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Preface

M-A-S-S S-P-E-C-T-R-O-M-E-T-R-Y in Morse code

This volume collects descriptions of selected recent developments in state-of-
the-art mass spectrometric methods and reflects the broad-based approaches
that mass spectroscopists apply to a variety of important clinical and bio-
medical problems. One chapter reviews current mass-spectrometric instrumen-
tation and techniques, and other chapters describe the use of mass-spectro-
metric methods for the analysis of diacylglycerylphospholipids; modifications
to DNA molecules; the characterization of variant hemoglobins; and charac-
terization of urinary nucleosides. The final chapter describes the new technique
of combined microdialysis/mass spectrometry.

This volume represents the collected efforts of several highly productive
researchers who have developed new methods and instrumentation and have
applied them to current research problems, such as lipid storage diseases,
cancer, hemoglobinopathies, and brain neurochemistry. The chapters in Vol-
umes 1 and 2 define the outlines of clinical and biomedical mass spectrometry
and attest to the flexibility and creativity of mass spectroscopists and their
interaction with biologic and clinical scientists.

The authors in this volume are to be congratulated for their writing efforts,
their scientific vigor and rigor, their intellectual contributions, and the ex-
perimental details that are described in these chapters.

I thank each author for collaborating with me on the production of this
volume, and I hope these chapters will help the practitioners of, and the
newcomers to, the field of mass spectrometry.

Dominic M. Desiderio
Memphis, Tennessee
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Mass Spectrometry

Instrumentation and Techniques

Chhabil Dass

1. INTRODUCTION

Mass spectrometry (MS) was first used approximately 80 years ago by Sir J. J.
Thomson for analysis of positive rays (1). Since then, it has undergone ex-
tensive innovations. The last decade has seen an especially rapid pace of
development in both instrumentation and ionization techniques. MS is now
probably our most versatile and comprehensive analytical tool. It has found
applications in several areas of physics, chemistry, biology, medicine, geology,
nuclear science, and environmental science. It is used routinely to obtain
relative molecular weights (M,) and structural information; to quantify at trace
levels; to study ion chemistry and ion—molecule reactions dynamics; to provide
data on physical properties such as ionizing energy, appearance energy, the
enthalpy of a reaction, and proton affinities; and to verify theoretical predic-
tions based on molecular orbital calculations.

Recent advances—the development of unique soft ionization techniques
suitable for production of ions from nonpolar compounds, compounds of large
M., and compounds of biological origin; the introduction of high-field and
superfast magnets; the resurgence of time-of-flight (TOF)-MS; the emergence

Chhabil Dass o Charles B. Stout Neuroscience Mass Spectrometry Laboratory, and Depart-
ment of Neurology, University of Tennessee~Memphis, Memphis, Tennessee 38163.
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of tandem MS (MS/MS); the interfacing of high-resolution chromatographic
techniques with MS; and much-improved detection devices and fast data sys-
tems—have all elevated MS to a level where it has become an indispensable
weapon in the arsenal of biomedical research. This distinction is the result of
the capability of MS to provide unsurpassed molecular specificity, high detec-
tion sensitivity, and unparalleled versatility in determining structures of un-
known compounds. Molecular specificity results from the ability of MS to
provide M, and structurally diagnostic fragment ions. The advent of electro-
spray ionization (ESI) (2—4) and matrix-assisted laser desorption ionization
(MALDI) (5,6) methods have extended the upper mass range amenable to MS.
Currently, several biopolymers with molecular mass over 100 kDa (kilodal-
tons) are analyzed routinely. Detection sensitivity in the femtomole-to-atto-
mole range has been reported for quantification of neuropeptides (7).

In the past, the exorbitant cost of state-of-the-art mass spectrometers
restricted MS to the domain of a very few select laboratories; for example,
high-performance four-sector tandem mass spectrometers are still out of the
reach of most researchers. With the introduction of reasonably priced gas
chromatography (GC)-MS, high-performance liquid chromatography (HPLC)-
MS, ESI-MS, and MALDI-MS commercial instruments, MS has become a
much more accessible and essential component of any contemporary research
laboratory. Almost every chemical and biotechnical industrial establishment in
the United States has some sort of MS facility.

To perform an MS analysis, the analyte must first be converted to a
gas-phase ionic species because it is easier experimentally to manipulate the
motion of and to detect an ion than a neutral species. The excess energy
transferred to the molecule during ionization leads to fragmentation. A mass
analyzer separates ions according to their mass-to-charge ratio (m/z). A mass
spectrum is a display of the m/z of the ions and their relative abundances. In
order that the ions move freely in space without colliding or interacting with
other species, each of these steps is carried out under high vacuum.

Thus, essential components (shown in Fig. 1.1) of a mass spectrometer are
the inlet system, to transfer a sample to the ion source; the vacuum system, to
maintain very low pressure in the mass spectrometer; the ion source, to ionize
neutral sample molecules; the mass analyzer, to provide m/z information; the
detector, to measure relative abundances of the mass-resolved ions; the elec-
tronics, to control the operation of various units; and the data system, to record,
process, and store the data. The overall analytical capability of an MS system
depends on the combined performance of these individual components.

The objective of this chapter is to familiarize nonpractitioners of MS with
its basic equipment and experimental techniques. An account of various ion-
ization methods, mass analyzers, tandem mass spectrometry, ion detectors, and
some specialized techniques is presented.
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Figure 1.1. Schematic of a mass spectrometer.

2. IONIZATION METHODS

2.1. Electron Ionization

Much of the success of an MS experiment depends on the way a neutral
compound is transferred into the gas phase as an ionic species. Historically,
electron ionization (EI) has been the most frequently used mode of ion for-
mation. In this mode, a gaseous sample is bombarded with a beam of energetic
electrons. This collision process displaces an electron from the molecule (M),
converting it to a positive ion with an odd number of electrons, called a
molecular ion (M*°) or a radical cation (Eq. 1.1):

M+e = M + 2. (1.1)

In order for this process to occur, the energy of the bombarding electron must
be greater than the ionization energy (IE) of the molecule. The energy in excess
of IE can cause an ion to rearrange to its isomeric structure (e.g., M’ to M" in
Fig. 1.2) or allow it to fragment into structurally diagnostic fragments. Depend-
ing on the internal energy content €, ions can be classified as stable (i.e., they
have ¢ below the isomerization barrier and retain their original structure), non
decomposing (i.e., they have € below the threshold for first dissociation and
reach the detector intact), and decomposing (i.e., they have € above the thresh-
old for first dissociation and fragment before reaching the detector). Most
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decomposing ions have lifetimes less than 1 psec and fragment in the ion
source (see Fig. 1.2). Metastable ions are decomposing ions that fragment after
leaving the jon source but before reaching the detector. For MS/MS applica-
tions, reactions of metastable and nondecomposing ions are studied in the
field-free regions (FFR; i.e., the regions between the ion source and detector
free from the action of any ficld).

The efficiency of ionization and of subsequent fragmentation increases
with electron energy, reaching a plateau at 50-100 eV. At these electron
energies, the EI spectrum becomes a “fingerprint” of the compound being
analyzed. For this reason, most mass spectra reported in the literature and stored
in spectral libraries have been acquired at 70 eV.

The rules governing fragmentation of small ions are well documented (8).
The observed abundance of an ion depends not only on its rate of formation but
also on the rates of subsequent fragmentations. The stability of those fragments
provides the driving force for the reaction to proceed. Thus, the final appear-
ance of a mass spectrum of a compound is the result of a series of competitive
and consecutive unimolecular reactions, which have been described in terms of
quasiequilibrium theory (9) and RRKM (Rice—Ramsperger—Kassel-Marcus)
theory (10). The detailed discussion of these theories is beyond the scope of this
chapter. However, in its simpler form, the rate constant & of a fragmentation
reaction is given by

source

meltlastable

+in|1.\'
*

isomerization
threshold

reactions
decomposing
ions

—_—

8

Energy

Internal

FFR reactions
non-decomposing
lons

44— Life Time ( us

o
-~

ground state

M"

M’

Reaction Coordinates

Figure 1.2. Classification of ions on the basis of their energy content.
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(e - &) ] - (1.2)

"@”[—e‘

where ¢ is the internal energy of the ion, g, is the activation energy of the
reaction, s is an effective number of oscillators, and v is a frequency factor
measuring the entropy of activation (i.e., related to the geometry of the acti-
vated complex).

Figure 1.3 is a schematic of an EI source. Electrons are emitted from a
heated filament F and accelerated toward a trap T at energies (usually 70 eV)
determined by the difference in potential between the filament and the source
chamber C. A portion of the electron current is used for ionization of the
gaseous sample molecules, and the remainder is collected by the trap, which is
held at a slightly positive potential with respect to the source block. The
ionizing current , is a measure of the number of electrons reaching the trap. A
weak magnetic field B, applied parallel to the electron beam, collimates the
beam, forcing it to follow a narrow and helical path, thus increasing the ionizing
path length. The positive ions thus formed are pushed into the accelerating
region by applying a positive potential to the repeller electrode R. Ions leave
the source region at kinetic energies determined by the potential difference (in
the kilovolt range for a magnetic sector mass spectrometer and a few volts for
a quadrupole instrument) between the source block C and the exit slit S, which
is held at ground potential.

The total positive ion current I* produced in the ion source is given by

I'=BO.LINIL, (1.3)

where B is the ion extraction efficiency, Q; is the total ionization cross-section.
L is the effective ionizing path length, and [N] is the concentration of the sample
molecules. Thus, keeping other parameters constant, I* increases in direct

S
+++| |+:+ —»I)'

/B N\

Figure 1.3. Schematic of an electron-impact ion source.
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proportion to I,. Q; depends on the chemical nature of the sample molecule and
on the energy of the ionizing electron.

Although EI is an indispensable tool for the study of small molecules, it
suffers from the disadvantage that many compounds are not stable under EI
conditions. During EI, 2-8 eV of energy is transferred to the molecule, resulting
in extensive fragmentation. As a consequence, the M*" ion of certain com-
pounds is either absent or of very low relative abundance. Because the M** ion
is the most informative ion from the viewpoint of M, determination, its absence
restricts the use of EI. A further drawback of EI is that many thermally labile
and nonvolatile compounds are not amenable to EI. The volatility requirement
limits the use of EI to compounds of lower molecular mass (<1000 Da).

2.2. Chemical Ionization

The need to produce molecular ion species of greater stability motivated
the development of less energetic ionization methods, the foremost of which is
chemical ionization (CI) (11,12). In this mode, a set of reagent ions is first
produced by EI of a reagent gas at pressures between 0.1 and 1 torr, and the
sample molecules are ionized by ion-molecule reactions with those stable
reagent ions. The principle of CI is illustrated with methane as the reagent gas
in the following equations:

CH, + e — CH;" + 2¢”

L~ s 4

CH, + CH;' — CH} + CH; (1.5)
CH, + CH; — C,H; + H, (1.6)
M + CH; — [M + HJ + CH,. 1.7)

The reagent ions formed in Eqs. (1.5) and (1.6) act as Brgnsted acids and
ionize the sample molecules M by proton transfer (Eq. 1.7). Addition reactions
to form [M + CH;]" and [M + C,H,]" and hydride abstraction to form [M - H]*
are also observed for certain compounds. The protonated molecules [M + HJ*
formed by CI are even-electron ions and generally more stable than the odd-
electron ions formed in EI CI spectra, thus, are usually simple, with little or no
fragmentation. Also, the rules governing fragmentation of the even-electron
ions are different from those of the odd-electron ions (13); therefore, a CI
spectrum provides structural information complementary to an EI spectrum.

A CI spectrum exhibits a strong dependence on the type of reagent gas and
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on the pressure in the ionization region. At higher pressures, stable ions are
formed as a result of the cooling effect of thermalizing collisions with mole-
cules of the neutral reagent gas. Some other commonly used reagent gases,
along with the corresponding reagent ions and their proton affinities, are listed
in Table 1.1. The use of several unusual positive ion CI reagents was reviewed
recently (15).

The amount of energy transferred to the sample ion in Cl is a function of
the exothermicity of an ion—molecule reaction. For example, consider a general
reaction in which a sample molecule M is ionized by proton transfer from [B
+ HJ', a conjugated Brgnsted acid of the reagent gas B:

M+ [B+H]" = [M + H] + B. (1.8)

This reaction occurs with high efficiency if the proton affinity (PA) of M is
greater than that of B. (PA is defined as the heat liberated on protonation.) The
extent of energy transferred during CI is given by Eq. (1.9), where AH is the
heat of the reaction:

AH° = ~[PA(B) - PAM)]. (1.9)

Thus, for a given sample, the PA values included in Table 1.1 show that
ionization with Hj generates more energetic [M + H]* ions than those produced
by CI with CH;NHj3 ions. Furthermore, the high PA of ammonia and methyl-
amine rendegs them ineffective as CI reagents for many organic compounds.
This facet of Cl is of advantage in mixture analysis, where a specific compound
can be selectively ionized using a carefully chosen reagent gas. Therefore, it is
possible to tailor a CI spectrum to suit a specific analytical application.

Table 1.1
Positive Chemical Ionization Reagents
Reagent gas Reagent ion PA (kcal mol™!)?
H, H} 101
CH, CH3 132
H)0 H,;0* 167
CH;OH CH;0H} 182
C,H;OH C,H;OH} 186
i-C;Hyg i-C,H 196
NH, NH} 204
CH;NH, CH;NH} 211

%From Ref. 14.
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Instrumentally, a CI ion source is similar to that used for EI but with slight
modifications. The ionization chamber is made as gas-tight as possible by
narrowing the electron beam’s entry aperture and the ion exit slit. Also, the
permanent magnet used for collimating the electron beam and the anode used
for trapping electrons are no longer required because the electron beam does
not penetrate completely through the gas chamber. In addition, a high-speed
pumping system is required to maintain the source pressure to <10™ torr, and
the analyzer region needs to be differentially pumped because of much in-
creased source pressure.

2.2.1. Charge-Exchange Chemical Ionization (CE-CI)

In this alternative mode of CI, odd-electron molecular ions are formed by
exchange of an electron between the neutral analyte molecule and the reagent
gas ions G*°, which are first formed by EI of the reagent gas:

G"+M—->M"+G. (1.10)
The internal energy € of M*" is given by
¢(M*) = RE(G") - IE(M), (1.11)

where RE(G*") is the recombination energy of G*". If G* is formed in the
ground electronic state, then RE(G*") is the negative of its vertical IE.

A variety of CE gases has been used for specific applications. These gases
include (with increasing RE) toluene, benzene, NO, CS,, COS, Xe, CO,, CO,
N,, Ar, and He. The advantage of CE-CI is that the M*" ions are formed within
a well-defined and controlled energy distribution, which varies from near the
threshold for ionization to the range where extensive fragmentation results. A
CE-Cl spectrum is similar to that obtained using EI. By using CE-CI with some
of the above reagent gases, ions with energies below their threshold for iso-
merization have been generated (16,17).

2.2.2. Mixed Chemical Ionization

When a spectrum having features of both EI and Cl is required, a mixture
of reagent gases such as Ar/H,O or Ar/i-C,H,, is employed. For example, CI
with C,Hj ions (from isobutane) is usually only slightly exothermic and produ-
ces mainly the [M + H]* ions and a few fragments, whereas CE-CI with Ar*"
ions is highly exothermic and results in extensive fragmentation of the M*"
ions. Thus, a suitable reagent gas mixture provides a mixed spectrum in a single
scan, from which the M, and structural information can easily be derived.
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2.2.3. Negative Chemical lonization

The production of negative ions in MS has been of interest in studying
their ion chemistry and achieving increased detection sensitivity compared to
EI and positive CI. In the gas phase, negative ions are formed mainly by
resonance electron capture (REC) when electrons of near-thermal energies are
available (18):

AB + e(~0eV) > AB™". (1.12)

Usually, an EI source generates electrons with energies >10 eV, but when a
moderating gas such as H,, CH,, i-C,H,,, NH;, N,, or Ar is employed, a high
population of thermal-energy electrons is produced conveniently:

AB + e (0-15eV) - A" + B (1.13)
AB +¢e(>10eV) > A"+ B +e. (1.14)

With electrons of energies above thermal range, formation of negative
ions is dominated mainly by dissociative electron capture (Eq. 1.13) and
ion-pair formation processes (Eq. 1.14). Most A~ ions formed by these two
processes (e.g., CI, OH", CN") are of low mass and therefore are of little
structural significance.

The major advantage of REC-CI is increased detection sensitivity (100—
1000x) compared to positive CI for compounds with high electron affinity. For
example, compounds containing a nitro group, a halogen atom, or a conjugated
n-electron system are all good substrates for REC-CI. The electron affinity of
compounds devoid of these groups can be augmented by chemical derivatiza-
tion with perfluoroacyl, perfluorobenzoyl, pentafluorobenzyl, or nitrobenzoy!
groups. By using REC-CI, phenolic and primary amino compounds have been
detected at the femtogram level (19).

Ion-molecule reactions with certain anions can also be used to generate
negative ions. In most cases, these anionic reagents act as Brgnsted bases B™:

B +M — [M - H|" + BH. (1.15)

This reaction is facilitated if the PA of the B™ ion is greater than that of the
[M - HJ ion. Some of the reagent ions that produce abundant negative
molecular ions, with decreasing PA, include NH;, OH", O™, CH,0", F, O3,
and CI". Of these, OH™, O™, and CH;0™ have been employed more frequently
and are generated in the CI source by EI of the respective reagent gas:
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NO+e =0 +N,
N,0/CH, (or i-C,H,;) mixture (1.16)
O+ CH,— OH + CHjy

N,O/N, mixture N,O+e — O+ N, (1.17)

CH,NO, + & — CH,0" + NO (1.18)

2.3. Desorption Ionization

Although CI overcomes the problem of extensive fragmentation encoun-
tered in EI, the volatility limitation remains critical. This requirement restricts
CI to compounds of molecular mass <1000 Da. Many compounds of bio-
medical relevance that contain polar functional groups are excluded from the
protocol of CI analysis. Thermal energy supplied to break the intermolecular
bonds in such polar compounds also causes their decomposition. Chemical
derivatization can be used to enhance the volatility of such compounds. This
process blocks those polar functional groups from participating in intermol-
ecular hydrogen bonding. However, derivatization is not an attractive choice
because of additional sample-handling steps and because of the uncertainty in
determining the M, of the original compound when incomplete derivatization
takes place and the number of derivatization sites is not known.

In the past few years, several desorption ionization techniques have been
developed that can be used to transform involatile molecules into the gas phase.
This development has helped to extend the upper mass range to several thou-
sand daltons and has brought a variety of biomolecules into the realm of MS
analysis.

2.3.1. Field Desorption

One of the earlier attempts to analyze nonvolatile samples was field
desorption (FD) (20), in which ionization is assisted by a high electric field
gradient (~10% V cm™!). The actual mechanism of ion formation in FD has been
the subject of much discussion; however, the broad consensus is that the strong
electric field lowers the barrier for quantum electron tunneling from the mol-
ecule and facilitates desorption of ions by reducing the heat of desorption. For
gaseous compounds, M** ions are formed by a process called field ionization.
In FD, which is used for nonvolatile compounds, the sample is deposited on
specially prepared needle-like structures grown on a thin wire filament. The
emitter is heated to melt the sample and to facilitate the movement of dissolved
salts such as NaCl and KCI. The freely moving protons and cations attach to
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the polar sample molecules to produce the [M + H]*- and [M + Na]*-type ions.
The electric field desorbs those ions into the gas phase.

Because only a little excess internal energy is transferred to the molecule
during FD, an FD spectrum contains mainly cationized molecular species and
no fragment ions. Therefore, a major contribution of FD has been to determine
the M, of several high-mass nonvolatile compounds. The lack of fragmentation
in an FD spectrum could be a disadvantage for structure-determination studies.
However, fragmentation can be induced to a certain extent by heating the
filament to higher temperatures or collision activation in an FFR.

Despite this success, FD has not enjoyed wide popularity, mainly because
operationally it is very difficult to make functional emitters; therefore, a suc-
cessful analysis requires skilled manipulations. However, the recent introduc-
tion of the multichannel array detectors, coupled with the fact that background
chemical noise in FD is virtually absent, may provide a renewed interest in FD.

2.3.2. Desorption Chemical Ionization

Encouraged by the success of FD, an attempt was made to use direct
chemical ionization (DCI) for nonvolatile samples (19,21). One of the premises
of DCI is that the electric field generated by a plasma of CI ions may act as a
powerful force to extract nonvolatile molecules into the gas phase. The sample
is deposited on a thin wire filament and inserted directly into a CI source to
enable the sample molecules to be bombarded by the plasma of CI ions.
Heating the filament also assists desorption of the sample molecules.

As with conventional CI, DCI leads to the formation of [M + H]" ions.
Fragment ions are formed by dissociation of these [M + H]* ions and by CI of
the thermal degradation products of the neutral sample molecules. The actual
mechanism of ion formation is not yet completely elucidated; nevertheless,
DCI has been used to obtain mass spectra of many thermally labile polar
compounds. However, DCI has not gained wide acceptance, perhaps again due
to experimental uncertainties.

2.3.3. Plasma Desorption lonization

Californium-252 (%2Cf) plasma desorption (PD) ionization'is one of a
group of desorption ionization methods that use a high-energy particle beam for
ionization and desorption of nonvolatile, polar, and thermally labile molecules
(22,23). In general, these ionization techniques mix the sample with a suitable
matrix and bombard the mixture with a high-energy particle beam to produce,
just above the point of impact, a high concentration of the gas-phase neutral and
ionic species. The underlying rationale in these sudden-energy methods is that,
by depositing a large amount of energy into the molecule on a time scale that
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is fast compared with the vibrational time period, vaporization may occur
before thermal decomposition begins. Conceptually, all of the desorption ion-
ization methods described below are similar but differ in the way a primary
beam is produced.

In PD, the primary beam consists of a plasma of high-energy (= 100 MeV
range) ions generated by spontaneous fission of the radionuclide »2Cf. Each
fission event releases simultaneously, in opposite directions, two fission frag-
ments (e.g., %Tc*?* and “’Ba'®, with kinetic energies of 100 and 80 MeV,
respectively); one fission fragment is used to bombard the sample target,
emitting secondary ions and neutrals, and the second fragment strikes the start
detector. The secondary ions are accelerated to energies of 10-20 keV and
subsequently mass-analyzed by a TOF mass spectrometer. Although a tem-
perature of several thousand degrees is attained at the point of impact, the
sample molecules do not decompose because energy transfer is very fast and
mediated by the absorption, excitation, and relaxation processes that occur in
the matrix.

The observed peaks in a PD spectrum of proteins and peptides are the
molecular ion species with different charged states. The peaks are generally
broad because they include contributions from metastable ions. In spite of the
broadness of peaks, PD-MS has been used successfully to determine the M, of
several proteins and peptides. To date, the highest-mass protein analyzed by
this method is of 45,000 Da (24).

For a PD-MS analysis to succeed, great care must be exercised in pre-
paring the sample. The presence of impurities has a debilitating effect on
obtaining a high-quality spectrum; for example, alkali metal salts may reduce
or quench entirely the molecular ion signal. It is recommended that, to remove
such salts, the sample be adsorbed on a thin film of nitrocellulose and washed
with ultrapure solvents (25).

The introduction of dedicated and relatively inexpensive commercial PD-
MS (by Biolon Nordic AB, Uppsala, Sweden, and by PA Electron, Selmi,
Ukraine) has ushered MS within the reach of many protein chemistry lab-
oratories. Now it has become a routine matter to determine the M, of large
biomolecules with a precision of +0.03%, which exceeds the precision of the
conventional electrophoresis and gel permeation chromatography techniques.

2.3.4. Secondary Ionization Mass Spectrometry

Historically, secondary ionization mass spectrometry (SIMS) is the fore-
runner of the fast atom bombardment (FAB; discussed in Section 2.3.5.) ion-
ization method. In SIMS, the sample is bombarded with a beam of keV-energy
ions (26). The transfer of momentum from the beam to the area around the point
of impact results in the sputtering of secondary ions related to the chemical
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environment of the surface. Static SIMS uses a primary beam of low ion-
current densities (=1 nA cm2), as compared to dynamic SIMS, where ion-
current densities of up to 1 pA cm-? are used. Traditionally, SIMS has been
used for determining the composition of surfaces and for their depth profiling.
For analysis of organic compounds, a sample is deposited as a monolayer
on an etched metal (e.g., silver) surface, from which the impact of the ion beam
emits cationized secondary ions. To prevent damage to the uppermost layer and
to prolong emission of the secondary ion current, beams of low ion-current
density must be employed. However, this arrangement results in poor yields of
secondary ions, limiting the detection sensitivity available with SIMS.

2.3.5. Fast Atom Bombardment

In SIMS, the secondary ion current is available only for a brief period.
This disadvantage led to the development of FAB. In this technique, the sample
is dissolved in a polar and relatively nonvolatile liquid matrix and bombarded
with a beam of atoms of 6-10 keV energy (27). However, soon after the
introduction of FAB, it was realized that the characteristics of the secondary
ions do not change whether the sample is sputtered from a liquid matrix by
bombardment with a beam of atoms or of ions (28). Because a matrix can
absorb the impact of a high-flux atom or ion beam, damage to the sample layer
is reduced correspondingly. Furthermore, the uppermost layer of the matrix is
replenished continuously with sample molecules, resulting in prolonged sample
ion currents. A constant and steady emission of secondary ions is essential for
scanning instruments, high-resolution measurements, and MS/MS experi-
ments.

The use of SIMS in conjunction with a liquid matrix has been given a new
name, liquid-SIMS (LSIMS). Although conceptually LSIMS and FAB are
identical, the former offers certain advantages over FAB. Because LSIMS
employs ion beams of much higher energies (25—40 keV), high-mass ions are
easily sputtered. Furthermore, it is easier to obtain a well-defined, electrically
focused primary ion beam (not possible with a neutral atom beam), a process
that results in enhanced secondary ion yields. Also, there is no gas load in an
LSIMS ion source, and background noise is lower. These advantages have led
to an improvement in detection sensitivity and high-mass capability. The
current generation of mass spectrometers has begun to incorporate LSIMS guns
in place of FAB guns. In most contemporary LSIMS ion guns, the ion beam
consists of Cs* ions produced by thermal emission from a heated pellet of
cesium aluminum silicate. Some LSIMS guns have also used liquid metals as
the sources of the primary ion beam (29).

In contrast, FAB uses a beam of Ar or Xe atoms. The neutral gas atoms
are first ionized by collisions with electrons moving in a saddle-field
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configuration. The ions formed are accelerated to the required potential (2-10
kV) and neutralized in a dense cloud of the excess neutral gas by REC to
provide a beam of atoms of high translational energy.

FAB analysis can be performed in the positive- or negative-ion mode with
equal ease. Although the mechanism of ion formation is not settled, it is
generally accepted that the impact of an atom or ion beam sputters from the
solution both neutrals and preformed ions, with additional ionization taking
place in the region immediately above the matrix surface (selvedge region) by
the gas-phase ion—molecule reactions (30). Most analytes readily accept or lose
a proton to yield {M + H]* or [M - H] ions, respectively. In a few cases, radical
cations have also been observed (31). Unlike other desorption ionization tech-
niques discussed in this chapter, the energy imparted to many samples during
FAB ionization and desorption is sufficient to induce fragmentation. Thus, a
FAB mass spectrum includes several fragments of structural significance. For
example, the FAB spectrum of an octapeptide, dynorphin A fragment 1-8,
shown in Fig. 1.4, readily provides its amino acid sequence.

The proper choice of a liquid matrix is very crucial in obtaining a high-
quality FAB mass spectrum and in optimizing the sample ion current. The
criteria for matrix selection have been discussed (32,33); the use of several
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Figure 1.4. The positive-ion FAB mass spectrum of dynorphin A (1-8); the amino acid sequence
of this peptide can be derived from two C-terminus ion-series labeled O and V.
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matrices has been reviewed (32,34); and their important physicochemical prop-
erties have been tabulated (35). Glycerol is by far the most frequently used
matrix. Some other commonly used matrices are o-thioglycerol, a mixture of
dithiothreitol (DTT) and dithioerythritol (DTE; 5:1), thiodiglycol, 3-nitroben-
zyl alcohol, tetraglyme, sulfolane, diethanolamine, and triethanolamine.

The matrix must be reasonably viscous, chemically inert, and nonvolatile,
must possess good solvent and electrolytic properties, and must be mass-
spectrally transparent. The acid—base and oxidizing-reducing nature of the
matrix, the surfactancy of the solute relative to the matrix, and solute—solvent
interactions all have a profound influence on the mass spectral appearance
(36,37). For an intense [M + H]" ion signal, the matrix should be more acidic
than the sample molecule, and for [M - HJ- ion production, the matrix should
be more basic. For example, glycerol, a-thioglycerol, and DTT/DTE are suit-
able acidic matrices. Also, a-thioglycerol, being more acidic than glycerol,
provides improved [M + H]" ion yield. Similarly, for negative-ion analysis, the
basic matrices such as diethanolamine and triethanolamine are preferred. The
acidity and basicity of a matrix, however, can be augmented by addition of
acids and bases, respectively.

Generally, ions in an FAB mass spectrum represent the surface compo-
sition of the matrix. For example, hydrophobic analytes tend to occupy the
upper portion of a relatively hydrophilic matrix and are ionized preferentially
relative to the hydrophilic compounds, which prefer to remain within the matrix
(38). Thus, certain compounds remain undetected by FAB when present along
with more hydrophobic compounds. Also, the presence of alkali salts tends to
suppress ionization. Similarly, compounds with negative surface activity rel-
ative to the matrix may not produce any FAB signal. The surfactancy of a
solute, however, can be manipulated by chemical derivatization with large
alkyl groups or by adding surface-active agents to the matrix/analyte mixture
39).

Thus the detection sensitivity in FAB analysis is a function of the chemical
composition of the solvent—solute mixture and of the presence of other un-
wanted analytes. The detection sensitivity is further compromised by the fact
that the liquid matrix produces a high level of chemical background: ions at
virtually every mass number are formed.

Continuous-Flow Fast Atom Bombardment. Continuous-flow (CF)-FAB
diminishes significantly the problems associated with the use of a liquid matrix
(40). In this kind of device, a stream of a very dilute aqueous solution of the
matrix (1-10% by volume), usually glycerol, flows continuously through a
specially designed probe. The sample is injected into this stream and bom-
barded by a high-energy beam in the conventional way. With this arrangement,
the matrix now forms a very thin layer at the probe tip. As a result, the
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analyte-to-matrix ratio is increased and the matrix background is reduced
significantly; both of these factors combine to yield a several-fold increase in
detection sensitivity.

An additional advantage of this probe is that on-line direct analysis of
biochemical processes can be accomplished (41). Also, this probe serves as an
ideal interface for coupling of HPLC (42), capillary-zone electrophoresis
(CZE) (43—45), and in vivo microdialysis (46) to a mass spectrometer. The last
configuration especially permits in situ analysis of dialyzable compounds (e.g.,
neurotransmitters) from body tissues. For additional information, readers are
referred to a recent monograph on this subject (47) and to Chapter 6 of this
volume.

Several CF-FAB probes of different designs are in use; a schematic of the
probe used for the VG Autospec mass spectrometer is shown in Fig. 1.5. The
matrix solution is held in a pressurized glass vial and driven to flow with the
help of a positive pressure of nitrogen through a silica capillary enclosed within
a stainless steel probe shaft. The end of the capillary is in contact with a
stainless steel screen, which acts as the probe tip. The probe shaft is inserted
into the conventional FAB (or LSIMS) source. For stable operation, the liquid
should not be allowed to accumulate at the probe tip. In this design, the probe
tip is surrounded by a piece of absorbent filter paper to absorb the excess liquid.
The sample is injected by means of a loop injector or mixed with the matrix—
solvent mixture.

2.3.6. Laser Desorption Ionization

Irradiation by an intense laser beam is another suitable mode to deposit a
large amount of energy in sample molecules for their desorption into the gas
phase (48). Two modes of laser desorption ionization (LDI) are commonly
practiced. In the direct LDI mode, the sample is irradiated directly by a laser
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Figure 1.5. Schematic representation of a continuous-flow FAB probe.
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beam, usually operating in the IR region [e.g., the Nd/YAG (neodymium/
yttrium-aluminum-garnet; 1.06 pm) laser or the pulsed CO, laser (10.6 um)].
A few examples have also used the frequency-quadrupled Nd/YAG laser
emitting light in the UV range (at 266 nm).

It is believed that irradiation by a laser beam leads to desorption of the
intact sample molecules. The ions characteristic of the sample are formed by
the gas-phase attachment of codesorbed alkali-metal ions. For desorption of the
sample molecules into the gas phase, the amount of energy deposited during
irradiation is critical. The factors that determine the energy deposition are the
laser intensity, the pulse width, and the absorption coefficient of the sample for
the laser light. In a direct LDI mode, the extent of energy transfer is often
difficult to control and may lead to excessive thermal degradation. Further-
more, not all compounds absorb radiation at the laser wavelength. Therefore,
analysis of thermally labile molecules by the direct LDI mode is limited to
compounds of molecular mass up to 1000 Da.

In the second mode, called matrix-assisted LDI (MALDI), the sample is
mixed with a suitable matrix chosen according to the sole criterion that it absorb
energy at the wavelength of the laser radiation (5,6). This matrix-wavelength
combination permits a large amount of energy to be absorbed efficiently by the
matrix and transferred efficaciously to the sample in a controlled manner. This
process helps to desorb very large molecules into the gas phase without in-
ducing their thermal degradation. The matrix also serves as a solvent for the
analyte, so that the intermolecular forces are reduced and aggregation of the
analyte molecules is held to a minimum. With this novel provision, very large
ions, of up to m/z = 300,000, have been detected (see Fig. 1.6) (48).

Several matrix—laser combinations have been tested successfully. Hill-
enkamp and Karas have found nicotinic acid to be a useful matrix with the
frequency-quadrupled Nd/YAG laser at 266 nm (5). Vanillic acid, 2-pyra-
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Figure 1.6. The MALDI spectrum of monoclonal antibody (IgG of mouse against a specific
human lymphokine). Reprinted with permission from Hillenkamp and Karas, 1990, in Methods in
Enzymology (1. A. McCloskey, ed.), Vol. 193, Academic Press, New York, pp. 280-295.



18 Chapter 1

cinecarboxylic acid, thymine, and thiourea are also appropriate at this wave-
length (49). A combination of a slurry of finely divided Pt in glycerol as an
absorbing matrix and the N, laser at 337 nm has also been used for high-mass
proteins (50). As with the other desorption—ionization methods, preparation of
the sample for MALDI analysis requires utmost care. The homogeneity of the
sample—matrix mixture is critical in obtaining good sample ion yields.

Positive- and negative-ion analysis can both be performed using MALDI.
The MALDI mass spectra of proteins and peptides typically contain signals due
to the molecular ions and their oligomers. Multiply charged ions of low abun-
dance are also formed. With increasing mass of the analytes, multiply charged
ions increase in abundance. Fragment ions are generally not observed. There-
fore, MALDI has been used primarily to determine the molecular mass of
proteins, although the precision is generally poor (0.1 to 0.5%).

2.4. Spray Techniques

The last few years have witnessed some important developments in ion-
ization techniques capable of analyzing LC effluents directly. These techniques
differ from the desorption methods discussed above in that the ions are gen-
erated in an excess of an ambient-bath gas rather than in vacuum.

2.4.1. Thermospray

Thermospray is one of the most popular LC/MS interfaces (51). As the
name implies, thermospray entails production of a jet of fine liquid droplets by
heating. This device is used to transfer the sample to the ion source efficiently
by controlled and-partial evaporation of the LC effluent. It can handle flow rates
in excess of 1 ml min~! and a wide range of samples. The LC effluent is passed
through an electrically heated capillary mounted on a probe, which can be
directly introduced into the ion source. The resulting adiabatic expansion and
cooling of the liquid produces a supersonic jet of randomly charged fine liquid
particles. Further vaporization occurs as the droplets strike the walls of the
heated ion source. The source, a modification of a conventional CI source, is
fitted with an EI gun, a low-current discharge electrode, and a mechanical pump
located directly opposite the capillary.

Nonvolatile samples are analyzed without undergoing pyrolysis because
of the rapid heating and the protective effect of the solvent. The ions are
sampled into the mass analyzer through a skimmer, and the excess vapor is
pumped away by the source auxiliary pump. Ionization of the analyte mole-
cules occurs by means of one of three processes, namely, direct evaporation of
the preformed ions from the charged droplets, CI initiated by the ionic com-
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ponents of the buffer used in the mobile phase, and CI with the reagent ions
formed by EI or low-current discharge ionization of the mobile phase.

Direct jon evaporation is the preferred mode of ionization with ionic,
polar, and nonvolatile samples and with aqueous mobile-phase systems. Am-
monium acetate is the most widely used buffer because of its volatility. It is also
a good source of NH; and CH,COO- ions, both of which act as CI reagent ions
to form positive and negative ions, respectively, by proton-transfer reactions.
The basicity or acidity of the analyte relative to the mobile phase determines
whether positive or negative ions result.

For volatile samples and a mobile phase containing a large fraction of an
organic solvent, it is recommended that a process known as “filament-on
operation” be used for initiating CI. If one switches on the EI filament, a plasma
of ions from the organic mobile phase is formed. Alternatively, with a high
percentage of the organic solvent, a discharge electrode is used to generate CI
reagent ions.

Thermospray is a gentle mode of ionization and produces mostly intact
molecular ions. Fragmentation is relatively sparse, and thus little structural
information is available. Multiply charged ions of some analytes are also
formed. L

In order to obtain a true EI spectrum of samples from the LC effluent, a
particle beam interface—also known as monodisperse aerosol generation inter-
face for chromatography (MAGIC)—was designed (52). In the monodisperse
aerosol generator, the LC effluent is passed through a small orifice to form a
fine liquid jet, which breaks into a stream of uniform droplets under the
influence of Rayleigh forces. A high-velocity stream of a gas is introduced at
a right angle to the flow of liquid to disperse the particles. Vaporization of
solvent occurs at atmospheric pressure in the desolvation chamber. The solvent
vapors, along with the sample molecules, pass through a two-stage momentum
separator to produce a particle beam of the sample. This beam is conveniently
analyzed using a conventional EI or CI ion source.

2.4.2. Electrospray Ionization

Electrospray ionization (ESI) represents a significant advance in the MS
analysis of high-mass proteins and peptides (2—4). With ESI-MS, the molecular
masses of biopolymers of mass over 100 kDa can be determined with an
accuracy of better than 0.01%. The basis of high-mass analysis is that an ESI
mass spectrum is characterized by a cluster of peaks consisting of multiply
charged ions of the general nature [M + nH]"; each peak differs from the
neighboring peak by one charge (see Fig. 1.7). Because a mass spectrometer
analyzes ions based on their m/z ratios rather than their masses, the effect of
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Figure 1.7. 'The positive-ion electrospray mass spectrum of bovine serum albumin (M,=66,300).
Each peak in this envelope differs from its neighboring peak by unit charge. lons containing more
than 50 positive charges can be recognized.

multiple charging is to reduce the m/z ratio, typically within the mass range of
many quadrupole and low-cost magnetic sector mass spectrometers.

The origin of ESI can be traced to the early experiments of Dole and
co-workers, who used ESI to produce molecular beams of very-high-mass
macroions of polystyrene (53,54). Recent developments are credited to Fenn
and co-workers (2,3,55,56) and to Aleksandrov et al. (57). Because of the high
voltages involved in ESI, the combination of an ESI ion source and a quadru-
pole mass analyzer was the first interface that was easy to fabricate. Con-
sequently, many quadrupoles have been retrofitted with an ESI source. How-
ever, ESI ion sources are now available commercially that can be used with
magnetic sector instruments. Figure 1.8 is a schematic diagram of the ESI ion
source used with the VG Autospec magnetic sector mass spectrometer.

In ESI, a continuous stream (a few pl min') of a sample in a suitable
solvent, usually 1:1 (v:v) CH;OH—H,O containing 1% CH,COOH, flows
through a stainless steel capillary tube held at a few kV relative to the walls of
the chamber and the counter electrode. The effluent from the needle tip emerges
into a chamber maintained at nearly atmospheric pressure as a fine spray of
charged droplets. A flow of hot-bath gas, usually nitrogen, assists in evapora-
tion of the solvent from those charged droplets. As the droplets shrink, the
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Figure 1.8. Schematic of an electrospray ion source, depicting typical voltages for 4-keV ions.

charge density on their surface increases until the Rayleigh instability limit is
reached. At this point, repulsive Coulombic forces are of the order of droplet
cohesive forces and cause fission of the droplets into smaller charged droplets.
This fission process is repeated several times until the drop size is reduced to
a limit where the electric field due to the surface charge density is sufficient to
assist direct ion evaporation. Before entering the MS ion source, these ions pass
through additional chambers maintained at progressively reduced pressures,
where most of the neutrals are removed by auxiliary pumping.

Some researchers have used a high-velocity annular flow of gas to en-
hance nebulization of the ES liquid (58,59). This pneumatically assisted ES
process has been termed “ionspray” and has the advantage that flow rates of up
to ~100 pl min! can provide a stable spray. These types of ES sources are
ideally suited for analysis of effluents from microbore LC column.

In the short time since its inception, ESI-MS has been successfully used
to determine the M, of large proteins and polypeptides (4), to distinguish
posttranslational modifications in biomolecules (4), to identify aberrant states
of proteins and peptides (60), to quantify neuropeptides (61), and as a device
to couple HPLC (59) and CZE (62-64) separation techniques to MS instru-
ments. Furthermore, because the efficiency of collision-induced dissociation
(CID) is significantly enhanced for multiply charged ions compared to the case
of singly charged ions, ESI in conjunction with MS/MS can be a highly potent



22 Chapter 1

analytical tool (65). An increase in the use of ESI-MS to solve problems in
biochemistry, immunology, and genetics is anticipated in future.

3. MASS ANALYZERS

A mass analyzer is the heart of a mass spectrometer. The performance of
a mass spectrometer depends largely upon the design of the mass analyzer and
the associated ion optics. lons, after exiting the ion source, enter the analyzer,
where they are separated according to m/z. A mass analyzer also functions as
a focusing device to maximize the intensities of the mass-resolved ions. Mo-
mentum, kinetic energy, and velocity are the important properties of a moving
charge particle. A mass analyzer makes use of these properties to mass-resolve
various ions. All analyzers function on one of three basic principles, viz.,
electrostatic analysis, magnetic analysis, and TOF analysis.

The performance of a mass analyzer is gauged on the basis of the fol-
lowing criteria:

1. mass range, the maximum allowance mass that can be analyzed;

2. resolution, the separation of two adjacent peaks;

3. scan speed, because a high scan speed is required for rapidly changing
events (e.g., the eluant from capillary GC, or a pulsed event) and a low
speed is obligatory for accurate mass measurement; and

4. detection sensitivity, the smallest amount of an analyte that can be
detected.

Another important criterion in choosing a mass analyzer is the ease with which
certain ionization and other ancillary equipment, such as multichannel array
detectors and chromatographs, can be outfitted.

High resolution or resolving power (R) is necessary for accurate mass
measurement, for accuracy in quantification, and for unambiguous precursor-
ion selection in MS/MS experiments. Accuracy in mass measurement is needed
to determine the structure of an analyte and to ascertain the fragmentation
mechanism of an ion. The resolving power of a mass spectrometer, its ability
to separate two neighboring ions, is expressed as R = m/Am with reference to
Fig. 1.9, where two equal-height peaks of mass m, and m, are considered
resolved when the valley between the two is 10% of the height of either one
i.e., each contributes 5% to the valley), m is the average mass of those two
peaks, and Am is their mass difference. In practice, R is determined instru-
mentally by electrical switching methods from a single symmetric peak of mass
m (e.g., as shown for the right-hand peak in Fig. 1.9) and width Am (at 5%
height).

As the mass of the ions increases, the need for higher resolution becomes
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Figure 1.9. Mass resolution (10% valley definition) of two ions of mass m; and my,.

correspondingly more critical. For example, to mass-resolve ethylene** (m =
28.031300) and CO** (m = 27.994915), a resolution of 770 is needed. Now
consider the two ions C;H,c—C,H; and C;H,—CO". Although the mass
difference is still 0.036385, the latter doublet requires a resolution of 5500 for
separation of the two signals. Another experimentally complicating fact is that,
with an increase in mass, the number of possible elemental compositions
increases exponentially. Thus, for unequivocal assignment of chemical compo-
sition to an ion, the accuracy of mass measurement must be extremely high.

3.1. Electrostatic Analyzer

When ions move parallel to an electric field, they experience an accelera-
tion, as in an ion source. The kinetic energy KE of the accelerated ion is given
by

KE =2V =} m~?, (1.19)

where m, in kilograms (1 kg = 6.023 x 10? Da), is the mass of the ion; v, in
meters per second, is the velocity of the ion; z is the charge of the ion (z = ne,
where 7 is the integral number of units of charge and e is the fundamental unit
of charge = 1.602 x 10~ C); and V, in volts, is the potential difference to which
the ion is subjected. Thus, from Eq. (1.19), it is obvious that when two ions of
different masses but the same charge are accelerated through an identical
potential difference, their kinetic energy upon leaving the accelerator is the
same.

An electrostatic analyzer (ESA) consists of two parallel plates (Fig. 1.10),
one of which is held at a positive potential and the other at a negative potential
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Figure 1.10. The focusing action of an electrostatic analyzer. All ions of the same energy
emanating from a point source and with an angular divergence of 2a are brought to focus at a single
point. For example, F, is the focal point of all ions of energy E| and mass m, and m,, and F, of
ions of energy E, and mass m, and m,.

of equal magnitude (66,67). When ions pass through this radial electric field,
they move in a circular trajectory and are dispersed according to their kinetic
energy. In other words, ions of a given energy only will be focused at a point.
Thus, the ESA is used as an energy filter to produce an ion beam of nearly
homogeneous energy. The ESA is also used for direction focusing. All ions of
identical energy and emanating from the same point with small angular diver-
gence are brought to focus (e.g., at points F, and F, in Fig. 1.10). The motion
of an ion in this analyzer is governed by

mv? 2V
=zE d =—, 1.20
; and r I ( )

where r, in meters, is the radius of curvature; E, in volts per meter, is the electric
field strength; and m, v, z, and V are as defined above.

3.2. Magnetic Analyzer

When a charged particle enters a magnetic field (Fig. 1.11), it travels a
circular path in a plane perpendicular to the direction of the field, according to

mv? my
=zvB and — =8Br, (1.21)
r z

where B, in tesla (T), is the magnetic field strength (66,67). Thus, the magnetic
sector acts as a momentum analyzer and disperses the ions according to their
momentum-to-charge ratios.
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image
curve

2a —||+—

Figure1.11. Mass separation by a magnetic analyzer. All ions of mass m; and m, emanating from
a point source with an angular divergence of 2a are brought to focus on the image curve at points
I; and I, respectively.

Rearranging Eq. (1.21) and substituting the value of v from Eq. (19), one
obtains

m B2

z 2V

(1.22)

Thus, a magnetic sector also separates ions according to their m/z ratios,
provided all ions are of equal kinetic energy. If V is constant and B is scanned,
then all ions follow the same trajectory and are collected at a single focal point,
resulting in a mass spectrum. Alternatively, keeping B constant, all ions that
follow paths of different radii are collected simultaneously in the same plane,
as is done in the double-focusing mass spectrometers of the Mattauch—Herzog
geometry. Rearranging Eq. (1.22) in terms of radius r, one obtains

1 mV 1/2

By logarithmic differentiation of Eq. (1.23), it becomes clear that, to obtain the
best separation for different masses, an ion beam must be homogeneous in
energy (i.e., AV must be as small as possible):
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3.3. Double-Focusing Magnetic Sector Mass Spectrometer

From the above discussion, we learn that an ESA produces an ion beam
homogeneous in energy and a magnetic sector provides a mass-resolved beam.
When a proper combination of these two analyzers is used, it is possible to
correct simultaneously for both direction and velocity inhomogeneities (66,67).
These so-called double-focusing mass spectrometers are capable of achieving
very high mass resolution, provided aberrations from the second-order terms
caused by field inhomogeneities and fringing fields are held to a minimum. This
condition is generally achieved by use of additional electrostatic lenses.

A variety of different arrangements of electrostatic and magnetic anal-
yzers is in use. When, as in Fig. 1.12, an ESA (E) precedes a magnetic analyzer
(B), the combination results in a forward-geometry (EB) double-focusing mass
spectrometer. In a reverse-geometry instrument (Fig. 1.13), a magnetic analyzer
precedes an ESA (i.e., the geometry is BE). In an instrument of Nier-Johnson
geometry, the two fields deflect the ions in the same direction (ie., in a C
shape), and the point of double-focusing is obtained when the velocity- and
direction-focusing curves are made to intersect. A detector is placed at this
point, and the mass spectrum is acquired by changing the magnetic field
strength. Nier—Johnson instruments are limited in sensitivity because, at any
one time, only one ion is detected. In the Mattauch—Herzog design, the ions are
deflected in opposite directions (i.e., in an S shape), and the double-focusing of
all masses is achieved in the same plane (Fig. 1.14). All mass-resolved ions are
detected simultaneously by placing a focal plane detector (e.g., a photographic
plate or a multichannel array detector) at the exit boundary of the magnet.
These instruments provide increased sensitivity and accuracy in mass measure-
ment. However, they did not gain wider acceptance because of the cumbersome
photographic plate detector. The recent introduction of multichannel array
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Figure 1.12. A forward-geometry (EB) Nier-Johnson magnetic sector mass spectrometer.
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FFR,
FFR, FFR;
Ion Source Detector

Figure 1.13. A reverse-geometry (BE) Nier—Johnson magnetic sector mass spectrometer.

detectors (68) has rekindled interest in Mattauch-Herzog geometry mass spec-
trometers (69). A multichannel array detector can also be used with Nier—
Johnson mass spectrometers to take advantage of their limited focal plane width
(5-10% of the central mass).

The major advantages of double-focusing mass spectrometers are their
high mass range, high resolution, accuracy of mass determination, reasonable
scan speed, and high dynamic range. Furthermore, magnetic sector instruments
are ideal for studying reactions in a FFR, including high-energy CID, charge
permutation reactions, reactions of metastable ions, and kinetic energy release
(KER) experiments.

To produce an ion beam of lower energy spread [i.e., to minimize the AV/V
term in Eq. (1.24)] and to improve ion extraction efficiency, the ion source is
operated at high voltage (6-10 kV). This requirement, however, creates arcing

\

focal Plane
detector

ion
source

Figure 1.14. Principle of ion detection by a forward-geometry Mattauch-Herzog magnetic sector
mass spectrometer.
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problems with certain modes of ionization that operate at atmospheric pressure
(e.g., thermospray and electrospray) or when effluents from LC columns are to
be analyzed. Further disadvantages of these instruments are their exorbitant
cost and very low ion transmission.

Aside from their high cost, these state-of-the-art magnetic sector mass
spectrometers with improved magnets and ion optics are capable of achieving
a mass resolution of over 100,000 and a mass range in excess of 15,000 Da at
the highest sensitivity (at 8-10 kV). The upper mass range can be extended
further by reducing the accelerating potential (i.e., up to 120,000 Da at 1 kV),
but at the cost of reduced sensitivity.

3.4. Quadrupole Mass Spectrometer

A quadrupole is a path-stability device in which mass separation is ac-
complished solely by using an electric field. A stable trajectory is created by
applying radio frequency (rf) and dc potentials to four rods of hyperbolic
cross-section arranged in a square array (Fig. 1.15); in practice, cylindrical rods
are also used effectively. Opposite rods are electrically connected. One pair
receives a positive dc potential U and an rf potential V, cos(wt), where w is the
angular frequency and ¢ is the time; the other pair is at —U dc and an rf voltage
also of magnitude V, cos (wtf), but out of phase by 180°. This arrangement
creates an oscillating field such that the potential & at any point within the rods
is given by

Ay

-(U + Vj cos wt) (>
<7/ detector
A /ﬁ Vo coswt.

- » x
V2 ro; \l/
Q) -(U + Vg cos wt)

ion
source

U+ Vp coswt

Figure 1.15. Principle of operation of a quadrupole mass analyzer. At a certain value of U and
V4, ions of specific m/z undergo stable oscillations in the x and y directions and travel in the z
direction; all other ions follow unstable trajectories and are lost.
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x2 - y2
® =[U + V, cos (wt)] > (1.25)
0

where x and y are distances from the center of the field and 2r, is the spacing
between opposite rods. With a value of U and Vj, such that U/V, = 0.168, the
ions of a specific m/z ratio adopt stable oscillations in the x and y directions and
are transmitted through the parallel array of the rods (i.e., in the z direction);
all other ions have unstable trajectories because they tend toward infinite
displacement from the center and are lost. At a fixed frequency, mass scanning
is accomplished by varying U and V,, keeping their ratio constant.

For effective mass separation, an ion must spend enough time in the
quadrupole field, because the greater the number of oscillations, the greater the
mass resolution. Therefore, the velocities of the ions entering the quadrupole
field must be kept low. This condition is achieved by producing the ions at low
accelerating potentials (typically <100 V); however, a lower accelerating po-
tential means poor transmission of ions from the source. Nevertheless, the
overall sensitivity of quadrupole mass analyzers is higher than that of magnetic
sector instruments because no slits are used, resulting in higher transmission
along the rods. The mass resolution of the quadrupole system increases with
mass because heavier ions spent more time within the oscillating field, but the
overall resolution is limited to unit mass only.

The upper mass range of most quadrupoles is of the order of 1000 Da. In
modern instruments, this range has been extended to 4000 Da by the use of
accurately machined hyperbolic rods. The other attractive features of a quadru-
pole mass filter are low cost, compactness, high scan speeds, and linear mass
scale. Also, performance is independent of the energy distribution of ions. All
these features make it attractive for use with ion sources that require high
pressures and high voltages for ion production and that produce ions with
high energy spread. Also, quadrupoles are easy to interface with various inlet
systems. However, compared to the magnetic sector instruments, the quadru-
poles are inferior in mass range, mass resolution, and accuracy of mass mea-
surement.

3.5. Time-of-Flight Mass Spectrometer

A time-of-flight (TOF) mass analyzer uses the simplest concept in the
analysis of charged particles (70). After initial acceleration through the source,
ions are allowed to drift in a field-free region. As discussed above [Eq. (1.19)],
all ions accelerated to a fixed potential leave the ion source with the same
kinetic energy. Therefore, rearranging Eq. (1.19), the velocity with which they
travel is different; lighter ions move faster than heavier ones:
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22V\12
v = (—X) (1.26)
m

The v, z, V, and m are as defined in Section 3.1. The time of arrival of ions at
the detector placed at a distance d from the source is given by

m

172
t=dv=d (2—;‘7) (1.27)

Thus, the arrival time of two different ions is proportional to the square
root of their mass:

hoh, ('i)m (1.28)
my,

All ions of the same mass and kinetic energy arrive together at the end of the
flight tube in a group. The flight time of each ion is used to establish the mass
scale. For example, ions of masses 2000 and 2500 Da, when accelerated
through a potential of 6000 V, take 41.56 and 46.47 usec, respectively, to travel
1 m. The short time between the arrival of neighboring masses demands a
high level of accuracy in measurement of the arrival times. This requirement
limits the resolution attainable by TOF analyzers. Most commercial instru-
ments have a resolution of only a few hundred. Resolution can be improved by
increasing the path length, by reducing the energy spread of the ion beam, and
by forming all ions in the same plane (e.g., as in SIMS and PD ionization
sources).

