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Abstract

In the pharmaceutica industry, there is a tremendous need for qualitative and quantitative analysis of target analytes such as
peptides, proteins, drugs, metabolites, biomarkers, impurities, and degradation products in various mixtures including synthetic
reactions, in vitro cultures, biological fluids, drug substances, finished products, and many others. To provide adequate specificity for
analysis in these complex mixtures, multidimensional analytica techniques are required. Mass spectrometry plays a centrd rolein
many of these multidimensional approaches to mixture analysis because it provides an unparalleled combination of senstivity and
specificity that is useful for both molecular identification and quantitative applications. Recent innovationsin mass spectrometry and
industrial implementation of these advances have transformed many aspects of pharmaceutical research and development. Data that
were previoudy unattainable, or were not collected due to exorbitant cost or time congtraints, can now be obtained using mass
spectrometry-based technologies. The impact of these innovations has been most dramaticaly felt in early stages of discovery, as
more data are available to make critical decisions, such as selecting compounds for advancement to costly preclinical and clinical
trials. New M technologies have aso accelerated the progression of drug candidates through development and toward regulatory
approval. Here, five mgjor categories of pharmaceutical applications of mass spectrometry are reviewed. They are new chemical
entity characterization, biomacromolecule characterization, bicanalytical quantitation, metabolite identification, and impurity and
degradation product identification. A brief historica perspective and evolution of technologies for each application area are
presented. Those discussions are followed with a description of the current strategies for implementation of the tremendous
capabilities of the state-of-the-art approaches, along with representative applications. In addition, emerging technologies for each
application area are presented to indicate the future directions of instrumentation for mixture analysis in the pharmaceutical industry.
(Int J Mass Spectrom 212 (2001) 135-196) © 2001 Elsevier Science B.V.
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1. Introduction

Early applications of mass spectrometry, such as
analysis of petrochemicals in the 1950s [1], utilized

* Corresponding authors. E-mail: hoke.sh@pg.com, dobson.rl@ the sensitivity and Selectivity of the technique; avail-
pg.com . .

Dedicated to R. Graham Cooks on the occasion of his sixtieth able during that period. It was apparent that even a
birthday. single stage of mass analysis provided a great deal of
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information including molecular weight and, when
using electron ionization (El), structuraly diagnostic
fragmentation data. In addition, these data could be
collected with relatively low levels of analyte, as
compared to alternative analytical approaches. How-
ever, single-stage mass analysis provided only one
dimension of information and was not generally
useful for analysis of target components within com-
plex mixtures. By combining mass spectrometry with
an added dimension provided by on-line chromatog-
raphy, more comprehensive data on mixtures could be
obtained from a single experiment. However, during
the 1960s and 1970s, introduction of liquid chroma-
tography (LC) effluents into the high-vacuum envi-
ronment of the mass spectrometer was considered
impractical and early packed-column gas chromotog-
raphy mass spectrometry (GCMS), which employed
coated stationary phases, had issues that limited its
utility for mixture analysis [2—4]. For example, col-
umn bleed and instability at high temperatures con-
tributed to chemical noise, compromising detection
limits. Even with the advent of capillary GC, employ-
ing covaently bound stationary phases [5,6], the
applicability of GCMS was limited to analytes that
could be vaporized and remained chemically stable at
temperatures up to 300 °C.

In the late 1970s, Cooks and co-workers first
reported the addition of a second stage of mass
analysis as an aternative second analytical dimension
for mixture analysis [7,8]. In this tandem mass spec-
trometry (MS/IMS) approach, samples were directly
introduced by way of a probe into a mass-analyzed
ion kinetic energy spectrometer to identify and, po-
tentially, quantify target compounds in complex ma-
trices. By mass selecting a precursor ion and using the
product ion spectrum for identification or quantita-
tion, they reported a significant reduction in chemical
noise that resulted in detection limits as low as 10 pg
for certain samples. Through a series of manuscriptsit
became increasingly apparent that a second stage of
mass analysis enabled mass spectrometry to become
particularly useful for identification and quantitation
of low-level target compounds in mixtures [9-16].

Since thefirst reports on the promise of MS/MSfor
mixture analysis, many advancements have occurred

in three major technology categories: (A) sample
introduction and ionization techniques; (B) mass an-
alyzers; and (C) application-specific peripherals. The
driver for these developments has largely been a
desire to enhance the utility and extend applicability
of mass spectrometry-based techniques to a wide
array of mixture analysis problems. In fact, recent
innovations have increasingly resulted from the direct
efforts (or under the sponsorship) of instrument man-
ufacturers, who compete to deliver the most versatile
and user-friendly mass spectrometry-based tools, pri-
marily targeted for industrial mixture analysis appli-
cations. In reflecting on the above-cited categories of
progress, it seems reasonable to generalize that cate-
gory-A developments largely broadened the range of
compound classes and mixture types amenable to
mass spectrometry-based analysis and/or provided
increased sensitivity; category-B developments (e.g.
mass range, spectral resolution, stages of mass anal-
ysis) most importantly increased the depth and overall
informing power of data accessible through a given
experiment; and category-C developments (e.g. auto-
mation hardware and software) provided the user-
friendly means of accessing the power and versatility
of the mass spectrometry-based hardware, which has
been essential in streamlining experimental setup,
minimizing analysis and data reduction time, and
aiding in data interpretation and reporting.

Probe-based sample introduction, combined with
El or chemical ionization (Cl), is applicable only to
analytes that are stable throughout the associated
thermal vaporization and relatively harsh ionization
processes. The availability of softer desorption ion-
ization techniques, such as secondary ion mass spec-
trometry (SIMS) [17], fast atom bombardment (FAB)
[18], and laser desorption (LD) [19], beginning in the
early 1980s, extended applicability to larger, ther-
mally labile compounds. Later, the development and
refinement of matrix-assisted laser desorption ioniza-
tion (MALDI) [20,21] further broadened the range of
applications by providing enhanced ionization effi-
ciency, relatively low chemical background, resis-
tance to sample matrix effects, and superior reproduc-
ibility for this static experiment.

Over time, it became apparent that (even with
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MS/MS detection) most mixture analysis applications
benefit from the added dimension of on-line chroma-
tography. The chromatographic resolving power of
capillary GC makes it an attractive complement to
mass spectrometry. However, as utilized with El or
Cl, it shares the same compound class limitations as
the probe-EI/Cl experiment. Creative chemical deri-
vatization protocols have certainly extended the ap-
plicability of GC, but the more general solution has
been the development of practical LCMS interfaces
[22]. Moving belt [23,24] and particle beam (PB) [25]
interfaces proved to be an effective means of address-
ing the desolvation quandary presented by the atmo-
spheric pressure liquid to high vacuum differential in
LCMS. Unfortunately, these techniques continued to
include thermal vaporization processes associated
with El or Cl, and were also only of limited use for
low-boiling-point analytes. The advent of thermo-
spray (TS) [26] represented the first practical use of a
truly soft ionization mechanism with an LCMS con-
figuration. Continuous-flow FAB [27], originally de-
veloped to alleviate difficulties associated with high
concentrations of nonvolatile matrices used in FAB,
became a second soft ionization option for low-flow
LCMS experiments. Both techniques expanded the
utility of LCM S to encompass an array of nonvolatile
and thermally labile compounds. However, neither
approach enjoyed widespread popularity, given only
modest sensitivity and relatively high chemical back-
ground for most applications, as well as challengesin
optimizing experimental set-up, which resulted in
day-to-day and lab-to-lab reproducibility issues.
Refinement of atmospheric pressure ionization
(API) techniques, including APCI [28] and electros-
pray ionization (ESI) [29,30], has resulted in an
explosion in the use of LCMS for mixture analysis,
owing to their high sensitivity, ruggedness, and,
collectively, nearly universal compound class cover-
age. Although APCI requires some degree of analyte
volatility, and can cause in-source fragmentation or
degradation of labile compounds, it has proven to be
more sensitive and robust than any of the aforemen-
tioned LCMS options. Of al LCMS interface types,
ESI has become the most versatile and widely em-
ployed. It is also the softest of ionization techniques,

typically yielding minimal in-source fragmentation,
even for the most fragile of compounds, and is
exquisitely sensitive for polar analytes. Further, dueto
its ability to produce multiply charged pseudomol ecu-
lar ions, highly functionalized compounds up to 200
kDa can be routinely detected within the m/z range of
most modern mass analyzers.

A variety of mass analyzers have evolved to
deliver greatly improved performance, often in a
manner that complemented advances in ion source
technologies [31,32]. The commercia availability of
reliable triple quadrupole mass spectrometers was
arguably the most important step toward the wide-
spread deployment of the MS/IMS experiment for
mixture analysis. Initially available with GC and
various probe inlets, these instruments delivered unit
resolution in both mass anayzers, along with rela-
tively efficient fragment ion formation by way of
collision-induced dissociation (CID). Such systems
provided easy access to the three basic types of
MS/MS experiments [12]: precursor (or parent) ion
scan; constant neutral loss scan, useful in screening
complex mixtures for compounds of known fragmen-
tation characteristics; and product (or daughter) ion
scan, invaluable for determination of unknown struc-
tures. Selected reaction monitoring (SRM), a specia
case of the product ion scan, has become the preferred
mode for target compound quantitation.

Time-of-flight (TOF) mass analyzers are useful in
qualitative applications, particularly in conjunction
with analyses requiring a high m/z range, high speed,
or possessing a low duty cycle [33]. For example, an
ability to detect an entire mass spectrum for each laser
pulse makes TOF the analyzer of choice for MALDI
applications and spectral acquisition rates of up to
thousands per second make TOF ideal for monitoring
fast separations. Recent advances in TOF analyzer
design, especialy refinement of reflectron ion focus-
ing technology [34] and the availability of transient
digitizers with gigahertz response rates, have greatly
enhanced their utility by providing mass resolution in
excess of 10 000 and stability sufficient for accurate
mass measurements approaching the capabilities of
magnetic sector instruments. In addition, refinement
of delayed ion extraction (or time-lag focusing) tech-
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niques has been key to achieving this resolving power
for MALDI applications, as it corrects for the kinetic
energy distribution of ions caused by the laser-
desorption process [35,36]. Crude MS/MS experi-
ments can be carried out on commercially available
MALDI-TOF instruments, using the postsource decay
(PSD) technique [37].

The hybridization of quadrupole and TOF mass
analyzers (Qg-TOF) was first achieved in 1994
[38,39]. This instrument employs a quadrupole for
mass sel ection and a second quadrupole for collisional
activation, analogous to atriple quadrupole. However,
instead of a third quadrupole, an orthogonal TOF
analyzer is used for the final stage of mass analysis.
This instrument is capable of generating mass spectra
and product ion spectra displaying superior sensitivity
and resolution. As such, elemental composition of
product ions can be determined, greatly aiding in
spectral interpretation and structure assignment. Com-
mercialy available versions of Qg-TOF instruments
can be used with MALDI, ESI, or APCI sources for
ionization of a wide range of analytes.

Relatively small in both size and price, quadrupole
ion trap mass anayzers (ITMS) provide high sensi-
tivity in the full scan and product ion scan modes [40].
Certain APl-interfaced ITMS systems aso offer
(MS)" capabilities [41,42] that may be of value in
solving particularly challenging mixture characteriza-
tion problems. The Fourier-transform ion cyclotron
resonance mass spectrometer (FTICRMS) is another
type of ion trap device. Although large, costly, and
expertise intensive, this research-grade aternative is
now finding applications in molecular characteriza-
tion due to a combination of (MS)" capabilities,
excellent mass accuracy, and achievable resolutions
commonly exceeding 50 000 [43].

The advances in ionization techniques and mass
analyzers have been complemented by an increase in
the level of automation and instrument control, which
was largely driven by the rapid evolution in computer
hardware and software. In addition, advances in data
mining a gorithms and storage capabilities have added
considerable value. This use of information technol-
ogy also resulted in a decreasing degree of human
intervention by allowing automated instrument opti-

mization and sample injection, as well as unattended
data acquisition for batch runs and, in many cases,
automated reduction of data. These advances have
a so made the instrumentation more user-friendly and,
as a result, the mass spectrometry-based techniques
have seen much broader deployment and increased
usage in recent years.

In considering the above key advances, as appli-
cable to mixture analysis, it is worth noting that some
have resulted in obsolescing older approaches. For
example, MALDI has superseded SIMS and FAB for
most static-sample mass spectrometry applications
and API-based LCMS interfaces have replaced mov-
ing belt, thermospray, continuous-flow FAB, and,
largely, particle beam. Conversely, a great many of
these advances simply added complementary tools to
the arsenal of the mass spectrometrist or (especialy
with application-specific peripherals) enhanced the
value of mass spectrometry techniques already avail-
able.

It is our belief that, over the past 25 years, the
remarkable advances in sample introduction and ion-
ization techniques, mass analyzer instrumentation,
and mass spectrometry-associated computer technol-
ogy, have been felt most strongly in the pharmaceu-
tical industry. Supporting this view is the observation
that, until the 1980s, mass spectrometry was a highly
expertise-intensive tool in pharmaceuticals, primarily
employed as a complement to other qualitative ana
Iytical techniques and rarely used for quantitetive
analysis. Today, mass spectrometry is woven into the
fabric of literally all aspects of drug discovery and
development and is now of equal importance for
guantitative measurements as it is for molecular
characterization applications. An example of this
trend for widespread usage is the increase in the
number of mass spectrometers within Procter &
Gamble's Health Care organizations. In 1986, a total
of only 4 major mass spectrometers were utilized for
health care applications and by mid-2001, that num-
ber has grown to 44.

In net, the availability and appropriate implemen-
tation of these mass spectrometry-based tools have
driven the trend to learn more about properties of new
chemical entities at a much earlier stage of drug
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Fig. 1. Genera overview of the stages of drug discovery and
development.

discovery, permitting more rapid and predictive as-
sessments of their ultimate val ue as therapeutic agents
[44]. Moreover, the power and speed of these tech-
nologies have played amajor rolein reducing the time
required to progress adrug to market. The importance
of mass spectrometry to the pharmaceutical industry
has become so great and so widely recognized that it
is even influencing the Wall Street community. Port-
folio managers are recommending the stocks of mass
spectrometry manufacturers because mass spectro-
metry has become “the leading analytical instrument
in drug discovery” [45]. In addition, biotech compa-
nies with particularly strong mass spectrometry capa-
bilities are perceived as having a significant advantage
over competition, “What | find appealing . . . is their
use of mass spectrometry. It's really powerful and
qualitative, and they seem to have alead in that area”’
[46].

Although the flow diagram provided in Fig. 1isa
simplified depiction of the drug discovery and devel-

opment processes, it serves as a general indication of
the great diversity of activity types that require mass
spectrometry support. Milestones and submission
documents used in the USA are provided here as an
example, athough these differ to some degreein other
countries around the globe. Drug discovery is illus-
trated as having a feedback loop due to the iterative
efforts to incorporate learnings from in vitro and in
vivo studies into the synthesis of next generation
compounds. Development is illustrated as a linear
process, adthough it also benefits from learnings that
can be reapplied from other stages, other projects or
external sources. However, this process is not as
highly integrated and rapid asit is for drug discovery.

More so than in any other industry, a major
challenge in pharmaceuticals is to properly match the
specialized needs presented in each of these areas
with the most appropriate combination of MS-based
tools to efficiently address the scientific needs. Im-
plicit in thisis the practical necessity to appropriately
balance the capital costs, people resources, and anal-
ysis turnaround requirements for each category of
applications. Thus, the successful implementation of
mass spectrometry strategies to support each aspect of
pharmaceutical research and development requires
both an in-depth knowledge of the needs within each
major business area and each stage of the drug
discovery and development process, as well as famil-
iarity with the now-extensive arsenal of associated
mass spectrometry-based instrumentation. For this
reason, expertise is often developed within various
groups to specialize in given application types.

In this article, an overview of the impact of mass
spectrometry on the pharmaceutical industry is pro-
vided by highlighting five major application catego-
ries. new chemical entity (NCE) characterization;
biomacromolecule (BMM) characterization; bioana-
Iytical quantitation; metabolite identification; and im-
purity and degradation product identification. Table 1
provides a genera overview of the analytical chal-
lenges presented within each of these application
areas. Each corresponding section contains back-
ground information on the pharmaceutical signifi-
cance, followed by a brief history, and current strat-
egies for implementation of state-of-the-art mass
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Table 1

General overview of the major analytical challenges impacted by mass spectrometry in drug discovery and development

Adequate or Current throughput
current typical*  capability

Activity Type of data Mixture type sensitivity (/MS/day) Regulated?
NCE characterization

Open-access M.W., verified structure, purity discrete NCEs + impurities ppm 10s-100s No

Combinatorial M.W., verified structure equimolar NCE mixtures ppm 10s-100s No

chemistry

HTOS M.W., verified structure discrete NCEs ppm 1000s No

HTOS M.W., verified structure, purity discrete NCEs + impurities ppm 100s No

Purification M.W., purity reaction products ppm—ppth 10s-100s No
BMM characterization

Protein modification position and modification digested proteins fmol* 1s No

Structural biology M.W. and 2D, 3D structure pure proteins nmol 1s No

Proteomics protein identification peptide mixtures fmol* 100s No
Bioanalytical

quantitation

Discovery quantitative in vitro, in vivo biomatrices ppt—ppb* 100s No

Development quantitative in vivo biomatrices ppt—ppb* 100s Yes
Metabolite identification

Discovery proposed structure in vitro, in vivo biomatrices ~ ppb—ppm* 1s No

Development confirmed structure in vivo biomatrices ppb—ppm* 1s Yes
Impurity identification

Process impurities confirmed structure drug substances ppb—ppm 1s Yes

Degradation products confirmed structure drug products ppb—ppm 1s Yes

spectrometry capabilities now available for industrial
drug discovery and development. In addition, future
directions and emerging technologies are discussed.
Due to length considerations, a comprehensive review
is not possible for al sections. However, key ad-
vances and selected examples are provided that illus-
trate the tremendous impact of modern mass spectro-
metry within the pharmaceutical industry.

2. New chemical entity characterization
2.1. Pharmaceutical significance

The drug discovery process typically begins with
the design and synthesis of NCEs by medicina
chemists, for testing in avariety of in vitro and in vivo
biological models and screens. Structural character-
ization and purity assessments are obtained at various
points throughout the synthesis and compound storage
processes to assure the quality of the test compounds
prepared and, therefore, the validity of conclusions

drawn from subsequent biological screens. By abtain-
ing this information on key synthetic intermediates
and fina products, the speed and certainty of muilti-
step synthesis and purification processes are en-
hanced. Recharacterization of NCEs, either after a
period of storage or postbiological testing, provides
assurance of adequate stability and further supports
the validity of the screening data. Thus, in drug
discovery, the need for NCE characterization isdriven
more by practical work process and business consid-
erations, rather than by requirements of regulatory
agencies. For this reason, the speed of obtaining such
data is generally more important than the complete-
ness of the NCE characterization package, provided
there is a good probability that the scientific conclu-
sions are correct.

Over the past decade, there have been radical shifts
in the strategies for producing and testing NCEs, with
the aim of increasing the number of compounds being
evaluated per therapeutic indication. The desire to
increase NCE evaluation rates is driven by a statistical
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numbers game, asimplied in Fig. 1. Typically, tens of
thousands of compounds must be synthesized and
tested, for every drug that is eventually marketed. The
theory is, therefore, that by increasing the rate of NCE
synthesis and screening, a greater number of high
quality drugs will be discovered and developed. The
ability to deliver this higher throughput has been
fueled by innovations in automation and robotics
technology, which have been implemented for both
compound synthesis and biological screening. Thus,
the rapidly shifting strategies have come about
through the need to properly balance the NCE pro-
duction rate with the throughput of the biological
screens. The balance at any given time will have a
great effect on the analytical strategy employed for
NCE characterization, as implied below.

The recent development of combinatorial chemis-
try capabilities provides ready access to a much
broader range of molecular diversity for study in drug
discovery [47,48]. Following its origins in the suc-
cessful development of solid-phase peptide synthesis
in the 1980s [49-51], combinatorial chemistry has
rapidly evolved and is now regarded as an essential
component of drug discovery strategies throughout
the pharmaceutical industry. The introduction of as-
sociated automation tools for peptide synthesis and
“gplit and mix” pooling strategies [52-54], for the
simultaneous synthesis of large numbers of peptide
and peptidomimetic mixtures, also spurred continuing
refinement of associated synthetic strategies and en-
abling instrumentation. This facilitated the implemen-
tation of automated parallel high-throughput organic
synthesis (HTOS) [55]. For the present discussion, the
term HTOS is associated with the preparation of
arrays of discrete small organic molecules, while
combinatorial chemistry relates to the production of
large (usually equimolar) mixtures of small organic
molecules. Both approaches yield many NCEs, but
only in quantities intended for in vitro screening
(typically 1-20 mg total).

Through the mid-1990s, in vitro biological screens
were considered low to moderate throughput, by
today’s standards. Thus, strategies to test compounds
in mixtures (originating from natural products,
postsynthesis pooling of NCEs, and/or combinatorial

chemistry) grew in popularity, as a means of evalu-
ating the greatest number of NCEs. More recently,
true high-throughput screening (HTS) assays, capable
of performing first-tier evaluations for tens of thou-
sands of compounds per month, have become avail-
able for a growing number of therapeutic aress.
Where available, HTS capabilities have encouraged a
trend away from the preparation of combinatorial
mixtures and toward the use of HTOS. This alterna-
tive offers many advantages in the interpretation of
biological screening results. For example, complex
deconvolution protocols are unnecessary to identify
the primary active. True quantitative structure-activity
relationship (QSAR) models can also be developed
because the degree of binding or functional activity is
measured for each discrete NCE. Finaly, by screen-
ing NCEs, the potential for generating misleading
biological results (due to, e.g. the presence of antag-
onists and agonists, or the superposition of multiple
weakly active compounds, in the same mixture) is
eliminated.

Whether the NCEs originate from combinatorial
chemistry or HTOS, drug discovery generaly pro-
ceeds according to the outline in Fig. 1. Test sub-
stances showing the most potential, based on HTS, are
designated “hits.” These hits are next taken through a
hit validation process, which first involves character-
ization of the test substance to verify the presence of
the intended NCE or (in the case of mixtures) decon-
volution of biological and analytical datato determine
the structure of the NCE responsible for the observed
activity. Theidentified hit is resynthesized, usually on
a larger scale (tens or hundreds of milligrams) by
using more traditional organic chemistry techniques,
purified and characterized, and then retested in the in
vitro screens. If this newly prepared compound dem-
onstrates sufficient activity to account for the original
HTS results, the hit istermed validated. Thisvalidated
hit is not considered a lead compound but, rather,
serves as a starting point for hit expansion. In this
process, conventional medicinal chemistry or HTOS
is employed to prepare many related compounds,
which will lead to NCEs with optimized biological
activity. The most promising of these NCEs are
progressed, as potential lead compounds, for evalua-



142 SH. Hoke et al./International Journal of Mass Spectrometry 212 (2001) 135-196

tion in more-refined in vitro and in vivo pharmaco-
logical models. Regardless of the precise early drug
discovery tact, tremendous challenges are presented
by the fast pace, large number of NCEs, process
complexity, and interdependency of synthetic strate-
gies, screening results, and NCE characterization
data. To efficiently manage these challenges, medic-
inal and analytical chemists, as well as biologists,
work closely together at all pointsin a given program,
from strategy development through lead compound
selection.

With the notable exception of mixture deconvolu-
tion, the general objectives in providing NCE charac-
terization to assist compound synthesis and purifica-
tion, verify stability upon storage, and validate the
structures of proven-active compounds, remain un-
changed. However, with the advent of HTOS, com-
binatorial chemistry, and HTS, the demands placed on
analytical instrumentation or methods to meet these
objectives are staggering. For example, combinatorial
chemistry programs may require a quality control
(QC) verification of reaction success, through detailed
characterization of numerous 100-component NCE
mixtures. From a practical standpoint, the speed
versus accuracy trade-off equation dictates that evi-
dence for only a certain percentage (e.g. 80%) of
intended compounds is required, for such complex
mixtures to pass the QC test. Depending on the
screening approach, such as on-bead enzyme binding
assays, there may also be a need to characterize NCEs
present on asingle solid support bead (as small as 100
pwm in diameter). Characterization requirements for
HTOS more closely mimic those of traditional me-
dicinal chemistry, which now include near rea-time
reaction monitoring capabilities, QC for verification
of identity and purity, and assistance with purification
of final products, typically presented in arrays of tens
or hundreds of discrete compounds.

Unlike most other categories of analytical needs
described in this article, method sensitivity is not
typically amajor issue in NCE characterization. Also,
because the chemistry is designed to yield predeter-
mined structures, identification of synthetic products
is largely a verification process for which a single
qualitative analytical techniqgue may be sufficient.

Instead, the major challenges here reside in the design
of instrumentation and strategies to provide adequate
characterization and purity assessments for extremely
large numbers of diverse compounds, requiring the
analytical chemist to also address issues such as data
archival, retrieval, and integration into corporate da-
tabase platforms, as well as providing access to
analytical instrumentation and data for nonexpert end
users.

2.2. Evolution of mass spectrometry technology for
NCE characterization

For several decades, mass spectrometry has been
one of several complementary spectrometric tools
employed to verify or assign structures of NCEs
prepared by medicinal chemists. Most commonly,
nominal molecular weight and, occasiondly, frag-
mentation information were gathered, and combined
with NMR and elemental analysis (CHN) data, as
proof of the final-product structure. During the course
of multistep synthesis, the chemist would typically
assess reaction progression or characterize intermedi-
ates by using thin layer chromatography, GC, and
often NMR. Mass spectrometry data was not viewed
asaguide to synthesis but, rather, as simply a piece of
information required to check a box on the character-
ization package for each NCE. The barrier to broader
utilization of mass spectrometry had been the usual
long delay between sample submission and availabil-
ity of interpreted data (averaging more than two
weeks in many settings). Technological limitations
contributed to this relatively poor responsiveness.
Samples were individually prepared and analyzed on
complex mass spectrometry systems that required
careful optimization by an expert operator, employed
vacuum interlocks to introduce samples, and neces-
sarily offered a variety of complementary (but diffi-
cult and time consuming to switch between) inlets or
ionization modes (FAB, probe-Cl or El, GC, etc.) to
cover the range of compound classes requiring char-
acterization.

Within the past decade, state-of-the-art, mass spec-
trometry-based techniques have been adapted to en-
hance NCE characterization effortsin drug discovery.
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Fig. 2. Relative trend in annual NCE characterization analyses
performed at P& G in support of medicinal chemistry, HTOS, and
combinatoria chemistry from 1990 until 1999.

These developments have provided: nonexpert end
users with direct and near real-time access to molec-
ular weight data on individual samples, phenomenal
throughput for large batches of discrete NCEs requir-
ing molecular weight determinations or more compre-
hensive characterization; and a high level of versatil-
ity needed to creatively adapt to a wide variety of
specialized problems presented by combinatorial mix-
ture characterization. The impact has been so pro-
found that mass spectrometry has become the tech-
nique of choice for first-line NCE characterization,
and has even transformed many early drug discovery
processes. To the medicinal chemist, mass spectro-
metry has become an indispensable tool used to
increase the speed and certainty of their daily work.
For HTOS and combinatorial chemistry, mass spec-
trometry-based technologies provide unparalleled
throughput and make possible many types of NCE
mixture deconvolution protocols that would be im-
practical with any other analytical technique. A mea-
sure of the increased importance of mass spectrometry
in NCE characterization is provided in Fig. 2, which
represents an explosion in mass spectrometry utiliza-
tion within our own drug discovery organization over
the past decade. In a trend typified across the phar-
maceutical industry, the molecular weight determina-
tion rate of severa hundred samples per year (early
1990s), had increased 100-fold by the end of the
decade.

For NCE characterization, the most impactful tech-

nological advancements have been the implementa-
tion of automated sample processing and analysis,
rugged APCI and ESI interfaces for flow injection
analysis (FIA) and LCMS, and user-friendly software,
which offered the nonexpert (medicina chemist) di-
rect access to mass spectrometry data. Also, for
combinatorial mixture analysis, in particular, a pre-
mium was placed on creative/custom protocols for
interrogating complex mixtures, employing various
mass spectrometry-based tools, as described later in
this section.

