing in the gas phase is ultimately limited by Coulombic forces, but much less in
solution, where the relatively high dielectric constant of the solvent can effective-
ly shield and optimally distribute charge. The highly basic amino acids rarely
account for more than 20% to 25% of a protein (which would correspond to m/z
~ 500 for full protonation). Coulombic repulsion makes charging of adjacent
residues less favored in the gas phase and could substantially lower barriers to
proton transfer from such sites. Coulombic effects might even increase to a level
such that deprotonation will occur during desolvation. It is now established that
higher charge states of proteins are more reactive to proton transfer and may
more readily undergo dissociation (37,97).

3.3. Higher-Order Protein Structure Effects

Information on higher-order structure (secondary, tertiary, quarternary) is
fundamental to biological research. Protein conformation in solution depends in
a complex fashion on the intramolecular forces dictated by amino acid se-
quences. The native state of a protein is typically folded into a well-defined
three-dimensional structure by relatively weak intramolecular forces (e.g., hy-
drogen bonding). Protein function in biological systems generally involves in-
teractions of specific structural conformations essential for activity (98). X-ray
‘crystallography, nuclear magnetic resonance, and various spectroscopic methods
have been used to probe such conformational changes. Mass spectrometry poten-
tially offers greater speed and sensitivity in qualitatively evaluating changes in
higher-order structure.

According to our present understanding, the charge distribution observed
for proteins by ESI-MS is related to the solution phase structure. However, the
details of this relationship are unclear because details are uncertain concerning
how ESI and subsequent gas-phase processes, such as proton transfer during
desolvation, may alter this initial charge distribution. As first demonstrated by
Loo et al. (64) and shown for proinsulin in Fig. 2.3, protein charging depends
dramatically on higher-order protein structure. Reductive cleavage of disulfide



Analysis of Biomolecules 53

bonds between cysteine residues alters the higher-order structure of the protein.
The native disulfide-bridged conformation may have basic amino acid sites in the
internal volume of the globular structure that are less readily protonated. Re-
pulsive Coulombic forces are also greater for the more compact native structure,
and charge sites may be more labile in the gas phase to reactions (e.g., proton
transfer). Disulfide-cleavage reactions allow the protein to “relax” or unfold into
more extended conformations, allowing greater protonation of otherwise “bur-
ied” sites. The consequence of this behavior is demonstrated by comparisons of
spectra for disulfide-containing proteins and their disulfide-reduced forms.
Bovine serum albumin is composed of 585 amino acids, 35 of which are cysteine
residues that compose 17 disulfide bridges. Its ESI mass spectrum in Fig. 2.5
(top) shows the (M + 67H)57+ ion as approximately the most highly charged
species. On disulfide bond reduction with DTT, up to 89 charges are observed
(Fig. 2.5, bottom), compared to 100 expected on the basis of the number of basic
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Figure 2.5. Mass spectra of bovine serum albumin (M, 66 kDa): native form (top) and after
disulfide reduction with DTT (bottom).
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residues. Similar results were obtained for the covalently bound bovine albumin
dimer (64).

In the case of proteins containing disulfide bonds, it is clear that disulfide
reduction will alter solution and gas-phase structure and, perhaps implicitly, the
extent of charging. The three-dimensional protein structure in solution is gener-
ally governed by relatively weak noncovalent interactions. It is unclear to what
extent higher-order protein structure will be preserved through the electrospray
process and influence the observed ESI charge state distribution.

Changes in protein environment, such as changes in pH, temperature, addi-
tion of reagents (such as guanidine hydrochloride or urea), or other solvent
conditions may cause the protein to unfold or denature. Chait and co-workers
have demonstrated a dramatic effect of pH on the ESI spectrum of cytochrome ¢
(99). Similar behavior, i.e., a bimodal charge state distribution reflecting a
mixture of conformers, is also observed on addition of acetic acid to an aqueous
solution of hen-egg lysozyme (M, 14,306) (100). Cytochrome ¢ and lysozyme
have been shown to denature from a compact folded conformation to a random
coil state when the pH is lowered from 3.3 to 1.6 (99-101). Thus, the higher
charge state distribution (at lower m/z) may represent the contribution from the
random coil state. Feng and co-workers have reported similar results for papain
(102), suggesting that the different charge state distributions observed for differ-
ent pH conditions are consistent with the known structural changes.