In modern instruments, energy spread is reduced by incorporating a
reflecting electrostatic lens assembly, called a reflectron, which consists of a
series of rings with increasing voltage (71). It is placed at the end of the flight
tube. lons penetrate the reflectron until they reach zero energy and are then
reflected back with energies equivalent to their original value, but with opposite
velocities. Ions of the same mass, but at a higher energy, travel a longer path
in the reflectron than ions of lower energy. The resolution of such reflection
instruments is in the region of 5000 to 10,000.

One basic requirement for a TOF mass analysis is that all ions must leave
the ion source at exactly the same time. When an EI source is fitted to a TOF,
this requirement is fulfilled by switching on the filament for a short duration or
by leaving the filament on all the time and pulsing the accelerating potential.
B2Cf-PD and LDI techniques are ideal as the source of ions for a TOF analyzer
because they function in the pulse mode.

No upper mass limit exists for a TOF analyzer. This welcome feature,
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coupled with the fact that the 22Cf-PD and MALDI ionization techniques can
transform high-mass ions into the gas phase, has revived an interest in TOF
mass analyzers. Dedicated commercial instruments are available outfitted with
2CE-PD or MALDI sources.

Other attractive features of the TOF mass filters are high scanning speed
(10,000 spectra per second), high detection sensitivity, simplicity of operation,
and low cost. Ion transmission through the flight tube is very high because all
ions that exit the ion source are potentially transmitted and detected.

3.6. Fourier Transform Ion Cyclotron Resonance
Mass Spectrometer

A Fourier transform mass spectrometer (FTMS) is based on the principle
of ion cyclotron resonance (ICR), in which ionization, mass analysis, and
detection take place in the same region, generally in a 1-in cubic cell positioned
in a strong magnetic field (72). Ions are formed in the pulsed mode, and trapped
within the cell by applying an electric potential to the front and rear plates. The
containment of ions within a magnetic field forces the ions to move in circular
orbits, described by Eq. (1.21). The time required to complete a single revolu-
tion is given by

2
r= (1.29)
v
m
t=2a 2 130
m ZB) (130)
2B
== 1.31
D= 2am (131)

where r, v, z, m, and B are as defined earlier. The cyclotron frequency w,, the
number of revolutions per second, is calculated according to Eq. (1.31). Thus,
the cyclotron frequency of an ion is related to the magnetic field strength and
to the m/z ratio of the ion.

In an FTMS analysis, a broad-band excitation pulse is applied to the side
plates of the cell. The ions whose cyclotron frequency matches the applied
frequency absorb energy from that pulsed signal and are promoted to orbits of
a larger radius. When these coherently moving ions are in the proximity of the
receiving plates, they transmit a complex rf signal (i.e., the image current) that
contains frequency components characteristic of each ion. By applying a Four-
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ier transform, this time-domain signal is converted to a frequency-domain
signal to provide a mass spectrum.

The important features of an FTMS are high detection efficiency, high
resolving power, high mass range, high scan speed, multichannel analysis, the
possibility of higher-order MS/MS analysis, and low dynamic range. However,
to obtain good resolution and sensitivity, the pressure inside the cell must be
low to avoid ion—molecule reactions and scattering of the ions.

3.7. Ion-Trap Mass Spectrometer

An ion trap (IT) is a three-dimensional analogue of a quadrupole mass
filter (73). It consists of a doughnut-shaped central ring electrode and two
end-cap electrodes, as shown in Fig. 1.16. For ideal field geometry, the elec-
trodes must be of hyperbolic cross-section. The field is generated by applying
an rf voltage to the central ring electrode and maintaining the end-cap elec-
trodes at ground potential.

Like an FTMS, an IT also uses temporal sequences for mass analysis. A
pulse of an electron beam enters through one of the end-cap electrodes to ionize
gaseous molecules present in the ion trap. At certain rf amplitude, all ions above
a specific m/z follow trajectories that keep them confined within the volume
described by the electrodes. Increasing the rf voltage destabilizes the ion
trajectories and ejects the ions sequentially from the ion trap region through
perforations in the other end-cap electrode. The ejected ions are detected by an
external detector to provide a mass spectrum.

The performance characteristics of an IT are similar to those of a quadru-
pole mass filter, viz., high scan speed, high ion transmission, low cost, and
simplicity of operation. Because of these attributes, ITMS instruments are
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Figure 1.16. Schematic representation of an ion-trap mass spectrometer.
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becoming increasingly popular both as analytical devices and as research
tools.

4. TANDEM MASS SPECTROMETRY

The popularity of tandem mass spectrometry (MS/MS) has grown very
rapidly (74,75). Its usefulness is unsurpassed in structure determination and
identification of compounds in complex mixtures. MS/MS takes advantage of
fragmentation reactions that occur in the FFRs of multisector instruments (see
Fig. 1.2). As the name implies, MS/MS uses two stages of mass analysis. The
first stage performs mass selection of a specified ion from a mixture of ions
formed in the ion source. This precursor ion undergoes fragmentation in the
intermediate region. The second stage mass-analyzes the product ions formed
in the intermediate step. This operation is akin to GC/MS in that the first stage
of MS/MS separates a mixture of ions into individual components (as GC
resolves a mixture of compounds) and the second stage obtains mass spectra of
each mass-resolved ion.

The major advantage of MS/MS is its molecular specificity, which is the
result of an incontrovertible link established between the precursor ion and all
of its product ions. Those product ions must derive exclusively from the
preselected precursor. Since the introduction of desorption ionization tech-
niques such as FAB and LSIMS for analysis of compounds of biomedical
relevance, MS/MS has gained even more critical significance. A FAB spectrum
is beset with chemical background noise caused by the matrix ions. Also, many
isolates of biological samples are mixtures, even after the best possible chro-
matographic separation. MS/MS overcomes most of those difficulties.

The most common mode of MS/MS operation is the product ion spectrum
(i.e., the spectrum of the product ions formed by dissociation of a mass-selected
precursor). This spectrum is useful in the structural analysis of the preselected
ion. The second type of spectrum obtained in MS/MS is the precursor ion
spectrum, in which information about all precursor ions that fragment to a
preselected product ion is obtained. In the constant neutral loss spectrum, by
selecting a specific neutral loss, information about all precursors that undergo
loss of that common neutral is obtained. These last two modes of operation are
specially useful for mixture analysis. For example, in all opioid peptides, the
sequence of the first four amino acids is Tyr-Gly-Gly-Phe. The FAB mass
spectra of all these peptides contain an ion of m/z 425, and they also exhibit the
loss of a neutral moiety of 107 Da (76). The ion of m/z 425 consists of the first
four amino acids, and the neutral loss of 107 Da is the result of cleavage of the
Tyr side chain. When a mixture of those neuropeptides is analyzed using the
precursor ion and constant neutral loss scans, the resulting spectra contain
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information about all the neuropeptides that fragment to yield m/z 425 and
exhibit the loss of 107 Da, respectively.

4.1. Magnetic Sector MS/MS Instruments

As was discussed in Section 3.3, most high-performance magnetic sector
instruments consist of an electrostatic analyzer and a magnetic analyzer. The
FFRs before both of these analyzers are useful for MS/MS studies. When an ion
of mass m, fragments in the FFR before an electric sector, the product ion (m,)
does not have the same kinetic energy as the precursor ion because the mass
has changed and the velocity has remained the same. To pass this newly formed
ion through the electric sector, the electric field E; must be changed to a new
value E, such that

m
E, = ;j—El . (1.32)

Thus, by scanning the electric sector, the energy spectrum, which gives in-
formation about all product ions, is obtained.

When an ion fragments in the FFR before a magnetic analyzer, the product
ion is observed not at mass m, but at

2

m* = T (133)
1

4.1.1. Mass-Analyzed Kinetic Energy Spectrometry

To obtain an MS/MS spectrum with a two-sector mass spectrometer, it is
advantageous that the magnetic analyzer precede the electrostatic analyzer (i.e.,
it uses the BE geometry) (77). With this type of instrument, the precursor ion
is mass-selected unambiguously by adjusting the magnetic field and is allowed
to fragment in the region (FFR,) between the two analyzers (Fig. 1.13). The
mass analysis of those fragment ions is obtained by scanning the electric sector
[Eq. (1.32)]. This technique is known as mass-analyzed ion kinetic energy
spectrometry (MIKES) (77,78). As mentioned above, a fragmentation in a FFR
is accompanied by a release of kinetic energy, a process that causes broadening
of peaks in the MIKES spectrum and resuits in a very poor product ion
resolution (<300). In spite of this drawback, MIKES has been used extensively
for several years to solve a number of ion chemistry, analytical, and bio-
analytical problems (79).
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Table 1.2
Linked-Field Scans for MS/MS
Reaction Collision
Scan type  region Information obtained energy Instrument
\% FFR, Precursor ion spectrum high EB
E FFR, Product ion (MIKES) high BE
spectrum
FFR; EBE
B/E FFR, Product ion spectrum high EB,BE,EBE,BEB,EBQQ,
BEQQ
FFR, EBE,BEB
B%E FFR, Precursor ion spectrum high EB,BE,EBE,BEB,EBQQ,
BEQQ
FFR, EBE,BEB
BE FFR, Precursor ion spectrum high BE,BEQ
FFR, EBE EBEQ
(BE'Y(1-E)) FFR, Neutral loss spectrum high EB,BE,EBE,BEB,EBQQ,
BEQQ
Q; Q, Product ion spectrum low Q,Q,Q5(TSQ)
Q, Q, EBQQ,BEQQ
Q, Q, Precursor ion spectrum low Q,Q,0Q4
B Q EBQQ,BEQQ
Q-Q; Q, Neutral loss spectrum low Q,0,Q;
B*Q, Q EBQQ,BEQQ

4.1.2. Linked-Field Scans

Because a vast majority of double-focusing instruments is of the forward
geometry design, a strong need was felt to develop MS/MS techniques for use
with these instruments. This objective was accomplished using linked-field
scans, in which two of the fields (V, E, or B) are scanned simultaneously,
keeping their ratio constant (80). A list of commonly used linked-field scans is
provided in Table 1.2. The mass selection and fragmentation in the EB instru-
ments occur in FFR, (see Fig. 1.12). For example, the product ion spectrum is
obtained by the linked-field scan at constant B/E. Because the double-focusing
principle still applies to the product ion analysis, the mass resolution is much
higher compared to the MIKES spectrum but somewhat dependent on the
kinetic energy release. The major drawback of this type of scan, however, is
that mass selection of the precursor is at lower resolution (typically 300 to 400),
so that the specificity of the analysis is somewhat compromised. In spite of this
limitation, our laboratory has used the linked-field scan at constant B/E for a
number of years for qualitative and quantitative analysis of several biologically
active neuropeptides (81).
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The linked-field scan at a constant B*/E provides the precursor ion spec-
trum, and the neutral loss spectrum is obtained when (B/E')¥(1 - E'), where B
is the magnetic field required to transmit m, and E’ = E,/E, is held constant
throughout the scan.

These linked-field scans are also applicable to reverse-geometry instru-
ments, with the difference that for the precursor ion scan, the product B?E is
held constant and the mass selection and fragmentation occur in the FFR, (Fig.
1.13).

4.1.3. Three- and Four-Sector Tandem Mass Spectrometers

In an effort to overcome the resolution problem inherent with MIKES and
linked-field scans, three- and four-sectors instruments are used to obtain high
quality MS/MS spectra (69). The most common designs are of geometry EBE
(Kratos MS-50TA, Manchester, UK), BEB (VG ZAB-3F, Manchester, UK),
EBEB (JEOL HX110/HX110, Tokyo, Japan, and VG 70-SE-4F, Manchester,
UK), BEEB (VG ZAB-SE-4F, Manchester, UK), and BEBE (Kratos Concept
ITHH, Manchester, UK).

In the current four-sector instruments, it is possible to incorporate an
optional intermediate-region ion source for mass calibration of MS-2 and also
with the intention that the MS-2 be able to function as a stand-alone mass
spectrometer. The latest of the four-sector tandem mass spectrometers is the
VG ZAB-T, which uses a reverse-geometry instrument for MS-1 and the
reverse-geometry Mattauch—Herzog design for MS-2 (69). The special features
of this instrument are the use of an inhomogeneous electric field produced by
a series of shim electrodes for the second ESA and a multichannel array
detector for the second stage mass analysis.

The three-sector instruments (EBE and BEB) permit high-resolution (over
100,000) selection of the precursor ion; however, product ion analysis is limited
to low to modest resolution. The BEB design is superior to the EBE geometry
in that the first magnet mass-selects the precursor ion and the remaining EB
portion provides a high-resolution mass analysis of the product ions. Of course,
the four-sector instruments have the advantage of retaining the high resolving
power in MS-1 while providing improved mass resolution in MS-2. However,
it must be remembered that an upper limit (<10,000) of resolution exists in
MS-2 because of the energy spread of the product ions. In addition to the
intermediate-region reactions, these multisector instruments also have access to
reactions in other FFRs. A unique feature of these multisector instruments is the
possibility of higher-order (MS*) MS/MS experiments (82).

The four-sector mass spectrometers have been used for obtaining the
amino acid sequences of peptides and proteins and for determining posttransla-
tional modifications (83). Those experiments have esiablished that the upper
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mass limit for CID of peptides is around 3000 Da. Coupled with enzymolysis
to obtain smaller fragments, it is possible to use these instruments to derive the
amino acid sequence of high-mass proteins. However, the exorbitant cost of the
four-sector instruments limits their use to a few selected laboratories.

4.2. Triple-Sector Quadrupole

To benefit from the unique advantages of quadrupoles for MS/MS anal-
ysis, the triple-sector quadrupole (TSQ) was designed (84). In this instrument,
three quadrupoles are arranged in sequence (Fig. 1.17); the first (Q,) and third
(Q;) quadrupoles function in the normal way (i.c., as mass filter devices),
whereas the center quadrupole (Q,) operates in the rf mode only and serves as
an ion containment region where the low-energy CID experiments are per-
formed.

To obtain a product ion spectrum, Q, is adjusted to allow mass selection
of the precursor ion and Q; is scanned. This procedure is reversed when the
precursor ion spectrum is required (i.e., Q, is used to mass-select the desired
product ion and Q, is scanned). For the neutral loss scan, the fields of Q, and
Q; are offset by a factor related to the mass of the neutral and then scanned in
tandem to maintain that mass difference.

The important advantages of a TSQ are low cost, operational simplicity,
straightforward scan laws, linear mass scale, and unit mass resolution. How-
ever, the resolution of the precursor ion selection and product ion mass analysis
and the mass range (<4,000) of TSQ are much lower than in the four-sector
instruments discussed above. Also, an inability to perform high-energy CID
limits their use for certain types of reactions (e.g., charge permutation). Never-
theless, the TSQ is an effective alternative to the high cost of the four-sector
mass spectrometers and to the low-resolution mass analysis limitation of the
two-sector instruments.

4.3. Hybrid Tandem Mass Spectrometers

Hybrid tandem mass spectrometers are constructed using two different
mass analysis principles. Thus, the advantages of the best performance features
of both are utilized (75). The most common design uses a magnetic sector MS
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Figure 1.17. Diagram of a triple-sector quadrupole tandem mass spectrometer.
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Figure 1.18. Diagram of a hybrid tandem mass spectrometer that employs a reverse-geometry
magnetic sector for MS-1 and a quadrupole for MS-2.

for MS-1 and a quadruple for MS-2 (Fig. 1.18). Now a single instrument can
be used to access both low- and high-energy regimes for collision activation.
Forward- and reverse-geometry double-focusing magnetic sector instruments
have both been utilized for this purpose. Because of the mismatch in transla-
tional energies of the ions in these two analyzers, the intermediate region must
incorporate a deceleration lens assembly L to convert the keV to eV ions. The
addition of an off-axis detector before this lens assembly permits the first stage
to be used as a stand-alone high-performance (high resolution, accurate mass
determination, and high mass range) double-focusing mass spectrometer.

In MS/MS applications using these hybrid geometries, mass selection of
the precursor is at high resolution (using the double-focusing principle of the
magnetic sector) and the product ion analysis at unit mass resolution (using a
quadrupole as MS-2). The first quadrupole (Q,) functions as an ion containment
region and as a low-energy collision cell, and the second quadrupole (Q,) as a
scanning device to obtain MS/MS data. The upper mass range of the current
high-performance quadrupoles is 4000 Da. This mass limit is more than ade-
quate for MS/MS studies of most biological compounds because, as described
above, it is not possible to fragment singly charged ions of mass above 3000
Da by collision activation. The added advantage of these instruments is low
cost compared to the four-sector tandem instruments.

4.4. Tandem Ion Trap Mass Spectrometry

Whereas in the instruments discussed above, different stages of MS/MS
analysis are separated in space, the FTMS (85) and ITMS (86) act as tandem-
in-time mass spectrometers. Although these two instruments differ in design,
MS/MS operation is conceptually similar. Ion formation, excitation, and detec-
tion are all performed in a temporal sequence. After initial steps of ion for-
mation and their confinement in the trapping field, all ions except the precursor
are ejected from the trap. An excitation pulse is applied to the precursor ion,
causing it to undergo collision activation with an inert bath gas. The resulting
product ions are mass-analyzed as usual. Because all steps are performed within
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the same space, the possibility of interference due to side reactions exists. These
instruments are also appropriate for higher-order MS/MS experiments.

4.5. Metastable Ions

As discussed in Section 2.1, metastable ions fragment after leaving the ion
source but before reaching the detector. These metastable ions are characterized
by a narrow range of energies just above the threshold for the lowest dissocia-
tion channel (shaded portion in Figure 1.2), and fragment at rates of 10°-10¢
sec™l. In the conventional magnetic scan spectrum, they appear as diffuse peaks
at the nonintegral mass given by Eq. (1.33). The broadness of the peak is due
to the partitioning of the internal energy of the fragmenting ion into transla-
tional energy of the products. The width of the peak and the magnitude of the
kinetic energy release are characteristic parameters of the structure of the
fragmenting ion (77). These pieces of information, along with the ion abun-
dances in the metastable spectrum, have been used to distinguish ionic struc-
tures (82).

4.6. Collision-Induced Dissociation

In softer ionization techniques (CI, FD, FAB, LSIMS, ES, and LDI), the
fragmentation pattern is relatively weak and yields little structural information.
Furthermore, the population of the spontaneously fragmenting (i.e., metastable)
ions sampled by MS/MS is usually low. Therefore, to induce fragmentation of
the energetically cool mass-selected ions (nondecomposing ions of Fig. 1.2),
the MS/MS instruments are usually fitted with some means of additional
fragmentation. The most common of these methods is collision activation, in
which the fast-moving mass-selected ion collides with a neutral target, often a
helium atom. During this excitation process, a part of the initial translational
energy of the incident ion is converted into excitation energy, leading to its
fragmentation:

m"' + N — [m*]* - (m"", m], mj, mj, etc.) + N (1.34)

where m*" is the mass-selected ion, m;, m}, etc. are its fragments, and N is the
neutral target. This process is called collisionally activated dissociation (CAD)
or collision-induced dissociation (CID). In high-energy collisions (e.g., for ions
that have translational energies in the keV region), the initial collision leads to
a vertical electronic excitation of the incident ion. The excitation energy is
rapidly converted statistically into various vibrational modes, ultimately lead-
ing to fragmentation, a process reminiscent of EI. However, during this un-
imolecular dissociation of the excited ions, a part of the excess energy is
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released as translational energy, a process that causes broadening of the peaks
in the CID spectrum.

In low-energy collisions (for ions of energies <100 eV, which are acces-
sible in quadrupoles and FTMS), excitation occurs mainly to higher vibrational
states followed by unimolecular dissociation of the excited ion. The low-energy
ions spend more time in the reaction region and undergo a greater number of
collisions. Because of the relatively long life of the collision complex, the
low-energy ions have a higher probability to participate in ion-molecule re-
actions. Also, the target gas has a profound effect on the nature of the MS/MS
spectrum. Thus, significant differences are expected in the low- and high-
energy CID spectra.

Collision activation also yields charge permutation reactions, some of
which are endothermic and observed only in the high-energy regimes.

Charge exchange m* + N —m + N* (1.35)
Charge inversion m-°+N—=m"+ N+ 2¢ (1.36)
Charge stripping m"” +N—=>m*" + N + e 1.37)
Charge ionization m+ N —>m" +N +¢” (1.38)

These reactions are diagnostic of the structural differences between the ions.
Reaction (1.38) has been used in conjunction with a novel technique called
neutralization—reionization MS, in which source-formed ions are first neu-
tralized in an FFR and then ionized using collision activation (87).

Although not yet popular, alternative modes of ion activation have been
developed by some researchers. These modes are surface-induced dissociation
(in which the incident ion is impacted onto a metal surface (88), electron impact
activation (a phenomenon similar to EI) (89), and photodissociation (using
high-energy photons, e.g., from a laser beam) (90). Space does not permit a
detailed discussion of these newer specialized techniques; for further reading,
the references cited here may be consulted.

5. ION DETECTORS

The purpose of a detector is to measure the current due to the mass-
analyzed ion beam. Sensitivity, accuracy, resolution, and response time are the
most important characteristics of any ion detector. One of the simplest devices
is a Faraday cup detector, which consists of a conical metal cup connected to
an amplifier. The charge transferred to the cup by the incoming ion beam is
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measured directly by the voltage drop across a large feedback resistance (10"
Q). This detector is very useful for high-precision measurements (e.g., in
isotope ratio measurements). However, the response of a Faraday cup detector
is slow, making it unsuitable for scanning mass spectrometers.

The most widely used detector is an electron multiplier (EM), in which a
series of dynodes, usually made of Be/Cu, are connected together through a
chain of resistors of equal value (Fig. 1.19). A high voltage (up to ~3,000 V)
applied across the first dynode (called the conversion dynode) and the final
dynode (anode) is divided into equal steps between the dynodes. The ion beam
strikes the conversion dynode, causing it to emit secondary electrons in direct
proportion to the number of incident ions. The secondary electrons are accel-
erated toward and made to strike the second dynode, which emits more sec-
ondary electrons. Thus, amplification of secondary electrons occurs at each
successive stage. An EM exhibits fast response time, high sensitivity, and high
gain (which depends upon the number of conversion stages used, generally 16
or 20).

A channel electron multiplier (CEM) also functions on the same principle
but uses a continuous arrangement of electrodes. The detector is a horn-shaped
glass tube; either it is doped with Pb or its inner surface is coated with Be. A
high voltage applied across the two ends of the tube is distributed uniformly
throughout the length of the tube. A CEM is more compact and less expensive
than a discrete EM. It is more commonly used in quadrupole mass filters.

The gain of a CEM is a function of the length-to-diameter ratio of the tube.
Therefore, microchannel plates (MCP) using fiber optic cables of very small
diameter (~10 pm) can serve as very efficient CEM. In this arrangement, two
MCPs made of millions of individual channels are arranged in a chevron
configuration. The ion beam strikes the front of the MCPs and secondary
electrons, after several-fold multiplication, emerge from the rear face of the
MCPs. The MCP-EM is used in TOF instruments and in multichannel array
detectors.

Some new generations of mass spectrometers use a photomultiplier de-
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Figure 1.19. Principle of operation of an electron multiplier.
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tector in place of an EM. In this type of detector, the ions first strike a
scintillation material, and the emitted photons are detected by a conventional
photomultiplier.

One drawback of an EM is that the yield of secondary electrons depends
upon the velocity of the striking ions. Because all ions reaching the detector
have the same kinetic energy, their velocity is an inverse function of their mass
[Eq. (1.26)]. Therefore, the detection efficiency of high-mass ions decreases
commensurately. In order to augment the velocity of the incident ions, post-
acceleration is used in modern mass spectrometers. For positive ion detection,
the beam is first deflected toward an off-axis post acceleration detector (PAD),
which is held at a potential of -5 to —30 kV. The secondary electrons emitted
from this detector are then accelerated toward an EM.

The detection of negative ions using an EM is less efficient because those
ions are slowed down as they approach the first dynode (held at a large negative
potential), resulting in reduced yields of secondary electrons. Postacceleration
is, thus, a necessary step in negative ion detection. The PAD is held at a positive
potential to permit acceleration of the incoming negative ions. The impact of
negative ions on the target of the PAD yields secondary positive ions, which
are then detected by an EM in the usual way.

Bateman and Bott (91) have designed an ion detector that incorporates two
conversion dynodes—one for positive-ion and another for negative-ion detec-
tion, a phosphor, and a photomultiplier (Fig. 1.20). For positive ion detection,
the conversion dynode is maintained at -10 to —20 kV and the secondary
electrons are accelerated toward a phosphor, the voltage of which is varied
between 10 and 20 kV. For negative-ion detection, the incoming ions are
deflected first toward a cylindrical conversion dynode, which is held at half the
phosphor voltage. The electrons emitted from this electrode travel toward the
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Figure 1.20. Schematic of a combined positive- and negative-ion postacceleration detector.
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phosphor under the influence of the penetrating electric field of the positively
charged phosphor.

As discussed above, a serious disadvantage of the focal point mass spec-
trometers is that, at any one instant, only an ion of one particular m/z is detected,
while the ion current due to other ions is lost. An ideal arrangement would
provide simultaneous detection of all mass-resolved ions. A photoplate detec-
tor used with a Mattauch-Herzog instrument fulfills this requirement. The ions
impinging on a photoplate produce darkening in proportion to the number of
incident ions. A microdensitometer measures the relative position and optical
density of the lines to indicate the mass and intensity of the ions, respectively.
Although simultaneous detection of all ions by a photoplate is very advanta-
geous, using the photoplate detector is very tedious.

An alternative to photoplate detection is a multichannel array detector.
The detector, developed by Cottrell and Evans (68) uses a CEM made of a pair
of MCPs arranged in a chevron configuration, a phosphor screen, a fiber optic
coupling, and a 1024-channel photodiode array (Fig. 1.21). The mass-resolved
ion beam strikes the entrance face of the MCP assembly; at the phosphor
screen, the secondary electrons emerging from the MCP assembly are con-
verted to photons, which travel through the fiber optic into a charge- or
plasma-coupled device (CCD or PCD), where they are converted to electric
charge. This detector was developed for use with a Nier—Johnson mass spec-
trometer, which has a useful focal plane width of 5-10% of the central mass.
A simultaneous detection of a mass window >4% is possible with this 25-mm
array detector.

The VG ZAB-T four-sector tandem MS is fitted with a 152-mm array
consisting of 6144 channels interfaced to a 4096-channel photodiode array

l
|

photodiode

array

Figure 1.21. Principle of operation of a multichannel array detector.
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(69). A mass range of 2:1 is accessible when an intermediate ion source is used.
Biemann and co-workers (92) have used a novel arrangement to extend the
mass range of an array detector without increasing its size. By their addition of
two quadrupole lenses after the second-stage magnet of a four-sector EBEB
instrument, the mass range of a 50-mm array was extended from 6.6% to 30%.

The array detector used in Finnigan MAT instruments is based on the
principle of position- and time-resolved ion counting (PATRIC) (93). The ion
beam is converted in the usual manner into electrons by using a pair of MCPs,
but the electron cloud produced is detected by a multianode assembly instead
of a photodiode array. The anode assembly consists of a large number of
conductive strips connected by identical capacitors. Charge-sensitive amplifiers
located at each end of the anode assembly provide position and time informa-
tion for every ion. The detectors cover a mass range of 8%. Because ions are
detected individually, the array can also be used to obtain a mass spectrum by
scanning over the complete mass range.

One of the major advantages of array detectors is a significant increase in
detection sensitivity (100-fold or more). However, the entire impact of this
advantage is not felt when FAB or other desorption modes of ionization are
used because the chemical background noise inherent with these desorption
methods is also amplified concurrent with the analyte signal. For this reason,
the full potential of multichannel array detectors can be realized when they are
used in MS-2 of a tandem mass spectrometer.

6. ACCURATE MASS MEASUREMENT

Accurate mass data permit assignment of elemental composition to an ion.
This information is essential in structure determination and in interpretation of
mass spectra of an unknown or of a mixture of compounds. Ideally, accurate
mass measurement is accomplished using the double-focusing magnetic sector
mass spectrometers.

One of the simplest ways to obtain the accurate mass of a compound is to
record its spectrum at high resolution (ca. 10,000) in the presence of a reference
compound. From the known mass reference ions (see Section 7), the masses of
the sample ions are determined to within <5 ppm.

Alternatively, all ions are recorded simultaneously on a photographic plate
using a focal plane Mattauch-Herzog mass spectrometer. Using a microden-
sitometer, the exact position of each mass is then accurately measured with
respect to the ions of known mass (94).

The most precise (within 0.1-0.3 ppm) method of accurate mass measure-
ment is the peak-matching technique. In this method, the magnetic field is held
constant and the accelerating voltage is changed in such a manner that a
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reference ion of a known exact mass and the unknown ion alternatively follow
the same trajectory. In practice, the lower of the two masses is displayed on an
oscilloscope screen and the accelerating voltage is varied by a precision (within
1 ppm) voltage divider until the two ions are superimposed. The unknown mass
is measured from this ratio, using Eq. (1.39). To achieve higher accuracy in
mass measurement, the mass of the calibrant ion must be within 2% of the
unknown mass. In the current genération of mass spectrometers, peak-matching
is executed under software control. From Eq. (1.22), we have m « 1/V; there-
fore

V2
m, =m, —V—- . (139)
1

Accurate mass data can easily be obtained for samples that are accessible
to EI-MS analysis. In contrast, such measurements are difficult with FAB
because the alkali salts used as reference materials tend to suppress the sample
ion current. Also, the sample current is not very steady, and the reference ions
are often not sufficiently close. For accurate mass measurement in FAB, it is
advisable to use the matrix ions as the reference ions, or to use some internal
standards such as polyethylene or polypropylene glycols. A compound closely
related in mass and chemical characteristics to the analyte can also be used as
a reference compound.

7. MASS CALIBRATION STANDARDS

As discussed in Section 6, a reference compound is needed for accurate
mass measurement. A reference compound is also required for calibration of
the data system and for tuning and performance checks of the instrument. A
computer establishes a mass scale from the known masses of reference ions to
assign mass values to the sample ions.

The reference compound should provide a sufficient number of ions of
high relative intensities spaced regularly throughout the scan range, should be
readily available, should be chemically inert, and should be sufficiently volatile
that it can be introduced into and readily pumped away from the ion source.
Compounds commonly used as standards for various ionization modes are
listed in Table 1.3.

Perfluorokerosene (PFK) is the most widely used mass calibrant in EI-MS.
The low-boiling mixture (PFK-L) is used up to 600 Da and the high-boiling
(PFK-H) up to 900 Da. Perfluorotributylamine [PFTBA; (C,F;);N; also known
as heptacosa] is another frequently used EI calibrant, especially for quadrupole
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Table 1.3
Mass Reference Standards

Ionization Mass range
Compound Structure mode (Da)
Perfluorotributylamine (C4Fg)sN ELCI 0-600
Perfluorokerosene CF;(CF,)nCF; ELCI 0-900
Ultramark F series (Fomblin) CF30(CFCF;CF,0),,- ELCLFAB up to 3500

(CF,0),CF,
Ultramark 1621 perfluoroalkoxycyclo- ELCI up to 3000
triphosphazenes

Tris(perfluoroalkyl)-s-triazine EI up to 1500
Glycerol CH,0OHCHOHCH,OH FAB 20-1200
Cesium iodide Csl FAB 130-30,000
Csl/glycerol FAB 90-3500
Csl/Nal/Rbl FAB 20~-1000
Lil/Nal FAB 0-1000
Polyethylene glycol H(OCH,CH,)nOH FAB/ES/TS  50-2000
Polypropylene glycol H[OCH(CH,3)CH,]nOH ES up to 3000
Myoglobin ES 600-2500
Lysozyme ES 1000-2100
Polypropylene glycol sulfate ES (-ve) 300-1700

mass filters, where m/z of 69 to 502 is used as a measure of system performance.
For high-mass (up to 3000 Da) analysis in EI-MS, triazines and Ultramark
compounds are appropriate as reference mass markers.

In FAB or LSIMS, the glycerol matrix can also serve as a mass calibrant
up to m/z ca. 1200. Intense cluster ions of m/z (92n + 1) and (92n - 1) (where
n is an integer, 92 being the mass of glycerol) are seen in the positive- and
negative-ion analyses, respectively. Alkali metal halides (e.g., Csl, Lil, Nal,
and RbI) are the most appropriate reference compounds for FAB-MS. For
example, Csl yields a series of ions beyond m/z 30,000 of compositions.
Cs(CsDn* and I(CsDn™ in the positive- and negative-ion modes, respectively.
One difficulty with these standards is that the adjacent peaks are too far apart.
However, a mixture of Nal, Csl, and RblI can be used to minimize those gaps.
In our laboratory, a saturated solution of Csl in glycerol is successfully used as
a mass calibrant up to m/z 3000.

8. QUANTIFICATION

A mass spectrometer is one of the most sensitive of analytical instruments.
It has the capability of detecting a single ion. Therefore, one of the important
applications of MS is quantification. However, to achieve the high accuracy of
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quantitative analysis, the use of an internal standard is mandatory. An internal
standard accounts for any fluctuation in the MS response and the sample losses
in various sample handling and chromatographic steps. An ideal internal stan-
dard is one whose physical and chemical properties match the analyte. A stable
isotope-labeled analog of the analyte fulfills this criterion.

Quantification is accomplished using the selected ion monitoring (SIM)
mode of ion detection, in which the ion current from only one or a few selected
ions rather than a complete mass spectrum is recorded. During the scan of a
complete spectrum, all ions other than the one arriving at the detector are
ignored. On the other hand, in SIM, the detector is used exclusively to monitor
only the mass-selected ion(s). In this way, most of the ion current at the selected
mass value is monitored, thereby significantly improving the detection sensi-
tivity compared to that of the full-scan spectrum. The molecular ion or any
other intense peak along with the corresponding ion of the internal standard is
chosen for the SIM quantification experiment.

The disadvantage of the SIM technique is the lack of molecular specificity.
In SIM, it is presumed that observed ion current arises only from the analyte.
In practice, it is likely that some other interfering ions, due the presence of other
constituents of the sample, may contribute to the mass of the analyte ion. Many
biological samples are mixtures, even after extensive chromatographic separa-
tion. Furthermore, the use of a matrix in FAB produces background noise at
every mass.

To improve the molecular specificity of the measurement, a technique
known as selected reaction monitoring (SRM), is used. This method is an
MS/MS technique in which a preselected analyte ion is allowed to fragment by
collision activation in a FFR, and one or more specific product ions are
monitored. The molecular specificity is the result of the structural link main-
tained between this exclusively mass-selected precursor ion and its product
ions.

9. CONCLUSIONS

A brief discussion of various ionization techniques, different types of mass
analyzers, tandem mass spectrometry, and a few important specialized tech-
niques was presented in this chapter. It is obvious that no one ionization
technique is universal and no one mass analyzer can solve all the analytical
problems. For volatile samples, EI and CI are the preferred ionization modes,
whereas large and more complex biological compounds are analyzed using
desorption ionization and spray techniques. A mixture of biological compounds
can be handled by coupling high-resolution separation techniques such as
HPLC and CZE and CF-FAB or electrospray.
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The choice of the mass analyzer is dictated by the mass range, resolution,
scan speed, and detection sensitivity. Often, cost of the instrument plays a very
important role in selection of a mass spectrometer. A wide selection of instru-
ments from low-cost ITMS to high-performance four-sector magnetic
deflection instruments is available. When molecular specificity is the important
criterion of analysis, MS/MS is the method of choice.
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1. INTRODUCTION

Fast atom bombardment desorption/ionization combined with collisionally ac-
tivated dissociation tandem mass spectrometry (FAB-CAD-MS/MS) is a pow-
erful method for directly characterizing underivatized glycerophospholipids,
even in mixtures. The FAB mass spectrum in either the positive or negative ion
mode contains high-mass ions indicative of the molecular weight of each of the
molecular species present in the sample, as well as fragments derived from
elimination of the head group and acyl groups. However, it is difficult to
directly characterize the structure of any particular molecular species in a
mixture from the FAB mass spectrum alone because the molecular ions ((MH]*,
[M-H], or [M-CH;]" for phosphatidylcholine) of isomeric molecular species
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overlap and distinguishing fragments may be attributable to more than one
molecular species. Only tandem mass spectrometric analysis of specific frag-
ment or molecular ions permits the head group and acyl groups of the in-
dividual molecular species to be unambiguously determined. In addition, the
relative abundance of specific fragment ions in the product ion spectrum can,
in most cases, be used to assign the position of the acyl groups on the glycerol
backbone. FAB-CAD-MS/MS of the carboxylate anions found in the low-mass
region of the negative FAB spectrum has also been successfully used to localize
the positions of double bonds and branch points in the acyl groups by analysis
of charge-remote fragmentation patterns. Besides product ion scans, other
tandem MS scan modes (namely, constant neutral loss scans and precursor ion
scans) are useful in identifying, in mixtures, the molecular species of a par-
ticular lipid class or those containing a certain acyl group.

2. STRUCTURAL ANALYSIS OF
DIACYLGLYCERYLPHOSPHOLIPIDS

In order to fully characterize a diacylglycerylphospholipid (PL), it is first
necessary to identify the nature of the head group attached to the glycerol
backbone. These groups provide the basis for the classification of phospholip-
ids and include the phosphoesters of diacylglycerylphosphoric acid with cho-
line (phosphatidylcholine, PC), glycerol (phosphatidylglycerol, PG), inositol
(phosphatidylinositol, PI), ethanolamine (phosphatidylethanolamine, PE), and
serine (phosphatidylserine, PS), as well as the parent compound, diacylglycer-
ylphosphoric acid (phosphatidic acid, PA) (see Table 2.1). In addition to the
head group, the two esterified fatty acyl groups must be characterized. The
structural characterization should include not only the carbon chain length, but
also the degree and position of unsaturation or branching in the chain. Finally,
the relative positions of the two fatty acyl groups on the glycerol backbone
must be distinguished. In naturally occurring compounds, the head group is
always located on the terminal carbon of the glycerol moiety, whereas the acyl
groups are found at the remaining two positions, designed sn2 (§ to the
esterified head group) and sn1 (y to the head group). In this chapter, diagnostic
features of the fast atom bombardment (FAB) mass spectra of various PL
classes are discussed, and methods are described employing fast atom bom-
bardment collisionally activated dissociation tandem mass spectrometry (FAB-
CAD-MS/MS) for the direct structural characterization of underivatized phos-
pholipids. This approach is particularly useful in mixture analysis because it
does not require the prior separation of lipid classes or individual molecular
species.
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2.1. Traditional Methods and Alternative Mass Spectral Techniques
for Phospholipid Analysis

Diacylglycerylphospholipids have traditionally been characterized by en-
zymatic degradation with specific phospholipases and subsequent chromato-
graphic and mass spectral analyses of the reaction products after chemical
derivatization (1). Gas chromatography-mass spectrometry (GC-MS) is often
used to identify the released fatty acids as their methyl esters. Direct analysis
of intact phospholipids (even as their trimethylsilyl derivatives, TMS) by
electron ionization mass spectrometry (EI-MS) is not generally successful
because of their thermal lability. Pyrolysis products of the degradation of
lysophospholipids have been characterized by EI-MS and chemical ionization
mass spectrometry (CI-MS) (2); however, this approach does not seem to be
generally applicable to intact diacylated compounds. The combination of en-
zymatic degradation, and gas-phase mass spectral analysis has proven to be
more successful. For example, treatment of phosphatidylcholine or phospha-
tidylethanolamine with phospholipase C, which removes the polar head group,
followed by derivatization as the dinitrobenzoate, yields a product (diacyl-
nitrobenzoylglycerol) amenable to analysis by electron capture negative ion
desorption chemical ionization mass spectrometry (3).

Other related derivatization and mass spectral analysis procedures for
these and other subclasses of phospholipids have been reported (4-7). The
enzymatic degradation and combined enzymatic degradation/derivatization ap-
proaches both involve multiple steps and may require chromatographic separa-
tion of individual lipid classes and molecular species prior to analysis. Other
“soft ionization” techniques such as field desorption (FD), plasma desorption
(PD), and laser desorption (LD) for direct PL mass spectral analysis are not
addressed in this chapter. The interested reader should consult other reviews
(8-10) for those leading references.

2.2. Direct Analysis of Phospholipids by FAB
Mass Spectrometry

Fast atom bombardment mass spectrometry (FAB-MS) provides an im-
proved alternative for the direct analysis of phospholipids without requiring
previous sample modification. In the FAB-MS experiment, 1-2 pl of the
diacylglycerylphospholipid solution (0.1-1pg/ul in the appropriate solvent,
e.g., CHCl,;:MeOH, 1:1 or CHCl;:MeOH:H,0, 86:14:1) is mixed with 1-2 pl
of viscous liquid matrix on the probe tip. The common matrices employed
include m-nitrobenzyl alcohol (NBA), thioglycerol, dithiothreitol:dithioerythri-
tol (5:1), glycerol, diethanolamine, or triethanolamine. Because of solubility
considerations, special precautions must be observed when glycerol is used as



56 Chapter 2

the matrix (11,12). For most applications in our laboratory, NBA is used for
positive FAB-MS and triethanolamine or NBA for negative FAB-MS. Bom-
bardment of the sample/matrix solution with 6-8 keV Xe atoms (or a high-
energy Cs* beam) yields ions related to the intact molecules, as well as frag-
ments indicative of the head group and esterified fatty acids.

Positive and negative ion mode analysis can both give complementary
structural information and, because the sensitivity for different lipid classes
varies between modes, it is often worthwhile to obtain spectra of the sample in
each mode, particularly when different PL classes are present in a mixture. For
example, it has been reported that in crude PL mixtures from rabbit and dog
heart, PC, PE, and PI can be detected by positive FAB MS, whereas PS and
sphingomyelin in the samples were not observed (10). Even PL classes that
yield a good response in the positive mode may exhibit differential desorption
in mixtures; the responses of PE (8) and acidic PL classes, such as PI, are often
suppressed in the presence of PC [Huang and Gage, unpublished manuscript].
The converse is usually true in negative FAB MS. That is, the detectability of
basic PL classes (including PC, with its fixed positive charge) is suppressed in
the presence of acidic PLs. Nevertheless, mixtures of PL classes can be suc-
cessfully analyzed by tandem MS procedures (Section 3.3), but analysis in the
opposite mode is recommended for confirmation of the classes present in the
sample.

The same structurally informative fragment ions in the FAB mass spec-
trum are also observed in collisionally activated dissociation (CAD) mass
spectra, although they may appear in greater abundance. Because interpretation
of these fragments is the key to PL characterization of head groups and acyl
group composition in tandem mass spectrometric analysis, we will begin with
a discussion of the structures of the ions formed from each of the PL classes.

The FAB mass spectra of diacylglycerylphospholipids can conveniently
be divided into three regions (11,13): the high-mass region, containing ions
related to the intact molecule, as well as others formed by cleavages within the
head group; the middle-mass region, containing fragments from loss of one or
the other acyl group; and the low-mass region, where head group—specific ions
are found. In the negative FAB spectrum, the carboxylate anions of the fatty
acyl groups are prominent in the low-mass region. Interpretation of these
spectral regions will be discussed in turn.

2.2.1. The High-Mass Region in the FAB Spectra of
Diacylglycerylphospholipids

The positive mode FAB-MS spectra of some diacylglycerylphospholipid
classes display [MH]* ions for each of the molecular species present. Phos-
pholipids containing a fixed positive charge (PC) or a basic site (PE) give the
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strongest response in this mode (14,15). PS spectra also display [MH]* ions
(16), although these ions may be weak (17). In contrast, the positive spectra of
PI and PG often contain only weak ions in this region. Sodium or potassium
adducts ([MNa]* or [MK]") are often observed in the positive mode; if the salt
content of the sample is high, then the adduct ions may dominate the high-mass
region (130). At least one report states that sodium adducts of PA and PI can
be detected in the positive FAB mode (15), but high-mass peaks of these lipids
are usually not observed. Although the relative abundances of the [MH]" are
generally indicative of the composition of the molecular species present in the
sample (18), matrix background peaks may obscure minor constituents. This
effect can be minimized by using NBA as the matrix. Another concern is the
misinterpretation of ions appearing at [MH-2H]* (particularly in the spectra of
PCs) as a separate molecular species containing an acyl group with an addi-
tional degree of unsaturation (12,18,19). In glycerol matrix, this peak can be
10-20% of the corresponding [MH]* ion. The use of NBA as the matrix can
reduce this artifact to 3-5% of the [MH]" ion (18,19). Positive mode FAB-MS
analysis is most sensitive for phospholipid classes that are basic (PE, PS) or
contain a preformed cationic center (PC). It is least sensitive for acidic lipids,
such as PA.

Fragments present in the high-mass region of the positive FAB mass
spectrum provide information about the nature of the head group. These frag-
ments result from the cleavage of the phosphoester bond between the dia-
cylglycerol moiety and the phosphate ester and consequent loss of neutral
phosphoric acid with the attached head group. Charge is retained on the
diglyceride fragment. For PC, this process involves loss of the neutral zwit-
terion, phosphocholine, so that the fragment is found at the m/z value of
[MH-183]" (14). Analogous fragments for PS, PE, PG, and PI are found at
[MH]* minus 185, 141, 172, and 260, respectively (Table 2.1). Note that the
fragment ion formed by loss of the head group in the positive FAB spectrum
PI overlaps what is described here as the middle-mass region. Careful inspec-
tion of this spectral region is required to identify this fragment correctly.

Because all phospholipids contain a phosphoric acid moiety, they can
readily form stable anions in negative ion mode FAB analysis. All classes
except PCs form prominent [M-H]" ions. The largest fragment in the negative
spectra of PCs instead represents [M-CH;]™ (17,20). However, because N,N-
dimethylphosphophatidylethanolamine yields high-mass ions identical to those
produced by an analogous PC, confirmatory analysis by positive mode FAB-
MS is advisable. Sodium adduct ions are much less prominent in the negative
FAB spectra of diacylglycerylphospholipids, making the high-mass region
often simpler and easier to interpret than in the positive FAB spectrum (but see
Ref. 21). Using triethanolamine as the matrix, the background is often low
enough in this region that even minor molecular species can be detected.
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Table 2.1
Characteristic Neutral Losses in the Positive Ion Mode

OCOR? _-| i

OCOR!
+ HO 0
OCOR? O P oi
O =0 H* OCOR! HO "oy
N\ —
HO cH, +
0—Y Neutral loss
[M-HJ*
Phospholipid Y Mass lost from [M-HJ*
PC CH,CH, N(CH,), (183)
PE CH,CH, NH, 141
PS CH,CHCO;H 185
NH,
PI inositol 260
PG CH,CHCH,0H 172
OH
(PA) H 98

In addition to the [M-H]" ions, the high-mass region in the negative mode
spectrum contains a number of fragment ions diagnostic for individual phos-
pholipid classes present in the sample (Table 2.2, Fig. 2.1). For example, the
spectra of PCs display a characteristic triplet consisting of [M-15]", [M-60]
(loss of a methyl and dimethylamine), and [M-86]" (loss of dehydrated serine)
(17). PE spectra contain fragments from the loss of vinylamine [M-H-43]". PE
negative FAB spectra also sometimes display higher mass peaks due to adduct
formation with triethanolamine matrix (22). The high-mass region of the ne-
gative spectrum of PG contains a diagnostic fragment at [M-H-74]" from loss
of dehydrated glycerol with hydrogen transfer from the glycerol moiety (22).
Another phospholipid class, PI, can be recognized by the prominent fragment
appearing 162 mass units below the [M-H]", formed by elimination of neutral
dehydroinositol. The mass of each of these fragments is equivalent to that of
the [M-H]  ion of the analogous PA molecular species.

The identification of the lipid class from the high-mass fragments de-
scribed above, together with the intact molecular weight derived from the
[MH]* or [M-H]™ (or [M-CH;]™ in the case of PC) ions, permits the total
composition of the combined fatty acyl groups (number of carbon atoms and
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Table 2.2
Characteristic Fragments in the Negative FAB Spectrum
OCOR,
X\/OCORI /\
O\Pyo \ y 0\ P4O
o~ \ —> o7\ o7\
o0—Y o—Y 0—Y
[M-HJ"
Mass lost from
Phospholipid Y [M-H]", (Y-H) a b
PC (DMPE)* CH,CH, N(CH;), 7 208 168
PE CH,CH, NH, 43 180 140
PS CH2C|HC02H 87 (224) (184)
NH,
PI inositol 162 299 259
PG CHZCIJHCH ,OH 74 211 17
OH

“PC undergoes N-demethylation to give dimethyl-PE (DMPE) in the FAB ionization process; thus, PC and
naturally occuring DMPE cannot be distinguished in the negative ion mode.

double bonds or substituents) to be determined. However, because several
combinations of different fatty acyl groups can yield molecular species of the
same mass, it is necessary to characterize the individual acyl groups present.
For purified single molecular species, this information can be obtained from
fragments in the middle- and low-mass regions of the positive and negative
FAB spectra.

2.2.2. The Middle-Mass Region in the FAB Spectra of
Diacylglycerylphospholipids

The middle-mass region, as defined in this chapter, is composed of ions
resulting from the loss of one or the other of the two fatty acyl groups with
charge retention on the lysoglycerylphospholipid moiety. These fragments can
be formed in two ways: either by loss of the equivalent of a free fatty acid,
RCH,COOH, or by loss of the ketene analog of one of the fatty acyl groups,
R—CH=—=C=0. If the acyl groups are different, then this process can result in
the appearance of four significant peaks in this region of the spectrum involving
two pairs of fragments, each separated by 18 mass units. Depending upon the
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Figure 2.1. Negative FAB mass spectra of (a) PS, (b) PG, and (c) PI. Low-mass fragments
indicative of the headgroup are underlined. Note that in the spectra of PS, the low mass ions can
be weak. Triethanolamine matrix peaks are designated by an asterisk.
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head group and the mode of analysis, only some of these fragments may be
present in the spectrum. The sensitivity of positive or negative mode analysis
for a particular lipid class influences how prominent these fragments are. Thus,
all four fragments are seen in the positive FAB spectra of unsymmetrical PC
and PE compounds (14), but they are weak in the spectrum of PS and PG (Ref.
22, but see Ref. 23 also). In the negative FAB spectra of all classes, losses of
the ketene analogs or the free fatty acids from the [M-H]" ions (or [M-15]",
[M-60]", and [M-86] of PC) can be observed. Again, the abundance of these
ions depends upon the concentration of the analyte in the matrix or the presence
of other phospholipid classes in the sample (see Section 2.3). However, the
nature of the acyl group can also influence the relative abundances of the
lysoglycerylphospholipid ions, so that in some cases only the fragment(s)
formed by loss of one of the acyl groups may be detected. In either the positive
or negative mode, when the molecular weight and head group are known, the
appearance of these fragments can allow the molecular formulas of the in-
dividual acyl groups to be determined. Nevertheless, the analysis can be com-
plicated when multiple molecular species are found together in a sample.
Unambiguous linkage of a particular acyl group to a particular molecular
species requires that tandem mass spectrometry be performed (Section 2.3).

2.2.3. The Low-Mass Region in the FAB Spectra of
Diacylglycerylphospholipids

Fragments in this region of this spectrum provide confirmatory informa-
tion about the nature of the head group, as well as the acyl groups. The
low-mass region can appear rather complex, because ions derived from a
variety of fragmentation processes have masses in this region. These ions
include head group—specific fragments in both the positive and negative mode,
some of which contain the dideacylated glyceryl moiety (24). In the low-mass
region of the negative FAB spectrum, the most prominent fragments observed
are usually the carboxylate anions of the two acyl groups. In principle, the
absence of certain carboxylate anions would allow isomeric molecular species
to be distinguished, (e.g., 18:0/20:0-PL from 16:0/22:0-PL or 1-0-alkenyl plas-
malogens from their isomeric diacyl PLs). The carboxylate anions could also
be used to determine whether an [MH]* or [M-H]™ ion observed two mass units
below the protonated or deprotonated molecule of another molecular species
represents an oxidation artifact or a molecular species containing an acyl group
with an additional degree of unsaturation. However, in mixtures, each molec-
ular species contributes carboxylate anions, so that linking particular acyl
groups to a specific molecular species is not usually possible. Another com-
plication is that the relative abundance of these fragments can vary
significantly, depending on their chain length and degree of unsaturation, as



62 Chapter 2

well as their relative position on the glycerol backbone (11,15,25). Some
long-chain polyunsaturated acyl groups (e.g., 22:6) yield weak carboxylate
anions that may be lost in the matrix background. The presence of contaminat-
ing free fatty acids in the sample can also lead to incorrect assignments. Thus,
direct interpretation of acyl group composition from the negative FAB spec-
trum must be viewed with caution.

Specific fragments for each PL class in the low-mass region of the nega-
tive ion mode FAB spectrum are found in pairs that differ by 40 mass units (see
Ref. 24). The lower-mass ion results from cleavage of the phosphoester bond
between the glycerol moiety and the phosphate group containing the esterified
head group (or H in the case of PA). The higher-mass ion contains, in addition
to the phosphoester, the dideoxyglycerol group (Table 2.2). For N-modified
PEs, the fragment pair shifts in mass accordingly. The FAB spectrum of
N-palmitoyl-PE is shown in Fig. 2.2. In the spectrum of PI, the two head group
fragments are accompanied by a prominent ion at m/z 241, presumably rep-
resenting a dehydrated phosphoinositol product. In the spectra of PS samples,
the low-mass fragments can be weak (see Fig. 2.1a). The low-mass fragments
of PC differ from other classes because the head group is N-demethylated.
Thus, the fragments at m/z 208 and 168 do not permit PC to be distinguished
from N,N-dimethylphosphatidylethanolamine.

The low-mass region of the positive FAB spectrum is less useful for
characterizing the head groups of different PL classes. Only PC and PE (and
its related N-methyl and N,N-dimethyl derivatives) usually yield diagnostic
fragments in this part of the spectrum (but see Ref. 19). A series of prominent
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Figure 2.2. Negative FAB mass spectrum of N-palmitoyl PE. Structurally diagnostic ions are
shifted by the mass of the N-acyl group relative to their m/z value in an analogous PE sample.
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ions is found in the spectrum of PC at m/z 258 (glycerophosphocholine), 224
(dideoxyglycerophophocholine), and 184 (phosphocholine). Analogous frag-
ments in the spectrum of PE appear at m/z 182 (dideoxyglycerophosphocho-
line) and 142 (phosphoethanolamine). The latter fragments shift by 14 and 28
mass units, respectively, in the N-methyl and N,N-dimethyl PE analogs (19).
Information about the acyl group composition of the total sample can be found
from the monoacyl glyceride fragments in the low-mass region of the positive
FAB spectrum, but these ions are often found in low abundance.