2.2.1. Mass spectrometry-based tools for rapid
characterization of discrete NCEs

Recognizing the potential benefit that ready access
to molecular weight data could have on the progres-
sion of medicinal chemistry programs, pharmaceuti-
cal mass spectrometry labs began implementing au-
tomation tools for sample preparation and instrument
control, as well as data processing and reporting, as
early as 1992. The first description of such a stream-
lined approach [56] employed a standard GC au-
tosampler that loaded test sample onto a resistively
heated filament, mounted on a robotic probe. Using a
data system controlled vacuum interlock, the probe
was introduced into an EI/CI ion source for analysis.
This novel batch approach typically provided next-
day mass spectrometry data for the chemists. Re-
sponse times were markedly reduced by employing
FIA techniques in conjunction with LCMS interfaces
that were initially based on TS or PB [57,58] and later
employing APCI [59] or ESI [60]. Atmospheric pres-
sure ionization techniques provide maximal com-
pound class coverage, easy-to-interpret spectra, and
are relatively rugged. These efforts demonstrate the
utility of open-access mass spectrometry (OAMS),
which typically employs a sample log-in computer,
with simple-to-use software with which a user can
choose from a standard set of data acquisition meth-
ods. The entire process, from log-in through mass
spectrum printout, typicaly requires less than 5 min,
providing a responsiveness that makes OAMS of
value even for in-process reaction monitoring.

A logical extension of this work was OA-high-
performance liquid chromatography (OA-HPLC)
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mass spectrometry for rapid qualitative profiling, also
employing broadly applicable (template) methods.
Unfortunately, traditional HPLC methods (i.e. long
columns, low flow rates, and shallow gradients) were
lacking for OA or other high-throughput applications.
However, effective alternatives were developed, mak-
ing use of short, wide-bore analytical HPL C columns,
in combination with steep gradients and high mobile
phase flow rates [61,62]. Reported results included
high-speed analyses (2-5 min, inject-to-inject cycle
time), with minimal loss of column performance.
These early OAMS works clearly set the stage for the
very high-throughput analysis systems, devised to
support the NCE characterization needs of HTOS, as
described in Sec. 2.3.

2.2.2. Techniques for combinatorial mixture
characterization

No single protocol is adequate to address the many
and highly varied needs in combinatorial mixture
characterization, which stem from the diverse nature
of combinatorial chemistry programs across the phar-
maceutical industry. For example, mixtures may orig-
inate from solution-phase or various types of support-
bound chemistries, of widely varying yield; consist of
from 5 to more than 100 NCEs; contain NCEs of
redundant molecular weight, including structura iso-
mers; and undergo a range of screening protocols
(including on-bead). Each characterization protocol
must, therefore, be customized to meet the specific
needs of the combinatorial chemistry program it
supports. For this reason, techniques for combinato-
rial mixture characterization are often novel, amost
aways evolving, and difficult to generalize. Presented
here is a brief discussion of a variety of techniques,
devised to meet these specia needs.

The breadth of analytical applications for combi-
natorial chemistry has been recently reviewed [63—
66]. Many of the initial qualitative and quantitative
analytical techniques for evaluating combinatorial
chemistry products evolved from the classical color-
metric tests used in peptide chemistry (e.g. ninhydrin
color test for detection of free terminal amines or the

bromophenal blue test for detection of free amines)
[67,68]. In addition, Fourier transform infrared spec-
troscopy has been used for direct “on-bead” charac-
terization of compound functional groups [69,70].
This approach provides a quick and nondestructive
method for the rapid confirmation of a successful
reaction coupling, which is of particular value in
synthesis optimization procedures. In a similar fash-
ion, magic angle spinning NMR has been used for
on-bead characterization of reaction products [71,72].

Although true nondestructive on-bead analysis is
not practica using mass spectrometry, MS-based
techniques have nevertheless developed into the key
tools supporting combinatorial chemistry [73-77],
owing to their speed and versatility. Because combi-
natorial chemistry developed from solid-phase pep-
tide synthesis, many of the earliest mass spectro-
metry-based applications employed MALDI-TOF
[78—80]. This technique has a number of attributes
that match the needs in this area, for example sensi-
tivity and limited sample size requirements; capability
to analyze solution-phase products or single beads
(in-matrix cleavage); ability to rapidly characterize
simple mixtures, and straightforward experimental
setup and design. In one example, a novel approach
for the rapid characterization and sequencing of pep-
tide libraries, synthesized on a solid support by using
a N-acetyl-D,L-alanine capping reagent, was demon-
strated [80]. During each reaction coupling step, a
small amount of the capping reagent was added in
order to effect the partial termination of the peptide
sequence. When the capping sequence is conducted
over a number of iterations of the reaction, a solid
support contained not only the intended peptide se-
quence, but also a small percentage of a series of
shorter terminated peptide chains. Thus, not only
could the peptide molecular weight be directly mea-
sured by MALDI-TOF mass spectrometry, but its
precise sequence is indirectly determined, by simply
reading the map provided by the lower-level capped
peptides. This approach was successfully employed in
the preparation of acetylated and nonacetylated pen-
tapeptides, in order to identify ligands for a HIV-
neutralizing antibody.
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As combinatorial chemistry efforts pushed the
limits of the practical size of synthetic mixtures from
tens up to hundreds or more NCEs per test sample, it
was recognized that MALDI-TOF mass spectrometry
was ill-suited to provide adequate characterization.
Nominal mass redundancies due to isobaric compo-
nents in the reaction scheme quickly became prob-
lematic and the nominal mass resolution capabilities
of these early systems did not allow for unequivocal
characterization of the reaction mixture. In an attempt
to overcome characterization issues due to mass
redundancies, the potential of FTICRMS was ex-
plored for analysis of combinatorial mixtures [81,82].
The very high mass resolution and accurate mass
measurement capabilities of this technique, provided
a plausible solution to the issue of molecular weight
redundancies in reaction mixtures and was shown to
be useful for characterization of medium-sized com-
binatorial library mixtures. Obviously, FTICRMS
could offer only alimited solution to this problem, as
it cannot resolve differences in isobaric ions of
identical empirical formulae (isomers).

The use of GCMS to facilitate characterization of
combinatorial mixtures has also been reported [83].
However, because GCM S and EI/CI ionization modes
are applicable only to a limited range of pharmaceu-
tically relevant compounds, the majority of applica-
tions involve indirect characterization of solid-phase
combinatoria library components (prepared using
split-mix synthesis protocols), through the use of
chemical “tags’ [84]. A chemical tag, which may be
readily cleaved and analyzed by GCMS, is attached to
the solid-phase reaction bead to represent the func-
tionality of the reactant added during a particular
reaction sequence. In a typical, multistep combinato-
rial reaction sequence, discrete chemical tags are
coupled to the solid-phase reaction bead simulta
neously with the execution of each step in the primary
reaction sequence. Because a unique tag is preas-
signed to represent each potential reactant, the com-
bination of tags present on any given bead serves as a
code for all reaction steps associated with a particular
bead. Following on-bead biological screening, asmall
percentage of the tags are cleaved from isolated

beads, determined to be biologically active, and char-
acterized by GCMS. Identification of the compound
tags alows rapid, indirect deconvolution and identi-
fication of active compound structures.

Reports of methods for characterization of solu-
tion-phase combinatorial mixtures are less common
than those for solid-phase synthesis. This may be
attributable to the advantages and ease of use of
resin-supported chemistries. However, solution-phase
combinatorial chemistry has a distinct advantage in
the breadth of synthetic schemes that are available
without the need to adapt the chemistry to a solid-
support environment. Unfortunately, chemical tag-
ging and other coding procedures are not easily
designed into solution-phase protocols. Hence, iden-
tification of NCEs of interest in such mixtures must be
addressed with novel sample pooling formats (in-
dexed, scanning, etc.) and subsequent guided decon-
volution of the mixture using appropriate analytical
techniques [85-87]. In one example, this approach
was employed in the preparation of a series of
“Churchkey Cauldron” libraries, as part of a search
for novel antibacterial agents [88]. A 10 000 member
indexed semicarbazone library [87] was synthesized
in pools of 100 equimolar NCEs in two sets of 100
vials each, 100 reagent variants per via per set. In
subsequent biological screening, two particular vials
exhibited strong activity. Deconvolution of the li-
brary, based on the indexed array synthesis protocol,
did not prove sufficient for identification of an NCE
responsible for the observed activity. Profiling of the
active pools, using HPLC-(ESI)MS, with paralel UV
detection, provided evidence that the activity was not
due to an expected product but, rather, resulted from
a side product of the origina reaction scheme. This
side product was later validated to exhibit broad-
spectrum antibacterial activity. This experience illus-
trates that, even with the dtrictest care in library
design, use of pooling strategies and deconvolution
methods alone are not always sufficient to identify
active compounds in even simple mixtures. Further,
these results typify the need for rigorous anaytical
methods to support the characterization of library
synthesis and screening assay results.



146 SH. Hoke et al./International Journal of Mass Spectrometry 212 (2001) 135-196

2.3. Current strategies for NCE characterization

2.3.1. General approach

The recent developments in mass spectrometry-
based instrumentation and associated automation pro-
vide the means to achieving the high responsiveness
and throughput for NCE characterization, now de-
manded in accelerated drug discovery programs.
Given the diverse nature of these needs, the critical
challenge isto appropriately select, adapt, and deploy
these tools and techniques to optimally meet the needs
in each of severa categories of NCE characterization.
Reflecting what appear to be pharmaceutical industry
norms, mass spectrometry now has a major (usually
leading) role in the following: OA support for medic-
inal chemistry; array characterization by both FIAMS
and LCMS for HTOS; high-throughput purification
(HTP) for HTOS; and combinatorial mixture charac-
terization. Although there is an acknowledged trend
away from mixture approaches, and toward NCE
array library production by way of HTOS, specia-
case combinatorial characterization needs will con-
tinue to be important for the foreseeable future.
Because the examples of customized mass spectro-
metry-based mixture characterization protocols pre-
sented in Sec. 2.2.2. have provided an indication of
the adaptability required in this area, this category
will not be further discussed here.

Although the mass spectrometry-based measure-
ment needs of the traditional medicinal chemists and
the HTOS chemist are qualitatively similar, and both
now incorporate mass spectrometry information to
speed and guide their work processes, the manner in
which these scientists typically acquire these data is
(by design) quite different. Briefly, medicinal chem-
ists (and HTOS chemists that may be optimizing
synthesis processes, prior to array library production)
have a need to verify the identity and (sometimes)
purity of one or a few test samples at a time. These
data often dictate or guide next steps in their daily
work, so near-real-time access to mass spectrometry
data is the key for them. In the case of HTOS
production support, throughput of large batches of
distinct NCEs and data quality are essential. These
important distinctions factor heavily into mass spec-

trometry technology deployment and utilization strat-
egies, as described in the following sections. Finally,
mass spectrometry is now viewed as an important tool
to either guide or support HTP processes. A brief
review of these mass spectrometry-based HTP strat-
egies is aso provided.

2.3.2. Open-access mass spectrometry

Because nominal molecular weight data are the
primary information required in OAMS applications,
ESl and APCI interfaces are most commonly em-
ployed in conjunction with single quadrupole mass
analyzers. Selection of aparticular instrument is more
driven by data system considerations, such as com-
patibility with high-speed autosamplers, ability to
control preferred HPLC pumps, automated data pro-
cessing capabilities, and ease-of-use for the nonexpert
customer. This latter consideration is reflective of the
fact that, whereas mass spectrometry data is vitaly
important to the chemist, it isunrealistic to expect that
al chemists have a high degree of knowledge in mass
spectrometry-based instrumentation. Based on an in-
formal survey of pharmaceutical companies, each
OAMS system is typicaly available to support be-
tween 20 and 50 chemists, of widely varying analyt-
ical skills. Thus, because rapid availability of mass
spectrometry data are critical to all chemists, the user
interface and associated procedures must be exceed-
ingly simple. Included in this are simple and clear
sample dilution protocols, which must be strictly
enforced, given the broad negative impact of gross
contamination of the instrument.

Most commonly, modern OAMS systems are con-
figured to provide FIAMS data in under 3 min. This
response time is essential for reaction monitoring and
to minimize instrument time required per sample.
Based on our experience, for this speed to be of
practical benefit, OAMS instruments need to be dis-
tributed to locations that are no more than about a 2
min walk for any chemist. Further, to provide optimal
benefit, an OAMS system is considered fully utilized
once cumulative run times occupy 30% of an 8 h day.
Thisreflects the practical OA reality that a high-speed
analysis is of use only if there is no long cue of
samples.
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Although OAMS systems are often deployed re-
motely from central analytical functions, mass spec-
trometry experts take responsibility for selection,
implementation, and maintenance of the instrumenta-
tion. This includes standardizing software packages
across OA instruments, as well as development of a
short list of template methods, most generally appli-
cable to the chemistry groups nearest a given instru-
ment. In ideal cases, broadest compound class cover-
age is provided through multiple instruments with
complementary methods (e.g. APCI and ESI). Sys-
tems configured for OA-LC-UV-MS are also be-
coming more prevalent, as a complement to the
very rapid OA-FIA-MS. In the OA-LC-UV-MS
mode, the user can select from a short list of
broadly applicable separation-detection methods.
The benefit is that, in addition to qualitative data on
reaction mixture components, a crude estimate of
purity can be obtained through use of serial UV
detection. The LCMS alternative also offers the
advantage of separating reaction products from
excess ionization-suppressing reagents that are typ-
ically present, particularly in reaction monitoring
applications. Data are automatically processed and
reported, in a manner customized to best meet local
needs. This flexibility costs instrument time, typi-
cally requiring about 10 min to profile a sample
(equilibration through analysis), which is why such
systems are often implemented in addition to ded-
icated OA-FIA-MS capabilities.

By providing medicinal chemistswith ready access
to dependable OAMS instrumentation and broadly
applicable methods, as well as very basic training in
instrument use and data interpretation, the use of mass
spectrometry data to guide chemical synthesis work
has now become an expectation in the pharmaceutical
industry. In delivering the data by way of the OA
mechanism, tremendous numbers of samples are an-
alyzed with arelatively modest effort from analytical
personnel. This has had an indirect benefit of allowing
analytical scientists to focus their attention on the
design of high-throughput systems and methods to
address NCE characterization needs associated with
HTOS, as described in Sec. 2.3.3.

2.3.3. Ultrahigh-throughput FIAMS, supporting
HTOS

Because of the tremendous rate of NCE prepara-
tion now attainable with HTOS technology, the
throughput of characterization methods must be ex-
tremely high (ideally, up to thousands of compounds
per system per day). This clearly distinguishes HTOS
from OA support strategies that must focus on fast
turnaround, rather than overall throughput. Thus, for
high efficiency and to assure data integrity, analyses
supporting HTOS are carried out by analytical ex-
perts, typically located in centralized facilities. Based
on speed considerations, FIA methods are typically
employed for first-tier characterization. Although
high-throughput autosamplers have recently been
coupled with NMR to provide more rapid qualifica-
tion of HTOS products [89], NM R-based tools do not
currently offer the throughput potential of mass spec-
trometry-based systems. In addition to the speed of
the actual analysis, data reduction and interpretation
reguirements also factor into the throughput equation
that favors mass spectrometry. Central to this point is
the fact that, whereas NMR data are rich in structura
information, it is much more complex to interpret and
less definitive than, for example, extracting molecular
weight information from an ESI-MS spectrum and
verifying consistency with the intended NCE. This
latter exercise is readily automated and is typically
considered sufficient for initial QC of large HTOS
libraries. Thus, there has been a recent focus on the
refinement of automated/robotic mass spectrometry-
based systems to address the throughput and data
management demands of HTOS library characteriza-
tion [73,90,91]. These efforts not only include first-
tier ultrahigh-throughput FIAM S approaches, but also
high-speed gradient LCMS-based systems for more
detailed characterization and purity assessment, and
strategies for using mass spectrometry to speed and
improve the quality of preparative (prep) LC purifi-
cation protocols for HTOS, as described later.

Products of HTOS are usually presented in arrays
of (intended) discrete compounds, formatted in deep-
well plates. Over the past few years, throughput for
FIAMS analysis of NCEs within typica 96-well
formats has increased by more 50-fold per mass



148 SH. Hoke et al./International Journal of Mass Spectrometry 212 (2001) 135-196

©
S
=3

N
o
k=3

o
o

Analysis Time (min/plate)

1996 1997 1998 1999 2000

o
I

Year

Fig. 3. Total analysis time per 96-well plate for NCE molecular
weight determination, using FIAMS, over the past five years. The
trend reflects the dramatic impact of the rapid development of
associated analytical technology.

spectrometry system, as illustrated in Fig. 3. Initial
applications employing array autosamplers (in 1996)
required about 280 min to complete one plate (based
on 3 min per sample run time) [60]. Since then, the
analysistime per plate has been continuously reduced,
to the present best of less than 5 min per 96-well plate
[92]. Thisincreased throughput has been essential for
addressing the increasing NCE characterization de-
mand (Fig. 2), of which the largest application seg-
ment has recently been FIAMS.

In progressing to this throughput level, several
key technologies were developed and integrated
with single quadrupole mass spectrometry systems.
For example, a Gilson 215 multiprobe liquid han-
dling system was interfaced to a single quadrupole
mass spectrometer to increase FIAMS throughput
[93]. In this design, the Gilson system provides for
multiple autosampler injectors to be preloaded prior
to FIAMS analysis, thus eliminating a significant
fraction of the sample analysis cycle time (i.e.
probe washing and sample loading between each
run). With this design, which is now commercially
available, nearly a fourfold increase in throughput
was realized over conventional single probe au-
tosampler systems, reducing cycle times to as low
as 12 min per plate. Building on this work, the
per-plate analysis was improved to a cycle time of
under 5 min, by increasing the speed of sample
transfer through the autosampler [94]. By increas-
ing the linear velocity of the sample and mobile
phase through the autosampler and painstakingly

-

o

=3
]

Relative Intensity (%)
PR BN

[=]

054 058 062 066

Time (min)

Fig. 4. Ultrahigh-throughput FIAMS analysis of a 96-well plate,
containing quinine (C,oH,4N,O,, molecular weight 324.2) in each
well. The analytical system consisted of a Gilson 215 multiprobe
liquid handling system, modified for reduced dead volume, and a
Micromass LCT ESI-TOF mass spectrometer, acquiring nvz 100—
1000. Displayed isthe extracted m/z 325.2 trace (quinine MH™), for
all 96 injections (bottom). These conditions provided 6.6 s analysis
times for an eight-sample injection sequence, as highlighted in the
expanded scale (top).

minimizing dead-volume, flow-injection sample
peak widths of approximately 0.5 s [full width at
half maximum (FWHM)] were achieved, along
with an injection sequence time of 6.6 sec for each
eight-sample autosampler loading. The per-plate
throughput resulting from these modifications is
illustrated in Fig. 4. Due to the narrow sample peak
widths and the typical need for scan ranges up to
(on the order of) m/z 1000, scan speeds available
with conventional quadrupole mass analyzers are
inadequate to yield high quality mass spectra. This
work was, therefore, conducted using an ESI-TOF
mass spectrometry instrument.
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2.3.4. High-throughput LCMS, supporting HTOS

Although FIAMS provides a very rapid mecha
nism to verify the presence or absence of an intended
NCE, based on molecular weight, it is not suitable for
purity assessment. Philosophies regarding the extent
of purity profiling required to support HTOS pro-
grams vary, from spot-checking representative test
samples, to analyzing 100% of reaction products.
Purity profiling is accomplished using LCM S to map
major components based on molecular weight, pri-
marily to determine the retention time of the intended
NCE. One or two additional auxiliary detectors are
configured in series or parallel (by way of postcolumn
split) with the mass spectrometer to yield purity or
NCE concentration data, which are collected and
stored within the electronic data file corresponding to
each sample. Evaporative light scattering (ELS) and
UV detectors are now most commonly used for this
application. However, chemiluminescence nitrogen
detectors represent an attractive aternative, offering
the capability of absolute quantification of the NCE,
provided the structure contains one or more nitrogen
atoms [74].

Because chromatographic separation is required,
the throughput challenge in HTOS purity assessment
is particularly formidable, fueling the need for very
high-speed LCMS. Recent strategies fall into one of
two categories. high-throughput serial (single col-
umn) LCMS [95,96]; or parallel column LC, com-
bined with a multisprayer mass spectrometry [97]. An
example of the practical utility of rapid serial LCMS
for HTOS product purity assessment has been re-
ported [95]. Short LC columns, high flow rates, and
steep chromatographic gradients were employed to
reduce per-sample profiling times to approximately 1
min (injection-to-injection). Under ideal conditions,
analysis times of as little as 42 s were demonstrated.

Parallel chromatography systems allow simulta-
neous analysis of multiple samples on identical LC
columns, thus, reducing the time required to analyze a
batch of samples by a factor roughly equal to the
number of columns. For purity assessment, each
post-column fluid path is interfaced (in series or
parallel, if split) to an auxiliary detector. Flows from
al columns are subsequently passed on to one mass

spectrometer. Obstacles precluding the practical utili-
zation of paralel LC systems with a single mass
spectrometer were successfully overcome by incorpo-
rating an ES| ion source configured with mechanical
segmentation for sequential sampling of multiple LC
flow paths [97]. Automated software control of the
flow segmentation process allows direct and unam-
biguous correlation of the sample identity, qualitative
LCMS data, and purity profile from the auxiliary
detector, for each of up to eight LC columns. Tota
analysis times of as little as one hour have been
demonstrated for the LCMS purity assessment of a
96-well microtiter plate, using this parallel character-
ization approach. Based on the potential throughput
benefits and the commercial availability of multicol-
umn and multisprayer ionization sources, use of this
new technology is growing rapidly for NCE charac-
terization applications.

2.3.5. Mass spectrometry-based high-throughput
purification

Having described methods for assessing the purity
of discrete NCEs, the next issue is appropriate utili-
zation of these data. Certainly information is provided
regarding the quality of a particular reaction product,
or an array library of discrete NCEs, which may be
used to optimize synthesis conditions or serveasaQC
test that must be passed prior to biological testing.
NCEs verified to be present, but failing a QC purity
criteria, are typicaly subjected to purification. Fur-
ther, there is an increasing appreciation for the value
of high-purity NCEs in drug discovery, given experi-
ences demonstrating the potential for minor or trace-
level impurities producing errant bioassay results.
This issue is particularly acute in the hit expansion
stage, where reliable QSAR data is a must. For this
reason, many pharmaceutical companies have
adopted the strategy of purifying 100% of NCEs. This
raises throughput challenges in purification that pre-
cisely parallel those encountered in NCE character-
ization. In turn, the most successful and now com-
monly employed responses to this challenge parallel
the LCM S solution for high-throughput purity assess-
ment (Sec. 2.3.4.). That is, high-speed separation
principles, originally developed for analytical-scale
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NCE characterization, were extrapolated to prep-LC
for compound purification [98—100]. With these ap-
proaches, adequate separations are achieved for puri-
fication of up to 100 mg of compound in well under
10 min. For perspective, typical prep-LC conditions
include: 20 X 100 mm C18 (10 wm) column; flow
rate of 30 mL/min; and a gradient from 10% to 100%
organic in 5 min. Volatile modifiers, such as ammo-
nium acetate or trifluoroacetic acid (TFA), may aso
be included in the mobile phase.

Although these rapid prep-L C methods provide the
potential for achieving the purification throughput
reguirements faced with HTOS libraries, final product
quality and recovery are enhanced using real-time
data-driven fraction collection, the so-called detect-
before-collect strategy [98]. This general approach
employs the output signal of an on-line detector to
initiate and terminate the fraction collection process.
This offers major efficiency and product quality
advantages over traditional collect-before-detect frac-
tionation protocols, in that: fewer fractions are gener-
ated because collection only occurs upon elution of
detectable peaks; compounds are more cleanly iso-
lated from closely eluting peaks; and a compound of
interest is usually confined to a single fraction. One of
three general approaches is followed in implementing
rapid prep-LC with detect-before-collect methodol-
ogy, all of which are enabled by mass spectrometry-
based detection, in some way. As briefly highlighted
below, each approach has its strengths and the strat-
egy adopted is driven by many factors, including
throughput and quality requirements, and differences
in philosophy related to overall production efficiency
versus risk of losing compounds.

For the highest possible throughput, the use of
parale prep-LC columns, with UV detection to
trigger fraction collection is the method of choice
[99,100]. In a now commerciadly available system
(Pardlex, Dyax Corp., Charlottesville, VA), four
parallel systems (each aligned for purification of one
HTOS library plate) process and track samples. De-
pending on UV threshold settings and the complexity
of each of the origina reaction products, multiple
fractions are typically collected for each sample.
Fractions are then characterized by high-throughput

FIAMS to determine which fractions contain the
desired NCEs. Most commonly, these fractions are
then taken to dryness and then re-analyzed by LC-
MS-UV (or ELS detection), which certifies the iden-
tity and purity of the NCE in its final form. Although
the entire processis tracked and controlled by vendor-
supplied software, it is modular (or station-to-station)
in nature, which offers workflow flexibility (e.g.
slower steps, such as fraction dry-down can be easily
bolstered by adding eguipment). In addition to the
high throughput provided by this parallel chromatog-
raphy approach, by collecting al UV peaks there is
less risk of discarding the intended NCE. A tradeoff,
relative to alternatives described later, is that a greater
onus is placed on the separation procedure, because it
is difficult to achieve optimal isolation from partially
coeluting components.

A second approach to implementation of detect-
before-collect purification employs a single prep-LC
column, with both UV and (by way of a postcolumn
split) mass spectrometry detection. As previously
described, the UV serves as the trigger for collecting
separated components. However, the mass spectro-
meter also provides a mapping of molecular weights
of collected compounds, as well as a preview of peak
purity. In this case, the postisolation mass spectro-
metry analysis of each fraction is unnecessary.

In terms of final product quality, prep-LCMSisthe
ultimate detect-before-collect NCE purification tool
[101,102]. Now available commercially, prep-LCMS
systems are capable of collecting multiple fractions
per sample, through output signals actuated by the
intensity at each of several preselected m/z values. For
HTOS support, a single compound is typicaly tar-
geted per sample. Prep-LCM S offers advantages over
prep-LC-UV systems, as only compounds of interest
are collected and mass spectrometry data are imme-
diately available for each collected fraction. Further,
because of the superior selectivity of the mass spec-
trometry detector, the triggering process is blind to
partially coeluting components of different molecular
weights. This results in the highest possible target
compound purity for a given prep-LC separation.

Prep-LCMS-based purification systems are being
increasingly utilized throughout drug discovery pro-
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grams to support not only HTOS, but also medicinal
chemistry, natural products purification, and the iso-
lation of low-level metabolites. There has been an
ongoing effort, with considerable success, by the
chromatography and mass spectrometry vendors to
refine and improve prep-LCMS-based purification
technology. Nevertheless, experience gained in the
next few years will determine whether the advantages
gained with these systems will outweigh the security
of prep-LC-UV-based systems.

2.4. Emerging mass spectrometry technologies for
NCE characterization

It is apparent that the area of NCE characterization
has been transformed in a very short time, in part
responding to the high-throughput demands of HTOS
and combinatorial chemistry, but largely driven by
innovations in mass spectrometry and automation
technology. The phenomenal speed with which these
transformations in NCE characterization strategies
have and are occurring makes it difficult to clearly
judge between what are outdated, currently estab-
lished, or emerging practices and technologies. Nev-
ertheless, considerable effort continues to be ex-
pended on improving chromatography, sample
introduction, and instrumentation for providing even
higher throughput support for HTOS. Examples of
aternative chromatographic strategies include super-
critical fluid [103,104], norma phase [105], and
high-temperature [106] chromatography. There have
also been investigations of aternative mass spectro-
metry systems, such as desorption ionization on sili-
con (DIOS), in combination with LD-TOF mass
spectrometry [107].

Supercritical fluid chromatography (SFC) has tra-
ditionally been considered to fill a“conceptual niche”
in the family of chromatographic techniques for the
analysis of nonpolar analytes and, therefore, has not
been employed extensively as a separation technique
for pharmaceutically relevant compounds. However,
there has been a recent resurgence of activity in
SFCMS development within the pharmaceutical in-
dustry, as an dternative to reversed-phase LCMS.
Utilizing the “enhanced fluidity” [108] conditions of

SFC it is quite straightforward to operate at flow rates
that are three to five times faster than LC. Thus,
methods using SFC-based chromatography could dra-
matically increase analysis throughput. The potential
utility of gradient packed-column SFC for screening
combinatorial libraries has been reported [109]. An-
other potential application of SFC is derived from the
fact that the majority of SFC separations employ
carbon dioxide/methanol mixtures. The high volatility
of this mobile phase composition may offer atremen-
dous benefit in sample purification [110] since solvent
removal is the most time consuming step in the
purification process.