The use of organic solvents, such as those generally used for ESI, can also
cause protein denaturation (103,104). A dramatic example of such behavior is
found for bovine ubiquitin (M, 8565) (100). Figure 2.6 shows the ESI mass
spectra of ubiquitin in various water—acetonitrile solvent mixtures (with 5%
acetic acid). For higher fractions of organic solvent, the ESI mass spectra show
charging extending to the (M + 13H)!3* molecular ion, consistent with the 13
basic residues (Fig. 2.6a). For a highly aqueous sample (>90%, but using a
liquid sheath of acetonitrile), a bimodal charge distribution is evident, with the
7+ and 8+ molecular ions dominating the spectrum (Fig. 2.6c¢). In spite of the
bimodal distribution, m/z measurements are consistent with a single M, value.
Increasing the fraction of organic solvent shifts the charge state distribution to the
higher charge (lower m/z) (Fig. 2.6b). The native structure of ubiquitin is known
to be globular in an aqueous environment (105,106). It is also known that
perturbation of the aqueous medium, such as by addition of organic solvents or
urea, causes unfolding of the polypeptide chain from its compact native form
(98,103,104,107,108). Lowering the dielectric constant of the solution by in-
creasing the alcohol content has been shown to increase the o-helical form of the
denatured protein by alcohol binding to hydrophobic sites (108), consistent with
other protein studies (103,107). The native globular form for ubiquitin domi-
nates, yielding the 7+ and 8+ species in aqueous solution (Fig. 2.6¢). (A small
contribution from the denatured a-helix structure giving the 10+ to 13+ charge
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states is ascribed to denaturation by contact with the acetonitrile sheath liquid
used in the ESI source.) Denaturation can be nearly eliminated by replacing the
acetonitrile sheath with an aqueous sheath, as evident in Fig. 2.6d by the nearly
complete absence of the 9+ to 13+ charge states. Increasing the acetonitrile
content of the analyte solution to 12% results in a substantial contribution as-
cribed to the a-helix structure (Fig. 2.6b). Further addition of acetonitrile to 18%
(and higher) results in primarily the denatured state.

Another approach for probing higher-order solution-phase structure exploits
hydrogen/deuterium (H/D) isotopic exchange in solution, as shown by Chait and
Katta (109). D,O is substituted for H,O, and H/D exchange is allowed to occur
over a period of minutes to hours. The extent of H/D exchange depends on
higher-order solution structure because of the variable accessibility of labile
hydrogens. Consistent with expectations, much greater H/D exchange was ob-
served for some denatured forms of globular proteins (109).

It is difficult to resolve all of the factors contributing to the ESI charge state
distribution. Changes in physical parameters such as pH, dielectric constant, and
surface tension may have important effects on the desorption/ionization event(s)
and may ultimately affect the observed charge state distribution. Available results
suggest that multiple conformation states can be qualitatively monitored in some
cases using the ESI mass spectrum. Although the charge state distribution from
ESI is at least partially governed by solution-phase conformations, it is uncertain
how liquid-phase structure is related to the relevant gas-phase structure(s). Even
if the charge state distribution is “locked in” by factors that include solution-
phase structure, the actual gas-phase three-dimensional structure may be altered
by the heating required to complete desolvation and likely assisted by repulsive
Coulombic forces once the protein is stripped of the mediating effects of the
dielectric solvent.

Evidence is increasing that relatively weak noncovalent bonds can influence
gas-phase structure of multiply charged proteins. A relatively common observa-
tion in polypeptide mass spectra is the appearance of noncovalently bound di-
mers, particularly for samples prepared at high concentration. Generally, such
contributions to ESI spectra are relatively small, particularly because interface
conditions are selected (intentionally or otherwise) to provide sufficient excita-
tion for desolvation. Under such conditions, one would generally expect non-
covalently associated species to dissociate. However, dissociation of non-
covalently bound species may not always occur, as in the myoglobin positive-ion
ESI spectra at near-neutral pH (data not shown) and the negative-ion spectra at
higher pH (Fig. 2.7), where the heme group is clearly retained for a substantial
fraction of the molecules. The negative-ion spectra of oxidized A-chain insulin
and the positive-ion spectra of B-chain insulin show abundant dimer ion peaks
under. certain conditions, as shown in Fig. 2.8. Intact insulin is known to form
dimers and larger multimers under broad ranges of solution conditions (110). The
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Figure 2.7. Negative-ion ESI spectrum of horse heart myoglobin in 1% NH,OH aqueous solution.
The peaks labeled with dots represent the intact polypeptide—heme complex.

MS/MS studies of the suspected dimer species yield the expected monomers of
higher and lower m/z. It is highly unlikely that dimers are formed in the gas
phase because of the considerable Coulombic barrier. It is now apparent that such
dimeric species were unsuspected contributors to some of our initial MS/MS
studies of proteins (24,25). Figure 2.9 shows low-resolution collision-induced
dissociation (CID) spectra for the 9+ to 12+ charge states of cytochrome ¢
obtained in one of our earliest studies (24). Each charge state selected for
MS/MS study was “contaminated” by about 1% of the dimer (at the same m/z
but twice the charge). The dissociation of the dimer forms the monomer with
charge states having approximately half the charge of the dimer. Noncovalently
bonded dimers in the gas phase will most likely be observed at higher m/z, where
Coulombic repulsive forces are lower.