2.3. Analysis of Diacylglycerylphospholipids by FAB-CAD-MS/MS

As described above, fragments characteristic of the head group and fatty
acyl groups of different PL classes are present in the normal (i.e., B scan) FAB
spectrum. For the analysis of highly purified individual molecular species,
interpretation of this spectrum might be sufficient for the determination of these
structural features, although the relative positions and structures of the fatty
acyl groups can not be confirmed. However, PLs isolated from biological
sources are rarely composed of a single molecular species or lipid class. The
multiplicity of molecular ions and fragments in the spectra of such samples
usually precludes the unambiguous connection of a particular molecular spe-
cies to particular fragment ions. Rigorous purification to obtain single molec-
ular species for each of the PL classes present would be extremely tedious and
time consuming. Thus, tandem mass spectrometry (MS/MS) is an obvious
alternative to obtain structural information for individual molecular species
occurring in a mixture. Another advantage of this approach is that additional
structural details unavailable from interpretation of the FAB spectrum can also
be obtained. For example, the relative positions of the acyl groups on the
glycerol backbone and the location of double bonds or branch points in the acyl
chains can be directly determined only by FAB-CAD-MS/MS analysis.

Tandem mass spectrometry can be defined as the detection of ions that,
after their initial formation from a precursor in the source, have undergone a
change in mass during the course of their analysis in a mass spectrometer (26).
Implied in this definition is the ability to select and separate ions of a particular
mass-to-charge ratio from all others produced during the ionization process.
This process allows one particular fragment (or protonated or deprotonated
molecule) to be analyzed whether it is found in the spectrum of a purified
molecular species or that of an impure mixture containing many molecular
species of several different lipid classes. Ideally, the ions produced are directly
related to only the selected precursor ion. The fragments from the precursor can
form from metastable decomposition or be promoted by energy deposition
from collision with a neutral gas (collisionally activated dissociation, CAD). In
the MS/MS analysis of PLs, head group and acyl group fragments can be
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observed with or without CAD, but their abundance and relative intensity will
differ between the two processes. As will be discussed below, the relative
intensities of certain fragments can be critical in assigning the positions of the
two acyl groups on the glycerol backbone. In our laboratory, we have found
that CAD-MS/MS is preferable over metastable analysis for PLs because the
diagnostic fragment ions are usually more abundant and the relative intensities
of these fragments are more reproducible and predictive of the structure.
However, CAD is required for the acyl group structure to be characterized by
charge remote or other fragmentation processes (11,17,27-29) (Section 3.1).

Several different FAB-CAD-MS/MS experiments have been profitably
employed for the characterization of PLs. The most widely utilized technique
is the product ion scan. Here, the precursor ion is selected and induced to
fragment by CAD. The resulting product ions are mass-analyzed (Fig. 2.3). The
precursor ion selected can be located in any region of the PL spectrum, in-
cluding the molecular ion, a high-mass fragment, or a low-mass fragment such
as the carboxylate anion. Different instrumental configurations have been used
for the acquisition of product ion spectra of phospholipids. Much of the initial
work was performed on reverse geometry (B/E/B) (15) and forward geometry
(E/B/E) triple sector instruments (17,22), as well as hybrid (B/E/qQ) mass
spectrometers (11) (B = magnetic sector, E = electric sector, g = rf-only
quadrupole, Q = quadrupole mass analyzer). With each of these instruments,
the first two sectors can be used to select the precursor ion with unit resolution;
CAD occurs in the third field-free region (or in an rf-only quadrupole in the
hybrid after deceleration of the precursor ion); and the product ions are mass-
analyzed by the third sector or quadrupole. One disadvantage of the E/B/E
instrument (or in any case where E is used to mass-analyze collision products,
€.g., MIKEs analysis, see Sherman et al., Ref. 15) is the poor product ion
resolution obtained (see Ref. 26). For example, in the published reports
(11,15,17) it was not possible to distinguish unambiguously the carboxylate
fragments of two fatty acyl groups differing only by one double bond.

Other MS/MS studies of PLs have been conducted with forward geometry
E/B double focusing mass spectrometers (13,25,30). With these instruments,
collisional activation occurs in the first field-free region. Product ion spectra are
acquired by scanning the electric sector and the magnetic sector in a fixed ratio
(B/E linked scans) (31). This instrumental approach suffers from poor precursor
ion resolution, but product ions are measured at unit resolution. Again, this
limited resolution can lead to problems in spectral interpretation when other
molecular species are present in the sample that differ by only two mass units
from the molecular species being analyzed. The product ion spectrum of the
selected molecular ion or fragment is likely to contain product ions from the
adjacent ions of the other molecular species.

Two alternative instruments have been used to overcome these limitations.
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Figure 2.3. FAB-CAD-MS/MS product ion scans of middle-mass fragments in a PL spectrum.
In this schematic the width of the precursor ion selection window is exaggerated. For linked scans
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the selected ion.

Triple quadrupole mass spectrometers (Q/q/Q) allow unit resolution precursor
ion selection, setting Q1 to pass only precursors of a particular mass-to-charge
ratio. Collisions occur in g2, which is operated in the rf-only mode, and the
resulting product ions are mass-analyzed with unit resolution by scanning Q3
(Fig. 2.4). One significant difference between the triple quadrupole instrument
and the instruments described above (except for the hybrid) is that collisional
activation occurs at much lower energies (10V-100eV) compared to the keV
collisions of the sector mass spectrometers. The lower energies are generally
not sufficient to induce charge-remote fragmentation of the carboxylate anions
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Q1 Q2 Q3

MODE
1. Fix rf only Scan PRODUCT
2. Scan rf only Fix PRECURSOR
3. Scan rf only Scan NEUTRAL LOSS

(Offset From Q1)

Figure 2.4. Scan modes for various tandem MS experiments using a triple quadrupole mass
spectrometer.

of most common fatty acyl groups, so that the product ion spectra on a triple
quadrupole do not contain fragments that are indicative of double bond location
(32). However, structural features of the acyl group, as well as other factors
(33), can influence whether charge-remote or other fragmentation processes
will be induced under low-energy collision conditions (29) (see Section 3.1).

Several recent studies of PL structure (34,35) have been conducted on an
E/B/E/B four-sector tandem mass spectrometer, an instrument that provides
good precursor and product ion resolution with a wide range of collision
conditions. For a product ion scan, the first two sectors are used to select the
precursor ion at unit or higher resolution. Collisions occur in an electrically
floated collision cell located in the third field-free region between the first
magnetic sector and the second electric sector. The products are analyzed by
linked scans of the last two sectors (E/B). Floating the collision cell above
ground potential not only allows collision energy to be varied (from 10 eV to
10 keV), but the reacceleration of the product ions improves transmission and
thus increases sensitivity. A four-sector instrument has also been used for
higher-order tandem MS (MS/MS/MS) analyses of PLs (34,35). If the pre-
cursor ion (e.g., the molecular ion, [M-H]") undergoes CAD in the first field-
free region, then a specific product (e.g., a carboxylate anion) can be selected
by setting the first magnetic sector and electric sector at the appropriate
BJE ratio. CAD of this product ion in the collision cell located in the third
field-free region produces a second generation of products that are mass-
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analyzed by scanning the second electric and magnetic sectors at a constant B/E
ratio.

Another useful MS/MS technique for PL characterization is the precursor
ion scan. In this experiment, all the precursors of a specific CAD (or meta-
stable) product ion are analyzed. These data can be used in the analysis of a
mixture where one wishes to identify all the components that share a specific
structural feature. Precursor ion scans can be conducted on all the instruments
described above. For the sector instruments, this experiment involves linked
scanning of the electric and magnetic sectors in a constant ratio of B¥E, with
CAD occurring in the first field-free region (or in the third field-free region of
a four-sector instrument) (see Ref. 26 and 31 for a more detailed discussion).
The precursor ion scan in a triple quadrupole instrument is performed by fixing
Q3 to pass only the product ion of interest (e.g., a specific head group frag-
ment). The first quadrupole mass analyzer (Q1) is scanned across the desired
mass range, and CAD takes place in g2, as before (Fig. 2.4). For hybrid
instruments, the quadrupole mass analyzer is similarly set to pass only a
selected product ion, and the sectors are scanned normally. The spectrum
obtained will display peaks only for the precursors of the product ion selected
to pass through Q3 (or the quadrupole mass analyzer of hybrid instruments).
The selectivity of this experiment allows minor components to be detected in
complex mixtures that might otherwise be missed.

Two groups (32,36) have demonstrated the value for PL mixture analysis
of another tandem MS experiment, the constant neutral loss scan. In this case,
all ions are detected that can lose a specific neutral fragment. Sector instruments
can perform this analysis by a complicated linked scan algorithm, B*(1 - E)/E?
(26,31). Conceptually, this experiment is much easier to understand when it is
conducted on a triple quadrupole or hybrid instrument. Here, both Q1 and Q3
(or the sector and quadrupole mass analyzers in a hybrid) are simultaneously
scanned in the normal mode, but the mass axes of the two quadrupoles are
offset by the mass of the selected neutral fragment that is lost. Thus, to identify
all ions that lose a neutral mass X, during scanning Q1 will pass an ion at m/z,
while O3 simultaneously passes all ions at m/z,-X (Fig. 2.4). CAD can occur
in g2, or metastable decompositions can be monitored without CAD. As will
be discussed below, this technique has been used to identify specific PL classes
in mixtures by constant neutral loss scanning for characteristic head group
losses (32,36). One caveat for this analysis is that other components will be
incorrectly identified if they can lose an unrelated fragment of the same mass.
It should be noted that constant neutral gain experiments can also be performed
easily in the same manner by changing the offset between Q1 and Q3 so that
only ions that acquire a specific increase in mass in g2 will be detected. This
technique has been used by one group to study selective ion—-molecule reactions
of different PL classes (37).
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3. APPLICATIONS OF TANDEM MASS SPECTROMETRY FOR
DIACYLGLYCERYLPHOSPHOLIPID CHARACTERIZATION

After the initial investigations of PLs by both positive and negative FAB-
MS (10,12,14,21), several groups applied this ionization method with colli-
sionally activated dissociation tandem mass spectrometry (15,17, 22). Product
ion scans of high-mass ions in both the positive and negative ion mode were
used in these studies to confirm the PL class-specific head group fragments and
to identify the two acyl groups of particular molecular species (Fig. 2.5). In
addition, product ion scans in the negative ion mode of carboxylate anions were
employed to characterize the structures of the individual acyl groups by their
charge-remote fragmentation patterns (Section 3.1). In a study by Sherman (15)
of PI, negative ion mode analysis was found to be preferable for MS/MS
analysis of the high-mass ions, because [M-H]" ions were prominent, and only
cationized species were present in the positive ion spectrum. The compre-
hensive investigation of other PL classes by Jensen et al. (17,22) suggested that
negative ion FAB-CAD-MS/MS would be most generally useful for the anal-
ysis of unknown PL samples. Even classes that reliably provide good-quality
positive ion spectra such as PC and PE, give readily interpretable product ion
spectra in the negative ion mode. However, other authors (11) found positive
mode FAB-MS useful, at least for an initial survey of the molecular species
present in PC samples, because only [MH]* ions were significant (although this
pattern may not hold when salt contamination is high), whereas the negative
mode contained three high-mass fragments ([M-15}, [M-60]", and [M-86]")
for each molecular species. It should be noted, though, that only [M~15]" is at
an even mass. Precursor ion scans were used in several studies of PC to
investigate the formation of the three high-mass fragments observed in the
negative FAB spectra of this PL class. It was determined that these fragments
are formed from the dissociation of a matrix adduct to the intact PC (13,20).

Although negative ion mode analysis for PLs is today the most common
procedure (25,30,34; but see Ref. 16 and 35), it has been found that, for
characterization of mixtures of different lipid classes by constant neutral loss
scanning of head group specific fragments, the positive mode may often be
preferable (32,36). For other applications, particularly acyl group characteriza-
tion, however, negative mode analysis is more informative. For example,
during the course of the MS/MS studies of the [M~15] ions (and other
high-mass ions) of PC molecular species, patterns in carboxylate product ion
relative abundances emerged, which suggested to several groups (11,13,17)
that these patterns were indicative of the relative positions of the two acyl
groups. Later studies indicated that, although this pattern was not universal,
other FAB-CAD-MS/MS procedures could be used for reliable acyl group
position analysis (Section 4). Another powerful experiment, available in the
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Figure 2.5. Negative FAB-CAD-MS/MS of (a) PS, (b) PG, and (c) PI showing diagnostic
fragmentation patterns indicative of the head group (Table 2.2) as well as low-mass and middle-
mass fragments representative of the acyl groups. See Figure 2.1 for full (b) scans of these samples.
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negative ion mode, is the determination of acyl group structure by charge-
remote fragmentation of the carboxylate anion fragments.

3.2. Characterization of Acyl Group Structure by Charge-Remote
Fragmentation

Most of the structurally diagnostic fragments used to characterize dia-
cylglycerylphospholipids by CAD tandem mass spectrometric analyses are also
present in the normal FAB mass spectra. One significant exception is the
high-energy CAD-induced fragmentation of carboxylate anions that permits
the location of double bonds, branch points, or other substitutions to be de-
termined (38). In the negative FAB mass spectrum, the carboxylate anions
provide only the molecular weights of the acyl groups, but additional structural
information can be obtained by high-energy CAD tandem MS analysis of these
fragments. It has been demonstrated by Gross and co-workers that high-energy
(keV) CAD of the carboxylate anions derived from free fatty acids or frag-
mentation of PLs yields a series of product ions indicative of the hydrocarbon
chain structure. Fragmentation occurs randomly throughout the hydrocarbon
chain, yielding prominent ions formed by losses of C,H,,,,. Where the meth-
ylene chain is altered by a double bond or substitution, the series of fragments
is interrupted, so that the position of the modification can be readily determined
(Fig. 2.6) (see Ref. 38). Because the charge is presumably localized on the
carboxylate group, these authors termed the process “charge-remote fragmen-
tation.”

Most studies to date have indicated that high-energy CAD conditions are
required to induce charge-remote fragmentation of the carboxylate anions of
the common fatty acyl groups, containing only sites of unsaturation or methyl
or cyclopropyl branch points along the hydrocarbon chain (13,17,27,28,32,38).
A recent report indicated, however, that for some substituted acyl groups
low-energy CAD of their carboxylate anions can provide structurally informa-
tion fragment ions. Bernstrom et al. (29) used a triple quadrupole mass spec-
trometer to characterize PC and PE species containing isomeric epoxyeico-
satrienoyl acyl groups. CAD of the carboxylate anions produced diagnostic
fragments that could be used to distinguish each of the isomers. Although many
of the structurally informative product ions could be rationalized by charge-
transfer processes, it was suggested that some product ions could have resulted
from charge-remote fragmentation. Stable isotope labeling studies will be
required to determine which of the two processes is operating. Wysocki and
Ross (33) have demonstrated, however, that low-energy collision conditions
alone do not exclude charge-remote fragmentation. Other factors including
structure of the precursor ion, collision gas, and collision-gas pressure may
influence the type of fragmentation observed. It is likely that the epoxy-
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Figure 2.6. Negative FAB-CAD-MS/MS of the carboxylate anion of an oleoyl-containing PL
showing charge-remote fragmentation pattern. These data indicate that the double bonds are at C-9
and C-12.

eicosatrienoyl acyl groups have a significant influence in promoting formation
of the observed fragments from the carboxylate anions because low-
energy CAD of other acyl group carboxylates has not generally been successful
(32).

Although for most cases FAB-CAD-MS/MS analysis of the carboxylate
anions can provide definitive structural information about the two acyl groups
in an individual PL species, in mixtures it is possible that two different mo-
lecular species could contain isomeric acyl groups that yield carboxylate anions
at the same m/z value. Tandem MS analysis would yield a mixed spectrum
representing the two acyl groups, which even if it could be deconvoluted so that
the two acyl groups could be identified, would not allow the acyl groups to be
assigned to a particular molecular species. Recently, a group has reported the
use of higher-order (MS/MS/MS, Section 2.3) experiments on a four-sector
mass spectrometer, which overcomes this potential limitation (34,35). In these
experiments, a high-mass ion of an individual molecular species is induced to
fragment by CAD; one particular product ion, a fatty acyl carboxylate, is
selected and undergoes CAD to produce charge-remote product ions indicative
of its structure. Although this experiment appears to be similar to a simple
product ion scan of a carboxylate fragment produced in the source during the
ionization process, it has the advantage of directly relating the second-genera-
tion product ions to a specific initial precursor ion.
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3.2. Identification of Molecular Species Containing Specific
Acyl Groups

In a study of the phospholipid precursors involved in the liberation of
arachidonic acid for leukotriene and prostaglandin biosynthesis, as well as the
formation of lyso-platelet activating factor (1-O-alk-1"-enyl-sn-glycerophos-
phocholine, LPAF), Kayganich and Murphy (39) investigated PC molecular
species that contained arachidonoyl (20:4) acyl groups in a PC preparation from
human neutrophils. Using precursor ion scans of the arachidonate carboxylate
anion on a triple quadrupole mass spectrometer (Fig. 2.7), these authors were
able to identify more than eight molecular species (comprising only about 5%
of the total PC species present) that contained an arachidonoyl group. The
composition of the second acyl group (or 1-O-alk-1'-enyl group) can be calc-
ulated by difference from the inferred molecular weight [M-15]" of the arac-
hidonoyl PC species. The precursor ion spectrum appears complicated, but only
the even-mass peaks represent the [M-15]" ions of the PC molecular species;
other, odd-mass fragments correspond to the [M-60]" and [M—-86] ions of the
molecular species. Subsequent product ion scans of the identified [M-15]"
anions were used to confirm the acyl group and head group composition, and
in some cases indicated that several isobaric molecular species overlapped the
arachidonoyl species (e.g., 18:0/20:4-PC, 18:2/20:2-PC, and 16:0/22:4-PC all
have an [M-15]" ion at m/z 794). Carboxylate anion relative abundances in the
product ion spectra were also used in this study to assign relative positions of
the two acyl groups. These results will be discussed below (Section 4).

The same group has recently extended the use of precursor ion scans to
distinguish arachidonoyl-containing PE plasmalogens (1-O-alk-1'-enyl-sn-gly-
cerophosphoethanolamine) from isomeric 1-O-alkenyl species containing a
double bond elsewhere in the hydrocarbon chain (40). Comparison of precursor
ion scans of m/z 303 (arachidonate anion) before and after treatment of the
sample with dilute mineral acid allowed the molecular species of the acid-labile
plasmalogens to be distinguished from those of the acid-stable 1-O-aklenyl
PEs.

3.3. Identification of PL Classes in Crude Lipid Extracts

Fenselau and co-workers (36) developed the use of constant neutral loss
scans for the different PL classes and their molecular species in crude lipid
extracts of lysed bacterial cells. These PL profiles can be used to identify
rapidly the bacterial species in a small sample without culturing (32). Because
this method takes advantage of the preferential desorption/ionization of PLs in
these extracts by FAB, the samples do not require purification prior to analysis.
The head group-specific neutral fragment losses observed in both the positive
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Figure 2.7. Negative FAB-CAD-MS/MS analysis of PC molecular species from human neu-
trophils. Precursor ion scans of the carboxylate anions permit the molecular species containing
specific acyl groups to be identified in a mixture. [Reprinted from Kayganich and Murphy, 1991,
with permission from J. Am. Soc. Mass Spectrom.]
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and negative FAB mass spectra (see Section 2.2.1) were considered for the
constant neutral loss experiments, because in principle both could be used to
selectively identify the molecular species of a particular class. Preliminary
product ion scans (linked scanning at constant B/E ratio) of the [MH]" and
[M-H]" ions of the major molecular species of each of the main PL classes
present (PE, PG, and PI) indicated that the ions formed by the expected neutral
losses were in every case detectable in the positive ion mode, but were not
observed for PE and PG in the negative mode. Moreover, in the negative mode
the characteristic neutral loss for PI, [M-H-162] -, is shared by other glyco-
lipids. For these reasons, constant neutral loss scans [B*(1-E)/E? on an E/B
sector instrument] in the positive FAB mode were employed. An examination
of the extracts from six bacterial species indicated that this procedure provides
a sensitive means of identifying even the minor molecular species of each lipid
class. One of the problems anticipated in the positive FAB analysis of PLs in
crude mixtures, the formation of salt adducts, did not cause any appreciable
difficulties. Although the normal FAB spectra contained a number of peaks
from these adducts, only the protonated species readily fragmented to lose the
neutral head group moiety. Thus, the constant neutral loss spectra contained
primarily protonated molecular species of each class. However, salt-free sam-
ples would still improve the sensitivity of the analysis by increasing the ion
current of the protonated species. A limitation of this procedure is that PL
classes that do not form strong [MH]* ions (e.g., PS) and are not as easily
detected by constant neutral loss scanning. Other classes that yield a low-
abundance fragment from the loss of their head group (e.g., PC) can also be
difficult to analyze by this technique.

Recently, Cole and Enke (32) have extended this approach for bacterial
and fungal phospholipid analysis with a triple quadrupole mass spectrometer.
These investigators again used the positive FAB mode and analyzed the head
group—specific neutral losses. For the constant neutral loss scan of PC mixtures,
it was reported that the molecular species detected were all sodium adducts.
Because of the potential problems associated with interpretation, precursor ion
scans of the characteristic low-mass fragment for PC at m/z 184 (phosphocho-
line) were used instead for PC detection. One of the primary advantages of
using a triple quadrupole over a sector instrument in these studies is the
computer control of its tuning, collision conditions, and scan mode switching.
This control allowed an automated analysis protocol to be developed, whereby
all the constant neutral loss scans for each PL class were sequentially per-
formed. The instrument was programmed to switch to the negative ion mode
after these scans were completed, and conduct product ion scans on each of the
ten major molecular species detected for each PL class, in order to determine
their acyl group compositions (Fig. 2.8). A complete PL profile of the bacterial
sample could be obtained in 10 min. However, because high-energy collision
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conditions are not available on this instrument, these researchers did not pursue
characterization of the acyl group structure (double bond location, etc.) by
additional product ion scans of the carboxylate anion fragments (see Section
3.2).

4. POSITIONAL ANALYSIS OF ACYL GROUPS

One of the structural features of PLs not available from interpretation of
the FAB spectrum is the relative positions of the two acyl groups. This in-
formation can be directly obtained only from tandem MS analysis. Jensen et al.
(17) were the first to report that in the FAB-CAD-MS/MS spectrum of PC, the
intensity of the sn2 carboxylate product ion formed from the [M-15]" precursor
is always two to three times greater than that of the snl carboxylate ion, and
that this difference could be used to establish the relative positions of the two
different fatty acyl moieties. These authors and others (11,13) also noted that
similar ratios of carboxylate anions were observed in the CAD-MS/MS spectra
of the [M-60]" parent ion of PC, whereas the inverse ratios of the carboxylate
product anions (i.e., snl/sn2 = 2 to 3) were observed when the [M-86]" ion was
selected as the precursor (20). Each of these studies utilizes commercially
available samples of phosphatidycholine, most of which have fatty acyl groups
of nearly equal chain lengths containing no more than three double bonds. A
recent study also indicated that this pattern was observed in the analysis of PC
molecular species, including some compounds containing arachidonoy!
groups, from human neutrophils (39). In most naturally occurring PC com-
pounds, the unsaturated fatty acyl group is located at the sn2 position, though
PLs with long-chain polyenoic acyl groups at the snl position have been
identified in rat brain (41).

The influence of fatty acyl group structures on the fragmentation pattern
under FAB-CAD-MS/MS was systematically investigated in our laboratory
using a series of 24 synthetic and naturally occurring PCs (25). The results of
FAB-CAD-MS/MS analysis of the [M-15] ions of a number of the PCs
examined were found to fit the empirical rules (11,17) for determining the
relative positions of the fatty acyl groups. The spectra of .the isomeric com-
pounds 16:0/18:1-PC and 18:1/16:0-PC are shown in Fig. 2.9a and b for
illustration. The product ion spectra of the [M-15]" ion of each isomer show
that the sn2-derived carboxylate ions (m/z 281 and 255 for 18:1 and 16:0,
respectively) are more abundant (Fig. 2.9¢ and d). Although the ratio of in-
tensities of the sn2 to snl carboxylate ions approached 3:1 in the 16:0/18:1-PC
isomer (Fig. 2.9¢), this ratio was less than 2:1 in the 18:1/16:0-PC isomer (Fig.
2.9d).
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However, several examples were encountered where the empirical rules
for positional analysis were directly violated. Errors in positional assignments
based on carboxylate product ion intensities occurred for compounds in two
categories: PC compounds with polyunsaturated (> three or four double bonds)
fatty acyl groups at the sn2 position and those that contain a much shorter (>
six methylene unit) fatty acyl group at sn2 than that at snl.

For PC molecular species with a longer-chain acyl function at sn2 (e.g.,
14:0/16:0-PC and 14:0/20:0-PC), the carboxylate product ion from the fatty
acyl group at this position was substantially more intense than that from the sn1
position in the FAB-CAD-MS/MS spectrum. This predicted pattern did not
hold, however, in the analyzed samples that contained a shorter acyl function
at the sn2 position. As the length of the fatty acyl group at sn1 relative to that
at sn2 was increased, the ratio of the sn2 to snl carboxylate product ion
intensities decreased. With a small difference in chain length between the two
acyl groups (e.g., 14:0/12:0-PC), the sn2 carboxylate product ion was still more
intense, as predicted (ratio 1.73). In contrast, the sn2-derived carboxylate
product ion was more abundant in the spectra of compounds where the dif-
ferences in the acyl chain lengths were larger (e.g., 14:0/8:0-PC, 20:0/14:0-PC,
16:0/5:0-PC). The effect of differences in acyl group chain length was most
pronounced in a compound that was acetylated at the sn2 position; the ratio of
the acetate to oleate anions was only 0.12:1 in the FAB-CAD-MS/MS spectrum
of 18:1/2:0-PC. The observation that chain-length differences could affect
carboxylate product abundances had previously been reported for PCs con-
taining an acetoxy function at sn2 (11).

Earlier studies indicated that for compounds containing one or two double
bonds, the sn2-derived carboxylate product ion in the FAB-CAD-MS/MS
spectrum was more intense than that of the snl acyl function. However, the
ratio of intensities of these two product ions (sn2 carboxylate/snl carboxylate)
tended to decrease with increasing number of double bonds in the sn2 acyl
group. When the number of double bonds in the sn2 fatty acyl group was four
or greater, the snl carboxylate ion was more abundant in all but one example
(18:0/20:4-PC, ratio 1.88) (see Ref. 39). The significantly larger peak for the
snl carboxylate ion relative to the sn2 carboxylate was particularly apparent in
compounds containing docosahexenoic (22:6) acyl functions at sn2 where the
ratio (sn2/snl) was much less than 1.0 (Fig. 2.10). This violation of the
predicted ratio for molecular species containing polyenoic acyl groups in-
dicates that the tentative assignments based on carboxylate anion relative
intensities (35) of docosahexenoyl groups to the snl position in several PCs
isolated from the membrane envelope of human immunodeficiency virus
should be reinvestigated.

It appears that sn2 acyl group unsaturation and chain-length differences



Characterization of Diacylglycerylphospholipids by FAB-MS/MS 79
P ] - 762
8 A gy A1 IR 14:08/22:6-PC  [m-1s]
l 4
a 1 /

t ] T 0.

i 327 [HZEDCII 22:6

v |

e /

A

b

u

n

d

a

n

C

. UL ' J " - TS (R G e ¥

208 300 400 580 680 708

M/Z

R 18:08/22:6-PC -

' [R,CO0]" 18:0 ’ ’ =15l

5 283

t

I

1]

e =

[R.COO] 22:6

H 2

b 327/

u

n

d

a

n

4

e

200 300 400 508 680 700 gee

M/Z

Figure 2.10. Negat

ive FAB-CAD-MS/MS spectra of the [M-15]" ion of two PC molecular

species containing docosahexenoyl groups at the sn2 position. [Reprinted from Huang et al., 1992,
with permission from J. Am. Soc. Mass Spectrom.]



80 Chapter 2

between the two acyl groups can act together to influence carboxylate-ion
abundances. The MS/MS spectrum of the [M-15]" ion of 20:0/18:3-PC dis-
plays a more intense snl-derived carboxylate fragment.

The dependence on acyl group structural features demonstrates that the
relative intensity of the carboxylate product ions from the [M-15]" precursor
of diacyl PC derivatives cannot always be relied on for unambiguous deter-
mination of the relative position of the two acyl groups. However, an alter-
native FAB-CAD-MS/MS experiment does permit acyl position assignments to
be made with confidence, even for the exceptional cases discussed. If the
high-mass ion [M-86]" (PC - (choline-water), equivalent to the analogous
phosphatidic acid) is used as the precursor ion, then a significantly different
product ion spectrum is obtained. As mentioned previously, the ratio of the two
prominent carboxylate product ions’ intensities is usually reversed (i.e., snl >
sn2) (11,13,17,20). Yet, there are compounds where this prediction is also
violated. For example, FAB-CAD-MS/MS of the [M-86]" ion of both
14:0/20:0-PC and 14:0/24:1-PC demonstrated that the carboxylate product ion
from the snl position is less intense than that from the sn2 position.

Rather than focusing on the carboxylate fragment ions, the solution to acyl
group positional analysis is found by investigating the relative abundances of
the deacylated fragments in the middle-mass region of the FAB-CAD-MS/MS
spectrum. It was reported earlier that loss of the acyl group as the free acid from
the sn2 position occurs more readily from CAD-MS/MS of the [M-86]" pre-
cursor (13,17). We investigated the utility of product ion abundances formed
by loss of the snl and sn2 free fatty acids from the [M-86]" precursor ion of
24 different PC molecular species (25). In every case so far examined, the loss
of the free fatty acid from the sn2 position is always more frequent than that
from the snl position. For example, in the PC containing a 14:0 fatty acyl
function at snl and a 22:6 fatty acyl function at sn2, the loss of 22:6 as the free
fatty acid from the [M-86]" parent is significantly more intense than the loss
of myristic acid (Fig. 2.11). This relationship is in marked contrast to the
violation of the expectation of carboxylate product ion abundances from the
[M-15]" parent of this compound (cf. Fig. 2.10). Further, chain-length differ-
ences do not appear to influence the tendency of [M-86-R*COOH]" to dom-
inate in the product ion spectra. The use of this approach reliably predicts the
acyl group positions in 14:0/8:0-PC (25).

Collision conditions also appear to have less effect on the relative in-
tensities of the product ions of [M-86] formed by loss of the neutral fatty acids
than the relative abundances of the carboxylate products of this precursor. The
metastable decomposition spectrum of the [M-86]  ion shows preferential
neutral loss of the fatty acid from the sn2 position (e.g., 14:0/18:3-PC) (25),
whereas the sn2 carboxylate product is more abundant in this particular case
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printed from Huang et al., 1992, with permission from J. Am. Soc. Mass Spectrom.)

(even though the snl carboxylate product is predicted to be more abundant than
the sn2 ion from [M-86]" (13,17). Note, however, that in the high-energy
CAD-MS/MS of the [M—-86] ion of this compound, the snl carboxylate is
relatively more intense than the sn2 carboxylate, as expected from earlier
reports (13,17).

The observed relative abundances of the product ions formed by loss of
the free fatty acids may involve the stability of the product ion formed. A
mechanism for the formation of these fragments is shown in Fig, 2.12. The loss
of the secondary ester function is favored over the elimination of the primary
ester because the latter results in the formation of an isolated terminal double
bond (Fig. 2.12, structure B). In comparison, conjugation with the phosphate
moiety of the internal double bond formed by the loss of the sn2 acyl group
(Fig. 2.12, structure A) stabilizes this product. Because the fatty acyl group at
sn2 is lost as a neutral fragment, subsequent fragmentation or reactions of the
fatty acyl group do not influence the abundances of the lysophosphatidic acid
product ions. These subsequent reactions may account for differences in carbo-
xylate product ion abundances in PCs containing polyunsaturated fatty acyl
functions. As shown in Fig. 2.13, equimolar quantities of saturated and unsat-
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urated fatty acids may not display [M-H] ions in equal abundance. The
enhanced response of saturated and long-chain carboxylate anions may provide
an additional explanation as to why the carboxylate products cannot be reliably
used to determine PC fatty acyl group positions.

The selection of the [M-86] precursor ion of diacyl PC compounds for
positional analysis indicates that this CAD-MS/MS approach may have general
applicability to other classes of PL. Because this ion is equivalent to phos-
phatidic acid, the same ion found in the spectra of other PL classes can be
subjected to CAD-MS/MS analysis. Preliminary studies with diacylglyceryl-
phosphoserine (PS) and diacylglycerylphosphoinositol (PI) compounds have
demonstrated that the free fatty acid from the sn2 position is also preferentially
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Figure 2.13. Negative FAB-MS of an equimolar mixture of different fatty acids. [Reprinted from
Huang et al., 1992, with permission from J. Am. Soc. Mass Spectrom.)

lost from the [M-88] and [M-162] ions, respectively (equivalent to the
phosphatidic acid fragment), found in the spectra of these compounds (Fig.
2.14). However, the proposed mechanism for the observed differences in the
monoacylated fragments’ relative intensities suggests that the selection of the
phosphatidic acid analog of each PL class as the precursor ion is not essential.
We have found that FAB-CAD-MS/MS analysis of any of the high-mass
fragments in the negative FAB spectra of different PLs can successfully predict
acyl group positions from the abundance of the lyso PL fragment ions, as long
as these deacylated product ions are detectable.

5. CONCLUSIONS

Fast atom bombardment combined with tandem mass spectrometry has
now become a standard method for diacylglycerylphospholipid characteriza-
tion. It is possible to identify the head group, acyl composition, and relative
positions, as well as their individual structures. No other competing methods
offer the sensitivity, speed, and structural detail obtained by using these tech-
niques. Moreover, these analyses can be conducted on relatively crude sample
preparations. These powerful techniques should allow new structural insight
into these molecules and the roles they play in biological systems.
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DNA Modifications

Investigations by Mass Spectrometry

Curt B. Norwood and Paul Vouros

1. INTRODUCTION

DNA, deoxyribonucleic acid, is crucial to life. With its triplet coding, DNA
serves as the template for messenger RNA, and is therefore responsible for the
myriad proteins that ensure the ongoing health and life of the current cell or
organism. Future generations are similarly dependent on the DNA code, which
cellular mechanisms help propagate. DNA strands must remain intact and
undamaged to guarantee that the code functions with high fidelity. If DNA
becomes covalently damaged, repair mechanisms can excise the affected re-
gion and replace it with the correct sequence. Indications of this biochemical
transformation can be found among the excretion products of the cell or
organism. However, the repair processes do not always work perfectly, and
certain modifications escape the repair system. These covalent modifications
may be of critical importance to the causes of disease states, including carcino-
genesis. In addition, certain medications, known to generate covalent
modifications of DNA, are used therapeutically in an effort to combat an
observed disease state. These deliberately produced DNA modifications also
need to be studied. In this review, the term DNA modification includes not only
DNA adducts (xenobiotic compounds covalently bound to DNA) but also other
aberrant forms of DNA, such as ring-opened products and dimers.

Curt B. Norwood e U.S. Environmental Protection Agency—Environmental Research Lab-
oratory, Narragansett, Rhode Island 02882. Paul Vouros e Department of Chemistry and
Barnett Institute, Northeastern University, Boston, Massachusetts 02115.
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The great attraction of mass spectrometry (MS) lies in its ability to offer
both specificity (i.e., identification) and sensitivity—i.e., improved limits of
detection (LOD). Nuclear magnetic resonance (NMR) techniques may offer a
higher degree of structural elucidation but require considerable amounts of
material. Other currently used techniques, e.g., 3P postlabeling—autoradio-
graphy and high-performance liquid chromatography (HPLC)-fluorescence
detection (1), offer superior sensitivity, but do not have the identification power
that can be obtained with MS. In many cases, MS has provided confirmation
or identification of a specific DNA modification, albeit at sometimes fairly high
levels. On the other hand, the recently introduced technique of accelerator MS
has reached levels of detection sensitivity that rival or surpass those attained
with non-MS techniques, but does not possess the identification ability inherent
to most types of MS. MS is well positioned to occupy an important niche
between the high information—low sensitivity technique of NMR and the high
sensitivity—low information techniques of, e.g., fluorescence detection or 3P
postlabeling. It is in this context that the future role of MS methods in DNA
adduct research needs to be assessed.

MS has already played an important role in both the detection and the
identification of DNA modifications, as detailed in two recent reviews. In 1992,
McCloskey and Crain (2) discussed much of the recent research (through
mid-1991) of the analysis of xenobiotic modifications of DNA and some
emerging techniques for investigating larger fragments of DNA. Lay’s 1992
article (3) included a historical perspective and a section devoted to the recent
use of tandem MS techniques for the analysis of carcinogen—-DNA adducts.
Also of importance is Crain’s review (4), which detailed MS techniques utilized
in nucleic acid research (not specific to modified DNA), and a similar review
by Schram (5), which delved into many sample preparation and chemical
derivatization techniques. The present chapter is organized according to the
mode of MS analysis; for each method, we will discuss its advantages, its
difficulties, and its applicability to the form of modified DNA to be inves-
tigated.

DNA that is subjected to analysis may be in any one of a number of forms.
For example, the DNA may exist as a double-stranded segment. However,
cleavages of the interstrand hydrogen bonds yield an oligomeric sequence of
single-stranded DNA. Hydrolysis of the phosphodiester backbone of the strand
produces individual nucleotides, each containing the purine or pyrimidine base,
the five-carbon 2'-deoxyribose sugar, and the 3’ or 5’ phosphate. Removal of
the phosphate produces the nucleoside (base plus sugar), and removal of the
sugar produces the base. In many instances, the adduct can be excised (hydro-
lyzed) from the base (or other part of the DNA) and investigated as a separate
compound. Or the excretion process(es) of the cell or organism can be in-
vestigated to provide some indication of the nature of the DNA modification(s)
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and of the repair processes. Under certain conditions, the base itself can un-
dergo ring opening (although in some cases, at least, this modification seems
to result from the analytic method). Furthermore, DNA can form covalent
bonds between adjacent bases (dimers) or crosslinks with residues on proteins,
and these modifications also can be investigated. Different sample-preparation
techniques must be used in order to analyze for different forms of DNA.
Similarly, different sample-preparation methods must be employed depending
on the chosen MS mode of analysis. This chapter will detail the amount and
nature of the sample processing required prior to actual MS analysis.

DNA modification research often considers the number of modifications
present for every 107 unmodified nucleotides. The exponent N may reach
values close to 1 for certain in vitro reactions, or can be 12 or greater for
environmental samples and low-level-dosimetry experiments. When the num-
ber of modifications is large (when N is small), the MS analysis is accomplished
more easily. However, when N is large, high sensitivity (low LOD) analyses are
required, as is shown by the following example. DNA usually comprises
approximately 0.1% of the mass of a given tissue. A calculation of the mass of
tissue needed for an MS analysis is based on a number of factors. Let the
assumptions be that a small adduct nucleotide is present at a level of 1 in 105,
that the analysis will consume 100 pg of the modified nucleotide, that the
determination will be near the LOD, and that ~20% of the sample is consumed
during the analysis. (This 20% represents a reasonable compromise between
repeatability and LOD). Under these conditions, 500 mg of tissue would be
required. The amount of tissue that can be dedicated to analysis is often very
limited and may be much less than 500 mg (particularly with human tissue).
Our review details current LODs so that the reader can assess the applicability
of a given mode of MS analysis to the problem at hand.

Throughout this chapter, emphasis will be placed not only on the detection
of the molecular ion, but also on its observed fragmentation. In many instances,
especially when the identification of unknown modifications is desired, the
presence of a molecular ion may be essential. In other cases, the fragmentation
pattern itself may provide additional information about the type of modifica-
tion, the position of modification, or the nature of the base that had been
modified. The generally accepted nomenclature for these spectra uses the terms
M, B, S, and A to indicate, respectively, the molecular, base, sugar, and
aglycone (M-S) species. However, when the actual instrumental hardware is
discussed, B, E, and Q denote, respectively, magnetic, electrostatic, and quad-
rupole analyzers.

Chemical derivatization techniques are often used to enhance the detec-
tion of a significant ion or to increase the molecular weight so that the ions of
interest are no longer interfered with by the chemical background signal at a
lower mass-to-charge ratio (m/z). Derivatization is also used to provide in-
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creased fragmentation, or to augment chromatographic separations of various
constituents prior to MS analysis. Similarly, derivatization can provide the
various components with improved peak shapes or increased volatility to aid
in the chromatography. In many cases, a variable amount of functional group
incorporation occurs, so that the ionization is spread over a number of molec-
ular ions. This extra range of ions can be detrimental because the LOD de-
teriorates correspondingly; however, the extra ions can help determine the
molecular species. Derivatization may also be a difficult process when dealing
with a small amount of sample.

Certain sections of this chapter will discuss the presence of various alkali
metal ions, specifically Na* and K*, in the sample(s) under consideration. Often,
these ions substitute for H* in the molecular ion, so that the ion current for the
molecular species is distributed over a number of different m/z. This spread
decreases the analyte signal strength at a particular m/z and thus the LOD
deteriorates. As Russell and co-workers have observed (6), H*, Na*, and K* can
-have different binding sites on the molecule and can aid in the identification of
the molecular species. However, most researchers today try to eliminate these
two ions during sample preparation. If a cation is required, then the ammonium
ion may often be successfully utilized for either of two reasons: ammonia can
easily be volatilized prior to sample analysis, or if left in the sample, it doesn’t
tend to replace H* in the MS.

In many cases, mass spectrometry/mass spectrometry (MS/MS) tech-
niques (also known as tandem MS) have been used to increase significantly the
degree of specificity and/or detectability. MS/MS uses are discussed in this
chapter when appropriate to the MS mode under consideration. Many types of
MS/MS experiments exist, and the exact analytical details depend on the
presence or absence of a collision gas and the type of instrumentation used. But
all MS/MS experiments rely on the fragmentation of the selected precursor ion
and result in spectra, of which there are three common types: the product ion
spectrum, which contains all ions that result from a selected precursor ion; the
precursor ion spectrum, which contains all precursor ions that produce a
specific product ion; and the constant neutral loss (CNL) spectrum, which
contains product or precursor ions formed when a neutral fragment of the
selected mass was lost from a precursor ion. Ions used in MS/MS determina-
tions may result from metastable transitions in ion traps or in the field-free
regions of sector instruments, or may be generated by collisions with an inert
gas, in a process known as collision-induced dissociation (CID). MS/MS anal-
yses, which can be performed on a wide variety of MS systems, afford a higher
degree of selectivity that can permit significant reductions in background noise
or chemical interference. Thus, even if less total signal is being collected, the
signal-to-noise ratio may be increased and the LOD improved. Alternatively,
this specificity can sometimes reduce the amount of sample cleanup required.
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2. FIELD DESORPTION (FD)

The technique of FD involves coating a sample onto an FD emitter wire
and placing the wire in a strong electric field. Subsequent desorption of the
ionized species may be enhanced by passing a current through the wire.
FD/MS, although used more extensively in the past, continues to be used today.
FD was employed by Shaulsky et al. (7) to investigate the binding of aflatoxins
to DNA. Aflatoxins are structurally related to furocoumarins (psoralens), which
are used therapeutically for skin cancer, because photoactivation of the pso-
ralens leads to DNA binding. Aflatoxin—base adducts were obtained from in
vitro reactions and the following briefly described methods. The DNA was
acid-hydrolysed to the base level; the bases were separated by HPLC and
collected into fractions; the volume was reduced; the residue was dissolved in
methanol and coated onto the FD emitter wire. One of the resulting spectra (Fig.
3.1) clearly displays the molecular ion as well as several fragments, including
those ions corresponding to the guanine base and the adduct, which had been
cleaved from it. No details are given with respect to the amount of material
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Figure 3.1. Field-desorption positive-ion full-scan mass spectrum of the photoadduct of DNA
and aflatoxin B;. Structures of the guanine base adduct and selected fragment ions are shown.
Modified from Ref. 7; used with permission.
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subjected to MS analysis. These researchers were unsuccessful in obtaining
spectra when they utilized fast atom bombardment (FAB) with a variety of
matrices.

3. DIRECT INSERTION PROBE (THERMAL DESORPTION)
TECHNIQUES

3.1. Electron Ionization

With direct insertion probe MS, the sample is first placed near, or just
within, the source region of the MS and thermally vaporized. Because of this
heating process, compounds that are thermally labile may not be analyzed by
this approach. In combination with this desorption mode, electron ionization
(EI) and chemical ionization (CI) have both been used extensively in the past
5 yr. With EI base and nucleoside adducts have both been investigated. For
example, positive-ion EI spectra aided in the investigation of the 5-(hy-
droxymethyl) chrysene guanine and adenine base adducts formed ir vitro in
calf thymus and collected in HPLC fractions (8). The most intense ion observed
was the m/z 239 fragment, corresponding to the methylchrysene moiety cleaved
from the molecular ion. The guanine and adenine adduct molecular ions had
20% and 60% relative intensity (%RI), respectively.

Hecht’s group (9) at the American Health Foundation also used EI to
investigate the much smaller exocyclic guanine bases that resulted from in vitro
reactions of nitrosopyrrolidine with single-strand DNA and with deoxyguano-
sine (dG). Nitrosopyrrolidine has environmental significance because of its
presence in cured meats and tobacco smoke. UV, NMR, and MS helped
identify three different isomeric adducts collected from HPLC separations. EI
positive-ion spectra generated in the presence of NH,Cl exhibited a 100 %RI
molecular ion peak at m/z 221. The spectrum also showed considerable frag-
mentation associated with ions with charge retention on the guanine base.

Positive-ion EI was used as part of a project to investigate similar small
ethyl and dimethyl guanine adducts, all of which have a molecular ion of m/z
179 (10). A sample isolated from human urine was subjected to high-energy
source acceleration and subsequent CID. MS/MS precursor ion analysis re-
vealed that the guanine base-related fragment ions of m/z 150 and 151 derive
from an ion of m/z 179, among others. Similarly, a product ion scan of m/z 179
showed its decomposition into a fragment of m/z 150 and several other ions.
Subsequent deuterium exchange experiments showed that certain dialkyl gua-
nines could be readily distinguished. That research demonstrated some of the
potential of MS/MS techniques to determine more specifically the presence of
a suspected analyte.
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3.2. Chemical Ionization

EI and CI have both been extensively utilized by Solomon et al. at the
New York University Medical Center, usually for relatively small base or
nucleoside adducts. A recent article (11) described isopropyl modifications.
Both ionization techniques yielded spectra with extensive fragmentation, in-
dicative of modification at the base rather than at the sugar. CI was used to
determine the structure of both nucleoside and base modifications. The in-
tensity of the [M+H]* ion ranged from 20 %RI for a nucleoside adduct to 70
%RI for a base adduct. All nucleoside spectra showed a prominent [AH,] ion,
corresponding to the loss of the deoxyribose moiety, and an intense ion cor-
responding to the base. Their more recent reports (12,13) use similar EI and CI
MS techniques to investigate in vitro-formed ethyl and hydroxyethyl adducts
of various bases and nucleosides, sometimes with dimethoxytrityl derivatiza-
tion to protect the 5’ end of the nucleoside monomer intended for incorporation
into an oligomeric sequence. Their current research involves the rapid hydro-
lytic deamination of alkylated deoxycytidine and the possible influence of
uracil glycosylase repair.

ClI of nucleosides and bases has been employed extensively by various
groups at the American Health Foundation (14-16). Spectra were not pre-
sented, but isobutane CI tabular data for a pyridyloxobutyl nucleoside adduct
(15) gave a [M+H]"* ion of <2 %RI.

A phenyl-glycidyl ether nucleoside adduct was investigated by van den
Eckhout et al. (17). The ammonia CI tabular data indicated an [M+H]* ion of
100 %RI. lons corresponding to the loss of sugar and to the loss of sugar plus
the adduct’s phenyl group were strong, as were the ions corresponding to the
sugar itself. This group conducted considerably more FAB research that will be
mentioned below, in Section 8.3.

Styreneoxide (alkyl) adducts were analyzed by triple quadrupole (TQ)/MS
using CI with either isobutane or ammonia as the reacting gas (18). Tabular MS
data showed that the site of adduction, as well as the identity of a specific
nucleoside base, caused a dramatic shift in the intensity of the [M+H]}* ion,
which ranged between 10 and 100 %RI. The abundances of other fragment ions
indicative of specific cleavage pathways also varied widely among the various
adducts.

Base adducts of benzoquinone were similarly investigated with CI by
Pongracz and Bodell (19). With high-resolution MS, they established the nature
of the chemical modifications of the bases. They postulated that some of the
adducts were changed by ring-opening during the mild acid hydrolysis used to
generate the bases from the nucleotides. FAB analysis of the nucleotides was
also included in their research.

Excellent LODs for small alkylated nucleosides were recently attained by
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Cooks’s group (20). Their in vitro reactions of methyl methanesulfonate and
1-methyl-1-nitrosourea with calf thymus DNA resulted in quantifiable levels of
adduction (3-methylthymidine and O*methylthymidine) as low as 1 in 10°
unmodified nucleotides. Enzymatic hydrolysis of the DNA to nucleosides was
followed by microfiltration to remove the proteinaceous material. Subsequent
HPLC fraction collections (performed twice to eliminate unwanted interfer-
ences that resulted from the first separation) were analyzed by CI MS/MS with
CID with argon collision gas in the central quadrupole of their TQ/MS. The
actual MS analysis was completed in a few seconds, and the MS/MS product
ion scans added required specificity to permit improved LODs. The first quad-
rupole was centered on the m/z 257 [M+H]* of the nucleoside adduct and
detuned sufficiently to allow quantification with a deuterated analog. Figure 3.2
shows the desorption profile for O*-methylthymidine and ~1 ng of its deuter-
ated analog, the structure of the nondeuterated nucleoside adduct, and the
MS/MS CID product ion spectrum. This CI probe methodology avoids the
matrix-associated interferences present with some other MS methodologies.
Their methods should permit investigations of mutagenesis and cytotoxicity
relative to adduct formation and repair as a result of cell culture exposures of
various alkylating agents.

3.3. Electron Ionization with Chemical Derivatization

The two well-established chemical derivatization techniques of silylation
and acetylation have been used recently with EI for the determination of base
and nucleoside modifications (21-25). Similarly, CI of derivatized modified
DNA has helped in certain research efforts. Chadha et al. (26) examined the
acetylated and the underivatized dibenzanthracene nucleoside. Derivatization
has played a more prominent role in the MS research of Solomon’s group. EI
with trimethylsilyl (TMS) derivatization and CI with acetylation of modified
nucleosides (as well as high-resolution MS) were both investigated (27). That
work established a different approach to investigating various modified nucleo-
sides that result from oxidative damage to DNA. Their methods relied on gentle
enzymatic hydrolysis of the DNA, acetylation with tritium labeling, and HPLC
separation of the various oxidative products. As a result, oxidative damage
caused by acid hydrolysis of the DNA was avoided, and the analysis was
applicable to a wider suite of components than those amenable to HPLC-
electrochemical detection. Their in vivo research involved exposure of mice to
the tumor promoter 12-O-tetradecanoylphorbol 13-acetate. However, their MS
research involved in vitro—produced standards that were used for comparison
with the products that had been formed in vivo. Figure 3.3 depicts three spectra
and their corresponding structures. Note that in Fig. 3.3a and b, the same
compound was subjected to both TMS and acetyl derivatization and analyzed
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Figure 3.2. Thermal-desorption positive-ion CI MS/MS analysis of O*-methylthymidine and 1
ng of the deuterated internal standard analog. CID TQ/MS analysis used a detuned first quadrupole
centered at the nucleoside [M+H]* ion (m/z 257), collisions in the central Q, and product ion scans
to analyze the m/z region of the modified base. (a) Desorption profiles for the protonated, modified
bases. (b) Product ion spectrum. Modified from Ref. 20; used with permission.

under EI and CI conditions, respectively. The molecular ion does not occur at
greater than 10 %RI. Variable amounts of incorporation of the functional
groups were often observed. The spectra detail fragment ions corresponding to
the sugar and the base moieties.

Schram’s group at the University of Arizona reported (28) the use of TMS
derivatization techniques. Two nucleotides important in anticancer research
were investigated, and LODs of 1 ug were obtained. The primary focus of their
report was the use of FAB to achieve more sensitive LODs, as will be discussed
in Section 8.2.
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Figure 3.3, Structures and thermal-desorption positive-ion mass spectra. (A) TMS derivative of
8-OHdG under EI conditions. (B) Acetyl derivative of 8-OHdG under EI conditions. (C) Acetyl
derivative of 5-formyl-2'-deoxyuridine under CI conditions. Modified from Ref. 27; used with
permission.

3.4. Chemical Ionization with Chemical Derivatization

More extensive derivatization investigations with CI and EI were per-
formed by researchers at Northeastern University (29). Research groups di-
rected by Giese and Vouros sought to improve the LOD for nucleosides
through the use of pentafluorobenzyl (PFB), cinnamyl, or mixed derivatives.
El, CI, and electron-capture negative ionization (ECNI) spectra were com-
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pared. The positive-ion EI and CI spectra gave significant fragmentation for all
the derivatives. The PFB derivative is noted for its chemical stability and its
ability to yield structurally relevant fragmentation with EI and positive ion CI
modes. In a later paper (30), these researchers investigated a wider variety of
modified bases that were derivatized with PFB and analyzed by EI, CI, and gas
chromatography—ECNI (GC-ECNI). This last technique will be discussed
more fully with GC-MS in Section 4.3.

4. COMBINED GAS CHROMATOGRAPHY-MASS
SPECTROMETRY

4.1. Electron Ionization

This chapter considers a number of on-line couplings of separation
schemes with MS. Presented in this section is the first of these couplings,
GC-MS. Parts of this presentation will be dedicated to EI and CI modes, usually
with chemical derivatization of the sample in order to impart increased vola-
tility and sensitivity, to avoid most of the problems due to thermal lability, and
to allow improved GC resolution and peak shape. However, derivatization was
not used when ion-molecule reactions were investigated in the ion source and
the collision cell of a TQ/MS (31). Some of that research involved CI of a
model DNA compound, pyridine, which was reacted with GC effluent com-
ponents inside the MS so that formation of adducts could be monitored. The
first quadrupole selected the pyridine molecular species. Subsequent low-en-
ergy collisions occurred in the second quadrupole between these ions and the
GC effluent’s neutral molecules. The third quadrupole determined those GC
components that had reacted with the model DNA ion. The method is po-
tentially of use in assessing the risk of adduct formation by environmental
contaminants. LODs in the high-pg range are suggested. Only those electro-
philic compounds that are direct-acting and unaffected by the sample prepara-
tion and analysis (i.e., GC injector and column) conditions are amenable to that
method.

4.2. Electron Ionization with Chemical Derivatization

The vast majority of researchers who employ on-line GC techniques
derivatize their samples for the abovementioned reasons. A number of groups
have utilized this approach using EI (32-41). In many instances, selected ion
monitoring (SIM) techniques were employed to achieve improved LODs for
known compounds. In most cases, the base form of the DNA moiety was
utilized. However, in a review article dealing with free radical-induced damage
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to DNA, Dizdaroglu (36) notes that sugar modifications and DNA—protein
crosslinks can also be monitored. Although many research groups are now
utilizing alternative methods of analysis that employ FAB or other desorption
techniques, Schram’s group continues to develop the usefulness of GC-MS
with derivatization. As already noted, their review article (5) clearly portrays
many of the advances that have been achieved with MS in DNA and RNA
research and details many derivatization and sample preparation procedures.
Their more recent article (42) describes the use of HPLC to separate human
urine into fractions that were derivatized (TMS) and subjected to GC-MS
analysis. The urine of a lung cancer patient was found to contain a 5'-deoxy-
5'-methylthioguanosine. This compound is probably not derived from DNA,
but may be important as an indicator of disease states because it is also found
at elevated levels in the urine of patients with AIDS. Figure 3.4 shows the
structure and spectrum of this compound, whose identification was facilitated
by comparison with spectra of known TMS-derivatized methylthioadenosine
and guanosine.