Another, potentially exciting, new technique for
high-throughput NCE characterization is DIOS for
LD-TOF mass spectrometry. DIOS-MS was intro-
duced as a method for direct laser vaporization and
ionization of peptides from the surface of a silicon
chip [107]. A novel aspect of the technique is that
desorption and ionization is affected without the use
of an organic matrix, as required in MALDI, making
DIOS amenable to small molecule analysis. Applica-
tions of DIOS-MS have since been extended to the
analysis of any number of small molecules from the
silicon surface, including demonstration of the feasi-
bility of collecting chromatographic effluents on the
surface of the chip, followed by DIOS-MS analysis
[111]. DIOS-MS may potentially overcome the short-
comings of MALDIMS and could offer advantages
versus current instrumentation.

Combinatorial chemistry and HTOS will continue
to grow in use across the pharmaceutical industry
where it is anticipated, if not expected, that bench
chemists will continue to incorporate many of the
techniques described hereinto their everyday research
efforts. Open-access and high-throughput analytical
technologies will continue to rapidly advance in both
performance and user friendliness. With an ongoing
desire to further increase the efficiency of drug
discovery, there has been a recent concerted effort to
enhance the lines of communication between the
vendor, analytical chemist and medicinal chemist,
resulting in new technologies designed to better an-
swer the synthesis questions of the medicinal chemist,
whereas addressing instrument performance and func-
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tionality concerns of the analytical personnd. It is
likely that these highly collaborative initiatives will
lead to a dramatically different paradigm for open-
access analytical instrumentation over the next few
years.

3. Biomacromolecule characterization
3.1. Pharmaceutical significance

The modern drug discovery process requires the
identification of targets (proteins or enzymes, in
particular) to exploit for a given therapeutic interven-
tion. When tracking the history of medicine and
pharmaceuticals, the primary mode of intervention is
by way of low molecular weight chemical entities
(drugs) that interact with and modulate the function of
proteins. In today’s pharmaceutical setting, this para-
digm still holdstrue. In addition, a growing number of
therapies now rely on biological compounds (protein
therapeutics) as the active ingredient (e.g. insulin for
diabetes, human growth hormone for growth hormone
deficiency disorders, and tissue-plasminogen activator
for acute myocardial infarction), thus proteins play a
central role as both targets for therapeutic intervention
and as the therapeutic agent. As such, analytical
characterization of proteins is a necessary function in
both drug discovery and drug development organiza-
tions.

Historically, the most common approach to drug
discovery starts with identification of a protein
corresponding to an enzyme active that, upon
inhibition, is likely to have some therapeutic ad-
vantage. Defining the protein corresponding to the
physiological activity of interest can be a consid-
erable challenge since there may be insufficient
quantities of that protein to characterize by tradi-
tional chemical sequencing approaches. Once a
target protein is found and purified, additional
characterization of the primary sequence and post-
translational modifications of the protein usually
follows. Here, once again, a challenge is to have
available sufficient protein for analytical character-
ization (structure and properties). Next, if the

protein is validated as a potential target for thera-
peutic intervention through biological assays, it
may then be cloned, overexpressed, and purified to
yield sufficient quantities for more rigorous struc-
tural characterization (e.g. three-dimensional) by
NMR and/or x-ray crystallography (each requiring
milligram quantities of pure protein). Depending on
the type of protein being investigated, some or all
of these analytical and physical characterizations
may be required to facilitate the discovery of potent
and specific inhibitors for the enzyme activity of
the target protein.

More recently, however, a new mode of target
discovery and validation, based on genomic screening
and protein profiling (proteomics), has become a
second paradigm in drug discovery [112,113]. Both
genomics and proteomics approaches rely on detailed
comparative expression profiles of control verses
dtered (e.g. diseased, drug-treated) cells or tissue.
Genomics approaches typically refer to messenger
RNA profiling, while proteomics is a term used to
describe comparative protein profiling. In either case,
information gained by these comparative profiles is
used to generate hypotheses regarding which protein
targets are the key modulators of the disease process
and thus are potential targets for therapeutic interven-
tion. As with the traditional drug discovery approach
described above, once a potential protein target is
established, the structural characterization begins. For
proteomics studies, the analytical challenge includes
how to rapidly identify the differentially expressed
proteins from the comparative profiles (often more
than 100 distinct low-level proteins per study).

For protein therapeutics, all of the protein struc-
tural characterization needs described above aso
apply but, in-addition, the development of a protein
therapeutic requires extensive characterization of sta-
bility, degradation, metabolite identification and
quantification, lot-to-lot variability, etc. Each of these
investigations must be done in a regulated environ-
ment, with detailed documentation for filing with
regulatory agencies, including analogous consider-
ations to those required for small-molecule drugs, as
described in Secs. 4—6.
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3.2. Evolution of mass spectrometry technology for
protein/peptide characterization

Over the past decade, several key advancesin mass
spectrometry-based instrumentation and software
have lent themselves particularly well to addressing
unique challenges now faced in biomacromolecule
characterization. As a result, applications in protein/
peptide mass spectrometry have become an integral
part of drug discovery and development, in many
cases delivering the sensitivity, specificity, and
throughput needed to make new drug discovery par-
adigms feasible. Although the intent of this section is
to provide only a sampling of the most prominent
advances in protein mass spectrometry, as relevant to
pharmaceutical applications, the reader is also di-
rected to two recent compendia that provide addi-
tional information on a variety of mass spectrometric
techniques for analysis of biologica systems
[114,115].

By about 1990, the mgjority of mass spectrometry-
based protein and peptide characterization was being
done by FAB, liquid SIMS, and laser desorption
techniques, coupled primarily to magnetic sector or
linear TOF mass analyzers [116]. Unfortunately, the
sensitivity, resolution and/or mass accuracy of these
techniques were insufficient to address many of the
protein structure characterization issues faced within
the pharmaceutical industry. This situation began to
change with the development and/or maturation of
several mass spectrometry technologies, the most
impactful of which include: ESI (including micros-
pray and nanospray versions); advanced MALDI-
TOF instruments; and user-friendly computer control
and data analysis interfaces that have broadened the
mass spectrometry user-base to include nontraditional
mass spectrometrists, such as biochemists. First, the
ability to directly mass analyze biomacromolecules by
ESI has perhaps had the greatest impact on the protein
characterization needs in the pharmaceutical industry.
Because this technique produces multiply charged
ions, as represented in Fig. 5(a), proteins could be
readily detected within the m/z range of most quadru-
pole instruments. In addition, the ability to calculate
the intact protein mass from the combined averages of
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Fig. 5. ESI-MS and MALDI-TOF mass spec spectra of proteins. (a)
ESIMS of myoglobin showing the charge-state envelope, as pro-
duced by flow infusion on asingle quadrupole instrument. The inset
represents the reconstructed mass profile of the protein, calculated
as an average of al the peaks in the charge-state distribution. (b)
MALDI-TOF mass spectrum of amixture containing 0.1 pmol each
of E. coli thioredoxin and horse myoglobin spotted in sinapinic acid
matrix.

the entire charge-state distribution [Fig. 5(a), inset]
produced a typical mass accuracy of about 0.01%
[117,118]. For thefirst time, awide variety of proteins
could be analyzed with mass accuracies sufficient to
detect minor mutation or modification to the proteins.

Because detection of ions by the mass spectrome-
ter is concentration dependent, miniaturization of the
ESl inlet to microspray [119] and nanospray [120] has
helped push detection limits down into the low
femtomole to attomole range. Further, because ESI
interfaces allow direct coupling of a variety of sepa-
ration instruments to mass spectrometers, the combi-
nation of low flow rates and steep gradient elution
conditions can result in higher analyte concentration
entering the mass spectrometer, providing improved
signal amplitide. In addition, the ability to separate
and analyze mixtures on-line has set the stage for such
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detailed characterization procedures as mapping sites
of protein modification, identification of proteins for
proteomics applications, and de novo protein se-
quencing. For the latter, both triple quadrupole and
ion trap instruments often fall short, when accurate
and compl ete sequencing information isrequired from
anovel protein. For de novo sequencing applications,
the ESI-Qg-TOF instruments offer the best solution
[121,122]. The combination of sensitivity, resolution
and mass accuracy provides all of the components
needed to produce accurate sequence information for
a given peptide.

Second, advances in MALDI-TOF instruments
have improved the resolution, mass accuracy, and
detection limits required for protein and peptide
analysis. It is now routine to analyze proteins of >100
kDa at sub-picomole levels and mass resol utions up to
15 000 FWHM have shown a clear benefit in peptide
and small protein characterization. In spite of itsvalue
in rapid molecular weight determinations, a drawback
of MALDI-TOF mass spectrometry, even with PSD,
has been an inability to routinely produce robust
fragmentation spectra for peptide sequence elucida-
tion. However, a new MALDI-TOF-TOF MSMS
instrument, showing promise for sequencing peptides
by CID, has recently been reported [123]. Finally, a
major advantage of the MALDI-TOF instrument is an
ability to simultaneously analyze protein or peptide
mixtures without prior separation. This is possible
because the prominent ions produced by MALDI are
predominantly singly charged [Fig. 5(b)], unlike the
broad charge-state distribution in ESlI spectra [Fig.
5(a)]. Thus, the choice of using ESI versus MALDI
will be dependent on the application needs and the
sample complexity.

Finally, the use of mass spectrometry for protein
characterization would not be having the widespread
impact, now being experienced in the pharmaceutical
industry, without the development of user-friendly
instruments with simple to use computer interfaces for
data collection and processing. Although many of the
advances in mass spectrometry and instrument design
certainly originated in academic laboratories, credit
must also be given to the instrument vendors who
have optimized the user-friendly interfaces to facili-

tate al aspects of running an instrument, collecting
data and analyzing results. For example, the integra-
tion of data-dependent scanning features on an ion-
trap instrument has facilitated a number of automated
acquisition schemes including the “triple-play,”
where during an on-line LC separation the ion trap
can be automatically configured to collect full scan
data, higher resolution data to determine charge-state
of the ion, and MSMS fragmentation spectra
throughout the entire chromatographic separation.
Thus, from a single on-line LC analysis, fragmenta-
tion data from each eluted peptide can be readily
collected. These user-friendly applications have been
particularly critical in the area of protein mass spec-
trometry where many of the end-users of the instru-
ments are often trained first as biologists or biochem-
ists, not as traditional analytical chemists or mass
spectrometrists. Clearly the availability of these ad-
vanced mass spectrometry techniques to the biologi-
cal scientist, coupled with the availability of user-
friendly instrumentation has been a key driving force
in the growth of protein mass spectrometry over the
past decade.

3.3. Current strategies for protein/peptide
characterization

3.3.1. Rapid characterization of chemical and post-
trandational modifications of proteins

When studying proteinsin biological systemsor as
targets of therapeutic intervention, the two most
abundant post-tranglational modifications that require
characterization are glycosylation and phosphoryla-
tion. Typicaly, in the pharmaceutical industry, gly-
cosylation is viewed as a nuisance for most structural
studies because it complicates application of spectro-
metric techniques (i.e. mass spectrometry, NMR,
X-ray crystallography) used to study protein structure.
However, in the arena of protein therapeutics, the
heterogeneity of glycosylation requires detailed char-
acterization and validation prior to development of
biological drugs. Mass spectrometry has played arole
in both the characterization of the carbohydrate por-
tion of the molecule [124] and in the identification of
the sites of glycosylation on the protein backbone
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[125]. In the latter case, numerous methods have been
established to selectively identify glycopeptides by
diagnostic, glycan-specific, product ions produced by
MS/MS experiments. For example, ES| and CID of
tryptic digests from an asparagine-linked glycoprotein
produce glycan-specific fragment ions a m/z 204
(N-acetyl glucosamine) and 366 (hexose—N-acetyl
glucosamine) [126]. With these diagnostic ions, and
the other peptide product ions produced by CID, the
sequence and the site of glycosylation can be easily
identified. For O-linked glycosylation (serine or
threonine), pinpointing the exact amino acid that is
glycosylated is a bit more challenging, as there is not
a strict concensus amino acid sequence for glycosy-
lation like the Asn-X-Ser/Thr concensus sequence for
N-linked proteins. However, the combination of diag-
nostic product ion scanning with chemical hydrolysis
methods permits the pinpointing of O-linked glyco-
sylation sites by mass spectrometry [127,128].

In the case of phosphorylation, additional chal-
lenges have been encountered in that the stoichiome-
try of phosphorylation at any given site may be very
low. Thus, a sensitive and selective means for iden-
tification of phosphopeptides from a mixture of pep-
tides resulting from a protease-digested protein is
essential. Analogous to the approach used for glyco-
sylation, CID also produces diagnostic fragment ions
for phosphorylation [129]. By using a triple quadru-
pole instrument in the precursor-ion scanning mode,
phosphopeptides can be selectively detected in com-
plex mixtures of nonphosphorylated peptides into the
femtomole range. In addition to the state-of-the-art
triple quadrupole-based method [130], related ap-
proaches of note include selective phosphopeptide
enrichment by metal chelation chromatography prior
to mass spectrometric analysis [131], methods spe-
cific for ITMS [132] and the use of inductively
coupled plasma mass spectrometry (ICPMS) for se-
lective detection of phosphorus [133].

Numerous reports describe the utility of mass
spectrometry to pinpoint attachment sites of various
other forms of protein modification, including disul-
fide bond mapping [134], nitration of tyrosines [135],
covalent attachment of inhibitors [136], or even en-
zymatic mechanisms that result in mass shifts in the
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Fig. 6. Detection and site mapping of an enyzme inactivated by
oxidation. (a) An enzyme reacted without (—) and with (+) apotent
active-site inhibitor, assayed by on-line desalting and infusion into
an ESI mass spectrometer (single quadrupole). The resulting
reconstructed mass profiles show a 48 Da mass shift for the enzyme
plusinhibitor. (b) Product ion spectra (obtained on an ITMS) of the
protonated active-site tryptic peptides from control (—) and inhib-
ited (+) enzymes. The fragment ion shifts confirm that the active
site cysteine (residue mass 103) has been oxidized to cysteic acid
(residue mass of 151).

target proteins [137]. An example of mapping a
covalent modification of aprotein isillustrated in Fig.
6. A 17 913 Da enzyme was reacted with a potent
active-site inhibitor and then analyzed, intact, by
ESI-MS. The resulting spectrum, presented as a re-
constructed mass profile [Fig. 6(a)], shows a 48 Da
mass shift, indicating a covalent modification. Both
the modified and control enzymes were then digested
with trypsin and the active site peptide of each was
subjected to ESI-MS/M S (product ion mode) analysis,
on an ITMS instrument. The resulting spectra [Fig.
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6(b)] allowed the covalent modification to be mapped
as an oxidative inactivation of the active-site cysteine
to cysteic acid. Finally, whereas the above methods
describe only a few examples on the study of post-
translational and chemical modification of proteins, it
is clear that mass spectrometry has become the
method of choice to sort out any type of modification
that results in a mass shift in the protein.

3.3.2. Mass spectrometry in structural biology
Structure-based drug design refers to the develop-
ment of drug molecules based on a detailed knowl-
edge of the spatial configuration of the target enzyme
active site, in the presence or absence of inhibitor
molecules. This approach has become an integral part
of drug discovery and lead optimization processes
within nearly every pharmaceutical organization.
Over the past severa years, mass spectrometry has
played an increasing role in sorting out various
aspects of protein conformation, protein—protein in-
teraction and protein-igand interaction. Currently,
mass spectrometry is unable to produce the protein
structural (spatial) resolution of other physical tech-
niques (NMR, x-ray crystallography). However, the
advantages of speed, utility with limited sample avail-
ability, and the ability to study proteins over 30 kDa
has brought mass spectrometry to the table for ad-
dressing certain key issues of protein structure. One of
the techniques most often used in these studies is
hydrogen/deuterium (H/D) exchange. The use of H/D
exchange to study protein conformation dates back
some 20 years [138] where it was primarily used in
NMR studies [139]. For mass spectrometry, the
premise behind the H/D exchange approach is that
one can readily exchange solvent-accessible hydrogen
such that a mass shift, consistent with the number of
deuterium atoms exchanged, can be measured. Thus,
one can study protein folding by digestion of the
protein and identification of peptides that contain
deuterium versus those that were protected from
exchange due to protein structural constraints that
prevented penetration of deuterium. This technique
was recently applied to study unfolding and refolding
of large proteins such as rabbit muscle aldolase [140],
and used as a means to address the mechanism and

kinetics of the chaperonin GroEL -assisted folding of
malate dehydrogenase [141]. Similarly, the role of
Ca’* to induce conformational changesin calmodulin
[142] and troponin C [143] has been determined using
H/D exchange and mass spectrometry.

Additiona uses of H/D exchange have included
methods to determine protein—protein and protein—
ligand interaction. For example, a method employing
H/D exchange, followed by pepsin digestion and
MALDI-TOF mass spectrometry analysis, was used
to define binding sites for a protein kinase inhibitor
and adenosine triphosphate (ATP) to the catalytic
subunit of murine 3',5’-cyclic adenosine monophos-
phate (CAMP)-dependent protein kinase (PKA) [144].
This work also addressed the unknown interaction of
human a-thrombin, complexed with an 83 amino acid
active fragment of human thrombomodulin. These
studies clearly demonstrate the utility of mass spec-
trometry in providing information on binding domains
for both protein—protein interaction and protein—small
molecule interaction.

Another mass spectrometry approach for studying
protein—drug interaction is to identify noncovalent
complexes. Since most drugs on the market today act
by anoncovalent interaction with their target proteins,
arapid and sensitive method to assess binding affin-
ities of drugs with targets would be of great benefit.
Early feasibility studies for accessing noncovalent
interaction, by way of ESI-MS, demonstrated mass
shifts in various proteins consistent with the binding
ratios of cofactors or regulators such as heme [145],
or Ca" in camodulin [146]. More recently, this
approach was used to screen compounds based on
binding affinities, and thus assist in selecting the most
desirable candidates for more detailed NMR-based
affinity studies [147]. Although there is still consid-
erable debate concerning whether drug binding in the
gas phase, as detected by mass spectrometry, is
consistent with physiological binding in solution
phase, this methodol ogy has been effective for screen-
ing test compounds in severa assay systems [147].

Finally, the use of mass spectrometry as an aid to
structural biology studies has recently taken on an-
other function, namely screening heavy metal com-
pounds for phasing studies in x-ray crystallography.
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Determination of x-ray diffraction (phasing) anglesis
required for interpretation of complex protein x-ray
crystallography data, where no homologous protein
structure is known. This is often accomplished by
multiple isomorphous replacement, whereby multiple
heavy-atom compounds (e.g. HgCl,, KAuCl,, and
K,PtCl,) are randomly soaked into the crystals and
subsequently analyzed by x-ray diffraction. The chal-
lenge for the crystallographer is that this method is
purely empirical. Thus, screening greater than 100
heavy metal compounds requires time and consumes
precious purified protein. A few recent reports indi-
cate that mass spectrometry can be used as a fast and
effective screening tool to determine which heavy
metal compounds satisfactorily interact with a given
protein and thus allow crystallographers to concen-
trate on the best compounds for their soaking and
phasing studies [148,149].

3.3.3. Mass spectrometry in proteomics

Proteomics has become a buzz-word in the phar-
maceutical industry, with the promise of being able to
understand disease processes, toxicity, and mecha
nism-of-action of compounds, based on comparative
protein profiles between normal and altered cells or
tissue. The prototypical proteomics experiment in-
volves isolation of total protein from normal versus
atered biological samples, protein separation on two-
dimensional (2D) polyacylamide gels, and then deter-
mination of which proteins are up- or down-regul ated
by comparing spot intensities from respective gels.
The premise isthat by understanding how proteins are
regulated in normal versus altered specimens, one can
gain valuable information regarding which biochem-
ical pathways might be involved in the process. The
number of proteins that are up- or down-regulated
varies with each experiment. On average, however,
50-100 proteins show different levels of expression
in a given experiment. Unfortunately, spots on a gel
are of limited utility without knowing which enzymes
they represent. In addition, the quantity of protein in
each spot (femtomole range) is often below the
detection capability of conventional chemical se-
quencing methods. As reviewed more rigorously else-
where [150], the role of mass spectrometry in this

process is to rapidly identify proteins of interest from
the 2D gel spots through a combination of various
techniques including peptide mass fingerprints and
peptide sequence tags coupled with database search-
ing or by de novo peptide sequencing.

First-tier identification: peptide mass fingerprinting.
Peptide mass fingerprinting is the ability to correlate
chemical or protease-digested proteins to known pro-
teinsin a database. This technique was first described
in 1993 [151-153] and has since been established as
one of the primary protein identification techniquesin
proteomics. As the name implies, a collection of
individual protease-induced peptide masses for a
given protein are often unique (like a fingerprint) to
that protein. With the development of high resolution
MALDI-TOF mass spectrometers, capable of rou-
tinely producing peptide mass accuracies of better
than 50 ppm, a search of as few as 3—4 peptides can
produce a unique protein identification. Second and
third generation web-based search algorithms (Pro-
teinProspector, Mascot, PROWL, MOWSE, Pep-
tideSearch, MassSearch), now incorporate various
post-translational and chemical modification possibil-
ities into the search to factor in phosphorylation,
nitration, and oxidation, to name afew. Finally, many
of these search protocols can also be linked to the
output of a mass spectrometer for automated real-time
database searches, as the peptide mass fingerprint data
are collected. Thus the speed, sensitivity, and auto-
mation of the peptide mass fingerprint approach has
made MALDI-TOF mass spectrometry the logical
tool of choice for first-tier protein identification in
most proteomics programs.

Second-tier identification: peptide sequence tagging.
In the event that a protein is not unambiguously
identified by the MALDI-TOF peptide mass finger-
print approach, LC-(ESI)MS/M S product ion methods
are used as a second tier in the protein identification
process. One of the first reported MS/M S-based ap-
proaches for identifying unknown proteins was the
peptide sequence tag method [154]. This strategy
employs minimal manual interpretation of product ion
spectra, coupled with search constraints based on the
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molecular weight of the peptide and the chemical or
enzymatic cleavage method used to produce the
peptides. This work demonstrated the ability to un-
ambiguoudly identify peptides and proteins with as
few as two or three amino acids derived from a
product ion spectrum. Improved agorithms were
subsequently developed [155-157] for identifying
proteins based solely on product ion spectra, with
limited or no manual data interpretation required.

Initially, triple quadrupole instruments were most
commonly used in protein identification protocols
employing LC-(ESI)MS/MS analysis of peptides.
However, today the instrument of choice for the
high-throughput requirements of second-tier protein
identification is the ITMS. Advantages of ion traps
over the triple quadrupole instruments for this ap-
proach to protein identification include lower cost, the
ability to more rapidly perform data-dependent prod-
uct ion experiments during a LC separation, and the
ability to program one set of collision conditions that
will uniformly fragment most peptides. This latter
advantage is a function of the collision process in an
ion trap in which a general set of fragmentation
parameters can be determined that produces robust
(complete set) product ions from nearly all peptides.
Conversely, even with the ability to scan collision
energies in a triple quadrupole, the overall fragmen-
tation spectra produced for a wide variety of peptides
are not as robust as those seen for an ion trap. The
only substantive disadvantage of the ITMS (relative to
the triple quadrupole), for this application, is its
inability to scan for low m/z immonium ions that can
be diagnostic for specific amino acids. However, for
protein identification by database searching (proteom-
ics), the robust product ion spectra more than com-
pensate for the loss of immonium ions, when using
the ITMS as the second-tier method.

Third-tier identification: de novo peptide sequencing.
The primary limitation for peptide mass fingerprint
and peptide sequence tag-based approaches, is the
requirement that the protein or corresponding DNA
sequence reside in a searchable database. This limi-
tation can have significant consequences when profil-
ing rat, mouse, human or proteins from other organ-

isms with incomplete genomic information. Thus,
until the entire genome of the organism under inves-
tigation is available in a database, it will remain
necessary to provide de novo sequence information
from protein spots that could not be identified by first-
or second-tier methods.

With creative sample preparation techniques,
MALDI-TOF mass spectrometry has proven useful in
generating de novo peptide sequencing data. For
example, a ladder sequencing method has been re-
ported [158], which utilizes Edman degradation-type
chemistry that includes a small percentage of a
noncleavable derivatizing reagent. Thus, a set of
polypeptide fragments that vary by single amino acid
units is produced. A similar concept to produce
C-terminal ladder sequence information was achieved
by controlled digests with carboxypeptidase Y [159].
In either case, the resulting set of polypeptides can
then be sequenced, based on the mass differences
readily detected by MALDI-TOF-MS. However, each
of these ladder sequencing methods requires purified
peptides of sufficient quantities (femtomole to pico-
mole) to produce the ladder sequences prior to mass
spectrometry analysis. Other derivatization protocols
have recently proven to be less time consuming,
require much less sample (low femtomole) and are
applicable to peptide mixtures. For example, one new
method produces afixed negative charge at the amino
terminus of peptides, by sulfonation [160]. Thisforces
the addition of a mobile proton along the amide bond
backbone, for detection in the positive ion mode. The
net effect is an enhancement of charge site-initiated
fragmentation of the backbone amine bonds and a
selective enhancement of C-terminally derived frag-
ments (y ions). A subsequent report demonstrates the
utility of this method for de novo sequencing by
MALDI-PSD-TOF mass spectrometry and ESI-
MS/MS of mixtures of peptides extracted from 2D
gels, following a trypsin digestion [161].

Although MALDI-TOF mass spectrometry tech-
niques can be used for de novo peptide sequencing,
with the types of sample manipulations described
above, ESI-MS/MS of protein digests generally rep-
resents a faster, less problematic, and more compre-
hensive alternative for third-tier protein characteriza-
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Fig. 7. Product ion spectrum from nanospray-Qg-TOF analysis for de novo peptide sequencing. A peptide mixture was recovered from an in
gel trypsin digestion of a silver-stained spot (<1 pmol), desalted on a C18 Zip-Tip, and loaded into a nanospray tip. (a) Derived sequence
depicting the b and y ions. (b) Representative data resulting from CID of the doubly protonated peptide ion (mVz 720.9), which yielded a
complete set of y-type ions. Note the ability to detect the charge state for even the low abundance fragment ions by the isotopic distribution
when the mass range is expanded (insets). These data were sufficient to define the entire peptide sequence (except L/I isobars), including the

oxidized methionine.

tion in proteomics. In fact, with its recent commercial
availability, Qg-TOF-based instrumentation has rap-
idly become the preferred option for this application.
In proteomics, clear advantages of this new hybrid
instrument stem from added sensitivity, resolution,
and mass accuracy. For low abundance product ions,
it is often difficult to distinguish rea ions from
background noise on ITMS or triple quadrupole
systems. With the Qg-TOF, product ion peaks yield-
ing only a few counts can be assigned as rea ions
based on their clearly detectable natural isotope dis-
tribution patterns (Note: such de novo sequencing
experiments are typically conducted with open reso-

Iution on the quadrupole mass analyzer, resulting in
transmission of polyisotopic precursor ions, thus pro-
ducing polyisotopic product ions). As an example of
the quality of sequencing data generated in this way,
tryptic peptides were extracted from a spot on a 2D
gel, desalted on a C18 Zip-Tip column and loaded
directly into a nanospray tip for introduction into an
ESI-Qg-TOF instrument. Each of several resulting
peptide ions, produced from this single sample, was
subjected to MS/MS product ion analysis and the
sequence determined by mass differences in the re-
sulting product ion spectrum. One of these spectra
(products of m/z720.9, an [M + 2H]?* ion) is shown
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in Fig. 7. From this subpicomole quantity of peptide,
the complete set of y-type ions produced was suffi-
cient to determine the entire sequence (except leucine/
isoleucine (L/1) isobars), including the oxidized me-
thionine.

These few examples demonstrate that the concept
of sequencing proteins, solely by mass spectrometry-
based methodologies, has become a redlity in just a
few short years.