These results suggest that noncovalently associated multimers of larger
proteins may also be detectable by ESI-MS under appropriate solution and
interface conditions. The recent observation of noncovalent enzyme—substrate
and receptor—ligand complexes (111) is consistent with this expectation. A com-
plex between the cytoplasmic receptor, human FK binding protein (M 11,812), a
member of the immunosuppressant binding protein family, and the recently
discovered immunosuppressant FK506 (M, 804) was observed in the ESI mass
spectrum. Similarly, the enzymatic reaction of hen egg-white lysozyme (HEWL)
with N-acetylglucosamine (NAG) oligosaccharides was monitored by detecting
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Figure 2.8. Electrospray ionization mass spectrum of bovine B-chain insulin (M, 3496) in 5%
acetic acid (top) and negative-ion mass spectrum of bovine A-chain insulin (oxidized, M, 2531) in
H,0 (bottom).

the HEWL-NAG, complexes (112). The hydrolysis of NAG, by HEWL pro-
duces predominantly NAG, and NAG,. A solution containing HEWL and NAG,,
yields multiply charged ions corresponding to the HEWL-NAG, and HEWL—-
NAG, complexes.

The ESI-MS technique should prove useful for probing other noncovalent
binding interactions. On the basis of such preliminary observations, broad as-
sumptions concerning the gas-phase structure of biopolymer ions from ESI (i.e.,
that large ions will necessarily be “extended” in the gas phase) are premature.

3.4. Negative-lon Spectra of Large Polypeptides and Proteins

The ESI-MS analysis of polypeptides and proteins has generally been per-
formed in the positive ionization mode. The more basic sites of the amino acid
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residues (arginine, lysine, histidine, and the N-terminus) have sufficiently large
pK values to ensure that proteins will be multiply protonated in acidic solutions.
Negative-ion ESI has been demonstrated for a variety of small molecules with
acidic functionalities such as carboxylic, phosphoric, and sulfonic acid groups
(113-115). Also, ESI mass spectra of mono- and oligonucleotides have been
reported (22,37,69,116,117), and a distribution of multiply charged molecular
anions for transfer RNAs with M, to 25 kDa has also been observed (37,117). We
have also observed that polystyrene sulfonates extending to >1 MDa can be
efficiently ionized. However, very few negative-ion ESI mass spectra of poly-
peptides have been reported; one early example was the negative-ion ESI mass
spectrum from an aqueous solution of bovine A-chain insulin (M, 2533) (37) in
which the four cysteine residues had been oxidized. Multiple charging to the 5—
deprotonated charge state was observed (Fig. 2.8). Most proteins in neutral and
acidic aqueous solutions do not produce multiply charged anions because acidic
residues such as glutamic acid (Glu) and aspartic acid (Asp) typically have pK,s
of around 5; i.e., the protein often retains a net positive charge in solution
because of the protonated basic residues.

However, as first shown by Loo ef al. (71), multiply charged (deprotonated)
molecules can be produced by ESI in basic pH aqueous solution (e.g., 1-3%
ammonium hydroxide), where basic residues are generally uncharged. Horse
heart myoglobin in aqueous 1% NH,OH solution (pH ~ 11.3) yields an elec-
trospray ionization mass spectrum with a bell-shaped multiple charge state dis-
tribution extending up to approximately the (M — 19H)!°~ charge state, as
shown in Fig. 2.7. Horse myoglobin has 13 Glu and 7 Asp residues, correspond-
ing closely to the maximum negative charge state observed. Myoglobin spectra
also show a less-intense series of ions corresponding to the noncovalently at-
tached protoporphyrin IX heme cofactor (71).

Similarly, A-chain bovine insulin (oxidized, M, 2531.6) yields multiple
charging to the 5~ charge state in aqueous solution (Fig. 2.8, bottom). However,
in 1% NH,OH, the observed multiple charging extends to the 7- charge state,
presumably because of the deprotonation of the two glutamic acid residues (71).

Figure 2.10 shows the negative-ion ESI mass spectrum for an aspartic
proteinase found in gastric juice, pepsin (porcine, M, 34.5 kDa). Pepsin does not
afford a positive-ion ESI mass spectrum (with limited m/z-range quadrupole
instrumentation), and only limited success for pepsin has been reported with
californium-252 plasma desorption (118,119) and MALDI (120). Porcine pepsin
has only two Arg, one Lys, and one His basic residues, apparently insufficient
for production of multiply protonated molecules below m/z 2000. However, the
29 Asp and 13 Glu acidic amino acid residues permit multiple charging in the
negative ionization mode up to (M — 42H)*2~ from an aqueous 1% NH,OH
solution.