The TMS derivatization is a straightforward approach that results in a
number of ion series that are useful in spectral interpretation. The molecular ion
is usually obvious, in part because of the normally intense fragment ion at
[M-15]* that results from the facile loss of a methyl group from M*. Deriv-
atization also helps in many of the ways previously mentioned. That research
with biological samples has successfully combined two successive pre-MS
separation schemes, HPLC and GC. LOD:s of 10 to 100 pg have been attained
with full-scan spectra (i.e., spectra obtained when the analyzer is operated over
the full pertinent range of m/z values) and with injection of only 2% of the
sample. Variable amounts of functional group incorporation are sometimes
encountered, but can readily be discerned by careful examination of the spectra.

4.3. Chemical Ionization with Chemical Derivatization

Combined GC-MS has played a similar important role when CI, rather
than EI, has been employed (43—45). Giese’s group has developed ECNI
techniques to attain improved adduct LODs. Their early work demonstrated
that PFB derivatization was ideal for very sensitive measurements with ECNL
They have now focused on three broad classes of adducts. With small alkyl
adducts, they can directly derivatize the base. With larger amino polynuclear
aromatic hydrocarbon (PAH) adducts, hydrazinolysis (to excise the amino-
PAH) is followed by derivatization (46). With similarly large diolepoxide PAH
adducts, the adduct is cleaved from the base with mild acid hydrolysis, sub-
jected to potassium superoxide treatment to form a diacid, and then derivatized
(47). They showed impressive zeptomole (102! mole) detection levels for
representatives of these classes of adducts, with SIM focused on either the M~
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Figure 3.4. Structure and EI mass spectrum of TMS-derivatized 5'-deoxy-5'-methylthioguano-
sine obtained by GC-MS analysis of urine from a lung cancer patient. Modified from Ref. 42; used
with permission.

or the [M-181]- ion (48). An example of their SIM results for a PAH diol-
epoxide (47) is given in Fig. 3.5. In this case, ~100 pg of a BaP-tetrahydrotetrol
was reacted to yield the final PFB derivative. After addition of the deuterated
internal standard, 1% of the final volume was subjected to GC-ECNI-MS
analysis. SIM traces for the blank and the analyte both reveal peak widths of
~15 sec. Most recently, Giese’s group has investigated benzo(a)pyrene (BaP)
adducts formed through the diolepoxide route in human lymphocyte cell cul-
tures reacted with BaP. Although the SIM technique functions well for known
analytes, wider m/z-range scans can detect unknown compounds, admittedly
with some considerable loss in sensitivity.

5. PLASMA DESORPTION

With plasma desorption (PD), the first event in the ionization scheme is
the nuclear fission of Z2Cf, which generates two extremely high energy frag-
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Figure 3.5. Structure and extracted jon-current profiles resulting from selected ion monitoring
with GC-ECNI-MS. (a) Profile of the [M-181]" ion, m/z 469, for a benzo[a]pyrene tetrol that had
been subjected to potassium superoxide treatment to form a diacid and further reacted to form the
pentafluorobenzyl derivative. (b) Profile for the analysis of a blank. Both analyses included a
deuteriated internal standard indicated as peak 3 in each of the lower traces. Modified from Ref.
47; used with permission.

ments. One of these fragments is directed to, and starts, the system clock. The
second fragment is accelerated in the opposite direction to the back side of a
Mylar® foil on which the sample has been deposited. Subsequent ionization
and desorption generates the molecular species, which are subjected to MS
analysis. This cycle is repeated approximately every 50 psec. In contrast to the
previously mentioned types of ionization, PD is of the pulsed rather than of the
continuous type and is more compatible with either time-of-flight (TOF) or
ion-cyclotron-resonance (ICR) mass analyzers.

Although New York University School of Medicine researchers inves-
tigated acrylamide- and acrylonitrile-formed nucleoside adducts using PD-MS
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in 1985 (49,50), in the last few years, the PD-MS analysis of modified DNA
has been practiced primarily by a collaboration of French researchers (51-53).
They used a TOF MS of their own manufacture to investigate methyl
modifications and a number of photodimers formed in vitro in oligomeric
DNA. Earlier work (54) by these researchers focused on benz(a)anthracene
(BaA) adducts of poly(dG) and (BaP) nucleoside modifications. Positive and
negative ion spectra were both recorded for a cyclobutane thymine nucleoside
dimer (53). Their article included a structure and spectrum (Fig. 3.6), which is
indicative of the results that can be obtained with this instrumentation and
ionization. This spectrum shows the natriated molecular species, as well as the
fragments, for a cyclobutane thymine nucleoside. No attempt was made to
eliminate sodium, nor were the effects due to its presence discussed. However,
it should be noted that the intensity of the molecular species is distributed over
a number of different ions. With some other techniques, such as FAB, the
presence of Na* or K* can either markedly increase or decrease the intensity of
the observed ions. Note that this Fig. 3.6 spectrum also displays less than unit

(o]
HN Hy
N
H CHs M+Na)
o N
o : 507
8000 |dﬁ
. dR
dThd<dThd
C 4
(o] +
U (M-BS+Na)+ (M+2Na-H)
N
T . 529
S (M-BS+2Na-H)
/ *
1263 (M-S+H+Na)
39
0
T L ¥ T |
7500 11000
CHANNEL

Figure 3.6. Structure and plasma-desorption time-of-flight mass spectrum for a thymidine dimer
formed by exposure of deoxythymidine to 365-nm light in the presence of a pyridopsoralen drug.
Modified from Ref. 53; used with permission.
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resolution, so that identification of the molecular species would be further
complicated if the sample contained unknown adducts, especially if a mixture
of adducts were deposited on the foil. The report also mentions the use of FAB,
but gives no details.

6. LASER DESORPTION

6.1. Time-of-Flight Spectra

A notable feature of both PD and laser desorption (LD) is their ability to
bring into the vapor phase nonvolatile or thermally labile molecules. As a
result, these techniques possess the ability to deal with large modified oligo-
nucleotides in cases where the DNA hydrolysis has produced such species.
Ionization by LD involves a laser focused on a small spot where the sample has
been deposited. The laser’s photon beam ionizes the sample through a number
of different processes (55). Nanosecond-wide pulses help avoid formation of
ions with a wider range of kinetic energies. Such a wide range would lead to
poorer resolution. This pulsed operation, as was also true with PD, is more
amenable to either TOF or ICR/MS analyses. Earlier LD analyses relied on the
heat generated by the laser to desorb the sample, and such analyses functioned
quite well for bases and nucleosides. The more polar and less volatile nucleo-
tides and oligonucleotides are analyzed more easily by a technique known as
matrix-assisted LD, in which the sample is contained in a matrix known to
absorb radiation in the wavelength range generated by the laser. That absorbed
energy aids the desorption process. LD permits many laser shots per loading,
so that most or all of the sample could be loaded at one time while maintaining
the experimenter’s ability to perform repeated analyses, subsequent modifica-
tions on the probe tip, or recovery of the sample. The kinetic energy spread that
results in loss of resolution seems to be lessened when UV as opposed to IR
laser excitation is employed.

TOF and ICR have both been used recently with modified DNA. Lay’s
group at the National Center for Toxicological Research (56) contrasted two
very different MS techniques for the analysis of the base and nucleoside forms
of various DNA adducts. One MS method involved TMS derivatization fol-
lowed by FAB-MS/MS analysis; it will be discussed in Section 8.4. The second
MS technique, LD with TOF analysis, was able to detect 10 pg of a synthetic
acetylaminofluorine nucleoside adduct [dg(N?)AAF]. (Its structure and spec-
trum are shown in Fig. 3.7.) The spectrum was obtained by summing 100 of
500 laser shots to the probe tip. The mass resolution is ~200, and the accuracy
for compounds in this mass range is essentially unit mass. The most intense
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peak in the spectrum corresponds to the m/z 489 [M+H]* ion. The presence of
sodium and potassium is indicated in the spectrum by the m/z 511 and 527
peaks, which correspond to [M+Na]* and [M+K]*, respectively. The LOD for
this nucleoside adduct is better than what can be achieved with derivatization
and FAB/MS/MS, although the latter technique offers more information.

6.2. Ion Cyclotron Resonance

ICR-MS studies of small alkyl and exocyclic modifications to DNA bases
have recently been reported (57,58). That research is focused on the known
chemical carcinogen diethylnitrosamine and its tumor-forming capabilities in
fish. LD-ICR-MS, operating at very high resolution (~250,000), permits LODs
in the low-ng range.

Hettich’s group at Oak Ridge has employed the same LD-ICR-MS ap-
proach in studying a wide variety of forms of DNA, including methylated
nucleosides (59), cyclobutane photodimers (60), various modified bases and
nucleotides (61), and oligonucleotides with small alkyl groups on the phos-
phate linkage (62). The spectrum for a thymine dinucleotide with an ethyl
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Figure 3.7.  Structure and laser-desorption time-of-flight spectrum of ~10 pg of an dG(N?)acetyl-
aminofluorene nucleoside adduct. Modified from Ref. 56; used with permission.
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modification of the phosphate linking the two nucleotides is given in Fig. 3.8
(R.L. Hettich, personal communication). Nicotinic acid served as the matrix,
and negative-ion detection clearly shows the molecular anion, loss of an ethyl
group, and the m/z 349 fragment that results from the loss of one of the thymine
nucleosides. For this analysis, approximately 10 ng of the analyte was loaded
onto the probe tip, and resolution was approximately 1000, as determined by
the full width of the peak at half its maximum height (FWHM). Subsequent
CID of the m/z 349 ion showed further fragmentation that helped define the
structure of the compound. Furthermore, higher resolution (5000 FWHM),
combined with CID, revealed the presence of two separate fragments, both with
nominal mass 125. Only a small fraction of the applied sample was consumed
during the actual analysis, yet the recorded spectra were clearly well above the
LOD. Unwanted ions can be ejected from the ICR, and CID MS/MS experi-
ments can be performed. As a result of these instrumental factors, LD offers
excellent sensitivity for low-level adduct research, coupled with identification
ability. However, because of the high vacuum requirements of ICR, the cou-
pling of LD-ICR to any on-line separation technique to obtain additional
discriminating powers is problematic.
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Figure 3.8. Structure and laser-desorption negative-ion cyclotron-resonance spectrum for a thy-
mine dinucleotide with an ethyl modification of the phosphate linking the two nucleotides. Un-
published data from R. H. Hettich.
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7. ACCELERATOR MS (AMS)

This recently adapted technique is based on determination of the *C/2C
ratios in organic compounds. AMS was previously utilized in carbon dating,
but has more recently been employed by Turteltaub, Felton, and others to
investigate, among other problems, the binding of heterocyclic amines to DNA
(63,64). These types of adducts are thought to be primarily responsible for the
mutagenic and carcinogenic activity of cooked meats. As currently practiced,
AMS functions well only in dosimetry experiments because the heterocyclic
amine must first be labeled with one or more “C atoms. After the dosing
experiment, the intact DNA sample is pyrolyzed to form graphite prior to the
actual AMS ratio measurement. If the starting sample consists of 1 mg of DNA,
then levels of one adduct in 10'? unmodified bases can be determined (the
observed ratio difference is =10%). Only =15% of the sample is used in the
analysis. This sample size would correspond to an adduct-nucleotide with a
mass of ~1 fg (~0.5 amol), which is approximately the same amount of adduct
spotted on a thin layer chromatography (TLC) plate when *?P postlabeling is
employed near its LOD with a few pg of DNA at an adduct level of 1 in 10°.
Conventional MS measurement of adducts at this low level can be approached
only by the GC-MS derivatization techniques previously discussed. It should
be noted that the sample preparation is relatively straightforward, because the
DNA need not be hydrolyzed down to the monomer level or beyond. However,
extreme care must be taken in the laboratory to assure the purity of the DNA
and to avoid any “C contamination of the samples. The current limitation to
dosimetry experiments can be lifted if researchers are successful in efforts to
develop a postlabeling methodology. Indeed, they currently are improving their
techniques for excising individual spots from 32P TLC plates. One long-range
research aim is to investigate adducts on specific genes.

8. FAB AND SECONDARY ION MASS SPECTROMETRY

8.1. Standard FAB

This section addresses ionization methods based on the impact of a beam
of either ions or atoms generated by a gun and focused onto a sample target.
More commonly, the techniques are known by the terms (liquid) secondary-ion
mass spectrometry and fast atom bombardment (FAB), respectively. The “lig-
uid” merely denotes that the sample has been dissolved in a liquid matrix.
Utilization of the atom gun usually involves a similar matrix. These two
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particle-induced desorption techniques will be considered together because
they result in ionization, i.e., spectra, that are nominally the same (65). Static
FAB experimentation involves the use of a sample placed on the tip of a probe,
which is inserted into the source area. A few articles that exemplify this basic
ionization mode will be discussed first. Subsequent sections will deal with
derivatization techniques, MS/MS methods, and finally a combination of these
two aspects.

Recently, FAB has been used for modified DNA analyses much more
frequently (19,21,24,66-76) than in the past. In part, this increased utilization
is because the ionization is of high enough energy to induce some fragmenta-
tion yet still retain information about the molecular ion. Increased utilization is
also due to the amenability of these techniques to more polar samples, such as
nucleotides, which can be difficult to analyze by some of the direct insertion
probe or GC-MS techniques. In fact, a wide range of forms of DNA can be
analyzed by FAB. For example, ethyl glutathione base adducts were inves-
tigated (77). Small nucleoside modifications were similarly examined (78,79).
Carbazole attachments to the phosphates of nucleotides were considered by
McCloskey’s group (80). Oligonucleotide—cisplatin adducts were investigated
(81), as were similar oligomers that had lost a central pyrimidine base (82).
Spectra, which were given for most of the above publications, showed a
profusion of matrix ions, which interfered with the peaks of interest and
substantially degraded the LODs. When FAB is used, these matrix-ion con-
tributions cannot be subtracted away unless the matrix (sometimes containing
sample) is flowing continuously into the source, as will be discussed in Section
9. Without this feature, substantial amounts of sample must be used to over-
come the background. Many of these research articles do not give actual
spectra. For the most part, quantitative information is not detailed, although it
generally appears that microgram quantities of material were often subjected to
analysis. This technique is thus not among the most sensitive. Rather, the
spectrum is designed to either establish or to confirm the molecular weight or
to provide information about the site of attachment or nature of the modifica-
tion.

8.2. FAB with Chemical Derivatization

Derivatization of the sample has been recently utilized for the same
reasons already presented in Section 3, i.e., to enhance pre-MS analysis separa-
tions or to improve detectability. For example Silk et al. (25) reported the
detection of the silylated derivative of N-(deoxyguanosin-O°-yl)-4-amino-3-
chlorobenzy! alcohol. These researchers indicated that they had been unable to
detect the underivatized nucleoside. Their report showed no spectral data and
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gave no quantitation details but did give some textual data that indicated the
presence of Na* and K* ions, as well as the presence of molecular ions carrying
different numbers of silyl groups. In the same year, Schram’s group (28)
investigated TMS derivatives of two clinically important drug-nucleotide ad-
ducts, tricyclic nucleoside-5'-monophosphate and 5-fluoro-2'-deoxyuridine-5'-
monophosphate. Figure 3.9 contains the structure for one of these compounds,
along with spectra obtained with two different amounts (500 and 2.5 ng). When
the negative-ion spectrum was obtained in a 3-nitro-benzyl alcohol matrix, the
LOD for these compounds was two orders of magnitude better than the LOD
achieved without derivatization. The LODs for the derivatized compounds
were, respectively, 20 and 100 times better than those obtained with EI and CI
techniques.

8.3. FAB with MS/MS

Considerable importance is rightfully placed on the use of MS/MS tech-
niques with FAB ionization to investigate DNA modifications. Recent studies
have employed a variety of instrument configurations, including four-sector
(83-86), three-sector (85), two-sector (66,87,88), TQ (71), and hybrid EBQQ
(10,89-92). Of these studies, several (66,83,84) deal with oligonucleotide
modification, whereas others (10, 90-92) discuss bases. The remaining articles
deal with nucleosides. Van Breemen’s group at North Carolina State University
details the binding of platinum, with two attached amino groups, to two adja-
cent bases in synthetic tetramers following in vitro exposures of the antitumor
drug Cisplatin [cis-diamminedichloroplatinum(II)] (66). This type of platinum
binding is responsible in part for the observed Cisplatin effects, which include
inhibition of DNA repair, DNA replication, and cell division. The two-sector
(EB) MS used for that research provided positive-ion FAB-MS/MS results
somewhat better than those for the negative-ion case. The full-scan spectrum
for the molecular-ion region of one of the adducted tetramers is shown in Fig.
3.10 (R. B. van Breeman, personal communication). (The structure of that
platinated tetramer is given in Fig. 3.11.) Note that the ion clusters show a
multitude of peaks due to the many isotopes of platinum. Such an isotope
pattern spreads out the molecular-ion current over a range of m/z values and can
lead to poor LOD and difficult spectral interpretation if multiple components
were present. On the other hand, the existence of isotopic clusters in the
spectrum can help establish the elemental composition of ions. MS/MS on a
forward-geometry EB instrument is based on the preselection of a range of ions
in the first field-free region. Because of the limited energy resolution of the
electrostatic analyzer, the energy bandwidth may be as much as 1 or 2%, or
more, relative to the selected precursor mass. Breeman’s MS/MS approach
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Figure 3.9. Structure and positive-ion fast atom bombardment spectra for (A) 500 ng and (B) 2.5
ng of the trimethylsilyl derivative of the drug fluoro-deoxyuridine-monophosphate. Nitrobenzyl
alcohol (NBA) was utilized as the fast atom bombardment matrix. Modified from Ref. 28; used
with permission.
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Figure 3.10. The molecular-ion region of the positive-ion fast atom bombardment full-scan
spectrum of the synthetic tetramer TGCT containing platinum. The entire [M+H]* cluster with
many platinum isotopes was selected in the MS/MS analysis shown in Fig. 3.11, which also
displays the structure of the modified tetramer. Unpublished data from R. B. van Breeman.

preselects the entire molecular ion cluster. Utilization of this wide band is of
great advantage, as long as the product ion spectrum of interest does not include
any platinated species. Figure 3.11 shows such a MS/MS product ion spectrum,
with its much simpler fragmentation pattern due to the loss of the two segments
of the tetramer containing the bound platinum. These lower-m/z-fragment ions
are not seen in the non-MS/MS spectrum. Thus, MS/MS more fully describes
the nature of the binding of platinum to the tetramer. This same relatively wide
energy band of preselection would be more problematic if contaminants existed
in the chosen energy range.

MS/MS on a four-sector instrument was also recently employed by
Gross’s group at the University of Nebraska to investigate BaP adduct forma-
tion mechanisms (86). For many years, most biochemical researchers had
believed that BaP mutagenic activity was mediated through a diolepoxide form
of BaP. However, Cavalieri, also at the University of Nebraska, has long
championed the importance of the more direct radical cation pathway, a path-
way admittedly more difficult to evaluate because it relies on compounds that
exist for only a short time. Indeed, the radical cations react only with double-
stranded DNA, not with single-stranded DNA or RNA, and they are formed by
cytochrome P450 enzyme activation, which for many years was also thought
impossible. The diolepoxide pathway is important for some carcinogens, but
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Figure 3.11. Structure and positive-ion fast atom bombardment MS/MS product ion spectrum
obtained on a two-sector forward-geometry (EB) MS with collision-induced dissociation of the
[M+H]* cluster shown in Fig. 3.10. Modified from Ref. 66; used with permission.

does not seem to be of major importance for, e.g., BaP and 7,12-dimethyl-
benzanthracene. Gross’s four-sector MS/MS research was instrumental in help-
ing to prove Cavalieri’s hypothesis. Figure 3.12 shows the structure and the
positive-ion FAB product ion MS/MS spectra for the N7 and C8 BaP—-dG
adducts formed by electrochemical oxidation. The m/z 402 source-produced
fragment ion (corresponding to loss of the sugar moiety) was selected by the
first MS and subjected to CID to generate the displayed product ion spectra.
The CID product ion spectra are markedly dissimilar because of the different
points of attachment of the adduct to the guanine base. Figure 3.13 (R. L.
Cerny, personal communication) details the structure and the positive-ion-FAB
CID-product ion spectra generated by three-sector and four-sector MS analysis
of the dimethylbenzanthracene N7-guanine base adduct, which was again
formed by the radical cation mechanism as opposed to the diolepoxide path-
way. In both cases, the CID spectra resulted from collisions of the [M+H]* ions,
but the energy analysis shown in Fig. 3.13a does not give the level of detail seen
in the four-sector results in Fig. 3.13b. Indeed, only the extra resolving power
provided by the four-sector analysis permitted determination of the 239/240
ratio and subsequent elucidation of the point of attachment.
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Figure 3.12. Two structures and positive-ion FAB product spectra (A,B) obtained on a four-
sector MS with collision-induced dissociation of the aglycone ions, m/z 402. Benzo(a)pyrene
nucleoside adducts were formed by the radical cation mechanism. Observed spectral variations are
due to differences in the site of attachment to the guanine base: (A) N7, (B) C8. Modified from Ref.
86; used with permission.

8.4. FAB with Chemical Derivatization and MS/MS

Researchers at Northeastern University combined positive ion FAB-
MS/MS techniques with TMS derivatization to investigate four amino-PAH-
nucleoside adducts (93). In agreement with Schram’s work (28), their data
showed that TMS derivatization gave low-nanogram LODs, an order of mag-
nitude better than LODs without derivatization. A predominant fragmentation
pathway involved cleavage of the glycosidic bond to yield the [AH,]* fragment.
Metastable-ion MS/MS and CID-MS/MS results were comparable when the
product ion spectrum resulted from the [M+H]*. However, when the product
ion spectrum resulted from the m/z 343 [AH,]* ion, whose abundance had been
increased by CID, striking differences could be seen between the spectra of two
amino—phenanthrene nucleoside adducts, that differed only in their point of
attachment to the guanine base, as seen in Fig. 3.14. The TMS derivatization
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product ion spectra of the dimethybenzanthracene N7-guanine base adduct resulting from collision-
induced dissociation of the [M+H]" ion, m/z 406. Unpublished data from R. L. Cerny.

for these two samples resulted in the addition of two TMS groups onto the sugar
in a relatively clean manner; i.e., there was little addition of a different number
of TMS groups. Furthermore, there was no confusion due to TMS addition onto
other parts of the adducts. The obvious fragmentation differences seen in Fig.
3.14 facilitate spectral interpretation. For example, in the Fig. 3.14a spectrum,
the m/z 218 and 203 ions support a C8 linkage, whereas in Fig. 3.14b, the N?
linkage gives rise to an analogously formed ion at m/z 233, which represents
the portion of the adduct that still contains a free amino residue.
TQ-MS/MS analyses of TMS derivatives of very similar amino—PAH
compounds were reported more recently (56,94) by Lay’s group. Improved
LODs in the low-ng range were observed, perhaps in part due to the different
type of MS used. Of note in achieving those improved LODs is the importance
of sample derivatization—four different TMS schemes were compared in the
latter article (94). Various isomeric forms of the derivatized components were
observed and avoided by selecting for CID product ion analysis the AH,
fragments, which did not contain any TMS modification. The resulting CID
fragmentation was quite informative. However, the suspect stability of the TMS
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Figure 3.14. Two structures and positive-ion FAB MS/MS product ion spectra obtained on a
two-sector MS with collision-induced dissociation of the aglycone fragment ions, m/z 343. Ob-
served spectral variations are due to differences in the site of attachment to both the aminophen-

anthrene and the guanine base. Modified from Ref. 93; used with permission.
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derivative is justly observed to be in part due to the derivatization process and
to the FAB matrix itself. This propensity to hydrolysis of TMS derivatives
makes their use with Flow-FAB very problematic.

9. FLOW-FAB MASS SPECTROMETRY

A modified FAB probe allows for the continuous introduction of the
matrix and sample to the probe tip. This technique, known as Flow-FAB, is thus
capable of handling direct injections of the sample into the stream of material
headed for the tip, where ionization will occur. Several benefits accrue from this
modification to the FAB technique. First, background subtraction techniques
can be employed to reduce the chemical noise in a spectrum by removing
contributions that are present either before or after the compound of interest
becomes ionized. In addition, the level of background chemical noise can often
be reduced simply by decreasing the concentration of the matrix in the stream.
Furthermore, with static FAB ionization, some compounds are difficult to
ionize because they dissolve more readily in the FAB matrix rather than
remaining on the matrix surface (due to important physicochemical processes
involving the relative hydrophobicity—hydrophilicity of the matrix—analyte
mixture). These same compounds are sometimes more easily ionized when a
flow regime is used. As a result, these experimental factors and considerations
can substantially improve the LODs for particular analytes.

Positive and negative Flow-FAB ionization were both used to help iden-
tify the nucleotide adducts resulting from the use of the anticancer drug cyclo-
phosphoramide (95). However, no spectra were shown. Similarly, Vouros and
co-workers investigated a variety of nucleoside adducts (96) using the positive-
and negative-ion modes, as well as MS/MS techniques. The full-scan mass
spectra exhibited moderately detailed fragmentation patterns and low-nano-
gram LODs. Two different sample introduction schemes, “dipping” and “sy-
ringe injection,” were contrasted, and the effects of various concentrations of
glycerol were compared. Figure 3.15 gives the structure of an AAF guanine
nucleoside adduct [dG(C8)AAF], and the extracted ion-current profile of the
m/z 373 aglycone fragment for a 6.5-ng “dipped” injection. Also shown is the
positive-ion spectrum, determined with 37 ng of the same compound. Signif-
icantly improved LODs were achieved using MS/MS techniques.

The most important contribution of Flow-FAB is that it permits the cou-
pling of separation techniques with the FAB ionization mode. As a result,
HPLC and capillary electrophoresis eluates can be directly interfaced to the
stream of material flowing into the FAB source. These two techniques will be
discussed in Sections 10.6 and 11.
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Figure 3.15. Positive-ion, flow-fast atom bombardment, full-scan MS analysis of the
dG(C8)acetylaminofluorene nucleoside adduct. (A) Structure and extracted ion-current profile
of the aglycone fragment ion, m/z 373, for a 6.5-ng injection. (B) Positive-ion full-scan spec-
trum for a 37-ng injection of the same nucleoside adduct. Modified from Ref. 96; used with
permission.

10. LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY

A wide variety of interfaces has been introduced to handle eluates for a
number of HPLC flow regimes, with or without splitting, into an array of MS
systems. The primary importance of such schemes is to afford some degree of
separation of the sample components prior to the actual MS analysis. Such
separation should facilitate the identification of unknowns and remove possible
interfering compounds (in part through the use of background subtraction). In
contrast to GC, HPLC systems can be compatible with the nucleosides and
nucleotides, which are more polar than the corresponding bases. Often, fewer
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cleanup steps are required during sample preparation, and derivatization steps
may not be necessary. Of the various LC-MS modes of coupling, six types have
been used for DNA adduct analysis. Those types include the moving belt,
thermospray, particle beam, atmospheric pressure ionization, electrospray, and
Flow-FAB methods.

10.1. Moving Belt Interface

The moving belt interface, one of the earliest used, uses a narrow belt that
is continuously moving from the exit of the HPLC column, where the HPLC
eluate is deposited, through airlocks and into the ion-source region of the MS.
EI and CI spectra can both be obtained when the HPLC eluate is interfaced with
a moving belt. This interface was used in early research by Giese and Vouros
for the analysis of perfluorinated derivatives of modified DNA bases (97). GC-
and LC-MS on-line separation both gave comparable LODs, although GC
provided better separation than LC. For the specific modified bases investigated
(5-methylcytosine and hydroxymethylurea), the volatility of the derivatives
provided optimal transfer efficiently through the LC interface.

10.2. Thermospray Interface

Thermospray LC-MS operates best at flow rates of 1-2 ml/min and uses
conventional columns and polar solvents. Analytes must be preionized in
solution, and, as a result, thermospray buffer additives such as ammonium
acetate enhance ionization via the formation of [M+NH,]* or [M+H]* ions.
Analyses of modified DNA have been performed recently with the intact
nucleosides and the hydrolyzed bases (98-101). All of the above examples
involved in vitro reactions to generate suitable quantities of the analytes. At
least some of the reports indicate considerable fragmentation, which resulted
when ions formed due to the loss of the deoxyribose or the base moiety. These
research articles usually provided no quantitative information or dealt with pug
amounts of modifications. The only exception was in Ref. 99, where the
spectrum for 10 ng of 7-methylguanine was shown. Callery’s group at the
University of Maryland investigated a number of anticancer drugs and re-
ported thermospray LC-MS analyses with quadrupole MS (100). Figure 3.16
presents a representative nucleoside adduct (mitomycin C—deoxyguanosine)
and shows the ~2 %RI [M+H]* ion and the fragmentation indicative of not
only the guanine base, but also the mitomycin C moiety. In the same report,
small base modifications were shown to give rise to spectra with 100 %RI
[M+H]* ions and much-less-abundant fragment ions that indicated the nature
of the base.
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Figure 3.16. LC-MS analysis using a thermospray interface to a quadrupole MS. Structure and
positive-ion full-scan spectrum of the mitomycin C—guanine nucleoside adduct. Modified from
Ref. 100; used with permission.

10.3. Particle Beam Interface

In the particle beam interface, the HPLC mobile phase is dispersed with
an inert gas through a nebulizer. The aerosol beam travels through a heated
desolvation chamber, where the more volatile solvent is preferentially dis-
persed and evaporated. The analyte-enriched beam is passed through a mo-
mentum separator, which skims off the solvent and retains the analyte-rich
central portion of the beam. EI and CI spectra may be determined with this
mode of LC-MS coupling. This interface was employed in the analysis of an
exocyclic propano-deoxyguanosine (72). EI conditions resulted in a spectrum
that revealed considerable fragmentation and a 5 %RI molecular ion. Standard
probe EI analysis had failed to give a molecular ion of >1 %RI. FAB and probe
CI results both had shown an intense [M+H]* ion, but had failed to show any
fragmentation except for the aglycone. Quantitative results were not given.

10.4. Atmospheric Pressure Ionization

With atmospheric pressure ionization, the analytes are ionized under CI
conditions at or near atmospheric pressure. A number of different modes of
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ionization is possible, depending on whether or not heat is applied in the
desolvation chamber or whether a discharge electrode is used. Flow rates of up
to 2 ml/min can be accommodated without splitting. Atmospheric pressure
ionization was used to help identify the mechanism of in vitro alkylation
(addition of fluoroethyl) of dG by the anticancer drug 1,3-bis(2-fluoroethyl)-
1-nitrosourea (102, 103). CID, TQ/MS, and deuterium labeling helped form-
ulate exact structures and thus indicated modes of action of the drug.

10.5. Electrospray

The atmospheric pressure ionization technique known as electrospray
depends on the application of a ~3-kV potential difference between the end of
the HPLC column and the entrance to the ion-source area of the MS. The flow
regimes are usually much smaller (1-10 ul/min), and, in general, the technique
favors the analysis of polar and ionic compounds. Electrospray, as well as
standard atmospheric pressure ionization, was employed in the article cited
immediately above (103). A modification of the technique, in which a sheath-
ing gas coaxially envelops the nebulized spray of HPLC eluate, is known as ion
spray, and accommodates even higher eluate flow rates. This analysis mode has
been employed recently by Quilliam’s group to investigate a number of amino-
PAH bases, nucleosides, and nucleotides (104). Various HPLC columns with
0.32 to 4.6 mm inner diameter (i.d.) were used. Splitting of the eluate was
necessary with the wider-bore columns. Figure 3.17a gives the background-
subtracted full-scan positive-ion mass spectrum of synthetic dG(C8)AAF ac-
quired by injection of 10 ng of adduct (unpublished data, used with permission;
personal communication). (The structure for this component was given in
Figure 3.15.) The entire 50 ul/min eluate of the 1 mm i.d. reverse-phase C-18
column was directed into the MS. The 0.1% trifluoroacetic acid, water-based
mobile phase was increased from 50 to 90% MeOH. The MS analysis mode
involved only the first stage of the TQ/MS and a technique sometimes referred
to as “up-front” CID, because the collisions occurred in the high-pressure
expansion region prior to the first quadrupole. The degree of dissociation of
[M+H]* to [AH,]* is directly related to the voltage on the sampling orifice
leading to the first stage of the MS.

Similar results can be obtained with CID of the [M+H]"* ion in the central
stage of the TQ/MS. This latter technique should allow an improved signal-
to-noise ratio, but Quilliam has determined that improved LODs are obtained
with “up-front” CID and by using only the first stage of the TQ/MS. His
analytical results (personal communication) depicted in Fig. 3.17a indicate that
the LOD is much better than the 10 ng injected. Figure 3.17b details an
extracted ion-current profile for the sum of two ions monitored in a similar SIM
“up-front” CID experiment. However, in that latter case, the 5-ul injection
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Figure 3.17." LC-MS analysis using an ion-spray interface and the first stage of a triple quadru-
pole. “Up-front” collision-induced dissociation of the [M+H]* ion, m/z 489, of the dG(C8)acetyl-
aminofluorene nucleoside adduct (structure given in Fig. 3.15). (a) Positive-ion full-scan spectrum.
(b) Extracted ion-current profile for the sum of the spectrum’s two major ions, collected with
selected ion monitoring. Unpublished data from M. A. Quilliam.

volume contained 2.5 ng dG(C8)AAF and unmodified nucleosides ranging in
amount from 20 to 250 pg. The HPLC conditions ensure that only the adducted
nucleosides will be initially retained at the head of the column. A significant
advantage of this method is that no sample preparation was used to separate
unmodified components from adducted components prior to the actual analysis.
Calculations based on the individual extracted ion-current profiles give an LOD
of 30 pg and suggest that adducts could be investigated at levels as low as 1
in 107 unmodified nucleosides. Use of pre-LC separation technologies should
allow investigations involving even lower adduct levels. The spikes observed
in the extracted ion current profile in Fig. 3.17b are in part due to the
unmodified nucleosides, which are present at near-saturation concentrations.
This spiking may be eliminated by an effluent switching system under con-
sideration by Quilliam.

10.6. Flow-FAB

HPLC effluents have also been coupled with Flow-FAB to allow separa-
tion of compound mixtures and to obtain improved LODs, in part through



122 Chapter 3

background subtraction techniques. Three common interfaces coaxially admit
the effluent to the MS Flow-FAB source, use a liquid tee junction to mix FAB
matrix with the HPLC effluent stream, or mix the FAB matrix with the HPLC
solvent(s). The last-named type, with a 1% glycerol matrix, was recently used
by Wolf and Vouros (105) to investigate various AAF-DNA adducts produced
in vitro and separated from nonadducted nucleosides by butanol extraction. A
packed fused silica C-18 HPLC column (320-pm i.d. x 30 cm) was interfaced
with a transfer line of 50-um i.d. x 65 cm to a TQ/MS. Injection volumes of
0.5 pl were subjected to isocratic HPLC analysis conditions (54% MeOH).
LODs of less than 25 pg for nucleoside adducts were obtained with Flow-FAB
MS/MS techniques. CNL techniques revealed minor deoxyguanosine adducts
that eluted at ~14 minutes, whereas the common dG(C8)AAF adduct eluted at
~25.5 minutes, as shown in Fig. 3.18 (Susan Wolf, personal communication).
CNL analysis successfully detected these adducts within a mixture of other
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Figure 3.18. LC-MS analysis using a flow-fast atom bombardment interface and MS/MS with a
triple quadrupole MS. Collision-induced dissociation and 116-Da constant neutral loss analysis
resulted in the extracted ion-current profile for the precursor [M+H]* ion, m/z 489. In addition to
the major dG(C8)acetylaminofiuorene nucleoside adduct (structure given in Fig. 3.15) at 25.5 min,
unidentified minor guanosine acetylaminofluorene adducts were revealed (inset). Unpublished data
from Susan Wolf.
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unidentified components revealed by UV detection. The structure and full-scan
spectrum for dG(C8)AAF was given in Fig. 3.15.

11. COMBINED CAPILLARY ELECTROPHORESIS-MASS
SPECTROMETRY

A variety of different capillary electrophoresis techniques is possible, but
to date only the linkage of capillary zone electrophoresis (CZE) with Flow-
FAB has been reported for the analysis of DNA adducts. Recently, a collabora-
tion of Northeastern University and EPA researchers used CZE-MS techniques
to investigate four PAH and amino-PAH nucleoside adducts (106). CZE ac-
complished separations based on the charge and the size of the constituents
involved—entailing a separation process different from HPLC. CZE conditions
can be selected to give a flow regime on the order of 1 ul/min and peak widths
of approximately 20 sec, although great changes in these values can be ac-
complished through manipulation of the CZE conditions. A modified liquid tee
interface permitted addition of FAB matrix solution (1% glycerol, 5% aceto-
nitrile, and 19% methanol in water) so that the total flow into the TQ/MS was
~2 pl/min. In vitro-produced dG(C8)AAF (structure shown in Fig. 3.15) gave
full spectrum information with 1.3 ng, as seen in Fig. 3.19. Note that, in
addition to the molecular ion, a number of fragments are visible and permit
identification of the base, the adduct, and the point of attachment. MS/MS
monitoring of the loss of sugar moiety was similarly successful for a mixture
of four adducts.

CZE routinely involves injection of much smaller (nl) volumes of sample,
so that only with extreme reduction of the reconstituted volume containing the
analytes can a reasonable portion of the sample be injected. However, new
sample-stacking techniques (107) permit pl-range injections, which should
obviate the requirement for extreme volume reduction.

12. CONCLUSIONS

The fundamental challenge in modified DNA research involves the
identification of unknown modifications present at low levels in a complex
mixture of DNA modifications. When g quantities of relatively pure adduct
are present, nearly any MS technique can provide additional structural informa-
tion. However, for smaller amounts, the selection of a particular MS technique
depends on a number of factors: the sensitivity of the technique, the level of
identification required, the form of the DNA, the requisite sample processing,
and the complexity of a mixture of components. Because of the low level of



124 Chapter 3

[AH,}*
100- 373.0
g
[7]
c
1}
£
[}
2
]
&

330.0
M+H]*

10e 208 300 490 500 600

m/z

Figure 3.19. CZE-MS analysis using a flow-fast atom bombardment interface and the first stage
of a triple quadrupole MS. The spectrum resulted from the positive-ion full-scan analysis of 1.3 ng
of the dG(C8)acetylaminofluorene nucleoside adduct (structure given in Fig. 3.15). Modified from
Ref. 106; used with permission.

modification present in many biological samples, primary significance must be
placed on sensitivity. Sensitivity encompasses not only how much material
(measured in, e.g., picograms) is required for a particular MS analysis, but also
what portion of the total sample is analyzed, wasted, or recoverable. The
potential for multiple analyses with one sample loading must also be con-
sidered. For most techniques (e.g., probe analyses or coupled GC- or LC-)
10-20% of the sample can be utilized per analysis.

The degree and type of information required may impart further con-
straints to the selection of a MS methodology. For example, AMS would suffice
in dosimetry experiments, where the nature of the modification has already
been established, and only a determination of the extent of modification is
required. In fact, AMS can detect lower levels of modification than any non-MS
technique. If further specificity is required, then other MS techniques offer
more identification power, based on high resolution, fragmentation, and de-
termination of the molecular species. High-resolution MS often permits the
elimination of alterative structural possibilities. Degree of fragmentation is
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strongly dependent on the ionization mode and can be augmented by chemical
derivatization (e.g., TMS derivatization). EI generally gives more fragmenta-
tion, whereas CI, FD, and PD tend to produce few fragments. The other modes
generally yield intermediate amounts of fragmentation. The ease of identifica-
tion of the molecular species is often inversely proportional to the degree of
fragmentation and thus is subject to many of the same ionization considerations
mentioned above. Some forms of derivatization (e.g., PFB derivatization)
greatly augment the abundance of the molecular ion or another specific ion.
CID with MS/MS can help induce and control the amount of fragmentation and
determine the relationships among the observed fragments. Thus, MS/MS aids
greatly in the identification process, as well as lending considerable ability to
discriminate among components present in a mixture. None of these ap-
proaches to greater identification power should be lightly discarded if un-
knowns are subject to investigation. The combined GC (with TMS derivatiza-
tion), CZE, and HPLC techniques offer LODs in the mid-picogram,
high-picogram and low-nanogram ranges, respectively, when full-scan data are
collected. LD offers mid- to high-picogram LODs, whereas AMS and GC-MS
with PFB derivatization promise low-femtogram LODs. SIM and MS/MS
techniques can give LODs two orders of magnitude better than those for
full-scan acquisition. However, the utilization of these techniques, except for
CNL MS/MS analyses, requires a priori knowledge of the nature of the
modifications. These LODs were not always obtained for modified DNA from
biological matrices. Thus, the matrix interferences have not always been as-
sessed.

The selection of an MS technique involves a further practical considera-
tion, which deals with the actual handling and preparation of the minute
quantities of sample destined for a specific MS analysis. This sample “pro-
cessing” can be quite moderate or very rigorous, depending on the chosen MS
technique, the form of the DNA, and the level of adduction. In general,
techniques are more problematic when they require more off-line separation,
hydrolysis to a smaller form of the DNA, lower levels of modification, or
derivatization. The DNA may be required to be of a particular form (bases,
oligonucleotides, etc.). For example, genome-specific details may be available
only when oligonucleotides are subjected to MS analysis, although specific
nucleases and molecular-biology techniques might obviate even this require-
ment. Similarly, when adducts are cleaved from their bases prior to analysis,
there follows a necessary loss of site-specific information and of some assur-
ance that the source of the adduct was truly DNA, not RNA or proteins. AMS
is also subject to this latter limitation.

The more challenging MS identification problems are confronted when a
complex mixture of unknown adducts is contained in a biological matrix. In
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addition to requisite sample-preparation steps, this situation requires that many
different components be resolved from one another and identified. MS/MS
techniques alone are probably not sufficient to accomplish this separation.
Off-line separation schemes necessitate additional collection of fractions and
subsequent tedious multiple analyses. These factors in part explain the gener-
ally perceived trend toward on-line couplings of MS and MS/MS with an
additional separation scheme. Such couplings are not compatible with many
MS techniques such as FD, LD, and PD. However, GC-MS has long functioned
as a convenient way to accomplish such a separation. Unfortunately, few if any
bases, nucleosides, nucleotides, and certainly oligonucleotides have the pre-
requisite volatility, thermal stability, and low polarity to be compatible with the
GC process, unless the sample is first derivatized. Derivatization does offer
advantages in these and other areas, but incurs other debts with respect to
sample processing and data reduction. Nevertheless, GC techniques are power-
ful and rightfully used for many research applications.

HPLC and CZE are the two other promising separation schemes that have
been coupled with MS for DNA modification research (although supercritical
fluid chromatography may also merit future attention). Numerous interfaces
have been applied to the research of modified DNA, as discussed in this
chapter. Notably, these separation technologies can accommodate many dif-
ferent forms of DNA without prior derivatization. A more powerful methodol-
ogy is promised when capillary HPLC or CZE separations are coupled on-line
to MS/MS, which can remove, or at least minimize, interferences or other
chemical noise associated with the sample. Ultimately, the selection of an MS
method should be guided by the overall goals of the research project. The
current MS methods have just begun to approach the levels and expectations
of environmental and biological scientists. However, as the MS instrumentation
and data-handling techniques continue to evolve, new systems of higher sen-
sitivity (e.g., ion traps) are likely to mature. The techniques and integrated
methodology for sample handling, trace-level separations, and use with
MS/MS will similarly continue to be improved. Combinations of these devel-
opments will undoubtedly allow applications of MS techniques to identify and
quantify DNA modifications in complex environmental and biological sam-
ples.
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the Characterization of
Variant Hemoglobins
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1. INTRODUCTION

About 150 million people throughout the world carry abnormal hemoglobins,
with consequences ranging from trivial to lethal. More than one in 800 people
have hemoglobins that differ from normal by amino acid substitutions, globin
chain elongations, contractions, and fusions. In determining this incidence, the
most common ones—variants Hb S, Hb E, and Hb C—were not included (1).

Human hemoglobin (Hb) is a tetramer of two o chains (141 amino acids)
and two non-a chains, f, §, or y (146 amino acids), each of them associated
with a prosthetic heme group. Fetal and adult hemoglobin types are both built
of a chains (coded by two gene copies on chromosome 16) and different non-a
chains: Sy and #y in fetal Hb F, § in adult Hb A, and § in Hb A, (a minor
component (2%) of adult hemoglobin. All non-a globin chains are coded by
single-copy genes forming a B-type globin gene cluster on chromosome 11 (1).

Almost 600 globin variants of known structure have been described so far,
and presumably many more remain undetected. Hemoglobin variants with
amino acid substitutions in the protein chain generally arise as a consequence
of single-base substitutions within globin-coding gene loci. Considering the a
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and P chains alone, 2583 single-base substitutions are possible, but of these,
only 1690 would result in amino acid replacement (1). About 33% of these
variants have been characterized to date, but many others are yet to be identified
in blood; a proportion of the possible amino acid substitutions may never be
found because they may be incompatible with life. Hemoglobins with more
than one point mutation in the same polypeptide chain are very uncommon and
are likely to be derived from common variants. Seven hemoglobins that contain
sickle cell mutation (B6Glu—>Val) accompanied by another amino acid sub-
stitution have been described to date. However, more unusual combinations
have also been encountered, and some of them include electrophoretically
silent amino acid substitutions that have not been previously found as single
mutation site variants (Hb Grenoble, Poissy, and Masuda). Apart from single-
base mutations, there are other types of gene alterations (frameshifts, deletions,
extensions, and nonhomologous crossing-over) that lead to hemoglobinopathy
by producing a globin of variant sequence. Many of these mutants are present
in peripheral circulation in relatively low abundance due to their low expression
or impaired stability. In extreme cases, the amount of variant globins in blood
is so low that phenotypically the condition is equivalent to thalassemia.* Those
thalassemic and hyperunstable globins have to be characterized on the DNA
level.

Although many known variants are not associated with any apparent
clinical manifestations, the severity of the conditions produced by the clinically
relevant variants, especially when present in the homozygous state (e.g., sickle
cell hemoglobin, Hb S/S), or in compound heterozygosity with either noncom-
patible counterparts (e.g., Hb S/C, Hb S/D-Los Angeles, and Hb S/O-Arab) or
thalassemia (e.g., Hb E/p thalassemia), justifies the growing interest in variant
hemoglobin detection and identification.

A comment should be made on the nomenclature introduced above, which
can be confusing. In the earliest studies, new hemoglobins identified by altered
electrophoretic properties were given single initial names, e.g., S or C, but it
was soon recognized that not only was the alphabet about to run out, but many
of the hemoglobins so named in fact contained globin chains with different
structure. Thus, compound names evolved, e.g., D-Los Angeles, but most
recently the prefix letters have been dropped and the name given usually is that
of a place, region, or institution. A comprehensive review of variant hemoglo-
bins is given by Bunn and Forget (1), and a list of all variants is annually
updated by the International Hemoglobin Information Center and published in
Hemoglobin.

*The thalassemias constitute a heterogeneous group of naturally occurring inherited mutations
characterized by abnormal globin gene function resulting in total absence or quantitative reduction
of o and B globin chain synthesis in human erythroid cells (1).
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Techniques routinely used nowadays to screen for abnormal hemoglobins
are based on a difference in net charge between normal and variant protein:
cellulose acetate electrophoresis (2), citrate agar electrophoresis (3), isoelectric
focusing (4), and the recently adopted rapid-ion exchange HPLC (5). Charge-
based detection of new variants is becoming increasingly difficult because only
575 of the 1690 possible a- or f-chain variants have amino acid replacements
likely to result in a change of net charge large enough to be detected by routine
techniques, and about 80% of these have already been identified. So, even
restricting consideration to the a and P chains, more than 1000 possible
variants will have essentially similar electrophoretic properties. An obvious
need for more sensitive and more versatile methods for variant hemoglobin
detection has been met by use of globin gel electrophoresis (6), isoelectric
focusing in immobilized narrow pH gradients in nondenaturing (7,8) and
denaturing conditions (9), reversed-phase HPLC (10), and electrospray mass
spectrometry (11). However, more technological development is required be-
fore these methods can be offered to hemoglobinopathy laboratories on a
routine basis.

When an unknown variant is found, attempts at isolation and characteriza-
tion are made. To localize and characterize the mutation, it is invariably
necessary to cleave the individual protein chains to provide fragments small
enough to have their amino acid composition readily determined or to be
sequenced. Proteolysis by trypsin, the most common technique, was used for
characterization of the first variant, Hb S, in 1956 (12,13). Trypsin cleaves at
the carboxyl side of the basic amino acids, arginine and lysine, so 15 f chain
fragments (fT-1-BT-15), 14 a-chain fragments (aT-1-aT-14), 16 y-chain
fragments (YT-1-yT-16), and 16 & fragments (8T-1-8T-16) can theoretically be
expected (see Fig. 4.11 and 4.12).

Although trypsin is the most common proteolytic agent used, other en-
zymatic and chemical methods have also been used as secondary techniques in
variant hemoglobin identification, often to further reduce the size of tryptic
fragments. Endoproteinase Glu-C (EC 3.4.21.19) from Staphylococcus aureus
V8 (SV-8), for example, cleaves peptides at the carboxylic acid side of glu-
tamyl residues; a-chymotrypsin (EC 3.4.21.1) cleaves peptides at the carboxyl
side of tryptophan, tyrosine, phenylalanine, leucine, and methionine residues;
and CNBr attacks the peptide bond C-terminal of methionine residues.

In initial studies, the separation of tryptic peptides was achieved by
two-dimensional paper chromatography combined with paper electrophoresis,
so that in the preparative mode, abnormal peptides could be isolated for
sequencing (12,13). Later, ion-exchange chromatography as described by
Schroeder et al. (14) proved a useful interim method for preparative separation
of tryptic peptides, but it was the introduction of HPLC (utilizing reversed-
phase columns) to this field in 1979 that provided the universal method that
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continues to this day (15). The elution pattern produced by reversed-phase
HPLC for tryptic peptides of globin chains has become so well known and
consistent in variant characterization that usually only one or two peptides with
unusual HPLC mobility require identification. Until 1981, when mass spec-
trometry was introduced to the field (16), variant tryptic peptides could be
characterized only by determining their amino acid composition and sequence.

2. MASS SPECTROMETRY IN HEMOGLOBIN ANALYSIS:
A CHRONOLOGY

Most possible single-nucleotide mutations in coding triplets give rise to
amino acid changes that are reflected in changes in the molecular weight of the
proteolytic fragments. A table can be constructed of mass changes that result
from such amino acid replacements (Table 4.1). In addition to mass differences
in proteolytic peptides caused by amino acid replacement, specific substitutions
or deletions (for instance lysine or arginine in the case of tryptic digestion) also
affect molecular mass through the creation of peptides of abnormal length
during proteolytic digestion. Because most variants have altered molecular
weights (M), a technique such as mass spectrometry, which can readily mea-
sure mass differences, is ideally suited for analysis of proteolytic fragments.

In 1981, Matsuo, Wada, and co-workers first used this technique for
hemoglobin analysis using field desorption (FD) (16). In that initial research,
they produced spectra of nonseparated tryptic peptides from normal o, B, v, and
d chains and recorded molecular cations representing many of these peptides.
They readily demonstrated the m/z 952 — m/z 922 shift for the MH* peptide
BT-1 of sickle-cell hemoglobin reflective of the 30-Da decrease caused by
replacement of glutamic acid by valine at the sixth position of the p-globin
chain. That research was the first demonstration of variant identification by
mass spectrometry, albeit the most common one. It is fortunate that these early
studies coincided with the introduction of the successful fast atom bombard-
ment (FAB) technique for mass spectrometric peptide analysis because it is
unlikely that the difficult FD method would have been widely used for clinical
variant hemoglobin analysis. In the early 1980s, the Osaka group had the field
to themselves and soon published the characterization of a new hemoglobin,
subsequently called Hb Meilahti (836 Pro—Thr), primarily by using the FAB
technique (17). Use of the allied desorption method liquid secondary ion mass
spectrometry (LSIMS) with a Csl source for hemoglobin characterization was
first reported by them in 1983 (18). Hayashi and co-workers used mass spec-
trometry as part of a neonatal screening program in Osaka Prefecture (19). Five
different y-chain variants were detected among 140,000 newborns, one of
which (Hb F-Yamaguchi) was found in 40 cases. These five variants all had
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Table 4.1
Mass Differences between Amino Acid Residues Alterable
through a Single-Nucleotide Mutation

Nominal Nominal Nominal
mass mass mass
difference  Amino acid difference  Amino acid difference  Amino acid
(Da) change (Da) change (Da) change
0 Ile—~Leu 18 Leu—Met 42 Gly—Val
GIn—Lys Ile—~Met 43 Leu—Arg
1 Lys—Glu 19 His—Arg lle—Arg
Ile—=Asn 22 Asp—His 44 Ala~—Asp
Asn—Asp 23 Asn—His Cys—Phe
GIn—Glu 24 Leu—His 46 Gly—Cys
3 Lys—Met 25 Met—Asn 48 Val—Phe
4 Pro—Thr 26 His—Tyr Asp—Tyr
9 Gln—His Ala—Pro 49 Asn—Tyr
10 Ser—Pro Ser—Leu 53 Cys—Arg
12 Thr—lle 27 Ser—>Asp 55 Thr—Arg
Thr—Leu Thr—Lys 58 Gly->Asp
13 Thr—>Asn 28 Lys—Arg Ala—Glu
14 Gly—Ala Ala—Val 59 Pro—Arg
Ser—Thr Gln—Arg 60 Ser—Phe
Val—Leu 30 Val—Glu Cys—Tyr
Asp—Glu Arg—Trp 69 Ser—Arg
Asn—Lys Thr—Met 72 Gly—=Glu
15 Leu—Gln Gly—Ser 73 Leu—Trp
Ile—~Lys Ala—Thr 76 Ser—Tyr
16 Val—=Asp 31 Pro—Gln 83 Cys—Trp
Ser—Cys 32 Val—Met 99 Ser—Trp
Ala—Ser 34 Leu—Phe Gly—Arg
Phe—Tyr Ile—Phe 129 Gly—Trp
Pro—Leu 40 Pro—His

mutations resulting in a change of net charge and, because the primary screen-
ing technique used involved the isoelectric focusing (IEF) of globins, it was not
surprising that no new hemoglobins with the neutral amino acid substitutions
were detected. It is to be anticipated that many more variant hemoglobins
would be present in such a large sample of newborns.

The next research groups to enter the field were those of Pucci in Naples,
Rahbar in Duarte, California, and Castagnola in Rome. In 1985, Pucci and
co-workers (20) described the identification by a combination of FAB and
Edman degradation a variant in which lysine replaced glutamine at position 121
of B globin, thus creating a new site for tryptic cleavage. The variant had been
previously identified and was known as O-Arab. In this study, the abnormal §
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chain was purified by CM-52 cellulose ion-exchange chromatography, and no
isolation of individual peptides was performed. Rahbar et al. (21) made a
comprehensive study using HPLC for separation of both - and f-globin chains
and tryptic digests, finalizing the identification by FAB MS. They characterized
four a-chain and six B-chain variants.