Protein mixture characterization without prior 2D gel
isolation. Although the overwhelming majority of
proteomics projects within the pharmaceutical indus-
try today rely on one or more of the above mass
spectrometry approaches to identify proteins from 2D
gels, the mass spectrometry community has been
working diligently to develop methods to circumvent
the cumbersome process of separating proteins on 2D
gels. Progressin this direction has been reported using
a variety of alternative techniques for the identifica-
tion of multiple proteins in complex mixtures. For
example, a multiprotein complex from purified yeast
dliceosomal U1l snRNP has been characterized by
digestion of the entire complex, followed by identifi-
cation of al component proteins by LC-MS/MS
[162]. Similarly, trypsin digestion and a multidimen-
sional on-line chromatographic system have been
used to identify over 100 protein components from the
yeast ribosomal complex, based on MS/M S sequenc-
ing and database searches from a single run [163].
Multidimensional chromatography provided the sep-
aration necessary to alow seria collection of MS/MS
product ion spectra on the immense number of pep-
tides produced by trypsin digestion of the whole
protein complex. Another aternative for identifying
multiple proteins in digestion mixtures involves a
method described as “ peak-parking,” using a variable
flow LC-ESI interface coupled to a mass spectrometer
[164]. This system causes the LC flow to be stopped
(parked), as a peptide is detected, to alow sufficient
time to generate product ion spectra on multiple
peptides in a given peak, before the flow is resumed.
Although this method was originally reported for the
identification of multiple proteins from a single 2D
gel spot, it islikely to also be amenable to character-

ization of multiprotein complexes without prior 2D
gel separation.

Perhaps the most promising approach to protein
profiling without 2D gel separation methods is the
isotope coded affinity tag strategy [165]. In this
methodology, two reagents are made, both containing
athiol-reactive group and a biotin tag. The difference
isthat one reagent contains a linker labeled with eight
deuterium atoms (heavy linker), while the control
reagent isunlabeled (light linker). After solubilization
and reduction of proteins from a comparative protein
profile experiment, the control proteins are reacted
with the light linker and the experimenta proteins
reacted with the heavy linker. A 1:1 mixture of the
two samples is digested with trypsin, followed by
isolation of the tagged peptides on an avidin column.
LCMS of tagged peptides provides the relative quan-
tities of each protein (based on the H/D intensity ratio
of the tagged peptide pairs), while product ion spectra
provide the sequence information needed for protein
identification. Although the results presented are from
narrowly controlled experiments, they demonstrate an
error for known concentration differences of less than
10%, with a detectable difference in concentration of
the pairs of peptidesin the range from 1:1 to 1:200. Of
course, the limitation of this method at present is that
it is only valid for cysteine-containing proteins, but
this type of approach is only in its infancy.

In summary, the emergence of proteomics as akey
drug discovery and characterization technology in the
pharmaceutical industry is a direct result of the
convergence of genomic sequence information and
the advances in protein mass spectrometry. In less
than ten years, identification of proteins by mass
spectrometry has gone from state-of-the-art technol-
ogy to a somewhat routine anaysis. Now mass
spectrometry is poised to be aleader in the next great
challenge in proteomics, the elimination of 2D gels
for protein profiling.

3.4. Emerging mass spectrometry technologies for
protein/peptide characterization

Several emerging technologies in protein mass
spectrometry promise to expand its utility in drug
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discovery. Some of the more interesting new areas
include imaging of tissue by MALDI-TOF, bacterial
identification, microfabrication, and cross-linking
studies to provide distance constraints for protein
molecular modeling. A brief description of these
emerging technologies follows.

Recent reports demonstrate the potential for direct
analysis of proteins and other analytes from tissues,
employing MALDI-TOF mass spectrometry [166—
168]. The goa of this approach was to profile the
protein content or the presence of a drug in a specific
tissue. Samples were prepared in one of three ways:
microdissection of specific tissues, followed by solu-
bilization in MALDI matrix and analysis of solubi-
lized proteing/analytes; blotting of wet tissue onto
polyethylene membranes, followed by analysis of
proteins/analytes that were passively diffused to the
blot; or preparation of thin sections of tissue in which
MALDI matrix was added directly onto the features
of interest, followed by direct analysis of the proteing/
analytes from the section. These methods were able to
show differential expression of proteins in various
sections of mouse colon [168], rat pancreas, rat
pituitary, and human buccal mucosa [166]. The few
implications of such methods for drug discovery
would include the possibility of profiling diseased
versus nondiseased tissues for protein markers or as a
direct method to determine whether a drug compound
gets to the required in vivo target.

Whether the interest isto serotype a pathogen from
aclinical sample or to test for contamination of food
products, the need for fast and efficient methods of
bacterial identification continues to be a challenge in
the health care industry. Several recent studies have
indicated that MALDI-TOF mass spectrometry anal-
ysis of intact bacterial cells or bacterial cell extracts
can yield data on diagnostic proteins, characteristic of
the specific microbe of origin [169-171]. Therefore,
this approach shows promise as a fingerprinting tech-
nique for rapid identification of bacteria.

Another area of protein mass spectrometry that has
drawn a great deal of interest has been microfabrica-
tion. This area has developed out of the need for lower
flow rates of infusion into an ESI source to increase
sengitivity, coupled with requirements for high

throughput protein identification in proteomics
projects. One of the first reports in this area described
a multichannel etched inlet device that could be
attached to the spray source of a mass spectrometer
for automated nanospray applications [172]. Severa
other microchip-type inlets have also been described
[173-175], including a multichannel silicon etched
device containing a miniature sample reservoir and a
5 X 10 um channel spray tip for each sample [176].

Finally, a method using bifunctional cross-linking
reagents, protease digestion and mass spectrometry, to
provide distance constraints for a native protein ter-
tiary structure has been described [177]. In these
preliminary studies, basic fibroblast growth factor 2
(FGF-2) was used as a model system. The tertiary
structure was probed with bis(sulfosuccinimindyl)
suberate, areagent specific for Lys-Lys cross-linking.
Eighteen unique intramolecular cross links were iden-
tified. The intramolecular distance constraints, cou-
pled with a computational molecular model were all
consistent with the tertiary structure on FGF-2, iden-
tifying it as a member of the B-trefoil fold family.
Although there are still considerable technical chal-
lenges to overcome before this type of technique will
be widely applicable, it has the potentia to signifi-
cantly impact structural biology and molecular mod-
eing.

4. Bioanalytical quantitation
4.1. Pharmaceutical significance

From a fundamental standpoint, quantitative mea-
surement of drugs, metabolites, and biomarkers in
biological matrices as a function of time or experi-
mental conditions facilitates the understanding of
changes to both adrug and its environment. Measure-
ment of drug and metabolite concentrations provides
absorption, distribution, metabolism, and elimination
(ADME) information that define the effect of the
environment on a drug. Measurement of biomarker
levels, in addition to other pharmacodynamic effects
such as efficacy or adverse reaction, indicate the
effect of adrug on itsbiological environment. From a
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pharmaceutical perspective, bioanalytical data gener-
ated throughout discovery are used to evaluate and/or
predict important biological effects of a drug such as
efficacy, toxicity and drug/drug interactions. Bioana-
lytical dataalso play amajor rolein drug development
efforts such as selecting a route of administration,
optimizing the formulation, identifying the dose level,
and refining the dosing regimen.

Prior to the early 1990s, bioanalytical quantitation
was largely utilized for selected applications in drug
development. However, as data became available
showing that 40% of drug candidates were failing in
development due to poor pharmacokinetic (PK) prop-
erties, there was a concerted effort to obtain these data
earlier in discovery to aid in the decision to advance
drug candidates to preclinical trials [178]. Over the
past decade, the applications of bioanalytical quanti-
tation have expanded as the advances in instrumenta-
tion have made it more practica to obtain high
throughput measurements at low part-per-billion or
even part-per-trillion concentrations of target com-
pounds in the presence of salts, proteins and other
endogenous materials. In addition, the value of having
more bioanalytical data earlier in drug discovery has
been repeatedly realized by increasing the probability
that selected drugs will produce favorable results in
costly and time-consuming clinical trials.

As a result, generation of quantitative data to
determine the ADME characteristics of a drug occurs
very early in discovery using a variety of in vitro and
in vivo experiments [179] (Fig. 1). For example, to
predict or model drug absorption into the blood-
stream, in vitro measurements of drug concentrations
are often performed using Caco-2 cells or various
membranes [180]. Other examples of in vitro studies
include metabolic stability in hepatocyte or microso-
mal incubates, protein binding, and early identifica-
tion of metabolites (see Sec. 5.). Metabolites that are
of significance (i.e. particularly abundant, potentially
active, or toxic) are often quantified throughout the
development program to answer many of the same
questions as described in the following for parent
compounds.

Pharmacokinetic data are also gathered early in the
discovery process using small animals, such as rats.

Drug levels are determined as a function of time in
matrices such as plasma, urine, and tissues to define
systemic absorption and elimination. For given indi-
cations, other biomatrices may also be probed such as
saliva, synovial fluid, gingival crevicular fluid, feces,
bone, cartilage, and various target organs to determine
site-specific drug delivery and elimination. The quan-
titative data generated in these studies are rapidly
collected for alarge number of compounds; typically
in the range of several dozen for agiven program. The
nature of these studies requires rapid development of
high-throughput assays where complete optimization
of conditions and thorough validation are not neces-
sary [181].

As test compounds progress into preclinical stud-
ies, further animal data are obtained; however, the
number of candidates decreases to a few compounds
per program, whereas the amount of data collected for
each drug greatly increases. In addition, validation
and quality control requirements for the bioanalytical
methods increase in rigor [182]. As progression con-
tinuesinto phases | and Il clinical studies, human data
are obtained that define safety and then efficacy.
Concomitantly, bioanalytical data are generated to
correlate these pharmacodynamic effects with levels
of parent compound and target metabolites and to
optimize drug delivery. These measurements are usu-
aly performed in plasma, to determine systemic
exposure, and possibly in other selected matrices for
specific indications. In phase Il clinical studies,
bioanalytical assays are used to process thousands of
samples from a diverse human population to establish
the suitability of the drug for a variety of genotypic
and phenotypic conditions. After FDA approval of a
drug, phase IV investigationsincreasingly involve PK
studies to further optimize safety, efficacy, route of
administration, formulation, dose level and dosing
regimen so that second generation products can be
more effective and/or increase the level of patient and
physician acceptance. These data may also ultimately
support aswitch from prescription to over-the-counter
distribution.

In addition to measuring drugs and metabolites, a
very common bioanalytical measurement need is the
in vivo and occasionally in vitro quantitation of
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biomarkers. Changes in the endogenous levels of
these compounds may be predictive of and/or corre-
late with a biological effect caused by an applied
stimulus such as drug administration. These data can
provide insight into mechanism-of-action and deter-
mine the effect(s) that a given dose has on various
biochemical pathways. For example, reducing the rate
of metabolism of arachidonic acid to form eico-
sanoids, such as leukotriene B, and prostaglandin E,,
would be indicative of anti-inflammatory properties
[183]. Similarly, catecholamine levels are indicative
of sympathetic nervous system activity [184].

4.2. Evolution of mass spectrometry technology for
bioanalytical quantitation

Bioanalytical applications in drug development
have both benefited by the advances in mass spectro-
metry and driven the development of mass spectro-
metry-based techniques that provide lower detection
limits, improved specificity and higher throughput for
the determination of target compounds in complex
biological mixtures. These advances have provided
flexibility for the pharmaceutical researcher to utilize
the optimal combination of analytical instrumentation
that produces the desired level of speed, sensitivity
and ruggedness to efficiently answer business ques-
tions with a predefined level of assurance in the
quality of data that are generated. Key instrumental
configurations that have been used over the past
20-30 years are highlighted in the following.

From the early 1970s through the early 1990s,
mass spectrometry-based bioanalytical work was
largely performed using GC separations with electron
or chemical ionization [185-187]. An example is the
determination of 5-methoxyflavone in rat and dog
plasma using El and GC-MS/MS for PK applications
[188]. With this approach, a 1 ng/ml lower limit of
quantitation (LLOQ) was achieved with a throughput
of seven samples per hour. Another example is the
determination of the anti-inflammatory drug, tebufe-
lone, in human plasma[189]. This semivolatile ketone
is amenable to direct analysis by GC-MS/MS; how-
ever, a nonvolatile acidic metabolite and an unstable
hydroxy metabolite were not able to be analyzed

under the same conditions. To extend the applicability
of this method, flash derivatization was performed in
the injector port to increase the volatility of the
metabolites so that quantitation of the parent drug and
both metabolites could be performed in a single assay
[190].

Derivatization has also been commonly used to
increase sensitivity for GC applications. In particular,
electron attachment negative ion GC-MS/MS is ex-
tremely sensitive, with on-column detection limits in
the high attogram to low femtogram range for com-
pounds with high electron affinities. A pentafluoro-
propionic anhydride derivative was shown to lower
detection limits for norepinephrine (NE) determina-
tion in rat and dog plasma. This electronegative
reagent improved both the chromatography and the
electron capture properties, which resulted in a
method capable of the determination of NE in small
volumes of plasma containing as little as 1 pg per
sample [191]. Other examples of the extreme sensi-
tivity of negative ion GC-MS/MS include the low
pg/mL detection limits achieved by derivatization of
thromboxanes, prostaglandins and other arachidonic
acid metabolites in plasma [192] and the 7 pg/mL
detection limit reported for fluprostenol in a 0.1 mL
plasma sample volume [193].

Derivatization successfully extends the applicabil-
ity and sensitivity of GC-MSMS; however, it length-
ens the time for method development and sample
analysis. It also adds complexity to methods, raises
the level of expertise needed for anaysis and in-
creases the possibility for batch failure. For this
reason, during the 1970s and 1980s many bioanalyti-
cal methods for nonvolatile compounds were devel-
oped using LC-based systems with ultraviolet or
fluorescence detection. In many cases, these tech-
niques provided adequate data, but the poor specific-
ity of the detectors generally necessitated extensive
sample preparation and lengthy separation. This re-
sulted in significant time required for method devel-
opment and the instrumental throughput was very
low, at afew samples per hour. In addition, detection
limits were often much higher than desired, at mid-
ng/mL to pg/mL levels, depending on the chro-
mophore of a given molecule [194]. During that time
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period, enzyme-linked immunosorbent assays or radio
immunoassays were aternative approaches that were
most practical when used for a large number of
samples as would be encountered for biomarkers or
drugsin clinical trials. The development of antibodies
is a time consuming process and even after comple-
tion, these assays often suffer from cross reactivity
with chemical analogs, such as metabolites, and
generate data of poorer accuracy and precision than
chromatographic-based techniques. Sensitivity, how-
ever, is usualy quite good with pg/mL levels attain-
able [195].

It became obvious that the marriage of LC with
mass spectrometry would provide superior attributes
for bicanalytical quantitation, compared to many of
these technologies. Bioanalytical assays were re-
ported with early LC interfaces including continuous
flow FAB [196], particle beam [197], thermospray
[198], and moving belt [199]. These interfaces had
varying degrees of success, but the introduction and
development of ESI and APCI interfaces provided
excellent sensitivity, a broad range of compound
applicability, superior ruggedness and lower chemical
noise that resulted in an explosion of LC-MS/MS
bioanalytical applications. Flow injection using these
interfaces has also been performed, but for bioana yti-
cal applications, the additional specificity and assay
ruggedness gained with a LC separation is usually
preferred [200].

ESl and APCI have been successfully used in
conjunction with a number of mass anayzers for
bicanalytical quantitation such as ion trap [201],
time-of-flight [202] and sector mass spectrometers
[203]. However, the quadrupole, and particularly the
triple quadrupole, has become the instrument of
choice for pharmaceutical bioanalytical analyses. Us-
ing the SRM maode, this instrument provides the best
combination of sensitivity and specificity for quanti-
tation of target compounds in biological fluids. Also
critical for quantitative applications, it has accuracy
and precision advantages over ion traps, awider linear
dynamic range than TOF detectors and is cheaper,
more rugged, and easier to use than sector instru-
ments.

Single quadrupoles have been used for bioanalyti-
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Fig. 8. Analysis of a1 mL human plasma sample spiked with 100
pg of DEX and prepared by liquid/liquid extraction. These chro-
matograms were produced by (a) selected ion monitoring of the
protonated molecule by using a PE Sciex API 111" and (b) selected
reaction monitoring of the transition from m/z 272 to 147 using the
same sample, LC and mass spectrometer.

cal applications [204]; however, the selectivity of
triple quadrupole instruments for complex mixture
analysisis far superior. The dramatic improvement in
signal-to-noise ratio, when using MS/IMS, is illus-
trated in Fig. 8, for the determination of dextrometho-
rphan (DEX) in a liquid/liquid extract of human
plasma. In Fig. 8(a), SIM of the protonated molecule
produced a high background with the analyte peak
barely detectable, whereas the SRM chromatogram in
Fig. 8(b) shows a clean background and a signal-to-
noise enhancement of more than 50-fold. This selec-
tivity advantage results in the lowest quantitation
limits, when needed, or alows flexibility with method
development when extreme sensitivity is not required.
For example, small sample volumes can be used;
extractions can be designed for speed rather than for
cleanliness; and/or problems such as ionization sup-
pression and poor chromatography due to matrix
effects can often be obviated solely by sample dilu-
tion. Thislevel of selectivity provides insurance when
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transferring methods from one animal species to
another, or from matrix to matrix, by minimizing the
potential of encountering new interferences. It aso
facilitates higher sample throughput because thereisa
reduced need for lengthy separations to resolve ana-
lyte peaks from responses due to endogenous materi-
as.

4.3. Current strategies for bioanalytical quantitation

4.3.1. General approach

The use of a stable-isotope-labeled internal stan-
dard along with 96-well sample preparation and LC
triple quadrupole mass spectrometry, with ESI or
APCI, is the current gold standard for most bioana-
Iytical quantitative methods in the pharmaceutical
industry. The use of stable isotopes provides impor-
tant advantages for mass spectrometry-based assays
versus other analytical approaches. First, stable-iso-
tope labeled variants are widely used as interna
standards because they closely track the analyte
through sample cleanup, extraction, storage, separa-
tion, ionization and dissociation in the mass spectrom-
eter. They provide the best accuracy, precision and
assay ruggedness and are often desired when critical
data will be generated for a given compound. The
major issues with stable-isotope-labeled compounds
are the cost and time involved in the synthesis. For
these reasons, chemical analogs are often used for
mass spectrometry assaysin exploratory or short-term
investigations. Second, stable-isotope-labeled analogs
can be co-administered with the unlabeled compound,
by way of different routes, to measure PK parameters
within a single subject to reduce variability, as de-
scribed further in Sec. 4.3.3.

There are many approaches for preparation of
biological samples that are assayed by LC-MSMS.
For samples that are solids such as tissue or bone, an
initial grinding or shearing step is necessary to pro-
vide extractable solutions. For the resulting solutions
and for liquid biomatrices, cleanup is commonly
performed using the 96-well plate format by protein
precipitation [205], solid phase extraction (SPE)
[206], liquid/liquid extraction (LLE) [207], dilute-
and-shoot (DAS) [208], or filtration [209]. The choice

for sample preparation depends on the matrix and the
LLOQ required for a given application. Often, SPE
and particularly LLE produce cleaner samples, more
rugged methods and lower detection limits than the
other options. However, with these approaches, a
96-well plate takes 0.5-2 h to prepare. When explor-
atory work is performed, or higher quantitation limits
are acceptable, a simpler and more universal cleanup
such as protein precipitation or DAS may be appro-
priate. These approaches result in faster preparation
times at 10-30 min per 96-well plate. In addition,
on-line sample cleanups with systems such as on-line
SPE [210], turbulent-flow LC [211] or other column
switching apparatus [212] have been shown to be
viable alternatives for some applications. The advan-
tages of these systems include minima need for
sample manipulation prior to analysis and the ability
to directly inject a significant amount of plasma or
other matrix, which is especially useful when analyte
stahility is an issue. Problems with these approaches
include the dedication of LC-MS/MS time to wait for
on-line preparation of each sample and the complexity
of method development and experimental setup, rel-
ative to the generaly preferred modular batch ap-
proaches for preparation and analysis. Direct injection
of biological matrices also presents biosafety as a
greater concern, within the instrument laboratory.
Autosamplers for analysis of biological extracts
are now designed to inject directly from 96-well
plates using single needle or recently, multiple needle
configurations. This newer alternative has been devel-
oped because run times for some methods have
decreased below the cycle times for single needle
autosamplers. Typical column lengths have decreased
from more than 200 mm to the range of 30-50 mm
and column diameters have also decreased from more
than 4 mm to typically 2 or 1 mm and, in some cases,
below 1 mm to increase sensitivity and throughput.
The genera ruggedness of column diameters at or
below 1 mm, however, has yet to be established. In
addition, flow rates have been increased to severa
hundred microliters per minute and in some cases
more than 1 mL/min for narrow-bore columns to
obtain higher throughputs. Thisis now possible dueto
recent advances in the desolvation capabilities of ES
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interfaces. For quantitative applications, the basic
concept of using MS/MS with the triple quadrupole
remains, but instruments continue to evolve toward
more universal ionization, greater sensitivity, smaller
footprints and lower costs. Software has become
easier to use, with a trend toward regulatory compli-
ant packages for electronic acquisition and storage of
data.

With skilled method developers, the use of SPE or
LLE preparation in combination with LC-MS/MS,
can produce very high quality assayswith low part per
trillion sensitivity, analysis times of afew minutes per
sample, accuracy and precision in the range of 3%—
10% and linearity over more than three orders of
magnitude. For rugged methods, batch sizes often
consist of several plates or several hundred samples.
Each of these bioanalytical method attributes can be
optimized for a given application and a given stage in
the pharmaceutical development process at the discre-
tion of the method devel oper; for example, speed can
be gained at the expense of sensitivity as would be
important in an early animal PK study.

4.3.2. Qurvey of applications

A diverse array of molecules can be ionized and
detected when using APCI or ESI with MS/MS. To
extend the applicability of this general approach,
various types of chromatography have been employed
to provide separation prior to mass anaysis. By far
the largest area of pharmaceutical application utilizes
isocratic or gradient reversed-phase separation for
quantification of small organic molecules possessing
at least one readily ionizable functional group. A
diverse array of functionalities have been successfully
guantitated including hydroxamic acids [213], syn-
thetic prostaglandins [214], estrogen sulfates [215],
benzodiazepines [216], tamoxifen analogs [217],
quinolonyl beta-lactams [218], and aminohydantoins
[219], to name only a few.

By employing alternative separation approaches,
the applicability of LC-MS/MS can be extended to a
broader range of compound classes. For example, the
guantitation of the endogenous tripeptide glutathione
and its oxidized dimer has been accomplished from a
cell culture matrix within a single analysis, even with

respective concentrations differing by up to 10 000-
fold, using ion exchange chromatography with an
amino column and a formic acid gradient [220].
However, peptide quantitation is often performed
using ion-pairing chromatography with a reagent such
as TFA [221,222] or heptafluorobutyric acid (HFBA)
[223] to improve the separation. lon-pairing chroma-
tography has aso been reported to improve the
retention of particularly polar organic compounds,
such as catecholamines [224] or aminoimadazoline
compounds [225] with the use of HFBA as the
ion-pairing reagent.

Since chiral compounds are not readily distin-
guishable with mass spectrometry, a LC separation
must be used for chiral specificity. Many chiral LC
separations are performed using normal phase sol-
vents. With proper safety precautions, these separa-
tions can be successfully interfaced to mass spectro-
meters; however, improved sensitivity is reported
when adding a reversed-phase solvent as a makeup
flow to improve the ionization efficiency [226]. Sim-
pler experimental setups and very good detection
limits are reported with the use of reversed-phase
conditions and chiral stationary phases. Examples
include quantitation of ketoprofen [227] and salbuta-
mol [228]. As with GC-based analysis, chemical
derivatization can be used to improve the performance
of LC-MS/MS assays. For example, derivatization of
5-aminosalicylic acid with propionic anhydride has
been shown to increase chromatographic retention
and improve sensitivity [229], whereas formation of
dimethyl aminoethyl esters increases sensitivity for
analysis of fatty acids in plasma [230].

Even with the preference of LC-MS/MS for many
bioanalytical assays, there are, of course, aternative
approaches that are used for given situations. For
example, GC-MS/MS is till particularly useful for
volatile analytes that do not separate or ionize by
LC-MS/MS. In cases where extreme sensitivity is
needed, negative ion GC-MS/M S continues to play an
important role [231].

4.3.3. Multiple component assays
LC-MS/MS is aso well suited for the analysis of
multiple analytes in a single assay. Often, a generic
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gradient can be used to elute target compounds with
some degree of structural diversity. For example, this
approach has been implemented to evaluate activity of
seven maor cytochrome P450 (CYP) enzymes in
vitro, by monitoring diagnostic metabolites of seven
specific substrates in a single assay. By applying this
method, CYP inhibition or induction can rapidly be
determined for new drug candidates and these data
can be used for evaluation of potential drug/drug
interactions [232]. Similarly, the stability of parent
drugs to metabolic processes can also be performed in
vitro, using hepatocytes or microsomal fractions.
Incubations are often performed with individual com-
pounds, but the specificity and sensitivity of LC-
MS/MS alows the individual incubations to be com-
bined, prior to analysis, to reduce the number of
analytical samples [233].

To assessin vivo PK parametersin discovery using
small animals, an N-in-one, or cassette, dosing strat-
egy has been employed. Drugs are often dosed as a
cocktail by administering several chemically similar
drugs to a given animal and collecting samples at
various times postdose. All analytes are measured in
each sample with one LC-MS/M S method, which not
only reduces the analytical effort, but it also reduces
the animal usage [218,225,234-237]. With this ap-
proach, usually one of the administered compoundsis
well characterized and used as a control to insure that
the PK data obtained from single compound admin-
istration are consistent with data obtained when ad-
ministered as part of a cocktail.

Another example of multiple compound analysis
involves intravenous administration of a stable-iso-
tope-labeled compound and simultaneous administra-
tion of the unlabeled version, by way of another route,
to determine absolute bioavailability. This approach
greatly decreases biological variability and hence
reduces animal usage and sample load. Using a
[*3C,*®0]-labeled analog, absolute bioavailability of
oraly administered tebufelone was reported using
GC-MS/MS [238]. Both ora and opthalmic bioavail-
ability of timolol were measured by using the two
different labeled versions of the parent drug and
employing LC-MS/MS [239].

An example of an experiment that used both

stabl e-isotope co-administration and N-in-one dosing
is detailed in Fig. 9 [240]. Two test compounds,
PGE8753474 and PGE2601204, were both adminis-
tered peroraly (p.o.) to a monkey. In addition, a
trideuterated version of PGE8753474 and a tetradeu-
terated version of PGE2601204 were administered
intravenously (i.v.) to the same animal. Plasma sam-
ples were prepared by protein precipitation and the
analysis was performed with a rapid gradient, using
ion-pairing LC-MS/MS with HFBA. A chemical an-
alog was the internal standard for all analytes. Chro-
matographic data are shown in Fig. 9 for a plasma
sample collected 10 h post-dose. From a single
timecourse of plasma samples, PK parameters such as
Tmax, Cmax, AUC, and half-life were obtained for
two parent compounds from both i.v. and p.o. routes
of administration. In addition, absolute biocavailabili-
ties for both compounds were calculated and PK data
for the key metabalites arising from both forms (i.v.
and p.o.) of each parent compound were provided by
this rich data set. Renal clearance data were also
generated by analyzing urine from the same animal,
using DAS preparation and ion-pairing LC-MSMS.
The use of stable-isotope co-administration and N-in-
one dosing in a single experiment greatly reduces the
analytical sampleload. In addition, by acquiring all of
these data simultaneously, a significant cost reduction
is realized and animal use is minimized.

4.4. Emerging mass spectrometry technologies for
bioanalytical quantitation

Instrumentation for bioanalytical applications is
becoming smaller, cheaper, easier to use and more
automated while maintaining a focus on lower limits
of quantitation. Given the large sample load in the
pharmaceutical industry, another major area of ad-
vancement has been increasing sample throughput.
Recently, parallel sample introduction using two non-
indexed sprayers and one mass spectrometer was
reported [241] and effluent from four parallel separa
tions was interfaced to a single mass spectrometer
with a four-position ESI interface [242]. Column
switching was demonstrated for gradient separations
so that equilibration occurs on one column while
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Fig. 10. Ninety-six sequential injections of d;-DEX in MeOH (40
pg on-column) demonstrating the use of pcSFC-MS/MS to reduce
the time for quantitative analysis of an entire 96-well plate to ~10
min.

separation of analytes occurs on the other column to
increase throughput by twofold using a single sprayer
[243]. In a more complex configuration, up to four
columns have been used with a single sprayer inter-
face by staggering the elution times so that the
effluent from each column is directed to the mass
spectrometer only during the retention time of interest
[244]. The staggered elution approach utilizes a sim-
pler mass spectrometer interface and alows faster
scan speeds and no chance for cross talk when
compared with co-elution of analytes that typicaly
occurs with the multiple sprayer methods.