The effects of pH and cationic substitution are illustrated in Fig. 2.11 for
porcine pepsin. The 1% (0.15 M) NH,OH solution utilized for Fig. 2.10 con-
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Figure 2.10. Negative-ion ESI mass spectrum of porcine pepsin (M, 34.5 kDa) in 1% NH,OH
(aq.) solution.

trasts significantly with results obtained for porcine pepsin in 5 X 10—2, 5 X
1073, and 5 X 1074 M NaOH. At the 5 X 10~4 M NaOH concentration (pH ~
10.7), signal intensities for molecular ions are substantially reduced, and tailing
is noted on the high-m/z side of each peak because of sodium-hydrogen ex-
change (Fig. 2.11, bottom). The extent of charging observed in this case is
reduced compared to that shown in Fig. 2.10; this reduction may be attributed to
the slightly lower pH (71). Slightly more charging, to the 51— charge state, is
observed for pepsin in a 5 X 10—3 M NaOH (pH = 11.7) aqueous solution, as
shown in Fig. 2.11 (middle). Cysteine and tyrosine residues may also deproto-
nate in high-pH solutions because they have expected pK, ranges in proteins of
8.5 to 8.9 and 9.6 to 10.0, respectively (121). The phenolic hydroxy group of
tyrosine may ionize under these conditions as well. We have observed formation
of triply charged anions from basic solutions of the hexapeptide Tyr-Tyr-Tyr-Tyr-
Tyr-Tyr, and it appears reasonable that some of the 16 tyrosine amino acids of
pepsin may be deprotonated under these experimental solution conditions (71).
Compared to lower NaOH concentration, a much greater extent of sodium adduc-
tion is also observed. Higher charge states (>>45—) show only small amounts of
Na substitution, and the extent of Na substitution increases approximately linear-
ly with decreasing charge. An unresolved distribution of sodium adducts is found
for each charge state, such that the lower charge states (higher m/z) show more
sodium substitution than ions of higher charge. The m/z of each charge state
shifts substantially because the most probable species contains numerous Na
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Figure 2.11. Electrospray ionization mass spectrum of porcine pepsin in 5 X 102 M (top),
5 X 10-3 M (middle), and 5 X 10—4 M NaOH (bottom).
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substitutions, i.e., [M — (¢ + z)H + aNa]J*~. A similar situation applies to
negative ESI mass spectra of large oligonucleotides (37). M, calculations for
conditions where cation adduction is not resolved are limited to ~0.5% precision
and accuracy because each charge state contains a different (and unknown)
average number of sodium counterions. At higher concentrations of NaOH, 5 X
10-2 M (pH ~ 12.7), signal intensity is severely attenuated. In addition to a
possibly greater extent of sodium substitution, the protein may be degraded by
hydrolysis.

More than 50 negative charges were observed in the negative-ion spectrum
of disulfide-reduced sheep albumin (Fig. 2.12), which has 100 total Glu and Asp
residues. No multiply charged deprotonated molecules were detected below m/z
2000 for native sheep albumin with disulfide linkages intact (i.e., native sheep
albumin does not charge to over 33—). These results are qualitatively consistent
with positive ESI spectra for albumins (37,64). However, the amount of charging
in the negative-ionization mode for sheep albumin is only half of that observed
by positive ESI. One hundred basic residues occur in the sequence of sheep
albumin. Approximately 69+ and 96+ (maximum) charges were observed for
the native and disulfide-reduced forms of the protein (75). The role that different
conformations of reduced albumin at acidic and alkaline pH play in the observed
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Figure 2.12. Negative-ion ESI mass spectrum of disulfide-reduced sheep serum albumin in 1%
NH,OH (aq.).
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variations in charging is unknown. Clearly, however, the ability to obtain both
positive- and negative-ion ESI spectra extends the utility of these methods and
may provide new qualitative insights related to protein structure in solution.

4. ESI-TANDEM MASS SPECTROMETRY OF POLYPEPTIDES
AND PROTEINS

4.1. General Considerations

An important development related to ESI-MS has been the demonstration
that large, multiply charged ions can be efficiently dissociated by multiple low-
energy collisions with a neutral target gas (24,25,37,97). However, because the
CID products are often multiply charged, data interpretation presents special
difficulties if product charge states are unknown. Higher resolution or the use of
ion—molecule reactions to manipulate product ion charge state or mass can be
useful for charge-state determination. Lacking sufficient resolution to separate
the isotopic contribution, tandem MS is most straightforward for doubly charged
ions. For example, in the case of doubly charged peptides generated from the
specific proteolytic digestion of proteins by trypsin, two charges are generally
expected to reside on opposite ends of the molecule (an arginine or lysine residue
at the C terminus and the N-terminal basic site). Thus, CID results primarily in
singly charged fragment ions. It is clear that ESI-MS/MS of doubly charged
ions has extended the molecular weight range for which complete polypeptide
sequence information can be obtained.

As molecular weight increases, complete sequence information becomes
more difficult to obtain. Although the upper M, value practical for obtaining
complete sequence information is uncertain, it is clear that such a capability,
based on the techniques currently used, must break down at some point. None-
theless, qualitatively useful information (i.e., regarding posttranslational modifi-
cations, limited sequence information from the termini, etc.) can be obtained,
even at relatively high M. As mass spectrometric capabilities become more
sensitive and sophisticated (perhaps based upon MS~, utilizing ICR or ITMS
instrumentation), the feasibility of analyzing and sequencing higher-molecular-
weight polypeptides and other applications should continue to advance. The
current status of ESI-MS/MS is illustrated below in the context of three “case
studies” of multiply charged polypeptides spanning a wide M, range: melittin (M,
2845), ribonuclease A (M, 13,682), and serum albumins (M, ~ 66 kDa).