Castagnola et al. (9,22) characterized two known variants, Hb D-Los
Angeles and Hb J-Sardegna, using FAB analysis of reversed-phase HPLC
purified abnormal peptides combined with a limited acid hydrolysis. They later
emphasized the use of mass spectrometry in addition to sophisticated electro-
phoretic methods for the characterization of variants that were “silent” in
routine electrophoretic techniques (9). Their key to finding such variants was
the use of second-generation isoelectric focusing procedures, i.e., immobilized
pH gradients (IPGs), which have greater resolving power than do standard
techniques. Having shown the presence of a variant, these workers character-
ized the hemoglobin by proteolysis of a mixture of globin chains and FAB MS.

Another important group that started to use mass spectrometry in the late
1980s was that of Promé and co-workers in Toulouse. They discussed opti-
mization of MS and tandem MS techniques for characterization of hemoglobin
tryptic fragments (23) and demonstrated the use of a collisionally activated
dissociation mass-analyzed ion kinetic energy (CAD-MIKE) analysis for se-
quencing the variant peptide in Hb Grenoble (24). This group has been par-
ticularly active in characterizing normal but minor hemoglobin fractions pro-
duced by posttranslational modifications such as glycerated hemoglobin (25)
and adult hemoglobin A,,, characterized as pyruvyl hemoglobin (26).

In 1989, the introduction of electrospray (ES) allowed for the first time the
measurement of the molecular masses of intact proteins (27,28). When applied
to the identification of variant hemoglobins, this technique was also the first use
of quadrupole instruments in this field; all previous studies had been carried out
on single and tandem magnetic sector mass spectrometers. The first publication
using ESMS for hemoglobin characterization was by Green et al. (11). In this
paper we demonstrated the analysis of normal adult and fetal hemoglobin and
several hemoglobin variants. It was shown that, in most cases, globin mixtures
could be satisfactorily analyzed, although separation of the fetal globins Sy (M,
15,995) and 4y (M, 16,009) was marginal. Poor resolution was caused by peak
broadening due to the presence of several major isotopic species for each globin
species. This study demonstrated the high accuracy of molecular mass deter-
mination that was achievable. Measurement of the molecular mass of normal
B globin gave a value of 15,866.6 = 0.3 Da for three determinations, an
accuracy greater than 0.01% (Table 4.2). Green et al. (11) also utilized FAB on
a quadrupole instrument for the identification of Hb G-Philadelphia and tandem
mass spectrometry (MS/MS) on a magnetic sector instrument for the sequen-
cing of tryptic peptides produced from variant hemoglobins. The Kratos Con-
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Table 4.2
Molecular Weights Measured in Electrospray ESMS and
Expected Molecular Weights of Globin Chains

Globin Measured Expected Error

assignment MW (Da) MW (Da) (Da) n
a 15,1257 £ 0.7 15,126.4 -0.7 3
Glycated o 15,288.0 £ 0.2 15,288.5 -0.5 2
pA 15,866.5 + 0.3 15,867.2 -0.7 3
Glycated p* 16,028.5 + 0.7 16,029.4 -09 2
G, 15,9958 £ 0.6 15,995.3 +0.5 3
Ag 16,009.6 16,009.3 +0.3 1
5] 15,8382 + 0.5 15,837.2 +1.0 3

cept instrument (with an array detector) gave unambiguous product ion spectra,
confirming the amino acid sequence. Through use of the ESMS, FAB, and
MS/MS instruments, hemoglobins D-Iran, G-Philadelphia, and Lepore Wash-
ington—Boston were characterized; we believe that this study was the first time
a Lepore-type hemoglobin had been identified by mass spectrometry. Hem-
oglobin Lepore is a class of structurally abnormal hemoglobins composed of
normal o chains and abnormal non-a chains, the latter being hybrid proteins
that contain the N-terminal sequence of the & globin and the C-terminal se-
quence of the B globin. Different types of Lepore are known, depending on
where the fusion between O and f sequences occurs. De Caterina et al. (29)
have recently published an identification of Lepore-type hemoglobins (Lepore-
Boston and Lepore-Baltimore) by ESMS of the intact globins and LSIMS mass
spectrometry of tryptic peptides. Electrospray MS was also used in the char-
acterization of Hb Thionville by Vasseur et al. (30). This novel a-chain variant
has glutamate substituted for valine at the al position and an acetylated
methionine N-terminus.

We recently utilized ESMS and MS/MS in a study that illustrates several
important features of hemoglobin variant characterization:

1. the clinical importance of these studies,

2. mass spectrometry in the detection of electrophoretically silent muta-

tions,

the limits of resolution of ESMS for separation of globin mixtures, and

4. distinguishing between two possible mutations in the same peptide by
a four-sector array detector instrument (31).

w

We were alerted to a problem when a patient with sickle cell disease gave an
electrophoretic pattern indicative only of sickle cell trait, a heterozygous con-
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dition normally without clinical symptoms. It thus seemed probable that what
we assumed was normal Hb A by electrophoresis was in fact a “silent” mutant.
When we analyzed hemolysates of the patient and her mother by ESMS, we
obtained the transformed spectra illustrated in Fig. 4.1. It was immediately
evident that, in addition to BS, an additional variant was present of molecular
mass 15,879 Da, 12 Da more than expected for the normal § chain (Fig. 4.1).
Following S-aminoethylation, tryptic digestion, and HPLC analysis, it was
shown that the S-aminoethylated BT-10 had altered mobility and had increased
in mass by 12 Da, indicating substitution of Thr—Leu or Ile (Table 1). Given
the threonine codons used in this region of § globin, only a Thr—Ile conversion
could occur (assuming a single base mutation), but the problem was com-
plicated by BT-10 having two threonine residues. Sequencing the BT-10 pep-
tide by MS/MS was described in detail in the publication of Falick et al. (32),
which proved that it was the P87 threonine that had been replaced. The
abnormal hemoglobin was named Hb Quebec-Chori after the Canadian prov-
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Figure 4.1.  Electrospray mass spectrum (transformed) of hemolysates of a patient with a com-
pound heterozygosity for Hb-S and Hb Quebec-Chori (top) and of her mother (bottom). Illustrated
are peaks for normal a chain (15,126 Da), pS chain (15,837 Da), the variant Hb Quebec-Chori
(15,879 Da), and normal B* (15,867 Da). This figure was reprinted from Witkowska et al. (31),
by permission of the New England Journal of Medicine 325:1150, 1991.
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ince where the patient lived and the Children’s Hospital Oakland Research
Institute, where the characterization was achieved. Analysis of the heterozygote
mother by ESMS (Fig. 4.1) illustrates well the “maximum” resolution of the
technique. The mass differential of 12 Da between normal § and [Quebec-Chorig].
lows only partial separation of the two compounds.

The successful conclusion of the Hb Quebec-Chori story illustrates the
importance of hemoglobin variant identification and the role that mass spec-
trometry can play. From researchers in the field, there are many ancedotal
descriptions of symptomatic sickle cell trait patients. In many cases, a second
but unfound variant may be present containing a silent mutation, and only by
exhaustive studies using the sophisticated methodologies described here will
these disorders be satisfactorily interpreted.

Ferranti and co-workers (33) principally utilizing ESMS, have also re-
cently characterized a silent variant. This variant was found during screening
for hemoglobinopathies on Sardinia. It was an a-chain variant, so this chain
was isolated and digested by trypsin. A major difficulty in analysis was due to
the fact that the mutation was in aT-9, one of the largest a-chain peptides
obtained by tryptic digestion and representing amino acids 62-90. The mass of
the peptide had increased from 2995 to 3023 Da, indicating that only the amino
acid changes Ala—Val, Lys—Arg, and Gin—Arg could have occurred. The
oT-9 peptide does not contain glutamine, so the Gln—Arg conversion could be
excluded. However, this peptide contains seven alanines available for conver-
sion to valine, and the lysine 90 could have been changed to an arginine.
Secondary hydrolysis with CNBr was used to cleave the peptide bond C-
terminal to the methionine at position 76. This time, the anomalous peptide (as
determined by FAB-MS) contained amino acids 62-76, but even this peptide
still contained four alanines (at position 63, 65, 69, and 71), each of which
could be replaced by a valine. Secondary hydrolysis of aT-9 (residues 62-90)
with pepsin showed the presence of an anomalous peptide of mass 1209 Da,
which was 28 Da more than peptide 70-80, thus proving that this peptide
contains the mutation. Because this peptide has only one alanine (at position
71), the position of the mutation was confirmed. This identification is a text-
book example of the use of sequential and selective proteolytic methods for
narrowing down the mutation site. The mass of the primary tryptic digestion
product (3023 Da) was too high for MS/MS sequencing, but had this technique
been available, confirmatory sequencing could probably have been achieved
after the CNBr hydrolysis through sequencing of the 62-76 peptide rather than
by employing the third digestion with pepsin. This new hemoglobin was called
Hb Ozieri (a71 Ala—>Val).

Covey and co-workers (34,35) showed that ESMS was a viable technique
for sequencing tryptic peptides of hemoglobin in addition to its more obvious
use in intact protein analysis. In an early study, they demonstrated that these
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peptides tend to give, principally, doubly charged ions (Fig. 4.2), and when
subjected to CID in triple quadrupole instruments, fragmented mostly to y-
mode product ions. It is evident that, of all mass spectrometric techniques,
ESMS shows the most promise for semi-routine and cost-effective hemoglobin
analysis, particularly when it is combined with HPLC in a single HPLC/MS
instrument. Molecular masses of on-line HPLC-separated globin chains as well
as tryptic peptides have been determined this way (36). The limitations of
ESMS in sequencing principally relate to the mass accuracy achievable because
we have not been confident in confirming masses of product ions to greater than
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Figure 4.2. The original example of microbore HPLC-MS/MS used for the characterization of a
hemoglobin tryptic peptide. The upper panel is the HPLC TIC chromatogram; the middie panel,
the spectrum of BT-14, showing the dominant doubly charged molecular jon; and the bottom panel,
the MS/MS spectrum, illustrating the sequence information obtained through production of y-mode
and b-mode ijons. Reproduced with permission of the American Society of Mass Spectrometry,
from Covey et al (34).
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* 1-amu accuracy, leaving some ambiguity in the sequence determined. At the
present time, MS/MS on a sector instrument is still the only foolproof method
of mass spectrometric sequencing. Details of our success with this technique
have been described in the publications by Falick et al. (32,37).

Roepstorff and co-workers (38-40) have utilized plasma desorption
(PD)/time of flight (TOF) instruments for analysis of proteolytic fragments.
Optimized conditions for S. aureus V8 digestion of B globin with PDTOF gave
a peptide map covering 100% of the protein structure in a single experiment
(39,40). The mass measurement accuracy of PDTOF is inferior to that of
LSIMS or ESMS; it is equivalent to 0.05% for peptides in the 300-2000 mass
range, so the PDTOF technique is unlikely to be widely used.

The structure of recombinant hemoglobins has also been studied with the
aid of mass spectrometry. We applied ESMS and LSIMS to the characterization
of hemoglobins assembled in transgenic mice carrying human o and pS-Amilles-
genes (41), and the Japanese group used FAB to check the structure of recom-
binant artificial mutants of o and B globins expressed in E. coli (42,43).
Recently, Coghlan et al. took advantage of ESMS to confirm the fidelity of
expression of normal human hemoglobin in Saccharomyces cerevisiae (44).

We conclude this section with Table 4.3, summarizing the hemoglobin
variants that have been characterized using mass spectrometry in our laboratory
or by other workers. More than 10% of known hemoglobin variants have now
been additionally characterized by mass spectrometry, although only 12 new
variants have been identified exclusively by this technique. It is obvious,
however, that this number will increase with an accelerating identification of
electrophoretically silent variants. A more comprehensive review of mass
spectrometry in hemoglobin characterization has been published by Wada et al.
(45), and Oliver and Green (46) have reviewed the use of ESMS in this field.

3. CURRENT STRATEGIES AND METHODS

3.1. Mass Spectrometry of Intact Hemoglobin
3.1.1. Quadrupole ESMS

Electrospray mass spectrometry of hemoglobin gives rise to a series of
molecular ions of different charge states (11). Because the maximum number
of charges corresponds approximately to the number of basic residues, the
maximum charge state obtained is 24+ for the B chain (3 arginine, .11 lysine,
9 histidine, and the amino terminus), although under common instrument
conditions the highest charge state seen is about 21 and lowest about 11 (Fig.
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Table 4.3
Hemoglobins Characterized by Mass Spectrometry
Mass
Hemoglobin Mutation differential (Da) Reference?
a-Chain variants
Thionville? al extension Ac-Met-Glu 173 30
J-Toronto a5 Ala—>Asp 44 21
1 al6 Lys—>Glu 1 S
Fort Worth a27 Glu—Gly =72 21
Torino 43 Phe—Val -48 9
Hasharon a47 Asp—His 22 39, S
Montgomery a48 Leu—Arg 43 S
J-Sardegna a50 His—Asp =22 22
Shimonoseki a54 Gln—Arg 28 45
M-Boston 58 His—Tyr 26 110
G-Waimonalo a64 Asp—~Asn -1 P
G-Philadelphia a68 Asn—Lys 14 11, P
Ube II a68 Asn—>Asp 1 111
Ozieri® a7l Ala—Val 28 33
Stanleyville II a78 Asn—>Lys 14 78
J-Broussais a90 Lys—~Asn -14 S
J-Cape Town 92 Arg—Gln -28 38
Setif 94 Asp—Tyr 48 21
Manitoba 102 Ser—Arg 69 S
Tarrant al26 Asp—~Asn -1 21
Chicago 136 Leu—=Met 18 112
Hanamaki al39 Lys—=Glu 1 R
B-Chain variants
South Florida® B1 extension Ac-Met-Met 205 113
Deer Lodge B2 His—Arg 19 S
S $6 Glu—Val -30 16,40,74,78
C B6 Glu—Lys -1 40,74,110
Siriraj B7 Glu—Lys -1 114
G-San Jose B7 Glu—Gly =72 37,78,84,115
J-Baltimore B16 Gly—>Asp 58 S
Olympia B20 Val—=Met 32 21
D-Iran B22 Glu—GlIn -1 11,37,112
G-Coushatta B22 Glu—~Ala -58 45,111
E B26 Glu—Lys -1 38,110
Volga p27 Ala~>Asp 44 S
Meilahti® $36 Pro—Thr 4 17,81
North Chicago® 36 Pro—Ser 10 58,8
Alabama B39 Gin—Lys 0 R
Hammersmith p42 Phe—>Ser -60 21
Louisville $42 Phe—Leu =34 M
Hoshida p43 Glu—Gln -1 111
Grenoble? B51 Pro—Ser -1 24,112

B52 Asp—~Asn
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Table 4.3. (Continued)

Mass
Hemoglobin Mutation differential (Da) Reference?
Willamette B51 Pro—Arg 59 37,78
J-Bangkok B56 Gly—Asp 58 S
Hikari f61 Lys—Asn -14 45
M-Saskatoon B63 His—Tyr 26 M, S
Bristol B67 Val—Asp 16 M
Great Lakes B68 Leu—His 24 21
City of Hope B69 Gly—Ser 30 21,116
Korle-Bu B73 Asp—~Asn -1 32
Aalborg® B74 Gly—Arg 99 117
J-Iran B877 His—Asp -22 112
Miyazano® B79 Asp—~Glu 14 m
Baylor p81 Leu—Arg 43 74
Providence B82 Lys—~Asn—>Asp ~14 (-13) 23,54,112
Quebec-Chori® 87 Thr—lle 12 31,32
D-Ibadan B87 Thr—Lys 27 118
Vanderbilt P89 Ser—Arg 69 S
M-Hyde Park $92 His—Tyr 26 84
Newcastle p92 His—Pro -40 M
Moriguchi 97 His—>Tyr 26 S
Koln $98 Val-—-Met 32 21,112, P, S
Kempsey B99 Asp—>Asn -1 P
Heathrow 103 Phe—Leu -34 119, S
Camperdown $104 Arg—Ser -69 40
San Diego B109 Val->Met 32 7
Indianapolis p112 Cys—Arg 53 65,86
New York $113 Val—Glu -30 S
Hafnia B116 His—GlIn 9 38
P-Galveston B117 His—Arg 19 36
Fannin-Lubock B119 Gly—Asp 58 S
Riyadh $120 Lys—Asn -14 120
O-Arab p121 Glu—Lys -1 20,65, S
D-Punjab p121 Glu—Gln -1 22,23,112
Ty Gard $124 Pro—Gln 31 38,112
Yamagata p132 Lys—>Asn -14 50
Hope B136 Gly—Asp 58 S,R
Andrew—Minneapolis 144 Lys—Asn 14 M
McKees Rocks p145 Tyr—Termination -300 21,24,112, S
Tak £146 frameshift 1299 S
y-Chain variants
F-Izumi (Kotobuki) Av6 Glu—Gly -2 18
F-Iwata Ay72 Gly—Arg 99 19
F-Yamaguchi AYT80 Asp—Asn -1 121

(continued)
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Table 4.3. (Continued)

Mass

Hemoglobin Mutation differential (Da) Reference?
y-Chain variants

F-Fuchu? 6y21 Glu—Gln -1 19

F-Minoo” Gy72 Gly—>Arg 99 121
8-Chain variants

A, Indonesia 869 Gly—Arg 99 45

A, Honai® 890 Glu—Val 30 45,122
Fusion hemoglobins

Lepore Baltimore 850...886 -45 29

Lepore Washington— 587...B116 -2 11,29

Boston
P-Nilotic p22...850 89 S

“Unpublished results from various laboratories are indicated by M (Molchanova et al.), P (Pucci et al.), R (Rahbar
et al.), and S (Shackleton er al.).
Indicates hemoglobin variant originally characterized with the aid of mass spectrometry.

4.3). In the molecular ion envelope formed by electrospray, adjacent peaks
differ by only one charge. Therefore, the charge state of each of those ions can
be easily calculated and hence the molecular mass of the species derived.
Averaging the results of multiple m/z measurements of differently charged
molecular ions contributes to the very high accuracy of ESMS. In early studies
using a prototype of the Fisons VG BioQ instrument, we demonstrated the
accuracy with which molecular masses could be determined for globin chains
by the electrospray technique. These results, shown in Table 4.2, illustrate an
error of less than 1 Da for, typically, three measurements. Data processing
methods were soon developed to transform the authentic spectra consisting of
a series of multiply charged ions to spectra representing the average molecular
mass of species on a molecular mass scale, facilitating interpretation (as in Fig.
4.1). In our studies, the best resolution obtained between two globins is 12 Da,
as demonstrated in the spectrum of the new hemoglobin Hb Quebec-Chori,
whose f chain differs from normal by this value (31). With this doublet, only
25% of baseline separation was achieved for the two proteins present in
approximately equal amounts. Nevertheless, the masses of the two 3 globins
can be measured accurately from the peak tops. This separation is close to the
minimum that can be practically analyzed without resorting to mathematical
deconvolution.

In the transformed spectra of globins produced by quadrupole ESMS
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Figure 4.3. Electrospray mass spectrum of the hemolysate of an adult. This nontransformed
spectrum shows multiply charged ions (from 11* to 21*) of a and B globin. The a13*, B14* region
has been expanded (inset) to illustrate the detection of the minor glycated hemoglobins. Repro-
duced with permission of the Elsevier Science Publishers BV, Academic Publishing Division, from
Green et al. (11).

instruments, each molecular ion peak represents a composite of the various
isotope species present, a composite that, in the absence of any broadening
from the instrument itself, would have a theoretical width at half height of 8 Da
(Fig. 4.4). It is this isotope effect that mainly limits the ability to separate two
globins close together in mass. With state-of-the-art quadrupoles, the instru-
mental contribution is small for the globins and increases the isotopic width
only from 8 Da to a little less than 10 Da, giving rise to the practical limit,
without deconvolution, of 12 Da referred to above. Skilling and co-workers
(47) have shown that a marked improvement in apparent resolution can be
achieved by using the maximum entropy (MaxEnt®) software developed for the
VG Bio-Q instrument. The MaxEnt® program creates and repeatedly processes
a series of trial spectra and compares the results with the experimental data. The
trial spectrum that best agrees with the data—i.e., that which is most prob-
able—is presented as the final MaxEnt® spectrum. By also incorporating the
isotopic and instrumental broadenings into the program, MaxEnt® is able to
deconvolute those factors from the data, thus enhancing the resolution observed
in the final spectrum. When this technique is used, the BQubecChor pegk js
baseline-resolved from normal B (Fig. 4.5). The 9-Da differential between
pHafris and normal B is almost baseline resolved, but the limit is approached at
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Figure 4.4. 'The limits of MS resolution of B globins. This figure, produced by Brian Green and
colleagues (personal communication), shows the theoretical isotope distribution of normal § globin
and pQuebec-Cheri (ypper panel), normal B and Hi2 (middle panel), and normal B and a variant of
6 Da greater M, (lower panel). The vertical lines represent the isotopic intensities of the doublets
as a whole, assuming no mass-spectrometric peak broadening. These examples illustrate the futility
of expecting higher-resolution instrumentation to significantly improve the ability to resolve and
measure the masses of two globins of closely related mass. However, computer deconvolution
techniques (such as MaxEnt®) can greatly aid their resolution. It is of note that peak tops of globins
of mass differential 9 Da (middle panel) are slightly pulled together (by about 1 Da). Problems in
variant hemoglobin mass determination caused by this apparent convergence were noted in Ref.
78.

6 Da, as demonstrated by the 50%-to-baseline separation noted for the sheep
and cow a-globin doublet (15,047 and 15,053 Da, respectively).

Using this type of instrumentation, it is clear that chromatographic or
electrophoretic separation will remain essential in some cases for determining
the molecular masses of closely mass-related proteins in mixtures.

Method. Hemolysates were prepared from blood by washing erythrocytes
three times with normal saline, lysing packed red cells with 1-2 volumes of
water, and removing stroma by centrifugation at 16,000 g. Globins were de-
hemed by treating 10~20 ul of hemolysates with 1.5 ml cold acetone/0.7% HCl,
without mercaptoethanol (48). Precipitated protein was washed three times
with cold acetone and dried at room temperature.
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Figure 4.5. Improved apparent electrospray mass-spectral resolution through employment of the
MaxEnt® program (47). In each set of panels, the upper panel contains the transformed data and
the lower panel contains the data obtained by MaxEnt® processing. In the left-hand panel, baseline
resolution of Quebec-Chori § globin and normal B (12 Da apart) is illustrated, although under
normal conditions, these two are only slightly resolved. In the middle panel, the unresolved doublet
normal B/BH2™2 (9 Da apart) is almost fully separated when the MaxEnt® program is used. In the
right-hand panel, bovine and ovine o globins (6 Da apart) can be partially resolved and mass
measured with MaxEnt®. Thus, 6 Da appears to be close to the maximum attainable resolution for
proteins of this molecular mass. These spectra were obtained by B. Green of the Fisons VG Biotech
Company, who granted permission for their reproduction.

Our mass spectrometry studies are carried out on a VG BioQ mass spec-
trometer with an ES ion source (VG BioTech/Fisons, Altrincham, England). A
blood hemolysate taken up in 50% methanol:1% acetic acid is passed directly
into the ion source at 3 ul/min. The mass spectrometer is scanned from m/z 970
to 1420 in 10 sec. For mass scale calibration, horse heart myoglobin (16,951
Da) is used, though a globin (15,126.4 Da) can alternatively serve as a useful
internal calibrant in most cases (36).

3.1.2. Magnetic Sector Mass Spectrometers

Recently, Larsen and McEwen (49) suggested advantages in resolution
and mass accuracy when ESMS is carried out on double-focusing mass spec-
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trometers. In theory, these advantages could be important when variant hem-
oglobins are being analyzed because globins of close molecular mass can be
more easily distinguished in mixtures and more trust could be placed in the
molecular mass determination of individual globins or tryptic peptides that
differ by 1 Da. When Wada and co-workers (50) used ES magnetic sector mass
spectrometry for analyzing Hb Yamagata, a B-chain variant with a 14-Da
differential from normal, the separation was comparable to that achieved with
quadrupoles. At an instrumental resolution of 2000, they were able to obtain
50% of baseline separation, equivalent to our 25% of baseline separation for Hb
Quebec-Chori, which has a 12-amu differential from normal. In fact, although
the isotope distribution of the molecular ion envelope of globins dictates a
minimum separation of about 10 Da before deconvolution becomes necessary
(Fig. 4.4), little improvement can be expected from magnetic sector instru-
ments. Even with an instrument resolution of 16,000, some form of deconvolu-
tion would be necessary to determine the masses of the components of a
doublet of less than about 9 Da separation. However, it should be stressed that,
in practice, final resolution can be dramatically improved for both quadrupole
and magnetic sector instruments through use of MaxEnt® software (47).

Of interest in the contribution of Wada and co-workers (50) was the use
of the ES magnetic sector MS technique for measurement of the molecular
masses of cyanogen bromide a-chain peptides. This analysis was carried out at
a resolution of 5000, and CB1 and CB2 had masses of 3297.7 and 4757.3 Da,
respectively. Under the conditions of analysis, it was possible to resolve iso-
topic peaks in the mass spectrum of each molecular ion, as shown in Fig. 4.6.
Solely on the basis of those isotopic distributions, the assignment of molecular
ion charge state could be made. The superior resolution of magnetic sector mass
spectrometers might prove extremely useful when sequencing large peptides or
intact proteins by collisionally induced dissociation in the ion source (51).

3.2. Separation of Intact Hemoglobins

Cation- and anion-exchange chromatography were both used for separa-
tion of normal components of hemolysates and isolation of abnormal hem-
oglobins. Huisman and Wilson (52) discussed correlations between the site of
mutation and the mobility of variant hemoglobins in cation-exchange HPLC.
We have employed cation-exchange HPLC according to Wilson (53) on either
analytical (Synchropak CM 300, SynChrom, Inc., Lafayette, IN) or semipre-
parative TSK CM-5 PW (Toyo Soda Manufacturing Co., Ltd., Tokyo, Japan)
columns for isolation and further characterization (by reversed-phase HPLC,
Triton urea gel electrophoresis, and mass spectrometry) of hybrid hemoglobins
produced in transgenic mice expressing human o and BS-Aillesglobins (41).
Wada et al. (54) used DEAE-52 (Whatman Scientific Ltd., Kent, England)
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Figure 4.6. Electrospray mass spectra obtained on a magnetic sector instrument. ES mass spectra
of cyanogen bromide peptides CB1 and CB2 of hemoglobin a chain at a resolution of 5000: (a)
quadruply charged CB1 and (b) sextuply charged CB2. The insets to the right represent theoretical
isotope distributions at the same resolution. Reproduced with permission of John Wiley and Sons,
Ltd., from Wada et al. (50).

chromatography according to Abraham and co-workers’ method (55) for iso-
lation of Hb Providence variants, prior to globin-chain separation and LSIMS
of tryptic fragments using a grand-scale double-focusing mass spectrometer
constructed at Osaka University. Fast protein liquid chromatography (FPLC,
with apparatus from Pharmacia, Sweden) was used by Pucci and co-workers for
intact hemoglobin isolation (29). The method was applied for the separation of
Lepore hemoglobins, as is illustrated in Fig. 4.7.

Although they are not strictly associated with variant hemoglobin
identification, mention should be made of the problems of isolating the minor
hemoglobin fractions (Hb A,., Hb A,;, and Hby), which are present in blood at
very low levels (e.g., HbA ;<0.5%). Promé and co-workers (25, 26) used a
combination of ion-exchange methods including Bio-Rex 70 chromatography
(56) for separating minor components from Hb A, DEAE 52 chromatography
(55) for separating Hby (glycerated hemoglobin) from Hb A, (glycated hem-
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oglobin), and an Amberlite CG-50 column for purification of the Bio-Rex
70-isolated Hb A, (pyruvylated hemoglobin) (26).

Electrophoresis [cellulose acetate of pH 8.4 (2)] and isoelectric focusing
[IEF, (4)] are part of the routine repertoire of a hemoglobinopathy laboratory.
Due to the relative ease of their use, they carry the potential of becoming fast
methods of preparative isolation of hemoglobin variants. Isoelectric focusing in
immobilized pH gradients (IPG) offers high resolution (ApI 0.01) and high
material capacity (57). It was first applied for isolation of variant hemoglobins
by Rochette et al. (7) and Rahbar et al. (58) for preparative separations of Hb
San Diego (8105 Val—=Met) and Hb North Chicago (36 Pro—Ser), respec-
tively, using a narrow pH gradient of 7.1-7.5. Proteins were recovered by
electrophoretic transfer to hydroxyapatite beds, from which they were eluted by
multiple washings with phosphate buffer (59). Whitney et al. (8) used a similar
gel system for separation of genetic variants of mouse hemoglobins that differ
only by neutral amino acid substitutions. Pucci’s group recently used pre-
parative isoelectric focusing in an immobilized ultranarrow pH gradient for
separating Hb Ozieri (33). Isoelectric focusing was found to be necessary
because reversed-phase HPLC was unable to adequately resolve the variant
% and normal o chains. These researchers simplified protein recovery
procedure by eluting hemoglobin with water.

We have used cellulose acetate electrophoresis (pH 8.4) and routine
isoelectric focusing (mobile pH gradient) for variant hemoglobin separation
and preparative isolation. Cellulose acetate electrophoresis is the method of
choice for the preparative isolation of a hemoglobin variant whenever good

Abs 280 nm

0.05

Hb Lepore

10 20 30 40 t(min)

Figure4.7. Fast protein liquid chromatography (FPLC) of intact hemoglobins from a patient with
Lepore-type hemoglobin. This sample from an infant shows Hb Lepore, Hb A, and fetal hem-
oglobin. Reproduced with permission of the American Association for Clinical Chemistry, Inc.,
from De Caterina et al. (29).
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separation from other hemolysate components can be achieved. Depending on
circumstances, isolated hemoglobins are either subjected only to ESMS anal-
ysis for a final confirmation of their provisional identity or undergo full struc-
tural characterization. Normally, the amount of material isolated by a single
electrophoretic step is enough to accomplish full structural analysis, including
MS/MS sequencing, if required. Fig. 4.8 shows the example of an ES mass
spectrum of Hb H isolated by cellulose acetate electrophoresis. The presence
exclusively of § chains in this sample confirms the identity of Hb H and is
diagnostic for a-thalassemia. Mass spectrometric analysis of hemoglobins iso-
lated by isoelectric focusing allows for a rapid confirmation of the identity of
abnormal bands detected in routine screening. We have demonstrated the
feasibility of the method by performing ESMS of Hb A and Hb S isolated from
agarose isoelectric focusing gels. Even though full removal of ampholines was
not achieved in case of Hb S, the useful m/z range of over 950 Da is devoid of
any interference (compare transformed spectra of Hb A and Hb S, Fig. 4.8
insets). Occasionally, trifluoroethanol or its mixtures with 50% MeOH/1%
AcOH (1:1) were found to provide higher sensitivity in ESMS analysis of
gel-isolated hemoglobins. Hemoglobins are eluted from gels with water, am-

100 1058.9

6+ |

992 .7

14+ '

1134.5

Relative Abundance, %
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Figure 4.8. ESMS spectrum of Hb H extracted from an electrophoresis strip, multiply charged
species and (inset) transformed. This hemoglobin is a tetramer of four $-globin chains, and as
expected, no o globins (M, 15,126) were detected in the spectrum.
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Figure 4.9. ESMS spectra of Hb-A (top) and Hb-S (bottom) isolated from an isoelectric focusing
gel. The hemoglobins were separated from a patient with sickle cell trait (Hb-A/S); therefore,
normal hemoglobin was also present in the sample. No evidence of cross-contamination was seen,
illustrating the specificity of band elution. Transformation was performed within the m/z range
indicated by the arrows (9701420 Da) to give transformed spectra (insets).
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pholines present in IEF preparations are removed by ultrafiltration through an
Amicon Centricon 10, and if necessary hemoglobin solutions are concentrated
on a SpeedVac® centrifuge before ESMS analysis. This method allows for an
efficient recovery of major and minor components resolved by cellulose acetate
electrophoresis and major components separated by isoelectric focusing. Re-
covery of minor bands isolated from IEF gels still requires methodological
improvement.

Method I: Fast Protein Liquid Chromatography. The hemolysate is di-
luted to an Hb concentration of ~4 mg/ml with 50-mM Tris-HCI buffer (pH 8.5)
containing KCN (0.1 g/l), and 500 ul is loaded onto a Mono Q column
(Pharmacia, Sweden) previously equilibrated with the same buffer. The protein
samples are eluted over 40 min using a linear gradient from 100% buffer A (50
mM Tris-HCI, pH 8.5) to 75% buffer B (50 mM Tris-HCl, pH 6.5), each
containing KCN (0.1 g/1). Individual hemoglobins were collected manually (29).

Method II: Cellulose Acetate Electrophoresis Preparative Method. In our
protocol (60), 1-4 ul of hemolysate (60~100 mg/ml) is applied to a cellulose
acetate gel and electrophoresis is performed as described by Kim et al. (2).
Hemoglobin bands are excised, placed in 1.5 ml Eppendorf tubes, soaked in
water at room temperature for 1 hr, and spinned down in an Eppendorf centri-
fuge. The resulting supernatant is removed and filtered through a Nylon Acro-
disc®4 (4 mm, 0.45 um) filter (Gelman Sciences) if it appears turbid. A super-
natant that still shows orange-reddish color can be analyzed directly by ESMS
after a 1:1 dilution with MeOH/2% AcOH or trifluoroethanol. When the hem-
oglobin concentration is low, it is better to concentrate the solution on a
SpeedVac® centrifuge prior to ESMS analysis. For further structural studies,
globins are dehemed using an acetone/0.7% HCI treatment of supernatants
concentrated to 20-50 ul volumes (48). Occasionally, the presence of a poly-
mer with a monomer subunit of 44 Da is detected in the m/z range up to ~1000
Da. However, because we normally use a mass range of 970-1420 Da for
variant hemoglobin mass measurement, the presence of a few low-intensity
signals derived from this impurity does not interfere with the analysis.

Method III: Isoelectric Focusing Preparative Method. We perform iso-
electric focusing of 1-3 pl hemolysate (diluted to 15-25 mg/ml) using a pH
gradient of 6-8 (Isolab ampholines) on Isolab agarose plates according to the
manufacturer’s protocol. Hemoglobin elution from excised bands is achieved
with water, as described for cellulose acetate isolated samples. Supernatants
must be filtered through a Nylon Acrodisc® (4 mm, 0.45 um) filter (Gelman
Sciences) and are applied to an Amicon Centricon 10. Samples are con-
centrated to a 50-ul volume, washed with 0.7-1 ml water, and concentrated
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again; the process of washing and concentration is repeated twice. Preparation
of samples for ESMS is performed as described above (60).

Pucci’s method (33) is as follows: Isoelectric focusing in an ultranarrow
immobilized pH gradient of 7.1-7.5 is performed on a lysate (60—80 mg/ml).
The lysate (20 ul) was pipetted into 0.3 x 15 x 5 mm wells. After focusing, the
portion of the gel containing the Hb tetramer was recovered with a spatula and
eluted from the gel in a microcentrifuge tube with 200 pl of distilled water in
a few hours. Following centrifugation, the hemoglobin solution was dried in a
Savant SpeedVac® centrifuge (Savant Instruments, Farmingdale, NY) and sub-
jected to reversed-phase HPLC analysis for separation of the variant a chain.

3.3. Preparative Globin Chain Separation

Preparative globin chain separations have been carried out by chromatog-
raphy using ion-exchange or reversed-phase columns. Given the limited ma-
terial requirements of mass spectrometry, it is likely that existing analytical
procedures—cellulase acetate electrophoresis (36, 61, 62), Triton acid urea
polyacrylamide gels (6), or isoelectric focusing in the presence of Nonidet P-40
(63) or in immobilized pH gradients 9—can and will be adapted for isolation
purposes, if they happen to offer any advantages over the abovementioned
established chromatographic methods.

Carboxymethylcellulose (CM) chromatography as described by Clegg et
al. (64) was a primary technique used in early studies and still remains a
valuable method in many laboratories. The method separates denatured globins
and employs a linear gradient of phosphate buffer in 8-M urea/50-mM mer-
captoethanol on CM-cellulose. Samples are desalted prior to further analysis,
either by dialysis or by using a Sep-Pak C18 cartridge (65). FPLC on a Mono
S column was recently introduced by Pucci for globin-chain separation (65).

Early applications of reversed-phase HPLC for human globin separation
employed a variety of supports and developing systems (10, 66, 67). With the
introduction of large-pore reversed-phase columns, almost all current methods
of reversed-phase HPLC of globins are adaptions of those described by Shelton
and co-workers (68), who employed a Vydac C-4 protein column (pore size 300
A). This method offers excellent resolution from a narrow-bore to a semipre-
parative column scale. In a comparative study, Rahbar and Asmerom (69)
found it superior to other ion-exchange or reversed-phase alternatives as ap-
plied to the quantification of labeled globins in globin biosynthesis studies. For
variant globin separation, we use this method exclusively. A chromatogram
produced by us using chromatography on a semipreparative C-4 column is
shown in Fig. 4.10. The sample whose separation is illustrated was obtained
from cord blood, and in addition to normal constituents, the elution positions
of a few variants are also indicated.
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Method. For analytical purposes (36), we use a C-4 Vydac column (0.46
x 25 cm, 5 pm, 300 A); the Separations Group, Hesperia, CA). Automated
analysis is carried out at room temperature using the solvent system and elution
gradient according to Shelton et al. (68). Hemolysates are diluted with water
to provide a protein concentration at 0.25-0.5 mg/ml (typically 200-fold), and
100 ul samples are injected every 70 min. No more than 12 samples are kept
in the autosampler at one time, to diminish any deteriorating effect of ambient
temperature on hemolysate storage. For preparative purposes, an analytical size
column can be used for up to ~0.3 mg of material or a semipreparative column
(11) (Vydac 1 x 25 cm) can be employed to allow for separations of up to 2-3
mg of hemoglobin. In our hands, certain p globin variants co-eluted with heme
on this column, and therefore we prefer to apply dehemed globin mixtures
rather than hemolysates. The Shelton solvent system is used: [A, acetoni-
trile:-water (20:80 v/v)/0.1% TFA; B acetonitrile:water (60:40 v/v)/0.09%
TFA}; flow rate 1.7 ml/min; linear gradient 44% B to 65% B in 60 min, then
to 60% B in 16 min; detection at 220 nm. For conditions of narrow-bore
reversed-phase chromatography of globin chains, refer to Section 3.6.

3.4. Digestion

Proteolytic digestions can be undertaken either on globin mixtures or on
separated globin chains. Increasingly, with an improvement of resolution of
HPLC columns and the introduction of on-line HPLC/MS techniques, separa-
tion of the globins is less necessary. An extensive discussion of different
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Figure 4.10. Preparative RP HPLC separation of precipitated globin from cord blood (250 pg).
On the time axis, arrows with numbers indicate the elution time of globin chains of several variants.
The column was a C4 Vydac (1 x 25 cm), flow was 1.7 ml/min, detection was at 220 nm, and the
linear gradient was from 44% B to 56.6% B in 60 min, then to 60% B in 16 min. A: aceto-
nitrile:water (20:80)/0.1% TFA, B: acetonitrile:water (60:40)/0.09% TFA. Reproduced with per-
mission of the Elsevier Science Publishers BV, Academic Publishing Division, from Green et al.

(11).
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digestion methodologies as applied to hemoglobin can be found in the review
by Wada et al. (45), and fragments obtained from «, f, v, and & chains by the
most specific proteolytic methods are shown in Fig. 4.11 and 4.12.

3.4.1. S-Cysteine Derivatization and Recovery
of Cysteine-Containing Peptides

For effective recovery and analysis of cysteine-containing peptides, it is
advisable to derivatize the thiol group before proteolytic digestion. Oxidation
of cysteine to cysteic acid as well as alkylation are used, and aminoethylation
has been applied most frequently. Aminoethylation of cysteines was introduced
to produce smaller, less hydrophobic peptides upon trypsinization. S-amino-
ethylated cysteine is a close structural analog of lysine, and it is recognized as
such by trypsin to deliver an additional proteolytic site at its C-terminal peptide
bond. oT-12 and BT-12 peptides are both cleaved, producing aT-12.1 (MH*,
615.8 Da), aT-12.2 (MH*, 2413.9 Da), $T1-2.1 (MH*, 872.1 Da), and BT-12.2
(MH*, 907.1 Da). There are mixed reports about detection of aminoethylated
aT-12.2, though its presence was reported in FAB maps of nonfractionated
digests (70) and in reversed-phase HPLC-separated fractions (39). In our
hands, aT-12.2 was recovered from a C-18 HPLC column, albeit with rather
low yield, emerging right before the aT-8.9 peptide. Aminoethylated BT-10
(MH* 1464.7 Da) peptide does not normally undergo tryptic digestion, prob-
ably because the intrinsically low activity of trypsin toward modified cysteine
is additionally undermined by the presence of the C-terminal aspartic acid
residue. However, fT-10.2 (MH*, 1222 Da) was once detected in the mixture
of nonfractionated tryptic digest derived from the pNerth Chicsgo globin (58). We
follow the method of Schwartz et al. (71) for aminoethylation of globins, using
N-[B-iodoethyl) trifluoroacetamide] instead of ethyleneimine, which is banned
in the United States. Wada and co-workers (45) give a detailed procedure for
carboxymethylation and comment that this derivatization, when combined with
a tandem tryptic/endoproteinase Lys-C digestion, allows for detection of a

Figure4.11. The amino acid sequences of human a (top) and  (bottom) globins, illustrating the
peptide fragments to be expected in using several proteolytic techniques (T, trypsin; L, en-
doproteinase Lys-C; S, endoproteinase Glu-C; CB, cyanogen bromide; and C, cyanylation/hydrol-
ysis). Average molecular masses of most of the peptides are given, and the masses of cysteine-
containing peptides assume the conversion to carboxyamidomethylated (CAM) derivatives (+57
Da), except for the C-2 peptide which contains 2-iminothiazolidine-4-carboxylic acid at the
N-terminus. Masses of cyanogen bromide—generated peptides were calculated assuming generation
of the homeserine residue. For a and 8 globin, the combined peptides shown for trypsin are those
commonly found in our studies. The combined SV8 peptides are those reported by Jensen et al.
(32,40).
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“core” aT-12 peptide by FAB of an unfractionated mixture of proteolytic
fragments.

Jensen and Roepstorff (40) applied pyridylethylation to the analysis of
globin. Oxidation of cysteines to cysteic acid is applied to enhance the solu-
bility of core peptides. This operation can be performed on globin before tryptic
digestion (21), allowing the recovery of an oxidized aT-12 peptide from a
reversed-phase column, or it can be applied to an insoluble fraction of tryptic
peptide mixture before secondary proteolytic digestion (15). Until recently, not
only was insolubility a problem in analysing the a-core region, but the high
molecular mass (~3000) of the peptides also was at the limit for LSIMS
analysis. This latter obstacle has essentially been alleviated by the introduction
of ESMS, although it is still necessary to further fragment the peptides to
produce smaller ones suitable for sequencing. Recently, we have adapted
carboxyamidomethylation of cysteines for the analysis of f-chain variants, and
we follow the fast alkylation/trypsinization procedure of Stone et al. (72).
Recovery of carboxyamidomethylated peptides of the P chain is good, and
there is evidence that carboxyamidomethylated oT-12 peptide can be recov-
ered from a reversed-phase C-18 column as a hybrid peptide aT-12,13 (MH*,
4258.3 Da) and aT-12,13,14 (MH*, 4577.5 Da) (see Section 3.6.2 and Fig.
4.19).

Method: Carboxyamidomethylation of Globins (36). The procedure de-
scribed by Stone et al. (72) is followed with slight modifications, i.e., am-
monium bicarbonate (0.4 M) in 6M guanidine hydrochloride rather than in 8-M
urea is used. Initial reduction/alkylation reaction volumes are: 0.4-M am-
monium bicarbonate buffer 7.5 pl or 20 pl; 45-mM DTT 1 pl or 2 ul; 100-mM
iodoacetamide 1 pl or 2 ul, for 0.5-2 nmol and 2-10 nmol protein, respectively.
Buffers are degassed with nitrogen before use.

3.4.2. Trypsin (EC 3.4.21.4)

Trypsin [general reference: Kostka and Carpenter (73)] is most universally
used for hemoglobin digestion because it produces few very small or very large
fragments, most being of a size suitable for the determination of molecular
mass by LSIMS and many able to be sequenced using the tandem mass
spectrometric technique (Figs. 4.11 and 4.12). Trypsin attacks the peptide
bonds at the carboxyl side of the basic amino acids lysine and arginine. Certain
bonds are poorly cleaved, particularly the lysine 126 in the o chain, resulting
in the production of a very large and relative insoluble core peptide oT-12,13.
In our hands, lysine 95 in the § chain is also not efficiently cleaved, resulting
in a high proportion of the fT-10,11 peptide, which we analyze in its S-
carboxyamidomethylated form. A novel approach to the analysis of tryptic
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digests has been proposed by Stachowiak and Dyckes (74), who performed a
digestion with trypsin that was immobilized to glycophase-controlled pore-
glass beads (Pierce Chemical, Rockford, IL) followed by HPLC and on-line
thermospray mass spectrometry in the negative-ion mode. All a-and B-chain
peptides were detected, including the aT-12 core, and recovery of cysteine-
containing peptides was facilitated by globin pretreatment with performic acid.
Immobilized trypsin was found to cleave preferentially arginine in a peptide
containing both lysine and arginine amino acids, a result consistent with
findings of Craik et al. on the higher selectivity of trypsin toward the former
amino acid residue (75).

Residual chymotryptic activity of trypsin preparations very often results
in the appearance of a small amount of chymotryptic peptides. Cleavages at
B37 Trp and B130 Tyr were reported (58,76). We very often see a peptide
a81-90 due to a cleavage at a80 Leu (unpublished observation). The abun-
dance of chymotryptic fragments in tryptic digests seems to be very dependent
upon the enzyme batch and reaction conditions: Rahbar et al. (58) saw exclu-
sively chymotryptic cleavage at 35 Tyr in Hb North Chicago 336 Pro—Ser,
whereas in our hands the same variant produced the expected tryptic fragment
(unpublished results). Incidentally, the mutation in N Chieee gccupies the site
whose chymotryptic sensitivity was exploited by Wada in his identification of
Hb Meilahti ($36 Pro—Thr) (see Section 3.4.4). Apart from chymotryptic
fragments, we very often observe an unexplained appearance of the deamidated
BT-14 peptide, which contains Asp in place of normally present Asn at position
B139 (77).

Method. We utilize the following proteolysis procedures: Nonderivatized
globins are trypsinized with L-1-tosylamide-2-phenylethyl chloromethylke-
tone—treated (TPCK) trypsin (Worthington) (6 ug per 150 ug protein) in 50-
mM ammonium bicarbonate (pH 8.0-8.1) overnight at 37 °C with stirring (78).
Half of the trypsin is added initially, followed by the second half within 30-60
min from the start of digestion. Digestion is stopped by acidifying to pH 3.0
with glacial acetic acid, and mixtures are stored at —20 °C. Trypsinization of
S-carboxyamidomethylated globins is carried out according to Stone and co-
workers (72) in the presence of an excess of alkylation reagents and denaturing
buffer, upon 3.3-fold dilution with water using the enzyme-to-protein ratio and
time and temperature conditions as described above (36).

3.4.3. Endoproteinase Lys-C (EC 3.4.99.30)

Endoproteinase Lys-C [Wako Pure Chemicals, Richmond, VA; general
reference: Jekel et al. (79)] specifically attacks lysyl but not arginyl bonds and
has a higher specific activity than trypsin. Its use can therefore improve the
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recovery of those peptides that are notoriously resistant to trypsin. It proved
useful in the analysis of the aT-12 core peptide and is generally superior to
trypsin in the characterization of the o chain (45). It is also of value when
tryptic digestion produces very small peptides, which are not easily amenable
to LSIMS analysis. A good example of the advantage of its higher degree of
specificity is its application to the characterization of HbA, Indonesia (669
Gly—Arg) (45). In this study, the electrophoretic pattern suggested that the
mutant hemoglobin had a more basic nature than normal, implying the in-
corporation of either an arginine or a lysine residue. Mass spectrometry showed
that the 8T9 tryptic peptide (67-82) lost 269 amu, an amount too large for a
single amino acid substitution, thus suggesting the incorporation of a new
hydrolytic site. The replacement peptide had a mass of 1400 Da, equivalent to
the mass of residues 70-82, proving that this sequence was normal. A mutation
in residues 67-69 would have a mass of 358 if the substituent were lysine and
386 Da if it were arginine, but fragments of this small size could not be detected
by FAB. Therefore, a method was utilized that gave greater selectivity in
digestion, resulting in the production of larger peptides; i.e., endoproteinase
Lys-C. In this case, the abnormal peptide found by FAB had a mass consistent
with the substitution of arginine and not lysine at position 69.

The use of lysyl endopeptidase will surely become more common with the
introduction of ESMS, a technique well able to analyze the larger peptides
produced by this enzyme.

Method. The digestion with endoproteinase Lys-C (Wako Pure Chemi-
cals, Richmond, VA) is carried out in 50-mM ammonium bicarbonate (pH 8.4)
or in 50-mM Tris-HCI (pH 9.0). The globin chains were S-carboxymethylated
prior to proteolysis (45).

3.4.4. Chymotrypsin (EC 3.4.21.1)

As previously mentioned, chymotrypsin [general reference: Hummel
(80)] is used to further fragment the large peptides (particularly from o globin)
produced during tryptic digestion. Chymotrypsin cleaves at the carboxyl side
of tryptophan, tyrosine, phenylalanine, leucine, and methionine residues. In
Wilson’s studies (15), the insoluble aT-12,13 core peptide is oxidized by
performic acid prior to proteolysis. HPLC analysis of the chymotryptic digest
of aT-12,13 showed that seven peptides were produced, each containing be-
tween three and seven residues (see Section 3.3.11 and Fig. 4.14).

Wada et al. (81) utilized chymotrypsin in the characterization of the new
hemoglobin Hb Meilahti (336 Pro—Thr). Initial FAB results on tryptic pep-
tides suggested substitution of the proline at position 36 by threonine. They
proved this substitution by the particular selectivity of a-chymotrypsin. The
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residues that must be present adjacent to the cleavage site have been listed
above, but if the following residue is a proline, then cleavage does not occur.
Thus, normal B globin would not be cleaved at this point, but cleavage would
occur if proline had been changed to threonine. Mass spectrometry of the
chymotryptic digest showed the presence of peptide f 33-35 [MH*, 380] and
# 36(Thr)-37 [MH* 306], showing that cleavage had taken place, thus proving
the mutation.

Method. In Wada’s studies (81), chymotryptic digestion of globin was
carried out in 0.05-M ammonium bicarbonate (pH 7.8) at 37 °C for 1 hr. The
bovine pancreatic enzyme can be obtained from Boehringer, Fluka, Sigma, or
Calbiochem.

The detailed experimental procedure of performic acid oxidation and
chymotryptic digestion of the core a-globin peptide is given in Huisman and
Jonxis (82). Wilson et al. (15) isolated the aT-12,13 core peptide as follows:
following tryptic digestion of underivatized o globin at pH 8.5 to 8.0, the pH
is adjusted with dilute HCl to 6.3-6.5, and the insoluble core peptide is isolated
by centrifugation. The precipitate is washed with distilled water to remove
traces of soluble peptides.

3.3.5. Endoproteinase Glu-C (S. aureus V8 EC 3.4.21.9)

In 50-mM ammonium bicarbonate (pH 7.8), endoproteinase Glu-C [gen-
eral reference: Houmard and Drapeau (83)] cleaves peptide bonds C-terminal
to glutamyl residues, so theoretically five, nine, nine, and eight peptides can be
expected for a, B, ¥, and d globin chains, respectively (Figs. 4.11 and 4.12). S.
aureus V8 digestion is mostly used for B-globin variants. Wada et al. (45)
showed a LSIMS mass spectrum of a nonfractionated endoproteinase Glu-C
digestion mixture of S-carboxymethylated B globin where six of the nine
expected peptides were detected. Roepstorff’s group performed S. aureus V8
digestion followed by reversed-phase HPLC on S-pyridylethylated § globin
and were able to measure by PDMS all of the expected fragments, thus map-
ping 100% of the B-globin sequence in the single step (38). They also described
the application of the S. aureus V8 digestion/PDMS protocol for identification
of Hb S, C, E, Hafnia, and Ty Gard. However, in most cases, further sub-
digestion of a S. aureus V8-created fragment was necessary to prove the
sequence unequivocally. Pucci et al. (84) used the technique to facilitate the
characterization of Hb Hyde Park, in which tryptic peptide BT-9 (83-95)
indicated a 26-Da increase in mass, suggesting $86 Ala—Pro, {89
Ser—slleu/Leu, 92 His—Tyr, or 93 Cys—Glu substitutions. S. aureus V8
proteolysis resulted in the production of peptides containing residues 80-90
and 91-101, each containing two of the possible mutation sites. The latter
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peptide showed an appropriate increase in mass, so that the mutation was
localized to this region. Finally, distinction between the two mutation sites in
this peptide was achieved by two steps of Edman degradation. Promé et al. (24)
also used S. aureus V8 to prove the structure of Hb M<Kees Rocks, in which
the loss of the two C-terminal residues 145-146 was more clearly seen in the
large BS-9 peptide than in the small BT1-5 peptide.

This enzyme is less versatile than trypsin because some peptides are much
larger than can be analyzed by LSIMS or FAB, although the introduction of
ESMS may alleviate this problem to some degree. One o-chain peptide would
have a molecular mass of 9435, and four f3-chain peptides have masses between
2000 and 5000 Da.

Method. The S-pyridylethylated 8 chain (30—40 ug) is dissolved in 20 pl
of 8-M urea and diluted to a final concentration of 2.2-M urea with 50 ul 0.2-M
ammonium bicarbonate (pH 7.7). S. aureus V8 (ICN Immunobiologies, Costa
Mesa, CA) (4 ug) is added (enzyme:substrate mole ratio 1:10). The sample is
incubated for 4 hr at 37 °C, and proteolysis is terminated by acidifying to pH
2 with TFA (38).

3.4.6. Carboxypeptidase B (EC 3.4.17.2)

Mass spectrometry was used for the characterization of Hb Indianapolis
[B112 Cys—>Arg] by Pucci’s group (85). Tryptic digestion of the whole hem-
oglobin showed that BT-11 (105-120) was missing and was replaced by two
new peptides containing residues 105-112 and 113-120. It was thus likely that
Cys112 had been replaced by arginine. The structure of these peptides was
confirmed by an elegant procedure where one-step Edman degradation of the
whole tryptic mixture resulted in the removal of Leul05 and Val113 from the
aberrant peptides, and following carboxypeptidase B hydrolysis [general ref-
erence: Folk (86)], showed a 156-amu loss from the 106-112 peptide, indi-
cating removal of argininel12.

Method. Carboxypeptidase B (Sigma, St. Louis, MO) digestion was per-
formed by incubation of the tryptic digest in 0.4% ammonium bicarbonate
buffer (pH 8) at 37 °C for 1 hr (86).