A serial approach to increasing throughput for
bioanalytical applications was recently reported using
packed column supercritical fluid chromatography
(pcSFC). The advantages of pcSFC, compared with
the more commonly used LC separations, are that
flow rates can been increased to over 5 mL/min
without back pressure limitations and, even with these
high flow rates, the entire effluent can be directed to
the mass spectrometer interface because of the higher
volatility of the CO,-containing mobile phase. Appli-

cations include the chiral determination of an acidic
analgesic, ketoprofen [245], and nonchira determina-
tion of a basic antitussive, dextromethorphan [246].
With the latter application, quantitation of DEX from
an entire 96-well plate in 10 min, with part per trillion
sensitivity, has been demonstrated (Fig. 10). To keep
pace with the advances in the analysis portion of
bicanalytical measurements, increases in sample
preparation throughput are also being reported. For
example, instrumentation for sample preparation has
been designed to increase the number of wells per
sample plate by fourfold, to 384 [247].

To minimize instrument size and to increase
throughput, electrophoretic separations on a chip have
been demonstrated for determination of carnitines in
human urine [248]. Although amazingly small and
potentially of lower cost, better sensitivity and rug-
gedness will be required to encourage broader accep-
tance. For quantitation of compounds without authen-
tic standards, ICPMS may prove useful for analytes
containing atoms that are not commonly found in
biofluids such as bromine and certain metal ions
[249]. The theory is that these compounds can be
quantified without standards because the detector
response is specific for an atom and not a compound.
Accelerator mass spectrometry (AMS) has been used
for PK studies, due to the attomole sensitivity for
measuring selected radioisotopes. Because of this
extreme sensitivity, relatively small samples are re-
quired and compounds with low bioavailability or
high toxicity, where dose levels must be kept low (<1
ra/kg), can be studied using AMS [250]. Each of the
approaches discussed here needs further refinement
prior to routine use in an industrial setting; however,
these examples provide evidence for continued ad-
vancement of the capabilities of mass spectrometry to
perform bioanalytical quantitation for pharmaceutical
applications.

5. Identification of metabolites
5.1. Pharmaceutical significance

The human body, and those of mammals in gen-
eral, has a number of mechanisms for eliminating
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xenobiotics (foreign chemical substances) [251]. One
of these is to metabolize or biotransform the chemical
structure of the xenobiotic. Typicaly, metabolism
tends to be an alteration that results in a more polar
chemical structure. This increases a compound's hy-
drophilicity and facilitates renal clearance (excretion
of the substance into the urine through the kidneys)
[252]. For a number of reasons this phenomenon is of
interest to research, development and ultimately in the
utilization of pharmaceuticals.

Metabolism of a compound may instigate, alter,
prolong or halt a desired physiological effect. Addi-
tionally, biotransformation can sometimes produce a
compound that has undesired toxicity, when the orig-
inal drug or parent compound did not. The pharma-
cokinetic properties of ametabolite may be other than
the expected change in elimination. Further, an effi-
cacious metabolite must be patented to avoid potential
loss of precious assets. Clearly, there are many
reasons to understand the nature of a drug’'s metabo-
lism in humans and in species used for safety testing
prior to human exposure. The result is considerable
effort to define the chemical structure of significant
metabolites, particularly those present in plasma.

The types of matrices examined and the extent to
which metabolites are characterized varies. During
the drug discovery process, the metabolism of candi-
dates may be explored by in vitro incubation in
hepatocytes or microsomal fractions (human and tox-
icology species). This information can be utilized in
the subsequent synthesis of improved drug candi-
dates. The levels of metabolites formed in vitro can be
relatively high and the sample matrix clean, compared
to other biofluids. Further, since metabolites formed
in vitro, by design, reflect in vivo biotransformations,
these initial experiments can provide important data
that will facilitate more challenging identifications in
plasma, urine, and other matrices. Form-specific in
vitro experiments are also routinely conducted to
determine which CYP enzymes metabolize a drug
candidate. These results are used to predict potential
issues with drug—drug interactions. For early identi-
fication of metabolites formed in vitro, the exact
structure of the biotransformation products may not
be required. For example, it may be fairly straightfor-

ward to determine that a candidate has been hydroxy-
lated, a phase | biotransformation, but the exact
location of the oxidation is unknown. Glucuronidation
(phase Il metabolism) of a molecule may be readily
ascertained, but the position of attachment might not
be obvious, due to the availability of multiple “han-
dles’ (e.g. hydroxyl functionalities). Initialy, the type
and general extent or rate of metabolite formation are
often adequate to provide the information required to
progress a project.

Once a candidate has been progressed to preclini-
cal and then clinical stages of development, charac-
terization of metabolites becomes predominately in
vivo based and more rigorous. This begins with
identification of significant metabolites in species
utilized for safety testing. At this point, the work is
typically facilitated by the presence of a radiolabeled
(e.g. ®H or 1*C) analog of the drug and characteriza-
tion generally takes place in urine, bile, and plasma.
Care is taken in locating the radioactive atom at a
position within the drug molecule that is unlikely to
be biotransformed (i.e. eliminated). Identification of
metabolites in toxicology study animals and subse-
quent matching of those metabolites to those formed
in humans ensures that safety studies anticipate hu-
man exposure to the drug and its metabolites. In rare
cases, where unique metabolites are formed in man,
they must be chemicaly synthesized and tested in
separate preclinical toxicology evaluations.

5.2. Evolution of mass spectrometry technology for
metabolite identification

Until the mid-1980s, the only practical approach to
the study of metabolism was to administer a radioiso-
tope-labeled analog of the test compound and collect
biological specimens postdose. The radiotracer was
necessary to measure the total compound equivalents
recovered in each sample and served as a tool to
selectively determine relative levels of drug and
individual metabolites, employing HPLC or TLC,
with on-line radioactivity detection (RAD), or using
liquid scintillation counting of isolated fractions
[253,254]. Fractions containing significant radioactiv-
ity were further purified and preconcentrated to permit


https://www.researchgate.net/publication/292473025_Pathways_of_drug_metabolism_In_Introduction_to_Drug_Metabolism?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0
https://www.researchgate.net/publication/289728789_Isolation_of_Xenobiotic_Conjugates?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0

SH. Hoke et al./International Journal of Mass Spectrometry 212 (2001) 135-196 171

elucidation of the metabolite structures, using various
instrumental techniques. The effort required to pre-
pare labeled compounds, combined with laborious
sample processing and analysis procedures, made it
impractical to study the metabolism of a drug candi-
date until it had progressed well into the preclinical or
even clinical stages of development.

Historically, mass spectrometry has been akey tool
in helping to assign structures for isolated metabo-
lites. However, the rapid evolution in mass spectro-
metry-based technologies has more recently resulted
in a dramatic enhancement in the amount and quality
of structura information available, as well as the ease
and speed of abtaining such data on low-level metab-
olites in complex biological matrices. This directly
impacted the drug discovery and devel opment process
in two important ways. First, metabolite structural
data is now obtained at a much earlier stage, contrib-
uting to a more rigorous drug discovery process,
which in-turn increases the potential for subsequent
successin the extremely costly development program.
Second, structural assignments are now made more
rapidly and with greater certainty at al stages, speed-
ing the overall drug development process. As re-
flected in the following discussion, the availability of
MS/MS, ESl interfacing for LCM S, and most recently
ESI-TOF mass spectrometry, have had the greatest
positive impact on metabolite identification strategies.

The initidl commercial availability of MS/MS
instruments, particularly triple quadrupoles, provided
an opportunity to survey even crudely prepared bio-
logical samples for metabolites, without the need for
radioisotopes [255,256]. The selectivity afforded by
this new technology was essential in this type of work
because metabolites are present at extremely low
levels, within a variety of fantastically complex bio-
logical samples. However, the challenge in metabolite
identification is not only to find the proverbial needle
in the haystack, but also to assign a precise molecular
structure to each subtly distinct “needle.” In an early
example [257], raw urine was loaded directly onto a
solids probe and thermally vaporized into an El ion
source. lons produced were interrogated using
MS/MS precursor ion scanning to survey for molec-
ular ions of metabolites expected to yield a product

ion analogous to that of the pyridazine-based parent
drug. Once likely metabolite molecular ions were
found, the experiment was repeated in the product ion
scanning mode to obtain compound-specific structural
infformation on each metabolite. This approach
worked well for the metabolites of this structurally
rugged compound. However, a softer ionization ap-
proach, such as FAB, was essential for more general
metabolite characterization, particularly when consid-
ering common metabolic conjugates. For example,
FAB/MSIMS, employing constant neutral loss scan-
ning, was shown to be useful as a general screen for
glutathione-conjugated drug metabolites excreted in
bile [258,259]. Similarly, FAB/MS/MS, using precur-
sor ion experiments, has been employed to revea a
glucuronide conjugate of a monohydroxy metabolite
of tebufelone, present in crudely prepared (SPE de-
salting only) urine [260].

The direct interfacing of LC to mass spectrometry
detection offered additional advantages for metabolite
characterization. Not only could HPLC-UV or HPLC-
RAD profiles then be directly correlated with mass
spectrometry structural data, but the mass spectro-
metry data could be background subtracted to yield
higher quality spectrafor individual metabolites. This
also provided a means of assessing the chemical
purity of the chromatographic peaks and the physical
separation of metabolites permitted characterization
of isomers that would otherwise be indistinguishable
through mass spectrometry or MS/MS detection
aone. A moving belt interface, combined with meth-
ane chemical ionization, was shown useful for the
LCMS profiling of nonlabile metabolites of budes-
onide [261]. Subsequently, as the first relatively soft
ionization technique compatible with conventional
HPLC flow rates, thermospray facilitated much
broader use of LC-MS/MS for metabolite profiling,
including the characterization of labile conjugates
[262—264]. However, the advent of API interfaces,
particularly ESI, has essentially obsolesced alterna-
tive ionization techniques for LCMS, as applied to
metabolite characterization. This is reflected in the
observation that 96% of LCMS-based metabolite
identification reports, published 1998-2000, em-
ployed API [265]. Of these, ESI isfavored over APCI
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by greater than a 3:1 margin. In net, the ability to
chromatograph almost any drug and metabolite with-
out derivatization, extensive sample clean-up, or con-
sideration of thermal lability has made identification
tasks easier, faster, and in many cases simply feasible.

Owing to their ruggedness, ease of use, and (in the
case of MS/MS) access to the most versatile set of
scanning functions, quadrupole mass anayzers have
evolved to become the most commonly used instru-
ments for metabolite identification, as represented in
their use in 85% of LCMS-oriented reports, 1998—
2000 [265]. However, ion trap mass spectrometers
have also been utilized to identify metabolites
[266,267]. In addition to their relatively low cost,
these mass analyzers are more sensitive in the full-
scan mode than conventional scanning instruments
[268]. Although precursor ion and constant neutral
loss scanning are not practical with ion traps, their
unique ability to perform (MS)" product ion experi-
ments has proven useful for solving certain metabolite
structure elucidation problems [269]. Although less
sendgitive than triple quadrupole instruments for SRM
applications, the ion trap offers potential value in its
ability to simultaneously generate quantitative and
qualitative data, as demonstrated in a recent report of
simultaneous metabolic stability measurement (parent
drug loss) and metabolite identification, from in vitro
systems [270].

In spite of their obvious complementary advan-
tages, ion traps have not been widely utilized for
identifying metabolites. Arguably, in their commer-
cia forms, they have not been mated to the LCMS
interfaces and computer software most suited for this
work. For example, it has been our experience that the
heated capillary ES| interface, used in most ion trap
instruments, presents a somewhat harsher ionization-
desolvation environment (relative to cone-based inter-
face designs), making it more prone to degrading
labile metabolites, such as conjugates. lon traps are
also susceptible to problems associated with an over-
abundance of ions, resulting from the analysis of
biological samples with little or no prior clean-up, as
is common in metabolite identification work. A high
abundance of co-eluting matrix ions can make it
difficult to exploit the fundamental full-scan sensitiv-

ity advantage of the ion trap, as required for charac-
terization of trace-level metabolites. Further, it is
impractical to carry out al but the most basic (MS)"
experiments on a chromatographic time scale. Typi-
caly, detailed (MS)" genedogica mapping of an
unknown compound first requires isolation (fraction
collection), followed by slow infusion of the fraction,
while collecting (MS)" data.

More recently, and therefore not yet broadly re-
flected in the literature, commercially available ESI-
TOF-MS and ESI-Qg-TOF-MS instruments are be-
ginning to demonstrate their superiority over other
mass spectrometry-based systems in most metabolite
identification applications. State-of-the-art TOF mass
analyzers offer two key features that trandlate into
major benefits in this sort of work. First, unlike
scanning instruments that discard most of the formed
ions while acquiring a spectrum, TOF anayzers are
inherently more sensitive in obtaining full mass spec-
tra. Although ions are not as efficiently transferred
from the source into the TOF mass analyzer as with a
quadrupole instrument, it retains a net sensitivity
advantage of more than an order of magnitude [271],
for m/z ranges typically employed in metabolite iden-
tification. Second, ready access to mass resolutions of
approximately 10 000 for small molecules (<1000
Da) provides empirical formula data on low-level
metabolites and elemental compositions for product
ions (in the case of Qg-TOF instruments). Relative to
ESl-quadrupole-based systems, the advantages of
ESI-TOF for the identification of metabolites out-
weigh the disadvantages associated with this technol-
ogy. These are added cost (about 50% greater); data
storage/manipulation (files are much larger); and a
slightly higher skill level required to optimally oper-
ate the instruments and analyze the data. In addition,
as with ion traps, a shortcoming of Qg-TOF technol-
ogy is that screening for metabolites using precursor
ion or constant neutral loss strategies is currently
impractical.

5.3. Current strategies for metabolite identification

5.3.1. General approach
Tremendous technological advances provide the
mass spectrometrist with a variety of powerful new
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tools that, when properly implemented, offer unpar-
aleled speed and certainty in metabolite structure
elucidation. As a result, mass spectrometry has be-
come the first and, in many cases, the only technique
needed for identification of metabolites. The current
challenge resides in developing strategies for optimal
deployment or utilization of these tools. As the
objectives driving the need to study metabolite struc-
tures differ between drug discovery and development,
so too will the strategies for providing mass spectro-
metry support. In discovery, for example, there is a
greater emphasis on speed versus thoroughness. Often
the objective is to elucidate at least partial structures,
to determine the portion of a molecule most suscep-
tible to metabolic attack, in a time frame that can
benefit the next round of compound synthesis strate-
gies. In these cases, mass spectrometry will be thefirst
and only anaytica tool employed and, therefore,
must be well integrated into the overall planning of in
vitro or in vivo studies to assure seamless compati-
bility with sample generation and preparation proce-
dures.

Although early integration is also important in
development metabolism projects, mass spectrometry
is not the first analytical procedure employed when
supporting more definitive ADME studies and thereis
also a greater emphasis on completeness in providing
metabolite structural assignments. Dosing of radiola-
beled drug remains a requirement at this stage, to
provide quantitative measures of the drug and its
biotransformation products. All study samples are
typicaly profiled by LC-RAD, with the resulting data
used to determine the significance of each observed
metabolite. Only metabolites deemed significant are
then identified, at least initially, through subsequent
LCMS analyses of representative samples. It is essen-
tial that chromatographic conditions employed for the
LCMSwork beidentical to those used inthe LC-RAD
profiling, to assure a clear correlation between data
sets and that the correct metabolites are identified.
Idedlly, thisis accomplished by using the same model
of LC and, if possible, literally the same column for
both sets of work. In addition, when reanalyzing the
representative samples, use of a RAD in paralel with
mass spectrometry detection serves to validate this

correlation. The RAD signal can be captured by the
mass spectrometry data system, alowing the two
chromatograms to be overlaid. Because the RAD
trace displays only the drug and metabolites, attention
is drawn to significant metabolites, alowing their
mass spectra to be readily extracted at the exact
retention time, from what is typically a complicated
total ion chromatogram. A metabolite is deemed
definitively identified, only after synthesis of an au-
thentic reference compound and a match of its ana-
lytical characterization data with that of the incurred
metabolite is demonstrated. Thus, the need for high
certainty in the structural assignments stems from the
significant synthetic effort required to prepare metab-
olite reference compounds, as well as the costly
delays due to rework, should a proposed structure be
incorrect.

With the versatile array of mass spectrometry tools
now available, there are many different strategies that
can accomplish the basic tasks in metabolite identifi-
cation. However, it is clear that ESI-TOF mass
spectrometry technology (highlighted in Sec. 5.3.2.),
is fast becoming the centerpiece of rigorous metabo-
lite identification strategiesin both drug discovery and
development. Further, where detailed structural infor-
mation is required, the Qg-TOF is the instrument of
choice. In practice, due to the high cost of Qg-TOF
systems, metabolite identification work is idealy
stratified, judiciously aligning a portion to less costly
instrumentation. For example, our philosophy in drug
discovery is to employ LC-TOF mass spectrometry
for investigatory metabolite profiling, with analyses
transferred to an L C-Qqg-TOF system only when more
detailed structural data is required. Alternatively, for
development metabolism projects, aLC-Qg-TOF sys-
tem is employed to support the first definitive ADME
study of a drug candidate, facilitating the most rapid
and certain assignment of metabolite structures. For
subsequent work, such as an ADME study in a second
species, an LC-TOF-MS analysis suffices, given that
the focus would likely be on identity verification,
rather than de novo structure elucidation.

Although ESI-TOF-based systems are preferred
for most applications, there will continue to be a need
for complementary tools, such as ITMS (MS)" and
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triple quadrupole instruments, to play certain roles.
For example, in the case of unlabeled test compounds
dosed at low levels, metabolites might best be located
within a chromatographic separation using precursor
ion or constant neutral loss scanning on a triple
quadrupole [272,273]. Also, SRM scanning capabili-
ties of triple quadrupoles provide superior sensitivity
for detecting suspected metabolites in plasma. Be-
cause metabolite levels are much higher in bile or
urine, in vivo identification begins there. After defin-
ing significant metabolites in these matrices, attention
turns to verification of the presence of these (or
related) metabolites in plasma. However, plasma me-
tabolite levels may be too low to acquire clear,
full-range mass spectrometry or MS/MS spectra. In
these instances, a SRM experiment is carried out,
monitoring one or more product ions that are charac-
teristic of the metabolite of interest. A SRM chro-
matographic peak, at the retention time of the corre-
sponding metabolite observed in the excreted
matrices, is normally sufficient verification of the
targeted metabolite.

In spite of the power of LCM S-based approaches,
GCMS will continue to offer complementary valuein
low-level metabolite identification, particularly when
needing to precisely define positions of functionaliza-
tion. GCMS provides high resolution separations,
conventionally interpretable El spectra, and access to
awide array of creative chemical derivatization pro-
cedures [274], al of which can facilitate the structure
elucidation process. An earlier example illustrating
these three virtues is found in elucidation of the
precise structure for a glucuronide-conjugated hy-
droxy metabolite of tebufelone [260]. Urine collected
from subjects dosed with a 1:1 mixture of tebufelone
and [*3C]-tebufelone (carbonyl position) was previ-
ously shown to contain this metabolite, although the
site of substitution was unknown. A SPE fraction
containing this metabolite was taken to dryness and
then subjected to a three-step chemical derivatization
process, as follows: methylation with diazomethane;
acetylation with acetic anhydride; and trimethylsila-
tion  with bis(trimethylsilyDtrifluoroacetamide
(BSTFA). The intent was to create, in turn, a methyl
ester of the glucuronic acid moiety, ethyl esters of free

aiphatic hydroxyl groups, and atrimethylsilyl (TMS)
ether at the phenolic position (Note: the order of
derivatization was based on prior verification that the
phenolic group of the parent compound was readily
trimethylsilated, but not amenable to methylation or
acetylation). The sample was then analyzed by GC-
(ENMS, with the resulting total ion chromatogram
and El spectrum (Fig. 11) providing a wealth of
structural information. The molecular ion isotope
cluster indicated a molecular weight of 704, consis-
tent with formation of the expected methyl and three
ethyl esters on the glucuronide moiety, plus a single
TMS ether. This verified that the phenol position of
the metabolite was not conjugated. The presence of
two closely eluting, but distinct, isomers yielding
identical El spectra suggested that metabolism had
resulted in formation of diasteriomers, indicating that
initial hydroxylation had occurred at one of the three
methylene carbons. Further interpretation of the El
spectrum, including a classic gamma-hydrogen rear-
rangement, ultimately led to the proposed structure.

5.3.2. ES-TOF in metabolite identification

The resolution advantage of a TOF instrument is
demonstrated in Fig. 12, which displays the MH*
region of two ESI mass spectra of a molecular weight
358 test compound. The spectrum in Fig. 12(a) was
obtained with a quadrupole, whereas the spectrum in
Fig. 12(b) was collected using a TOF mass spectrom-
eter. For most metabolite identification experiments,
the mass accuracy afforded by TOF-MS allows mea-
surement of a m/z value to the third decimal place,
without sacrificing sensitivity. Using postcolumn ad-
dition of an appropriate reference lock-mass com-
pound, this provides mass accuracies of better than 5
ppm. This information, along with the ability to limit
elemental stoichiometry based upon the substrate (test
compound) structure, typically allows elucidation of
an unambiguous empirical formula for an unknown
metabolite. So instead of beginning structure elucida-
tion with only a molecular mass, as one would with
nominal mass data, the first information obtained aso
includes the empirical formula. Although a number of
biotransformations can be easily deduced, based upon
nominal molecular mass of the metabolite aone (e.g.
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Fig. 11. (@) Expanded TIC chromatogram resulting from GC-(EI)MS analysis of a crudely isolated human urinary glucuronide-conjugated
metabolite of tebufelone, following a three-step derivatization process (methylation, acetylation, and trimethylsilation). (b) One of two
identical El spectra, corresponding to a pair of fully derivatized diasteriomeric metabolites, displays structurally diagnostic fragments. lons
retaining the carbonyl carbon appear as isotope doublets, as a result of dosing 1:1 unlabeled: **C-labeled tebufelone.

glucuronidation, hydroxylation, etc.), there are ample
cases where nominally isobaric possibilities occur,
but can be readily discerned with knowledge of the
empirical formula. Moreover, the elemental composi-
tion of metabolite product ions can readily be ob-
tained when operating a Qg-TOF instrument in the
MS/MS mode.

A perhaps under-appreciated advantage of

TOFMS, relative to nominal resolution mass spec-
trometers, is related to analysis of data by viewing
mass chromatograms. When searching for unknown
metabolites in a complicated matrix, it is common to
extract mass chromatrograms that would correspond
to the m/z of potential biotransformation products
(e.g. mass of hydroxy metabolite = mass of sub-
strate + 16). With high resolution TOF data, it can be
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Fig. 12. Protonated molecular ion regions of ESI mass spectra
resulting from analysis of a molecular weight 358 test compound,
using (a) quadrupole and (b) TOF mass analyzers.

useful to extract a much narrower m/z window, as
illustrated in Fig. 13. Dog urine, collected 8-12 h
after p.o. dosing of a drug candidate, was analyzed
directly by gradient LC/(ESI-TOF)MS. The resulting
total-ion chromatogram (TIC) (m/z 100—800) is ex-
pectedly complex. A metabolite of empirical formula
C,5H19NOgS had been previously found in other
species, but was not initially evident in the dog, based
on LC-RAD profiles. Display of am/z 374.09 (calcu-
lated mass of the metabolite, plus one proton) chro-
matogram, using a +0.5 m/z window, mimics results
expected from a nomina resolution quadrupole in-
strument. The result [Fig. 13(b)] was aforest of false
positives that, following examination, largely turned
out to be nominally isobaric substances present in the
urine matrix. However, display of m/z 374.09, using
only a *0.05 myz window greatly simplified the
profile, now including peaks corresponding to the
metabolite in question and two related compounds

[Fig. 13(a)]. (Note: the unlabeled peaks in the =0.05
m/z display result from the natural heavy isotope form
of more abundant metabolites of nominal molecular
weight 1 Da lower than the metabolite of interest.
Their natural *C-MH™ ions have a calculated exact
mass of 374.1102.) The targeted metabolite was
estimated to be present at about 1 ppb in urine and
was clearly detected with approximately 100 pg
analyzed (on column). Finding low-level metabolites
in this way can be important from a standpoint of
verifying whether or not a metabolic pathway is
species dependent. For example, in this case, obser-
vation of this metabolite in the dog provided evidence
that the pathway giving rise to it was accessible in al
species studied, albeit less preferred in the dog.

5.3.3. Isotopic labeling to facilitate metabolite
identification

An isotopically labeled analog of atest compound
can be particularly useful in identification of metab-
olites using mass spectrometry. By employing radio-
tracers (a low-level radioisotope-labeled version of a
test compound, blended with unlabeled compound), in
metabolism studies, metabolites produced can be
selectively detected in complex matrices by using
LC-RAD. Incorporating a RAD in parallel with mass
spectrometry detection, as described earlier, permits a
direct correlation between an eluting metabolite and
structural information collected at that retention time.

In cases where radioisotope-labeled analogs are
not available, use of the stable-isotope cluster mass
spectrometry technique [260,275,276] can provide an
aternative means to help locate metabolites in the
presence of complex biological matrix components.
This approach typically involves the study of a 1:1
mixture of stable-isotope-labeled and unlabeled test
compounds. Metabalites that retain the labeled por-
tion of the molecule will display a conspicuous
isotope doublet within their mass spectra. The utility
of this concept is demonstrated in a study of
PGE8753474 [240] metabolism in human liver dlices,
in which an equimolar mixture of this test compound
and a trideutero analog were incubated for 24 h.
Representative results from LC-(ESI)MS analysis of
the supernatant media are provided in Fig. 14. The
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Fig. 13. (c) TIC mass chromatogram resulting from gradient LC/(ESI-TOF)MS analysis of a dog urine sample, collected 8—12 h after p.o.
dosing of a drug candidate. Employing (b) 0.5 and (a) £0.05 m/z display windows demonstrates the resolution advantage of the TOFMS,

in screening for a low-level metabolite.

TIC chromatogram provides an indication of the
complexity of the biological matrix. Mass chromato-
grams at m/z 190 and 193, corresponding to the MH™
of unlabeled and labeled PGE8753474, respectively,
show peaks of equal intensity at the retention time of
the parent compound. A background-subtracted spec-
trum from this portion of the chromatogram [Fig.
14(b)] displays the corresponding isotope doublet. A
second isotope doublet was observed in this spectrum,
suggesting the presence of a closely eluting metabo-
lite, with a molecular ion 14 mass units greater than
that of PGE8753474. Mass chromatograms at m/z 204
and 207 showed coincident peaks of equal intensity

within this retention window, verifying the existence
of a molecular weight 203 metabolite. Certainly,
without use of the stable-isotope cluster technique,
this metabolite may have been overlooked.

Not only do stable-isotope-labeled analogs provide
a means of locating metabolites in biological matri-
ces, but they can also be used to generate structurally
diagnostic data. Continuing with the PGE8753474
example, because all three deuterium labels are con-
served in the metabolite one can automatically con-
clude that metabolism did not occur at the labeled
methyl position. Further, the ability to contrast prod-
uct ion spectra of the unlabeled and labeled parent
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spectra for elucidating metabolite structures.

compound [Fig. 15(a) and (b)], and then compare
these with analogous data from the unlabeled and
labeled forms of the metabolite [Fig. 15 (c) and (d)],
aids in interpretation of fragmentation mechanisms
and, therefore, in assigning structures. These data,
indicated, among other things, that the amino guani-
dine portion of the molecule was unaltered and the
resulting structural modification did not enhance frag-
mentation, relative to the parent compound. This led
to assignment of the N-methyl-PGE8753474 structure
shown.

5.3.4. Complementary role of NMR in metabolite
identification

In many cases, mass spectrometry can provide
adequate and even unambiguous identification of

metabolites. However, there are often cases where
structural assignments remain tentative, especially
when structural (positional), conformational, or opti-
cal isomers must be rigorously identified. In those
situations NMR is the key technique for ascertaining
the nature or location of functional groups. Unfortu-
nately, owing to the comparatively poor sensitivity
(relative to mass spectrometry), isolation and precon-
centration of metabolites from biological matrices are
generally required to provide sufficient material, in a
clean matrix, to permit acquisition of quality NMR
data. However, recent improvements in magnet field
strength, probe technology, and the successful inter-
facing of HPLC with NMR offer the capability of
obtaining direct (i.e. without sample cleanup) struc-



180 SH. Hoke et al./International Journal of Mass Spectrometry 212 (2001) 135-196

tural information for metabolites in biological matri-
ces [277-279]. To date, such applications have been
limited to identification of major metabolites, gener-
ated at relatively high levels, either through in vitro
incubations or by characterizing excreted biological
fluids following administration of relatively high
doses of previously characterized compounds. Even
though the trends in NMR sensitivity improvements
are promising, further advancements will be needed to
render the on-line HPLC-NMR technique more uni-
versaly applicable to metabolite identification prob-
lems.