4.2. Melittin

Melittin was one of the first polypeptides to be studied by ESI-MS/MS
(122). As we have previously described (21,97), manipulation of the nozzle—
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skimmer bias voltage (ANS) allows for efficient CID of ESI-generated molecular
ions formed at atmospheric pressure. As pressure drops through the interface,
ions can be accelerated, allowing numerous low-energy collisions. Figure 2.13
(top) gives the ESI mass spectrum for melittin, a polypeptide with 26 amino acid
residues that is dominated by the 3+ to 6+ multiply protonated molecules.
Increasing ANS from 85 V to 285 V causes sufficient collisional “heating”
to induce dissociation of most molecular ions, yielding the spectrum given in
Fig. 2.13 (bottom). The various dissociation products, distributed across the
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Figure 2.13. ESI/MS spectrum for melittin at low ANS (+85 V, top) and high ANS (+285 V,
bottom). The superscripts on the sequence assignments refer to the charge state of the ions. The likely
charge sites in solution are indicted by the outlined letters in the single-letter sequence.
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entire m/z range, have been assigned using the conventional notation (123,124)
augmented by a superscript that indicates the charge state (absence of a super-
script signifies a singly charged ion). Figure 2.13 (bottom) also shows significant
contributions at low m/z that are attributed to individual amino acid residues and
other singly charged dissociation products likely arising from séquential CID
processes.

The CID spectra for the 3+, 4+, 5+, and 6+ protonated molecules of
melittin are shown in Fig. 2.14 and provide a striking qualitative comparison of
the effect of parent ion charge state. Nearly all peaks in the various product-ion
spectra may be readily attributed to reasonable sequence-related fragments (122).
The major qualitative observations based on these results include (a) increasing
CID efficiency with increasing charge-state and (b) spectra dominated by multi-
ply charged fragments for the higher-charge-state parents. Because E = z - V, the
center-of-mass collision energy (E_,,) obtainable with quadrupole instruments
extends to the 5- to 10-eV range. Consideration of the collision gas thickness and
the large collision cross section estimated for melittin molecular ions suggests
that the average number of collisions was approximately five to ten (122).

The intensities of the 2+, 3+, and 4+ multiply charged y,, products and
the abrupt termination of the “b” series at b;; indicate that the N-terminal
peptide bond of proline is significantly more labile than other peptide bonds.
This facile cleavage at a proline residue has been observed for CID of other
peptides (125,126).

Tandem MS studies of the peaks at m/z 812 and m/z 542, formed by
dissociation in the interface (Fig. 2.13) and attributed to the yZ, and y3, species,
give the CID spectra shown in Fig. 2.15 (97). Such results support the assign-
ments in Figs. 2.13 (bottom) and 2.14 and provide sequence information for
portions of the molecule unprobed for the intact molecular ion.

It is obvious that higher charge states of polypeptides are less stable under
typical CID conditions. Results such as those shown in Fig. 2.14 also indicate
significant changes in the relative abundances of dissociation products. How-
ever, it is difficult to resolve quantitatively the role of Coulombic repulsion on
parent ion dissociation rates. To analyze that factor, one must be assured that the
different charge states are excited to the same extent; i.e., the “temperature” for
each charge state population must be the same. However, depending on interface
conditions, differing degrees of collisional excitation will result, and each charge
state will be characterized by different quasithermal distributions. Because of the
wide variation in pressure through the length of the interface and the uncertain
extent of cooling in the expansion, it is an extremely difficult task to select
conditions that ensure similar excitation.

We have recently introduced the technique of thermally induced dissociation
(TID) to provide similar levels of excitation for all charge states (40). In TID, a
heated metal capillary is used to dissociate ions introduced from the atmospheric
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pressure ESI source, thus acting as a thermal reactor. In this manner, electric
fields that normally cause collisional excitation in the interface are eliminated,
and cooling on expansion should rapidly and efficiently quench reaction pro-
cesses. Figure 2.16a shows a spectrum of melittin obtained under conditions of
moderate heating, which is similar to that obtained with the nozzle—skimmer
interface (Fig. 2.13, top). Figures 2.16b and 2.16c show spectra of melittin with
progressively greater heating. Extensive dissociation is evident from the attenua-
tion of the parent ion peaks and the appearance of the labeled “y-mode” TID
products. The range of temperatures covered in Fig. 2.16 is approximately from
200°C to 400°C. Similar to the higher-energy (tandem) CID studies, the most
abundant product ions correspond to various charge states of ions resulting from
cleavage between residues 13 and 14 (i.e., y;3).

The more highly charged ( protonated) ions are especially labile to TID (40).
Figure 2.16c shows that the 6+ to 4+ molecular ions are absent from the
spectrum, whereas the 3+ species remains. (At higher temperature, the 3+ ion
dissociates.) The TID in the capillary may also be combined with subsequent
collisional activation in the capillary—skimmer interface (induced by voltage
gradients, ANS) to produce nearly any desired degree of fragmentation. It is not
yet clear how much of the internal energy gained by thermal activation in the
capillary persists after cooling early in the expansion and contributes to subse-
quent CID.