3.4.7. Carboxypeptidase Y (EC 3.4.16.1)

Immobilized carboxypeptidase Y [general references: Hayashi et al. (87),
Kuhn et al. (88)] was used for proteolysis of BT-1 peptide from sickle cell
hemoglobin. The mixture of proteolytic fragments was passed directly into a
mass spectrometer source through a thermospray interface and was analyzed in
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the negative-ion mode. The amino acid sequence of the aberrant peptide was
derived unequivocally (74).

Method. Carboxypeptidase Y was immobilized to N-hydroxysuccin-
imide—derivatized glycophase-controlled glass pore beads and placed into the
column equilibrated in 0.1-N ammonium acetate buffer, pH 5.5. An enzyme
column was located between the outlet of the reversed-phase column and a
mass spectrometer. Peptides of interest, whose separation on the reversed-phase
column was monitored by TIC, were directed to the enzyme column, trapped
for up to 20 min, and pumped to the mass spectrometer for continuous mass
analysis (74).

3.4.8. Pepsin (EC 3.4.23.1)

Contrary to the majority of proteolytic enzymes, pepsin [general refer-
ence: Ryle (89)] can be used at very low pH. Pepsin has relatively low spe-
cificity, though the cleavage of peptide bonds adjacent to aromatic and other
hydrophobic residues, especially phenylalanine and leucine, is preferred. The
use of pepsin as a secondary digestion method was recently described by
Ferranti et al. (33) and was discussed in Section 2. Casey and Lang (90) used
pepsin for the secondary digestion of the core peptide o 104—141 generated by
the fragmentation of the S-cyanylated a chain. Two-dimensional electrophor-
esis/paper chromatography was subsequently used for the analysis of peptic
peptides. Piot et al. (91,92) presented comprehensive studies on the optimiza-
tion of separation (by gel-permeation and reversed-phase HPLC) and structure
analysis (FAB and MS/MS) of large-scale peptic digests of bovine hemoglobin,
produced for potential use in the food industry and biotechnology.

Method. The hydrolysis was carried out in 5% formic acid (33) or in
0.1-M HC1 (90) at 37 °C for 2 hr. An alternative protocol that we used to ensure
extensive peptic digestion of large peptides (albeit not derived from hemoglo-
bin) involved digestion with pepsin (Worthington) for 2 d at 30 °C in am-
monium acetate buffer, pH 3.5; enzyme was added in four portions to achieve
a final enzyme-to-protein ratio of 1:10 (93).

3.4.9. Cyanogen Bromide

Ferranti et al. (33) describe the use of secondary chemical cleavage of
aoT-9 peptide from Hb Ozieri with CNBr (Section 2), which occurs on the
carboxyl side of methionine residues. Only two or three peptides are produced
from globin chains by this technique (Figs. 4.11 and 4.12); consequently they
have high molecular masses unsuitable for analysis by FAB or LSIMS. How-
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ever, the advent of ESMS should permit greater use to be made of this tech-
nique, and Wada et al. (50) used the characterization of these fragments as an
early example of the combinations of ES with magnetic sector mass spectrom-
eters (Fig. 4.6).

Method. Wada et al. (50) describe the following method for CNBr hy-
drolysis: globin is dissolved to a concentration of about 10 mg/ml in 70%
formic acid. An equal weight of CNBr to that of globin is added to the solution,
and the mixture is incubated in the dark under an oxygen-free nitrogen atmo-
sphere at ambient temperature for 24 hr. The mixture is diluted with water and
freeze-dried.

3.4.10. Cyanylation

Casey and Lang (90) describe a useful method that produces just two
major fragments from a globin, one being the a-core region containing res-
idues 104-141. Because ESMS can measure the molecular mass of such large
fragments, this method should readily be able to determine in which portion of
the protein a mutation has occurred. The core cysteine is S-cyanylated, and
cleavage by exposure to mild alkali occurs at the amino-terminal side of the
resulting B-thiocyanoalanine (Fig. 4.11). Casey and Lang’s paper also reports
the use of chymotrypsin and pepsin hydrolysis for producing peptide
fingerprints of the a-core region fragments generated by their cyanylation
procedure.

Method. The method was first described by Jacobsen ez al. (94). Isolated
o chains were reduced for 2 hr at 37 °C in 10 ml of 0.01-M dithiothreitol-0.2-M
Tris—6-M guanidium chloride at pH 8.2. Cyanylation was achieved using a
fivefold excess of 2-nitro-5-thiocyanobenzoic acid for 15 min at room tem-
perature, and the reaction was stopped by addition of an equal volume of acetic
acid. Excess reagents were removed by G25 Sephadex chromatography, and
the remaining acetic acid was removed by freeze-drying. The S-cyanylated o
chains were cleaved by incubation in 0.1-M sodium borate—6-M guanidinium
chloride pH 9.0 for 10 hr at 37 °C. After adjusting the pH to 4 with acetic acid,
excess borate was removed by centrifugation and the product was purified on
Sephadex G75 columns (90).

3.4.11 HPLC Analysis of Proteolytic Digests

Probably the most useful current method for tryptic fragment separation
by HPLC is that of Rahbar et al. (21), and it is the one we use in our laboratory.
The original separation published by this group is illustrated in Fig. 4.13 for the
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separation of tryptic peptides from whole globin, i.e., the o and P chains. For
the o chain, the following peptides are illustrated: oT-1, aT-2, oT-3, oT-4,
aoT-5, aT-6, aT-9, aT-11, aT-13, and aT-14. The combination peptide aT-8,9
is also detected. For the p chain, fT-1, fT-2, $T-3, T-4, BT-5, pT-6, BT-7,
B-T9, B-T11, BT-13, BT-14, and BT-15 are detected. A peak representing the
combination peptide BT-8,9 is also seen. In our studies, we generally do not
find very small and hydrophilic peptides (BT-6, T-7, BT-15, aT-7), but we do
see additional peaks, e.g., a combination of oT-1,2 (eluting after oT-3), and
aT-10,11 (eluting midway between oT-4 and oT-6), fT-14,15 (preceding
aT-10,11 by less than 1 min) and very often though not consistently fT-12
(emerging a few minutes after aT-9). Providing S-derivatization had been
carried out, we also detect $T-10 carboxyamidomethylated (CAM) or amino-
ethylated (AE) (midway between $T-11 and BT-2), fT-12 CAM (eluting after
aT-9 but earlier than its nonderivatized counterpart), fT-10,11 CAM (midway
between BT-2 and BT-5), and in the case of aminoethylation aT-1 2.1 (before
oT-1), aT-12.2 AE (before aT-8,9), BT-12.1 AE (co-eluting with BT-2), and
PT-12.2AE (halfway between BT-1 and oT-4, aT-11). Although in principle
all amino acid residues in the § chain and most in the o chain are included in
the peptides listed, some cannot be effectively analyzed by mass spectrometry
because of the high background level in the low-mass region. This limitation
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Figure 4.13. Separation on a Vydac C18 column of the tryptic peptides obtained from normal
globin, according to the original method of Rahbar et al. (21). Reproduced from Rahbar et al. (21),
by courtesy of Marcel Dekker, Inc.



Mass Spectrometry in the Characterization of Variant Hemoglobins 171

applies particularly to the small peptides, BT-6, fT-7, BT-15, aT-2, aT-7,
aT-10, and aT-14. Fortunately, aT-2 is seen in the combination T-1,2, aT-10
in the combination aT-10,11, and BT-15 in the combination T-14,15. Thus,
the remaining difficult peptides are BT-6, BT-7, aT-7, aT-14, and the a globin
core containing residues 100-127. The a-core peptides aT-12 (100-127) and
aT-12,13 (100-139) produced by inefficient proteolysis at lysine 126 are very
insoluble as well as being large and difficult to separate by HPLC or to
characterize by mass spectrometry. Rahbar et al. (21) have obtained the aT-12
peak in chromatograms, providing they oxidized the globin with performic acid
prior to proteolysis. This oxidation results in conversion of cysteine to cysteic
acid. In our studies using HPLC/MS (see Section 3.5.2 and Figs. 4.19 and 4.20),
a peak containing aT-12,13 CAM and aT-12,13,14 CAM is clearly seen and
gives peptides of the appropriate mass.

Wilson and co-workers (15) precipitated and isolated the aT-12,13 pep-
tide produced by the tryptic digestion of underivatized o globin so that they
could further digest it with chymotrypsin. Separation of seven peptides pro-
duced by chymotrypsin is illustrated in Fig. 4.14. This type of sample has not
yet been subjected to mass spectrometric analysis, and it is likely that the
smaller peptides produced will present problems in detection.

Jensen and Roepstorff (40) digested S-pyridylethylated B chains with S.
aureus V8, separated the peptide products by HPLC (Fig. 4.15), and deter-
mined their molecular masses with PDMS. Of the nine possible peptides
(BS-1-BS-9), only a few were detected, viz., a combined BS-1,2,3, pS-4,5,
BS-5, BS-6, BS-7, BS-8, BS-9, $S-7,8,9, and BS-8,9. The individual peptides
BS-1, BS-3, and free glutamic acid BS-2 were not found, probably because
endoproteinase Glu-C does not cleave, or cleaves only in low yield, after Glu
residues in the sequence Glu-Glu-Lys (positions 6-8). The small polar peptide
BS-4 is assumed to elute with the solvent front. Extensive utilization of S.
aureus V8 for the proteolysis of the a chain was not undertaken in the above
studies. The fact that such hydrolysis supposedly produces only five peptides,
one of which covers more than half of the sequence, might hamper their easy
analysis by HPLC and PDMS.

Method. We use the following technique for preparative tryptic peptide
separation, essentially that of Rahbar et al. (21); Vydac C18 column (0.46 x 25
cm, 5 um, 300 A) (The Separations Groups, Hesperia, CA), flow rate 1 ml/min,
detection 214 nm, isocratic development with A for 5 min followed by a linear
gradient to 78% B in 90 min. A: water/0.125% TFA; B: acetonitrile:water
(90:10)/0.125% TFA. Individual peptide fractions are collected manually (11).

Wilson et al. (15) describe the following system for separating chymo-
tryptic digests of the o 100139 core region: uBondapak C18 column (Waters);
Solvent A: acetonitrile:0.01-M ammonium acetate (pH 5.7); B: 0.01 ammon-
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Figure4.15. HPLC separation of normal $-globin peptides produced by S. aureus V8 proteolysis.
Under the proteolytic conditions used (38), complete digestion was not achieved; thus, several
combined peptides were isolated. Plasma desorption mass spectrometry (PDMS) was used for
characterization, so there was a limited ability to characterize large peptide fragments such as those
marked by asterisk. Reproduced from Jensen et al. (38), with permission of Academic Press.

ium acetate (pH 5.7); gradient: from 1% A to 60% A in 120 min; detection at
220 nm.

For separation of S. aureus V8—produced peptides, Jensen et al. (38) used
the following system: C4 column (0.46 x 25 cm); solvent A: 0.1% TFA; solvent
B: 0.08% TFA/60% acetonitrile. A flow rate of 1 ml/min was used, with a linear
gradient from 10% to 85% B in 45 min; detection by UV at 214 nm.

3.5. Peptide Characterization

The molecular masses of all peptides produced by tryptic digestion can be
determined by LSIMS, ESMS, plasma desorption (PD-MS), and matrix-ioniza-
tion-assisted laser desorption time-of-flight (MALDI-TOF) mass spectrometry.
In practice, systems using LSIMS (including FAB) sources are limited to
4000-5000 Da for magnetic sector instruments and 2000-3000 Da for quadru-
poles. When sequencing information is required, the limit for low- and high-
energy CID is about 2500 Da, although it is preferable to analyze much smaller
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peptides. This mass range is increased dramatically if ESI sources are used.
PD-MS and MALDI-TOF offer much higher mass limits. PD-MS measured S.
aureus V8 peptides bigger than 5000 Da, albeit with rather low accuracy
(0.05-0.1%). LD mass spectrometry offers a great potential for analysis of
complex mixtures of peptides, as demonstrated by a successful mass spec-
trometry of peptide “ladders” generated by repeated cycles of stepwise peptide
degradation from the N-terminus in the presence of a terminating agent (95).
Juhasz et al. (96) employed LD-MS for evaluation of nonfractionated proteo-
lytic mixtures (tryptic, S. aureus V8, and endoproteinase Asp-N) derived from
the normal B chain. They used a 337-nm laser beam and have found that,
regardless of the matrix used, amino acid sequence coverage close to 100% was
achieved in almost all cases. All S. aureus V8 and endoproteinase Asp-N
peptides were seen when caffeic acid, 2,5-dihydroxybenzoic acid, and a-
cyano-4-hydroxycinnamic acid were used as matrices. Using this approach,
they were able to identify the position of a cross-link in bispyridoxal-tertra-
phosphate-linked human hemoglobin.

The molecular ions of peptides analyzed by magnetic sector and LDTOF
instruments are almost exclusively singly charged, whereas for ESMS, doubly
charged ions dominate for tryptic peptides, though other charged species are
found if more basic residues are present. Identification of two charged species
in an ESMS spectrum permits determination of the number of charges present
and the molecular mass of the peptide.

In the CID analysis of peptides ionized by LSIMS, a fragmentation of the
[M+H]* ion is usually carried out. In ESMS, CID is predominantly carried out
on the doubly charged ions, although the fragments produced usually have only
one charge each.

3.5.1. Sequencing on Quadrupole Instruments

Hunt and co-workers (97) have pioneered the field of sequencing on
quadrupole spectrometers and have brought the technology to the point of
approaching in utility the mass spectrometry carried out on much more so-
phisticated instruments. When using a LSIMS source, the peptide molecular
ion is encouraged to fragment in a low-energy CID cell (10-30 V), and a series
of fragment ions is produced. Because of the low resolution of quadrupoles and
the requirement of high sensitivity, all isotope species of the molecular ion are
passed to the collision cell, i.e., a spread of about 2—-6 amu. This low resolution
means that multiplets are formed for each ion type in the product ion spectra.
Ions of types y and b dominate the spectra, although other ion types are
sometimes seen. To help in identification, Hunt et al. (97) employ two deriv-
atizations:
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1. acetylation, in order to count free amino groups (N-terminus and ly-
sines), and
2. methylation, in order to count carboxylic acid moieties.

The former gives a mass increase of 42 Da per active residue, and the latter
increases mass by 14 Da per acid group.

The accuracy of sequence determination is lacking in quadrupole instru-
ments for reasons such as the following:

1. A single isotopic species cannot be selected in the first quadrupole, so
that product ion spectra contain fragment multiplets, rendering accurate
mass determination very difficult.

2. The low collision energies employed in triple quadrupole instruments
preclude the types of fragmentation needed for distinguishing the iso-
meric amino acids leucine and isoleucine.

The introduction of ESMS has greatly enlarged the sequencing possibil-
ities of quadrupole instruments. It is much easier to interface to a separation
system (HPLC) than is LSIMS, and it also offers the possibility of producing
fragments in the source region as well as in the collision cell, thus permitting
partial sequences to be obtained on single-stage instruments (98). When the
electrostatic field in the high pressure region is low (low nozzle—skimmer bias),
only molecular ions are seen, but increasing this electrostatic field causes an
increase in energetic collisions of ionic species, leading to collisional activation
and fragmentation. From tryptic peptides, mainly y- and b-mode series are
formed.

Fortunately, peptides produced during the study of hemoglobin variants
differ very little from normal ones, either by having an amino acid replaced or
by being either longer or shorter. Thus, one has to have only enough informa-
tion to recognize a single aberrant amino acid. An example from our work,
shown in Fig. 4.16, is a source-generated-CID spectrum of PG CAM of a
variant subsequently characterized as pFf-Gaveson, The y-mode ions produced in
the higher nozzle-skimmer bias spectrum match completely those predicted in
a MacProMass® program (99), thus confirming the sequence (36). Source
fragmentation offers the exciting possibility of conducting MS/MS/MS experi-
ments, because any of the fragment ions produced in the source could be further
fragmented in the CID cell (Q2) and analyzed in Q3. In practice, this process
is not easy because of sensitivity limitations. Unpublished data produced by
Terry Lee of the Beckman Research Institute of the City of Hope on variant
peptide sequencing by capillary HPLC/ESMS/MS is described in Section 3.6.2
and Fig. 4.21.
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3.5.2. Sequencing by Tandem Four-Sector Instruments

In spite of the advances made in obtaining amino acid sequence informa-
tion from data produced by modest single- and triple-stage quadrupole instru-
ments, in some cases there is no substitute for analysis on a four-sector instru-
ment, particularly if it is equipped with a highly sensitive array detector. The
advantages of four-sector instruments are particularly obvious for peptides that
show mass differences of <1 Da from normal (such as those arising from
Ile«sLeu, GlnesLys, Lys«>Glu, lle<>Asn, Asn<>Asp, and Gln<>Glu substitu-
tions).

In association with Dr. Arnie Falick of the UCSF mass spectrometry
facility (Director, Dr. A. L. Burlingame), we have extensively used four-sector
mass spectrometry for characterizing tryptic peptides. The instrument is a
Kratos Concept (of EBEB configuration) with an LSIMS source and array
detector covering 4% of the mass range. In our hands, abnormal tryptic peptides
have always been sequenced accurately by using this instrumentation and
technique. However, it must be emphasized that these peptides do not usually
present complex problems because, often, only one amino acid is inappropriate
within a known structure.

A good example is the identification of Hb D-Iran (37). The variant was
detected by isoelectric focusing, under which it showed a more positive charge
than normal. An abnormal f chain was detected, isolated, and trypsin-hydro-
lyzed. Reversed-phase HPLC showed the presence of an abnormal peak eluting
before BT-3. This peak was shown to give a protonated molecular ion at m/z
1313.7, a mass 1 Da less than that of normal BT-3. Possible mutations
Asn—lle, Glu—Gln, or Asp—Asn were therefore inferred, though the former
was very unlikely because it did not explain the altered net charge of the
abnormal Hb. This problem was difficult not only because the mass differential
was very small, but also because the BT-3 peptide had three residues that could
be changed to produce the required mass change (VNVZDZEVGG*EALGR).
It is unlikely that a peptide of this degree of difficulty could be readily se-
quenced by a triple-quadrupole instrument. Figure 4.17 shows a portion of the
tandem CID spectrum of the variant peptide. Some of the key fragment ions are
summarized in Table 4.4. The MS/MS spectrum permitted the rapid and con-
clusive identification of the variant as Hb D-Iran. This example demonstrated
that unit resolution of precursor and CID-fragment ions, which is offered by a
four-sector mass spectrometer, can be essential for the correct identification.
Good precursor ion resolution is important because the normal T-3 peptide
differs in mass by only 1 Da from the abnormal one. Accurate selection of only
the 12C species by MS1 remove all possible ambiguities caused by the presence
of 13C-containing fragment ions.



178 Chapter 4

100+ Wo

o
>
askasas

Ws

~
>
|

Xe
Yo Yo

o
o
aaal

29

-
>
1aaa

Ys W10 vio

Relative Abundance
3
1

w
>
1.,

\:]
X5 Ve Y7 Z8

207 a5 Z6

V7] X
Ys 7
10 ‘ rag J
oj T LI b ‘e
650 700

500 550 600

X Xo 210

Y ™ 1 ) - 1 1
750 800 850 900 950 1000
mz

Figure 4.17. A portion of the CID spectrum of a variant BT-3 peptide, obtained on a tandem
four-sector mass spectrometer of EBEB geometry equipped with an array detector. The precursor
ion was the protonated molecule (MH") at 1313.7 Da, and the measured masses of the fragment
ions observed are listed in Table 4.4. There were four possible amino acid changes in the peptide
that could give rise to a peptide of the mass found (B1°N—I; 2'D—N; 2E—Q; °E—Q), but only
one mutation could give a product ion spectrum of the type found. A B°N—I mutation was
unlikely, because it is inconsistent with the electrophoretic properties of the variant hemoglobin.
Reproduced from Falick et al. (37), with permission of John Wiley & Sons, Ltd.

3.6. Combined HPLC/MS
3.6.1. Intact Globins

Introduction of on-line separation/MS analysis of intact globins extends
the scope of ESMS in the evaluation of protein mixtures that contain species
very close in mass because ESMS has difficulty in mass-analyzing proteins of
close average molecular mass. It also helps to clarify any ambiguity that might
arise if variants in low concentrations are obscured or confused by sodium and
potassium adducts of major species. Whereas globin chain separation can be
performed off-line on analytical or preparative columns, this step is wasteful in
terms of time and solvent usage. For these reasons, we developed an on-line
microbore HPLC/ESMS technique for fractionating and mass-analyzing globin
mixtures (36, 100). In similar fashion to preparative technology, the method
was based on using C4 reversed-phase columns. Figure 4.18 is the TIC chro-
matogram of the separation of globin chains from a patient with compound
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Table 4.4
Calculated and Experimental Fragment-lon Masses from a Variant BT3 Peptide®

Calculated CID fragment-ion
masses (Da) from:¢

Fragment Measured Possible
type? Cocody $-26-EQ D-Iran mass (Da) identification”
Ys 545.3 5443 5453 545.1 CD
X5 571.3 5703 571.3 571.2 CDh
Z6 586.3 585.3 586.3 586.1 CcD
V6 6003 599.3 600.3 600.3 CD
77 6433 642.3 643.3 643.4 CD
V7 657.3 656.3 657.3 657.0 CcD
V8 714.4 7134 7144 714.2 CD
X8 784.4 783.4 784.4 784.5 CD
W9 8124 811.4 8124 8125 CcD
Z9 871.4 870.5 870.5 870.6 B,D
X9 9134 9125 9125 9125 BD
w10 941.5 940.5 940.5 940.5 B,D
V10 942.5 941.5 941.5 941.5 B,D
AMH]* = 1313.7.

bNomenclature is described in Ref. 123.

“Calculated ion masses are for three possible variants: Cocody (fi"’lD—*2 1N), VNVZINEVGGEALGR; B-26-EQ
(B**E—20Q), VNVDEVGG?®QALGR; D-Iran (%2E—?2Q), VNVD*2QVGGEALGR.
This column indicated which of the possible variants are consistent with each measurement: (C=Cocody,
D=D-Iran, B=3-26-EQ.). D-Iran is the only variant consistent with all the measurements.

heterozygosity for Hb S and Hb Lepore Washington—Boston. The separated f
globin peaks gave molecular masses of 15,837 and 15,865 Da, both measured
within 2 Da error, appropriate for a 35 and plepore Washington-Boston yarjant, This
example illustrates the importance of the chromatographic technique because
distinguishing the pLepore Washington-Boston yarjant from normal B (15,867 Da) would
always remain impossible within a mixed sample.

Under our conditions, a typical HPLC/MS run takes ~30 min, a con-
siderable improvement over the off-line semipreparative technique (70 min).
Also, because the flow rate is only 40 pl/min, solvent use is considerably lower
compared to the off-line technique. Combined HPLC/MS of globin chains
offers an additional advantage in that 90% of the sample is conserved and can
be collected as individual peaks for further analysis.

Method. Separation of hemoglobin subunits is performed on a Michrom
microbore HPLC system (Michrom BioResources, Pleasanton, CA) using a
Vydac C-4 column (0.1 x 15 cm, 5 wm, 300 A) (36, 100). The chromatography
is carried out at 35 °C with a flow rate of 40 pl/minute. Solvent A is aceto-
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Figure 4.18. Combined microbore HPLC/ESMS for the analysis of intact globin chains. The
patient had compound heterozygosity for Hb S and Hb Lepore Washington-Boston. After 100
pmol of hemoglobin was injected onto a C, Vydac protein microbore column (1 x 100 mm), it was
eluted with a gradient of acetonitrile/TFA at a flow rate of 40 pl/min. The eluate was split 1:10 and
mixed on the tip of probe with sheath liquid (MeOH/0.2% TFA, 2 pl/min) as it passed into a VG

BioQ mass spectrometer.

nitrile:water (20:80)/0.1% TFA, and Solvent B is acetonitrile:water (60:40)/
0.09% TFA. Globins were separated using a linear gradient from 39% to 47%
B in 20 min, followed by a linear gradient to 60% B in 8 min; detection was
achieved at 214 nm. Splitting (10:1) of the flow was achieved in an especially
designed UV cell allowing 4 pl/min to be analyzed by the mass spectrometer.
This HPLC system is interfaced to the VG BioQ mass spectrometer (VG
BioTech/Fisons, Altrincham, England) through a modified VG electrospray
probe. Typically, 2 ul of 0.2% TFA in methanol is added as sheath liquid prior
to nebulization. The electrostatic source of the mass spectrometer is operated
at 3.2 kV. The nozzle-to-skimmer bias value is typically 50 V. The mass
spectrometric resolution was adjusted so that the m/z 998 peak from horse heart
myoglobin was 1.5-2 Da wide at 10% height.

3.6.2. Tryptic Digests

Stachowiak and Dyckes (74) applied thermospray LC/MS in the negative
ionization mode for peptide mapping of normal and variant hemoglobins. The
method involved a combination of on-line proteolysis with reversed-phase
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HPLC separation followed by mass analysis of the peptides produced. The
globin chains were passed through a column filled with trypsin immobilized to
glycophase controlled-pore glass beads (Pierce Chemical, Rockford, IL). After
a 20-min stop-flow incubation, proteolytic fragments were passed to a Hi-pore
RP-304 column (Bio-Rad, Richmond, CA) interfaced with a Hewlett Packard
(Palo Alto, CA, model 5988A) mass spectrometer fitted with a Vestec Thermo-
spray LC/MS Interface (Vestec, Houston, TX). Nanomole quantities of pep-
tides were applied, and the feasibility of the method was demonstrated by the
analysis of variant hemoglobins S, C, and Baylor. This methodology allows for
the addition of a secondary digestion step between the HPLC column and the
mass spectrometer, creating a sequencing capability without the need for iso-
lation of the peptide of interest. This sequencing capability was used to prove
the presence of a sickle cell mutation in the PT1 peptide by digesting this
peptide on line with carboxypeptidase Y.

The analysis of hemoglobin tryptic digests was one of the first applications
of the combined HPLC/electrospray MS technique (Fig. 4.2). At the 1989
ASMS meeting, Covey, Conboy, and Henion (34) showed an HPLC/MS anal-
ysis of a tryptic peptide mixture of normal f globin. They used a C8 column
(0.1 x 10 cm) with a linear gradient of 5% CH,CN to 70% CH,CN (0.1% TFA).
They demonstrated that many peptides could be resolved and produced pre-
dominantly doubly charged ions that were particularly amenable to collision-
ally induced fragmentation in the collision cell of a triple quadrupole instru-
ment. A more detailed description of their HPLC/ESMS/MS technique was
presented in a later publication (35).

We routinely employ LC/MS for analyzing tryptic peptides obtained from
whole globin or from separated globin chains. Cysteines are alkylated with
iodoacetamide prior to proteolysis. Figure 4.19 shows the chromatogram pro-
duced following proteolysis of whole hemoglobin. Almost all fragments are
detectable, even the notoriously difficult to analyze o-core region, albeit occa-
sionally with low yield. The final peak in the chromatogram is a mixture of
aT-12,13 CAM and aT-12,13,14 CAM. The ES mass spectrum of these
peptides is shown in Fig. 4.20, indicating the presence of components of M,
4260 Da (0T-12,13 CAM) and 4579 Da (aT-12,13,14 CAM). Obtaining se-
quence information of peptides during HPLC/ESMS is straightforward and has
been described above. In fact, the spectrum illustrating product ions of BPG
CAM previously illustrated (Fig. 4.16) was obtained during a similar run to that
illustrated in Fig. 4.19.

Even though at present material limitation is hardly a problem in a hem-
oglobinopathy laboratory, the future might bring a growing need for hemoglo-
bin diagnostics performed on scarce amounts of dried cord blood collected on
filter paper. Packed-capillary LC can be coupled directly with MS without the
need of postcolumn splitting, and this arrangement considerably lowers sample
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Figure 4.20. ES mass spectrum of a.-globin core peptides. The spectrum was obtained during an
HPLC/ESMS analysis. Two components are present: A represents aT12-13 CAM (Average M,
4260), and B represents aT12-13-14 CAM (Average M, 4579). The dominant charge states of both
of these peptides are 4, 5, and 6.

consumption if coupled with FAB/MS (101) and ESMS (97, 102). There has
been a notable development in the technique during recent years. High-quality
packed-capillary columns are now commercially available along with a flow-
rate controller and a low volume—long pathway flow cell, both of which allow
for adaptation of standard HPLC systems to the requirements of low flow rates
(0.5-50 pl/min) [LC Packings (USA), Inc., San Francisco, CA]. Davies and
Lee (102) offer excellent practical guidelines regarding adjustments of the
pumping system, construction of the flow cell, and packing of capillary col-
umns to those willing or forced to rely on homemade instrumentation.

In a personal communication, Terry Lee of the Beckman Research In-
stitute of the City of Hope illustrated the use of capillary HPLC-ESMS/MS for
identification of variant Hb Alabama. The abnormal § chain was isolated by C4
reverse-phase HPLC and digested with trypsin. A portion of the tryptic digest
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mixture (approximately 20 pmole) was loaded onto a 0.25 mm x 150 mm C18
packed fused silica capillary column and eluted with an acetonitrile gradient
(2-60% in 30 min) at a flow rate of 2 pl/min. The effluent from the column was
directed through the capillary flow cell of a uv detector and then into the
electrospray interface of a Finnigan MAT TSQ-700 mass spectrometer. Cen-
troid spectra were collected over the mass range of m/z 500-2000 with a scan
time of 3 sec. The instrument was programmed to analyze each spectrum for
ions whose intensity was greater than a preset level. If such an ion is found, the
instrument is set for the MS/MS mode. It takes 0.6 sec to analyze the scan and
about 2.5 sec to change to MS/MS. Product ion spectra are collected for the
selected parent ion. A total of four scans are acquired unless signal intensity
falls below a preset level. The instrument is then reset to acquire normal MS
scans.

The result of this analysis for the hemoglobin sample is illustrated in
Fig. 4.21. With this steep gradient, full resolution of the components is not
achieved. Consequently, many of the peaks contain more than one peptide
component. The single-scan mass spectrum for scan 370 is shown below the
chromatogram. At least three peptide components can be identified. The most
intense ions belong to a peptide whose mass does not fit any of the predicted
peptides. It does match the peptide that would result from substitution of lysine
for glutamine in T-4 with cleavage after the lysine by trypsin. A small amount
of normal BT-4 is also evident in the spectrum. The MS/MS spectrum obtained
from scans 371 and 372 is sufficient to confirm the sequence assignment.

This example illustrates the current limit of the technology for tryptic
peptide detection and characterization. In practice, only time and experience
will tell whether capillary HPLC is sufficiently robust, versatile, and easy to use
routinely on HPLC/ESMS instruments. It may be that the intermediate technol-
ogy of microbore HPLC is more generally applicable for a wide variety of
analytes.

Method. [Microbore HPLC/MS technique, Witkowska et al. (36)]. A
tryptic peptide mixture derived from 100-200 pmol total protein (25-50 pmol
hemoglobin) is separated on the Michrom microbore HPLC system using a
Vydac C-18 column (0.1 x 15 cm, 5 pm, 300 A) at 40 °C, with a flow rate of
40 wl/min. Isocratic elution at 2% B for 5 min was followed by a linear gradient
to 27% B in 20 min, and afterwards to 50% B in 15 minutes. Solvent A was
acetonitrile:water (2:98)/0.1% TFA; solvent B was acetonitrile:water (98:2)/
0.08% TFA; detection was at 214 nm. The probe was introduced to the mass
spectrometer after the first 8 min of the run, and acquisition was started at 10
min. The flow-splitting, LC/MS interface, and mass spectrometric conditions
are the same as described above for the LC/MS of proteins (36).
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Figure 4.21. Capillary HPLC/ESMS/MS of B-globin tryptic peptides. These data, produced by
Dr. Terry Lee of the Beckman Research Institute of the City of Hope, who granted permission for
their reproduction, shows (top) the base peak intensity (BPI) chromatogram of the mixture and
(middle) details of scan 370. This spectrum shows predominantly the doubly charged molecular
ions of a variant $T-4 and normal BT-9. The MS/MS spectrum of the variant ST-4 (bottom)
confirms the amino acid sequence primarily through interpretation of the y-mode and b-mode series
ions and shows that the peptide is a clipped version of normal BT-4 formed by replacement of a
glycine by lysine, thus introducing a new tryptic site. The product ion mass spectrum was obtained
in the same HPLC run through the ability of the instrument to rapidly switch to the MS/MS mode
after detection of the relevant peak. This variant hemoglobin is known as Hb Alabama.
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3.7. Capillary Electrophoresis and Mass Spectrometry

Electrophoresis and isoelectric focusing have always been central to the
study of variant hemoglobins, and the development of capillary electrophoretic
techniques, with their potential for combining with mass spectrometry, has
therefore always been a tempting proposition.

The combination of capillary electrophoresis (CE) with mass spectrom-
etry was described by Udseth et al. (103) who demonstrated the separation of
three myoglobins from different species. However, similar on-line separations
of hemoglobin have not been attempted. The use of CE for the analysis of
globin chains (not on-line with MS) has been described by Ferranti et al. (104).
Figure 4.22 illustrates the separation of f and a globins on a 50 cm x 50 um
(i.d.) coated capillary, and shows that separation can be achieved in 5 min.

Combined CE-ESMS has been carried out on tryptic digests of human
hemoglobin. Johansson et al. (105) used a buffer of acetonitrile:15-mM am-
monium acetate (50:50) (v/v) adjusted to pH 5.0 with acetic acid. Although
capillaries of several dimensions were used, a typical one might have the
dimensions 50 cm % 75 pm i.d. An electropherogram is illustrated in Fig. 4.23,
which also shows the mass spectrum of a peak containing oT-3 and aT-14. It
is of significance that aT-3 and aT-14, two of the smaller peptides obtained by
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Figure 4.22. Capillary electrophoresis of globin chains. The left-hand panel shows the separation,
achieved in 5 min, of hemoglobin from a patient with sickle cell trait. Peaks representing normal
B, BS, and normal « are clearly separated. The electropherogram on the right shows separation of
globins from a patient diagnosed as having $52" 7% (8*). Normal a chain, B globin, and g2 Jose
globins are clearly separated. Reproduced from Ferranti et al. (104), with permission of Academic
Press.
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tryptic digestion, are normally quite difficult to determine by HPLC/ESMS.
The technique also was able to isolate and determine the molecular masses of
two of the largest tryptic fragments, aT-12 with a mass of 2965 Da and oT-9
with mass of 2996 Da. These two peptides primarily appeared as [M+H]** ions
of masses 594 and 600, respectively. Johansson and co-workers (105) also
illustrated the CE-MS/MS of tryptic peptides, which gave sufficiently intense
a-, b-, and y-mode ions to allow sequence confirmation for small peptides.
Excellent preliminary data have been obtained using this technology, but the
combined technique has been hindered by the inability to separate more than
very small quantitative amounts of the analyte mixture. Even though ESMS
instruments now have excellent sensitivity, ESMS is still only borderline when
it comes to the small amounts that CE technique separates. However, recent
results with CE-ESMS of proteins exploiting narrow-bore (5 um) polyimide-
coated fused-silica capillaries showed unexpectedly high analyte sensitivity
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Figure 4.23. Top: Capillary electrophoresis ES mass spectrometric TIC profile (CE/ESMS-TIC)
of an a-globin tryptic digest (10 pmol). Bottom: The ES mass spectrum of a peak (annotated with
an arrow) shows a co-eluting mixture of the peptides aT-3 and oT-14 of masses 552 and 339 Da,
respectively. This figure is reproduced from Johansson et al. (105), with permission of Elsevier
Science Publishers BV, Academic Publishing Division.
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when compared with older systems that used larger-bore capillaries (106).
Wahl et al. demonstrated CE-ESMS analysis of proteins at low attomole and
subattomole levels. Although the reason for the improvement in sensitivity is
not yet understood, a match between the CE and ES currents, improved ion
transmission due to beam dynamic effects, and a reduction in space-charge
expansion related to lower ES current appear to contribute to the phenomenon.

Aesthetically, the CE-ESMS technique is the most pleasing to the hem-
oglobinopathy laboratory workers because it combines the classical technique
for hemoglobin separation (electrophoresis) with molecular mass determina-
tion by mass spectrometry.

4. SUMMARY AND FUTURE METHODOLOGICAL
IMPROVEMENTS

This chapter has shown that mass spectrometry has achieved a firm foot-
hold among the techniques for characterizing variant hemoglobins. Acceptance
of the technology has occurred principally following the recent introduction of
the ESMS technique, which alone is capable of accurately determining mo-
lecular masses of variant globin chains and partially sequencing proteolytic
peptides. Moreover, variant identification can be carried out with relatively
inexpensive mass spectrometers of modest mass range and resolution.

Basic methods for characterizing variants have been described and in the

usual circumstances can be reduced to the following:

1. An ESMS spectrum is obtained of a hemolysate to determine the
molecular masses of any variant protein present, providing it has a
mass differential of at least 12-14 Da from other mixture components
(or 6-8 if MaxEnt® is used).

2. Combined HPLC/MS is used to separate globin chains and to deter-
mine their molecular masses if the mass differential is less than 12-14
Da (6-8 with MaxEnt®) from “normal.”

3. Alkylation (preferably carboxyamidomethylation) of cysteine and
tryptic hydrolysis are performed.

4. Microbore or capillary HPLC/ESMS of the tryptic peptides is carried
out to identify the aberrant peptide and to sequence it by fragmentation
in the source or collision cell.

In cases where the above analysis gives inconclusive results, a series of alter-
native or additional steps could be included, viz., preparative isoelectric focus-
ing or electrophoresis to isolate the abnormal hemoglobin; isolation of a globin
chain prior to proteolysis; altering the primary digestion technique or adding
a secondary one; acetylation and/or methylation of peptides prior to MS se-
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quencing; and, finally, amino acid sequencing using a four-sector tandem mass
spectrometer (or Edman sequencer).

We may anticipate several developments of this procedure. One will be
partial automation, whereby many hemolysate samples can be placed in a
carousel and the molecular masses of components automatically determined by
ESMS. These data could be automatically compared to molecular masses of
known variants, or possible new variants, stored in a reference library so that
listings of possible structures for an unknown variant could be given. Another
advance will be the automated sequence determination of tryptic peptides.
Yates and co-workers (107) have made great advances in this field and have
produced a program that gives a high success rate for correctly sequencing
peptides analyzed by triple quadrupole instruments. Capillary electrophor-
esis/ESMS will also be rendered more routine in coming years and will prove
to be a useful complementary technique to microbore (or capillary) HPLC/MS.
There will be improvements in wet chemistry methods for use prior to mass
spectrometric analysis, particularly the refinement of techniques aimed at re-
covering proteins from separatory gels.

Finally, the instrumentation itself will improve. Greater sensitivity may be
more widely achieved when ES ion-trap mass spectrometers become commer-
cially available. These instruments are also capable of MS” (multiple MS/MS)
experiments so that sequencing will be facilitated. As for magnetic sector
machines, sensitivity in terms of sequencing capability should be improved
when array detectors are able to collect ions over a greater section of mass range
than is currently possible. Our studies (31,32,37) have been carried out on a
Kratos Concept IIHH 4-sector instrument of EBEB geometry, where 4% of
mass range is covered; the latest VG Autospec-FPD with focal plane (array)
detector can cover 20%. The combination of ESMS and magnetic instruments
may allow molecular masses to be determined with a greater degree of accuracy
than is presently possible with quadrupoles, although this technology will be
restricted to those able to afford the more expensive hardware. For intact
proteins, however, the resolution of proteins of close molecular mass by mag-
netic sector instruments will probably not be significantly improved over that
achievable with MaxEnt® software on quadrupole instruments.

Another important new technique, MALDI-TOF mass spectrometry, is
likely to become a major player in hemoglobin identification. It has been shown
to give reasonable accuracy in the determination of molecular masses of tryptic
peptide mixtures (96), but at present has insufficient resolution to determine
accurately the molecular masses of intact globins in mixtures with closely
related variants. Its weak point is the lack of an interface to a separatory
method, but a particular strength is the easy loading of multiple samples into
the instrument and the speed at which they can be analyzed. Also, the potential
use of MALDI-TOF mass spectrometry in peptide sequencing, as described by
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Figure 4.24. ES source CID of intact globin chains. The spectrum (top) shows the fragmentation
of the [M+19H]'** ion to a series of y-mode and b-mode product ions. The amino acid sequence
of the human hemoglobin B chain (bottom) shows cleavage sites for which fragment ions were
identified (breaks in the amino acid sequence). Shaded residues indicate the position of the amino
acid substitutions in mutant $-globins that were studied. Reproduced from Light-Wahl et al. (109),
with permission of John Wiley & Sons, Ltd.
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Chait and Kent (95) might render laser desorption an invaluable addition to any
structural laboratory in the near future.

A future direction of mass spectrometry in variant hemoglobin charac-
terization may lie in MS/MS of intact globin chains analyzed by ESMS. Loo
and co-workers (108) have described the interpretation of multiply charged
product ion spectra of intact protein multiply charged ions, and recently, in
collaboration with Richard Smith’s group, we have obtained preliminary data
on the CID fragmentation of multiply charged ions of intact normal and variant
B globins (109) (Fig. 4.24). From the multiply charged b- and y-mode product
ions found, we have been able to distinguish and confirm the sequence of the
amino acids at both ends of the protein.

In the next decade, we can expect that current methodologies and these
new developments will rapidly increase the number of variant hemoglobins
known. With a mandatory requirement for newborn screening for hemoglobin-
opathies becoming common, the structural characterization of variants will be
increasingly required.
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Analysis of
Urinary Nucleosides

Thomas D. McClure and Karl H. Schram

1. INTRODUCTION

Conventional diagnosis, disease staging, and evaluation of therapy for cancer
and acquired immune deficiency syndrome (AIDS) rely heavily on clinically
observable measurements rather than biochemical tests. In the case of cancer,
these measurements include tumor imaging and tissue biopsy and are accurate
only after many cancer cells have been produced as a consequence of disease
progression. A diagnosis of AIDS is established by detection of host-produced
antibodies to the human immunodeficiency virus (HIV), whereas staging, mea-
surement of response to therapy, and determining the type and severity of
opportunistic infections (OI) suffered by AIDS patients is determined by mea-
surement of the T- and CD-4 cell populations (1). For both cancer and AIDS,
these methods can be unreliable; also, in some instances, they are painful and
increase risk to the patient. For example, detection of mesothelioma (cancer of
the pleural covering of the lung, most often the result of exposure to asbestos
fiber) is an invasive procedure requiring rib resection to obtain tissue biopsy for
cytological analysis. A dangerous level of unreliability in detecting HIV in-
fection has been observed and results in a long lead time between HIV infection
and production of antibodies. In a recent study (2), patients were shown to be
infected with HIV for as long as 35 months before antibodies were detected. As
a result of these deficiencies in clinical test methods, considerable research
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effort has been expended toward finding alternative indicators or “biomarkers”
of cancer and AIDS.

The goal of AIDS and cancer biomarker research is to discover biochem-
ical compounds that are more sensitive, specific, quantitative, and reproducible
in detecting very early infection/occurrence and disease staging (3). An ideal
biomarker of cancer or AIDS should possess the following characteristics (4):

1. The marker(s) should be present in body fluids, thus eliminating the
need for invasive surgery.

2. The marker(s) should not only be specific for cancer, but should in-
dicate the type of cancer.

3. Body-fluid levels of the marker(s) should correlate to tumor burden or
disease stage.

4. The incidence of false positive and false negative results should be
statistically acceptable.

5. The methods for detecting the marker(s) should be amenable to screen-
ing large populations.

A number of classes of biomedicals has been studied as biomarkers,
including enzymes involved in DNA synthesis and tRNA (transfer RNA),
methylating enzymes; serum polypeptides such as carcinoembryonic antigen,
tissue polypeptide antigen, and placental alkaline phosphatase; the urinary
polyamines putrescine, spermidine, and spermine; and urinary modified nu-
cleosides (5-7). The last class of compounds, urinary modified nucleoside(s)
(UMN), show considerable promise as biomarkers for both cancer and AIDS
and are the subject of this review. Ideally, a UMN biomarker would be below
detection limits in nondisease control samples but would be present in samples
from cancer or AIDS patients at concentrations indicative of the stage of the
disease. The term “modified nucleoside” has been used to describe a nucleoside
that has been singly methylated in the aglycone portion of the molecule or on
the 2'-hydroxyl within the ribose moiety. Modifications to nucleosides can be
much more extensive and are often termed hypermodified nucleosides (8). For
this discussion, the term “modified nucleoside” will be used to refer to any
nucleoside that has a structure different from adenosine, cytidine, guanosine,
thymine-riboside, uridine, and their deoxy- counterparts. Table 5.1 contains a
list of modified nucleosides that have been found in urine, with the correspond-
ing structures found in Fig. 5.1. (Numbers in bold type below provide reference
to Table 5.1 and Fig. 5.1 for substances indicated.)

1.1. Urinary Modified Nucleosides as Biomarkers for Cancer

The search for UMN as biomarkers for cancer involves two different
experimental approaches. One is the structural elucidation of the new nucleo-
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Table 5.1
Urinary Nucleosides Discovered in the Urine of Control and Cancer Patients

# Abbreviation Compound Urine Reference
1 A adenosine 0.23+£0.07° 30
1.04+0.42° 75
0.29+0.09° 29
trace 76
2 Am 2'-O-methyl- * 71
3 dA 2'-deoxy- 0.76+1.13¢ 75
4 MlA 1-methyl- 4.32+1.58° 78
1.77+0.58° 22
5.91% 25
1.8% 6
2.02+0.35° 30
2.15+0.4¢ 29
5 mPA NS-methyl- 2.1-5.2° 76
6 %A isopentenyl- 0.0500.019 39
7 SucSA Nb-succinyl- nq° 78
8 mbS,A 1,N5-dimethyl- d 9

N-[N-(9-8-D-ribofuranosyl

9 t5A -purine-6-yl)carbamoylthreonine 03t 76
2.2+0.9° 39
10 MTA 5'-deoxy-5'-methylthio- d 80
1 MTA-SO -5'-methylthio sulfoxide 0.34x£0.21¢ 81
MTA-SO a 10
12 C Cytidine trace 76
13 Cm 2'-O-methyl- 0.2-0.5% 76
d 77
14 dC 2'-deoxy- trace 76
15 m°C 5-methyl- 0.1120.03¢ 30
16 ac*C N*-acetyl- nq 44
17 G Guanosine trace 76
18 Gm 2'-O-methyl- d 77
0.17£0.09 39
19 m3G NZNZdimethyl- 1.36£0.90° 78
1.240.30° 82
0.18-2.00¢ 83
2.27° 25
0.8¢ 6
10520.12¢ 30
7.6%5.9° 75
3.27+0.40° 84
1.25+0.30¢ 29
11-21° 76
0.05+0.022% 21

(continued)
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Table 5.1 (Continued)

Chapter 5

# Abbreviation Compound Urine Reference
20 m!G 1-methyl- 0.4-0.6° 76
0.96+0.44° 78
1.41¢ 25
0.6° 6
0.70£0.04° 85
1.8320.29° 84
0.7120.16° 29
0.68° 27
21 m?G N2-methyl- 0.2-0.3b 76
1.29%1.08° 78
1.2020.15° 82
0.35£0.14¢ 22
2.38° 25
0.3 6
22 m’G 7-methyl- 1.46° 25
23 MTG 5'-deoxy-5'-methylthio- d 62
7-p-D-ribofuranosyl
24 7-R-Hyp -hypoxanthine d 1
imidazole
25 5,4-ACRI 5-amino-4-carboxamide-riboside- 0.18° 76
26 1 inosine 0.18 86
27 Im 2'-O-methyl d 87
28 m'l 1-methyl- 21-29 86
29 5'-dl 5'-deoxy d 10
30 ¥ pseudouridine 2-62°% 76
0.7820.206° 21
0.07+0.078" 88
17.77+6.36° 78
224-267° 22
22.6+4.32° 82
8.57-27.64° 83
24.13° 25
0.30£0.08 28
23.5° 6
24.80+4.8° 30
66.7£22.2° 75
33.19£3.9° 84
20.89+4.32¢ 29
20.33° 27
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Table 5.1 (Continued)

# Abbreviation Compound Urine Reference
31 U uridine trace 76
32 Um 2'-O-methyl- 0.1% 89
4 77
33 D 5,6-dihydro- nq 46
34 m’U 3-methyl- nq 64
0.32 63
35 ncm’U 5-carbamoylmethyl- d 90
36 nem’s?U 5-carbamoylmethyl-2-thio- nq 91
37 acp’U 3-(3-amino-3-carboxypropyl)- 4 92
1-(B-D-ribofuranosyl)-pyridine
38 PCNR -5-carboxamide-2-one 0.16° 93
39 4,3-PCNR -3-carboxamide-4-one 1.8° 52
0.87+0.25¢ 93
1-(a-D-ribofuranosyl)-pyridin
40  a-4,3-PCNR -3-carboxamide-4-one 0.19° 94
41 X xanthosine
42 5'-dX 5'-deoxy- nq 69

“Values in nmol/umol creatinine.

bValues in mg/24h.

nq = not quantitated.

“Identified in urine samples from cancer patients, thus quantities may vary.

sides usually present in low levels in body fluids of cancer patients but absent
in control samples from control subjects. Whereas this approach is qualitative,
at least during the identification stage, the potential for high selectivity toward
the type and level of cancer is great because these markers may be unique.

The rationale for the appearance of these novel nucleosides is based on the
premise that, upon transformation from the normal state to malignancy—a
process known to involve nucleic acids—cellular biochemistry is altered. The
appearance of novel nucleosides in urine (or other body fluids) may result from
these nonspecific changes. Recent examples of UMN that may be specific for
cancer include: m'®, A (8) (9), 5'-d1 (29) (10), and 7-R-Hyp (24) (11) in the
urine of cancer patients; further studies of these novel UMN may reveal a
quantitative relationship between their concentration in urine and the type or
level of cancer.

The second approach, which is quantitative, has focused on comparing the
levels of previously identified UMN in control and cancer-patient samples. The
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biochemical rationale for differences in the levels is the belief that UMN are
derived almost exclusively from RNA. Even though UMN have been identified
from other sources, ¢.g., 8-hydroxy-2'-deoxyguanosine, 43, is formed as a
result of oxidative damage to DNA by free radical species (12). The level of
UMN formed by such “minor pathways” is considered negligible and, unless
special techniques are employed, is below the detection limits of the standard
methods used in quantitation.

Of the RNA present in the body, turnover of tRNA is thought to provide
the highest levels and structurally most diverse UMN. Even though ribosomal
RNA (rRNA) contains a larger total number of nucleosides, proportionally the
number of modified nucleosides in rRNA is only about 3% compared to the
15-20% of modified nucleosides in tRNA (13). Furthermore, the primary
structure of tRNA in neoplastic cells differs from that found in control cells, in
part because of increased activity of posttranslational tRNA methylating en-
zymes (14). This hyperactivity of the tRNA methylating enzymes is, appar-
ently, a universal attribute of all malignant tissues, with the only known
exception being tumors of the human ovary. Consequently, every cancerous
tissue contains tRNAs that are different in structure from their control tissue
counterpart (15). Posttranslational modification of the nucleosides in the an-
ticodon loop of tRNAs has been reported to be as high as 25% (16). The
ultimate fate of the modified nucleosides released during degradation of the
various RNAs (and DNA) is also of considerable importance. Because eu-
caryotic cells lack the enzymes necessary for their reutilization, the modified
nucleosides are either excreted unchanged in the urine or undergo further
metabolism and are then excreted (17). The levels of selected UMN have also
been suggested as a means of determining whole-body RNA catabolism (18)
and even for differentiating turnover of the various types of RNA (19).

Do the levels of these UMN, of known or unknown structure, have utility
as biomarkers of cancer? Based on a relatively large body of data, the answer
appears to be yes. For example, animal studies have shown that the excretion
rate of the nucleosides ac‘C (16), ¥ (30), and m!A (4), is increased upon
exposure to cancer-inducing compounds even before the tumor is detectable by
standard methods, and that levels of several of the UMN were highly elevated
in the advanced stages of tumor development when compared with controls that
were exposed to the same compounds but did not develop tumors (20).

Human studies also suggest that quantitation of UMN may provide valid
biomarkers for cancer. Early studies conducted using packed-column gas chro-
matography (GC) to determine levels of ¥ (30), m%,G (19), and m'I (28) in
urine samples of patients with malignant solid tumors suggested a correlation
between the presence of cancer and the levels of these urinary nucleosides (21).
Analysis of urine from 27 patients representing 13 different malignancies for
various UMN, including ¥ (30), m!A (4), m'I (28), m*G (21), and m%,G (19)
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found that 26 of the 27 patients showed elevated levels of these potential
biomarkers (22). The significance of these observations has been validated
using multivariate statistical analysis methods to show that UMN can be used
as markers for diagnosis and evaluation of follow-up therapy for various types
of cancer (23).

Levels of known modified nucleosides in the urine of patients with
specific types of cancer have also been examined in efforts to develop non-
invasive methods for diagnosis or staging of the disease. Urinary concentra-
tions of ¥ (30), m'A (4), m%,G (19), m'l (28), m'G (20), and m*G (21) were
used to evaluate 22 patients with breast carcinoma, 16 with and six without
metastases. Fourteen of the 16 patients with metastatic cancer showed elevated
levels of one or more nucleosides, whereas only one of the six without metas-
tases had elevated levels of UMN (24). Similarly, lymphoma-bearing patients
have been shown to excrete elevated levels of selected UMN compared to
controls, but no correlation could be established as to the type of cancer and the
level or structure of the modified nucleosides examined (25).

Mentioned earlier was the difficulty in diagnosing mesothelioma. In an
effort to develop a noninvasive diagnostic procedure for this type of cancer, the
levels of UMN in a subpopulation known to be at risk through occupational
exposure to asbestos were measured and compared to levels observed in the
urine of patients confirmed as having mesothelioma. Both groups showed
elevated levels of UMN, with the mesothelioma group displaying the greatest
variation in type and the highest levels of modified nucleosides (4). In a related
double-blind study, nine out of nine cases of mesothelioma were diagnosed
using UMN as biomarkers (15,26).

Other types of cancer in which levels of UMN have been used as potential
biomarkers include chronic myelogenous leukemia (27,28), childhood acute
lymphoblastic leukemia (29), and nasopharyngeal carcinoma (30).

In addition to cancer, levels of UMN have been suggested as being
diagnostic of certain immunodeficiency diseases in children. One such disorder
is adenosine deaminase deficiency, a condition that can lead to lymphocyte
dysfunction and alters purine and pyrimidine metabolism, as is evidenced by
a change in the urinary nucleoside profile. The specific nucleosides studied for
this condition were m'A (4), m'I (28), A (1), MTA-SO (11,), m!G (20), C (12)
and dC (14). The conclusion of this study was that the UMN mentioned can be
used to diagnose adenosine deaminase deficiency (31,32).

1.2. Urinary Modified Nucleosides as Biomarkers for AIDS

Although fewer data have been accumulated on UMN levels in AIDS
patients, reports in the literature strongly suggest that AIDS may be diagnosed
and possibly staged using UMN as biomarkers.
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The biochemical rationale for higher levels of UMN associated with AIDS
is unclear but may be in part a result of an increase in the turnover of tRNA in
infected cells. This increase turnover is due to retrovirus—host cell interactions
and not cellular transformation. Such a mechanism has been invoked to explain
the increased levels of excreted W (30) observed in chicken fibroblasts infected
with Rous sarcoma virus, which, like HIV, is a retrovirus (33,34).