5.4. Emerging mass spectrometry technologies for
metabolite identification

It is not easy to predict what new instrumental
development will cause the next significant improve-
ment in the ability of mass spectrometry to further
impact the identification of metabolites. More confi-
dence can be assigned to the prediction that a number
of significant improvements in various types of soft-
ware will improve on€'s ability to accomplish this
task, in terms of ease and speed. The major vendors of
mass spectrometry equipment are all rapidly improv-
ing their software, designed specifically to mine data
for metabolite information. Spectra that were once
manually extracted can be automatically obtained
from expected mass chromatograms or triggered off
analog signals (e.g. RAD output). Data can be ob-
tained by automated difference comparisons between
LCMS profiles of samples and controls. Further,
databases designed to compile existing knowledge or
even to predict metabolism of substrates are available
[280,281] and can be expected to improve. Successful
integration of mass spectral data with these databases
could facilitate metabolite identification efforts.
Where heavy-isotope labeling is employed (or for test
compounds that include an element with a significant
natural heavy isotope abundance, such as Cl or Br),
isotope pattern recognition techniques may become
more prevalent. Such an approach may involve data-
dependent scanning, where mass spectrometry acqui-
sition isimmediately switched to MS/IM S (product ion
scan) acquisition upon recognition of isotope patterns

characteristic of the parent compound and metabolites
[282]. Other work has shown how correlation analysis
of MS/MS spectra can be used to distinguish drug
metabolites from endogenous matrix and even match
biotransformation products to substrates in mixtures
of test compounds [283]. In sum, it seems certain that
the future of metabolite identification by means of
mass spectrometry will be as interesting as the past.

6. I dentification of impurities and degradation
products

6.1. Pharmaceutical significance

Impurities in pharmaceuticals arise from a variety
of sources. For example, drug substances may contain
synthetic reactants, intermediate products, by-prod-
ucts, residual solvents and/or process impurities
[284]. In drug products, impurities may be formed by
degradation as a result of instability to temperature,
pH, humidity, light or reaction with containers. Often,
degradation products are initialy identified in accel-
erated stability studies or by forced degradation under
controlled conditions. Common chemical pathways
for degradation include oxidation, hydrolysis, dehy-
dration, deamidation, dimerization, rearrangement
and formation of adducts with excipients or package
components [285].

Determination of the structures of these impurities
and degradation products must be performed for a
variety of reasons. Knowing the structures of reaction
impurities can help to optimize the synthesis and
scale-up of compound production and help to mini-
mize the levels of impurities that are produced. In
addition, identification of the impurities can lead to
more secure patent protection, as certain impurities
may be indicative of a particular synthetic route.
Understanding the mechanisms of degradation can
help chemists synthesize new compounds with im-
proved stability and also help formulators use existing
compounds to create products that are more stable. In
addition, these impurities and degradation products
may possess toxicologic or pharmacologic properties



SH. Hoke et al./International Journal of Mass Spectrometry 212 (2001) 135-196 181

that must be determined from both a quality and
safety standpoint [286].

Because of the importance in understanding the
role that impurities and degradation products play in
pharmaceuticals, regulatory agencies throughout the
world consider the assessment of the purity of new
drug substances and drug products a critical step in
the development process. The International Confer-
ence on Harmonization has drafted specific guidelines
for qualification, identification, and reporting thresh-
olds for impurities in both drug substances and drug
products depending upon the expected maximum
daily dosage. For drug substances, the identification
and qualification thresholds for an impurity are the
lower of 1 mg intake per day or 0.1%, for a maximum
dose of =2 g per day. For this dose range, the
reporting threshold of a designated impurity is set at
0.05%. If the maximum daily dose exceeds two grams
per day, the identification and qualification thresholds
are 0.05%, whereas the reporting threshold is 0.03%
[287].

For new drug products, identification, qualification
and reporting thresholds are also provided [288]. For
reporting purposes, the threshold is 0.1% for a dose of
=1 g and 0.05% for >1 g. For identification and
qualification, thresholds are provided for four differ-
ent ranges of possible maximum daily doses that
allow the lower of a given percent of the maximum
dose or atotal daily intake (TDI) of the impurity to be
present. For identification, a maximum daily dose
of < 1 mg alows 1% or 5 ug TDI of an impurity.
Through the intermediate ranges, the percentage of an
impurity that is allowable is gradually reduced to the
highest specified maximum daily dose of >2 g, which
alows 0.1% of a degradation product to be present.
For qualification, the threshold of the lowest specified
range is less stringent at 1% or 50 wg TDI for doses
of <10 mg and the threshold of the upper rangeisthe
same as it is for identification at 0.1% of the degra-
dation product allowed for a maximum daily dose of
greater than 2 g.

Clearly, the thorough identification and character-
ization of impurities and degradation products pre-
sents analytical challenges. There are relatively low
levels of unknown compounds in the presence of the

parent compound and, in the case of drug products,
analysis is even more difficult due to the presence of
excipients, package materials and possibly other ac-
tives. These comprehensive efforts to identify impu-
rities and degradation products begin with early safety
and clinical lots and build on information generated
from the rapid characterization and cursory stability
assessments carried out in upstream discovery, as
described in Sec. 2. These efforts are most intense
when compounds are initially investigated or when
changing synthetic routes, suppliers or formulations.

6.2. Evolution of mass spectrometry technology for
identification of impurities and degradation
products

In the late 1970s and early 1980s, identification of
impurities and degradation products was often per-
formed by isolation and collection of material fol-
lowed by direct analysis. The role of mass spectro-
metry was often to provide a molecular weight. Much
of the structural elucidation work was performed by
spectroscopic means. An example is the determina
tion of impurities in sulfasalazine [289]. Impurities
wereisolated by thin layer chromatography and liquid
extraction. After which, they were characterized by
off-line mass spectrometry, IR, UV, and NMR. The
off-line approach can provide good structural infor-
mation and it is even used in certain cases today.
However, the preferred approach is the use of a
chromatographic separation prior to on-line structure
elucidation, as it is a faster and easier method of
analysis. In the late 1970s, the only real on-line option
for mass spectrometry was GCMS. Reported exam-
ples of on-line impurity identification, based on
GCMS, include the determination of volatile impuri-
ties of clofibrate [290] and norethindrone [291]. De-
spite the fact that many pharmaceutical compounds
were not amenable to GC, due to thermal instability or
insufficient volatility, even in the early 1980s the
preferred separation approach was still GC and
GCMS was highly preferred to the available LCMS
techniques [292].

Evolution of LCMS interfaces through the 1980s
greatly facilitated on-line analysis as many small



182 SH. Hoke et al./International Journal of Mass Spectrometry 212 (2001) 135-196

organic molecules developed by pharmaceutical com-
panies are semivolatile and more amenable to L C than
GC. Examples include the use of thermospray to
identify impurities in a series of potential antican-
cer drugs[293] and in Nolvadex [294]. However, as
is the case with many other pharmaceutical appli-
cations, the advent of ESI and APCI provided a
superior option for interfacing LC with mass spec-
trometry for impurity identification and has
changed the way this work is performed. These
sources can be used with adequately high flow rates
and can effectively ionize a wide range of pharma-
ceutical compounds, which has made LCMS the
preferred first-line approach for obtaining structural
information for many impurity and degradation
unknowns. Because of this, HPL C methods are now
often developed with volatile buffers that can be
directly used with LCMS. With newer ESI sources,
even nonvolatile buffers can be used. However,
mass spectrometry sensitivity is greatly reduced
when using many of the traditional LC buffers,
such as phosphate or citrate.

Quadrupole mass analyzers were utilized in the
largest number of reported impurity applications over
the past few decades; however, recent developments
in ion traps and TOF analyzers provide significant
advantages for this type of work. When performing
identification at low levels, full scan sensitivity is
critical. This is an advantage that both ion traps and
time-of-flight instruments possess versus quadru-
poles. The (MS)" capabilities of ion traps can also be
helpful for solving difficult structure elucidation prob-
lems. The high resolution and exact mass measure-
ment capabilities of TOF instruments are particularly
valuable for providing empirical formulae data on
unknown impurities or degradants. Other high reso-
lution mass spectrometers have also been used for
impurity identification. For example, a magnetic sec-
tor instrument was used for identification of impuri-
ties and degradation products of a novel oligosaccha-
ride antibiotic [295], whereas a FTICR mass
spectrometer was used for impurity determination in
fluoxetine hydrochloride [296]. However, recent ad-
vances in TOF technology combined with relative
ease-of-use for on-line applications and low cost

make these analyzers more attractive than other high
resolution instruments for elucidation of impurity and
degradation product structures. In addition, the ability
of Qg-TOF instruments to obtain elemental composi-
tion information on product ions can aid in the
understanding of fragmentation pathways and help to
better ascertain the structural relationship of product
ions recorded from an unidentified drug-related com-
pound.

On-line tandem mass spectrometry is advanta
geous and is often utilized for impurity identification
versus a single stage of mass analysis, however,
MS/MS is not as critical for these applications as
when analysisis performed in more complex matrices
(e.g. biologica fluids). Often, a good separation is
adequate to provide an eluant that is clean enough so
that the mass spectrum is not cluttered with ions
generated from matrix components. Pseudo-MS/MS
spectra can also be obtained by inducing dissociation
in the interface region with a single stage instrument
and pseudo MS/MS/MS can be performed with tan-
dem instruments by the same means. The resolution
advantage of TOF detectors also provides a great deal
of specificity which even further reduces the need for
MS/MS. The overal combination of attributes argu-
ably makes TOF the most readily accessible and
widely useful analyzer for identification of impurities
and degradation products.

Many of the analytical instruments and associ-
ated attributes required for identification of impu-
rities and degradation products are similar to those
discussed in Sec. 5. for the identification of metab-
olites. However, in general, the structures of me-
tabolites are more predictable than those of impu-
rities and degradation products, whereas metabolite
identification often requires better sensitivity and
specificity for analysis of in vitro incubations or in
vivo biological fluids. Also, the instrumentation
and overall strategies for impurity and degradant
identification are necessarily more varied than most
other pharmaceutical applications. The needs of a
particular program, as well as the chemical and
physical properties of the analytes, dictate the
required analytical approaches.
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6.3. Current strategies for identification of
impurities and degradation products

6.3.1. General approach

Developing a strategy for the identification of drug
impurities and degradants is essential in the course of
drug development. It is a collaborative effort involv-
ing many functions including chemists, formulators
and analytical expertsin avariety of techniques such
asHPLC, MS, NMR and others that may be required
to elucidate specific structures [297]. Often, much of
the impurity identification work occurs with theinitial
establishment of an impurity profile in early safety
and clinical lots or when changes are made to a
supplier, synthetic route or formulation. Most com-
monly, drug related impurities or degradation prod-
ucts are discovered using LC profiling with a diode
array or UV detector [298]. Sometimes GC, TLC, or
CE are a so used, depending on the preferred methods
for separation of the compound class. Impurities that
are inorganic in nature or not related to the drug may
require analysis by other analytical techniques, not
discussed here.

Because of the sensitivity and the relative ease of
using on-line LCMS, it is often the first technique
applied to obtain structural information on impurities.
In the event that a reference standard exists, a reten-
tion time match, along with a MS/MS “fingerprint”
consisting of the molecular weight and three product
ions that match with data obtained from a standard,
congtitutes compound identification [299]. Alterna
tively, a retention time match of the unknown entity
with an authentic standard in three chromatographic
systems can aso suffice for structural confirmation
[300].

If astandard compound is not available, a structure
is proposed after comparison of mass spectrometry
data such as molecular weight, empirical formula and
product ions of the unknown, with data obtained from
closely related compounds. An example is the struc-
ture elucidation of drug-related substances of acebu-
tolol, where specific impurities were initially discov-
ered by HPLC-UV and structures of the unknown

compounds were proposed based on LC-MS/MS data
[301].

The combination of LC separation, along with
diode array detection and TOF mass analysis, pro-
vides a very powerful solution to many identification
needs. The LC separation is amenable to many types
of molecules and by obtaining UV data and high
resol ution mass spectra, many impurity problems can
be solved. Although data provided by MS or MS/MS
are often adequate to suggest a structure, sometimes
more information is needed, especialy in the case of
indistinguishable isomers. NMR is usually the tech-
nigque of choice for providing more refined character-
ization data. Typically, LC peaks are collected off-
line, but increasingly on-line LC-NMR data are being
obtained and occasionally LC-NMR-MS data are all
collected within one experiment [302].

With a structure proposed for the unknown, quan-
tities of the compound are then obtained either by
preparative chromatography or by organic synthesis.
The isolated unknown then undergoes compl ete spec-
troscopic characterization, and is used as a reference
standard for accurate i dentification and quantitation of
the target impurity in drug substance and/or drug
product. Subsequent lots of material continue to be
monitored, usually by HPLC-UV, to quantitate impu-
rity levels and assure that no significant new impuri-
ties are found.

Latent peak purity assessment, for potential co-
eluting minor impurities with the drug peak in HPLC
systems, can also be performed using mass spectro-
metry [303]. However, peak purity of the major
component(s) has more commonly been determined
by ratiograms, in conjunction with LC and PDA
detection methods [304]. Although mass spectrometry
has the selectivity to distinguish nonisobaric impuri-
ties from the mass of the drug substance, LCMS and
LC-MS/MS experiments may not always detect co-
eluting components at the 0.1% level, due to com-
pound dependent ionization efficiencies and the likely
ionization suppression caused by an excess of the
major component. Best results are obtained through
comparison with a reference standard sample that is
considered pure [305].
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6.3.2. Examples of impurity and degradation
product identification

The types of analytical instrumentation used for
impurity and degradation product identification vary
widely. Many chromatographic approaches, aswell as
instruments, are required to meet all potential needs,
due to the diversity of both pharmaceuticals and to the
structures of the impurities or degradation products
that are observed. The following provides a survey of
applications, which begins by describing the various
chromatographic approaches required to solve these
problems. Thisisfollowed by examples where differ-
ent types of mass spectrometric data and spectro-
scopic information were obtained to elucidate struc-
tures of impurities.

Reversed-phase LC is very commonly used for
impurity identification. An example is the identifica-
tion of a famotidine degradation product, when inter-
faced to a triple quadrupole detector [306]. LC-
MS/MS was also used for the identification of protein
impurities in r-hirudin sequence variant 1 [307].
Often, the major component in a mixture elutes near
the impurities and can cause difficulty when attempt-
ing to identify a minor component. A solution was
devised by using a UV-actuated valve to divert the
flow away from the mass spectrometer when major
components are eluting. This approach has been
shown to increase sensitivity up to fivefold for iden-
tification of cimetidine impurities [308]. To improve
the separation of losartan and associated degradation
products, TFA was used as an ion-pairing reagent.
This separation assisted in the identification of acid-
catalyzed substitution as the primary pathway for
degradation [309]. lon exchange chromatography has
also been reported for this purpose. An example isthe
on-line identification of an ionic bisphosphonate im-
purity in aendronate with LC-MS/MS [310]. A mod-
ified APCI source was used to generate molecular
weight information on drug raw materials with a SFC
separation [311]. In addition, capillary electrophoresis
is increasingly reported with on-line mass spectro-
metry configurations to elucidate structures of impuri-
identify dimeric derivatives of an antiartherosclerotic
drug, along with trace levels of the starting material in
the drug substance [312].

Relative Intensity (%)
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Fig. 16. Normal phase separation of (2S)- and (2R)-2-[(2-benzoyl-
phenyl)amino]-3-(4-hydroxyphenyl)-propionic acid methyl ester
from unknown impurity X. Both the (a) HPLC-UV chromatogram
and (b) TIC chromatogram are displayed.

As enantiomers can have quite different pharma-
cological effects, the monitoring and identification of
chira impurities by normal-phase LCM S is becoming
increasingly prevalent in pharmaceutical development
[313]. The APCI source has been found to be a good
option for many normal-phase chiral HPLC analyses
[314]. However, because the vaporizer of the APCI
source can reach temperatures from 300 to 600 °C,
there is a potential fire hazard when producing aero-
sols of organic-based, normal-phase solutions. Care
must be taken to ensure that the corona discharge
region is sufficiently void of oxygen to prevent fire or
explosion hazards when using such mobile phases.

An example of a normal-phase separation with
APCI triple quadrupole MSis shown in Fig. 16 [314].
The UV and TIC chromatograms were produced by
injection of a mixture of the (2S) and (2R) enanti-
omers of 2-[(2-benzoylphenyl)amino]-3-(4-hydroxy-
phenyl)-propionic acid methyl ester. Between these
two pesks is an unidentified component, labeled X.
The product ion spectrum of the (2R) parent com-
pound is shown in Fig. 17(a), and that of unknown X
is shown in Fig. 17(b). In the single stage mass
spectrum (not shown), the 3:1 ratio of isotopes at m/z
424 and 426 indicates the presence of a chlorine atom
in the unknown. In addition, the mass shift of the
impurity is 48 Da from that of the parent. The major
fragment ion at m/z 316 is generated by loss of acetic
acid from the structure shown in Fig. 17(a). This same
ion is also present in the product ion spectrum of the
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Fig. 17. MS/IMS product ion spectra of (a) the (R)-isomer of
2-[(2-benzoyl phenyl)amino]-3-(4-hydroxyphenyl)-propionic  acid
methyl ester and (b) an unidentified component. Based on the MS
and MS/MS data, the proposed structure for the impurity is
provided in the lower spectrum.

unknown, which indicates the site of modification.
From these data, the structure in Fig. 17(b) was
proposed for the unknown.

Most of the on-line impurity identification exam-
ples provided here and in the literature were generated
with triple quadrupole instruments; although, the
(MS)" capability of ion traps can be helpful for
structure elucidation, as demonstrated in the charac-
terization of dextromethorphan [315] and erythromy-
cin [316] impurities. Also of practical utility is the
empirical formula of an unknown. An example of
using an integrated LC-UV-TOF-MS approach is
provided in Fig. 18. The unknown impurity, at 15.0
min, is shown in the UV trace in Fig. 18(a). The UV
spectral profiles for the parent and the impurity
readily indicated a change in the chromophore (data
not shown). The full scan TOF spectrum used to
obtain the exact mass is shown in Fig. 18(d) after
centroiding the data and calibrating with the lock

mass. Possible empirical formulae were generated
with the exact mass data and user-provided restric-
tions for the number of double bond equivalents
(DBEs) and for the number of each atom likely to be
present (Fig. 19). When considering these data along
with other information described in Fig. 19 such as
the nitrogen rule, isotopic ratio and the chemistry
involved in the synthesis, C,4H,;N;o Was proposed as
the empirical formula of the impurity. The exact mass,
product ion information available with Qg-TOF in-
strumentation augments single stage TOF data. Thisis
especialy important when working with complex
samples that may produce co-eluting peaks. This
advantage was demonstrated in product ion elemental
composition assignments to within 5 ppm for struc-
ture elucidation of cimetidine drug substance impuri-
ties [317].

Often in the process of impurity identification,
severa types of mass spectrometry in addition to
other analytical techniques are required to determine
structures of impurities that may have diverse func-
tionalities, even through they are associated with a
single compound. As an example, the degradation of
ibuprofen resultsin several products that are primarily
formed by oxidation at the benzyl positions [318].
Both an adehyde and a ketone are produced that
retain the acidic functionality, as shown in Fig. 20.
Therefore, these two compounds were able to be
analyzed under the same conditions that were used for
the parent compound, reversed-phase LC with nega-
tiveion ESI-MS/MS detection. However, oxidation at
the 2-propyl position results in loss of the acidic
functionality. One of the degradants, 4-isobutylaceto-
phenone, was observable by LCMS only when using
positive ion APCI. Oxidation at both benzylic posi-
tions produces a compound in relatively low abun-
dance that was not observed in either positive or
negative ion mode when using APCI or ESI. How-
ever, the corresponding unknown LC-UV peak was
collected and analyzed by GC-(EI)MS, which resulted
in the proposal of the 4-acetylisobutyrophenone struc-
ture. Each of these four degradation products, initialy
identified by mass spectrometry, were subsequently
confirmed using on-line LC-NMR.

Older examples of impurity identification using
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Fig. 18. Data showing the integrated approach of LC-UV-TOF-MSfor empirical formula determination of impurities. The UV trace (a) ismore
useful than the TIC (b) for identification of the retention time of the impurity because of a better signal-to-noise ratio. The mass chromatogram
of m/z 401 (c) also provides a much better signal-to-noise ratio than the TIC. The centroided, high resolution TOF mass spectrum is shown
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Calculated Mass | Appm | DBE Formula
401.1996 -6.5 15 CigHaoNeOg
401.1996 6.5 79 CiHasNgO.
401.1991 5.7 1D CaeHyrNgDs5
401.1983 -3.7 ) CrgHoNaDs

> 401.1978 2.5 14. C,H,sN,0,
401.1969 -0.2 2.5 L:N,,0,
> 401.1964 1.0 9.5 C,3H,40;
401.1964 1.0 1@ CooHysNeD,
401.1956 3.0 39 GattasNsgOs |
401.1951 42 100 CpHo NGO,
> 401.1950 4.5 15.5 CyH, N,
>| 4011937 7.7 10.5 CyoH,5NsO,
All except 4 are eliminated ® due to:
whole # DBE; failed Nitrogen Rule; and/or
low carbon #, based on m/z 402:401 ratio
R ini 19 Calculated
Formulae m/z 402:401 Assessment
C,,H,5N, 0, 28.4 % A ppm < 5; high m/z 402:401
C,3H,004 25.7 % A ppm < 5; matched m/z 402:401;
least consistent with chemistry
| C2oHziNig 26.0 % A ppm < 5; matched m/z 402:401;
(selected) consistent with chemistry
CioHasNGO,4 237 % A ppm > 5; low m/z 402:401

Fig. 19. Steps involved in the determination of the empirical
formula of the impurity shown in Fig. 18. The exact mass
measurement along with estimated ranges for the number of DBEs
and the number of atoms of each element generate a list of possible
formulae. Each of these formulae, except for the correct one, was
eliminated by considering (1) that the number of DBES cannot be a
whole number if the molecule is protonated, (2) the nitrogen rule,
(3) the number of carbon atoms based on the isotopic ratio of mvz
402:401 and (4) the chemistry involved in the synthesis.

NMR were performed by collection of sample peaks
followed by off-line analysis, as with the reported
identification of 3-oxosteriod impurities [319]. How-
ever, more recent examples, including the prior ibu-
profen example, demonstrate the feasibility of per-
forming on-line LC-NMR, without the need for
preparative isolation to facilitate structure elucidation.
Examples where LCMS and LC-NMR were inte-
grated for structural identification include the identi-
fication of six different degradation products of a
protease inhibitor in a dosing solution [320]. The use
of LC-NMR was important in this particular study to
differentiate structural isomers. Another example is
provided by determination of the structure of a bulk
drug impurity of a glycinamide ribonuclectide trans-
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Fig. 20. Structures of the major degradation products of ibuprofen
identified in a tablet formulation. Because of the functional group
variation, many analytical techniques were used to identify all four
structures including negative ion ESI-MS/MS, positive ion APCI-
MS/MS, GC-(EI)MS, and on-line LC-NMR.

formylase inhibitor [321]. On-line LC-NMR more
clearly lends itself to impurity and degradation prod-
uct identification than, for example, on-line metabo-
lite identification given higher relative levels of un-
knowns and much simpler matrices.

6.3.3. Natural products and adulterant
characterization

Impurity and degradation product identification is
a mgjor application area for mass spectrometry in
pharmaceutical development. Other applications of
mass spectrometry-based molecular identification that
are crucial to the industry, but not as frequently
required, are the characterization of natural products
and the identification of unknowns in product adul-
teration cases. Strategies and regulatory requirements
for natural product characterization are somewhat
different from those described here for impurities and
degradation products of synthetically prepared phar-
maceuticals, although many of the same analytical
approaches are used. These have recently been re-
viewed [322].

Although it isimportant to identify substances that
are used to adulterate pharmaceutical products, there
are very few reported examples of using mass spec-
trometry for this purpose. Many of the same analytical
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approaches described here for impurities and degra-
dation products can be applied. Although, for these
investigations, compounds that are responsible for
adulteration are often known and may be identified
using library searching, which is especially useful for
volatile compounds that may be analyzed by GC-
(ENMS. In addition, standard compounds can often be
directly purchased. An example of a nonvolatile
adulteration study is the use of capillary electrophore-
sisin conjunction with ESI-MS to identify coptisine,
berberine and palmatine that wereillegally introduced
into the Chinese medicine wuyoufun-13 [323].

6.4. Emerging mass spectrometry technologies for
identification of impurities and degradation
products

The arsenal of techniques and approaches for
molecular identification has been rapidly growing.
In the future, applications involving L C separations
may increasingly use narrow-bore columns (~1
mm i.d.) in contrast to the traditional 4.6 mm i.d.
columns for sensitivity enhancement. The use of
pcSFC may also increase. Both of these chromato-
graphic trends would be driven by the capability to
produce higher resolution separations and by the
ecol ogic—economic trend to save money and reduce
waste. For mass spectrometry detection, it is likely
that ion traps and especially high resolution TOF
instruments will be employed more heavily for
many applications, including those that utilize LC
and/or GC separations. In addition, a more inte-
grated approach, using data-dependent scanning,
may be employed to minimize the time needed for
complete mass spectrometry characterization by
reducing the number of chromatographic runs. The
ability to automatically obtain MS and MS/IMS
spectra in a given run, depending on the observed
data, is currently available but is not yet broadly
used in this application area.

The use of multiple hyphenated techniques in
conjunction with mass spectrometry, such as HPLC-
UV-NMR-MS and HPLC-UV-NMR-FTIR-MS will
be more thoroughly evaluated and the practicality will

dictate if such integrated systemswill be heavily used
[324]. Going forward, it is likely that on-line UV in
conjunction with mass spectrometry will be more
commonly used in the course of routine impurity and
degradation product profiling. This will be driven by
severa factors, including cheaper and easier-to-use
mass spectrometers. In addition to providing a com-
plementary mode of detection, the mass spectrometer
would be particularly useful where greater sensitivity
is required for quantitation. Possible applications
include situations where impurities or degradation
products do not contain an adequate chromophore for
quantitation by UV.

Although not yet in widespread use throughout
product development, the techniques and instru-
ments described above provide promising options
for the future of impurity and degradation product
identification. However, in the product develop-
ment environment, where many activities are sub-
ject to review by regulatory agencies, it often takes
longer to implement new technologies. Although
speed of analysis is an important consideration, a
higher premium is placed on thoroughness, accu-
racy and detailed documentation. This hierarchy
contrasts that of the discovery environment where,
for most applications, speed and high throughput
are major driving forces for the implementation of
many analytical approaches. In the development
world, some of the hurdles to on-lining new tech-
nologies include initial qualification, operational
qualification and performance qualification of in-
strumentation. In addition, procedural and instru-
mental standard operating procedures (SOPs) must
be written and approved, and data collection and
archival must be compliant with the electronic
records and electronic signatures requirements. In
the USA, these requirements are described in 21
Code of Federal Regulations part 11.

7. Conclusions
Over the past few decades, a very rapid pace of

innovation in mass spectrometry-based technolo-
gies has resulted in an array of multidimensional
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analytical tools that provide practical solutions for
many types of pharmaceutical mixture analysis
problems. The major advances that have impacted
this industry over the past 25 years include the
development or improvement of interfaces that
allow the use of mass spectrometry with separation
techniques such as GC, LC, or CE. Older ionization
techniques have been improved and several new
ionization techniques, such as ESI and APCI, have
emerged to interface L C with mass spectrometry. In
addition, development of MALDI to allow direct,
soft ionization of biomolecules has proven ex-
tremely useful. There have been advancements in
readily accessible instruments that can perform
multiple stages of mass analysis for structural
elucidation, including the triple quadrupole, ion
trap and Qg-TOF. The availability of high resolu-
tion instruments for determination of empirical
formulae and fragment ion composition is most
practically provided with modern TOF instruments.
Using a separation, along with two dimensions of
mass analysis, has proven to be an optimal combi-
nation of sensitivity and specificity for quantitative
applications and is most usefully implemented with
the triple quadrupole. Innovations in computer
hardware and software to control and operate in-
struments, as well as collect, mine, reduce and store
data have greatly improved ease-of-use and auto-
mation for widespread instrument deployment and
efficient sample throughput. This collection of in-
novations and improvements has provided a sub-
stantial arsenal of practical multidimensional ana-
Iytical tools for pharmaceutical applications
including NCE characterization, biomacromolecule
characterization, bioanalytical quantitation, metab-
olite identification and molecular identification of
impurities and degradation products.