The most likely polypeptide sites to be protonated in solution, and their
relative basicities, can differ substantially from rankings based on the relative
proton affinities (PA) of amino acid residues in the gas phase. In the gas phase,
one expects higher-PA sites to be protonated first (i.e., the preferred sites for
lower charge states). The most basic amino acid residues have the greatest PA,
with a relative ranking of arginine > histidine > lysine (127). Experimental
results clearly show that other peptide sites can be protonated. The relative
ranking of these residues is expected to be tryptophan > proline > glutamine, on
the basis of ICR equilibrium studies (127). This order contrasts with a relative
ranking of glutamine > tryptophan > glutamic acid on the basis of metastable
dissociation of protonated dimers (65).

A factor of considerable importance to ESI-MS is the role of Coulombic
forces because of the increased repulsion among charge sites. As molecular
charge state increases, one also expects an increased proclivity for proton trans-
fer (and other reaction processes) from Coulombic contributions. In addition to
increased CID efficiency, Coulombic effects may lower the “effective PA” of the
amino acid residues and, depending on ion structure, influence the probability of
protonation at a specific site. Studies of proton transfer reactions of multiply
charged polypeptides are consistent with this expectation (128-130).

In the case of melittin, where five highly basic residues occur in addition to
the amino terminus (see the single-letter sequence in Fig. 2.13), some educated
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Figure 2.16. Thermally induced dissociation (TID) of melittin in a heated metal capillary at in-
creasing levels of heating from (a) 25 W (heater power applied to capillary) to (b) 37 W to (c) 49 W.
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guesses can be made as to where the protons reside in the gas phase. The high
dielectric constant of the solvent allows adjacent residues to be protonated in
solution. As the solvent is removed, Coulombic effects will increase. For melit-
tin, which has four adjacent, highly basic residues, it is highly probable that
protons will migrate to other sites, perhaps by a solvent-mediated process before
complete desolvation. The CID of melittin molecular ions (Fig. 2.14) indicates
that four protonation sites reside in the y,; (and possibly y,,) fragment, which
encompasses not only the four adjacent highly basic arginine and lysine residues
but also two glutamine and one tryptophan residues. However, fragmentation in
the highly basic region is not observed for melittin (except from CID/
MS/CID/MS experiments in Fig. 2.15) in spite of the very strong Coulombic
contribution expected if these sites were charged. Intramolecular proton transfer
to tryptophan and glutamine residues would greatly increase ion stability and
allow at least one uncharged residue between protonated residues.

Although direct evidence for such intramolecular proton transfer does not
yet exist, ion-molecule studies provide some circumstantial support (128—131).
Although they do not explicitly consider this possibility, McLuckey and co-
workers (129,131) have shown that the (M + 3H)3+ ion for melittin is unreac-
tive, whereas the (M + 4H)** ion undergoes proton transfer and/or cluster
formation on reaction with 1,6-diaminohexane (PA = 239 kcal/mol) and “pro-
ton sponge” [1,8-bis(dimethylamine) naphthalene, PA > 239 kcal/mol (132)],
respectively. The (M + 4H)*~+ species would likely require protonation of at
least two of the four adjacent highly basic sites in solution (if the N terminus and
a lysine at residue 7 are also protonated). However, the amino terminus is less
likely to be protonated in solution, suggesting that three of the four adjacent
highly basic residues will be protonated initially. This conjecture is supported by
the fact that an intense y3; fragment is observed on CID of the 4+ species. The
¥35 was also the only fragment of the (M + 4H)** species observed to react with
1,6-diaminohexane in the ITMS (129). The y%, species is unreactive. The quad-
ruply protonated molecule’s substantially greater reactivity compared to the tri-
ply charged molecule may be attributed either to strong Coulombic contributions
(perhaps arising from protonation of adjacent residues) or to protonation of less
basic residues. Clearly, one must also consider Coulombic effects in assigning
likely protonation sites.

The implication of these studies is that a large amount of information
regarding polypeptide structure can be obtained or deduced from dissociation and
reaction studies. The role of Coulombic forces in CID and reaction processes
appears to be significant. Although CID processes are useful for probing primary
structure (i.e., peptide sequence), reaction processes should have much greater
potential for probing higher-order structure in the gas phase. Reaction studies can
be conducted at low levels of internal excitation, whereas the stepwise activation
to internal energies required for CID (on the order of 102—103 eV for proteins) is
likely to cause loss of labile structural elements.
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4.3. Ribonuclease A

Bovine pancreatic ribonuclease A (RNase A) (M, 13,682) is composed of
124 amino acid residues and four disulfide bonds that link Cys residues 26 to 87,
40 to 95, 58 to 110, and 65 to 72 (133). Much literature has been devoted to this
molecule as a model for protein folding (134). The ESI mass spectra of RNase A
and its disulfide-reduced form show typical bell-shaped distributions of multiply
charged molecules. The (M + 15H)!>+ ion is the most highly charged species
observed for native RNase A; however, on reduction, the distribution extends to
the M + 23H)?3+ species (135).