Whatever the reason, recent studies have reported that the levels of the
modified nucleosides PCNR (38), m'A (4), m'I (28), m'G (20), m*G (21), m%,G
(19), ac*C (16), and t5A (9) are increased in the urine of AIDS patients. Figure
5.2 shows a comparison of the levels of these nucleosides in the urine of control
subjects versus those in patients considered at high risk for HIV infection and
those with AIDS (35,36). Of particular significance in these results is the
finding that the urine of persons in the high-risk group who were asymptomatic
and whose enzyme-linked immunosorbent assay (ELISA) test was negative for
the presence of HIV showed elevated levels of some of these UMN. In addition,
the level and identity of the UMN may allow differentiation of the stage of the
disease (37). Consequently, modified nucleosides in urine may hold promise as
biomarkers for the early detection of HIV infection as well as for staging of the
disease.

1.3. Conventional Methods for the Analysis of Urinary Nucleosides

Several analytical techniques have been applied to the qualitative and
quantitative analysis of UMN. Early quantitative methods relied on packed-
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column GC for separation of the individual nucleoside components. Following
their isolation from the urine matrix by adsorption onto activated carbon, the
nucleosides were converted to their trimethylsilyl (TMS) derivatives and ana-
lyzed. This approach was used to determine the levels of W (30), m'I (28), and
m?,G (19) in urine from a control subject and from a patient with colon cancer.
The major problem with the earlier packed-column GC methods was a lack of
chromatographic resolution, so that the procedure was incapable of separating
components with similar retention times or artifacts, e.g., the 4-hydroxyacetan-
ilide interference in the quantitation of m?,G (19) (38).

More recently, immunoassay methods have been used to quantify UMN.
Radioimmunoassay (RIA) was applied to the analysis of Gm (18), i°A (6), and
t8A (9) in urine samples from control and cancer patients (39). Monoclonal
antibodies were produced and used in an ELISA-based quantitation of m'A (4)
in the urine of cancer patients (40). These immunoassay methods are very
sensitive (picomole range) and highly specific, but suffer from the need for a
specific antibody for each compound being evaluated. Consequently, these
methods are not applicable to the identification and quantitation of previously
unknown nucleosides.

The most frequently used method for the quantitation of UMN has been
high-pressure liquid chromatography (HPLC). HPLC methods of analysis have
the advantage over GC methods in that the compounds being studied need not
be volatile, eliminating the need for derivatization. With modern instrumenta-
tion, HPLC with ultraviolet (UV) detection at 254 nm has the sensitivity
necessary to detect urinary nucleosides (41). In one study, 13 nucleosides were
separated using isocratic normal phase conditions with detection limits as low
as 0.2 ng and linearity spanning three orders of magnitude (42). Using reverse
phase (RP) conditions, modified nucleosides in urine from control and cancer
patients can be detected at the 1-ng level (43,44). Multidimensional HPLC
chromatography has been employed to increase the chromatographic separa-
tion and linearity of response for nucleosides in physiological fluids. This
technique uses a boronate—gel affinity column coupled by switching techniques
to a C-18 RP column (45).

The primary problems with HPLC-UV quantitation of nucleosides include
the following:

1. At a fixed wavelength, UV absorption is a general property of many
molecules and is not structurally specific. Thus, the potential of co-
elution of unsuspected components, resulting in erroneous quantitative
data, is a constant problem.

2. Little or no structural information is available for identification of
unknown components. For example, Fig. 5.3 shows a reconstructed
total-ion chromatogram (obtained using GC-MS) of an HPLC fraction
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thought to contain only one nucleoside, but which turned out to contain
a number of compounds including other nucleosides.

3. Detection requires the presence of a UV-absorbing chromphor; where-
as that factor is generally not a problem, quantitation of non-UV-
absorbing nucleosides such as D (33) is not possible (46). At present,
D (33) is the only known non-UV-absorbing nucleoside, but the ex-
istence of other non-UV-absorbing nucleosides cannot be discounted.

1.4. Application of Mass Spectrometry to Analysis of Nucleosides

Mass spectrometry has been used with considerable success in the struc-
tural elucidation of modified nucleosides from a variety of biological sources
including tRNA (47), DNA (48), urine (49-52), and other sources (53).

Gas chromatography—mass spectrometry (GC-MS) is currently the only
analytical technique with both the sensitivity and the specificity needed to
establish unequivocally the identity of a modified nucleoside isolated from a
complex biological source such as urine. Specificity is very high with a mass
spectrometer because ions characteristic of the molecule or portions of the
molecule are observed, rather than general physical properties like UV absorb-
ance, as discussed for UV-HPLC. In addition to molecular weight and struc-
ture-elucidating fragmentation from a mass spectrum, sample introduction
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Figure 5.3. Reconstructed total ion current (RTIC) chromatogram (using GC-MS) of an HPLC
fraction (using UV detection) formerly thought to contain only m?G (21).
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using a high-resolution capillary GC column provides an additional compound-
specific parameter, retention time.

2. EXPERIMENTAL RESULTS

2.1. Qualitative Analysis of Urinary Modified Nucleosides

Two approaches have been developed for the detection and structural
elucidation of previously unidentified modified nucleosides found in human
urine. One method involves isolation of the nucleoside fraction using boronate—
gel affinity chromatography followed by RP-HPLC separation and collection
of the individual nucleoside fractions with subsequent GC-MS analysis of the
TMS-derivatized component(s). This method is used in the authors’ laboratory.
The second approach involves a large-scale purification of nucleosides with
activated carbon and ion-exchange chromatography columns (54). Discussed
below are the advantages and limitations of each of these methods.

2.1.1. Boronate-Gel Based Qualitative Analysis

2.1.1a. Sample Preparation. A summary of the boronate—gel method is
shown in Fig. 5.4. A 24-hr urine sample collected from a subject is centrifuged
to remove particular matter and stored at —20° until needed.

Boronate—gel affinity chromatography is used to isolate the nucleoside
fraction from urine and is a modification of a previously published procedure
(43). The stationary phase is Affi-gel 601 (Bio-Rad Labs, Richmond, CA),
having a specific affinity for cis-hydroxyl groups, and is packed in a 60 x 9 mm
I.D. column with a bed volume of 0.83 ml. Prior to sample introduction, the
column is equilibrated with 20 ml of 0.25 M ammonium acetate (pH 8.8) and
washed with 20 ml of 0.1 M formic acid. The sample is loaded onto the column
as a 10-ml aliquot of urine, with the pH adjusted to 8.8 using 2.5 M ammonium
acetate (pH 9.5). The column is washed with 8 ml of 0.25 M ammonium acetate
(pH 8.8) and the nucleosides eluted with four ml of 0.2 M formic acid. This
eluent is dried in vacuo, and the residue is dissolved in 1 ml of water for HPLC
purification.

2.1.1b. HPLC Purification. The HPLC system used in these studies is a
Shimadzu (Kyoto, Japan) system with an LC-6A control and dual pumps, a
SPD-6AV UV-Vis detector, and a C-R3A Chromatopac integrating recorder.
The stationary phase is a 5-pum Develosil ODS-5 (Nomura Chemicals, Nagoya,
Japan) reverse-phase 250 x 4.6 mm I.D. column. This column is protected by
a 15-30 um Develosil ODS-5 precolumn and a 1-um mesh size filter installed
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Figure 5.4. Boronate—gel sample preparation scheme for qualitative analysis of urinary modified
nucleosides.

between the injector and the precolumn. The following solvent gradient pro-
gram was used to separate the nucleoside components:

0 min—ultrapure water, pH 4.2, adjusted with 0.2 M formic acid;
25 min—13:87 methanol-water (v/v);
35 min—45:55 methanol-water (v/v);
40 min—the column was washed with water at pH 4.2.

The injection volume was 300 or 350 pl with a mobile phase flow of 1.1 ml per
minute. Detection of the modified nucleosides was accomplished by absorption
at 260 nm, with initial structural assignment of the major component in each
fraction being based on retention times corresponding to known reference
samples. Each individual nucleoside fraction was collected and lyophilized
(595).
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2.1.1c. GC-MS Analysis. Each of the lyophilized fractions from the
HPLC purification step was reconstituted in an appropriate volume of water to
afford a concentration of one pg/ul (based on UV absorbance). A 10-pl aliquot
of the working solution was taken to dryness under a stream of nitrogen at room
temperature and the TMS derivative prepared using previously reported meth-
ods (56-58); i.e., 40 pl of N,O-bis(trimethylsilyl)triftuoroacetamide (BSTFA)
containing 1% trimethylchlorosilane (TMCS) and 10 ul of pyridine is com-
bined with the dry sample, and the mixture is heated in a sealed vial for one
hour at 100°.

The GC-MS analysis of the derivatized samples was performed using a
MAT 90 double-focusing (BE, reverse geometry) mass spectrometer (Finnigan
MAT, San Jose, CA) equipped with a Varian 3400 gas chromatograph (Varian
Instrument Co., Palo Alto, CA). One pl of the derivatized sample was in-
troduced by splitless injection onto a bonded-phase DB-5 capillary column (30
m x 0.25 mm; 0.25 um film thickness; J&W Scientific, Folsom, CA) that was
directly coupled to the ion source. The GC conditions used were as follows:
injection temperature, 250°; column conditions, 10 PSIG head pressure; tem-
perature program 150° for 3 min, 6° min~! to 300°, 300° for 10 min; interface
temperature, 250°.

The mass spectrometer conditions used depend on the type of analysis
being performed. Ionization was achieved by electron ionization (EI at 70 eV)
and chemical ionization (CI using CH, or NH, as the reagent gas at approxi-
mately 1073 torr source pressure). Mass analysis was performed using either the
low (LR, R = 1000) or high resolution (HR, R > 7000) mode. First, fieldfree
region product ion scans were obtained with the accelerating voltage held
constant and the magnetic (B) and electric (E) fields scanned according to the
expression B/E=constant (59).

2.1.2. Activated Carbon—-Based Qualitative Analysis

2.1.2a. Sample Preparation. The activated carbon method for separation
and isolation of UMN was developed by Chheda (54). A 24-hr urine sample is
collected in a container with 50 ml of toluene. The toluene is removed, the pH
is adjusted to 3, and the sample is allowed to stand for 2 hr before filtering. The
entire sample is desalted using a column (3.8 x 50 cm) containing activated
carbon and celite. After sample addition, the column is washed with approx-
imately 3 1 of water and the compounds of interest eluted with 3 1 of 2N NH,OH
in 50% aqueous CH;CH,OH. The eluate is concentrated to approximately 50
ml, and organic acids are removed using a 3.5 x 35 cm ion-exchange resin
column (AG1-X8, BioRad Laboratories). The column is washed with water
until UV absorbance (at 260 nm) falls below 0.2 AUFS, and the eluent is taken
to near dryness. The residue is dissolved in 50 ml of 0.15 M boric acid and the
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cis-diol containing compounds separated from other components on a DEAE
cellulose-borate containing column. Monitoring the UV absorbance (cutoff
point is 0.3 A, units) of the column effluent, the non-cis-diol nucleosides (e.g.,
2'-O-methyl nucleosides) are removed with 0.15 M boric acid. Most of the
cis-diol nucleosides (and other compounds) are removed with a 0.7-M boric
acid wash. The more acidic nucleosides, such as t°A, are removed from the
column using 1 N formic acid. Each of the collected fractions is taken to near
dryness and further purified using RP HPLC.

2.1.2b. HPLC Purification. The conditions for collection of individual
nucleosides present in the above mixtures were as follows: column, 21.4 mm
x 25 cm Zorbax ODS C,¢ (8-um particle size); maximum sample size, 5 ml;
mobile phase solvent program over the course of 60 min progressed linearly
from 0 to 25% methanol in 0.1 M ammonium acetate buffer (pH 6.8); flow rate,
8 ml min!; detection, 254 nm. Figure 5.5 shows an HPLC chromatogram of the
0.7-M boric acid eluent from a control urine sample, indicating the elution
order of nucleosides (54).

2.1.2c. Instrumental Analysis of Fractions. The large volume of urine
used in the activated carbon method (relative to the boronate—gel method)
allows several instrumental methods to be applied to structure elucidation.
Thus, sufficient material is available for UV, NMR (both 'H and *C), and mass
spectrometry. The A, values obtained from the UV spectra of unknown
nucleosides, when compared with model compounds at various pH values,
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Figure 5.5. An HPLC-UV chromatogram showing the elution order of modified nucleosides
found in a control urine sample. The sample preparation involved the activated-carbon technique.
Reprinted with permission from Ref. 54.
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provide information about the chromophore, and in some instances, the degree
and position of substitution within the chromophore. These results can be
obtained on levels as low as 100 ng (54).

The use of 'H NMR spectrometry permits further structural information to
be obtained, particularly as to the position of substitution within the aromatic
base portion of the molecule. On the other hand, 3C NMR provides information
on the chemical environment of the carbon atoms in the base and the sugar (54).

The derivatization procedure and conditions for GC-MS were fundamen-
tally the same as those .described above in the boronate—gel-based isolation
scheme.

2.1.3. Analysis of Mass-Spectral Results

As mentioned previously, nucleosides are thermally labile compounds, so
MS analysis in the EI and CI modes requires preparation of TMS (or other)
derivatives. In addition to increasing the volatility of the samples, forming this
derivative increases the mass of the molecular ion to a region, typically between
400 and 800 amu, where instrument background is low. Using EI, these
derivatized nucleosides produce numerous structurally significant fragment
ions (60). These structurally significant ions are grouped into three ion series:

1. molecular-ion-related fragments (M series), resulting from loss of
small neutral or radical species from the molecular ion;

2. base-related fragments (B series), containing the nucleobase plus por-
tions of the sugar; and

3. sugar-related fragments (S series), formed after cleavage of the gly-
cosidic bond between the base and C-1".

Each of these ion series provide information important in determining the type
and position of modification in the nucleoside.

2.1.3a. M-Series Ions. Typical ions present in this series are listed in
Table 5.2. One of the most useful is the [M-15]* ion formed by loss of a methyl
radical from the molecular ion [M]*'. This ion is useful for confirming the
identity of the [M]*" ion because a loss of 15 from other ions is not a major
process in TMS-nucleoside spectra. Furthermore, the ratio [M]**/[M-15]* pro-
vides some clues to structure. For most nucleosides, this ratio is less than one;
however, for G (17), dA (3), dX, and a few other nucleosides, this ratio is
greater than one (50,60,61). In some instances, other important ions are in-
dicative of selected modifications in the structure of the modified nucleoside;
for example, [M-47]* is representative of the loss of [CH;-S]" from [M]** and
is indicative of a methyithionucleosides such as 5’-deoxy-5'-methylthioguano-
sine (MTG, 23) and the corresponding adenosine analog (62).
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Table 5.2
Structural Significance of the Molecular Ion Series”
Ion Structural significance and comments?
M** Molecular weight of intact molecule. Use of 2H-labeled reagents will permit

determination of the number of TMS groups added to the free nucleoside.
High-resolution data important for determining the elemental composition of
the intact molecule.

M-15 Permits ready identification of the molecular ion. If ratio M/(M - 15) > 1,
guanosine may be present.

M-90 TMSOH is lost exclusively from O-2'.

M -103 Loss of the 5'-position as CH,OTMS. Indicator of the 5'-position.

M - 105 M - 15 - 90. No additional structural information.

M - 118 M - 90 - CO. CO lost primarily from the O-4' position.

M -131 Loss of ¢-1', C-2', 0-2/, and O-4".

M - 180 M - 90 - 90. Useful for recognizing C-nucleosides.

%Reprinted with permission from Ref. 50.
®Based on data from Ref. 60.

2.1.3b. B-Series Ions. Table 5.3 contains a list of the ions routinely found
in this series. These ions provide structural information concerning the fol-
lowing:

1. The type of modification in the aglycone portion of the molecule;

2. The type and position of modifications to the sugar moiety, because
different positions of the sugar are represented in this series; and

3. In some instances, the position of attachment of the sugar in the
aglycone moiety for purine nucleosides [e.g., 7-R-Hyp, 24 (11)].

2.1.3c. S-Series Ions. The routinely observed ions of this series are col-
lected in Table 5.4. The S-series ions confirm the position of sugar modification
and provide some information as to aglycone structure. As a general rule, the
S-series ions are more intense for pyrimidine than for purine nucleoside TMS
derivatives (60). Anomeric configuration of modified nucleosides can be in-
ferred by a comparison of the spectra of the a and f species. The relative
abundance of the [S—H]** ion is typically greater for the o anomer than for the
B anomer (60). As with the B series, the [S-H]*" ion is also important in
differentiating the site of attachment of ribose at the C-7 versus C-9 position
in purine nucleosides (11).

All three of these jon series have been used to assign a tentative structure
to previously unidentified modified nucleosides regardless of isolation methods
or other instrumental techniques employed. GC-MS alone can in some cases
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Table 5.3
Structural Significance of the Base-Ion Series*
Ion Structural significance and comments?
B + 204 Same as B + 132 but with an additional TMS group.
B + 188 Shifted from B + 116 by addition of TMS but not structurally related.
B +132 Of major structural importance in locating sites of modification in the sugar.

Contains C-1', C-2', 0-2', O-4’, and a rearranged hydrogen. Formed by loss
of the 3’ through 5' positions of the sugar. Structurally related to the B + 60
ion of free nucleosides by addition of a TMS group to the hydroxyl group.
Sugar modifications are evident.

B + 116 Structurally related to the B + 44 ion of free nucleosides (contains C-1',
C-2', and O-2'), but with a TMS group added to the hydroxyl group. Sugar
modifications are evident.

B + 100 Formed from B + 116 by loss of CH,.

B+ 74 Related to the BH* " ion, but with TMS group transferred from the sugar
during glycosidic bond cleavage, instead of a hydrogen. Identification of
base confirmed.

B + 58 Formed from B + 74 by loss of CH,.
B +41 Characteristically abundant in cytidine analogs.
B +30 Corresponds to the base plus C-1', and the sugar-ring oxygen. Modifications

to C-1" are evident. Often a strong ion in purine nucleosides. B will be
shifted by 72 daltons for each TMS present in the base.

B+13 Base plus CH observed in some but not all pyrimidine nucleosides. Absent
in purine nucleosides.

B +2H, B+ H Base ion. Establish nominal mass and elemental composition (with high
resolution) of B, the aglycone. Shift of the B-series with 2H-labeled reagents
dependent on number of TMS groups added to the base.

AReprinted with permission from Ref. 50.
ased on data from Ref. 60.

provide sufficient information to assign a tentative structure to unknown UMN.
Any information from other techniques (i.e., HPLC retention times and UV
data, or, in the case of m%,A (8), NMR data) is important in the process of
structural assignment. Ultimate proof of structure lies in a comparison of the
mass-spectral and chromatographic data between an authentic sample and the
unknown. The strategy for using GC-MS for identification of unknown UMN
will be demonstrated with examples from our laboratory.

2.1.4. Examples of Base-Modified Novel Nucleosides

The first example, 3-methyluridine (m3U, 34), had been previously
identified in control human urine on the basis of TLC retention factors and UV
spectroscopy (63). We verified the structure using GC-MS and HPLC retention
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Table 5.4
Structural Significance of the Sugar-Ion Series®

Structural significance?

Ion Ribose  Deoxy 2'-O-Me Comments

S 349 261 291 Direct indicator of sugar modifictions.
Isomers and epimers not distinguished
with any confidence. Differentiation of a
from B possible if both available. Also
useful for establishing identity of
base-related ions.

S-H 348 260 290

S-32 — — 259 From O-methylated sugars only.

S$-90 259 171 201 Loss of TMSOH.

S-H-90 258 170 200 Loss of TMSOH + H.

S~H-103 245 157 187 Loss of [CH,OTMS]- If abundant, suggests
unmodified 5'-position.

$-16-90 243 155 185

C,H,0,TMS, 230 — 230

CsH,0,TMS — — 172

C;H;0,TMS, 217 — 217

CH,0,TMS — — 159

S-180 169 81 —

CH,0TMS 103 103 103 Suggestive of unmodified 5'-position, but

not definitive.

“Reprinted with permission from Ref. 50.
ased on data from Ref. 60.

times in a comparison of the urinary component with a reference standard.
Preliminary structural assignment was made after evaluating the EI-LR spec-
trum (see Fig. 5.6). The M-series ions ((M]** and [M-15]* at m/z 474 and 459,
respectively) indicate the molecular weight, which is verified by Cl-methane
([MH}*, m/z 475, 100% relative intensity, RI). Correcting the molecular weight
for the presence of three TMS groups (subtracting 216 Da, 72 for each TMS)
gave a molecular weight for the free nucleoside of 258 Da. This molecular
weight corresponds to a methylated uridine, and the spectrum is consistent with
the presence of a pyrimidine nucleoside; i.e., the spectrum is dominated by
S-series ions (60). The presence of the S-series ions ([S]*, m/z 349;
[S-TMSOH}*, m/z 259; [S—-CH,-TMSOH}*, m/z 243; [C;H,0,TMS,]*, m/z
219; [S-2TMSOHY}*, m/z 169; and [CH,OTMSJ*, m/z 103) is indicative of an
unmodified pentafuranose, and thus the extra methyl group must be in the
aglycone. Furthermore, a comparison of the B-series ions ([B+H]*, m/z 126;
[B+58]*, m/z 183; [B+74]*, m/z 199; [B+102]*, m/z 227; [B+188]*", m/z 313;
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Figure 5.6. Low-resolution 70-eV EI mass spectra of (A) reference 3-methyluridine-TMS; and
(B) the urinary component assigned as 3-methyluridine TMS;. Reprinted with permission from
Ref. 64.

and [B+204]*, m/z 319) with those from the EI-LR spectrum of U-TMS,showed
a shift of 14 amu. High-resolution EI studies were consistent with the elemental
composition of the ions mentioned above. A comparison of the HPLC retention
times, GC retention times, and EI-LR spectra (Fig. 5.6) for the isolated UMN
TMS derivative with the TMS from a reference sample of m*U (34) confirmed
the structure as initially assigned (64).
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The second example of a base-modified urinary nucleoside, isolated from
the urine of a lung cancer patient, has considerable potential as a possible
biomarker for this type of cancer. This UMN was discovered in an HPLC
fraction co-eluting with three other nucleosides: adenosine (A, 1), 5'-deoxy-
5’-methylthoadenosine (MTA, 10), and another unidentified nucleoside. The
M-series (Fig. 5.7) ions at m/z 511 ([M]*") and m/z 496 (M-15]*) established
the molecular weight as 511 Da. The S-series ions ([S]*, m/z 349;
[S-TMSOH]}*, m/z 149; [S-2TMSOH]*, m/z 169; and [CH,O0TMSJ*, m/z 103)
suggest that the modified nucleoside contains an unmodified ribose species.
Subtracting the weight of the TMS-sugar portion (349 Da) from the molecular
weight gives an aglycone weight of 162 Da. This weight is too low for inclusion
of a TMA group in the aglycone, but corresponds to a dimethylated adenine
minus a proton, a possibility supported by the B-series ions ([B}*, m/z 162;
[B+H}*", m/z 163; [B+2H]*, m/z 164; [B+100)*, m/z 262; and [B+116]*, m/z
278). In addition, the [B]* is the base peak of the spectrum, an unusual
occurrence in the spectrum of A (1) (65) and suggests that N-6 was methylated.
As with the previous example, EI-HR experiments are consistent with the
ion-elemental compositions suggested by the proposed structures. The possi-
bility that the unknown was one of the previously reported naturally occurring
dimethyladenosine analogs, N°, O?-dimethyladenosine (m®Am) (66) or N6,N¢-
dimethyladenosine (m%,A), (67) was climinated based on differences in the
EI-LR spectra. Methylation at the N-7 position was considered unlikely be-
cause purine nucleosides methylated at this site incorporate an oxygen atom
[from atmospheric oxygen (53)] during formation of the TMS derivative. There
was no evidence of oxygen incorporation in the mass spectrum. Hence, the
preliminary structural assignment was 1,N°-dimethyladenosine (8), as was
confirmed by comparison of GC retention time and EI-LR mass spectra (see
Fig. 5.7) of the unknown with a synthetic sample (9).

2.1.5. Identification of Novel Nucleosides Containing Modified Sugars

The first example of a sugar-modified nucleoside, discovered in control
human urine, belongs to the novel class of 5'-deoxynucleosides that contains
only two other members—5’-deoxyadenosine (5'-dA), a metabolite of cobol-
amine (vitamin B,,), and 5’-deoxyinosine (5'-d, 29), identified in the urine of
a chronic myelogenous leukemia patient (10). The unknown in the control urine
sample was one of five nucleosides present in an HPLC fraction thought to
contain only 2-methylthio-N°-isopentenyladenosine (ms?i®A), based on HPLC
retention time. The molecular weight was initially difficult to establish because
no [M]*" ion was present and only one M-series ion ([M-15]*) was found in the
molecular-ion region of the spectrum (Fig. 5.8). Subsequently, assignment of
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Low-resolution 70-eV EI mass spectra of (a) the urinary component assigned as

I,NS-dimethyladenosine-TMS; and (b) reference 1,N6-dimethyladenosine-TMS3. Background ions
denoted by *. Reprinted with permission from Ref. 9.
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the [M-15]* ion was confirmed using GC-CI to verify the molecular weight as
556 Da. The S-series ions characteristic of a ribose sugar were not observed.
Instead, ions, indicating the presence of a deoxyribose sugar were present at m/z
260, [S]*; m/z 219, [C;H,0,TMS,)*; m/z 171, [S-TMSOH]*; m/z 170,
[S-H-CH,0TMS}*; m/z 129, [C;H,OTMS]*; and m/z 103, [CH,OTMS]J*. Al-
though the possibility of a deoxyribose group was suggested by these results,
the site of dehydroxylation (2'-, 3'-, or 5'- position) was not clear. Comparison
of the S-series ions in the spectrum of the unknown with the spectra of 2'-, 3'-,
and 5'-deoxyadenosine suggested most strongly the presence of a 5'-deoxyri-
bose. However, these results were inconclusive.

Subtracting 260 Da, the mass of the TMS-deoxyribose moiety, from the
molecular weight (556) gave a mass of 296 Da for the aglycone. At this point,
preparation and EI-LR analysis of the TMS-?H, derivative produced a mass
shift equivalent to two TMS in the aglycone and two TMS groups in the sugar.
Subtracting 144 Da, the mass of two TMS groups, from 296 gave a free
aglycone weight of 152 Da, the weight of xanthine minus a proton. A com-

323

| 268
=100

_——

411 [
!

OH OH

Figure 5.8. Low-resolution EI (70 eV) mass spectra of the TMS derivatives of () urinary
component and (b) reference sample of 5'-deoxyxanthosine-TMSs. Background ions indicated by
*. Reprinted with permission from Ref. 68.
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parison of the B-series ions (m/z 281, [B-14]*; m/z 325, [B+30]*; m/z 353,
[B+58]*; m/z 369, [B+74]*; m/z 395, [B+100]*; m/z 411, [B+116]*; m/z 423,
[B+128]*) from the spectrum of the unknown with a spectrum of X-TMS
indicated that the unknown aglycone was very probably xanthine.

The B-series ions, in addition to indicating that the aglycone was xanthine,
provided ions supporting the presence of a 5'-deoxyribose moiety. For ex-
ample, the [B+116]* ion contains the C-1', C-2, and O-2' (TMS attached)
portions of the sugar ring and was observed in the spectrum of the unknown,
verifying the presence of the 2'-hydroxy group. In like manner, the [B+128]*
ion contains, in addition to other positions of the sugar, the 3'-OH group and
was also found in the spectrum of the unknown, confirming the presence of a
3'-hydroxy group. High-resolution MS studies provided elemental composition
information for the ions in the spectrum and were consistent with the assign-
ments mentioned above. The tentative identification of this unknown urinary
nucleoside as 5'-deoxyxanthosine (42) was verified by a comparison of the
HPLC and GC-retention times, UV spectra, and EI-LR spectra (Fig. 5.8) of the
unknown urinary component with a biochemically prepared reference sample
(68). A subsequent study of the fragmentation of a series of 2'-, 3'-, and
5'-deoxynucleosides was generated as a result of the 5'-dX (42) project, and the
results indicated that differentiation of the deoxyribose isomers based on dif-
ferences in fragmentation patterns is possible (61).

Finally, an unknown nucleoside was isolated from the urine of a lung
cancer patient. The HPLC fraction containing the unknown also contained two
other known nucleosides, A (1) and MTA (10). Coincidentally, the fragmenta-
tion pattern in the spectrum of the unknown (Fig. 5.9) contained features
similar to those in the spectrum of MTA (10). The molecular weight of the TMS
derivative of this unknown was determined to be 601 Da using the M-series
ions [M]** and [M-15]*. As with MTA, the ion at m/z 554 ({[M~-S-CH,]*) was
present in the spectrum and indicated the presence of a 5'-deoxy-5'-methyl-
thionucleoside.

The S-series (m/z 175, [S-C,H,S-OTMS]*; m/z 188, [S-C,H,S-OTMS]*;
m/z 217, [S~-OTMS]*; and m/z 245, [S-H-CH,OTMS]"*) lacked ions typical of
ribose, deoxyribose, and methyoxyoribose, but were analogous to the S-series
ions in the spectrum of MTA (10, confirming the presence of a 5'-deoxy-5'-
methylthioribose group.

Preliminary evidence for the assignment of guanine as the aglycone was
found in the B-series ions (m/z 280, [B-14]*; m/z 294, [B]*; m/z 295, [B+H]*;
m/z 296, [B+2H]*; m/z 324, [B+30]*; m/z 352, [B+58]*; m/z 368, [B+74]*; m/z
[B+100]*; and m/z 410, [B+116]*). Assignment of structure for the M, B, and
S series of ions was supported by HR mass studies. Subtracting 294 Da (for
the base) from the molecular weight of 601 gave a weight of 307 Da for the
sugar portions. This mass is 42 Da less than a fully derivatized ribose minus
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a proton, a difference accounted for by the replacement of an —O—TMS
group in ribose by —S—CH,. Furthermore, subtracting 144 Da (the mass of
two TMS groups) from 294 Da gave a weight of 150 Da for the free base; that
mass equals the mass of guanine minus a proton. The preliminary structural
assignment of the unknown as 5'-deoxy-5’-methylthio-guanosine (MTG, 23)
was verified by comparison of HPLC and GC retention times and EI-LR mass
spectra (Fig. 5.9) of the urinary component with a synthetic reference standard
of MTG (23) (62).

2.2. Quantitative Analysis of Urinary Modified Nucleosides

Virtually all of the quantitative analyses of UMN have been performed
using HPLC with UV detection. However, as results of the work described in
the previous section indicate, co-elution of known and unknown nucleosides
(and other compounds) with the target nucleoside may interfere with quantita-
tion when HPLC is used alone (this conclusion is highly dependent on the
nucleoside being quantified and the levels of the biomarker in urine). We have
used GC-MS to verify HPLC identification and as an alternative method of
analysis capable of detecting and correcting for co-elution of unsuspected
artifacts.

2.2.1. HPLC-GC/MS Quantitation of UMN

2.2.1a. Sample Preparation and Analysis. Samples are prepared using
the boronate method described above. The UV absorbance of each fraction is
recorded and compared to a standard curve for the nucleoside being quantified.
The purity of each fraction is confirmed by GC-MS analysis of the TMS
derivative. Purity of each UMN was measured as a percentage of the recon-
structed total ion current (RTIC) for each fraction (69).

2.2.1b. Results of Analysis. Table 5.5 shows a comparison of levels of
modified nucleosides isolated from urine of an advanced AIDS patient to
“normal” values reported in the literature (54). Ten of the 12 modified nucleo-
sides show differences that are statistically (p<0.01) significant from literature
values for “normal” urine. This result confirms the hypothesis that levels of
modified nucleosides are elevated in the urine of advanced AIDS patients (68).
Unfortunately, the extensive sample handling necessary with using GC-MS to
verify the purity of each HPLC fraction is a potential source of error, as well
as being very time-consuming. Direct analysis of urine extracts by GC-MS
requires much less sample manipulation and can be done in a much shorter
time.
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Table 5.5
Nucleoside Levels in Urine from Control and an AIDS Patient®

% RIC Value from Ref.
Nucleoside AIDS (mg/24hr)  PNU (mg/24hr)  (from GC-MS) 54 (mg/24hr)

y 142:8° 6615 90 7545
m!A 6.620.4 72+05 85 6.2+0.1
43-PCNR 7.0£0.4 3.840.3 98 2.2+0.2
X 11.9:2.1 3.320.2 98 0.45
m3U 1.4%0.1 1.10.1 98 032
mll 18.6£1.0 5.6+0.4 98 4.1+0.1
m!G 10.2+0.3 3.2+0.2 90 0.5+0.1
m?G 9.320.4 3.2+0.2 70 1.4+0.1
A 0.7+0.03 1.4+0.4 90 N/A
m?%,G 13.7£0.7 6.820.5 98 3.720.3
t6A 6.6+0.2 2.9+0.2 N/A 3.7+0.3
MTA 5.5+0.2 0.9+0.1 85 N/A

%Reprinted with permission from Ref. 69.
byalues in bold show statistically significant differences compared to PNU (p<0.01).

2.2.2. Solid-Phase Extraction and GC-MS Quantitation of UMN

2.2.2a. Sample Preparation. Urine samples are collected as previously
described for qualitative analysis. Figure 5.10 shows the general scheme for
sample preparation prior to quantitation by GC-MS. Features of this sample
preparation scheme include the following:

1. the use of disposable C-18 and boronate—gel columns, an important
safety precaution in light of health concerns of workers handling po-
tentially hazardous physiological liquids;

2. the small sample volume (one ml) needed for analysis; and

3. the short preparation time (up to six samples per hour have been
prepared in our laboratory).

The internal standard used in these studies is 3-deazaadenosine, a modified
nucleoside not known to occur naturally. The accuracy of quantitative results
depends, in part, on selection of an internal standard that is not present in the
sample matrix and behaves similarly to endogenous nucleosides (64).

2.2.2b. GC-MS Analysis. GC-MS conditions used are the same as pre-
sented for the qualitative method, with the exception that the mass analyzer is
not scanned, but “jumps” to masses representing the [M]** and [M-15]* ions
for each UMN being quantified. This method of mass analysis, selected ion
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Sample is centrifuged
pH adjusted and a

one ml aliquot used

| «—— [inemaisu |

Sample placed on
a C-18 RP-Column

y  [Eluted with McOH & pH Adjusted |

Sample placed on
a Boronate gel column

{ [ Euted with MeOH + AcOH

Eluent taken to dryness
and derivatized (TMS)

v

Derivatized mixture
analyzed by GC-MS

using selected-ion
monitoring of
M+ and [M-15]+

|

Concentration calculated by adjusting reconstructed

total ion current (using internal standard) and

comparing to a calibration curve.

Figure 5.10. Solid-phase extraction sample preparation scheme used in the quantitation of ur-
inary modified nucleoside-TMS derivatives by GC-MS.

monitoring (SIM), allows the mass spectrometer to dwell on only the ions of
interest, thereby increasing the sample-related signal, decreasing the noise
level, and leading to greater sensitivity. Though formal detection-limit experi-
ments have not been completed, estimates as low as 50 pg of injected TMS
nucleoside are reasonable. The RTIC for each of the ions studied is corrected
as a function of the RTIC of the internal standard and compared to a standard
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curve (each concentration point in the standard curve has been taken through
the same analytical scheme as the samples, thus correcting for recoveries) of
less than 100 percent to produce a concentration value. Two ions for each
nucleoside are used because not all nucleosides have large ion currents for both
the [M]** and [M-15]"* ions.

2.2.2c. Results of Analysis. Results from these experiments have not yet
been published, and investigations are still ongoing. However, preliminary
results from ten AIDS urine samples have shown significant differences in
levels of m'G and m?G in the urines of control, HIV-infected but asymptomatic,
and AIDS patients.

3. FUTURE PROSPECTS

New approaches to the qualitative and quantitative analysis of UMN as
biomarker by mass spectrometry is possible as the result of continuing develop-
ment of new methods of ionization and mass analysis.

3.1. FAB MS/MS of Derivatized and Underivatized
Modified Nucleosides

The primary difficulty with studying UMN is the isolation step. One
possible alternative is the direct analysis of a urine sample for the nucleosides
of interest using MS/MS techniques (particularly multiple reaction monitoring,
MRM, for quantitation). The use of continuous flow (CF) fast atom bombard-
ment (FAB) with collision-induced dissociation (CID) of precursor ions on a
tandem mass spectrometer (MS/MS) to detect product ions characteristic of
both free (70) and TMS-derivatized nucleosides (71) have been reported. The
time for separation and analysis of the nucleosides of interest from the matrix
by this MS/MS method could be as short as 1 min per nucleoside of interest
compared to almost 1 hr, not including sample preparation time, for GC-MS
analysis (the same time as required for HPLC analysis). Furthermore, FAB
ionization does not result in sample heating, so chemical derivatization is not
necessary. However, FAB MS of TMS-derivatized nucleosides is more sensi-
tive and provides more structurally useful information (comparable to the EI
spectra) than FAB MS analysis of the free nucleosides (71-73).

Rapid advances in low-cost ion-trap mass analysis technology for auto-
mated accurate mass analysis and MS/MS experiments have been observed in
the last five years. Coupling this type of mass analysis with CF-FAB represents
a possible rapid method for in-clinic screening of nucleoside biomarkers in
urine.
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3.2. Application of Electrospray Mass Spectrometry

Another approach with considerable promise in the identification and
quantitation of nucleosides in urine is HPLC coupled to an electrospray ioniza-
tion (ESP) source and a tandem mass analyzer. This approach has been suc-
cessfully applied to the analysis of nucleotides in an HPLC effluent of 1:1
methanol/water (74). Although this ionization technique is usually used for
higher-molecular-weight biological polymers, ESP also may be an important
HPLC-MS interface. Modified nucleosides will be singly or at most doubly
charged so that the MS-MS analysis of the precursor ion will provide significant
structural information. Consequently, HPLC-ESP-MS/MS can also be used to
search for UMN as a screening technique in the diagnosis, staging, and evalua-
tion of chemotherapy for AIDS and cancer. Methods for quantitation will,
however, have to be developed.
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1. INTRODUCTION

Elucidation of the biochemistry of neurochemicals in the live animal has
traditionally involved the sampling of blood, cerebrospinal fluid (CSF), and
tissue from brain biopsy. Many other experimental studies of brain chemistry
have been conducted with postmortem tissue, giving a poor representation of
the dynamic chemistry that exists between cells and the interchange of com-
pounds between cells and extracellular fluid. Total tissue levels may easily
mask small but important neurochemical changes in specific brain regions. For
these reasons, investigators have turned to techniques that directly sample the
extracellular compartment of nervous tissue in living animals.

Some in vivo methods for estimation of the release of neurotransmitters
have been known for many years, such as the push—pull perfusion (1) and
cortical-cup (2) techniques. In the push—pull cannula method, two concentric
tubes are stereotactically implanted in a localized brain area, and fluid is
introduced by a perfusion pump through the inner cannula and removed by a
second pump through the outer tube. The perfused fluid is in direct contact with
brain tissue that surrounds the tip of the cannula, and endogenous substances
are obtained in the perfusion fluid. Push—pull perfusion has been used to
measure the release of endogenous compounds such as catecholamines and
their metabolites, amino acids, peptides, and acetylcholine. The cortical-cup
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technique utilizes a small cup that is applied on a surface area, usually the
cortex of the brain, and perfused with a physiological solution. Endogenous
compounds diffuse from the brain tissue to the cup solution. Although both of
these techniques have been shown to be useful under certain circumstances,
they have severe limitations that have prevented them from being widely used.

2. MICRODIALYSIS

2.1. Probe Design

Tubes for in vivo brain dialysis were first reported by Ungerstedt (3,4), and
this technique has been extensively used as a routine means for the measure-
ment of many endogenous neurochemicals (5). Microdialysis sampling pro-
vides several advantages, detailed below, over the abovementioned techniques
and provides a means of continuous sampling with no fluid loss. Samples of
dialysate can often be analyzed directly by a suitable technique—e.g., liquid
chromatography (LC)—without prior cleanup.

Conceptually, microdialysis imitates the function of a capillary blood
vessel by perfusing a thin dialysis tube implanted in a tissue of interest. A
number of different designs of microdialysis probes and membrane material
with different molecular weight cutoff and dialysis properties have been used
for in vivo sampling. The concentric design (illustrated in Fig. 6.1) commonly
used consists of a small, hollow dialysis tube made of a polymer such as
polycarbonate/polyether. One end of the dialysis tube is sealed by glue forming
the tip of the probe, and the other end is usually glued onto a steel capillary
tube, which becomes the shaft of the probe. A thin inner cannula extends
through the shaft to the dialysis tip. The perfusion liquid enters the inner
cannula and flows out through two small holes in the wall at the bottom. The
liquid then sweeps the dialysate up and out of the device. The concentric probe
can be made very thin, and the lengths of the membrane can be varied;
typically, the outer diameter of the probe is about 0.25-0.5 mm and membrane
length is 1-5 mm. A second microdialysis design, the loop-style (U-shape)
probe, is composed of two parallel metal tubes connected by a dialysis tube
forming a loop. The loop-type probe offers the advantage of a large membrane
surface area, and because of the advantage of increased recovery it is beneficial
in applications where its larger size can be tolerated.

2.2. Perfusion Medium

The perfusion medium, whose composition closely resembles that of the
extracellular fluid of the brain or tissue of interest, is pumped by a microsyringe
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Figure 6.1. A microdialysis probe

of the concentric design (modeled af- |
ter probes provided by CMA Micro-
dialysis AB).

pump through the microdialysis probe. Analytes outside the microdialysis
probe diffuse into the probe reservoir and subsequently flow to the analytical
device. For drug delivery, compounds may also be diffused into target tissue
sites by diffusion from the perfusion medium into the extracellular fluid by the
same means. A precisely controlled perfusion flow rate is important because it
allows compounds to be reproducibly introduced or collected by the diffusion
process across the microdialysis membrane wall. The diffusion over the mem-
brane occurs along a logarithmic concentration gradient into or out of the probe,
and the direction of this gradient depends upon the analyte concentrations in the
fluids. Microdialysis can be performed locally in almost every organ or tissue
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in the body, including the blood. The perfusion medium passing through the
microdialysis probe is usually an isotonic fluid, which contains physiological
concentrations of salts similar to those in the extracellular fluid in the tissue of
interest. Artificial CSF and Ringer’s solution are commonly used perfusion
fluids. The flow rate through a microdialysis probe is typically 0.5-5 pl/min.
Several reviews discuss microdialysis in live tissue in some detail (3,6-8).

2.3. Relative and Absolute Recovery

The concentration of a substance in the perfusion medium relates to the
concentration of this substance in the extracellular space, and this relationship
is termed the relative recovery. Factors affecting the recovery of a substance
from the extracellular fluid include the flow rate of the perfusion liquid, the
length (surface area) of the dialysis membrane, the speed of diffusion of the
substance through the extracellular fluid, and the properties of the membrane
(7,9-11). Relative recovery increases when the perfusion rate decreases. An
example is shown in Fig. 6.2 for the microdialysis of dopamine. The lower the
perfusion rate, the higher the concentration of dopamine in the dialysate as the
diffusion process tends toward equilibration of the concentration gradient.

The term absolute recovery refers to the total amount of a substance that
is removed by the perfusion medium during a specified time. The absolute
recovery of a substance increases with increasing flow rate, generally remain-
ing constant above rates of approximately 5-10 pl/min. For the dopamine
example in Fig. 6.2, the total amount of compound recovered after 10 min is
high because the concentration gradient is maintained as high as possible. This
gradient maximizes transfer of compound into the probe reservoir in the typical
microdialysis experiment. The disadvantage is that the total volume of the
sample is also high; i.e., the dialysate is dilute.

The relative recoveries of a number of neuropeptides are given in Table
6.1 for a 5-mm-long dialysis membrane using a 2.0-ul/min flow rate with
CMA/10 (Carnegie Medicin) microdialysis probes (12). The percentage re-
coveries listed in the table are mean values obtained from three probes. Re-
covery variability between probes was <20% and within probe recoveries was
<10%. The dialysis solution was Ringer’s solution or 0.9% NaCl. It can be seen
from these data that in vitro recoveries are somewhat low, especially for
peptides such as P-endorphin, which tend to adhere to surfaces and sub-
sequently are desorbed over long periods. Relative recovery data for other
small compounds (13) of widely ranging structure indicate that 15-25% are
typical values, although values range from 1-45%.

The properties of the microdialysis probe membrane can play an important
role in the recovery of larger molecules such as neuropeptides, where the
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Table 6.1
In Vitro Neuropeptide Recoveries
of Microdialysis Probes*®
Relative
Neuropeptide recovery (%)
Angiotensin 19.0
Arginine vasopressin 183
B-Endorphin 3.0
Bombesin 16.6
Cholecystokinin-8 12.7
Corticotrophin releasing factor 31
Dynorphin 1-17 6.5
Leutinizing hormone releasing 15.6
hormone
[Leu]enkephalin 20.9
[Metlenkephalin 248
Neurotensin 12.0
Neuropeptide Y 1.5
Oxytocin 16.4
Substance K 18.0
Substance P 15.5
Thyrotropin releasing hormone 19.4

%From Ref. 12.
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limiting factor is usually not the speed of diffusion of the analyte through the
extracellular fluid (9) but rather passage through the membrane. The physical
and chemical properties of the membranes are important because the diffusion
of solutes across the membrane is expected to vary depending on the interaction
of the solute with the membrane. Several types of membrane material can be
used, such as cellulose, cellulose acetate, cuprophan, polyacrylonitrile, and
polycarbonate. Some of the properties of these materials are discussed in more
detail below.

Microdialysis can be performed on anaesthetized animals or on awake
animals with chronically implanted probes and guide cannulas. The anaesthe-
tized animal setup is typically used when complicated experiments are per-
formed, e.g., when more than one microdialysis probe or local injection cannu-
las are used. When using anaesthetized animals, a heating pad and
subcutaneous injections of Ringer’s solution during experiments of long dura-
tion are recommended to maintain the physiological integrity of the animal.
Experiments on awake animals can be done using a guide cannula that has been
implanted under anesthesia, the probe being introduced after the animal has
regained consciousness. The obvious experimental advantage of making mea-
surements in unanesthetized animals is counterbalanced by the fact that the
animals can be susceptible to many influences, such as pain from the implanted
probe, restraint by the tubing and wires, and stimuli from the environment.
These considerations will not be covered in detail in this chapter, and the reader
is referred to the reviews already cited for additional information and refer-
ences.

3. GENERAL ASPECTS OF NEUROPEPTIDE ANALYSIS

Microdialysis has become established as a useful sampling technique for
in vivo assessment of a variety of low-molecular-weight compounds, although
its use for studying neuropeptides and their release in vivo has not been
extensive. This latter limit is in part because most techniques based on chemical
detection currently available for the quantitative analysis of endogenous neu-
ropeptides are generally not sufficiently sensitive for detection of the low
femtomole levels of these compounds. Currently, radioimmunoassay tech-
niques are being used for measurements of neuropeptide concentrations, but
problems with cross-reactivity limit the usefulness of such methods.

Some peptides are known to bind easily to glass surfaces and membranes,
and significant differences exist between the efficiencies of recoveries of such
substances among the various membrane materials (12,14). In some cases,
these investigators have shown, recovery may be improved by adding 0.025-
0.5% bovine serum albumin (BSA) to the dialysate. In the study by Maidment
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and Evans (Ref. 14), several types of membrane materials were tested for their
relative recovery of known concentrations of Leu-enkephalin. These mem-
branes were made of cellulose, cellulose acetate, cuprophan, polyacrylonitrile,
and polysulphone; also tested was the commercially available polycarbonate
membrane probe (CMA Microdialysis AB, Stockholm, Sweden). Recovery
experiments were carried out by continuous perfusion (2.7 pl/min) in unstirred
artificial CSF with added synthetic Leu-enkephalin (see Table 6.2). After
normalizing for surface area, the cellulose, cellulose acetate, and cuprophan
membranes gave the poorest results (4-6% recovery), and the polyacrylonitrile
and polycarbonate gave the best results (13-14% recovery). '
The adsorption effect of peptides and their tendency to “stick” to the
dialysis membrane have also been examined (14). The length of time required
for the concentration of a peptide in the dialysate to reach maximal levels was
measured after immersion in a sample solution of a peptide. Subsequently, the
time-course of the decline following replacement in a peptide-free medium was
also measured. The study included both labeled and unlabeled neurotensin and
cholecystokinin-8 (CCK-8). The recovery of unlabeled neurotensin across
polyacrylonitrile membranes reached maximal values more rapidly compared
to the iodinated peptide, but some delay was seen when the peptide was put in
the peptide-free solution. No adsorption was seen when the polycarbonate
membrane was used. The unlabeled sulphated CCK-8 showed no tendency to
bind to the polyacrylonitrile or to the polycarbonate membrane, whereas the
iodinated unsulphated CCK-8 showed a significant amount of adsorption to the
polycarbonate membrane but not to the polyacrylonitrile membrane. The study
showed that changes in charge or hydrophobicity of a peptide can result in

Table 6.2
Relative Recovery Values for Leu-Enkephalin with
Several Types of Dialysis Membranes

Recovery (%)°

Mol. wt. 0.D. [*®I|Leu-enk  Leu-enk Normalized

Membrane (cutoff) pm (n=4) (n=4)  recovery (%)’
Cellulose 5,000 250 3.2#0.1 2.4x0.1 6.4
Cellulose acetate 70,000 230 2.6x0.2 21203 53
Cuprophan (6.5 um) 12,000 215 5.620.6 5.120.4 13
Cuprophan (19 um) 12,000 320 2.6x0.2 1.8+0.2 39
Polyacrylonitrile 40,000 300 8.0+0.7 8.8+0.9 135
Polycarbonate 20,000 500 12.6+0.8 13.3x0.7 13

“Experimental conditions: Membrane lengths of 5 mm, perfusion rate 2.7 pl/min, sample was 1 nM containing
1000 cpm (lzsl)uu-enkephalin. After 30 min equilibration, duplicate 30-min samples were collected.
bNormalized to surface area.
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marked changes in recovery across different membranes. It is therefore prudent
to validate each peptide for different membrane materials, if maximum re-
covery is vital for a given experiment.

4. MICRODIALYSIS AND LC/MS: APPLICATIONS

Microdialysis has been used with many analytical techniques, and, in
particular, has been shown to be compatible with liquid chromatography. The
combination of microdialysis and mass spectrometry (MD/MS) has great po-
tential because it provides the analysis with mass specificity and the capability
for an automated direct interface with mass spectrometers. In a typical experi-
ment, the microdialysis probe delivers a flow of about 1 pl/min, which can be
combined on line with MS interfaces such as continuous-flow fast atom bom-
bardment (CF-FAB) and electrospray ionization (ESI). The combined tech-
niques of on-line microdialysis and CF-FAB were first reported by Caprioli and
Lin (Ref. 15), who analyzed antibiotic drug levels in the blood of rats and
rabbits. In one experiment, a microdialysis probe was inserted into the jugular
vein of a rat and the antibiotic penicillin G was administered intramuscularly.
The dialysis probe was perfused with sterile water containing 5% glycerol, and
the perfusate was passed through a micro-C-18 column to concentrate the
dialysate. The column was eluted with 60% acetonitrile, 35% water, and 5%
glycerol, and the eluate was introduced into the mass spectrometer through a
CF-FAB interface (Fig. 6.3). Samples were taken at 10-min intervals. The
pharmacokinetic curve from this experiment is shown in Fig. 6.4, labeled “rat,”
along with curves, reported in the literature, for human and dog; the latter two
were measured by non-mass-spectrometric techniques. The time-dependent
rise and fall in the concentration of free (non-protein-bound) drug is clearly
seen for the experiment (rat) and is similar to those for human and dog,
although, of course, these curves need not be coincident, because of species
differences. Drug recovery for the rat experiment was measured to be about
16%.

Several other investigators have reported the use of MD/MS in live-animal
experiments, either on or off line. Lin et al. (16) have used multiple probes with
mass spectrometric detection to monitor the pharmacokinetics of valproic acid
(VPA), an antiepileptic drug, in brain and blood. CF-FAB/MS was used with
switching valves to monitor the dialysate by flow injection methods. An IV
dose of 50 mg/kg was given to a 250-g rat. Figure 6.5 shows the pharma-
cokinetic curves produced with peak brain levels of VPA approximately ten
times lower than that in blood. In another study, the half-life of an organo-
phosphate, tris (2-chloroethyl) phosphate (TRCP) in rat was measured by
microdialysis with CF-FAB and tandem mass spectrometry (17). With the
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Figure 6.3. Experimental setup for

the on-line in vivo monitoring of the
pharmacokinetics of drugs using a mi-
crodialysis probe directly interfaced
to a mass spectrometer.

microdialysis probe inserted into the jugular vein, the animal was given a dose
of 20 mg/kg of TRCP into the femoral artery. The fragment ion of m/z 233,
produced by collisionally activated decomposition in the tandem instrument,
was monitored for 60 min. The results confirmed a two-compartment model for
the compound in the blood of rats, with o half-life (distribution and elimina-
tion) of 2.9 min and § half-life (elimination) of 23.1 min. Eicosanoids have
been successfully measured in the trachea of anesthetized guinea pigs using
off-line microdialysis and GC/MS techniques (18). Mean levels of PGE,,
PGD,, PGF,,, and TXB, were in the range of 20-60 pg/hr. Another study
measured in vivo the release and metabolism of brain N-acetylaspartate (NAA)
and N-acetylaspartylglutamate (NAAG) in the brain of a rat (19). Additional
details of this work are given later in this chapter. Also, the time domain for the
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digestion of substance P by carboxypeptidase Y ir vitro has been shown using
microdialysis with CF-FAB (20) and electrospray (21) ionization.

In summary, the coupling of microdialysis and mass spectrometry is
advantageous in that microdialysis provides a highly filtered, low volume,
aqueous solution of polar analytes. The low volumes of solvent flowing into the
mass spectrometer (0.5-5 pl/min in a typical experiment) obviate many of the
problems in the interface between them. However, several aspects of micro-
dialysis may cause difficulties in some cases; low analyte recovery, time
dependence of sample aliquots, accurate calibration of an implanted probe, and
the high concentrations of inorganic ions present in the perfusion media con-
taining physiological salt solutions.

5. IN VIVO METABOLISM OF SUBSTANCE P

The in vivo metabolism of the neuropeptide substance P (SP) has been
studied in brain in an anaesthetized rat using a variety of analytical techniques.
This undecapeptide (Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH,) is
considered to be a neurotransmitter or neuromodulator with a wide CNS
distribution (22) and has been proposed to mediate various physiological re-
sponses (23). The putative role of SP as a neurotransmitter has focused interest
on the mechanisms of its inactivation. Both cytosolic and membrane-bound
peptidases capable of degrading SP have been reported to exist in the brain
(24). Membrane-bound peptidases may be of greater importance because ter-
mination of SP activity probably occurs by proteolytic breakdown of the
peptide rather than by an uptake mechanism (25). Many purified enzymes have
been shown to hydrolyse SP in vitro at a variety of peptide bonds, but it is
uncertain how these enzymes perform in vivo.