Industrial implementation of these advances has
also proceeded rapidly due to the monumental needs
for mixture analysis. Those working within each
application area on a daily basis are required to
develop and/or align techniques and instrumentation
with specific pharmaceutical mixture analysis prob-
lems in order to optimally distill useful knowledge
from samples. This must be done efficiently with

consideration of time, cost and personnel required.
Often, existing approaches are available; however,
there are many opportunities to develop novel or
improved solutions. New instruments or technologies
are often provided by instrument vendors, academic
laboratories or in collaboration with pharmaceutical
researchers. In many cases, technologies developed or
targeted for one application area have aso been
successfully reapplied to other areas. For example,
mass spectrometry-based approaches using 96-well
plates were initially developed for support of HTOS,
but have since been adapted for bicanalytical quanti-
tation. This approach has had a maor impact on
quantitative bioanalytical throughput and efficiency.
Also, ESI was originally developed for use with
biomolecules; however, it is now perhaps even more
widely used for analysis of small organic moleculesin
applications ranging from NCE characterization to
bioanalytical quantitation to identification of metabo-
lites, impurities, and degradation products.

As a result of these advances and the practica
industrial implementation, the utilization of mass
spectrometry has increased for al phases of drug
development and particularly for drug discovery.
From an analytical perspective, these advances have
most importantly improved sensitivity, specificity,
ease-of-use and sample throughput, as well as in-
crease the amount of structural information. From a
pharmaceutical industry standpoint, these develop-
ments have changed the game. As briefly as a decade
ago, arelatively small amount of analytical informa-
tion was obtained in any of the stages of drug
discovery, described in Fig. 1, largely due to sensi-
tivity and throughput limitations. Now, hundreds of
thousands of synthetic compounds can be practically
characterized and proteomics is a feasible approach
for intelligent drug design. In addition, PK and
metabolism data are obtained in discovery to provide
a much deeper level of understanding of the in vivo
properties of therapeutic agents. That information
leads to the design of better drug molecules and more
successful selection of compounds for advancement
to devel opment.

From preclinical through phase IV, al activities
involving mass spectrometry such as metabolism, PK
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and identification of impurities and degradation prod-
ucts have been greatly accelerated due to these tech-
nological advances. In addition, new approaches to
old problems are now available. For example, it is
now practical to obtain PK data at the site-of-action,
in arapid and iterative manner. Such capabilities are
increasingly applied to optimize formulations for
improved product performance, prior to proceeding to
costly and time-consuming clinical trials [208].

Given the continuing rapid pace of emerging in-
strumentation, new mass spectrometry technologies
will likely continue to transform pharmaceutical re-
search and development. Key analytical attributes
such as sensitivity, specificity and sample throughput
are likely to continue to improve for all application
areas and to generate new applications. Likewise,
instruments will continue to become smaller, less
expensive, and easier to use. Despite the recent
advances, many opportunities still exist to improve
the design and selection of compounds and to de-
crease the length of time required to bring new
compounds to market. These efforts will continue
because they are driven by understanding and treating
diseases through pharmaceutical therapies, which are
extremely complex, time-consuming and important
endeavors, as the ultimate goals are improving the
quality and duration of human life.

Acknowledgements

The authors would like to acknowledge Dave
Foltz, Mike Quijano, and Brian Regg for helpful
discussions and their assistance in preparing various
aspects of this manuscript. Two of the authors (S.H.H.
and K.L.M.) would like thank Graham Cooks for
exemplifying aleader, a mentor, and afriend through-
out their graduate and professional careers.

References

[1] RW. Kiser, Introduction to Mass Spectrometry and Its
Applications, Prentice-Hall, Englewood Cliffs, NJ, 1965.

[2] J.T. Watson, K. Biemann, Anal. Chem. 37 (1965) 844.

[3] RA. Hites, K. Biemann, Anal. Chem. 42 (1970) 855.

[4] W.H. McFadden, Techniques of Combined Gas Chromatog-
raphy/Mass Spectrometry: Applicationsin Organic Analysis,
Wiley, New York, 1973.

[5] T.E. Jensen, R. Kaminsky, B.D. McVeety, T.J. Wozniac,
R.A. Hites, Anal. Chem. 54 (1982) 2388.

[6] M.F. Mehran, W.J. Cooper, R. Lautamo, R.R. Freeman, W.
Jennings, J. High Resolut. Chromatogr. Commun. 8 (1985)
715.

[7] T.L. Kruger, JF. Litton, R.G. Cooks, Andl. Lett. 9 (1976)
533.

[8] T.L. Kruger, JF. Litton, R.W. Kondrat, R.G. Cooks, Anal.
Chem. 48 (1976) 2113.

[9] G.A. McClusky, RW. Kondrat, R.G. Cooks, J. Am. Chem.
Soc. 100 (1978) 6045.

[10] R.W. Kondrat, R.G. Cooks, Anal. Chem. 50 (1978) 81A.

[11] R.W. Kondrat, G.A. McClusky, R.G. Cooks, Anal. Chem. 14
(1978) 2017.

[12] RA. Yost, C.G. Enke, Anal. Chem. 51 (1979) 1251A.

[23] T.L. Kruger, RW. Kondrat, K.T. Joseph, R.G. Cooks, Anal.
Biochem. 96 (1979) 104.

[14] F.W. McLafferty, Science 214 (1981) 280.

[15] D.J. Burinsky, R.G. Cooks, E.K. Chess, M.L. Gross, Anal.
Chem. 54 (1982) 295.

[16] JV. Johnson, R.A. Yost, Anal. Chem. 57 (1985) 758A.

[17] R.J. Day, S.E. Unger, R.G. Cooks, Anal. Chem. 52 (1980)
557A.

[18] M. Barber, R. Bordoli, G.J. Elliot, R.D. Sedgwick, A.N.
Tyler, Anal. Chem. 54 (1982) 645A.

[19] F. Hillenkamp, Int. J. Mass Spectrom. lon Phys. 45 (1982)
305.

[20] M. Karas, D. Bachmann, U. Bahr, F. Hillenkamp, Int. J.
Mass Spectrom. lon Processes 78 (1987) 53.

[21] M. Karas, F. Hillencamp, Anal. Chem. 60 (1988) 2299.

[22] J. van der Greef, W.M.A. Niessen, U.R. Tjaden, J. Chro-
matogr. 474 (1989) 5.

[23] W.H. McFadden, H.L. Schwartz, S. Evans, J. Chromatogr.
122 (1976) 389.

[24] G.M. Kresbach, T.R. Baker, R.J. Nelson, J. Wronka, B.L.
Karger, P. Vouros, J. Chromatogr. 394 (1987) 89.

[25] R.C. Willoughby, R.F. Browner, Ana. Chem. 56 (1984)
2625.

[26] M.L. Vestal, Science 226 (1984) 275.

[27] R.M. Capriali, T. Fan, J.S. Cottrell, Anal. Chem. 58 (1986)
2949.

[28] A.P. Bruins, Mass Spectrom. Rev. 10 (1991) 53.

[29] M. Yamashita, J.B. Fenn, J. Phys. Chem. 88 (1984) 4451.

[30] Electrospray lonization Mass Spectrometry: Fundamentals,
Instrumentation, and Applications, R.B. Cole (Ed.), Wiley,
New York, 1997.

[31] K.L. Busch, G.L. Glish, SA. McLuckey, Mass Spectro-
metry/Mass Spectrometry: Techniques and Applications of
Tandem Mass Spectrometry, VCH, New York, 1988.

[32] SA. McLuckey, JM. Wells, Chem. Rev. 101 (2001) 571.

[33] Time-of-Flight Mass Spectrometry: Instrumentation and Ap-
plications in Biological Research, R.J. Cotter (Ed.), Ameri-
can Chemica Society, Washington, DC, 1997.

[34] R.J. Cotter, T.J. Cornish, M. Cordero, Mass Spectrometry in
the Biological Sciences, Humana, Totowa, 1996.


https://www.researchgate.net/publication/44469001_Introduction_to_mass_spectrometry_and_its_applications_by_Robert_W_Kiser?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0
https://www.researchgate.net/publication/44469001_Introduction_to_mass_spectrometry_and_its_applications_by_Robert_W_Kiser?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0

SH. Hoke et al./International Journal of Mass Spectrometry 212 (2001) 135-196 191

[35] S.M. Coalby, T.B. King, J.P. Reilly, Rapid Commun. Mass
Spectrom. 8 (1994) 865.

[36] M.L. Vedta, P. Juhasz, SA. Martin, Rapid Commun. Mass
Spectrom. 9 (1995) 1044.

[37] P. Chaurand, F. Luetzenkirchen, B. Spengler, J. Am. Soc.
Mass Spectrom. 10 (1999) 91.

[38] H.R. Morris, T. Paxton, M. Panico, R. McDowell, A. Dell,
Chap. 3 in Mass Spectrometry of Biologica Materials, 2nd
ed., B.S. Larsen, C.N. McEwen (Eds.), Marcel Dekker, New
York, 1998.

[39] M. Guilhaus, V. Mlynski, D. Selby, Rapid Commun. Mass
Spectrom. 11 (1997) 951.

[40] JN. Louris, R.G. Cooks, JE.P. Syka P.E. Kelley, G.C.
Stafford, J.F.J. Todd, Anal. Chem. 59 (1987) 1677.

[41] R.G. Cooks, G.L. Glish, SA. McLuckey, R.E. Kaiser, C&E
News, March 25 (1991) 26.

[42] B.D. Nourse, K.A. Cox, K.L. Morand, R.G. Cooks, J. Am.
Chem. Soc. 114 (1992) 2010.

[43] E.R. Williams, Anal. Chem. 70 (1998) 179A.

[44] M.S. Lee, E.H. Kerns, Mass Spectrom. Rev. 18 (1999) 187.

[45] K. Jenner, Portfolio Manager, T. Rowe Price Health Sci-
ences Fund, quoted on CNBC Street Signs, March 30, 2001.

[46] K. Bernstein, editor of Biocentury, quoted by H. Plotkin on
CNBC.com, February 1, 2000.

[47] D.V. Patel, E.M. Gordon, Drug Discovery Today 1 (1996)
134.

[48] 1.W. James, in Annual Reports in Combinatorial Chemistry
and Molecular Diversity, M.R. Pavia, W.H. Moos (Eds.),
Voal. 2, Kluwer, Dordrecht, 1999, p. 129.

[49] H.M. Geyson, R.H. Meloen, S.J. Barteling, Proc. Natl. Acad.
Sci. U.SA. 91 (1984) 3998.

[50] A. Furka, M. Sebestyen, G. Dibo, Abstracts of the 14th
Congress. Biochem, Prague, 1988, p. 47.

[51] R.A. Houghten, Proc. Natl. Acad. Sci. U.SA. 82 (1985)
5131.

[52] A. Furka, F. Sebestyen, M. Asgedom, G. Dibo, Int. J. Pept.
Protein Res. 37 (1991) 487.

[53] K.S. Lam, SE. Sadmon, E.M. Hersh, V.J. Hruby, W.M.
Kazmierski, R.J. Knapp, Nature 354 (1991) 82.

[54] R.A. Houghten, C. Pinilla, SE. Blondelle, JR. Appel, C.T.
Dooley, JH. Cuervo, Nature 354 (1991) 84.

[55] I. Sucholeiki, in High-Throughput Synthesis, |I. Sucholeiki
(Ed.), Marcel Dekker, New York, 2001.

[56] D.E. Delohn, A.B. Giordani, Proceedings of the 40th ASMS
Conference on Mass Spectrometry and Allied Topics, Wash-
ington, DC, 31 May-5 June 1992, p. 852.

[57] D.V. Brown, M. Dalton, F.S. Pullen, G.L. Perkins, D.
Richards, Rapid Commun. Mass Spectrom. 8 (1994) 632.

[58] F.S. Pullen, G.L. Perkins, K.l. Burton, R.S. Ware, M.S.
Teague, J.P. Kiplinger, J. Am. Soc. Mass Spectrom. 6 (1995)
39%4.

[59] L.C.E. Taylor, R.L. Johnson, R.J. Raso, J. Am. Soc. Mass
Spectrom. 6 (1995) 387.

[60] K.L. Morand, T.M. Burt, L.J. Wilson, R.L.M. Dobson,
Proceedings of the 45th ASMS Conference on Mass Spec-
trometry and Allied Topics, Palm Springs, CA, 1-5 June
1997, p. 1261.

[61] 1.M. Mutton, Chromatographia 47 (1998) 1.

[62] JB. Li, J. Morawski, LC-GC 16 (1998) 468.

[63] S.R. Wilson, A.W. Czarnik, Combinatorial Chemistry: Syn-
thesis and Application, Wiley, New York, 1997.

[64] Annua Reports in Combinatorial Chemistry and Molecular
Diversity, M.R. Pavia, W.H. Moos (Eds.), Val. 2, Kluwer,
Dordrecht, 1999.

[65] A.M. Krstulovic, J. Chromatogr., B 725 (1999) 1.

[66] B.J. Egner, M. Bradley, Drug Discovery Today 2 (1997)
102.

[67] V.Krchnak, J. Vagner, M. Lebl, Int. J. Pept. Protein Res. 32
(1988) 415.

[68] B.A. Bunin, The Combinatorial Index, Academic, San Di-
ego, 1998.

[69] B.Yan, G. Kumaravel, H. Anjaria, A. Wu, R.C. Petter, C.F.
Jewell, JR. Wareing, J. Org. Chem. 60 (1995) 5736.

[70] B. Yan, G. Kumaravel, Tetrahedron 52 (1996) 843.

[71] SK. Sarkar, R.S. Garigipati, JL. Adams, P.A. Keifer, J. Am.
Chem. Soc. 118 (1996) 2305.

[72] PA. Keifer, L. Baltusis, D.M. Rice, A.A. Tymiak, J.N.
Shoolery, J. Magn. Reson. A 119 (1996) 65.

[73] D.B. Kassel, Chem. Rev. 101 (2001) 255.

[74] B. Yan, Anaytica Methods in Combinatorial Chemistry,
Technomic, Lancaster, 2000.

[75] R.D. Supmuth, G. Jung, J. Chromatogr., B 725 (1999) 49.

[76] W.L. Fitch, Mol. Divers. 4 (1999) 39.

[77] C. Enjalbal, J. Martinez, JL. Aubagnac, Mass Spectrom.
Rev. 19 (2000) 139.

[78] B.J. Enger, G.J. Langley, M. Bradley, J. Org. Chem. 60
(1995) 2652.

[79] C.L. Brummel, J.C. Vickermann, SA. Carr, M.E. Hemling,
G.D. Roberts, W. Johnson, J. Weinstock, D. Gaitanoloulos,
S.J. Benkovic, N. Winograd, Anal. Chem. 68 (1996) 237.

[80] R.S. Youngquist, G.R. Fuentes, M.P. Lacey, T. Keough,
J. Am. Chem. Soc. 117 (1995) 3900.

[81] T.B. Walk, A.W. Trautwein, H. Richter, G. Jung, Angew.
Chem.,, Int. Ed. 38 (1999) 1763.

[82] B.E. Winger, J.E. Campana, Rapid Commun. Mass Spec-
trom. 10 (1996) 1811.

[83] C. Chen, L.A. Ahlberg Randall, R.B. Miller, A.D. Jones,
M.J. Kurth, Tetrahedron 53 (1997) 6595.

[84] P. Seneci, in Combinatorial Chemistry and Technology—
Principles, Methods, and Applications, S. Miertus, G.
Fassina (Eds.), Marcel Dekker, New York, 1999, p. 127.

[85] X.Williard, A. Tartar, in A Practical Guide to Combinatorial
Chemistry, A.W. Czamik, S.H. DeWitt (Eds.), American
Chemical Society, New York, 1997, p. 249.

[86] L. Wilson-Lingardo, P.W. Davis, D.J. Ecker, N. Hebert, O.
Acevedo, K. Sprankle, T. Brennan, L. Schwarcz, SM.
Freier, J.R. Wyatt, J. Med. Chem. 39 (1996) 2720.

[87] M.C. Pirrung, J. Chen, J. Am. Chem. Soc. 117 (1995) 1240.

[88] L.J. Wilson, T.W. Marris, Q. Wu, P.J. Renick, C.N. Parker,
M.C. Davis, H.D. McKeever, P.M. Hershberger, A.G. Swit-
zer, G. Shrum, S. Sunder, D.R. Jones, S.S. Soper, R.L.M.
Dobson, T.M. Burt, K.L. Morand, M. Stella, Bioorg. Med.
Chem. Lett. 11 (2001) 1149.

[89] PA. Keifer, SH. Smalcombe, E.H. Williams, K.E.
Salomon, G. Mendez, J.L. Belletire, C.D. Moore, J. Comb.
Chem. 2 (2000) 151.


https://www.researchgate.net/publication/233507153_Combinatorial_Chemistry_Synthesis_and_Application?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0
https://www.researchgate.net/publication/233507153_Combinatorial_Chemistry_Synthesis_and_Application?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0
https://www.researchgate.net/publication/233507153_Combinatorial_Chemistry_Synthesis_and_Application?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0
https://www.researchgate.net/publication/233507153_Combinatorial_Chemistry_Synthesis_and_Application?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0

192 SH. Hoke et al./International Journal of Mass Spectrometry 212 (2001) 135-196

[90] J.N. Kyranos, J.C. Hogan, Anal. Chem. 70 (1998) 389A.

[91] N.W. Hird, Drug Discovery Today 4 (1999) 265.

[92] K.L. Morand, Strategic Research Institute Conference on
Combinatorial Technologies, Princeton, NJ, July 2000.

[93] T. Wang, L. Zeng, T. Strader, L. Burton, D. Kassel, Rapid
Commun. Mass Spectrom. 12 (1998) 1123.

[94] K.L. Morand, T.M. Burt, B.T. Regg, T.L. Chester, Anal.
Chem. 73 (2001) 247.

[95] H. Lee, L. Li, J. Kyranos, Proceedings of the 47th ASMS
Conference on Mass Spectrometry and Allied Topics, Dal-
las, TX, 13-17 June 1999, WPE 127.

[96] Y.F. Cheng, Z. Lu, U. Neue, Rapid Commun. Mass Spec-
trom. 15 (2001) 141.

[97] V. DeBiasi, N. Haskins, A. Organ, R. Bateman, K. Giles, S.
Jarvis, Rapid Commun. Mass Spectrom. 13 (1999) 1165.

[98] H.N. Weller, M.G. Young, S.J. Michalczyk, G.H. Reitnauer,
R.S. Cooley, P.C. Rahn, D.J. Loyd, D. Fiore, S.J. Fischman,
Mol. Divers. 3 (1997) 61.

[99] L. Schultz, C.D. Garr, L.M. Cameron, J. Bukowski, Bioorg.
Med. Chem. Lett. 8 (1998) 2409.

[100] P. Coffey, J. Ramieri, C. Garr, L. Schultz, Am. Lab. 31
(1999) 57.

[101] L. Zeng, L. Burton, K. Yung, B. Shushan, D.B. Kassd,
J. Chromatogr., A 794 (1998) 3.

[102] JP. Kiplinger, R.G. Cole, S. Robinson, E. Roskamp, R.S.
Ware, H.J. O'Connell, A. Brailsford, J. Batt, Rapid Com-
mun. Mass Spectrom. 12 (1998) 658.

[103] M.C. Ventura, W.P. Farrell, C.M. Aurigemma, M.J. Greig,
Anal. Chem. 71 (1999) 2410.

[104] M.C. Ventura, W.P. Farrell, C.M. Aurigemma, M.J. Greig,
Anal. Chem. 71 (1999) 4223.

[105] C.E. Kibbey, Mol. Divers. 1 (1995) 247.

[106] B. Yan, J. Zhao, J.S. Brown, J. Blackwell, P.W. Carr, Anal.
Chem. 72 (2000) 1253.

[107] J. Wei, JM. Buriak, G. Siuzdak, Nature 399 (1999) 243.

[108] H. Yuan, S\V. Olesik, Anal. Chem. 70 (1998) 1595.

[109] T.A. Berger, W.H. Wilson, J. Biochem. Biophys. Methods
43 (2000) 77.

[110] T.A.Berger, K. Fogleman, T. Staats, P. Bente, |. Crocket, W.
Farrell, M. Osonubi, J. Biochem. Biophys. Methods 43
(2000) 87.

[111] Z. Shen, J. Thomas, J. Wei, K. Broo, J. Crowell, M.G. Finn,
G. Siuzdak, Proceedings of the 48th ASMS Conference on
Mass Spectrometry and Allied Topics, Long Beach, CA,
11-15 June 2000, WPC 102.

[112] D.J. Lockhart, E.A. Winzeler, Nature 405 (2000) 827.

[113] A.M. Edwards, C.H. Arrowsmith, B. des Pallieres, Modern
Drug Discovery 35 (2000) 35.

[114] Mass Spectrometry in the Biological Sciences, A.L. Burlin-
game, SA. Car (Eds.), Humana, Totowa, 1996.

[115] Mass Spectrometry in Biology and Medicine, A.L. Burlin-
game, SA. Car, M.A. Baldwin (Eds.), Humana, Totowa,
2000.

[116] K. Biemann, Methods Enzymol. 193 (1990) 351.

[117] JA. Loo, H.R. Udseth, R.D. Smith, Anal. Chem. 197 (1989)
404.

[118] C.G. Edmonds, R.D. Smith, Methods Enzymol. 193 (1990)
412.

[119] M.R. Emmett, R.M. Caprioli, J. Am. Soc. Mass Spectrom. 5
(1994) 605.

[120] M. Wilm, M. Mann, Anal. Chem. 68 (1996) 1.

[121] C. Borchers, JF. Peter, M.C. Hall, T.A. Kunkel, K.B.
Tomer, Anal. Chem. 72 (2000) 1163.

[122] A. Shevchenko, I. Chemushevich, W. Ens, K.G. Standing, B.
Thomson, M. Wilm, M. Mann, Rapid Commun. Mass
Spectrom. 11 (1997) 1015.

[123] K.F. Medzihradszky, JM. Campbell, M.A. Baldwin, A.M.
Falick, P. Juhasz, M.L. Vestal, A.L. Burlingame, And.
Chem. 72 (2000) 552.

[124] D.J. Harvey, B. Kuster, S.F. Wheeler, A.P. Hunter, RH.
Bateman, R.A. Dwek, in Mass Spectrometry in Biology and
Medicine, A.L. Burlingame, S.A. Carr, M.A. Baldwin (Eds.),
Humana, Totowa, 2000, p. 403.

[125] S.A. Carr, M.J. Huddleston, M.F. Bean, Protein Sci. 2 (1993)
183.

[126] M.J. Huddleston, M.F. Bean, SA. Car, Ana. Chem. 65
(1993) 877.

[127] K.D. Greis, B.K. Hayes, F.C. Comer, G.W. Hart, M. Kirk, S.
Barnes, Anal. Biochem. 234 (1996) 38.

[128] E. Mirgorodskaya, H. Hassan, H. Clausen, P. Roepstorff,
Anal. Chem. 73 (2001) 1263.

[129] M.J. Huddleston, R.S. Annan, M.F. Bean, SA. Carr, J. Am.
Soc. Mass Spectrom. 4 (1993) 710.

[130] R.S. Annan, M.J. Huddleston, R. Verma, R.J. Deshaies, SA.
Carr, Anal. Chem. 73 (2001) 393.

[131] M.C. Posewitz, P. Tempst, Anal. Chem. 71 (1999) 2883.

[132] J.P. DeGnore, J. Qin, J. Am. Soc. Mass Spectrom. 9 (1998)
1175.

[133] M. Wind, M. Edler, N. Jakubowski, M. Linscheid, H.
Wesch, W.D. Lehmann, Anal. Chem. 73 (2001) 29.

[134] Y. Sun, M.D. Bauer, T.W. Keough, M.P. Lacey, Methods
Mol. Biol. 61 (1996) 185.

[135] K.D. Greis, S. Zhu, S. Matalon, Arch. Biochem. Biophys.
335 (1996) 396.

[136] D.W. Fry, A.J. Bridges, W.A. Denny, A. Dohorty, K.D.
Greis, JL. Hicks, K.E. Hook, P.R. Keller, W.R. Leopold,
JA. Loo, D.J. McNamara, J.M. Nelson, V. Sherwood, J.B.
Smaill, S. Trumpp-Kallmeyer, E.M. Dobrusin, Proc. Natl.
Acad. Sci. U.SA. 95 (1998) 12022.

[137] W. Liu, Y. Sun, M.D. Bauer, S. Paule, P.M. Koenigs, W.G.
Kraft, Biochemistry 38 (1999) 6537.

[138] J.J. Englander, SW. Englander, Nature 265 (1977) 658.

[139] A.J. Wand, H. Roder, SW. Englander, Biochemistry 25
(1986) 1107.

[140] Y. Deng, D.L. Smith, Anal. Biochem. 276 (1999) 150.

[141] J. Chen, D.L. Smith, Biochemistry 39 (2000) 4250.

[142] O. Nemirovskiy, D.E. Giblin, M.L. Gross, J. Am. Soc. Mass
Spectrom. 10 (1999) 711.

[143] F. Wang, W. Li, M.R. Emmett, A.G. Marshall, D. Corson,
B.D. Sykes, J. Am. Soc. Mass Spectrom. 10 (1999) 703.

[144] J.G. Mandell, A.M. Fdlick, E.A. Komives, Proc. Natl. Acad.
Sci. U.SA. 95 (1998) 14710.

[145] Y.T. Li, Y.L. Hsieh, JD. Henion, B. Ganem, J. Am. Soc.
Mass Spectrom. 4 (1993) 631.

[146] P. Hu, Q.Z. Ye, JA. Loo, Anal. Chem. 66 (1994) 4190.

[147] JA. Loo, Int. J. Mass Spectrom. 200 (2000) 175.


https://www.researchgate.net/publication/12453022_Lockhart_D_J_Winzeleer_E_A_Genomics_gene_expression_and_DNA_arrays_Nature_405_827-836?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0

SH. Hoke et al./International Journal of Mass Spectrometry 212 (2001) 135-196 193

[148] P.D. Sun, C.H. Hammer, Acta Cryst. D 56 (2000) 161.

[149] SL. Cohen, JC. Padovan, B.T. Chait, Anal. Chem. 72
(2000) 574.

[150] R. Aebersold, D.R. Goodlett, Chem. Rev. 101 (2001) 269.

[151] M. Mann, P. Hogjrup, P. Roepstorff, Biol. Mass Spectrom.
22 (1993) 338.

[152] P. James, M. Quadroni, E. Carafoli, G. Gonnet, Biochem.
Biophys. Res. Commun. 195 (1993) 58.

[153] D.J.C. Pappin, P. Hojrup, A.J. Bleasby, Curr. Biol. 3 (1993)
327.

[154] M. Mann, M. Wilm, Anal. Chem. 66 (1994) 4390.

[155] JK. Eng, A.L. McCormack, J.R. YatesIll, J. Am. Soc. Mass
Spectrom. 5 (1994) 976.

[156] K.R. Clauser, P. Baker, A.L. Burlingame, Anal. Chem. 71
(1999) 2871.

[157] D.N. Perkins, D.J.C. Pappin, D.M. Creasy, J.S. Cottrell,
Electrophoresis 20 (1999) 3551.

[158] B.T. Chait, R. Wang, R.C. Beavis, S.B.H. Kent, Science 262
(1993) 89.

[159] D.H. Patterson, G.E. Tarr, F.E. Regnier, SA. Martin, Anal.
Chem. 67 (1995) 3971.

[160] T. Keough, M.P. Lacey, R.S. Youngquist, Rapid Comm.
Mass Spectrom. 14 (2000) 2348.

[161] T. Keough, M.P. Lacey, A.M. Fieno, R.A. Grant, Y. Sun,
M.D. Bauer, K.B. Begley, Electrophoresis 21 (2000) 2252.

[162] G. Newbauer, A. Gottschalk, P. Fabrizio, B. Seraphin, R.
Luehrmann, M. Mann, Proc. Natl. Acad. Sci. U.SA. 94
(1997) 385.