The CID product ion mass spectra obtained for the 12+ and 13+ charge
states of native and reduced RNase A reveal higher relative intensities for product
ions of the disulfide-reduced parent species (Fig. 2.17). For example, the ratio of
the m/z 872 (yg) ion to the parent ion intensity is more than a factor of 2 greater
than for the native protein for both charge states. The y ion, or its doubly
charged version (y3), is formed by cleavage of the Val!16—Pro!!7 peptide bond
(with a single charge retained on the C-terminal fragment). Other intense peaks
were ascribed to cleavage of the N-terminal amide bond of a Pro residue
(Asn!13—Pro!!4 at m/z 617) or y,,. For the reduced state, the [yg]/[(M + nH)"*+]
ratio gradually increases from 0.08 for n = 12 to 0.27 for n = 17. The more
highly charged molecule might be expected to have a more extended conforma-
tion because of the mutual electrostatic repulsion of charge sites (64,136,137).
The presence of disulfide bridges prevents highly extended conformations. A
more extended (gas-phase) structure, as expected for the reduced protein, would
have a reduced Coulombic contribution, which may explain the observed dif-
ferences in dissociation pathways (135).

Complementary ion pairs (which in sum account for the entire molecular
ion) are a major feature of the reduced RNase A CID mass spectra (135). For
example, for the (M + 13H)!3+ molecular ion of reduced RNase A, the comple-
ment of the singly charged yg ion is the 12+ species, bl3s. The y,;~b}?; and
y3,-b}l; pairs are also prominent. Spectra for other charge states studied (up to
17+) display peaks consistent with these assignments. Ions corresponding to yg,
¥, and y3, are also present in the CID spectra along with their complements,
b1l b3, and b4 52, respectively. The region below m/z 400 contains small b-
and y-mode contributions from dissociation occurring near the N and C termini in
addition to immonium ions indicative of the presence of particular single amino
acid residues (138). A series of triply charged b3, to b3, ions (Asp'4 to Asn24) is
observed between m/z 500 and 850 in the CID spectra for all parent charge states
studied (135).

Dissociation in the atmosphere—vacuum interface yields spectra that show
similarities and differences between the reduced and native forms. For the re-
duced state (and presumably more extended conformation), bond cleavage from
the N-terminal (b3,-b3,) region occurs closer to the Cys2¢ residue; C-terminal
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singly charged sequence ions, yg t0 y;;, are also observed in both forms of the
protein along with some of the major complementary ions also observed in the
CID spectra (Fig. 2.18).

Confirmation of product ion assignments arising from dissociation in the
atmosphere—vacuum interface can be obtained by MS/MS, as demonstrated for
the peak at m/z 872, attributed to a prominent yg species occurring in all CID
spectra of RNase A (135). As shown in Fig. 2.19, ions below m/z 872 are caused
by conventional sequence-specific fragmentation for the putative octapeptide
(residues 117 to 124). No product ions were observed above m/z 872, as would
be expected for the parent species being singly charged. Tandem mass spectra of
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Figure 2.18. Electrospray ionization mass spectra of (a) native RNase A and its disulfide-reduced
state (b) at ANS = +260 V. Sufficient collisional heating of the molecular ions has occurred to
induce dissociation of most of the multiply charged molecular ions to form the sequence-specific ions
fabeled in the spectra.
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Figure 2.19. Collision-induced dissociation mass spectrum of the m/z 872 fragment ion of RNase
A generated by CID in the atmosphere—vacuum interface (ANS = +235 V). The resulting mass
spectrum is consistent with the assignment of the m/z 872 ion as a yg singly charged species of
RNase A.

other fragment parent ions shown in Fig. 2.18 confirmed tentative CID assign-
ments.

The study of RNase A CID processes highlights an important point: protein
structure and charge location are strongly interactive. At a minimum, changes in
structure will generally correspond to different distributions of charge sites.
Thus, in the case of RNase A, the reduced form is more likely to have protona-
tion sites toward the center (or more hydrophobic regions) of the globular struc-
ture. Comparison of CID mass spectra for similar charge states of the native and
reduced forms results in dissociation products that have different charge states.
Whether higher-order structure by itself influences the probability of cleavage at
a particular site likely depends on whether structural differences are still mean-
ingful after the multiple-collision excitation process. In any event, in cases where
structure is constrained by covalent disulfide bonds, it is clear that significant
differences in dissociation products can result.

4.4. Serum Albumins

An advantage of conducting dissociation in the ESI-MS interface is that
there yet appears to be no upper limit to the ability to induce efficient dissocia-
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tion. The problems that arise with increasing molecular weight can be attributed
to spectrum complexity and the limited intensities that result for specific CID
product ions. Limited resolution and uncertainties in charge state assignments
combine to cause increasing difficulties for the interpretation of large-molecule
CID spectra.