Angiotensin-converting enzyme has been shown to hydrolyse SP between
positions 8-9 and 9-10 (26,27), and endopeptidase 24.11 (enkephalinase
24.11) cleaves SP bonds between positions 67, 7-8, and 9-10 (28,29). Fur-
ther, the SP-degrading enzyme hydrolysed the 67, 7-8, and 8-9 bonds (25),
an SP-endopeptidase cleaved the 7-8 and 8-9 bonds (30), and dipeptidyl-
aminopeptidase IV hydrolyses the 2-3 and 4-5 bonds (31). A bacitracin-
sensitive enzyme (32) may also take part in the metabolism of SP in the CNS.

In initial experiments using microdialysis and electrospray mass spec-
trometry (33), the in vivo metabolism of SP was studied by monitoring frag-
ment peptides produced over time after injection of small amounts of SP into
specific brain regions. For example, rats were anaesthetized and the microdial-
ysis probe stereotaxically implanted into the striatum of the brain. The sche-
matic setup of the system is given in Fig. 6.6. The microdialysis probe was
perfused at a flow rate of 0.3 pl/min with an artificial extracellular fluid (5 mM
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KCl, 120 mM NaCl, 1.2 mM MgCl,, 1.8 mM CaCl,, 0.15% phosphate buffered
saline; pH = 7.4). In one experiment, 2 hr after probe implantation, a 10-uM
solution of SP in artificial extracellular fluid was introduced to the microdial-
ysis probe and infused for two hours. The recovered dialysis samples were
loaded into a 10-pl loop on a ten-port injection valve and injected onto a
micro-reversed-phase C-18 column by a syringe pump at 10 wl/min. Electro-
spray ionization (ESI) (Vestec Corp., Houston, TX) was used to analyze the LC
eluent flowing at 2 pl/min. The ESI process produces multiply charged peptide
species through proton addition, i.e., (M + H)*, (M + 2H)*2, (M + 3H)*, etc. For
substance P and its fragments, singly or doubly charged species are primarily
observed, as shown in Table 6.3. Figure 6.7 shows the ESI mass spectrum for
the in vivo infusion of SP into the rat brain striatum at 0.3 pl/min. For com-
parison, the spectrum from the control experiment is also shown. This control
used the same conditions and apparatus as for the in vivo experiment, except
that the rat was replaced by a small vial of physiological saline solution held
at 37 °C. The mass spectrum for the in vivo SP experiment showed the presence

Micro-LC pump

artificial CSF

0.3pl/min
Micro-LC pump
30%CH3CN/70%H20/0.1%TFA
2ul/min
Micro-LC pump
2%CH3CN/98%H20/0.1%TFA
10pl/min

I L_

) —— P—

Electrospray Mass spectrometry

Figure 6.6. Experimental setup for the analysis of brain neuropeptide and neuropeptide meta-
bolites in perfusate containing physiological levels of salt solutions.
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Table 6.3
m/z of Ions from SP Produced on
Electrospray Ionization

Ions observed

SP fragment (M+H)* (M+2H)*?
1-11 — 674.6
1-9 — 552.8
1-8 — 524.8
1-7 — 450.5
5-11 870.3 —_
6-11 7422 -
7-11 613.9 —
811 466.3 —
[ es Ve
w7 SUB P 1-11 [1.3¢
(IN VIVO)
w 1-9

0. ‘_.m
s

SUB P 1-11

ol (CONTROL)

Figure 6.7. Electrospray mass spec-
trum of (top) in vivo metabolism of
substance P in the anesthetized rat
from infusion of the neuropeptide into
the brain and (bottom) control spec-
trum obtained from apparatus identi-
cal except that the microdialysis
probe was placed in Ringer’s solu- e v
tion. mz

00 1008
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of fragments, 1-7, 1-8, 1-9, 8-11, 7-11, 6-11, and 5-11. Fragment 1-9 gave
the most intense peak, suggesting that this fragment and not fragment 1-7 or
1-8 is the major metabolic species for the initial hydrolysis of SP in the
striatum. Subsequent experiments showed that fragment 1-8 is not rapidly
degraded in the brain; thus, its low concentration was probably not the result
of rapid degradation. Although much is still to be learned about the in vivo
metabolism of SP and other neuropeptides, it is clear that the combination of
microdialysis and mass spectrometry will play a major role in unraveling the
chemical intricacies of such systems.

6. IN VIVO STUDIES OF NAAG AND NAA

N-acetylaspartate (NAA) and N-acetylaspartylglutamate (NAAG) are
neurosubstances of the central nervous system, and recent reports have sug-
gested that NAAG may be a neurotransmitter (34). Application of exogenous
NAAG was shown to be capable of inducing depolarization of various neur-
ocells, including lateral septal neurons, hippocampal pyramidal cells, and pyri-
form cortex pyramidal cells. Stimulation-evoked release of endogenous NAAG
has been shown by in vitro perfusion of rat brain slices obtained from several
regions. NAALADase, a membrane-bound hydrolytic enzyme that hydrolyzes
NAAG to NAA and glutamate, has been implicated in the metabolic break-
down of synaptic NAAG upon its release (35,36). However, although NAA has
been shown to be abundant in brain, its biological function remains unclear.

In studies designed to help elucidate the biological roles of NAA and
NAAG, Lin et al. (Ref. 19) have used microdialysis and capillary column gas
chromatography/mass spectrometry (GC-MS) to analyze samples directly from
a live animal. GC-MS was used off-line for sensitive and molecularly specific
simultaneous determinations of brain concentrations of NAA and NAAG. A
3-mm microdialysis probe (CMA/10, Carnegie Medicin) was stereotaxically
inserted into the hypothalamus of anesthetized adult male rats. The perfusion
medium was artificial CSF solution containing 5-mM KCl set at a flow rate of
1.2 pl/min. A solution of artificial CSF containing 400 mM KCIl was used as
a depolarization stimulus. Samples were collected at 30-min intervals to ensure
adequate accumulation of neurochemicals for quantitative measurements. The
relative percent recoveries by the microdialysis probe for NAA and NAAG
were measured to be about 10% in in vitro studies. Both compounds were
chemically modified to N-butyl esters by reaction with 3N HCI in n-butanol at
65 °C for 15 min. Separation of the biological sample was carried out using a
15-m DB-5 capillary column with MS detection by chemical ionization using
ammonia as a reagent gas. Figure 6.8 shows selective ion chromatograms of
NAA and NAAG from the rat brain perfusate from this experiment. Overall, the
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detection sensitivity for NAA was 10 times greater than that for NAAG, and
the concentration ranges of the two components in the 30-min fractions ranged
from 8-60 ng for NAA and 0.3-5 ng for NAAG. NAA-d, (50 ng) and NAAG-d,
(200 ng) were added to the microdialysate as internal standards. Figure 6.9
shows the release of NAA and NAAG in vivo. Rats were infused with artificial
CSF for 2 hr to establish baseline concentrations of NAA and NAAG. Then,
infusion was continued with 400 mM KCl in artificial CSF for 24 h. Consistent
stimulation-induced increase of NAA was obtained for all of five animals. On
the other hand, over the group of animals tested, only two animals showed
elevation of NAAG upon depolarization. These data agree with the reported
slight increase in brain NAAG observed by in vivo methods (37) but are in
contrast with the several-fold NAAG release observed by in vitro methods
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Figure 6.8. Analysis of brain levels of NAA and NAAG in the anesthetized rat by off-line
microdialysis/GC-MS methods. The m/z for each of the selected ion chromatograms is shown to
the right together with the relative ion intensity. The deuterated analogs were used as standards for
quantitative purposes. For more details, see text and Ref. 19.
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using rat brain slices (38). The assessment of the biochemical interrelationship
between NAAG and NAA is a subject of great interest and importance in brain
chemistry. It is likely that the distinctive and consistent increase in NAA levels
upon depolarization observed in these studies may be the result of evoked
release of a neurotransmitter or the product of the rapid cleavage of the
stimulated-synaptic-released NAAG. Additional experiments are under way to
further elucidate the biological roles of these compounds.
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Figure 6.9. Release of NAA (top) and NAAG (bottom) in rat brain (hypothalamus) as measured
by microdialysis/GC-MS methods. [l , Baseline values; ] , 400 mM KCl. Depolarization was
achieved using 400 mM KCl.
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AAF adducts, 116, 120, 121, 122-123
ac®C: see N*-Acetyl-cytidine
Accelerator mass spectrometry (AMS), 90,
107, 124, 125
Accuracy, 4445
Acetonitrile, 123
Acetylaminofluorine adducts, 104
N-Acetylaspartate (NAA), 245, 250-252
N-Acetylaspartylglutamate (NAAG), 245,
250-252
Acetylcholine, 237
N*-Acetyl-cytidine (ac“C), 208, 210
Acetyl derivatization, 96
Acquired immune deficiency syndrome
(AIDS), 78
DNA modifications in, 100
UMNs as biomarkers for, 201-202, 209~
210, 227, 230, 231
Acrylamide adducts, 102-103
Acrylonitrile adducts, 102-103
Activated carbon-based qualitative analysis,
213, 215-217
Acute lymphoblastic leukemia, 209
Acyl groups, 54, 57, 58-59, 61-62, 6364,
66, 68-71, 74, 85
charge-remote fragmentation, characteriza-
tion of, 70-71
identification of molecular species contain-
ing, 72
positional analysis of, 76-83
Adenine adducts, 94
Adenosine, 202, 209, 222, 225
Adenosine deaminase deficiency, 209
Adenosine-5'-methylthiosulfoxide (MTA-SO),
209
Adenosine-purine-6-yl carbamoylthreonine
(t°A), 210, 211
Aflatoxin adducts, 93

AIDS: see Acquired immune deficiency syn-
drome
Alanine, 143, 166
Alkali metals, 12, 46, 92
Amberlite GC-50 columns, 154
Amino acids, 135-136, 138, 139, 141,
154, 189, 191; see also specific
fypes
ESMS of, 143
four-sector tandem mass spectrometry of,
36-37, 177
HPLC of, 170
MS/MS of, 33, 36-37
push—pull perfusion measurement of,
237
Aminoethylation, 160, 170
S-Aminoethylation, 142
Amino-phenanthrene adducts, 113-114
Amino-polynuclear aromatic hydrocarbon
(PAH) adducts, 113-114, 120, 123
Ammonia, 7, 9, 92, 95, 250
Ammonium, 92
Ammonium acetate, 118
Ampbholines, 155-157
AMS: see Accelerator mass spectrometry
Angiotensin-converting enzyme, 247
Anion-exchange chromatography, 152
Antilles globins, 145, 152
Arachidonic acid, 72
Arachidonoyl acyl groups, 72, 76
Arginine, 137, 138, 143, 145, 163, 164, 165,
167
Arginyl, 164
Argon, 8, 9, 13
Asparagine, 164, 177
Aspartic acid, 160, 164, 177
Atmospheric pressure ionization, 118, 119-
120

255



256

BaA: see Benz(a)anthracene
Bacteria, 72-76; see also specific types
BaP: see Benzo(a)pyrene
Base-modified novel nucleosides, 219-222
BE geometry mass spectrometers, 34, 215
BEB geometry mass spectrometers, 36, 64
BEBE geometry mass spectrometers, 36
BEEB geometry mass spectrometers, 36
Benz(a)anthracene (BaA) adducts, 103
Benzene, 8
Benzo(a)pyrene (BaP) adducts, 101, 111-112
Benzoquinone adducts, 95
Biopolymers, 2
1,3-Bis(2-fluoroethyl)-1-nitrosourea, 120
Boronate-gel affinity chromatography, 213,
217, 228

Bovine serum albumin (BSA), 242
Brain, 237, 238, 244

NAA and NAAG in, 250-252

substance P in, 247-250
Brgnsted acids, 6, 7
Bronsted bases, 9
BSA: see Bovine serum albumin
B-series ions, 217, 218, 219, 225

CAD: see Collisionally activated dissociation

CAD-MIKE: see Collisionally activated dis-
sociation mass-analyzed ion kinetic en-
ergy

Caffeic acid, 174

Californium-252 plasma desorption ioniza-
tion; see Plasma desorption ionization

Cancer, 201, 202-209, 211, 222, 231; see
also specific types

Capillary column gas chromatography (GC),
22,213

Capillary column gas chromatography-mass
spectrometry (GC-MS), 250

Capillary electrophoresis (CE), 16, 47, 116,
125, 126

Capillary electrophoresis-electrospray mass
spectrometry (CE-ESMS), 21

in hemoglobin analysis, 175, 186, 187—

189

Capillary electrophoresis-mass spectrometry
(CE-MS), 123, 175, 186-188

Capillary electrophoresis-tandem mass spec-
trometry (CE-MS/MS), 187

Index

Capillary high-performance liquid chromatog-
raphy-electrospray mass spectrometry
(HPLC-ESMS), 175, 184, 188

Capillary liquid chromatography-mass spec-
trometry (LC-MS), 181-183

Carbon dating, 107

Carboxyamidomethylation, 170, 171, 175,
181, 188

S-Carboxyamidomethylation, 163, 164, 165,
166

Carboxymethylcellulose (CM) chromatog-
raphy, 140, 158

Carboxypeptidase B, 167

Carboxypeptidase Y, 167-168, 181, 247

Carcinoembryonic antigen, 202

Carcinogens, 90, 107, 111-112

Catecholamines, 237

Cation-exchange high-performance liquid
chromatography (HPLC), 152

Cations, 11

CCK-8: see Cholecystokinin-8

C-4 columns, 158-159, 173, 178, 179-180,
183

C-8 columns, 181

C-18 columns, 120, 122, 158, 160, 163, 171,
183-184, 211, 228, 244

CD-4 cells, 201

CE-CI: see Charge-exchange chemical ioniza-
tion

CE-ESMS: see Capillary electrophoresis-
electrospray mass spectrometry

Cellulose acetate electrophoresis, 137, 154—
155, 157, 158

CEMs: see Channel electron multipliers

CE-MS: see Capillary electrophoresis-mass
spectrometry

CE-MS/MS: see Capillary electrophoresis-
tandem mass spectrometry

CF-FAB: see Continuous-flow fast atom
bombardment

Channel electron multipliers (CEMs), 41,
43

Charge-exchange chemical ionization (CE-
CI), 8

Charge-remote fragmentation, 70~71

Chemical derivatization, 91-92, 118

ClI and, 98-99, 100-101

EI and, 99-100

FAB and, 108-109
FAB-MS/MS and, 113-116
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Chemical ionization (CI), 39, 47
charge-exchange, 8
described, 6-10
desorption, 11
in DNA modification analysis, 94, 95-97,
98-99, 100-101, 109, 119, 125
GC and, 224
mixed, 8
negative, 9-10
thermospray and, 18-19
in UMN analysis, 215, 217, 220
Chemical ionization-mass spectrometry (CI-
MS), 55, 56
Chemical ionization-tandem mass spec-
trometry (CI MS/MS), 96
Cholecystokinin-8 (CCK-8), 243
Chromosome 11, 135
Chronic myelogenous leukemia, 209, 222
Chymotrypsin, 164, 165-166, 169, 171
a-Chymotrypsin, 137, 165
CI: see Chemical ionization
CID: see Collision-induced dissociation
Cinnamyl, 98-99
Cisplatin, 108, 109-111
Citrate agar electrophoresis, 137
CM chromatography: see Carboxymethylcell-
ulose chromatography
CNBr: see Cyanogen bromide
CNL: see Constant neutral loss
Cobolamine, 222
Collisionally activated dissociation (CAD),
39, 245
Collisionally activated dissociation mass-
analyzed ion kinetic energy (CAD-
MIKE), 140
Collision-induced dissociation (CID), 21,
27
DNA modifications and, 92, 94, 96, 106,
112, 114, 120
hemoglobin analysis and, 144, 174, 175,
177, 191
UMN analysis and, 230
Collision-induced dissociation-tandem mass
spectrometry (CID MS/MS), 37, 39-40,
106, 113, 125
Colon cancer, 211
Constant neutral loss (CNL) scans, 33
of diacylglycerylphospholipids, 54, 67
of DNA modifications, 92, 122-123,
125
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Continuous-flow fast atom bombardment
(CF-FAB), 47
described, 15-16
MD/MS and, 16, 244-245, 247
in UMN analysis, 230
Cortical-cup technique, 237-238
Coulombic forces, 21
Crude lipid extracts, 72-76
Cyanogen bromide (CNBr), 137, 143, 152,
168-169
a-Cyano-4-hydroxycinnamic acid, 174
Cyanylation, 169
Cyclobutane dimers, 103, 105
Cyclophosphoramide, 116
Cysteic acid, 160, 163, 171
Cysteine, 160-163, 166, 167, 171, 188
S-Cysteine derivatization, 160~163
Cytidine, 202, 209
Cytochrome P450, 111

§'-dA: see 5'-Deoxyadenosine

dC: see Deoxycytidine

DCI: see Desorption chemical ionization

DEAE chromatography, 152-153, 216

3-Deazaadenosine, 228

Decomposing ions, 34

5'-Deoxyadenosine (5'-dA), 222, 224

Deoxycytidine (dC), 95

2'-Deoxycytidine (dC), 209

Deoxyguanosine (dG), 94

Deoxyguanosine (dG}C8)AAF adducts, 120,
121, 122-123

N-(Deoxyguanosine-Oﬁyl)-4-amino—3-
chlorobenzyl alcohol, 108

5’-Deoxyinosine (5'-dI), 204, 222

5'-Deoxy-5'-methylthioadenosine (MTA),
222, 225

5'-Deoxy-5"-methylthioguanosine (MTG),
100, 217, 227

5'-Deoxyxanthosine (5'dX), 225

Desorption chemical ionization (DCI), 11

Desorption ionization, 10-18, 47; see also
specifiic types

dG: see Deoxyguanosine

5'-dI: see 5'-Deoxyinosine

Diacylglycerylphosphoinositol (PI), 82-83

Diacylglycerylphospholipids

FAB-CAD-MS/MS analysis of, 53-85

applications of, 68-76
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Diacylglycerylphospholipids (cont.)
in crude lipid extracts, 72-76
structural, 54-67
FAB-MS analysis of, 5663, 68
traditional and alternative MS analysis of,
55-56
Diacylglycerylphosphoric acid, 54
Diacylglycerylphosphoserine (PS), 82-83
Diacylnitrobenzoylglycerol, 55-56
Dibenzanthracene, 96
Dideoxyglycerophosphocholine, 63
Diethanolamine, 15, 56
Diethylnitrosamine, 105
5,6-Dihydro-uridine, 212
2,5-Dihydroxybenzoic acid, 174
Dimers, 89, 91
NE,NC-Dimethyladenosine (m®,A), 222
1,N®-Dimethyladenosine (m'%,A), 205, 222
N®,0%-Dimethyladenosine (m°Am), 222
7,12-Dimethylbenzanthracene, 112
NZ,NZ-Dimethylguanosine (mzzG), 208, 209,
210, 211
N,N-Dimethylphosphatidylethanolamine, 58,
62
Dipeptidylaminopeptidase IV, 247
Direct insertion probe mass spectrometry
(MS), 94-99, 108
Direct laser desorption (LD) ionization, 17
Dissociative electron capture, 9
Dithioerythritol (DTE), 15, 56
Dithiothreitol (DTT), 15, 56
DNA
double-stranded, 90, 111
hemoglobin, 136
single-stranded, 94, 111
UMN:S and, 202, 208, 212
DNA adducts, 89, 90, 91, 125; see also
specifiic types
AMS and, 107
CE-MS and, 123
ECNI and, 100
GC-MS and, 99
LC-MS and, 118, 120
LD and, 106
PD and, 104
DNA modifications, 89-126
direct insertion probe MS analysis of, 94—
99, 108
FAB analysis of: see under Fast atom
bombardment

Index

DNA modifications (cont.)
FD analysis of, 93-94, 125, 126
GC-MS analysis of, 99-101, 107, 108,
118, 125, 126
LC-MS analysis of, 117-123
LD analysis of, 104-106, 125, 126
PD analysis of, 101-104, 125, 126
Dopamine, 240
Dosimetry, 91, 124
Double-focusing magnetic sector mass spec-
trometers, 38
described, 26-28
in diacylglycerylphospholipid analysis, 64
in hemoglobin analysis, 151-152
Double-stranded DNA, 90, 111
DTE: see Dithioerythritol
DTT: see Dithiothreitol
5'-dX: see 5'-Deoxyxanthosine
Dynamic secondary ionization mass spec-
trometry (SIMS), 13
Dynorphin A, 14

EB geometry mass spectrometers, 26, 35, 64,
74, 109
EBE geometry mass spectrometers, 36, 64
EBEB geometry mass spectrometers, 36, 44,
66, 177, 189
ECNIL: see Electron-capture negative ionization
Edman degradation, 139, 167, 189
EI: see Electron ionization
EI-MS: see Electron ionization-mass spec-
trometry
Electron affinity, 9
Electron capture negative ion desorption
chemical ionization mass spectrometry,
56
Electron-capture negative ionization (ECNI),
98-99, 100
Electron impact activation, 40
Electron ionization (EI), 8, 9, 10, 18, 19, 30,
39, 40, 47
described, 3-6
in DNA modification analysis, 94, 95, 96—
97, 98-100, 109, 118, 119, 125
in UMN analysis, 215, 217, 220, 221, 222,
224, 225, 227, 230
Electron ionization-mass spectrometry
(EI-MS), 4546, 55
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Electron multiplier (EM) detectors, 41,
42
Electrospray ionization (ESI), 2, 28, 47
described, 19-22
in DNA modification analysis, 118,
120-121
in hemoglobin analysis, 174
MD/MS and, 244, 247, 248
Electrospray ionization-tandem mass spec-
trometry (ESI-MS/MS), 21-22
Electrospray-mass spectrometry (ESMS), 2,
21-22
CE and: see Capillary electrophoresis-
electrospray mass spectrometry
described, 19-20
in hemoglobin analysis, 137, 140, 141,
142, 143-152, 155-157, 158, 163, 165,
167, 169, 173, 174, 175, 183, 188, 189,
191
HPLC and: see High-performance liquid
chromatography-electrospray mass spec-
trometry
MD/MS and, 247
quadrupole, 145-151, 152, 175
in UMN analysis, 231
Electrostatic analyzers (ESA), 22, 23-24, 26,
34, 36, 91, 109
ELISA: see Enzyme-linked immunosorbent
assay
EM detectors: see Electron multiplier detec-
tors
Endopeptidase, 247
Endoproteinase Asp-N, 174
Endoproteinase Glu-C, 137, 166-167, 171
Endoproteinase Lys-C, 160-163, 164-165
B-Endorphin, 240
Enkephalinase, 247
Enzyme-linked immunosorbent assay (ELI-
SA), 210, 211
Epoxyeicosatrienoyl acyl groups, 70-71
ESA: see Electrostatic analyzers
Escherichia coli, 145
ESI: see Electrospray ionization
ESI-MS/MS: see Electrospray ionization-
tandem mass spectrometry
ESMS: see Electrospray-mass spectrom-
etry
Ethylene, 23
Ethyl glutathione adducts, 108
Even-electron ions, 6
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FAB: see Fast atom bombardment
FAB-CAD-MS/MS: see Fast atom bombard-
ment collisionally activated tandem mass
spectrometry
FAB-MS: see Fast atom bombardment-mass
spectrometry
FAB-MS/MS: see Fast atom bombardment-
tandem mass spectrometry
Faraday cup detectors, 4041
Fast atom bombardment (FAB), 12, 39, 44
accuracy of, 45
described, 13-16
in DNA modification analysis, 94, 95, 97,
100, 103, 104, 107-116, 119
flow: see Flow-fast atom bombardment
in hemoglobin analysis, 138, 139, 140,
141, 145, 160, 163, 165, 167, 168,
173
mass calibration in, 46
quantification in, 47
static, 108
Fast atom bombardment collisionally acti-
vated tandem mass spectrometry (FAB-
CAD-MS/MS), 53-85; see also under
Diacylglycerylphospholipids
Fast atom bombardment-mass spectrometry
(FAB-MS)
in diacylglycerylphospholipid analysis, 56—
63, 68
in hemoglobin analysis, 140, 143, 183
high-mass region in, 57-59, 68
low-mass region in, 57, 61-63
mass calibration in, 46
middle-mass region in, 57, 58, 59-61
Fast atom bombardment-tandem mass spec-
trometry (FAB-MS/MS), 13, 33
in DNA modification analysis, 104, 105,
109-116
in UMN analysis, 230
Fast protein liquid chromatography (FPLC),
153, 157, 158
FD: see Field desorption
Fetal hemoglobin: see Hemoglobin F
FFR: see Field-free regions
Fibroblasts, 210
Field desorption (FD), 39
described, 10-11
in diacylglycerylphospholipid analysis, 56
in DNA modification analysis, 93-94, 125,
126
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Field desorption (FD) (cont.)
in hemoglobin analysis, 138
Field-free regions (FFR)
in double-focusing magnetic sector mass
spectrometers, 27
in EI 4
in FD, 11
in MS/MS, 33, 34, 35, 36, 40, 47
Filament-on operation, 19
Flow fast atom bombardment (FAB), 116,
118, 121-123; see also Continuous-flow
fast atom bombardment
5-Fluoro-2'-deoxyuridine-5'-monophosphate,
109, 110
Forward-geometry mass spectrometers, 26,
38, 64, 109
Fourier transform mass spectrometers
(FTMS), 31-32, 38, 40
Four-sector tandem mass spectrometers, 2,
38,48
described, 36-37
in diacylglycerylphospholipid analysis, 66,
71
in DNA modification analysis, 109, 112
in hemoglobin analysis, 177, 189
FPLC: see Fast protein liquid chromatog-
raphy
Fragmentation, 124125
charge-remote, 70-71
CI and, 6, 10, 95, 125
EI and, 4-5, 6, 125
FAB and, 14
FAB-CAD-MS/MS and, 70-71
FD and, 11, 125
hemoglobin analysis and, 191
LC-MS and, 119
MALD and, 18
mass analyzers and, 22
MS/MS and, 33, 36, 39
PD and, 125
quadrupole instruments and, 175
thermospray and, 19
UMNSs and, 212
Free radicals, 99-100, 208
Frequency-quadrupled neodymium/yttrium la-
sers, 17
FIMS: see Fourier transform mass spectrom-
eters
Fungi, 74
Furocoumarins, 93

Index

Gas chromatography (GC)

capillary column, 22, 213

in DNA modification analysis, 100, 117

in UMN analysis, 208, 210-211, 221, 222,
225, 227

Gas chromatography-chemical ionization

(GC-CI), 224

Gas chromatography-electron capture nega-

tive ionization (GC-ECNI), 99

Gas chromatography-mass spectrometry (GC-

MS), 2

capillary, 250

in diacylglycerylphospholipid analysis, 55

in DNA modification analysis, 99-101,
107, 108, 118, 125, 126

MD/MS and, 245, 250

MS/MS compared with, 33

in UMN analysis, 211, 212, 213, 215, 217,
218-220, 227, 228-230

GC: see Gas chromatography
GC-CI: see Gas chromatography-chemical io-

nization

GC-ECNI: see Gas chromatography-electron-

capture negative ionization

GC-MS: see Gas chromatography-mass spec-

trometry

Gel permeation chromatography, 12, 168
Gene deletions, 136, 138

Gene frameshifts, 136

Genes

adducts on, 107
hemoglobin, 135, 136

Globin chains, 153, 158-159, 168; see also

specifiic types
CE-MS of, 186
HPLC/MS of, 178-179, 181, 188

a-Globin chains, 135-136, 137, 141, 146,

160, 165, 166, 168
CE-MS of, 186
cyanylation of, 169
ESMS of, 143, 150, 152
FAB of, 145
FD of, 138
HPLC of, 140, 164, 170, 171, 172
RP-HPLC of, 154, 158

B-Globin chains, 135, 136, 137, 139-140,

141, 142, 146-147, 155, 159, 160, 163,
166, 167, 174, 191

CE-MS of, 186

ESMS of, 145, 148, 149, 152
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B-Globin chains (cont.)
FAB of, 145
FD of, 138
HPLC of, 140, 164, 170, 171
HPLC/MS of, 181, 183
PDTOF of, 145
y-Globin chains, 135, 137, 138, 141, 148,
160, 166
y-Globin chains, 135, 137, 138, 140, 147-
148, 160, 166
Globin gel electrophoresis, 137
Glutamate, 141, 250
Glutamic acid, 138
Glutamine, 139, 184
Glutamyl, 137
Glycerol, 15, 18, 46, 56, 58, 122, 123
Glycerophosphocholine, 62
Glycine, 33
Gm: see 2'-O-Methylguanosine
Guanine, 94, 112, 113, 116, 225, 227
Guanosine, 100, 202
Guanosine-hypoxanthine (7-R-Hyp), 205

Helium, 8

Hemoglobin, 135-191
A, 135, 142, 153, 155, 156
Ay, 140, 153, 154
A, 153-154
A,, 135
A, Indonesia, 165
Alabama, 183
Baylor, 181
C, 135, 166, 181
chronology of MS analysis of, 138-145
D-Iran, 141, 177
D-Los Angeles, 140
E, 135, 166

ESMS analysis of: see under Electrospray-

mass spectrometry
E/B-thalassemia, 136
F, 135, 140
FAB analysis of: see under Fast atom
bombardment
F-Yamaguchi, 138
Galveston, 175
G-Philadelphia, 140, 141
Grenoble, 136, 140
H, 155
Hafnia, 149, 166
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Hemoglobin (cont.)
HPLC analysis of: see under High-
performance liquid chromatography
Hyde Park, 166
Indianapolis, 167
intact: see Intact hemoglobin
J-Sardegna, 140
Lepore, 153
Lepore Washington-Boston, 141, 179
Masuda, 136
McKees Rocks, 167
Meilahti, 138, 164, 165
North Chicago, 154, 160, 164
O-Arab, 139
Ozieri, 143, 154, 168
Poissy, 136
Providence, 153
Quebec-Chori, 142-143, 148, 149, 152
S, 135, 137, 155, 156, 166, 179, 181
San Diego, 154
S/C, 136
S/D-Los Angeles, 136
$/0-Arab, 136
S/S, 136
Thionville, 141
Ty Gard, 166
x, 153
Yamagata, 152
Heptacosa, 45-46
Higher-order tandem mass spectrometry
(MS/MS/MS), 66, 71, 175
High-performance liquid chromatography
(HPLC), 47
cation-exchange, 152
CF-FAB and, 16
in DNA modification analysis, 93, 94, 96,
100, 116, 117-118, 119, 120-123, 125,
126
flow-FAB and, 116
in hemoglobin analysis, 140, 142, 144,
164, 165, 169-173, 175
rapid-ion exchange, 137
reversed-phase: see Reversed-phase high-
performance liquid chromatography
in UMN analysis, 211-212, 213-214, 215,
216, 219-220, 221, 222, 225, 227, 230,
231
High-performance liquid chromatography-
electrospray-mass spectrometry (HPLC-
ESMS), 21
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High-performance liquid chromatography-
electrospray-mass spectrometry (HPLC-
ESMS) (cont.)

capillary, 175, 184, 188
in hemoglobin analysis, 175, 178, 181,
183, 184, 187, 188

High-performance liquid chromatography
(HPLC)-fluorescence detection, 90

High-performance liquid chromatography-
mass spectrometry (HPLC-MS), 2

in hemoglobin analysis, 144, 159, 171,
178-184, 188
in UMN analysis, 231

High-performance liquid chromatography-
ultraviolet spectroscopy (HPLC-UV),
211-212

Histidine, 166

HPLC: see High-performance liquid chromat-
ography

HPLC-ESMS: see High-performance liquid
chromatography-electrospray mass spec-
trometry

HPLC-MS: see High-performance liquid
chromatography-mass spectrometry

HPLC-UV: see High-performance liquid
chromatography-ultraviolet spectro-
scopy

Human immunodeficiency virus (HIV); see
Acquired immune deficiency syndrome

Hybrid mass spectrometers, 64, 67, 109

Hybrid tandem mass spectrometers, 37-38

4-Hydroxyacetanilide, 211

8-Hydroxy-2'-deoxyguanosine, 208

5-(Hydroxymethyl) chrysene guanine, 94

Hydroxymethylurea, 118

i%A: see Isopentenyl-adenosine
ICR-MS: see Ion cyclotron resonance-mass
spectroscopy
IEF: see Isoelectric focusing
Immobilized pH gradients (IPGs), 140, 154,
158
Intact hemoglobin, 145-158
HPLC/MS of, 178-180
MS/MS of, 191
Internal standards, 47
Ion cyclotron resonance mass spectrometry
(ICR-MS), 31-32, 102, 104, 105-106
Ion detectors, 2, 4044

Index

Ton-exchange chromatography, 137, 140, 158,
213
Ionic compounds, 19, 120
Ionization methods, 3-22; see also specifiic
types
Ions
decomposing, 34
even-electron, 6
fragmentation of: see Fragmentation
metastable, 4, 27, 39, 113
nondecomposing, 3
odd-electron, 6
stable, 3, 6, 7
lon trap mass spectrometer (ITMS), 32-33,
38-39, 48, 189, 230
IPGs: see Immobilized pH gradients
Isobutane, 8
Isoelectric focusing (IEF), 137, 139, 140,
154, 155-158, 186, 188
Isoleucine, 142, 166, 177
Isopentenyl-adenosine (i°A), 211
ITMS: see Ion trap mass spectrometer

Kinetic energy, 23, 27

Laser desorption (LD) ionization, 39
described, 16-18
in diacylglycerylphospholipid analysis,
56
direct, 17
in DNA modification analysis, 104—106,
125, 126
matrix-assisted: see Matrix-assisted laser
desorption
Laser desorption-mass spectrometry (LDMS),
106, 174
Laser desorption-time-of-flight (LDTOF) in-
struments, 30, 104-105, 174
Lasers, 17
LC: see Liquid chromatography
LC-MS: see Liquid chromatography-mass
spectrometry
LD: see Laser desorption ionization
LDMS: see Laser desorption-mass spec-
trometry
LDTOF: see Laser desorption-time-of-flight
instruments
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Leucine, 137, 142, 164, 165, 166, 167, 168,
177
Leucine-enkephalin, 243
Leukemia, 209, 222
Leukotrienes, 72
Limits of detection (LOD), 90, 91, 98
AMS and, 107, 125
chemical derivatization and, 92
ClI and, 95-96
ECNI and, 100
FAB and, 97, 108, 109
FAB-MS/MS and, 109
flow-FAB and, 116, 121, 122
GC-MS and, 125
LC-MS and, 118, 120
LD and, 125
LDMS and, 106
LDTOF and, 105
SIM and, 99
Linked-field scans, 35-36, 64
Liquid chromatography (LC), 18, 19, 21,
28
fast protein, 153, 157, 158
high-performance: see High-performance
liquid chromatography
MD/MS and, 238, 248
Liquid chromatography-mass spectrometry
(LC-MS)
capillary, 181-183
in DNA modification analysis, 117-123
in hemoglobin analysis, 181-183, 184
MD/MS and, 244-247
thermospray and, 18, 180-183
Liquid secondary ionization mass spec-
trometry (LSIMS), 13, 16, 33, 39
in DNA modification analysis, 107
in hemoglobin analysis, 138, 141, 145,
153, 163, 165, 166, 167, 168, 173, 174,
175,177
mass calibration in, 46
LOD: see Limits of detection
LPAF: see Lyso-platelet activating factor
LSIMS: see Liquid secondary ionization mass
spectrometry
Lung cancer, 100, 222, 225
Lymphocytes, 209
Lymphoma, 209
Lysine, 137, 138, 160, 163, 164, 165, 177
ESMS of, 143, 145
FAB of, 139
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Lysine (cont.)
HPLC of, 171
HPLC/MS of, 184
Lysophosphatidic acid, 81
Lyso-platelet activating factor (LPAF), 72
Lysyl, 164

m!A: see 1-Methyladenosine
mb6, A; see 1,N®-Dimethyladenosine
m62A; see N6,N6-Dimethyladenosine
MAGIC: see Monodisperse aerosol genera-
tion interface for chromatography
Magnetic analyzers, 22, 24-25, 26, 34, 91
Magnetic fields
FTMS and, 31
MS/MS and, 34, 36
peak-matching technique and, 4445
Magnetic sector analyzers, 20, 34-37; see
also Double-focusing magnetic sector
mass spectrometers
in hemoglobin analysis, 140, 151-152, 173
quadrupole mass spectrometers vs., 29
MALD: see Matrix-assisted laser desorption
ionization
MALDI-TOF-MS: see Matrix-assisted laser
desorption ionization time-of-flight mass
spectrometry
m®Am: see N°,0?-Dimethyladenosine
Mass-analyzed ion kinetic energy spec-
trometry (MIKES), 34, 35, 36, 64
CAD, 140
Mass analyzers, 2, 18, 22-33; see also
specifiic types
Mass calibration, 4546
Mass spectrometry/mass spectrometry; see
Tandem mass spectrometry
Matrix-assisted laser desorption (MALD), 2,
17, 18, 31, 104
Matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MAL-
DI-TOF-MS), 173, 174, 189-191
Mattauch-Herzog geometry mass spectrom-
eters, 25, 26, 27, 36, 43, 44
Maximum entropy (MaxEnt) software, 149,
152, 188, 189
MCPs: see Multichannel plates
MD/MS: see Microdialysis/mass spectrometry
Mesothelioma, 201, 209
Metastable ions, 4, 27, 39, 113
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Methionine, 137, 143, 154, 165, 168
1-Methyl-adenosine (mlA), 208, 209, 210,
211
Methylamine, 7
5-Methylcytosine, 118
7-Methylguanine, 118
L Methylguanosine (m'G), 209, 210, 230
N2-Methylguanosine (m?G), 208, 209, 210,
230
2'-O-Methylguanosine (Gm), 211
1-Methylinosine (m'I), 208, 209, 210, 211
Methyl methanesulfonate, 96
1-Methyl-1-nitrosourea, 96
Methylthioadenosine, 100
2-Methylthio-NS-isopentenyladenosine
(ms?iCA), 222
0*-Methylthymidine, 96
3-Methylthymidine, 96
3-Methyluridine (m®U), 219-221
m!G: see -Methylguanosine
m’G: see N2-Methylguanosine
m2,G: see N2, N2-Dimethylguanosine
m!L: see 1-Methylinosine
Microdialysis/mass spectrometry (MD/MS),
237-252
CF-FAB and, 16, 244-245, 247
in NAA & NAAG analysis, 245, 250-252
perfusion medium for, 238-240
probe design for, 238
relative and absolute recovery with, 240—
242
substance P metabolism and, 247-250
MIKES: see Mass-analyzed ion kinetic en-
ergy spectrometry
Mitomycin C-deoxyguanosine, 118
Mixed chemical ionization (CI), 8
Monoclonal antibodies, 211
Monodisperse aerosol generation interface for
chromatography (MAGIC), 19
Mono Q columns, 157
Mono S columns, 158
Moving belt interface (LC-MS), 118
MRM: see Multiple reaction monitoring
mRNA, 89
M-series ions, 217, 218, 220, 222-224, 225
ms%%A: see 2-Methylthio-NS-iso-
pentenyladenosine
MS/MS: see Tandem mass spectrometry
MS/MS/MS: see Higher-order tandem mass
spectrometry

Index

MTA: see 5'-Deoxy-5'-methylthioadenosine
MTA-SO: see Adenosine-5'-methylthio-
sulfoxide
MTG: see 5'-Deoxy-5"-methylthioguanosine
mU: see 3-Methyluridine
Multichannel array detectors, 22, 26-27, 41,
43
Multichannel plates (MCPs), 41, 43, 44
Multiple reaction monitoring (MRM), 230
Mutations, 107
BaP and, 111-112
in hemoglobin, 136, 137, 138, 139, 141,
142, 143, 165, 166, 177, 181
point, 136
silent, 141, 142, 143
single-nucleotide, 138
Myoglobin, 150

NAA: see N-Acetylaspartate
NAAG: see N-Acetylaspartylglutamate
Nasopharyngeal carcinoma, 209
Negative chemical ionization (CI), 9-10
Negative-ion mode
FAB in, 14, 53
FAB-CAD-MS/MS in, 68, 73, 74, 79, 83
FAB-MS in, 56, 58, 61, 68
flow-FAB in, 116
MALD in, 18
thermospray LC-MS in, 180
thermospray MS in, 164
Neodymium/yttrium-aluminum-garnet lasers,
17
Neurochemicals, 237, 238
Neuromodulators, 247
Neuropeptides, 2
ESMS analysis of, 21
MD/MS analysis of, 240-244
MS/MS analysis of, 33-34, 35
Neurotensin, 243
Neurotransmitters, 237, 245, 247
Neutralization-reionization mass spec-
trometry, 40
Neutrophils, 76
Nicotinic acid, 106
Nier-Johnson geometry mass.spectrometers,
26, 27, 43
Nitrobenzoyl, 9
m-Nitrobenzyl alcohol, 56, 57
3-Nitrobenzyl alcohol, 15
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Nitrosopyrrolidine, 94
NMR: see Nuclear magnetic resonance
Nondecomposing ions, 3
Nonidet P-40, 158
Nonvolatile compounds, 6, 10, 11, 13, 15, 18,
19, 104
Nuclear magnetic resonance (NMR), 90, 94,
216, 217, 219
Nucleic acids, 90, 205; see also specific types
Nucleosides, 98, 105, 126; see also Urinary
modified nucleosides
ClI of, 95-96
EI of, 94, 96
FAB of, 108
FAB-MS/MS of, 109
flow-FAB of, 122
LC-MS of, 117, 118, 121
Nucleotides, 91, 126
AMS of, 107
FAB of, 108, 109
flow-FAB of, 116
LC-MS of, 117
LD of, 105

Odd-electron ions, 6
Oligonucleotide—cisplatin adducts, 108
Oligonucleotides, 105, 109, 125, 126
Opioid peptides, 33

Opportunistic infections, 201

Ovarian tumors, 208

PA: see Phosphatidic acid

PAD: see Post acceleration detectors

PAH: see Polynuclear aromatic hydrocarbon

N-Palmitoyl-phosphatidylethanolamine (PE),
62

Paper chromatography, 137, 168

Paper electrophoresis, 137

Particle beam interface, 19, 118, 119

PATRIC: see Position- and time-resolved ion
counting

PC: see Phosphatidylcholine

PCNR: see Uridine-5-carboxamide-2-one

PD: see Plasma desorption ionization

PDMS: see Plasma desorption-mass spec-
trometry

PDTOF: see Plasma desorption time-of-flight
instruments
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PE: see Phosphatidylethanolamine
Peak-matching technique, 4445
Penicillin G, 244
Pentafluorobenzoyl, 9
Pentafluorobenzyl (PFB), 9, 98-99, 100,
125
Pepsin digestion, 143, 168, 169
Peptides, 173-177
carboxypeptidase Y and, 167-168
chymotrypsin and, 165-166
CNBr and, 168-169
cyanylation and, 169
ESI of, 174
ESMS of, 173, 174, 175
FAB of, 173
four-sector tandem mass spectrometry of,
36-37, 177
HPLC of, 175
LD-MS of, 174
LDTOF of, 174
LSIMS of, 173, 174, 175, 177
MALDI-TOF-MS of, 173, 174, 189-191
neuro: see Neuropeptides
opioid, 33
PDMS of, 173, 174
PDTOF of, 145
push—pull perfusion measurement of, 237
quadrupole instrument analysis of, 173,
174-175
RP-HPLC of, 140, 177
substance P and, 247
tryptic: see Tryptic peptide digestion
Perfluoroacyl, 9
Perfluorobenzoyl, 9
Perfluorokerosene, 45
Perfluorotributylamine, 4546
PFB: see Pentafluorobenzyl
PG: see Phosphatidylglycerol; Prostaglandin
pH; see also Immobilized pH gradients
hemoglobin analysis and, 137, 157, 166,
167, 168, 169, 173, 186
UMN analysis and, 213, 214, 215, 216
Phenylalanine, 33, 137, 165, 168
Phosphates, 90
Phosphatidic acid (PA), 54, 57, 58, 62, 82—
83
Phosphatidylcholine (PC)
FAB-CAD-MS/MS of, 53, 54, 55, 68, 70,
72, 74, 76-82
FAB-MS of, 56, 58, 61, 6263
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Phosphatidylethanolamine (PE)
FAB-CAD-MS/MS of, 54, 68, 70
FAB-MS of, 56, 57, 58, 62-63

Phosphatidylglycerol (PG), 54, 58, 61

Phosphatidylinositol (PI), 54, 56, 57, 58, 62,

68

Phosphatidylserine (PS), 54, 56, 57, 58, 61, 62

Phosphocholine, 58, 63, 74

Phosphoethanolamine, 63

Phospholipase C, 55

Phospholipids: see Diacylglycerylphospho-

lipids

Photodissociation, 40

Photomultiplier detectors, 41-42

Photoplate detectors, 43

PI: see Phosphatidylinositol

Placental alkaline phosphatase, 202

Plasma desorption (PD) ionization
described, 11-12
in diacylglycerylphospholipid analysis, 56
in DNA modification analysis, 101-104,

125, 126
Plasma desorption-mass spectrometry
(PDMS), 12
in DNA modification analysis, 102-103
in hemoglobin analysis, 166, 171, 173, 174
Plasma desorption time-of-flight (PDTOF) in-
struments, 12, 30, 102, 103, 145

Platinum, 18, 109-111

Point mutations, 136

Polar compounds, 10, 11, 13, 19, 108, 120,

126, 247

Polydeoxyguanosine (dG), 103

Polyethylene glycol, 45

Polynuclear aromatic hydrocarbon (PAH) ad-

ducts, 100-101, 113-114, 120, 123

Polypeptides, 21, 136

Polypropylene glycol, 45

Polystyrene, 20

Position- and time-resolved ion counting

(PATRIC), 44

Positive-ion mode
FAB in, 14, 53
FAB-CAD-MS/MS in, 68, 72-74
FAB-MS in, 56, 57, 58, 61, 68
flow-FAB in, 116
MALD in, 18

Post acceleration detectors (PAD), 42

Potassium adducts, 57, 92, 103, 105, 109

Precursor ion scans, 33, 54, 67, 92

Index

Product ion scans, 33

of diacylglycerylphospholipids, 54, 64, 68

of DNA modifications, 92

of hemoglobin, 144-145
Proline, 154, 165-166
Propano-deoxyguanosine, 119
Prostaglandin (PG), 72

D,, 245

E,, 245

F,, 245
Proteins, 154, 189

CE-ESMS of, 187-188

ESMS of, 21, 143, 152

LCMS of, 184

LD of, 18

MS/MS of, 36-37
Proteolytic digestion, 138, 159-160, 163

HPLC and, 169-173

HPLC/MS and, 159
Proton affinities, 1, 7, 9
PS: see Phosphatidylserine
Pseudouridine, 208, 209, 210, 211
Psoralens, 93
Pulsed carbon dioxide lasers, 17
Purines, 90, 209, 218, 222
Push-pull perfusion, 237
Putrescine, 202
2-Pyracinecarboxylic acid, 17-18
Pyridine, 99, 215
Pyridylethylation, 163
S-Pyridylethylation, 166, 167, 171
Pyridyloxobutyl nucleoside adducts, 95
Pyrimidines, 90, 108, 209, 220

Quadrupole electrospray-mass spectrometry
(ESMS), 145-151, 152, 175
Quadrupole mass filters, 32, 45-46
Quadrupole mass spectrometers
described, 28-29
in DNA modification analysis, 91, 118
ESI and, 20
in hemoglobin analysis, 140, 173, 174
175, 189
Quantification, 4647
Quasiequilibrium theory, 4

Radical cations, 3
Radioimmunoassay (RIA), 211
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Rapid-ion exchange high performance liquid
chromatography (HPLC), 137

Rayleigh forces, 19, 21

REC: see Resonance electron capture

Reconstructed total ion current (RTIC), 227,
229-230

Resonance electron capture (REC), 9, 14

Reversed-phase high-performance liquid
chromatography (RP-HPLC)

in hemoglobin analysis, 137-138, 140,
152, 154, 158-159, 160, 163, 166, 168,
177, 181, 183
in UMN analysis, 211, 213, 216

Reverse-geometry mass spectrometers, 26,
36, 38, 64, 215

7-R-Hyp: see Guanosine-hypoxanthine

RIA: see Radioimmunoassay

Rice—-Ramsperger—Kassel-Marcus (RRKM)
theory, 4

RNA, 111, 125, 208

Rous sarcoma virus, 210

RP-304 columns, 181

RP-HPLC: see Reversed-phase high-
performance liquid chromatography

RRKM theory: see Rice-Ramsperger—
Kassel-Marcus theory

rRNA, 208

RTIC: see Reconstructed total ion current

Saccharomyces cerevisiae, 145
Secondary ionization mass spectrometry
(SIMS), 30
described, 12-13
in DNA modification analysis, 107-116
dynamic, 13
liquid: see Liquid secondary ionization
mass spectrometry
static, 13
Selected ion monitoring (SIM), 47
in DNA modification analysis, 99, 100—
101, 120, 125
in UMN analysis, 228-229
Selected reaction monitoring (SRM), 47
Sephadex G25 columns, 169
Sephadex G75 columns, 169
Serine, 154, 166
Sickle-cell hemoglobin, 136, 138, 141-143,
167-168, 181
Silent mutations, 141, 142, 143
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SIM: see Selected ion monitoring

SIMS: see Secondary ionization mass spec-
trometry

Single-nucleotide mutations, 138

Single-stranded DNA, 94, 111

Skin cancer, 93

Sodium adducts, 57, 58, 74, 92, 103, 105,
109

Solid-phase extraction, 228-230

Spermidine, 202

Spermine, 202

Sphingomyelenin, 56

Spray techniques, 18~22, 47; see also
specific types

SRM: see Selected reaction monitoring

S-series ions, 217, 218-219, 220, 222, 224,
225

Stable ions, 3, 6, 7

Staphylococcus aureus V8, 137, 145, 166—
167, 171, 173, 174

Static fast atom bombrdment (FAB), 108

Static secondary ionization mass spectrometry
(SIMS), 13

Styreneoxide adducts, 95

Substance P, 247-250

Sugar-modified novel nucleosides, 222-
227

Sulfolane, 15

Surface-induced dissociation, 40

Synchropak CM 300, 152

tSA: see Adenosine-purine-6-yl carbamoyl-
threonine
Tandem ion trap mass spectrometer (ITMS),
38-39
Tandem mass spectrometry (MS/MS), 2, 22,
32, 44, 48
CE and, 187
CI and, 96
CID and, 37, 3940, 106, 113, 125
described, 3340
in DNA modification analysis, 90, 92, 94,
113, 116, 125, 126
ESI and, 21-22
FAB and: see Fast atom bombardment-
tandem mass spectrometry
FAB-CAD: see Fast atom bombardment
collisionally activated tandem mass
spectrometry
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Tandem mass spectrometry (MS/MS) (cont.)
in hemoglobin analysis, 140, 141, 142,
143, 145, 155, 168, 184, 191
higher-order, 66, 71, 175
MD/MS and, 244-245
quantification in, 47
in UMN analysis, 231
T cells, 201
12-O-Tetradecanoylphorbol 13-acetate, 96
Tetraglyme, 15
Thalassemia, 136
o-Thalassemia, 155
Thermal desorption techniques, 94-99
Thermal lability, 6, 11, 55, 99, 104
Thermal stability, 126
Thermospray, 18-19, 28, 118
Thermospray liquid chromatography-mass
spectrometry (LC-MS), 18, 180-183
Thermospray mass spectrometry (MS), 164
Thin layer chromatography (TLC), 107, 219
B-Thiocyanoalanine, 169
Thiodiglycol, 15
Thioglycerol, 56
a-Thioglycerol, 15
Thiourea, 18
Three-sector tandem mass spectrometers, 36—
37,109, 112
Threonine, 142, 165-166
Thymidine-riboside, 202
Thymine, 18, 103, 105-106, 106
TIC: see Total ion chromatography
Time-of-flight mass spectrometers (TOF-MS),
1,22,41
described, 29-31
in DNA modification analysis, 102, 103,
104-105
LD and, 30, 104-105, 174
MALDI and, 173, 174, 189-191
PD and, 12, 30, 31, 102, 103, 145
Tissue polypeptide antigen, 202
TLC: see Thin layer chromatography
TMS: see Trimethylsilyl
TOF-MS: see Time-of-flight mass spectrom-
eters
Toluene, 8
Total ion chromatography (TIC), 168, 178,
211-212
TQ/MS: see Triple quadrupole mass spec-
trometry
TRCP; see Tris (2-chloroethyl) phosphate

Index

Triazines, 46
Tricyclic nucleoside-5'-monophosphate, 109
Triethanolamine, 15, 56, 58
Trifluorethanol, 155
Trimethylsilyl (TMS) derivatives, 125
CI and, 96-97
EI and, 96-97
FAB and, 109
FAB-MS/MS and, 104, 113-116
GC-MS and, 55, 100
UMN:s and, 211, 213, 215, 217, 220, 221,
222, 224-225, 227, 229, 230
Triple quadrupole mass spectrometry
(TQ/MS)
described, 37
in diacylglycerylphospholipid analysis, 64—
66, 67, 70, 72, 74
in DNA modification analysis, 95, 99, 109,
114, 120, 122, 123
in hemoglobin analysis, 144, 177, 181
Tris (2-chloroethyl) phosphate (TRCP), 244—
245
Triton urea gel electrophoresis, 152, 158
tRNA, 202, 208, 210, 212
Tryptic peptide digestion, 137~138, 140-141,
142, 160-163, 164165, 189
carboxypeptidase B and, 167
CE-MS of, 186-188
described, 163164
endoproteinase Glu-C and, 166-167
ESMS of, 143-144, 152, 173, 174
FAB of, 173
four-sector tandem mass spectrometry of,
177
HPLC of, 140, 169-173
HPLC/ESMS of, 188
HPLC/MS of, 180-184
LSIMS of, 173
MALDI-TOF-MS of, 173
PDMS of, 173
Tryptophan, 137, 165
Two-sector instruments, 109
TXB,, 245
Tyrosine, 33, 137, 164, 165, 166

Ultramark compounds, 46
Ultraviolet (UV) spectroscopy
in DNA modification analysis, 94, 104,
123
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Ultraviolet (UV) spectroscopy (cont.)
HPLC and, 211-212
in UMN analysis, 211-212, 216, 219, 225,
227
UMN:Ss: see Urinary modified nucleosides
Uracil gycosylase, 95
Uridine, 202, 220
Uridine-5-carboxamide-2-one (PCNR), 210
Urinary modified nucleosides (UMNs), 201-
231
as AIDS biomarkers, 201-202, 209-210,
227, 230, 231
as cancer biomarkers, 201, 202-209, 211,
222,231
conventional methods for analysis of, 210-
212
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Urinary modified nucleosides (UMNSs) (cont.)
qualitative analysis of, 213-227
quantitative analysis of, 227-230

UV spectroscopy: see Ultraviolet spectroscopy

Valine, 138, 141, 143, 154, 167

Valproic acid, 244

Vanillic acid, 17

Vitamin B,, 222

Volatile compounds, 10, 19, 45, 47, 99, 126,
211

Xanthine, 224-225
Xenon, 8, 13, 56