[163] A.J. Link, J. Eng, D.M. Schieltz, E. Carmack, G.J. Mize,
D.R. Morris, B.M. Garvik, JR. Yates|lI, Nat. Biotechnol. 17
(1999) 676.

[164] M.T. Davis, T.D. Lee, J. Am. Soc. Mass Spectrom. 8 (1997)
1059.

[165] S.P. Gygi, B. Rist, SA. Gerber, F. Turecek, M.H. Gelb, R.
Aebersold, Nat. Biotechnol. 17 (1999) 994.

[166] R.M. Caprioli, T.B. Farmer, J. Gile, Anal. Chem. 68 (1997)
4751.

[167] M. Stoeckli, T.B. Farmer, R.M. Caprioli, J. Am. Soc. Mass
Spectrom. 10 (1999) 67.

[168] P. Chaurand, M. Stoeckli, R.M. Caprioli, Ana. Chem. 71
(1999) 5263.

[169] T. Krishnamurthy, M.T. Davis, D.C. Stahl, T.D. Lee, Rapid
Commun. Mass Spectrom. 13 (1999) 39.

[170] K.H. Jarman, S.T. Cebula, A.J. Saenz, C.E. Petersen, N.B.
Vaentine, M.T. Kingsley, K.L. Wahl, Ana. Chem. 72
(2000) 1217.

[171] D.J. Evason, M.A. Claydon, D.B. Gordon, J. Am. Soc. Mass
Spectrom. 12 (2001) 49.

[172] D. Figeys, Y. Ning, R. Aebersold, Ana. Chem. 69 (1997)
3153.

[173] JH. Chan, A.T. Timperman, D. Qin, R. Aebersold, Anal.
Chem. 71 (1999) 4437.

[174] B. Zhang, F. Foret, B.L. Karger, Ana. Chem. 72 (2000)
1015.

[175] J. Li, C. Wang, JF. Kelly, D.J. Harrison, P. Thibault,
Electrophoresis 21 (2000) 198.

[176] L. Licklider, X.Q. Wang, A. Desai, Y.C. Tai, T.D. Lee, Anal.
Chem. 72 (2000) 367.

[177] M.M. Young, N. Tang, J.C. Hempel, C.M. Oshiro, EW.
Taylor, 1.D. Kuntz, B.W. Gibson, G. Dollinger, Proc. Natl.
Acad. Sci. U.SA. 97 (2000) 5802.

[178] T.A. Baillie, P.G. Pearson, in Mass Spectrometry in Biology
and Medicine, A.L. Burlingame, S.A. Carr, M.A. Baldwin,
(Eds.), Humana, Totawa, 2000, p. 481.

[179] M.H. Harbit, J. Berman, Curr. Opin. Chem. Biol. 2 (1998)
411.

[180] Z. Wang, C.E.C.A. Hop, K.H. Leung, J. Pang, J. Mass
Spectrom. 35 (2000) 71.

[181] S.E. Unger, Annu. Rep. Med. Chem. 34 (1999) 307.

[182] Mass Spectrometry: Clinical and Biomedical Applications,
D.M. Desiderio (Ed.), Val. 1, Plenum, New York, 1992.

[183] A.D. Sedgwick, D.A. Willoughby, in Handbook of Inflam-
mation, Vol. 5, The Pharmacology of Inflammation, I.L.
Bonta, M.A. Bray, M.J. Parnham (Eds.). Elsevier, Amster-
dam, 1985, p. 27.

[184] F.M. Siri, C.D. Kauer, Life Sci. 37 (1985) 1923.

[185] R.E. Hill, D.T. Whelan, Clin. Chim. Acta 139 (1984) 231.

[186] W.A. Garland, M.L. Powell, J. Chromatogr. Sci. 19 (1981)
392.

[187] A.P. DeLeenheer, L.M. Thienpont, Mass Spectrom. Rev. 11
(1992) 249.

[188] T.R. Baker, K.R. Wehmeyer, G.R. Kelm, L.J. Tulich, D.L.
Kuhlenbeck, D.J. Dobrozsi, J.V. Pendfiel, J. Mass Spectrom.
30 (1995) 438.

[189] R.L.M. Dobson, D.M. Nedl, B.R. DeMark, S.R. Ward, Anal.
Chem. 62 (1990) 1819.

[190] R.L.M. Dobson, M.K. Dirr, B.L. Merkt, J. Mass Spectrom.
32 (1997) 1290.

[191] D.L. Kuhlenbeck, T.P. O'Neill, C.E. Mack, S.H. Hoke II,
K.R. Wehmeyer, J. Chromatogr., B 738 (2000) 319.

[192] D. Tsikas, J. Chromatogr., B 717 (1998) 201.

[193] R.D. Gauw, P.J. Stoffolano, D.L. Kuhlenbeck, V.S. Patel,
SM. Garver, T.R. Baker, K.R. Wehmeyer, J. Chromatogr., B
744 (2000) 283.

[194] S. Moulton, Med. Lab. World 1 (1977) 27.

[195] JW.A. Findlay, W.C. Smith, JW. Lee, G.D. Nordblom, I.
Das, B.S. DeSilva, M.N. Khan, R.R. Bowsher, J. Pharm.
Biomed. Anal. 21 (2000) 1249.

[196] P. Kokkonen, W.M.A. Niessen, U.R. Tjaden, J. van der
Greef, J. Chromatogr. 474 (1989) 59.

[197] A.K. Gonschior, U. Christians, M. Winkler, H.M. Schiebel,
A. Linck, K.F. Sewing, Ther. Drug Monit. 17 (1995) 504.

[198] M.S. Lant, J. Oxford, L.E. Martin, J. Chromatogr. 394
(1987) 223.

[199] T.R. Baker, P. Vouros, D. Rindgen, JA.J. Martyn, Biomed.
Environ. Mass Spectrom. 19 (1990) 69.

[200] M. Jemal, Biomed. Chromatogr. 14 (2000) 422.

[201] P.R. Tiller, J. Cunniff, A.P. Land, J. Schwartz, |. Jardine, M.
Wakefield, L. Lopez, J.F. Newton, R.D. Burton, B.M. Folk,
D.L. Buhrman, P. Price, D. Wu, J. Chromatogr., A 771
(1997) 119.

[202] N. Zhang, S.T. Fountain, H. Bi, D.T. Rossi, Anal. Chem. 72
(2000) 800.

[203] K. Nojima, S. Fujimaki, R.C. Hertsens, T. Morita, J. Chro-
matogr., A 712 (1995) 17.



194 SH. Hoke et al./International Journal of Mass Spectrometry 212 (2001) 135-196

[204] F.J. Hayes, T.R. Baker, R.L.M. Dobson, M.S. Tsueda,
J. Chromatogr., A 692 (1995) 73.

[205] A.P. Watt, D. Morrison, K.L. Locker, D.C. Evans, Anal.
Chem. 72 (2000) 979.

[206] J. Janiszewski, R.P. Schneider, K. Hoffmaster, M. Swyden,
D. Wells, H. Fouda, Rapid Commun. Mass Spectrom. 11
(1997) 1033.

[207] K.R. Wehmeyer, S.H. Hoke Il, T.H. Eichhold, D.L. McCau-
ley-Myers, R.D. Bolden, J. Chromatogr., B, in press.

[208] D.L. McCauley-Myers, T.H. Eichhold, R.E. Bailey, D.J.
Dobrozsi, K.J. Best, JW. Hayes II, S.H. Hoke Il, J. Pharm.
Biomed. Anal. 23 (2000) 825.

[209] R.A. Biddlecombe, S. Pleasance, J. Chromatogr., B 734
(1999) 257.

[210] A. Schellen, B. Ooms, M. Van Gils, O. Halmingh, E. Van
der Vlis, D. Van de Lagemaat, E. Verheij, Rapid Commun.
Mass Spectrom. 14 (2000) 230.

[211] CJ. Oberhauser, A.E. Niggebrugge, D. LaChance, J.J.
Takarewski, M.M. Pegram, H.M. Quinn, LC-GC 18 (2000)
716.

[212] Y. Hsieh, M.S. Bryant, G. Gruela, J-M. Brisson, W.A.
Korfmacher, Rapid Commun. Mass Spectrom. 14 (2000)
1384.

[213] SX. Peng, S.L. King, D.M. Bornes, D.J. Foltz, T.R. Baker,
M.G. Natchus, Anal. Chem. 72 (2000) 1913.

[214] T.H. Eichhold, D.L. Kuhlenbeck, T.R. Baker, M.E. Stella,
J.S. Amburgey, M.A. deLong, JR. Hartke, C.A. Cruze, S.A.
Pierce, K.R. Wehmeyer, J. Chromatogr., B 741 (2000) 213.

[215] H. Zhang, J. Henion, Anal. Chem. 71 (1999) 3955.

[216] J. Zweigenbaum, K. Heinig, S. Steinborner, T. Wachs,
J. Henion, Anal. Chem. 71 (1999) 2294.

[217] M. Onorato, J.D. Henion, P.M. Lefebvre, J.P. Kiplinger,
Anal. Chem. 73 (2001) 119.

[218] M.K. Dirr, D.A. Tirey, T.R. Baker, P.H. Zoutendam, N.L.
Mallalieu, J.C. Bierman, J.E. Emig, Proceedings of the 47th
ASMS Conference on Mass Spectrometry and Allied Topics,
Palm Springs, CA, 1-5 June 1997, p. 1299.

[219] JD. McCulloch, T.G. Huggins, Y.J. Xue, A.J. Destefano,
presented at the American Association of Pharmaceutical
Scientists, New Orleans, LA, 1999.

[220] SH. Hoke Il, SR. Ward, T.M. Engel, SM. Michael, SL.
Murawski, J.L. Morgan, R.E. Singer, Proceedings of the 46th
ASMS Conference on Mass Spectrometry and Allied Topics,
Orlando, FL, 31 May—4 June 1998, p. 647.

[221] C. Fierens, L.M.R. Thienpont, D. Stockl, E. Willekens, A.P.
De Leenheer, J. Chromatogr., A 896 (2000) 275.

[222] A.J. Oosterkamp, E. Gelpi, J. Abian, J. Mass Spectrom. 33
(1998) 976.

[223] P.M. Knight, M.K. Dirr, R.J. Sheldon, M.L. Jones, C.A.
Cruze, V.S. Patel, W.P. Schwecke, T.A. Dierckman, K.R.
Wehmeyer, T.R. Baker, Proceedings of the 46th ASMS
Conference on Mass Spectrometry and Allied Topics, Or-
lando, FL, 31 May—4 June 1998, p. 314.

[224] T.A. Neubecker, M.A. Coombs, M. Quijano, T.P. O'Neill,
C.A. Cruze, R.L.M Dobson, J. Chromatogr., B 718 (1998)
225.

[225] R.L.M. Dobson, M. Quijano, M.A. Coombs, T.A. Neu-
becker, M.E. Dowty, C.E. Dietsch, Proceedings of the 45th

ASMS Conference on Mass Spectrometry and Allied Topics,
Palm Springs, CA, 1-5 June 1997, p. 703.

[226] T. Alebic-Kolbah, A.P. Zavitsanos, J. Chromatogr., A 759
(1997) 65.

[227] T.H. Eichhold, R.E. Bailey, S.L. Tanguay, S.H. Hoke Il, J.
Mass Spectrom. 35 (2000) 504.

[228] K.B. Joyce, A.E. Jones, R.J. Scott, R.A. Biddlecombe, S.
Pleasance, Rapid Commun. Mass Spectrom. 12 (1998) 1899.

[229] P.J. Stoffolano, C.M. Dunaway, L. Anderson, K.R. Wehm-
eyer, C.A. Cruze, T.R. Baker, Proceedings of the 48th ASMS
Conference on Mass Spectrometry and Allied Topics, Long
Beach, CA, 11-15 June 2000, MPD 116.

[230] D.W. Johnson, Rapid Commun. Mass Spectrom. 13 (1999)
2388.

[231] P.J. Stoffolano, K.R. Wehmeyer, T.R. Baker, Proceedings of
the 49th ASMS Conference on Mass Spectrometry and
Allied Topics, Chicago, IL, 27-31 May 2001, TPI 230.

[232] E.A. DDierks, K.R. Stams, H.K. Lim, G. Cornelius, H. Zhang,
S.E. Ball, Drug Metab. Dispos. 29 (2001) 23.

[233] F.E. Wolf, T.R. Baker, D.M. Bornes, C.A. Cruze, V.S. Patel,
SX. Peng, B.J. Smith, JK. Hu, Proceedings of the 45th
ASMS Conference on Mass Spectrometry and Allied Topics,
Palm Springs, CA, 1-5 June 1997, p. 1300.

[234] T.R. Baker, F.E. Wolf, C.A. Cruze, D.M. Bornes, S.X. Peng,
V.S. Patel, Proceedings of the 45th ASMS Conference on
Mass Spectrometry and Allied Topics, Pam Springs, CA,
1-5 June 1997, p. 726.

[235] T.V. Olah, D.A. McLoughlin, J.D. Gilbert, Rapid Commun.
Mass Spectrom. 11 (1997) 17.

[236] J. Berman, K. Halm, K. Adkinson, J. Shaffer, J. Med. Chem.
40 (1997) 827.

[237] M.K. Bayliss, L.W. Frick, Curr. Opin. Drug Discovery Dev.
2 (1999) 20.

[238] R.L.M. Dobson, G.R. Kelm, D.M. Neal, Biol. Mass Spec-
trom. 23 (1994) 75.

[239] JD. Gilbert, T.V. Olah, M.J. Morris, A. Bortnick, J. Brunner,
J. Chromatogr. Sci. 36 (1998) 163.

[240] M. Quijano, T.A. Neubecker, SJ. Juenger, G.R. Tonn,
R.L.M. Dobson, Proceedings of the 48th ASMS Conference
on Mass Spectrometry and Allied Topics, Long Beach, CA,
11-15 June 2000, ThPD 129.

[241] D.L. Hiller, A.H. Brockman, L. Goulet, S. Ahmed, R.O.
Cole, T. Covey, Rapid Commun. Mass Spectrom. 14 (2000)
2034.

[242] M K. Bayliss, D. Little, D.N. Mdllett, R.S. Plumb, Rapid
Commun. Mass Spectrom. 14 (2000) 2039.

[243] D.J. Foltz, D.M. Bornes, S.X. Peng, T.R. Baker, Proceedings
of the 47th ASMS Conference on Mass Spectrometry and
Allied Topics, Dallas, TX, 13-17 June 1999, WPG 176.

[244] CK. van Pelt, T.N. Corso, G.A. Schultz, S. Lowes, J. He-
nion, Anal. Chem. 73 (2001) 582.

[245] SH.Hokell, J.D. Pinkston, R.E. Bailey, S.L. Tanguay, T.H.
Eichhold, Anal. Chem. 72 (2000) 4235.

[246] SH.Hokell, JA. Tomlinson |1, R.D. Bolden, K.L. Morand,
J.D. Pinkston, K.R. Wehmeyer, Anal. Chem. 73 (2001)
3083.

[247] G. Rule, M. Chapple, J. Henion, Anal. Chem. 73 (2001) 439.



SH. Hoke et al./International Journal of Mass Spectrometry 212 (2001) 135-196 195

[248] Y. Deng, J. Henion, J. Li, P. Thibault, C. Wang, D.J.
Harrison, Anal. Chem. 73 (2001) 639.

[249] J. Castro-Perez, F. Abou-Shakra, A.B. Sage, 1.D. Wilson, J.
Nicholson, J. Lindon, G. Scarfe, Proceedings of the 48th
ASMS Conference on Mass Spectrometry and Allied Topics,
Long Beach, CA, 11-15 June 2000, ThOB.

[250] K.W. Turteltaub, J.S. Vogel, Curr. Pharm. Design 6 (2000)
991.

[251] G.G. Gibson, P. Skett, Introduction to Drug Metabolism, 2nd
ed., Blackie Academic, New York, 1994.

[252] A. Parkinson, Biotransformation of Xenobiotics, Chap. 6 in
Casatett and Doull’s Toxicology: The Basic Science of
Poisons, 5th ed., C.D. Klaassen (Ed.), McGraw-Hill, New
York, 1996.

[253] M. Matsuo, K. Mihara, M. Okuno, H. Ohkawa, J. Miyamoto,
Fd. Chem. Toxic. 22 (1984) 345.

[254] W. Muecke, Isolation of Xenobiotic Conjugates, Chap. 5 in
Xenobiotic Conjugation Chemistry, G.D. Paulson, J. Cauld-
well, D.H. Hutson, JJ. Menn (Eds.), American Chemical
Society, Washington, DC, 1986.

[255] K.M. Straub, P. Rudewicz, C. Garvie, Xenobiotica 17 (1987)
413.

[256] M.S. Lee, R.A. Yost, Biomed. Environ. Mass Spectrom. 15
(1988) 193.

[257] JE. Coutant, R.J. Barbuch, D.K. Satonin, R.J. Cregge,
Biomed. Environ. Mass Spectrom. 14 (1987) 325.

[258] P.E. Haroldsen, M.H. Reilly, H. Hughes, S.J. Gaskell, C.J.
Porter, Biomed. Environ. Mass Spectrom. 15 (1988) 615.

[259] T.A. Baillie, P.G. Pearson, M.S. Rashed, W.N. Howald,
J. Pharm. Biomed. Anal. 7 (1989) 1351.

[260] S.R. Ward, R.L.M. Dobson, K.R. Wehmeyer, JH. Powell,
Proceedings of the 38th ASMS Conference on Mass Spec-
trometry and Allied Topics, Tucson, AZ, 3-8 June 1990, p.
774.

[261] C. Lindberg, J. Paulson, S. Edsbacker, Biomed. Environ.
Mass Spectrom. 14 (1987) 535.

[262] 1.G. Besttie, T.J.A. Blake, J. Chromatogr. 474 (1989) 123.

[263] M.S. Rashed, S.D. Nelson, J. Chromatogr. 474 (1989) 209.

[264] R.L.M. Dobson, D.M. Neal, W.K. Sietsema, Proceedings of
the 40th ASMS Conference on Mass Spectrometry and
Allied Topics, Washington, DC, 1-5 June 1992, p. 884.

[265] E.J. Olivera, D.G. Watson, Biomed. Chromatogr. 14 (2000)
351.

[266] D. Zhong, X. Li, A. Wang, Y. Xu, S. Wu, Drug Metab.
Dispos. 28 (2000) 552.

[267] A.S. Weiskopf, P. Vouros, J. Cunniff, E. Binderup, F.
Bjorkling, L. Binderup, M.C. White, G.H. Posner, J. Mass
Spectrom. 36 (2000) 71.

[268] G.J. Dear, J. Ayrton, R. Plumb, I.J. Fraser, Rapid Commun.
Mass Spectrom. 13 (1999) 456.

[269] H. Meier, G. Blaschke, J. Chromatogr., B 748 (2000) 221.

[270] Z. Cai, A.K. Sinhababu, S. Harrelson, Rapid Commun. Mass
Spectrom. 14 (2000) 1637.

[271] N. Zhang, S.T. Fountain, H. Bi, D.T. Rossi, Anal. Chem. 72
(2000) 800.

[272] F. Beadry, JC.Y. LeBlanc, M. Coutu, |. Ramier, JP.
Moreau, N.K. Brown, Biomed. Chromatogr. 13 (1999) 363.

[273] G.N. Kumar, V. Jayanti, R.D. Lee, D.N. Whittern, J. Uchic,

S. Thomas, P. Johnson, B. Grabowski, H. Sham, D. Bete-
benner, D.J. Kempf, J.F. Denissen, Drug Metab. Dispos. 27
(1999) 86.

[274] D.R. Knapp, Handbook of Analytical Derivatization Reac-
tions, Wiley, New York, 1979.

[275] W.J.A. Vandenheuvel, Xenobiotica 17 (1987) 397.

[276] L. Weidalf, T. Covey, Rapid Commun. Mass Spectrom. 6
(1992) 192.

[277] JP. Schockcor, 1.S. Silver, R.M. Wurm, P.N. Sanderson,
R.D. Farrant, B.C. Sweatman, J.C. Lindon, Xenobiotica 26
(1996) 41.

[278] J.C. Lindon, J.K. Nicholson, U.G. Sidelmann, 1.D. Wilson,
Drug Metab. Rev. 29 (1997) 705.

[279] K. Albert, J. Chromatogr., A 856 (1999) 199.

[280] D.R. Hawkins, Drug Discovery Today 4 (1999) 466.

[281] K.H. Lim, S. Stellingweif, S. Sisenwine, K.W. Chan,
J. Chromatogr., A 831 (1999) 227.

[282] D.M. Drexler, P.R. Tiller, SM. Wilbert, F.Q. Bramble, J.C.
Schwartz, Rapid Commun. Mass Spectrom. 12 (1998) 1501.

[283] C.L. Fernandez-Metzler, K.G. Owens, T.A. Baillie, R.C.
King, Drug Metab. Dispos. 27 (1999) 32.

[284] W.M.A. Niessen, Chimia 53 (1999) 478.

[285] Y. Wu, Biomed. Chromatogr. 14 (2000) 384.

[286] J. Ermer, M. Vogel, Biomed. Chromatogr. 14 (2000) 373.

[287] International Conference on Harmonization, Draft Revised
Guidance on Impurities in New Drug Substances, Federal
Register 65 (2000) 45085.

[288] International Conference on Harmonization, Draft Revised
Guidance on Impurities in New Drug Products, Federa
Register 65 (2000) 44791.

[289] JJ. Zalipsky, D.M. Patel, N.H. Reavey-Cantwell, J. Pharm.
Sci. 67 (1978) 387.

[290] E. Johansson, R. Ryhage, J. Pharm. Pharmac. 28 (1976) 927.

[291] E. Diding, H. Sandstrom, J. Ostelius, B. Karlen, C. Bogen-
toft, Acta Pharm. Suec. 13 (1976) 55.

[292] F. Erni, J. Chromatogr. 251 (1982) 141.

[293] R.D. Voyksner, F.P. Williams, JW. Hines, J. Chromatogr.
347 (1985) 137.

[294] D.A. Catlow, J. Chromatogr. 323 (1985) 163.

[295] P.A. Shipkova, L. Heimark, P.L. Bartner, G. Chen, B.N.
Pramanik, A.K. Ganguly, R.B. Cody, A. Kusai, J. Mass
Spectrom. 35 (2000) 1252.

[296] D.D. Wirth, M.S. Miller, SK. Boaini, T.M. Koenig, Org.
Proc. Res. Dev. 4 (2000) 513.

[297] K.M. Alsante, T.D. Hatajik, L.L. Lohr, T.R. Sharp, Am.
Pharm. Rev. 4 (2001) 70.

[298] E.C. Nicolas, T.H. Scholz, J. Pharm. Biomed. Anal. 16
(1998) 813.

[299] E.C. Nicolas, T.H. Scholz, J. Pharm. Biomed. Anal. 16
(1998) 825.

[300] S. Gorog, M. Babjak, G. Baogh, J. Brlik, A. Csehi, F.
Dravecz, M. Gazdag, P. Horvath, A. Lauko, K. Varga,
Talanta 44 (1997) 1517.

[301] C. Endres, M. Henderich, S. Ebel, Pharmazie 54 (1999) 123.

[302] J.C. Lindon, JK. Nicholson, I.D. Wilson, J. Chromatogr., B
748 (2000) 233.

[303] D.Bylund, R. Danielsson, K.E. Markides, J. Chromatogr., A
915 (2001) 43.


https://www.researchgate.net/publication/44477618_Drugs_in_Handbook_of_Analytical_Derivatization_Reactions?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0
https://www.researchgate.net/publication/44477618_Drugs_in_Handbook_of_Analytical_Derivatization_Reactions?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0
https://www.researchgate.net/publication/292473025_Pathways_of_drug_metabolism_In_Introduction_to_Drug_Metabolism?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0
https://www.researchgate.net/publication/292473025_Pathways_of_drug_metabolism_In_Introduction_to_Drug_Metabolism?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0
https://www.researchgate.net/publication/289728789_Isolation_of_Xenobiotic_Conjugates?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0
https://www.researchgate.net/publication/289728789_Isolation_of_Xenobiotic_Conjugates?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0
https://www.researchgate.net/publication/289728789_Isolation_of_Xenobiotic_Conjugates?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0
https://www.researchgate.net/publication/289728789_Isolation_of_Xenobiotic_Conjugates?el=1_x_8&enrichId=rgreq-d53ecf539551f2eb3d4b55dbbf9ead82-XXX&enrichSource=Y292ZXJQYWdlOzIyMzA3MTI5OTtBUzo5NzIxMTkxNjQ4ODcwOEAxNDAwMTg4NTM1NDI0

196 SH. Hoke et al./International Journal of Mass Spectrometry 212 (2001) 135-196

[304] D.K. Bryant, M.D. Kingswood, A. Belenguer, J. Chro-
matogr., A 721 (1996) 41.

[305] D. Fisher, D. Morgan, M.A. Mosdley IlI, L. Whitlock,
Proceedings of the 44th ASMS Conference on Mass Spec-
trometry and Allied Topics, Portland OR, 12-16 May
1996 p. 187.

[306] X.-Z. Qin, D.P. Ip, K.H.-C. Chang, P.M. Dradransky, M.A.
Brooks, T. Sakuma, J. Pharm. Biomed. Anal. 12 (1994) 221.

[307] D.Muller, P. Schindler, M. Coulat, W.J. Richter, W. Maerki,
H. Grossenbacher in Selected Topics and Mass Spectrometry
in the Bimolecular Sciences, R.M. Caprioli (Ed.), Kluwer
Academic, Dordrecht, The Netherlands, 1997, p. 317.

[308] J.C. Wolff, L. Barr, P. Moss, Rapid Commun. Mass Spec-
trom. 13 (1999) 2376.

[309] Z. Zhao, Q. Wang, EW. Tsai, X.-Z. Qin, D. Ip, J. Pharm.
Biomed. Anal. 20 (1999) 129.

[310] X.-Z.Qin, EW. Tsai, T. Sakuma, D.P. Ip, J. Chromatogr., A
686 (1994) 205.

[311] D.G. Morgan, K.L. Harbol, N.P. Kitrinos Jr., J. Chromatogr.,
A 800 (1998) 39.

[312] G. Okafo, D. Tolson, S. Monte, J. Marchbank, Rapid
Commun. Mass Spectrom. 14 (2000) 2320.

[313] K.L. Harbol, D.G. Morgan, N.P. Kitrinos, A.A. Rodriguez,
Proceedings of the 45th ASMS Conference on Mass Spec-
trometry and Allied Topics, Pam Springs, CA, 1-5 June
1997 p. 172.

[314] C.A.Goss, D.G. Morgan, K.L. Harbol, T.J. Holmes, J. Cook,
J. Chromatogr., A 878 (2000) 35.

[315] R.J. Strife, L.C. Robosky, G. Garrett, M.M. Ketcha, J.D.
Shaffer, N. Zhang, Rapid Commun. Mass Spectrom. 14
(2000) 250.

[316] C. Govaerts, H.K. Chepkwony, A.V. Schepdael, E. Roets, J.
Hoogmartens, Rapid Commun. Mass Spectrom. 14 (2000)
878.

[317] C. Eckers, N. Haskins, J. Langridge, Rapid Commun. Mass
Spectrom. 11 (1997) 1916.

[318] M.A. Hester, H.A. Gieske, S.L. Tanguay, R.D. McLane,
T.R. Baker, K.H. Strader, S.H. Hoke II, Proceedings of the
46th ASMS Conference on Mass Spectrometry and Allied
Topics, Orlando, FL, 31 May—4 June 1998 p. 1485.

[319] S. Gorog, M. Babjak, G. Baogh, J. Brlik, F. Dravecz, M.
Gazdag, P. Horvath, A. Lauko, K. Varga, J. Pharm. Biomed.
Anal. 18 (1998) 511.

[320] SX. Peng, B. Borah, R.L.M. Dobson, Y.D. Liu, S. Pikul,
J. Pharm. Biomed. Anal. 20 (1999) 75.

[321] B.C.M. Potts, K.F. Albizati, M.O. Johnson, JP. James,
Magn. Reson. Chem. 37 (1999) 393.

[322] M.A. Strege, J. Chromatogr., B 725 (1999) 67.

[323] Y.R. Chen, K.C. Wen, G.R. Her, J. Chromatogr., A 866
(2000) 273.

[324] 1.D. Wilson, J. Chromatogr., A 892 (2000) 315.


https://www.researchgate.net/publication/223071299