Serum albumins represent the largest molecules extensively studied thus far
using CID in the interface and conventional MS/MS methods (75). Figure 2.20
shows dissociation spectra obtained in the interface for dog, sheep, and horse
albumins. Nearly all the more intense product ion peaks detected have been
assigned as multiply charged “b” ions arising from fragmentation within the first
30 residues from the N terminus. These spectra are dominated by dissociation of
a range of charge states defined at lower m/z by the envelope of molecular ion
charge states (i.e., those observed at low ANS) and at higher m/z by decreased
activation efficiency. For native albumins, the range of charge states that dissoci-
ate typically extends from 60+ to perhaps 40+ for the conditions used.

Our sequence assignments are facilitated by factors such as the expected low
probability of observing products of bond cleavage from regions enclosed by
disulfide bonds (62% of the amino acid sequence of bovine albumin is enclosed
by its 17 Cys—Cys bonds) and the assumption that dissociation products occur
from similar regions of the molecule for all albumin species. Pamcularly helpful
is the fact that the albumins, as a class of proteins, exhibit a high level of
sequence homology. At least two overlapping product ion charge state distribu-
tions were observed for all albumin species, providing additional support for our
assignments. For example, dissociation of the Asn!8—Phe'? bond (giving the b, g
ion) of sheep albumin is represented by products at m/z 1048 (doubly charged)
and m/z 699 (triply charged). Cleavage of the Ala?5—Phe!” bond (b,g ion) of
horse serum albumin is indicated by product ions at m/z 982 (3+), 737 (4+), and
590 (5+). This distribution of product charge states may result from the dissocia-
tion of parent ions with a variety of charge states. Parent species of the same total
charge may also have their charges distributed differently throughout the mole-
cule, leading to a similar result. Interpretation of such spectra might be ap-
proached by adapting the deconvolution algorithms used for distributions of
multiply charged molecular ions (62).

Subtle differences in the degree of charging for the fragment ions were also
observed and found to be consistent with the spectral assignments. In a 5% acetic
acid solution, most if not all basic groups should be protonated in solution.
Horse, bovine, and rat albumin each have seven basic amino acid residues
(lysine, arginine, and histidine) within the first 28 residues in addition to the
possible N-terminal charge site, and we observe multiple charging for product
ions up to the 5+ state. On the other hand, the most highly charged product is
4+ for dog, sheep, rabbit, porcine, goat, and human albumins, which contain
either five or six basic sites within the initial 28 residues.
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Figure 2.20. Electrospray ionization mass spectra of (top) dog, (middle) sheep, and (bottom) horse
serum albumins with ANS = +335 V.
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Distinctive mass spectra were obtained for the albumin species by colli-
sional dissociation in the interface. These data permitted detailed verification of
reported sequences for residues between position ~18 to ~28 from the N termi-
nus, depending on the albumin species, and indicated a few errors in reported
sequences (75). For example, goat serum albumin yielded similar ESI mass
spectra to sheep albumin at high ANS values. Although conventional Edman
degradation sequence analysis indicates one difference in the initial 30 residues
between goat and sheep albumin, the mass spectra indicate otherwise. As-
paragine resides at position 18 in the case of sheep albumin, whereas histidine is
reputed to be present at this site for goat albumin. Thus, a 23-Da shift should be
observed and easily identified in the collision spectra for the two species. In-
stead, identical product ion spectra were obtained, indicating Asn at position 18
for goat albumin. Peptide-mapping expetiments from tryptic digestion followed
by separate HPLC analysis and ESI-MS also revealed similarities in their prima-
ry structure for the samples examined (75).

Similarly, in the case of dog serum albumin, only the first 24 residues are
known from the literature (139). Along with known sequence homologies, the
experimentally observed product ions allowed prediction of the sequence for
residues 25-31. Ions b,, to b,, were assigned from calculations for all possible
m/z values based on the available amino acid sequence. Remaining products
were assigned as sequential b-mode dissociation products starting from b,,. For
example, the ion at m/z 708.3 was assigned as b3, with a mass of 2,830 Da. The
next major ion at higher m/z is m/z 733.1; its mass for a 4+ ion would be
2,929.2 Da, or an increase of 99 Da, corresponding to a valine residue (b35). An
overlapping suite of triply charged ions is also present and was used for confir-
mation of the assignments. As ion at m/z 977.0 is assigned at the b35 product,
and so forth to b3,. For dog albumin, it was not possible to distinguish the
presence of lysine versus glutamine (0.04 Da difference) at position 29, or
leucine versus isoleucine at position 31 (75). The major fragmentation between
residues 18 and 28 for the serum albumins also allows a limited verification of
residues 1-17 by comparing the M, of the smallest product ion to the expected
value. For example, the smallest M, fragment ion observed for dog serum
albumin (b,,) is in good agreement with the M, calculated for the first 22
residues.

Results for tandem MS of the (M + 49H)*°* ion of sheep albumin are
s